
1 

Thermo-mechanical response of metallic sandwich tubes 

with prismatic cores considering active cooling 

 

Kai Zhang1, Zichen Deng1,2, Huajiang Ouyang3, Jiaxi Zhou4, Bo Wang1 

1 School of Mechanics; Civil Engineering and Architecture, Northwestern Polytechnical University, Xi’an 710072, 

China 

2 State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 

116024, China 

3 School of Engineering, University of Liverpool, Liverpool L69 3GH, United Kingdom 

4 College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082, China 

Abstract 

In this paper, the transient temperature distribution of sandwich tubes with prismatic 

cores and the thermo-mechanical responses of the sandwich tubes are analyzed 

considering active cooling. The effective thermal conductivities of prismatic cores 

with active cooling are derived. By using the effective thermal conductivities, the 

transient temperature fields of the tubes are predicted and very close to the results of 

finite element simulations which reveals the correctness of the effective thermal 

conductivity. Based on the high order sandwich shell model, the thermal responses of 

sandwich structures are studied. The thermal responses are also well predicted by the 

high order displacement theory compared with the results of finite element 

simulations. The reduction of the thermal responses as a result of active cooling is 

studied to demonstrate the advantages of prismatic cellular materials. The design of 

replacing the homo-metal with cellular materials which has the capability of active 

cooling can reduce the temperature and the thermal structural response of the 

structure. 
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1 Introduction 

Hollow cylinder is an important kind of structures and widely used in engineering. 

Especially, when it is used as an engine combustor potentially for aerospace 

applications[1], there can be massive internal pressures and high working temperature 

on the structure. The high working temperature and its high-frequency changing will 

produce very high thermal response which may cause damage and fatigue of the 

structure. A large body of fundamental researches on the temperature and thermal 

response of the hollow structure has been carried out over the years [2-5]. However, 

the method of reducing the temperature have not researched a lot. 
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Cellular metals have several advantages over monolithic solids, such as light weight, 

high specific strength, active heat dissipation potential, and other attractive 

multi-functional characteristics [6-11]. One of interesting applications of cellular 

metals is active heat dissipation. The structure with an open cell topology especially 

the lattices (2D) cellular materials has the capability of active heat dissipation to be 

used as an active cooling panel [12, 13]. Because of the high working temperature and 

the large temperature gradient on the hollow cylindrical structure used as a combustor 

engine, the structural design of the tube is very important. The method to design stiff, 

actively cooled prismatic cellular materials for the combustor liners of 

next-generation gas turbine engines was studied in [14]. A material selection 

methodology applicable to lightweight actively cooled panels and their thermo 

structural performances were studied, particularly suitable for the most demanding 

aerospace applications [15]. Moreover, the optimal design of the cylindrical structure 

with thermal boundary conditions was carried out, when the cooling fluid is forced 

through the cylinder to remove the heat from the inner cell walls [16]. A 

multi-objective design of lightweight thermo-elastic structure composed of 

homogeneous porous materials was studied in [17]. 

As cellular metals exhibit active cooling capability and other favorable properties for 

multifunctional applications, it is hopeful to replace the hollow solid tube with a 

prismatic core of cellular metals (Fig. 1) to reduce the temperature by heat exchange 

between the solid and the fluid forced through the open cell. Hence, the thermal 

response caused by the high temperature can be reduced, which is good for the 

structure’s life and stability. While it is necessary to get the temperature field of the 

whole structure before computing the thermal response. Moreover, the thermal 

conductivity of the structure is a key parameter in calculating the temperature. 

Meanwhile, the status of the thermal responses of the sandwich tubes with prismatic 

cores, especially in active cooling process, are still unclear. In this paper, to 

demonstrate and take the advantage of the multifunctional properties of cellular 

metals, the thermal conductivity and the temperature field of the hollow tubes with 

prismatic cores are studied and status of stress are also investigated. The hollow tube 

is supposed to be replaced by the prismatic cellular metals and it can be treated to be a 

sandwich structure as a result. The core is divided by a number of revolving periodic 

unit cells. By deriving the governing equation, the effective thermal conductivity 

considering active heat dissipation, and the transient temperature field of the structure 

are obtained. Based on the homogenization method [18] and the {2,1} displacement 

theory [19, 20], the thermal structural response is determined. The transient 

temperature and the thermal structural response are compared with the results 

obtained by the commercial finite element software and are found to be in good 

agreement. In the end, the effects of active heat dissipation are analyzed. 
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Fig. 1 Schematic diagram 

2 Computation model and the effective thermal conductivity 

As shown in Fig. 2, the calculation model is a metallic sandwich hollow tube with 

prismatic cores. It is composed of inner (or bottom ) sheet, outer (or top) sheet and the 

core. Meanwhile the prismatic cores have two topologies which are Square (Fig. 2(b)) 

and Kagome (Fig. 2(c)) in this paper. It is assumed that the cross-section of the core is 

divided by 32 revolving periodic unit cells and its reliability have been studied in our 

pervious paper [21]. A typical cross section and its dimension are shown in Fig. 2(d). 

The unit cells in Square and Kagome configurations are composed of straight lines or 

flat plate elements connecting the nodes or nodal lines. a  and b  are the inner and 

outer radii of the cylinder, and 1r  and 2r  are the inner and outer radii of the core. 
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(a) Calculating model 
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Fig. 2 Calculation model 

(a) Calculating model (b) Sandwich cross-section with the Square core (c) Sandwich 

cross-section with the Kagome core (d) the dimension of the unit cell 

 

As cellular metals have a series of unit cells, the effective thermal conductivity is not 

easy to obtain and one way of determining it is through homogenizing the prismatic 

core [20]. However, the effective thermal conductivity only covers the effects of the 

structural dimension and the physical properties of the metals, but excludes those of 

the heat transferring among cellular metals and the fluid media. In the process of 

active heat dissipation, the temperature field not only depends on the heat 

conductivity of the structure, but also is related to the fluid media running through the 

open hole (Fig. 2(a)). In this section, the effective thermal conductivity covering the 

heat dissipation effects is derived for calculating the transient temperature that is then 

used for obtaining the thermal structural response. Based on studies of Lu and Chen 

[22], Gu et al. [23] and Zhou et al.[20], the effective heat conductivity without 

considering the heat transferring between the solids and cool fluid is r r sc  , 

where 
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 2 1ln r r   for the Kagome. s  is the heat conductivity of the cellular metals and 

  is the relative density. The parameters are listed in Table 1. 

Table 1 The parameters of the unit cells 

Cell type 1c
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3c
 

1l
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Kagome 2 10 30      
1 2

2 2 2

c 1 c4 4h n r h  
 

 

 

It should be noticed that the effective thermal conductivity derived above do not 

contain the factors of active cooling of the cellular metals. In the next two sections, a 

new way to obtain the effective thermal conductivity with the factors of active cooling 

are derived through two steps. 

 

2.1 Steady temperature field of the hollow sandwich tube 

The effective heat conductivity obtained above contains the factors of dimensions of 

the structure and thermal parameters, while the effective heat conductivity considering 

the active heat dissipation will be derived though the analysis of the steady 

temperature distribution in the following sections. In the present study, the 

temperature of the fluid at location x is assumed to be only a function of x, and the 

thermal conductivity of the structure is independent of the changing temperature. 

Based on the effective medium model [23, 24], the governing equation of the 

temperature field is 
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where iT  is the temperature of the ith layer of the sandwich structure, and fT  is the 

temperature of the fluid along the axis of cylinder. A  is the surface area per unit 

volume and 
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where i  ( 2i  ) is the effective thermal conductivity without considering heat 

dissipation and si   ( 2i  ). 
f
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  is the local heat transfer coefficient 

where Nu  is the Nusselt number, fk  is the thermal conductivity of the air and 
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  is the hydraulic diameter. The solutions of Eq. (2) are obtained as 
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where 0I  and 0K  are the first and the second kind zero-order modified Bessel 

functions. The convection boundaries on the inner and outer walls of the hollow 
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sandwich tube between the surrounding mediums with heat transfer coefficients ah  

and bh  are defined in Eq. (5):  
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where aT  and bT  are the temperature of the surrounding mediums of the inner and 

outer walls. Assuming the heat flowing into the low temperature media is equal to the 

heat loss through a cross section in a control volume, this process can be described by 

the equation below 

  p f f 1 2 wdxmc T x T q q q         (6) 

where   2 2

f 0 2 1 1m v r r     , pc  is the specific heat of the air,  

1

1
1 1

2

r r

r dT
q

n dr






   is the heat flux from the inner sheet to the core, 

2

2
2 3

2

r r

r dT
q

n dr






   is the heat flux form the core to the outer sheet, and 

 1 2
w 1 f

2 r h
q T T

n


   is the heat flux form the inner sheet to the air. Solving Eq. (6), 

the solution of the fluid temperature is 
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        , 

and 1 1 1 lna b

i i iD C C r  . Once fT  is obtained, the temperature distribution of the 

whole structure could be directly got by Eq. (4). 

2.2 Effective thermal conductivity with effects of active cooling 

Thermal conductivity is a key parameter used in calculating the temperature field of a 

structure and cellular metals possess relatively low thermal conductivities because of 

the special topologies of the prismatic cores compared with homo-metal materials. 

Meanwhile, less heat runs through the cellular metals caused by the heat transfer 
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between the metals and the low temperature fluid which means the active cooling. As 

a result, the effective thermal conductivity become much smaller by the effects of 

active cooling. The authors believe there is an innovative way to calculate the 

effective thermal conductivity with the effects of active cooling by treating the 

sandwich core as a ‘black box’ and assuming that the heat flux from the bottom sheet 

is equal to the heat flux from the core to the outer surface ( 2q ). In this way, the total 

heat flux from inner sheet dose not contain the heat taken away by the fluid medium 

and the effective thermal conductivity obtained by using this total heat flux includes 

the effect of active cooling. Based on the above assumption and the definition of the 

thermal conductivity, the effective thermal conductivity can be presented as 
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In order to verify this assumption and the effective thermal conductivity obtained 

above, transient temperature changes of the sandwich structures are calculated by the 

theoretical method presented in [25, 26] and compared with the FE simulation, which 

are shown in section 4.1. 

3 The thermal response of the structure 

There would be a very high thermal response when a high temperature gradient exists 

on the structure. The structure will expand with the increasing temperature and there 

exists a certain level of thermo-mechanical interaction. In this paper, the influence of 

the structural deformation on the temperature field is ignored to simplify this problem.  

Moreover, it should be noticed that the computation model is a axial-symmetric 

cylindrical structure. After getting the temperature distribution, the structural thermal 

response based on the high-order displacement field theory is obtained. 

3.1 The displacement field and the governing equation 

The displacement field of the core can be expressed by the {2,1} displacement 

theory[27] and the sheets are represented by first-order shear deformation theory. The 

displacement field can be expressed as: 
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where ju  and jw   , ,j t b c are the displacement components on the middle 

surface of top sheet, bottom sheet and the core layer, 
j

x  is the rotations of a cross 

section in the x z  plane of each layer, and   is the displacement function 

describing the warping of the core that depends on the spatial position x within the 

middle plane of the core. The thermal stress - strain relationship has the form: 
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where i  is the temperature change of the ith layer of the structure, 
i

j ( , ,j x z  

for the , ,x z  direction) is the coefficient of thermal expansion of the ith layer of the 

structure, and 
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The stress-strain relationship is generated by the homogenization method studied by 

Liu [18], Zhou [19] and Zhang[21]. 

The strain energy of the sandwich shell is 
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Using Hamilton’s variational principle, the governing equations are obtained as 

 Lu q   (17) 
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where L  is the matrix of partial differential operators, and the displacement vector 

is 

  
T

a d a d a d

x xu u w w  u   (18) 
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where N , M  and P  are the forces caused by the changing temperature. The details 

are given in Appendix I. 

3.2 Solution 

Simply supported boundary conditions at the two ends of the tube can be 

described as  

 0, 0, 0, 0a d a d a d

x x x xat x L w w N N M M         (20) 

where N  and M  are the shear force and the bending moment, and L  is the 

length of the tube. The displacement vector is expressed in the form of Fourier series, 
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where m m L  . 

The thermal stress of each layer is 
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Each of the above Fourier series can be written as: 

 
     ,

0 0

2 2
sin , sin ,

, , ; , ,

L L
i i i

j m j m j i mx dx z t x dx
L L

j x z i t c b

   



   

 

    (23) 

where 

 

11 12 13

12 22 23

13 23 33

i i i i i

x x

i i i i i

i i i i i

z z

C C C

C C C

C C C

 

 

 

 

     
     

     
     
     

  (24) 

and  ,i z t  is the temperature change of each layer. Introducing Eqs. (21) and (22) 

into Eq. (17) results in seven algebraic equations in which the trigonometric functions 

are factored out, leaving only the amplitudes 
a

mU , 
d

mU , 
a

m , 
d

m , 
c

m , 
a

mW  and 

d

mW  as unknowns. The stiffness matrix and the thermal force vector are shown in 

Appendices II and III. Once the displacement amplitudes are determined, the 

displacements are then computed in a straightforward manner from Eqs. (9)-(11) and 

(21). Then stress and strain of each layer are obtained. 

 

4 Results and discussion 

In this section, the temperature changes from the theoretical method and the FE 

simulation are analyzed and compared. The thermal structural responses are 

calculated after getting the temperature field based on the discussion in section 3. The 

thermal displacement, stress and strain of the tubes with the Square and Kagome cores 

are compared with the results from the FE simulation. In the last part of this section, 

the advantages of active heat dissipation are discussed and the improvements of the 

structural response are explained. 

In this paper, it is assumed that all components of the sandwich tubes are made of 

4340 steel which Young’s modulus E = 193GPa, density  = 8000kg·m-3, Poisson’s 

ratio  =0.25, yield stress y = 792MPa, mean thermal expansion  =12ppm·ºC-1, 

specific heat capacity of solids c = 475J·(kg·ºC)-1, and thermal conductivity k = 44.5 

W·(m·ºC)-1. The density of the air f =1.29 kg·m-3 and the specific of the air 

pc =1030 J·(kg·ºC)-1. The heat transfer coefficients aH =530W·(m2·ºC)-1 and bH = 

10W·(m2·ºC)-1. The fluid velocity 0v =1m·s-1 and the initial temperature of solids and 

fluid is the 20ºC. The inner sheets of the tubes are subjected to the hot air which 

temperature is 400ºC. The dimensional and material parameters of the sandwich tubes 

with Square and Kagome cores are shown in Table 2. Based on the discussion in 
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section 2, the effective conductivities considering the heat transfer between the solid 

and fluid is also shown in Table 2. The stiffness parameters of the sandwich cores 

obtained by the homogenization method are shown in Table 3. 

 

Table 2 Material parameters of the sandwich tubes 

 Face sheet Core (Square)  Core (Kagome) 

Thickness (mm) 10 40 40 

Effective Conductivity (without 

considering active cooling 

W·(m·ºC)
-1

) 

44.5 2.6787 4.1116 

Effective Conductivity 

(considering active cooling, 

W·(m·ºC)
-1

) 

44.5 0.0801 0.1729 

Density (kg·m-3) 8000 957.6 1607.2 

Inner radius: a=0.14m, outer radius: b=0.2m. 

 

Table 3 The stiffness parameters of cores of the sandwich tubes 

 11c  12c  13c  22c  23c  33c  44c  

Square 42.79 7.03 2.81 30.56 0 12.23 0.25 

Kagome 78.09 15.05 2.90 56.68 8.79 3.83 0.97 

 

4.1 Comparison of the transient temperature field between analytical results and 

FE simulations 

The temperature changes obtained by the theoretical solution and the FE simulations 

are compared to verify the correction of the effective thermal conductivity obtained in 

Eq. (8). The bottom sheet, the middle of the core, and the top sheet of sandwich tubes 

with Square and Kagome cores are selected. The FE simulations are carried out by the 

commercial software ABAQUS/CFD. Due to the computation model is a 

axial-symmetric cylindrical structure, a unit cell (1/32 part) of the whole structure is 

used for the FE simulations. In the heat transfer analysis, the 20-node quadratic heat 

transfer brick (DC3D20) is used for the solid and the 8-node linear fluid brick 

(FC3D8) is used for the fluid. The 20-node quadratic brick, reduced integration 

(C3D20R) is used for the solid’s thermal-response analysis. The temperature of whole 

structure are shown in Fig. 3(a) and Fig.4(a), and the temperature of the air (fluid) are 

shown in Fig.3 (b) and Fig.4 (b). 
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1

2

3

  

(a) The temperature of the tube with Square core (b) The temperature of the fluid in Square core 

Fig. 3 the temperature of the tube with Square core and fluid 

 

 

 

  

(a) The temperature of the tube with Kagome 

core 
(b) The temperature of the fluid in Kagome core 

Fig. 4 the temperature of the tube with Kagome core and fluid 

 

Three points are selected which is in the Bottom sheet of the entrance cross-section of 

the fluid (Point 1), middle of the core (Point 2) and the top sheet (Point 3) to compare 

with the theoretical results. The temperature changes considering active heat 

dissipation are plotted in solid and hollow dot curves in Fig. 5 and Fig. 6, which 

represent analytical solutions and FE simulations. It can be seen that the analytical 

results are very close to the FE results and they have the same trend in the 

time-domain, which reveals that the effective thermal conductivity with active heat 

dissipation is correct and the method is capable of predicating the transient 

temperature distribution along the radial direction efficiently. Compared with the tube 

with the Square core, the temperature of the tube with the Kagome core increases 

slowly and the top sheet and the middle of the core layer develop a very low and slow 

changing temperature field. This means that the sandwich tube with Kagome core has 

a better heat dissipation capability and a relatively lower effective heat conductivity 
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which can reduce the heat flux from the high temperature to the low temperature 

region. 
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Fig. 5 The transient temperature of the sandwich tube with the Square core 
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Fig. 6 The transient temperature of sandwich tube with the Kagome core 

4.2 Thermal response 

The structural responses of sandwich tubes with Square and Kagome cores subjected 

to the thermal loads are studied in this section. The displacements and stresses caused 

by the changing temperature are calculated. The results of theoretical method and the 

FE simulation are also compared in this section.  

As shown in Fig. 7 and Fig. 8, the distributions of the radial displacements in 
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sandwich tubes with Square and Kagome cores demonstrate that the theoretical results 

are in good agreement with the results of FE simulations. Moreover, the theoretical 

results are a little bigger than the results of FE simulations in the bottom sheet, but 

this relation reverses in the top sheet. It is confirmed that the theoretical solution 

considering active heat dissipation has the ability of obtaining reliable displacements 

caused by the changing temperature. 
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Fig. 7 The transient displacements of the sandwich tube with the Square core 
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Fig. 8 The transient displacements of the sandwich tube with the Kagome core 

 

The amplitudes of the radial, hoop and axial stresses of the sandwich tubes with 

Square and Kagome cores obtained by the theoretical solution and the FE simulations 
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are shown in Fig. 9 to Fig. 14. For the square core, the radial stress of the bottom 

sheet is bigger than that of the top sheet and the middle of the core layer, and the same 

phenomenon appears for the hoop and axial stresses. Moreover, it should be noticed 

that the hoop stress is bigger than the radial and axial stresses, which shows the 

important role of the hoop stress in the axial-symmetric cylindrical structure, and the 

similar trend is also found in the tube with Kagome core. 
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Fig. 9 Radial Stress of the sandwich tube with the Square core 
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 Fig. 10 Hoop Stress of the sandwich tube with the Square core 
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Fig. 11 Axial Stress of the sandwich tube with the Square core 
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Fig. 12 Radial Stress of the sandwich tube with the Kagome core 
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Fig. 13 Hoop Stress of the sandwich tube with the Kagome core 
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Fig. 14 Axial Stress of the sandwich tube with the Kagome core 

 

The good agreement between theoretical results and FE results indicates that the 

high-order displacement theory considering the thermal effects is capable of 

accurately predicting the thermal response of sandwich tubes with prismatic cores. 

Based on the above results, it is found that a big thermal stress appears when a large 

temperature gradient is applied onto the structure. Active cooling capability of the 

cellular materials could reduce the thermal response and the stress magnitude of the 

structure, which will be discussed in section 4.3. 
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4.3 Reduction of the thermal response by active heat dissipation 

As found in previous studies, one attractive advantage of the prismatic cellular 

materials is the active cooling, which have the capability of transferring and taking 

away heat by the fluid medium forced though the open hole. In recent decades, many 

researchers have focused on the heat dissipation of prismatic cellular materials as a 

cooling panel and the optimization of structures to adapt to different conditions. 

However, few researchers have dealt with the thermal response of sandwich tubes 

with prismatic cores and the effects of active cooling on the stress distribution. In this 

section, the effects of active cooling are analyzed by using the effective thermal 

conductivities listed in Table 2 . The reduction of the thermal displacements, hoop 

stress and axial stress by considering active cooling are discussed and the percentage 

reduction of the maximum stresses with different number of revolving periodic unit 

cells are also analyzed. The percentage reduction of the radial displacement of the 

sandwich tubes with Square and Kagome cores are shown in Fig. 15. Apparently, the 

effects of active cooling on the radial displacement gradually weaken along the radius. 

The percentage reduction becomes bigger with time, which means a strong influence 

of active cooling. 
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Fig. 15 Reduction on the radial displacement of the sandwich tube with the (a) Square 

and (b) Kagome core 

 

The percentage reductions of the hoop stresses of the bottom and top sheets in 

sandwich tubes with Square and Kagome cores are compared in Fig. 16. It can be 

seen that the effects of active cooling become greater as time advances. At the 150th 

second, the percentage reduction in the stress is bigger than that at the 50th second and 

the same phenomenon can be observed between the 150th seconds and the 250th 

seconds. The reduction of the hoop stress in the top sheet does not change much in the 

radial direction, while the percentage reduction of the hoop stress in the bottom sheet 

becomes bigger along the radius except at the 250th seconds. In comparison, the 

sandwich tube with Kagome core has a bigger reduction in the stress at all time. 
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Fig. 16 Reduction on the hoop stress of (a) the top sheet of the sandwich tube with the 

Square core (b) the bottom sheet of the sandwich tube with the Square core (c) the top 

sheet of the sandwich tube with the Kagome core and(d)the bottom sheet of the 

sandwich tube with the Kagome core  

 

In the design of hollow sandwich tubes with prismatic cores, a different number of the 

unit cell in the circumferential direction results in a different sandwich structure and it 

will have a different structural response. Table 4 and Table 5 make the comparisons of 

the structural responses of the tubes which have 28, 30, 32, 34, 36, 38 and 40 periodic 

unit cells in their sections. For the tube with a Square core, the percentage reductions 

of the structural responses increase with the number of the unit cells and the hoop 

stress of the inner and middle of the core are much smaller when active heat 

dissipation is considered. A similar trend is also found in the analysis of the tube with 

the Kagome core, which shows a growing percentage reduction of all the thermal 

responses with the increase of the number of the unit cells except the radial 

displacement. It should be noticed that the comparisons demonstrate the effects of 

active cooling only (but not necessarily the stress decrease with the increase of the 

divisional parts). 

 

Table 4 The percentage reduction of the sandwich tube with the Square core 

  
Radial 

displacement 
  Radial stress  

Parts 
Bottom 

sheet 

Middle of the 

core 

Top 

sheet 

Bottom of the 

core 

Middle of the 

core 

Top of the 

core 

28 10.2 5.4 0.9 30.5 3.1 72.1 

30 10.7 5.7 0.8 31.9 3.4 73.0 

32 11.2 6.1 0.6 33.3 3.8 73.8 

34 11.6 6.4 0.6 34.6 4.2 74.5 

36 12.1 6.7 0.8 36.0 4.7 75.1 
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38 12.6 7.1 1.0 37.3 5.2 75.7 

40 13.0 7.4 1.2 38.6 5.7 76.2 

  Hoop stress   Axial stress  

Parts 
Bottom 

sheet 

Middle of the 

core 

Top 

sheet 
Bottom sheet 

Middle of the 

core 
Top sheet 

28 25.4 69.4 31.7 38.3 45.0 3.3 

30 26.6 72.7 32.5 39.7 46.3 4.1 

32 27.8 75.9 33.4 41.0 47.5 4.8 

34 28.9 78.9 34.2 42.3 48.5 5.6 

36 30.0 81.7 35.1 43.6 49.5 6.4 

38 31.1 84.5 35.9 44.8 50.3 7.2 

40 32.2 87.1 36.8 46.0 51.1 8.0 

 

Table 5 The percentage reduction of the sandwich tube with Kagome core 

  
Radial 

displacement 
  Radial stress  

Parts 
Bottom 

sheet 

Middle of the 

core 

Top 

sheet 

Bottom of the 

core 

Middle of the 

core 

Top of the 

core 

28 29.5 10.9 36.9 77.5 10.5 67.7 

30 28.8 10.3 36.4 80.6 11.1 66.9 

32 28.1 9.7 36.0 83.5 11.6 66.4 

34 27.4 9.1 35.7 86.0 12.0 66.4 

36 26.9 8.6 35.5 88.0 12.3 67.1 

38 26.5 8.2 35.3 88.9 12.7 69.1 

40 26.6 8.1 35.2 86.2 15.3 74.6 

  Hoop stress   Axial stress  

Parts 
Bottom 

sheet 

Middle of the 

core 

Top 

sheet 
Bottom sheet 

Middle of the 

core 
Top sheet 

28 61.2 80.6 65.1 25.2 49.7 55.9 

30 61.9 81.7 67.2 24.3 51.4 55.0 

32 62.6 82.5 69.3 23.5 52.8 54.2 

34 63.1 83.2 71.5 22.9 54.0 53.3 

36 63.5 83.8 73.8 22.6 54.8 52.4 

38 63.7 84.0 76.1 22.9 55.1 51.4 

40 63.1 83.4 78.3 25.1 52.4 50.5 

 

 

5. Conclusions 

Hollow cylindrical tubes with prismatic cores are analyzed in this paper. The section 

of the tube is divided by a number of revolving periodic unit cells whose topologies of 

unit cells are either Square or Kagome. The effective thermal conductivity 

considering active heat dissipation is derived and verified by comparing the results 

between the analytical solution and the FE simulation. The results demonstrate that 
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the method could obtain the correct effective thermal conductivity, which covers the 

effects of active heat dissipation, for predicating the transient temperature. After 

getting the transient temperature field, the thermal structural response is obtained by 

the high-order sandwich model and a series of FE simulations are carried out to verify 

the analytical results. The comparisons demonstrate that the method of obtaining the 

effective thermal conductivity and the high-order displacement theory can provide 

reliable results of the structural responses. The effects of active heat dissipation for 

reducing the thermal responses of the sandwich tubes are studied by comparing the 

results between cases with active heat dissipation and without it, which shows a 

remarkable advantage of the prismatic cellular metals. A series of models which 

contain 28, 30, 32, 34, 36, 38 and 40 periodic unit cells in their sandwich cores are 

analyzed. The hoop stresses of the inner and middle of the core are found to be much 

smaller when active heat dissipation is considered. The percentage reductions of all 

the thermal responses of structure with Kagome core also grow with the increase of 

the number of unit cells except the radial displacement. The thermal loads resulted 

from temperature gradients in the sandwich tube cause large thermal stresses, which 

are harmful to the structure and its reliability. Therefore, the multifunctional design of 

the sandwich tube with prismatic cores is in urgent need, for engine combustors under 

extremely hostile conditions. The work presented in this paper can be used in 

designing metallic sandwich tubes with prismatic cores for more applicability. 
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Appendix II 

The element of the stiffness matrix are defined 

 2

11 11 112 f c

m f cK C h C h  
;  

2
2

12 21 11 112
6

f c c
m f

h
K K C h C

R


 
     

 

;  

 2 2 2

13 31 24 42 11 112
12

ff c

m f c

h
K K K K C h C h

R
     

;  
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2
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; 

Where, 
f

ijC  and 
c

ijC  are the stiffness confections of the upper and bottom sheets and 

core, 
t b f

ij ij ijC C C    

The correction confection of the sheets and core are 5/ 6f   and 1c  . 

( ) / 2R a b   is the mean redial.   and , 1,2,3i
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Appendix III 

The thermal force mf  can be written as 
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where the expansion coefficients of each sheet are 
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where the i
σ  is the thermal stress 
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