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Abstract: This paper predict and effectively control the temperature distribution of
the steady-state and transient states of anisotropic four-layer composite materials
online, knowing the density, specific heat, heat conductivity and thickness of the
composite materials. Based on the transfer function, a mathematical model was
established to study the dynamic characteristics of heat transfer of the composite
materials. First of all, the Fourier heat transfer law was used to establish a
one-dimensional Fourier heat conduction differential equation for each composite
layer, and the Laplace transformation was carried out to obtain the system function.
Then the approximate second-order transfer function of the system was obtained by
Taylor expansion, and the Laplace inverse transformation was carried out to obtain the
transfer function of the whole system in the time domain. Finally, the accuracy of the
simplified analytical solutions of the first, second and third order approximate transfer
functions was compared with computer simulation. The results showed that the
second order approximate transfer functions can describe the dynamic process of heat
transfer better than others. The research on the dynamic characteristics of heat transfer
in the composite layer and the dynamic model of heat transfer in composite layer
proposed in this paper have a reference value for practical engineering application. It
can effectively predict the temperature distribution of composite layer material and
reduce the cost of experimental measurement of heat transfer performance of
materials.
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1. Introduction

Heat transfer is the most common natural phenomenon, and almost all the
engineering fields will encounter problems of heat transfer under specific conditions,
especially the heat transfer problem of heterogeneous materials, especially for
multi-layer heterogeneous materials. The engineering application research of heat

1

© 2019 by the author(s). Distributed under a Creative Commons CC BY license.


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.20944/preprints201901.0272.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2019 d0i:10.20944/preprints201901.0272.v1

transfer dynamic characteristics has also spanned the traditional energy power and
energy-saving areas of the process. It has been involved in the preparation and
processing of materials, the development of space technology, the temperature control
of information devices, biotechnology, medicine, environmental purification, and
ecological maintenance, as well as the modernization of agricultural engineering and
armament. However, most of the practical applications use temperature measuring
instruments to study the heat transfer performance and characteristics by simulating the
temperature measurement method. It can be seen that the quantitative study of the
dynamic characteristics of heat transfer has a very important reference value for the
application of practical engineering [1].

In the field of heat transfer, the earliest research was that French physicist Biot
(1804) put forward the law of heat conduction through the flat-wall heat conduction
experiment, which is the differential form of the later Fourier law. Jean Baptiste Joseph
Fourier (1822), a French mathematician and physicist, discovered the basic law of heat
conduction and promoted further research in the field of heat the transfer in academia.
Currently, in the research field of the dynamic heat transfer process, most scholars
adopt transfer function method and state space method. Wang Jicheng et al. (1991)
gave the mathematical model of the state space method of heat transfer, which used to
control the heat transfer process [2]. Chen Zhijiu et al. (1998) used the transfer function
method to give the mathematical model of multi-layer wall heat transfer [3]. The results
obtained by these methods are in the form of a transcendental equation or infinite series.
Wang Zenggang (2006) used transfer function method to study the dynamic
characteristics of a heat transfer process of the two-layer composite plate and obtained
the transfer function of heat transfer of composite plate [4] [5]. Mahanthesh, B.(2016)
use the Laplace to solve the problem of conjugate effects of heat and mass transfer[6].
Based on the transfer function matrix, Yang Minghan(2016) developed a dynamic
model to study the temperature through the Laplace transform of a one-dimensional
system LFR control characteristics[7]. Hussanan Abid (2017) obtained the thermal
conductivity of nanofluids with the Laplace transform method[8]. Ai Zhiyong(2018)
proposed a precise solution for coupled thermohydrodynamics by constructing a
standard difference matrix equation and using Laplace-Fourier transform to derive
standard differential equations[9].In this paper, the Laplace transform method is used to
study the dynamic characteristics of heat transfer in four-layer composite materials.
Laplace transform is a classical time-frequency domain transform method, and its
transform domain is complex frequency domain. The Laplace transform method is one
of the indispensable methods to study continuous-time systems, which makes it widely
used in many scientific research fields such as electricity, mechanics and so on, and has
been classified into engineering technology research.

Through the Laplace transform, the differential and integral operations of the
system in the time domain can be converted into the multiplication and division
operations of the S domain, and the differential and integral equations are transformed
into algebraic equations, which simplify the solving steps and reduce the calculation
amount greatly. Using Laplace transform, the matrix differential equation with initial
value can also be transformed into algebraic equation, and then solved by inverse
Laplace transform. This research use the advantage of Laplace transform to solve the
problem of thick laminated plates under complex boundary conditions [10] [11] [12].

The structure of this paper is as follows: The first part is the introduction, the
second part is an introduction to the heat transfer model, the Fourier differential
equation is established for each layer of composite material and the Laplace transform
is performed to solve the system function. The third part is the application of the model,
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using step function to test the accuracy of the model. The fourth part is the conclusion
of the model.

2. Establishment of heat transfer model

2.1 Model assumptions

As shown in Figure 1, the seamlessly bonded composite materials that make up the
heat transfer system are processed by layering and boundary method. The following
assumptions are made:

(1) Each layer of material is a composite plane with uniform thickness and infinite
area, and the temperature on both sides of the steel is uniform;

(2) The joint faces between different material layers are tight, and there is no
contact thermal resistance on the joint faces of different materials;

(3) The various properties of the single-layer material, such as density, specific
heat capacity, thermal conductivity, etc., are uniform, so that the temperature on the
same layer is the same;

(4) The thickness of each layer is uniform and thin;

(5) There is no heat source or sink in the material, that is, there is no increase or loss
during the heat transfer.

Upper Boundary Lower Boundary
of Layer | of Layer I

osite!
er |

I 111

Figure 1. Heat transfer diagram
Based on the assumptions above, the heat transfer of the composite layer can be
regarded as the one-dimensional heat transfer, and a one-dimensional heat conduction
Fourier differential equation can be established:

1Y%

d’txn 1 dtbe) (1)
dx? a dt
s (2)
pc

In the equation, t(x,7) indicates that the temperature is a function of time ¢ and
material thickness of x, A. p. c represent the thermal conductivity, density and
specific heat capacity of the material, and a is indicated the thermal conductivity of the
object.
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The heat conduction Fourier differential equation represents the relationship of
temperature with time at a certain thickness. Apply Laplace transform to (1), let
T(x,s) = L[t(x,1)], there are:

d?t(x,7)] 1 [dt(x, 1)
L[Wl‘#[ a |~ ° 3
That is:
d’T(x, 1
(xS)——'S'T(x,S)ZO (4)
dx? a

Where T(x, s) is the Laplace transform of t(x,s) ,and the general solution of (4)
is:

T(x,s) = Ae? + Be™* (5)

q=+/s/a (6)

Among them, A and B are the coefficients that need to be solved. A, B are
independent of x and can be related to s.

Based on the Fourier heat transfer law, the boundary temperature of each layer of
material is analyzed separately. Each layer has two boundaries which are defined as the
upper and lower boundaries. The temperature distribution model of the heat transfer
system can be solved by identifying the temperature on the joint surfaces of the two
adjacent layers of the composite plate.

2.2 Boundary temperature analysis of the first layer of material

In the first layer, the thickness of the layer material is &;, and the general solution
of the heat conduction Fourier differential equation is:

Tsl(x’s) — A51 . eqﬁlx + 351 . e_qé'lx (7)

Where x€[0, 6,], and g5, = \/aE

When the entire heat transfer system is in the final thermal equilibrium state,
regardless of the loss of heat transfer, the upper boundary temperature of the first layer
of material should be infinitely close to the constant temperature t,, that is:

ts,(0,7) = tg (8)
dt51 (x, T) 1
o | " Kvl(é‘l"t) (9
x—51 1

Where §; is the thickness of the material of the first layer, v;(s;, T) is the heat
flux density of the material of the first layer, which is a function to be determined, A5,
is the thermal conductivity of the layer, Laplace transform is applied to the upper and
lower boundaries [3-7]:

t
Ty, (0,5) = ?0 (10)
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L dt51 (x; T)
dx

1
}:)l_vl(al,s) (11D
x=61 61

Where V;(63,s) is the Laplace transform of v; (s;, 1), T5,(0,5) is the Laplace
transform of ¢5 (x,7), L is Pull transformation operator.

From equations (5) and (9), we can get that:

to
Ts,(0,5) = As, + Bs, = 5 (12)
Since L{dt‘sl—(x'r) }sz‘sl—(x’s) . Therefore, the substitution of known
dx x=64 dx x=64

quantities for formula (10) is available:

_ 1
As, - q5, - €19:%1 — Bs - q5, e 90101 = A, (13)

81

Thus, the simultaneous formulas (11) and (12) can be solved as follows:

1 _ t
( KV1(51;5) +qs, €790 '?0
Ag, = 2
] 24, cosh(qs, 61) 14)
to qs,61 1
S s, et —7=V1(61,9)
By, =~ o
Lo 2qs,cosh(qs, 61)

By substituting equation (13) into equation (5) and using the definition of
hyperbola, the following results are obtained:

1 . t
7 Va(61,9) sinh(qs,x) + ?"q(glcosh[q(g1 (x —8y)]

Ts, (x,5) = —4 (15)

ds,cosh(qs,61)

Where x € [0,6;] and g5, = \/aE
1

When x = §;, the temperature of the lower boundary of the material of the first
layer is obtained:

1 ) t
Y V,(84,5) 51nh(q5161) + 2 ds,
Ts. (x,s) = i > (16)
i qds,cosh(qs,61)

2.3 Boundary temperature analysis of the second layer of material

In this layer, it is recorded that the thickness of the layer material is &,, and the
general solution of the heat conduction Fourier differential equation is as follows:
5
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T62 (x,s) = A62 48, (x=81) | 362 . @~ 46, (x=81) (17)

Where x€[8y, 81 + 8], and: g5, = ai

2
Since the heat flux density on both sides of the joint surface is the same, the lower
boundary of the first layer is the upper boundary of the second layer, the temperature at

the joint surface is the same, so the boundary condition can be obtained:

dté‘ (x, T) 1
Zd—x =T (61,7)
x=51 02 (18)
dt52 (X, T) 1
LT =7, (8, + 8,,7)
x=61+8, 52

Performing Laplacian transformation on equation (17) yields:

( dts (x,7) 1
| L {ii—x /1 —V1(84,5)
4 R (19)
kL dx = TV2(61 + 83, 8)
X= 61+62 62

Where V;(8;,s) is Laplace transform of v;(sq,T), Vo(6; + 65,5) is Laplace
transform of v, (8, + 8,,7), and L is Pull transformation operator.
Since L {dtaz (x,7) } _ dTs, (x,5) L {dtgz (x,7) } _ dTs, (x,5)
dx X 51 dx X 51 dx x=81+82 dx
so the formula for the general solution of the formula (18) is:

x=51+52

( 1
As,4qs5, — Bs,aqs, = KV1(51,5)
2 1 (20)
LA(SZ%ZB%ZSZ —Bs, " qs, ° e 95% = A_V2(61 + 8,,5)

52

Thus, the equations of equation (19) can be solved to obtain the constant
coefficients of the layer of thermally conductive Fourier differential equations:

J Vy(61 + 63, 8) — V1(61,S)e_q5282
5, =

245,9s5,sinh(gs,0,) (213
| B. — V,(6; + 63,5) — V1(51'5)eq5262
| 7% 21s,495,sinh(qs,65)
Substituting equation (20) into general solution (16) yields:
Ty, (x,5) = ——2 2 81,8, + 6,]
S5y x,§) = ASZQSZSinh(QSZSZ) s X€101,0q 2 (22)
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among them,

=1V,(61 + 65, h -0
{ﬁ 5 (64 2,5)COS [%z(x 1)] (93)

1y = V1(8;,s)cosh|qs, (8, + 6, — x)]

When x = §;, the temperature at the upper boundary of the second layer is
obtained as follows:

V5(6; + 65,5) — V;(64,8)cosh 0
T62(61;S)= 2 (64 2,5) 1(61,5) (95,62)

As,q5,5inh(qs,62)

(24)

When x = §; + &, the temperature at the lower boundary of the second layer is
obtained as follows:

V(81 + 85, 5) cosh(qs,8;) — V1(8y, s
To.(61 + 8, 5) = 20t 8:9) cosh(as, &) = Va@1,9)
/152 4s, Slnh(qé'z 62)

(25)

2.4 Boundary temperature analysis of the third layer of material
In this layer, it is recorded that the thickness of the layer material is &5, and the
general solution of the heat conduction Fourier differential equation is as follows:
Ts, (x,5) = As, ed83(x=81=82) | Bs, - e~ 983 (x=61-562) (26)

Whel’e X € [61 + 62, 61 + 62 + 63], and q(‘)‘3 = \/az
3
The differential equation of the upper and lower boundaries of the third layer
material is as follows:
dt53 (x, T)

1
dx =/1_172(51+52,T)

x=61+62 63

(27)

dt(g (x, T) 1
zd—x = v3(6, +8; +63,7)
k x=81+8,+83 83
Performing Laplacian transformation on equation (26) yields:
dts.(x, 1) 1
L{Z—x }:TV2(61+62,S)
=sirey) 0 (28)
dts.(x, 1) 1
{ jjx }:TV3(61+62+63,S)
x=81+8,+83 3

Where V,(6; + 6,,5) is Laplace transform of v,(6; + 6,,1), V3(6; + 6, +
83,5) Is Laplace transform of v;(8; + 6, + 85,7), and L is Pull transformation
operator.

The formula for the general solution of the formula (27) is:

1
As.qs5, — Bs,qs, = KVZ (6, + 85, 8)
oy (29)
As,q5,e953% — By - qs, - €7983% = —V5(8, + 8, + 83, 5)

\ As,
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Thus, the equations of equation (28) can be solved to obtain the constant
coefficients of the layer of thermally conductive Fourier differential equations:

(4. = Va(8y + 8y + 83,5) — Vo (81 + 85, 5)e 9835

4 % 245,95,sinh(qs,03) (30)
L B . V3(61 + 62 + 63; S) - V2(61 + 62’ S)eq6363
% 215,9s,sinh(gs,63)
Substituting equation (29) into general solution (25) yields:
3 =Ty
Ts.(x,s) = , X
(%) As,45,5inh(qs,03) (3L
€ [61 + 85,61 + 8, + &3]
among them,
{r3 = V3(8, + 8, + 83, 5)cosh[qs, (x — §; — 6,)] (32)

7'4 = V2(61 + 62,S)C05h[q63 (61 + 62 + 63 - x)]

When x = §; + §,, the temperature at the upper boundary of the third layer is
obtained as follows:
T53 (61 + 62’5)
_ V3(61 + 62 + 63, S) - V2(61 + 62, S)COSh(q5363) (33)
As,9s,5inh(qs,63)
When x = §; + 8, + &3, the temperature at the lower boundary of the second
layer is obtained as follows:
Ts, (61 + 6, + 83, 9)
_ V3(61 + 62 + 63, S) COSh(q8363) - V2(61 + 62, S) (34)
As,9s,5inh(qs,63)

2.5 Boundary temperature analysis of the forth layer of material

In this layer, it is recorded that the thickness of the layer material is &,, and the
general solution of the heat conduction Fourier differential equation is as follows:

Ts,(x,s) = Ags . @6,(x=01-82-83) 4 Bjs o~ 46,(x=81-8,-83) (35)
4 N7 4 4

Wherexe[8, + 8, + 6, 81 + 8, + 85 + 8,1, and: g5, = JaE
The differential equation of the upper and lower boundaries of the forth layer

material is as follows:

dts.(x, T 1
(At (6T = —1,(8; + 6, + 83, 7)
dx Ay
x=61+62+63 (36)
dt64(x, T)
|
X x=61+52+53+84

Performing Laplacian transformation on equation (35) yields:
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( L {d ts,(x,7)

1
dx =/1_V3(51+52+53:S)

x=61+62+63} 84
L dts, (x,T)
dx

(37
ty

x=51+62+63+54}

Where V3(6, + 6, + 65, 5) is Laplace transform of v3(6; + 6, + 83, 7), V3(8; +
&, + 83, 5) is Laplace transform of v;(8;, + 8, + 83, 7), and L is Pull transformation
operator.%1 is Laplace transform of t,, t,is the lower boundary temperature of the
forth layer, which is constant. We can simplify formula (36) and obtain

1
A54q54 — Bs,qs, = XV3(51 + 6, + 63,5)

4 . (38)
As,qs,e%5+%* — Bs,qs,e” 9% = ;1
Thus, the equations of equation (37) can be solved.
( ts_l B %V3(51 + 8, + 83,5)e64%
As, = : _
% 2q5,5inh(q5,64)
3 " 1 (39)
L= Va(8+ 8 + 8, 5)etns
Bs., = 4 -
7% 2qs,sinh(qs,64)
Substituting equation (38) into general solution (34) yields:
Ts (x,5) s —Te
X,S) = .
o 245,51nh(g5,05) (40
among them,
t
Ts = ?cosh[q54(x -6, — 06, — 63)]
(41

1
V6 = KV3(51 + 6, + 53:S)C05h[%4(51 +6;+ 83+ 84— x)]
4

Finally, we can obtain the temperature of the upper boundary of the fourth layer.

t_l J— LVB((SI + 62 + 63; S) Cosh(q8464‘)

s s, (42)
T54 (51 + 62 + 63; S) - 2q845inh(Q5464)

And the temperature at the lower boundary of the forth layer:
t 1
%cosh(q&t&t) - T&V3 (6, + 6, + 683, 8)

T64(51+62+63+64,8) = (43)

2qs,sinh(qs,64)

2.6 Solution of the model

Since the temperature of the joint surfaces and the heat flux density are the same,
then we can obtain:
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T61(51;5) =Ts, (61,5)
Ts, (61 + 62,5) = T5,(81 + 62, 5) (44)
T53(61 + 62 + 63, S) == T54(61 + 62 + 63, S)
The system function is:
Input T54(61 + 62 + 63 + 64_, S)

G(s) = Output - to/s (45

When calculating the transfer function of the whole system, the lower boundary of
the fourth layer is directly exposed to the hot environment, and there is no increase or
loss of heat in the process of transmission, it is assumed that the lower boundary of the
forth layer is diabatic, that is:

Therefore, the expressions of system functions are obtained by combining the
above formulas (1)~(45)

G(s) = (47)
l 1Pi
among them:
( . =Q53/1533inh(CI6252)Sinh(%353)C05h(q5151)00511(615454)
! ds,1s,
29s,95,45,45,5inh(q5,61)sinh(qs,5,)sinh(gs,d3)sinh(gs,64)
p2 =
4s,95,A5, s,
ds,s,Sinh(qs, 61)sinh(qs,85)cosh(gs,5,)cosh(qgs,b4)
p3 = 1
qs5,16,
Dy = gds,As,5inh(qs, 61)sinh(qs,8,)cosh(qs,63)cosh(qs,54)
{ 4 ds, s, (48)
b = 2qs,45,c0sh(qs,6,)cosh(gs,d,)sinh(gs,63)sinh(gs,64)
5 ds,As,
_ 2q5,4s,5inh(g5,6,)sinh(qs,84)cosh(qs, 8,)cosh(qs,03)
Ps = 1
qs,1s,
9y = 2gs,4s,sinh(gs, 61)sinh(qs,84)cosh(gs,6,)cosh(qs,83)
7 ds, s,

\ ps = cosh(gs, 61)cosh(qs,82)cosh(qs,d3)cosh(qs,54)

Expand the system function, the denominator of equation (46) into a Taylor series,
and get the polynomial of s:

1
G(s) = Wo + WS+wW,5% + w33 + -+ (49
among them:
o = A5, 0203 N As5,6103 N 15,616, N Z 225,604 Z (51)
asAs, asAs, azAs, asds, 2a;

10
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wy, =dy +dy,+d;+2d,++2ds ++2dg +d; +dg + do (52)

And we can obtain:

’
/fﬁa35254 \/;’15352 f15351252 1

QU
[N

2M5,04 65,0, 225,01 as

d, = \/:3/16361 / ‘FM& fl&ﬁz 5 =5, |-
ot \o [Diar 2[Tan) 1) N
144 42 |
\F As,68:° f As,084° \F ,152532\ 1 1
d; = 1) o, |[—
3 6ls. a4 1 1 a1 2 la,
1 /’151a4 a /151613
\/7 5,84° / \/7 25,827 J; /154612\ " ’
4= 615,03 1 % a_3 O ay
3 /153612 2 a3 /183611
3 ] T (53)
flg46263 fla462 /15461 62\
de =
> 215,03 65,0, 2/152011 a4

[~ 8 / 25,85° / 15462 1 "
de = 5 -
6 61510«1 4 a4

/151613 /151612

16,885 215215451525354 /153 6165°  15,6,8,°
6a32/152 aya4s, s, 6(132/151 6a22161
25,036,° 15,008, 25,618, 85t
3a,°As, 3as’ds, 3a,’As, 24as’

7=

8:

8" . 6
+ o
<2a2 2a1> 3 624 612622 614
do = +——+ +—
\ 2a; 24a, 4aia, 24a,

For the system of equations (52), a;(i = 1,2,3,4) is the thermal conductivity of
the layer i
6;(i=1,2,3,4) is the thickness of layer i and As(i =1,2,3,4) is the thermal
conductivity of the layer i

In the denominator of formula (48), two terms and three terms can be separately
taken to obtain the approximate transfer functions of the first, second and third order
systems. The system output corresponding to the step input can be obtained as follows:

Y(s) =%-G(s) (54)

11
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The approximate first-order and second-order time-domain outputs of step input
are obtained as follows:

1 _Wo,
yl(t) =——e @1 (55)
Wo
1 1 1
2(0) = + sit o pSat
y() S]_'SZ 85_51'528 Sg_sl'SZe (56)

Among them, s; and s, are the roots of the characteristic polynomial w, +
w,S+w,s% = 0 of the second order transfer function. The calculation formulas are as

follows:
\/_4‘(1)2(1)0 + 0)12 - (1)1
51 = 20, (57)
J—dw,00 + 012 + W,
Sy = — (58)

2w,

3. Model application

Taking the heat transfer of high-temperature protective clothing which usually
made of a multi-layered fabric material as an example. The protective clothing usually
has four layers of composite layer, which are recorded as I, 1, 1l and IV layers, and
the first layer contacts with the external environment. There is also a gap between the
third layer and the skin, which recorded as the forth layer. It is assumed that the fourth
layer contacts with the skin is in an adiabatic state. The parameters of the composite
[13] [14] are shown in Table 1.

Table 1. Various parameters of composite materials

Layer Densitsy Specifi(:0 heat co-lr;Zﬁrcrtrilsli ty Thickness
(kg/m ) (J/(kg' C)) (W/(m-OC)) (mm)
| 300 1377 0.082 0.6
II 862 2100 0.37 0.6
I 74.2 1726 0.045 3.6
Y 1.18 1005 0.028 0.5

First of all, substituting the parameters above into the transfer function of the
system function to compare the accuracy mathematical models in the second-order
and third-order.

1
G(s) = (59)
(s 1+ 199.4920s + 7.7728 - 103 - s2 + 1.2732 - 105 - s3 + ---

The first three and the first four terms of the characteristic polynomial are
obtained respectively, and the approximate second-order and third-order systems are
obtained. The analytical solutions of the first-order second-order and third-order
approximate step input responses of the heat transfer of the composite fabric layer are
as follows:
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y1(t) = 1 — ¢=0:0050t (60)

y,(t) =1+ 0.5690¢ 00188t _ 1 569(¢ ~0-0068¢ (61)

y3(t) = 0.9999 — 1.350¢790065¢ 4 9.6093 - 10~ 42¢700273¢[3 4159 - (62)
10%%sin(0.0217t) + 3.5905 - 10*°c0s(0.0217)]

When calculating the heat transfer process of composite fabrics on Maple
software platform, the time-domain responses of the first and second step are shown
in Figure 2.The time-domain responses of the second and the third step are shown in
and Figure 3. It can be seen that the difference between the first and second order
responses is great, while the difference between the second and third order responses
can be neglected. This can be proved by overlapping three curves in the same figure
(Figure. 4). In order to make the calculation less complicated, it is enough to take the
second-order model under the premise of accuracy allowance.

; Step response of different order models
-
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0 200 400 600 800 1000 1200 1400 1600 1800 2000
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Figure. 2 Step response of 1&2 order model

Step response of different order models
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Figure. 3 Step response of the 2&3 order model
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Figure. 4 Step response of 1-3 order model
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4. Conclusion

(1) Based on Fourier's law of heat transfer, the second-order approximate system
function of heat transfer system is obtained by applying Laplace transform to the
dynamic process of heat transfer of multilayer composites. T The error of the
second-order system function can be neglected.

(2) The application of the formula proves that the dynamic heat transfer model of
composite layer based on Laplace transform has high accuracy and can effectively
reduce the experimental cost of temperature measurement.

(3) The dynamic heat transfer model of composite layer based on Laplace
transform can be used for real-time on-line controlled, which has reference value for
the study of heat transfer efficiency.

(4) In the case that we can only get the density, specific heat capacity, thickness,
and thermal conductivity, the model can be used to analyze the heat transfer
performance, which provides theoretical basis and analytical means for the
optimization design and performance evaluation of composite materials.
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