
International Journal of Heat and Mass Transfer 149 (2020) 119161 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Forced convection in additively manufacture d sandwich-walle d 

cylinders with thermo-mechanical multifunctionality 

Shanyouming Sun 

a , b , c , Shangsheng Feng 

c , d , ∗, Qiancheng Zhang 

a , Tian Jian Lu 

b , e , ∗∗

a State Key Laboratory for Strength and Vibration of Mechanical Structures, Xi’an Jiaotong University, Xi’an 710049, PR China 
b State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, PR China 
c Bioinspired Engineering and Biomechanics Center (BEBC), Xi’an Jiaotong University, Xi’an 710049, PR China 
d The Key Laboratory of Biomedical Information Engineering of Ministry of Education, School of Life Science and Technology, Xi’an Jiaotong University, Xi’an 

710049, PR China 
e Nanjing Center for Multifunctional Lightweight Materials and Structures (MLMS), Nanjing University of Aeronautics and Astronautics, Nanjing 210016, PR 

China 

a r t i c l e i n f o 

Article history: 

Received 6 September 2019 

Revised 27 November 2019 

Accepted 2 December 2019 

Available online 25 December 2019 

Keywords: 

Intersection-of-asymptotes theory 

3D printing 

Forced convection 

Sandwich structure 

Combustor 

a b s t r a c t 

Forced convective heat transfer in lightweight sandwich-walled cylinders with quadrangle core (I type) 

and triangle cores (V, N, W and M type) was investigated experimentally, numerically and theoretically, 

targeting multifunctional applications ( e.g ., combustion chamber) requiring simultaneous load bearing 

and heat dissipation. Sandwich-walled cylinder with the N type core was fabricated using 3D-printing 

technology. Forced convection experiments were carried out to validate numerical simulation results and 

to reveal varying flow stages in the channels of the sandwich wall. Flow in these channels changed from 

laminar ( Re < 2200), transition (2200 < Re < 4100) to vigorous turbulence stage ( Re > 4100) as the 

Reynolds number was increased. With the total heat dissipation area fixed, the heat transfer performance 

of the quadrilateral core (I type) was better than triangular cores (V, N, W and M type). Among the 

triangular cores, those with homogeneous pore structure (V and N) exhibited superior heat transfer per- 

formance in comparison with the nonhomogeneous ones (W and M type). The optimal number of unit 

cells for each core type was determined using the theory of intersection-of-asymptotes. With the unit 

cell number optimized for each core, the I core exhibited the best heat dissipation performance while 

the M core had the worst. Under structural loading, however, the buckling resistance of the I core was 

not as good as the triangular ones. Thermal and mechanical synergy must be considered in the selection 

of sandwich core topology for multifunctional applications. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

In aerospace, power systems, transportation and other major

ngineering fields, the main structural components often need to

ithstand extremely high heat flux and pressure load [1] . For ex-

mple, it is essential for the combustion chamber of a Pulse Det-

nation Engine to organize efficient combustion under high tem-

erature and high pressure to convert the chemical energy of fuel

nto thermal energy. The wall of a rocket engine combustion cham-

er with a thrust-weight ratio of 10 needs to withstand 1850–
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BEBC), Xi’an Jiaotong University, Xi’an 710049, PR China. 
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950 K high temperature and 2.5–3.0 MPa high pressure [2] . The

ncreasingly harsh working environment puts forward demanding

equirements for materials and structure design. In particular, with

raditional laminate structures, it is difficult to meet the multi-

unctional requirement of simultaneous load bearing, heat dissi-

ation and lightweight. Sandwich structures with high stiffness,

ightweight, efficient heat transfer and other multifunctional at-

ributes have great potential in this field [3,4] . Especially, the appli-

ation of sandwich-walled cylinders in combustion chambers can

ot only effectively reduce structural weight, but also enable ac-

ive cooling by fluid convection in the sandwich cores [5] . 

While multifunctional design of lightweight sandwich struc-

ures has been a long-standing research topic [1] , the selection

nd design of a suitable sandwich core is the key to meet the

ultifunctional requirements. The core structure is versatile and

an be individually designed to meet specific requirements [6] . On

he other hand, in recent years, the rapid development of metal

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119161
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Nomenclature 

R i inner radius of sandwich-walled cylinder 

R 0 outer radius of sandwich-walled cylinder 

t f facesheet thickness 

t c core thickness 

L axial length of sandwich-walled cylinder 

n number of unit cells 

S t total heat dissipation area 

D hydraulic diameter 

h overall heat transfer coefficient of the sandwich- 

walled cylinder 

T w,in average inner facesheet temperature of sandwich- 

walled cylinder at entrance 

T w,middle average inner facesheet temperature of sandwich- 

walled cylinder at midpoint 

T w,out average inner facesheet temperature of sandwich- 

walled cylinder at exit 

T f,in temperature of cooling air at entrance 

T f,out average temperature of cooling air at exit 

Nu Nusselt number 

Re Reynolds number 

f flow friction factor 

�p pressure difference between inlet and outlet 

U average flow velocity 

c p specific heat of air 

k thermal conductivity 

Pr Prandtl number 

w A appointed flow velocity at channel entrance 

( w A = εp U ) 

q heat flux applied on inner facesheet 

S cross-sectional area of duct 

C wet circumference of duct 

M total mass flow rate 

P total pumping power 

q 0 equivalent heat flux applied uniformly on wetted 

surface 

T w,L average temperature of channel wall at outlet 

�T average temperature rise of channel wall at outlet 

Greek Symbols 

εp porosity 

θ radian of unit cells 

ν kinematic viscosity of air 

ρ density of air 

μ dynamic viscosity of air 

μt turbulent viscous coefficient 

Гt turbulent diffusion coefficient 

� flow shape factor of duct 

τw 

average wall shear stress 

Subscripts 

u upper duct 

d lower duct 

1 Limit I: fully developed case 

2 Limit II: boundary layer case 

3D-printing technology has facilitated the manufacture of complex

cores [7] , thus laying a solid foundation for the integrated design of

load capacity and heat dissipation for all-metallic sandwich struc-

tures. 

In the field of mechanical design, the load capacity of a tri-

angular core (such as ripple, diamond, etc.) is better than that

of a quadrilateral core (such as I core and the like) having the

same mass. This is because deformation of the triangular core is
ominated by tension or compression rather than bending for the

uadrilateral core [8] . Su et al. [9] designed and manufactured an

ll-metallic triangular-cored sandwich cylindrical shell, and stud-

ed its quasi-static axial compression behavior through experimen-

al measurement, numerical simulation and theoretical modeling.

t was demonstrated that sandwich-walled shells with triangu-

ar cores had superior energy absorption capacity than monolithic

hells. However, under out-of-plane compressive load, the triangu-

ar core is prone to elastic-plastic buckling at relatively small strain

10] and, as a consequence, its load capacity decreases rapidly. By

dding I-type ribs into the triangular core to construct a hybrid

riangular-quadrilateral core, the buckling resistance can be effec-

ively enhanced. The Y-shaped sandwich core, as one of the tri-

ngular and quadrilateral hybrid cores, was first proposed to im-

rove the crashworthiness of a ship hull by welding steel plates

n the outer side of a corrugated core, which has been proven

hrough full scale tests to have a significantly higher resistance to

earing than the conventional single skin design [11] . Rubino et al.

12] studied the three-point bending behavior of triangular corru-

ated sandwich beams and Y-shaped core sandwich beams. It was

ound that the two sandwich structures exhibit equivalent bending

erformance, and their initial failure strengths under bending load

re determined by indentation buckling of the core. 

In terms of heat transfer characteristics, the existing litera-

ure has mainly focused on the heat transfer and flow resistance

haracteristics of honeycomb [13] , rectangle [14] , triangle [3] and

ther core types [15] in sandwich plate configurations. For exam-

le, based on the classical fin approach, Lu [13] evaluated the con-

ective heat transfer performance of honeycomb-cored sandwich

anels as heat sink for active cooling of power electronics. Zhao

nd Lu [14] used both the porous medium model and the fin ap-

roach to study the heat transfer performance of microchannel

eat sinks (I-type core). Xie et al. [3] analyzed the flow and heat

ransfer characteristics of an actively cooled thermal protection

ystem with corrugated sandwich plates. Wen et al. [16] used the

ntersection-of-asymptotes method to optimize the forced convec-

ion heat transfer of various two-dimensional cores of all-metallic

andwich panels at fixed pumping power. 

Existing heat transfer studies were limited to flat sandwich pan-

ls except for the study of Liu et al. [5] and Wang et al. [17] on

andwich-walled cylinders. Although Wen et al. [16] and Liu et al.

5] have both utilized the intersection-of-asymptotes method first

roposed by Bejan [18] to study the heat dissipation capacity of

andwich structures, they only considered constant wall tempera-

ure boundary condition. Theoretical heat dissipation analysis for

andwich structures under constant heat flux boundary condition

s rare. Strictly, in real working environment the exact bound-

ry condition of a combustion chamber wall should be neither

onstant temperature nor constant heat flux, but in between the

wo. Existing literature studies showed that the constant heat flux

oundary condition is more close to real situation than the con-

tant temperature boundary condition [ 19 , 20 ], as significant tem-

erature gradient exists along the streamwise direction of coolant

ow in the combustion chamber. Further, there exists no exper-

mental study on heat transfer and flow resistance of sandwich-

alled cylinders [17] . In addition, albeit hybrid cores combining

riangular and I-type cores have been demonstrated to possess ex-

ellent mechanical attributes such as load capacity and buckling

esistance, their heat transfer performance is yet investigated. As

 result, the multifunctional design of sandwich-walled cylinders

emains elusive. 

To address the above-mentioned deficiency, forced convective

eat transfer characteristics of sandwich-walled cylinders heated

y constant heat flux on the inner wall were considered in the

urrent study, as depicted in Fig. 1 . A combined experimental, nu-

erical and theoretical approach was employed. Particular empha-
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Fig. 1. Schematic of forced convective heat transfer in sandwich-walled cylinder. 
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is was placed upon quantifying the influence of pore shape and

ore distribution on overall heat transfer and selecting the best

ore topology for maximal performance. 

. Selection of core topology for sandwich-walled cylinders 

The application background of the study is the combustion

hamber of a rocket engine, which can be regarded as a typical

andwich-walled cylinder structure with the “I” type of core [ 20–

2 ]. However, the “I” core is more likely to buckle subjected to

ompressive loading and its shear strength is weaker compared

o the corrugation (V type) core [ 11 , 23 ]. By adding the I-type ribs

nto the V core, three derived corrugation cores ( i.e. N, W and M

ore) were also designed as shown in Fig. 2 , which may further

mprove the mechanical properties of sandwich-walled cylinders.

ue to the excellent thermal and mechanical attributes of the five

ore types ( i.e. I, V, N, W and M cores), they are potential candi-

ates to be selected as the core of sandwich-walled cylinders for

ightweight combustion chambers. In this study, the thermal per-

ormance of sandwich-walled cylinders with the five cores were

ystematically investigated and compared with each other as the

rst step of the thermo-mechanical multifunctional design. 

Key characteristics of the five core types were summarized be-

ow, as: 

1) The shape of the unit cell shape for the V, N, W and M core

types was triangular, but quadrilateral for the I core. 

2) The N, W and M cores can be regarded as three subtypes de-

rived by adding I ribs at the inner and outer apex angles of the

V core. 

3) In terms of structural homogeneity, the pore sizes of the I, V

and N cores were uniform along the circumference; whereas

the W and M cores had non-uniform pore sizes. 

The independent geometric parameters of the proposed

andwich-walled cylinders include: inner radius R i , outer radius

 0 , facesheet thickness t f , core thickness t c , radian of circumferen-

ial minimum repetitive element θ , and axial length of cylinder L .

mong them, θ can be converted from the total number of cir-

umferential maximum repetitive elements n , as θ = π / n . The to-

al number of circumferential maximum repetitive units ( n ) was

he main variable in the current study. For convenience of expres-

ion, the labeling method of "core type-total number of circum-

erential maximum repetitive units" was used to refer to a specific

andwich-walled cylinder ( e.g. "I-61 ′′ refers to the I cored sandwich

tructure with 61 units). 

The derivation process of porosity ε, total heat dissipation area

 , and hydraulic diameter D for each core topology was detailed in

he Appendix. Explicit expressions of these parameters were listed

n Table 1 . 
. Forced convective heat transfer experiment 

.1. Sample preparation 

To validate the numerical and theoretical models, a sandwich-

alled cylinder made of aluminum alloy with inner radius 30 mm,

uter radius 40 mm and axial length 100 mm was fabricated us-

ng 3D-printing, as displayed in Fig. 3 . Specifically, aluminum alloy

AlSi10Mg) powder with particle size 1–50 μm was used to con-

truct the entire structure via powder laying and laser sintering in

he 3D printer (Liantai TM 660). The hydraulic diameter of the N-

ype core channel was 1.6 mm, comparable to the hydraulic diam-

ter of microchannel heat sinks (~ 1 mm) [24] . Table 2 listed the

eometric parameters of the printed sample. In this study, the ra-

ian of circumferential minimum repetitive element θ was selected

s a variable, while the other independent geometric parameters

ere all fixed. In this study, the radian of circumferential mini-

um repetitive element θ was selected as a variable, while the

ther independent geometric parameters were all fixed. It is worth

oting that the sample may shrink to a certain extent during the

D printing process, which was found to be less than 0.18 mm. The

nal measured sizes of the additively manufactured sample (N-15)

ere used in the data reduction, which were shown along with the

orresponding design values in Table 2 . 

.2. Experimental apparatus 

As shown in Fig. 4 , the experimental system for forced con-

ective heat transfer was composed of seven parts (from left to

ight): turbine fan, heat exchanger, orifice meter, setting chamber,

nlet section, test section and outlet section. The air blown by the

urbine fan, after being cooled to room temperature via the heat

xchanger, passed through the orifice meter and the setting cham-

er, then entered into the test sample after the inlet section, and

nally discharged into the environment. 

In the test section, the sandwich-walled cylinder sample was

oused in a sleeve made of resin having the same axial length. Its

nner facesheet was bonded with heating pads to provide constant

eat flux boundary condition, and insulation foam was wrapped

utside the sleeve and filled inside the cylinder to minimize heat

oss. To ensure smooth flow at entry/exit of the annular channel

f test sample, an annular channel supporting part and a central

ylinder rod were designed at the inlet section, as shown in Fig. 4 .

t the same time, the inner radius of the sleeve was purposely de-

igned to be different from the outer radius of the cylinder by a

acesheet thickness, so as to avoid disturbance of flow in the an-

ular channel. Eight T-type thermocouples were evenly embedded

n the slots excavated in the inner facesheet, six of which were ar-

anged separately along the circumferential direction at the inlet

nd outlet to check the uniformity of circumferential temperature.

ll the thermocouple wires were extended from the inner cavity

f the outlet section and connected to the temperature acquisition

evice (Agilent TM 34970A). To monitor the air temperature and

ressure at the entry and exit, several thermocouples and pressure

apping were located in the inlet and outlet sections, respectively.

 polymer foam matrix was placed downstream the sample to mix

he flow leaving the sample, so that the average air temperature at

he exit could be measured. 

.3. Parameters definition 

The overall heat transfer coefficient of the present sandwich-

alled cylinder was defined as [25] : 

 = 

Q in 

A 

[(
T w,in + T w,mid d le + T w,out 

)
/ 3 − T f,in 

] (1) 
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Fig. 2. Schematic of five sandwich-walled cylinders with different core topologies. 

Table 1 

Geometric parameters of core topologies for sandwich-walled cylinders. 

Core type Unit cell Porosity ε Total heat dissipation area S t Hydraulic diameter D 

I core 2 S EFGH 

( R 2 
0 
−R 2 

i 
) θ

nC EFGH L 
4 S EFGH 

C EFGH 

V core 
2( S EFG + S HIJ ) 

( R 2 
0 
−R 2 

i 
) θ

2 n C 
GF , IJ , 


 

EF , 

 

IH 
L 

4( S EFG + S HIJ ) 

C 
GF , IJ , 


 
EF , 


 
IH 

N core 
2( S EFG + S HIJ ) 

( R 2 
0 
−R 2 

i 
) θ

2 n ( C EFG + C HIJ ) L 
4( S EFG + S HIJ ) 

C EFG + C HIJ 

W core 
2( S EFG + S HIJ ) 

( R 2 
0 
−R 2 

i 
) θ

2 n ( C 
GF , 


 

EF 
+ C HIJ ) L 

4( S EFG + S HIJ ) 

C 
GF , 


 
EF 

+ C HIJ 

M core 
2( S EFG + S HIJ ) 

( R 2 
0 
−R 2 

i 
) θ

2 n ( C EFG + C 
IJ , 


 

IH 
) L 

4( S EFG + S HIJ ) 

C EFG + C 
IJ , 


 
IH 

Table 2 

Geometric parameters of sandwich-walled cylinder (N-15) manufactured by 3D-printing. 

Inner radius R i (mm) Outer radius R 0 (mm) Facesheet thickness t f (mm) Core thickness t c (mm) Axial length L (mm) Hydraulic diameter D (mm) 

Design 15.00 21.50 1.50 0.80 100.00 1.60 

Measured 14.91 21.44 1.52 0.82 99.86 1.58 

Fig. 3. Sandwich-walled cylinder manufactured via 3D-printing: (a) holistic view; 

(b) top view. 

w  

t  

s  

(  

s

N  

 

a

 

R  
here T w,in , T w,middle and T w,out were the average temperatures of

he inner facesheet at the entrance, the midpoint and the exit, re-

pectively. T f,in was the temperature of cooling air at the entrance

~ 300 K). T f,out was the average temperature of air at the exit. Nus-

elt number of heat transfer was defined as: 

u = 

hD 

k 
(2)

The flow friction factor and the Reynolds number were defined

s: 

f = 

2�pD 

ρU 

2 L 
(3)

e = UD/ν (4)
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Fig. 4. Schematic of forced convection experimental apparatus. 
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Fig. 5. Computational domain for forced convection in sandwich-walled cylinder. 
here �p was the pressure difference between the inlet and out-

et, D was the hydraulic diameter of the sample duct, ν is the kine-

atic viscosity of air, and U was the average flow velocity in sam-

le duct. 

.4. Uncertainty analysis 

To calculate the uncertainty of combined variables, it is nec-

ssary to determine the uncertainty of direct measurements such

s pressure, temperature and length. Experimental error sources

n the study included three aspects: thermal power measure-

ent, thermocouple reading and geometric measurement [ 26 , 27 ].

ccording to Kline and McClintock [28] , the uncertainty of heat

ransfer coefficient and the flow friction factor defined by (1) and

3) can be calculated respectively as: 

δh 

h 

= 

√ √ √ √ 

(
δQ in 

Q in 

)2 

+ 

(
δA 

A 

)2 

+ 

1 

9 

· ( δT w,in ) 
2 + 

(
δT w,mid d le 

)2 + ( δT w[(
T w,in + T w,mid d le + T w,out 

)
/ 3 −

δ f 

f 
= 

√ (
δ�p 

�p 

)2 

+ 

(
2 δM 

M 

)2 

+ 

(
δD 

D 

)2 

+ 

(
δL 

L 

)2 

+ 

(
2 δS 

S 

)2 

(6) 

The error of voltage and current supplied by DC power supply

as 0.5%, so the error of thermal power input was 1.5%. The mea-

urement error of facesheet area A was about 1%. The reading error

f thermocouples was 0.3 °C. Typical temperature difference in the

xperiments was about 30 K, so the error of temperature measure-

ents was 1%. Based on the above values, the error of heat transfer

oefficient was evaluated to be 2.14% according to (5) . 

The typical pressure difference �p during the experiment was

n the order of 100 Pa, and its measurement uncertainty was about

 Pa, so its error was estimated to be 1%. The mass flow rate M

uring the experiment was on the order of 1 × 10 −3 kg/s, while

ts measurement uncertainty was about 1 × 10 −6 kg/s, so its error

as 1%. The geometric measurement errors of hydraulic diameter

 , axial length L and cross-sectional area of duct S were 0.5%, 1%

nd 2% respectively. Based on the above values, the error of flow

riction factor was evaluated to be 3.32% according to (6) . 
 

2 
+ 

[ 

δT f,in (
T w,in + T w,mid d le + T w,out 

)
/ 3 − T f,in 

] 2 

(5) 

. Numerical simulation 

.1. Computational domain, governing equations and boundary 

onditions 

The sandwich-walled cylinder was made of aluminum alloy,

nd the cooling fluid was dry air at room temperature (300 K). The

nnular flow region was divided into independent straight ducts

y cores having different cross-sectional shapes. Due to periodicity

nd symmetry along the circumferential direction of the cylinder,

he computational domain was chosen as an annular minimum re-

eating unit, as shown in Fig. 5 . 

Experimental observations of Eckert and Irvine [29] revealed

hat the transition from laminar to turbulent flow happens at

e = 10 0 0 for a duct with triangular cross-section of an apex angle

f 11.5 °. For V-shaped finned internally tube with 20 unit cells, it

as also found [30] that flow transition occurs at about Re = 600.

he Reynolds number in the current study has been tested in the

ange of 10 0–50 0 0, which may cover laminar, transitional and tur-

ulent flow regions. Therefore, the numerical simulations applied

oth the laminar flow model and the k - ε turbulence model, and

he calculation results of the two models were compared with

xperimental measurements. Other assumptions adopted for per-

orming the numerical simulation included: 

1) The flow was three-dimensional, incompressible and steady

with no viscous dissipation; 

2) Thermal properties of fluid and solid were constant; 

Based on these assumptions, the governing equations of the nu-

erical model were [31] : 
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Table 3 

Thermal properties adopted in numerical simulation. 

Density ρ (kg •m 

−3 ) Specific heat c p (J •kg −1 •K −1 ) Dynamic viscosity μ (Pa •s) Thermal conductivity k (W 

•m 

−1 •K) 

Air 1.225 1006.43 1.7894 × 10 −5 0.0242 

Aluminum alloy – – – 110 
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Continuity equation : 

∂ u j 

∂ x j 
= 0 (7)

Momentum equations: 

∂ 

∂ x j 
(ρu i u j ) = − ∂ p 

∂ x i 
+ 

∂ 

∂ x j 

(
μ

∂u i 

∂ x j 
− ρu 

′ 
i u 

′ 
j 

)
( i = 1 , 2 , 3 ) 

(8)

Energy equation : 

∂ 

∂ x j 
(ρu j T ) = 

∂ 

∂ x j 

(
k 

c p 

∂T 

∂ x j 
− ρu 

′ 
j T ′ 

)
(9)

where ρ , c p , μ and k were the density, specific heat, dynamic vis-

cosity and thermal conductivity of air, respectively. Relevant values

were listed in Table 3 . 

The Reynolds-averaging equations were employed to deal with

turbulence, where ρu ′ i u ′ j was the Reynolds stress generated by in-

stantaneous pulsating flow, and ρu ′ j T ′ was the additional term of

turbulence pulsation of temperature. The Reynolds stress was re-

lated to the average velocity gradient using vortex viscosity coeffi-

cient according to the Boussinesq hypothesis, as: 

−ρu 

′ 
i u 

′ 
j = τi j = μt 

(
2 S i j −

2 

3 

∂ u i 

∂ x i 
δi j 

)
− 2 

3 

ρk δi j (10)

where S ij was the strain rate tensor satisfying: 

S i j = 

1 

2 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)
(11)

The temperature transmitted by turbulence pulsation was re-

lated to the time-averaging parameters via: 

−ρu 

′ 
j T ′ = Гt 

∂T 

∂ x j 
(12)

In the above equations, μt was the turbulent viscous coefficient,

and Гt was the turbulent diffusion coefficient. 

The standard k - ε turbulent model was chosen to evaluate the

turbulent viscous coefficient, as: 

Turbulent kinetic energy equation : 

ρ
∂k 

∂t 
+ ρu j 

∂k 

∂ x j 
= 

∂ 

∂ x j 

[(
μ+ 

μt 

σk 

)
∂k 

∂ x j 

]
+ μt 

∂ u i 

∂ x j 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)
−ρε 

(13)

Turbulence dissipation equation: 

ρu k 

∂ε 

∂ x k 
= 

∂ 

∂ x j 

[(
μ+ 

μt 

σε 

)
∂ε 

∂ x k 

]
+ 

c 1 ε 

k 
μt 

∂ u i 

∂ x j 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)
−c 2 ρ

ε 2 

k 

(14)

The turbulence viscosity and turbulent diffusion coefficient

could then be evaluated as: 

μt = ρc μ
k 2 

ε 
(15)

Гt = 

μ

Pr 
+ 

μt 

σ
(16)
t 
here σ t was the turbulent Pr number related to the temperature

eld, μ/Pr was caused by molecular diffusion, while μt / σ t was due

o turbulent fluctuation. The model coefficients and constants se-

ected were: c 1 = 1.44, c 2 = 1.92, c μ= 0.09, σ k = 1.0, σε= 1.3, σ t = 0.95. 

Velocity and pressure boundary conditions were applied to the

nlet and outlet of the computational domain, respectively, while

ymmetry boundary condition was applied to the two sides. The

ottom was heated by uniform heat flux, and the remaining solid

alls were non-slip and thermally adiabatic. The above boundary

onditions can be mathematically described as: 

Inlet: 

w = w A , T in = 300 K (17)

Outlet: 

p = 0 , 
∂T 

∂z 
= 0 , T back f low 

= 300 K (18)

Two sides: 

∂u 

∂n 

= 

∂v 
∂n 

= 

∂w 

∂n 

= 

∂T 

∂n 

= 0 (19)

Bottom: 

q = −k 
∂T 

∂n 

(20)

Solid walls at the top and inlet/outlet: 

u = v = w = 0 , q = 0 (21)

here w A was the appointed flow velocity at the channel entrance

 w A = εp U ), and q was the uniform heat flux applied to the inner

acesheet. 

The boundary conditions at solid/fluid interfaces did not need

o be specified since the momentum and energy equations were

utomatically coupled to ensure the continuity of velocity, stress,

emperature and heat flux at these interfaces. 

.2. Numerical methods 

A multi-block structured mesh incorporating fully hexahedral

lements was generated by Gambit 2.4.6 in all fluid and solid do-

ains. A commercial CFD code (ANSYS Fluent 14.5) was used to

olve the current problem [32] . The SIMPLE algorithm was applied

o couple the pressure and velocity for numerical analysis [ 33 , 34 ].

 second-order upwind scheme was applied to discretize the con-

ective terms in the governing equations. The iterative convergence

riterion was chosen as 10 −3 for momentum equation and 10 −6 

or energy equation. For selected cases, these were verified to be

mall enough to ensure the numerical results independent of the

elected values. To check the grid dependency, the number of ele-

ents was increased from 0.4 million to 2 million: for both cases,

he calculation results showed no difference. 

. Theoretical model of intersection-of-asymptotes for heat 

ransfer optimization 

To optimize core structure parameters, a theoretical model to

aximize the heat transfer in sandwich-walled cylinder was es-

ablished. To this end, as shown schematically in Fig. 6 , the in-

er facesheet was heated by constant heat flux q , and the outer
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Fig. 6. Pressure drop and heat transfer in sandwich-walled cylinder: theoretical 

modeling. 
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� d D 

−3
d 
acesheet was adiabatic. The pressure difference between the inlet

nd outlet was �p through the sample of length L , and the pres-

ure at the inlet and outlet was assumed to be uniform. Therefore,

he flow velocities in different ducts (the upper and lower ducts

arked as u and d , respectively) of V, N, W or M cores were un-

qual as the flow resistance was dependent upon core topology. If

 was the average velocity in a channel, S was the cross-sectional

rea and C was the wet circumference of the duct, the total mass

ow rate M and the total pumping power P could be expressed as:

 = 2 nρ( U d S d + U u S u ) (22) 

 = 2 n �p ( U d S d + U u S u ) (23) 

here n was the total number of core units along the circumfer-

nce. 

Since the thermal conductivity of metal is much larger than

hat of air, the heat flux ( q ) on the inner facesheet could be as-

umed to be uniformly applied on the wetted surfaces in each

hannel ( q 0 ). Heat flux on the wetted surfaces of each channel

ould thus be calculated as: 

 0 = 

πR i 

n ( C u + C d ) 
q (24) 

Next, for each core type, theoretical expressions of heat trans-

er and flow resistance of the sandwich-walled cylinder were de-

uced under two extreme conditions: (I) fully developed case and

II) boundary layer case. Through asymptotic intersection of the

wo extreme conditions, optimal structural parameters for each

ore type were obtained. Given the constant heat flux boundary

ondition, the objective of optimization was to minimize the tem-

erature rise of inner facesheet at the outlet, subjected to the con-

traint of fixed pressure drop or pumping power. 

.1. Limit I: fully developed case 

.1.1. Flow resistance 

Consider first the fully developed flow and heat transfer, which

eans L → ∞ , or equivalently, the hydraulic diameter of the channel

 → 0. In this case, each duct became sufficiently slender, and the

ressure drop ( �p ) across the duct could be calculated as: 

f · Re = 64� (25) 

here � was the flow shape factor of the duct [35] ; f, Re were

he friction factor and Reynolds number, respectively, as defined in

T 1 = q 0 L 

[ 
32 n 

0 . 5 ρ−0 . 5 c −1 
p L 0 . 5 ν0 . 5 P −0 . 5 

(
D 

2 
d S d �

−1 
d 

+ D 

2 
u S u �

−1 
u 

)0 . 5 (
�

qs. (3) and (4) . Combining the above equations led to: 

 = 

�p D 

2 

32 ρLν�
(26) 

Substitution of (26) into (22) and (23) yielded: 

 = 

n �p 

16 Lν

(
D 

2 
d 
S d 

�d 

+ 

D 

2 
u S u 

�u 

)
(27) 

 = 

n �p 2 

16 ρLν

(
D 

2 
d 
S d 

�d 

+ 

D 

2 
u S u 

�u 

)
(28) 

Upon combining and solving Eqs. (26) , and –(28) , the average

elocities of each channel were separately expressed as functions

f �p, M and P , as: 

fixed pressure drop: 

U u = 0 . 03125 ρ−1 L −1 ν−1 �−1 
u D 

2 
u �p (29)

U d = 0 . 03125 ρ−1 L −1 ν−1 �−1 
d 

D 

2 
d �p (30)

fixed mass flow rate: 

U u = 0 . 5 ρ−1 n 

−1 �−1 
u 

(
D 

2 
d S d �

−1 
d 

+ D 

2 
u S u �

−1 
u 

)−1 
D 

2 
u M (31)

U d = 0 . 5 ρ−1 n 

−1 �−1 
d 

(
D 

2 
d S d �

−1 
d 

+ D 

2 
u S u �

−1 
u 

)−1 
D 

2 
d M (32)

fixed pumping power: 

 u =0 . 125 n 

−0 . 5 ρ−0 . 5 L −0 . 5 ν−0 . 5 
(
D 

2 
d S d �

−1 
d 

+D 

2 
u S u �

−1 
u 

)−0 . 5 
D 

2 
u �

−1 
u P 0 . 5

(33) 

 d =0 . 125 n 

−0 . 5 ρ−0 . 5 L −0 . 5 ν−0 . 5 
(
D 

2 
d S d �

−1 
d 

+D 

2 
u S u �

−1 
u 

)−0 . 5 
D 

2 
d �

−1 
d 

P 0 . 5

(34) 

.1.2. Heat transfer 

Let the average temperature of fluid at the outlet of the channel

e T f,out , and the average wall temperature at the outlet be T w,L .

nergy conservation dictated: 

q 0 C d L = ρc p U d S d 
(
T f,out,d − T f,in 

)
q 0 C u L = ρc p U u S u 

(
T f,out,u − T f,in 

) (35) 

For fully developed flow in a straight channel, Nu is constant

18] , namely: 

q 0 
T w,L,d −T f,out,d 

· D d 
k 

= N u d 

q 0 
T w,L,u −T f,out,u 

· D u 
k 

= N u u 
(36) 

here Nu u and Nu d are Nusselt numbers of upper and lower ducts,

hich could be determined according to the shape of the duct [35] .

ombining ( 29-36 ), one could obtain the average temperature rise

f channel wall at the outlet �T 1 ( �T 1 = ( T w,L , u - T f,in + T w,L,d - T f,in )/2,

ubscript 1 represents Limit I) in the fully developed case for fixed

ressure drop, fixed mass flow rate, or fixed pumping power, as: 

fixed pressure drop : 

�T 1 = q 0 L 
[
128 Lνc −1 

p �p −1 
(
�d D 

−3 
d 

+ �u D 

−3 
u 

)
+ k −1 L −1 

(
D d Nu 

−1 
d + D u Nu 

−1 
u 

)]
(37) 

fixed mass flow rate: 

�T 1 = q 0 L 
[
8 nc −1 

p M 

−1 
(
D 

2 
d S d �

−1 
d 

+D 

2 
u S u �

−1 
u 

)(
�d D 

−3 
d 

+ �u D 

−3 
u 

)
+ k −1 L −1 

(
D d Nu 

−1 
d + D u Nu 

−1 
u 

)]
(38)

fixed pumping power: 

 + �u D 

−3 
u 

)
+ k −1 L −1 

(
D d Nu 

−1 
d + D u Nu 

−1 
u 

)] 
(39) 
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Fig. 7. CFD validation of intersection-of-asymptotes model with fixed pumping 

power of P = 3 W. 
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5.2. Limit II: boundary layer case 

This case implies L → 0, or equivalently, the hydraulic diameter

of the channel D → ∞ . The flow in a single channel was in the state

of boundary layer flow: only near the solid wall the velocity and

temperature would vary; outside the boundary layer, the flow was

non-viscous free flow, independent of friction and heating of the

solid wall. Under this extreme condition, the solutions of boundary

layer flow could be used to approximate the flow and heat transfer

of sandwich-walled cylinder. 

5.2.1. Flow resistance 

Balance of pressure and friction led to: 

L τw 

= S�p (40)

The average wall shear stress τw 

could be obtained from the

solution of boundary layer flow of a flat plate [18] , as: 

2 τw 

/ 
(
ρU 

2 
)

= 1 . 328 Re −0 . 5 
L (41)

Re L = UL/ν (42)

Upon rearranging (40) - (42) and considering the definition of

hydraulic diameter ( D = 4 S / C ), the average flow velocities through

the upper and lower ducts of the core unit cell were derived as

functions of pressure drop: 

 d = 0 . 5214 D 

2 
3 

d 
�p 

2 
3 ρ− 2 

3 ν− 1 
3 L −

1 
3 (43)

 u = 0 . 5214 D 

2 
3 
u �p 

2 
3 ρ− 2 

3 ν− 1 
3 L −

1 
3 (44)

Upon substituting (43) and (44) into (22) and (23) , the average

velocity of each duct was obtained for: 

fixed mass flow : 

U d = 0 . 5 M n 

−1 ρ−1 D 

2 
3 

d 

(
D 

2 
3 

d 
S d + D 

2 
3 
u S u 

)−1 

(45)

U u = 0 . 5 M n 

−1 ρ−1 D 

2 
3 
u 

(
D 

2 
3 

d 
S d + D 

2 
3 
u S u 

)−1 

(46)

fixed pumping power: 

U d = 0 . 5127 P 
2 
5 n 

− 2 
5 ρ− 2 

5 ν− 1 
5 L −

1 
5 

(
D 

2 
3 

d 
S d + D 

2 
3 
u S u 

)− 2 
5 

D 

2 
3 

d 
(47)

U u = 0 . 5127 P 
2 
5 n 

− 2 
5 ρ− 2 

5 ν− 1 
5 L −

1 
5 

(
D 

2 
3 

d 
S d + D 

2 
3 
u S u 

)− 2 
5 

D 

2 
3 
u (48)

5.2.2. Heat transfer 

Under uniform heat flux, the solution of external flow along a

flat plate was [18] : 

N u x = 

q 

T w,x − T f,in 
· x 

k 
= 0 . 453 

1 
3 

Pr Re 
1 
2 
x ( 0 . 5 < Pr < 10 ) (49)

Temperature rise of channel wall at the outlet of upper and

lower channels in each unit needed to satisfy: { 

T w,L,d − T f,in = 2 . 208 q 0 k 
−1 Pr −

1 
3 U 

− 1 
2 

d 
L 

1 
2 ν

1 
2 

T w,L,u − T f,in = 2 . 208 q 0 k 
−1 Pr −

1 
3 U 

− 1 
2 

u L 
1 
2 ν

1 
2 

(50)

Substituting (50) into (43) - (48) led to the wall temperature rise

�T 2 ( �T 2 = ( T w,L,u - T f,in + T w,L,d - T f,in )/2, subscript 2 represents Limit II)

at the outlet of each channel, as: 

fixed pressure drop : 

�T 2 =3 . 057 q 0 L 
2 
3 ν

2 
3 k −1 

− 1 
3 

Pr �p −
1 
3 ρ

1 
3 

(
D 

− 1 
3 +D 

− 1 
3 

)
(51)
d u 1
fixed mass flow rate: 

�T 2 =3 . 122 q 0 L 
1 
2 ν

1 
2 k −1 

− 1 
3 

Pr M 

− 1 
2 n 

1 
2 ρ

1 
2 

(
D 

2 
3 

d 
S d +D 

2 
3 
u S u 

) 1 
2 
(

D 

− 1 
3 

d 
+D 

− 1 
3 

u 

)
(52)

fixed pumping power: 

�T 2 =3 . 083 q 0 L 
3 
5 ν

3 
5 k −1 

− 1 
3 

Pr ̂  P −
1 
5 n 

1 
5 ρ

1 
5 

(
D 

2 
3 

d 
S d + D 

2 
3 
u S u 

) 1 
5 
(

D 

− 1 
3 

d 
+D 

− 1 
3 

u 

)
(53)

.3. Validation of the intersection-of-asymptotes model 

For a single-layer core as shown in Fig. 2 , take the condition

f fixed pumping power as an example. In the limit I of fully

eveloped case ( D → 0), Eq. (39) showed �T ~D 

−2 , implying that

he thermal resistance decreased with increasing D at the power

f 2. In the limit case II of the boundary layer case, however,

t followed from Eq. (53) that �T ~D 

−1/5 : that is, the thermal re-

istance decreased with the increase of D at the power of 1/5.

herefore, the speed of change in thermal resistance dramatically

hanged from limit I to limit II. As a consequence, by employ-

ng the intersection-of-asymptotes model, optimal core structure

arameters could be obtained at the intersection of heat transfer

urves ( i.e ., �T 1 = �T 2 ) of the two extreme conditions. 

For illustration, consider core type N. Let the inner and outer

adii of the cylinder, the thickness of facesheet, and the height of

ore be all fixed. The optimal unit number n ( i.e ., the optimal heat

issipation area) was obtained under the fixed pumping power

ondition. To validate the theoretical model prediction, CFD sim-

lations with the laminar flow model (which will be validated in

he next section) were carried out and results from the two ap-

roaches were compared with each other. As shown in Fig. 7 , when

he pumping power was fixed at 3 W, in the fully developed case

he overall heat transfer coefficient increased with increasing unit

umber n , while in the boundary layer case the overall heat trans-

er coefficient decreased with n . Therefore, to maximize the overall

eat transfer efficiency, there must exist an optimal n , which oc-

urs at the intersection point of the two asymptotes. The numerical

esults also verified the theoretical model: the overall heat transfer

oefficient increased first and then decreased as the unit number

as increased, and the optimal number of core units was around

6 in the example considered. 
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Fig. 8. Comparison between experimental and numerical results for (a) heat transfer and (b) flow resistance for the N-15 sample. 
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. Results and discussion 

.1. Analysis of laminar, transitional and turbulent flow in 

andwich-walled cylinder 

The flow state in a sandwich-walled cylinder is influenced by

any factors such as the Reynolds number, the pore morphology

nd the wall thickness. For a given core morphology, the flow state

ay change from laminar, transition and turbulent flow succes-

ively as increasing the Reynolds number. Based on CFD and exper-

mental results, flow state in the core of test sample N-15 was an-

lyzed. The Nu- Re and f - Re curves obtained from experiments and

imulations were displayed in Figs. 8 (a) and (b), respectively. To

dentify the flow stage, both the laminar and turbulent simulation

esults were presented and compared with experimental results.

he k - ε turbulence model with standard wall function was used in

urbulence simulation, applicable in the fully turbulent flow region.

he results of Fig. 8 showed that the flow state in the N-15 sam-

le could be divided into three regions according to the Reynolds

umber, as elucidated below. 

1) In the laminar flow region (Re < 2200) , the friction factor de-

creased linearly as the Reynolds number was increased, and the

Nusselt number increased with increasing Reynolds number but

the rate of increase was lower than that in the transitional or

fully turbulent regime. The experimental results fairly revealed

these typical features, and the laminar flow model predictions

agreed better with the experimental results than the turbulent

model in the laminar flow region. 

2) In the transitional flow region (2200 < Re < 4100) , the flow

began to be unstable, and small disturbances in the bound-

ary layer would affect the mainstream flow. Transitions could

be clearly observed from both the Nu- Re and f - Re curves. Due

to the complicated chaotic and unsteady flow nature, both the

steady laminar CFD model and the k - ε turbulence model failed

to predict the experimental results well in the transitional flow

region. 

3) In the vigorous turbulent flow region (Re > 4100) , the friction fac-

tor became constant after a sharp decrease and transition in

the laminar and transitional regimes. Compared to the laminar

model, the k - ε turbulence model predicted the trend more ac-

curately; although the experimentally measured friction factor

was higher than that predicted by the turbulent model, which

might be caused by the roughness of the sample made via 3D-

printing. Further, in terms of heat transfer, the k - ε turbulence
model was again much more accurate than the laminar model

relative to the experimental results in the vigorous turbulent

flow region. 

Carlson and Irvine [36] investigated the friction resistance of

ir flow in isosceles triangular ducts. The results showed that the

eynolds numbers at the beginning of flow transition in different

ucts with the apex angles ranging from 4.01 to 38.8 ° were about

0 0 0, which is similar to the critical Reynolds number (~2200) in

he channel of present triangular-cored sandwich-walled cylinder. 

It should be pointed out that, due to the complexity of flow

ransition and turbulence in the sandwich-walled cylinder, the

hermal performance of the sandwich-walled cylinders was con-

erned only in the laminar flow region in the study. Therefore, in

ther sections of the paper, the CFD results are all based on the

aminar CFD model. 

.2. Effect of core morphology on heat transfer and flow resistance 

In this section, the effect of core morphology on heat transfer

nd flow resistance was investigated in the laminar flow region us-

ng the laminar numerical model. Fig. 9 presented the heat transfer

nd flow resistance curves of the five core types having identical

otal surface area: I-61, V-35, N-15, W-22 and M-26. It was seen

hat for the cores with homogeneous structure ( i.e ., uniform pore

ize such as I-61, V-35 and N-15), core morphology significantly

ffected heat dissipation. For example, the Nusselt number and

ow resistance of triangular cores (V-35 and N-15) were almost

he same for a given Reynolds number, while the heat transfer ca-

acity of quadrilateral core (I-61) was 5% −20% higher than the tri-

ngular cores: this advantage gradually increased as the Reynolds

umber was increased. Nonetheless, the flow resistance of quadri-

ateral core was 10% higher than that of triangular cores at the

ame Reynolds number. 

For the V, W and M cores having the same triangular cells,

tructural non-homogeneity ( i.e ., non-uniform pore size) also af-

ected heat dissipation. Specifically, the V core was homogeneous

hile the W and M cores were non-homogeneous. Further, as the

nner triangle of the M core was smaller and its outer triangle was

arger, its non-uniformity was larger than the W core. Take the V-

5, W-22 and M-26 as an example, which had triangular cores and

dentical heat dissipation area but were different in structural ho-

ogeneity. As shown in Fig. 9 , with the Reynolds number fixed,

he three cores exhibited approximately the same flow resistance,

ut their heat transfer capacity varied by about 10%. The Nus-
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Fig. 9. Comparison of five sandwich cores with different pore shapes but the same total surface area: (a) heat transfer and (b) flow resistance. 

Fig. 10. Temperature and velocity fields at the outlet ( z = 100 mm) of different cores with identical heat dissipation area: (a) temperature; (b) velocity. 
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selt number of V-35 was higher than W-22 and M-26, with M-

26 showing the worst heat transfer performance. It might be con-

cluded that, with the same pore shape and the same total surface

area, a sandwich core with homogeneous pore morphology could

enhance the heat dissipation without increasing the flow resistance

at the same Reynolds number. 

The present results also revealed that the influence of pore

shape was more obvious than pore homogeneity. For example,

the quadrilateral core (I core) had the best heat transfer perfor-

mance, whose Nusselt number and flow resistance were 15% and

10% higher than the triangular cores (V and N), respectively. How-

ever, for cores having identical pore shape but different structural

homogeneities, the deviation in heat transfer was only up to 10%

and structural homogeneity had negligible influence on flow resis-

tance. 

The distinct influence of core morphology on heat transfer

could be explained from temperature and velocity distributions

in the sandwich structures. As shown in Fig. 10 , both the veloc-

t  
ty and temperature were distributed more non-uniformly in the

hole flow channel of the M core compared to other core types,

ecause the cell wall divides the cross-section of the M core into

wo triangles of different areas. This distribution behavior implied

hat the main fluid stream flowed through the central region of

he channel, with limited flow nearby channel wall. As a result, the

hickness of boundary layer nearby the wall of M core was greater

han the other core types, which would weaken the mixing of cold

nd hot fluids, degrade heat transfer efficiency along cell walls,

nd thus increase the wall temperature. On the contrary, for the

 core with open and wide flow channels, the velocity and temper-

ture distributions were more uniform across the whole channel,

nabling it to achieve the highest heat transfer efficiency under the

onstraint of equal total surface area. 

.3. Optimum cell number of the sandwich core 

In this section, the optimum cell number of each sandwich core

opology was determined at fixed pumping power. The best sand-
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Fig. 11. Optimization of unit cell number for each core type and corresponding maximal heat transfer performance: (a) optimal unit cell number plotted as a function of 

pumping power; (b) comparison of maximal heat transfer coefficients among 5 core topologies, each having optimal unit cell number. 
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ich core among the five selected topologies can then be deter-

ined by comparing their maximum heat dissipation rates at the

orresponding optimum cell numbers. Firstly, the intersection-of-

symptotes model, detailed and validated in Section 5 , was used

o calculate the optimum number of unit cells for each core type

nder different pum ping powers. From the results presented in

ig. 11 (a), it was seen that the optimum number of unit cells

ncreased with pumping power. Secondly, because the theoreti-

al model could not predict the actual heat transfer coefficient

ut only the optimum number of unit cells, the CFD model was

dopted to calculate the actual heat transfer coefficient for each

ore type once the optimum unit cell number was determined us-

ng the theoretical model. 

Fig. 11 (b) plotted the maximum rate of heat transfer that a spe-

ific core could achieve at the optimum unit cell number as a func-

ion of pumping power. Among the 5 core topologies ( i.e. , I, V,

, W and M) with optimum unit cell numbers, the I core exhib-

ted the highest rate of heat dissipation at a given pumping power,

hile the M core yielded the lowest rate. Therefore, in terms of

verall thermal performance, the I core is the best topology among

he five selected topologies. 

Although the quadrilateral core (I core) had the best heat trans-

er performance, it was likely to buckle under small deformation

hen subjected to out-of-plane compression. On the contrary, the

riangular core could convert certain compressive load into shear

oad, thus significantly improving its critical buckling load. For load

earing, therefore, the triangular core was superior to the quadri-

ateral core. The contradiction between heat transfer and load bear-

ng makes it necessary to consider the balance of these two aspects

n thermo-mechanical design of core structures. This issue will be

ddressed in a future study. 

. Conclusion 

Lightweight sandwich-walled cylinders are ideal candidates for

ultifunctional applications such as simultaneous load bearing and

ctive cooling. In the current study, the thermo-fluid performance

f sandwich-walled cylinders with varying core morphologies was

ystematically investigated by experimental measurement, numeri-

al simulation and theoretical modeling. The main results obtained

ere summarized as: 

1 Comparing the numerical simulation results of both laminar

and turbulent flow models with the experimental measure-

ments revealed that, as the Reynolds number was increased,

flow in the channels of the sandwich-walled cylinder changed

from laminar ( Re < 220 0), transition (220 0 < Re < 4100) to

vigorous turbulence stage ( Re > 4100). The results provide use-
ful guidance for the selection of numerical models for different

flow stages. 

2 Subject to the constraint of identical heat dissipation area, the

influence of pore morphology on heat transfer and flow resis-

tance of sandwich-walled cylinder was quantified. Pore shape

and pore distribution pattern played important roles in the heat

dissipation capacity of the cylinder. For uniformly distributed

pores, the heat transfer coefficient of quadrilateral cores was

5% −20% higher than triangular cores, at the expense of 10%

higher of flow resistance in the laminar flow range. For the

same triangular core, the non-homogeneity in pore structure

did not affect flow resistance but caused a 10% drop in heat

transfer coefficient. 

3 Optimal unit cell number was obtained for each core type using

the intersection-of-asymptotes theory. Corresponding maximal 

heat transfer coefficients for five different cores types were cal-

culated by CFD and compared with each other to search for the

best core design. Under the condition of fixed pumping power,

the I core (quadrilateral core) exhibited the best overall heat

transfer performance while the M core had the worst perfor-

mance. 
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Appendix: Relations between geometric parameters of 5 core 

morphologies 

1. I core 

With the center of sandwich-walled cylinder taken as the origin

of coordinates, a plane rectangular coordinate system was estab-

lished. As a result, the horizontal and vertical coordinates of points

A~F were: 

x A = 0 , y A = R i (54)

x B = R i sin θ, y B = R i cos θ (55)

x C = R 0 sin θ, y C = R 0 cos θ (56)

x D = 0 , y D = R 0 (57)

x E = 0 . 5 t c , y E = 

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 (58)

x F =−0 . 5 t c cos θ+ sin θ

√ (
R i + t f 

)2 −( 0 . 5 t c ) 
2 
, y F = 

x F 
tan θ

+ 

0 . 5 t c 

sin θ
(59)

x G =−0 . 5 t c cos θ+ sin θ

√ (
R 0 −t f 

)2 −( 0 . 5 t c ) 
2 
, y G = 

x G 
tan θ

+ 

0 . 5 t c 

sin θ
(60)

x H = −0 . 5 t c , y H = 

√ (
R 0 − t f 

)2 − ( 0 . 5 t c ) 
2 (61)

The area of the quadrilateral EFGH was: 

S EFGH = 

x F ∫ 
x E 

[√ (
R 0 − t f 

)2 − x 2 −
√ (

R i + t f 
)2 − x 2 

]
dx + 

x G ∫ 
x F 

[√ (
R 0 −

The circumference of EFGH ( i.e. , the wet circumference of flow

channel) was: 

 EFGH = y H − y E + 

√ 

( x G − x F ) 
2 + ( y G − y F ) 

2 + 

(
R i + t f 

)(
arctan 

y E 
x E 

The porosity εp was: 

ε p = 

2 S EFGH (
R 

2 
0 

− R 

2 
i 

)
θ

(64)

The total heat dissipation area S t satisfied: 

S t = C EFGH L (65)

The hydraulic diameter of the channel, D , satisfied: 

D = 

4 S EFGH 
(66)
C EFGH 
 − x 2 −
(

x 

tan θ
+ 

0 . 5 t c 

sin θ

)]
dx (62)

tan 

y F 
x F 

)
+ 

(
R 0 − t f 

)(
arctan 

y H 
x H 

− arctan 

y G 
x G 

)
(63)

. V core 

The horizontal and vertical coordinates of points A~J as

ketched above were: 

 A = 0 , y A = R i (67)

 B = R i sin θ, y B = R i cos θ (68)

 C = R 0 sin θ, y C = R 0 cos θ (69)

 D = 0 , y D = R 0 (70)

 E = 0 , y E = R i + t f (71)

 F =−0 . 5 t c cosθ+ sinθ

√ (
R i + t f 

)2 −( 0 . 5 t c ) 
2 
, y F = 

x F 
tan θ

+ 

0 . 5 t c 

sin θ
(72)

 G = 0 , y G = y F − k x F (73)

 H = 

(
R 0 − t f 

)
sin θ, y H = 

x H 
tan θ

(74)

 I = 0 . 5 t c , y I = 

√ (
R 0 − t f 

)2 − ( 0 . 5 t c ) 
2 (75)

 J = 

( 0 . 5 k t c − y I ) sin θ

k sin θ − cos θ
, y J = k 

(
x J − 0 . 5 t c 

)
+ y I (76)

(76)

here k satified: 

 = 

−( y I − y F ) ( x F − 0 . 5 t c ) + t c 

√ [
( x F − 0 . 5 t c ) 

2 + ( y I − y F ) 
2 
]

− t 2 c 

( x F − 0 . 5 t c ) 
2 − t 2 c 

(77)

The surface areas of the curved triangles EFG and HIJ were: 

 EFG = 

x F ∫ 
0 

[
k ( x − x F ) + y F −

√ (
R i + t f 

)2 − x 2 

]
dx (78)

 HIJ = 

x J ∫ 
0 . 5 t c 

{√ (
R 0 − t f 

)2 − x 2 − [ k ( x − 0 . 5 t c ) + y I ] 

}
dx 

+ 

x H ∫ 
x J 

[√ (
R 0 − t f 

)2 − x 2 − x 

tan θ

]
dx (79)

The total length of straight edges GF, IJ as well as arc edges EF

nd IH was calculated as: 

 

GF , IJ , 

 

EF , 

 

IH 
= 

√ 

( x G − x F ) 
2 + ( y G − y F ) 

2 + 

√ (
x I − x J 

)2 + 

(
y I − y J 

)2 

http://dx.doi.org/10.13039/501100001809
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ε

S

D

3

x

x

x

x

x  

x

x  

x

x  

x  

 

t

S

S

 

c

C

C

ε

S

a

D

4

x

x

x

x

x  

x

x  
+ 

(
R i + t f 

)(
arctan 

y E 
x E 

− arctan 

y F 
x F 

)
+ 

(
R 0 − t f 

)(
arctan 

y I 
x I 

− arctan 

y H 
x H 

)
(80) 

The porosity εp was: 

 p = 

2 

(
S EFG + S HIJ 

)(
R 

2 
0 

− R 

2 
i 

)
θ

(81) 

The total heat dissipation area S t satisfied: 

 t = C 
GF , IJ , 


 

EF , 

 

IH 
· L (82) 

The hydraulic diameter D satisfied: 

 = 

4 

(
S EFG + S HIJ 

)
C 

GF , IJ , 

 

EF , 

 

IH 

(83) 

. N core 

The horizontal and vertical coordinates of points A~J were: 

 A = 0 , y A = R i (84) 

 B = R i sin θ, y B = R i cos θ (85) 

 C = R 0 sin θ, y C = R 0 cos θ (86) 

 D = 0 , y D = R 0 (87) 

 E = 0 . 5 t c , y E = 

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 (88)

 F = −0 . 5 t c cosθ + sinθ

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 
, y F = 

x F 
tan θ

+ 

0 . 5 t c 

sin θ
(89) 

 G = 0 . 5 t c , y G = k ( 0 . 5 t c − x F ) + y F (90)

 H =−0 . 5 t c cos θ+ sin θ

√ (
R 0 −t f 

)2 −( 0 . 5 t c ) 
2 
, y H = 

x H 
tan θ

+ 

0 . 5 t c 

sin θ
(91) 

 I = 0 . 5 t c , y I = 

√ (
R 0 − t f 

)2 − ( 0 . 5 t c ) 
2 (92)

 J = 

0 . 5 t c + ( 0 . 5 k t c − y I ) sin θ

k sin θ − cos θ
, y J = k 

(
x J − 0 . 5 t c 

)
+ y I (93)

The coefficient k satisfied Eq. (76) . The surface areas of curved

riangles EFG and HIJ were: 

 EFG = 

x F ∫ 
0 . 5 t c 

[
k ( x − x F ) + y F −

√ (
R i + t f 

)2 − x 2 

]
dx (94) 
 HIJ = 

x J ∫ 
0 . 5 t c 

{√ (
R 0 − t f 

)2 − x 2 − [ k ( x − 0 . 5 t c ) + y I ] 

}
dx 

+ 

x H ∫ 
x J 

[√ (
R 0 − t f 

)2 − x 2 −
(

x 

tan θ
+ 

0 . 5 t c 

sin θ

)]
dx (95) 

The circumferences of curved triangles EFG and HIJ ( i.e. , wet cir-

umferences of channels) were given by: 

 EFG = y G − y E + 

√ 

( x G − x F ) 
2 + ( y G − y F ) 

2 

+ 

(
R i + t f 

)(
arctan 

y E 
x E 

− arctan 

y F 
x F 

)
(96) 

 HIJ = 

√ (
x I − x J 

)2 + 

(
y I − y J 

)2 + 

√ (
x H − x J 

)2 + 

(
y H − y J 

)2 

+ 

(
R 0 − t f 

)(
arctan 

y I 
x I 

− arctan 

y H 
x H 

)
(97) 

The porosity was: 

 p = 

2 

(
S EFG + S HIJ 

)(
R 

2 
0 

− R 

2 
i 

)
θ

(98) 

The total heat dissipation area was: 

 t = 

(
C EFG + C HIJ 

)
L (99) 

nd the hydraulic diameter was: 

 = 

4 

(
S EFG + S HIJ 

)
C EFG + C HIJ 

(100) 

. W core 

The horizontal and vertical coordinates of points A~J were: 

 A = 0 , y A = R i (101) 

 B = R i sin θ, y B = R i cos θ (102) 

 C = R 0 sin θ, y C = R 0 cos θ (103) 

 D = 0 , y D = R 0 (104) 

 E = 0 , y E = R i + t f (105)

 F = −0 . 5 t c cosθ + sinθ

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 
, y F = 

x F 
tan θ

+ 

0 . 5 t c 

sin θ
(106) 

 G = 0 , y G = y F − k x F (107)
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x H = −0 . 5 t c cos θ+ sin θ

√ (
R 0 −t f 

)2 −( 0 . 5 t c ) 
2 
, y H = 

x H 
tan θ

+ 

0 . 5 t c 

sin θ
(108)

x I = 0 . 5 t c , y I = 

√ (
R 0 − t f 

)2 − ( 0 . 5 t c ) 
2 (109)

x J = 

0 . 5 t c + ( 0 . 5 k t c − y I ) sin θ

k sin θ − cos θ
, y J = k 

(
x J − 0 . 5 t c 

)
+ y I (110)

The coefficient k satisfied Eq. (76) . The surface areas of curved

triangles EFG and HIJ were: 

S EFG = 

x F ∫ 
0 

[
k ( x − x F ) + y F −

√ (
R i + t f 

)2 − x 2 

]
dx (111)

S HIJ = 

x J ∫ 
0 . 5 t c 

{√ (
R 0 − t f 

)2 − x 2 − [ k ( x − 0 . 5 t c ) + y I ] 

}
dx 

+ 

x H ∫ 
x J 

[√ (
R 0 − t f 

)2 − x 2 −
(

x 

tan θ
+ 

0 . 5 t c 

sin θ

)]
dx (112)

The length of straight edge GF, arc edge EF and the circumfer-

ence of curved triangle HIJ were calculated as: 

 

GF , 

 

EF 
= 

√ 

( x G − x F ) 
2 + ( y G − y F ) 

2 

+ 

(
R i + t f 

)(
arctan 

y E 
x E 

− arctan 

y F 
x F 

)
(113)

 HIJ = 

√ (
x I − x J 

)2 + 

(
y I − y J 

)2 + 

√ (
x H − x J 

)2 + 

(
y H − y J 

)2 

+ 

(
R 0 − t f 

)(
arctan 

y I 
x I 

− arctan 

y H 
x H 

)
(114)

The porosity was: 

ε p = 

2 

(
S EFG + S HIJ 

)(
R 

2 
0 

− R 

2 
i 

)
θ

(115)

The total heat dissipation area was: 

S t = 

(
C 

GF , 

 

EF 
+ C HIJ 

)
L (116)

The hydraulic diameter was: 

D = 

4 

(
S EFG + S HIJ 

)
C 

GF , 

 

EF 
+ C HIJ 

(117)

5. M core 

The horizontal and vertical coordinates of points A~J were: 

x A = 0 , y A = R i (118)

x B = R sin θ, y B = R cos θ (119)
i i 
 C = R 0 sin θ, y C = R 0 cos θ (120)

 D = 0 , y D = R 0 (121)

 E = 0 . 5 t c , y E = 

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 (122)

 F = −0 . 5 t c cosθ + sinθ

√ (
R i + t f 

)2 − ( 0 . 5 t c ) 
2 
, y F = 

x F 
tan θ

+ 

0 . 5 t c 

sin θ
(123)

 G = 0 . 5 t c , y G = k ( 0 . 5 t c − x F ) + y F (124)

 H = 

(
R 0 − t f 

)
sin θ, y H = 

x H 
tan θ

(125)

 I = 0 . 5 t c , y I = 

√ (
R 0 − t f 

)2 − ( 0 . 5 t c ) 
2 (126)

 J = 

( 0 . 5 k t c − y I ) sin θ

k sin θ − cos θ
, y J = k 

(
x J − 0 . 5 t c 

)
+ y I (127)

The coefficient k satisfied Eq. (76) . The surface areas of curved

riangles EFG and HIJ were: 

 EFG = 

x F ∫ 
0 . 5 t c 

[
k ( x − x F ) + y F −

√ (
R i + t f 

)2 − x 2 

]
dx (128)

 HIJ = 

x J ∫ 
0 . 5 t c 

{√ (
R 0 − t f 

)2 − x 2 − [ k ( x − 0 . 5 t c ) + y I ] 

}
dx 

+ 

x H ∫ 
x J 

[√ (
R 0 − t f 

)2 − x 2 − x 

tan θ

]
dx (129)

The circumference of curved triangle EFG and the total length

f straight edge IJ and arc edge IH were given by: 

 EFG = y G − y E + 

√ 

( x G − x F ) 
2 + ( y G − y F ) 

2 

+ 

(
R i + t f 

)(
arctan 

y E 
x E 

− arctan 

y F 
x F 

)
(130)

 

IJ , 

 

IH 
= 

√ (
x I −x J 

)2 + 

(
y I −y J 

)2 + 

(
R 0 −t f 

)(
arctan 

y I 
x I 

−arctan 

y H 
x H 

)
(131)

The porosity was: 

 p = 

2 

(
S EFG + S HIJ 

)(
R 

2 
0 

− R 

2 
i 

)
θ

(132)

The total heat dissipation area was: 

 t = 

(
C EFG + C 

IJ , 

 

IH 

)
L (133)

nd the hydraulic diameter was: 

 = 

4 

(
S EFG + S HIJ 

)
C + C 
 

(134)
IJ , IH 
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