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a b s t r a c t 

Turbulent heat transfer attracts continuous attention from researchers due to the high convective heat 

transfer performance. In the mini-channel heat sink, turbulent heat transfer enhancement measures may 

improve the heat transfer coefficient further and reduce the mass flow rate. However, there is lack of tur- 

bulent heat transfer enhancement researches in the mini-channel heat sink due to the difficulty caused by 

entrance effect. In this paper, a novel heat transfer enhancement concept of enhancing the original flow 

pattern was successfully applied to enhance the turbulent heat transfer in the mini-channel heat sink. 

The investigation was carried out in a mini-channel heat sink whose substrate size was 50mm × 50mm 

with Reynolds number ranging from 3600 to 6800. The original flow pattern in the conventional heat 

sink was revealed firstly. Subsequently, the v-ribs roughness was applied to generate multi-longitudinal 

swirls flow so as to enhance the original flow pattern. The numerical results indicated that the variation 

ranges of Nu / Nu 0 , f / f 0 , EEC, and R3 were 1.71–3.55, 2.76–7.99, 0.32–0.89, and 1.12–2.06, respectively, in 

the mini-channel. Besides, the maximum average heat flux of the substrate could achieve 5.79 W/mm 

2 

within a temperature difference of 60 K. In addition, this paper also investigated the thermal resistance 

and irreversibility in the mini-channel heat sink. This work may promote the development of heat trans- 

fer enhancement. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Mini/micro-channel is widely applied in electronic industry,

lectrical vehicles, solar cells, nuclear industry, and etc. [1] .

ini/micro-channel can be used to construct high efficient com-

act heat exchangers, heat sinks, and heat regenerators. In 1981,

uckerman and Pease firstly introduced the mini/micro channel

eat sink [2] . Since then, mini/micro-channel has played a signifi-

ant role in the field of electronic cooling. The turbulent flow in

ini-channel heat sinks can bring in high heat flux dissipation

nd uniform substrate temperature [3] . However, the increase in

eynolds number may cause high pump power consumption, large

irculation flow rate, as well as high flow noise. Therefore, the

urbulent heat transfer in mini-channel heat sinks should be en-

anced so as to achieve high heat flux dissipation with moderate

ow resistance penalty and circulation flow rate. 

In the mini-channel heat sink, the entrance effect is significant

ue to the limitation of channel length. The inlet velocity and tem-

erature distributions are approximately uniform. Due to the large

iscous resistance near the channel wall, the fluid flows from the
∗ Corresponding author. 
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oundary region to the core flow region, thereby generating sec-

ndary flows when flowing forward. By means of generating sec-

ndary flows, efficient convective heat transfer is achieved in the

ini-channel heat sinks. However, when the fluid flows forward in

he mini-channel, the intensity of original secondary flows is de-

reased gradually, thereby deteriorating the heat transfer perfor-

ance. 

There are two available aspects for enhancing single phase con-

ective heat transfer coefficient [ 4 , 5 ]. On the one hand, the veloc-

ty field could be altered to deflect the working fluid from the low

emperature gradient region to the high temperature gradient re-

ion as well as increase the synergy between velocity field and

emperature field. On the other hand, the temperature field could

e altered to form a temperature distribution of alternate warm

uid and cold fluid as well as decrease the mean temperature dif-

erence between wall and working fluid. 

In order to enhance the turbulent heat transfer with moderate

ressure drop penalty, researchers focused attentions on the heat

ransfer enhancement techniques near the heat transfer surface,

uch as corrugations, winglets, grooves, ribs, and etc. [6] . Liu et al.

7] numerically investigated the effect of spirally corrugated tubes

n shell side thermal hydraulic performance in the rod-baffle heat

xchanger with Reynolds number ranging from 60 0 0 to 18,0 0 0.
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Nomenclature 

A b substrate area 

A c conjugate interface area 

c p specific heat capacity 

D h hydraulic diameter 

e rib height 

e / W c height ratio 

EEC efficiency evaluation criterion 

E xd exergy destruction 

f friction factor 

G d entransy dissipation 

h heat transfer coefficient 

H heat sink height 

H c mini-channel height 

H d heat consumption 

I disturbance intensity 

k turbulence kinetic energy 

L heat sink length 

L 1 outlet length in simulations 

Lu local heat convection number 

Nu Nusselt number 

p pressure 

p i inlet rib pitch 

p l longitudinal rib pitch 

p l /D h longitudinal pitch ratio 

Pr Prandtl number 

q substrate heat flux 

R thermal resistance 

R3 overall performance criterion 

Re Reynolds number 

S g entropy generation 

T temperature 

T 0 ambient temperature 

T b substrate temperature 

T in inlet fluid temperature 

T m 

mean fluid temperature 

T w 

conjugate interface temperature 

u yz ,m 

tangential mean velocity 

u m 

inlet mean velocity 

u,v,w velocity components 

V h heat convection velocity 

W heat sink width 

W b simplified unit width 

W c mini-channel width 

x,y,z Cartesian coordinates 

Greek symbols 

α inclined angle of ribs 

β synergy angle 

κe ff effective thermal conductivity 

κ f fluid thermal conductivity 

κs solid thermal conductivity 

μ dynamic viscosity 

μt turbulent viscosity 

μe ff effective dynamic viscosity 

ρ fluid density 

� viscous heat dissipation 

ω specific dissipation rate 

The overall performance factor of 1.35 was achieved with the one-

start spirally corrugated tubes. Sun et al. [8] experimentally in-

vestigated the effect of rectangular winglet vortex generators on

the turbulent thermal-hydraulic performance in circular heat ex-

changer tubes for 5500 ≤ Re ≤ 20, 000. The maximum enhance-
ent in Nusselt number and friction factor were 2.32 and 11.63

imes, respectively. Liu et al. [9] proposed novel cylindrical grooves

n rectangular channels and determined the optimal configurations

or turbulent heat transfer numerically. Li et al. [10] experimen-

ally and numerically investigated the heat transfer and flow char-

cteristics in the discrete double inclined ribs tube with Reynolds

umber ranging from 15,0 0 0 to 60,0 0 0. The longitudinal vortex

as observed and the maximum enhancement in Nusselt num-

er and friction factor was 1.2 and 2.5 times compared with the

lain tube. Ma et al. [11] numerically studied the effect of phys-

cal properties and rib heights on thermal hydraulic performance

n the high temperature channel in turbulent flow. Singh et al.

12] experimentally investigated the heat transfer and friction fac-

or for solar air heaters with arc-shaped ribs. When Reynolds num-

er ranging from 2200 to 22,0 0 0, the maximum enhancement in

usselt number and friction factor were 5.07 and 3.71 times com-

ared with the smooth solar air heater. Promvonge and Skullong

13] experimentally investigated the thermal performance of solar

eceivers with combined punched-V-ribs and chamfer-V-grooves

ith Reynolds number between 5300 and 23,0 0 0. The maximum

hermal performance factor was around 2.47 where Nusselt num-

er and friction factor were increased by 6.52 and 38.67 times

ver the smooth duct. Other typical turbulent heat transfer en-

ancement works can be found in the literature [14-16] . There are

lso a few research works in the field of turbulent heat transfer

nhancement in mini-channel heat sinks. Dai et al. [17] collected

n experimental database from the literature and investigated the

riction factor in the roughened mini-channel. When the relative

oughness is less than 1%, the roughness had little effect on fric-

ion factor compared with the smooth duct. Bi et al. [18] proposed

n enhanced mini-channel heat sink with cylindrical grooves and

imples. For a Reynolds number range of 270 0–610 0, the numer-

cally results showed that the Nusselt number could be enhanced

o 2.2 times. Attalla et al. [19] experimentally investigated the ef-

ect of roughness on the heat transfer and flow characteristics in

he rectangular mini-channel with Reynolds number varied from

500 to 5000. The average Nusselt number was increased approx-

mately by 122% in turbulent flow with air as working fluid. These

ruitful works indicate that good results can be obtained by apply-

ng turbulent heat transfer enhancement techniques near the heat

ransfer surface. 

Besides, in order to explore the optimal flow pattern for tur-

ulent heat transfer, some researchers made efforts in the area of

eat transfer optimization. Guo et al. [20] constructed the opti-

al flow pattern of the circular tube in turbulent flow based on

ntropy generation minimization. Chen et al. [21] carried out a

omprehensive review on entropy and entransy in convective heat

ransfer optimization. Liu et al. [22] proposed the exergy minimiza-

ion principle for heat transfer optimization. Xiao et al. [23] op-

imized the turbulent heat transfer in rectangular channels based

n the exergy destruction minimization principle. All of the above

eat transfer optimization results indicated that the multi longitu-

inal swirls flow was an optimized flow pattern. Furthermore, He

nd Tao [24] demonstrated that the multi longitudinal swirls flow

ould improve the synergy effect between temperature field and

elocity field. Liu et al. [25] demonstrated that the multi longitudi-

al swirls flow was conducive to convective heat and mass trans-

er enhancement through multi-field synergy analysis. In addition,

heng et al. [26] reviewed lots of heat transfer enhancement struc-

ures which formed multi- longitudinal swirls flow. These struc-

ures were always efficient. Therefore, the multi-longitudinal swirls

ow is a good choice for heat transfer enhancement in turbulent

ow. 

These above reviews indicate that turbulent heat transfer en-

ancement is a hot and meaningful topic. However, the research

orks are not enough in the field of turbulent heat transfer
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Fig. 1. The whole schematic of the selected mini-channel heat sink. 
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nhancement in mini-channel heat sinks. Particularly, there is

carcely any research of turbulent heat transfer enhancement fo-

using on the entrance region of mini-channel heat sinks. It can

e attributed to the difficulty of turbulent heat transfer enhance-

ent in mini-channels. On the one hand, it is hard to enhance the

onvective heat transfer due to the entrance effect. On the other

and, the flow resistance may be increased significantly with com-

on heat transfer enhancement treatments. Thus, it motivates the

uthors to explore suitable heat transfer enhancement measures

or the turbulent heat transfer in mini-channels. 

A novel idea strikes the authors. The thermal hydraulic per-

ormance may be improved significantly by forming the multi-

ongitudinal swirls flow to enhance the original secondary flow in

he mini-channel. In order to implement this idea, the v-rib rough-

ess is proposed for the mini-channel. In the following text, this

aper will display the original flow pattern in the conventional

ini-channel heat sink firstly. Subsequently, the v-ribs will be used

o periodically enhance the original flow pattern and the convec-

ive heat transfer mechanism will be revealed. Furthermore, this

aper will evaluate the overall performance in the v-ribs rough-

ned mini-channel. In the end, some conclusions will be drawn. 

. Mini-channel heat sinks 

.1. Conventional mini-channel 

As depicted in Fig. 1 , the selected conventional mini-channel

eat sink consists of a substrate, a cover, and 25 smooth mini-

hannels. The dimension of the substrate is 50 mm × 50 mm,

hich is similar to that in the literature [3] . The heat flux is im-

osed on the substrate and transferred to the working fluid in the

ini-channels. Subsequently, the transferred heat is taken away as
Fig. 2. The simplified conventiona
he working fluid flows through the mini-channels. In the present

aper, a single mini-channel is picked to investigate the thermal

ydraulic performance for simplicity, as depicted in Fig. 2 . Both of

he left and right sides are symmetry. The heat flux is imposed on

he bottom and the top is adiabatic. The total length is 55 mm,

hich consists of a test section of 50 mm and an outlet section

f 5 mm. The height ( H ) and width ( W b ) of the simplified model

re 3 mm and 2 mm, respectively. The height ( H c ) and width ( W c )

f the mini-channel are 2 mm and 1 mm, respectively. Thus, the

ydraulic diameter ( D h ) is 1.33 mm. 

.2. V-ribs roughened mini-channel 

In order to enhance the turbulent heat transfer in the mini-

hannel heat sink, the v-rib roughness is applied to the conven-

ional mini-channel, as depicted in Fig. 3 . The distance ( p i ) be-

ween the first v-rib and the inlet is 1 mm. The v-rib height ratio

 e / W c ) is 0.1. The inclined angle ( α) of the v-rib is 30 ◦, 45 ◦, and

0 ◦, respectively. And the longitudinal pitch ratio ( p l /D h ) is 1, 2,

nd 3, respectively. Other parameters are all the same as those of

he conventional mini-channel. 

. Research methods 

.1. Governing equations 

The present steady conjugate heat transfer problem contains a

uid domain and a solid domain. Water is chosen as the working

uid for the fluid domain and copper is selected to construct the

olid substrate. The energy equation for the solid domain is written

s: 

∂ 

∂ x i 

(
κs 

∂T 

∂ x i 

)
= 0 (1) 

here κs = 387 . 6 W / ( m · K ) . 

As for the three dimensional turbulent flow in the fluid domain,

he Reynolds-averaged Navier-Stokes equations are employed. The

orking fluid water is considered continuum and incompressible

3] . Besides, the effect of gravity and radiation are both neglected.

ompared with the transferred high heat flux, the viscous dissipa-

ion of the energy equation is also negligible. Thus, the governing

quations can be written as follows: 

Continuity equation: 

∂ ( ρu i ) 

∂ x i 
= 0 (2) 

Momentum equation: 

∂ 

∂ x j 

(
ρu i u j 

)
= − ∂ p 

∂ x i 
+ 

∂ 

∂ x j 

[
μeff 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)]
(3) 
l mini-channel for research. 
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Fig. 3. The v-ribs roughened mini-channel for research. 

Table 1 

The variation of dynamic viscosity with temperature. 

T /K μ / 10 −6 Pa · S T /K μ / 10 −6 Pa · S T /K μ / 10 −6 Pa · S 

283.15 1305.9 313.15 652.7 343.15 403.6 

293.15 1001.6 323.15 546.5 353.15 354.1 

303.15 797.2 333.15 466.0 363.15 314.2 
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Energy equation: 

∂ 

∂ x i 
( ρu i c p T ) = 

∂ 

∂ x i 

(
κeff 

∂T 

∂ x i 

)
+ � (4)

where ρ = 998 . 2 kg / m 

3 , c p = 4182 J / ( kg · K ) , μeff = μ + μt , κeff =
κf + μt /P r t , κf = 0 . 6 W / ( m · K ) , P r t = 0 . 85 , μ satisfies the piece-

wise linear function of temperature as shown in Table 1 [27] , and

μt is evaluated by the turbulence model. 

The turbulence is handled by the SST k −ω turbulence model

[28] , which is recommended in literatures [29] . Thus, the μt cam

be evaluated with k and ω. This turbulence model is expressed as:

∂ 

∂ x i 
( ρk u i ) = 

∂ 

∂ x i 

(
	k 

∂k 

∂ x i 

)
+ G k − Y k (5)

∂ 

∂ x i 
( ρω u i ) = 

∂ 

∂ x i 

(
	ω 

∂ω 

∂ x i 

)
+ G ω − Y ω (6)

3.2. Boundary conditions 

At the inlet of the fluid domain, a uniform velocity distribu-

tion is specified with a constant turbulence intensity of 5% when

Reynolds number ranging from 3600 to 6800. The inlet tempera-

ture is uniform at 293.15 K. At the outlet of the fluid domain, the

pressure outlet is specified. At the interface between fluid domain

and solid domain, the coupled boundary is specified for the en-

ergy equation and the no slip boundary is specified for the mo-

mentum equation. At the top of the mini-channel heat sink, the

no slip boundary is specified for the fluid domain and the adia-

batic thermal boundary condition is imposed on both of the fluid

domain and solid domain. As for the left and right sides of the

solid domain, the symmetry boundary is specified. At the bottom

of the solid domain, a uniform heat flux of 1 W/mm 

2 is imposed

for investigating the thermal hydraulic performance, while a uni-

form temperature of 353.15 K is imposed for investigating the max-

imum supportable heat flux. 
.3. Parameter definitions 

In order to characterize the turbulent heat transfer in the mini-

hannel heat sink, some parameters are introduced and defined in

he following. 

Hydraulic diameter:

 h = 

2 W c H c 

W c + H c 
(7)

Reynolds number:

e = 

ρu m 

D h 

μ
(8)

here u m 

is the mean velocity at the inlet of the fluid domain. 

Friction factor: 

f = 


p 

( L/ D h ) ρu 

2 
m 

/ 2 

(9)

here 
p is the pressure difference in the test section. 

The equivalent convective heat transfer coefficient ( h ) is used

o involve in the effect of increased heat transfer area. It is defined

s: 

 = 

q A b 

A c ( T w 

− T m 

) 
(10)

here q is the heat flux at the bottom of the substrate, T w 

is the

verage temperature of the conjugate fluid-solid interface, T m 

is

he mean temperature of the working fluid, and A b and A c are the

rea of the substrate and fluid-solid interface in the conventional

ini-channel, respectively. 

Nusselt number:

u = 

h D h 

κf 

(11)

The disturbance intensity is defined as: 

 = u yz, m 

/ u m 

(12)

here u yz , m 

is the mass weighted average tangential velocity per-

endicular to the flow direction. 

The thermal resistance can be defined as: 

 tot = 

T b, max − T in 
q A b 

, R sol = 

T b, max − T w 

q A b 

, R flu = 

T w 

− T in 
q A b 

(13)

here R tot , R flu , and R sol are total thermal resistance, fluid thermal

esistance, and substrate thermal resistance, respectively. 
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Fig. 4. ( a ) Grid independence verification and ( b ) grid system details. 
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In order to evaluate the overall thermal hydraulic performance,

he criterion R3 [30] is adopted and defined as: 

3 = Nu / N u c (14) 

here Nu c is the equivalent Nusselt number in the smooth mini-

hannel at an identical pump power consumption. In detail, Nu c is

he Nusselt number of the smooth mini-channel at the equivalent

eynolds number Re c . The Re c can be calculated with 

f c Re c 
3 = f Re 3 (15) 

Besides, the criterion EEC is selected as an auxiliary criterion so

s to evaluate the performance at an identical mass flow rate. It is

efined as: 

EC = 

Nu / N u 0 

f/ f 0 
(16) 

here Nu 0 and f 0 are Nusselt number and friction factor of the

mooth mini-channel at the Reynolds number Re , respectively. The

e is identical to that in the enhanced mini-channel. 

.4. Computational methods 

The numerical research is carried out with the commercial soft-

are FLUENT 16.0. The computational domain is covered by a

tructural mesh generated by the commercial software ICEM 16.0.

he mesh is extremely dense near the fluid-solid interface, which

uarantees y + < 1. The governing equations are discretized with fi-

ite volume method. The second order discretization is applied

or pressure while the second order upwind scheme is used to

andle the nonlinear convection-diffusion problem for momentum,

nergy, and turbulence equations. The SIMPLE algorithm is em-

loyed to deal with the coupling of pressure and velocity [31-33] .

he SST k −ω turbulence model is activated to deal with the turbu-

ence. When the relative residuals are less than 10 −4 for continuity

quation, 10 −8 for energy equation, and 10 −6 for other equations,

r all relative residuals keep constant, the results can be consid-

red converged and reliable. 

.5. Results verifications 

The grid independence verification is carried out firstly. Five

esh systems are generated from coarse to dense as: Mesh1 (0.84

illion), Mesh2 (2.26 million), Mesh3 (3.93 million), Mesh4 (5.58

illion), and Mesh5 (7.80 million). The grid independence verifi-

ation results are obtained in the v-ribs roughened mini-channel

ith α = 45 ◦, p /D = 3, and Re = 5200. As depicted in Fig. 4 ( a ),
l h 
hen the grid number increases from 3.93 million to 7.80 mil-

ion, the discrepancy of Nusselt number and friction factor are 1.2%

nd 1.6%, respectively. It indicates that the grid system of Mesh3 is

ense enough to capture the present turbulent flow. Besides, the

esh details of Mesh3 are displayed in Fig. 4 ( b ). It can be seen

hat the structural mesh is dense and well-shaped, which helps to

btain accurate results. Thus, the grid system of Mesh3 is selected

or the following research. 

The accuracy of the numerical results are verified by compar-

ng with the empirical formulas in the smooth duct. The empirical

ormulas are suggested in Refs. [ 18 , 30 , 34 ]. For Nusselt number, the

nielinski equation is expressed as: 

 u 0 = 

( f/ 8 ) ( Re − 10 0 0 ) Pr 

1 + 12 . 7 

√ 

f/ 8 

(
Pr 2 / 3 − 1 

) · M (17) 

here f is the friction factor in the fully developed smooth duct

nd the multiplier M represents the correction to the Nusselt num-

er with considering the combined effect of entrance and temper-

ture difference between fluid and wall. 

The friction factor can be predicted by Filonenko equation as: 

f 0 = f · M (18) 

f = ( 1 . 82 lg Re − 1 . 64 ) 
−2 

(19) 

The multiplier M is also available for correcting friction factor

n Eq. (18) when considering the entrance effect and temperature

ifference between fluid and wall. The multiplier M is expressed as

 = 

[
1 + ( D h /L ) 

2 / 3 
]
( Pr / Pr w 

) 
c (20) 

here c is 0.11 and −0.25 for Nusselt number and friction factor

nder the heating condition, respectively. 

The comparisons of Nusselt number and friction factor between

umerical and empirical results are depicted in Fig. 5 . The numer-

cal results are obtained by applying five turbulence models which

re RNG k- ε model, Realizable k- ε model, SST k- ω model, Tran-

ition SST model, and k-kl- ω Transition model, respectively. The

umerical results obtained by SST k- ω model agree well with the

mpirical results. The maximum deviations in Nusselt number and

riction factor are 9.1% and 3.8% compared with the empirical re-

ults, respectively. It indicates that the computational process is

ight and that the SST k- ω model can provide accurate results in

he research range of this paper. Thus, the results in the following

re reliable. 
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Fig. 5. Verifications with empirical formulas: ( a ) Gnielinski equation; ( b ) Filonenko equation. 
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4. Original flow pattern in conventional mini-channels 

The original flow pattern is the flow pattern in the conventional

smooth mini-channel heat sink. As for the channel flow, the flow

pattern can be characterized by the tangential velocity distribu-

tion in the cross section. In terms of turbulent heat transfer in

the mini-channel, the original flow pattern is caused by the ve-

locity entrance effect. Due to the combined effect of velocity en-

trance and thermal entrance, the heat transfer coefficient in the

entrance region is much higher than that in the fully developed re-

gion. If the heat transfer enhancement measure disrupts the orig-

inal flow pattern greatly, the fluid disturbance may be useless. It

leads to high power consumption with little heat transfer enhance-

ment harvest. On the contrary, if the heat transfer enhancement

measure enhances the original flow pattern, the turbulent heat

transfer coefficient may be significantly enhanced with a moder-

ate increase of pump power consumption, which leads to the im-

provement in thermal hydraulic performance. Thus, it is mean-

ingful to investigate the original flow pattern in the conventional

smooth mini-channel heat sink. In the following of this part, a

constant heat flux of 1 W/mm 

2 is specified at the bottom of the

substrate. 

Fig. 6 shows the tangential velocity distributions and the cor-

responding simplified flow patterns at five cross sections for

Re = 5200. The cross sections are located in the fluid domain of

conventional mini-channel heat sink at x / L = 0.1, 0.3. 0.5, 0.7, and

0.9, respectively. At the inlet, the velocity and temperature distri-

butions are uniform. At the cross section of x / L = 0.1, due to the

larger viscous resistance near the channel wall, the fluid flows from

the boundary region to the core flow region, thereby generating

secondary flows. When the fluid passes by the cross sections of

x / L = 0.3 and 0.5, the left-right counter flow intensity is gradually

decreased with the increase of mass flow rate in the core region.

When fluid passes by the cross sections of x / L = 0.7 and 0.9, the

up-down transverse counter flow, which is noted with red arrows

in Fig. 6 , is still there. Besides, due to the excessive viscous resis-

tance caused by the gradually increased mass flow rate in the core

flow region, the fluid in the core flow region flows to the left and

right wall. In this way, the longitudinal swirls flow is generated.

On the whole, the up-down counter flow is the main characteristic

of the original flow pattern, and the transverse secondary flow in-

tensity weakens gradually when flowing forward. Hence, the heat

transfer enhancement measure is recommended to form the up-
own counter flow so as to prevent the excessive penalty of pres-

ure drop. 

Fig. 7 shows the temperature distributions at five cross sections

f x / L = 0.1, 0.3. 0.5, 0.7, and 0.9, respectively, in the fluid and solid

omains for Re = 5200. With the fluid flowing forward, the ve-

ocity and thermal entrance effect weaken gradually so that the

hermal boundary layer in the fluid domain becomes thicker and

hicker. Correspondingly, the temperature gradient near the fluid-

olid interface is decreased gradually, which leads to lower convec-

ive heat transfer performance. Consequently, it causes unwanted

igher substrate temperature. It indicates that the turbulent heat

ransfer enhancement is necessary in the mini-channel heat sink.

hen heat transfer enhancement measure is adopted to enhance

he original secondary flow intensity, the thermal boundary layer

ay be thinned by intense fluid mixing, thereby enhancing the

onvective heat transfer performance effectively. 

In conclusion, adopting heat transfer enhancement measure to

nhance the up-down counter flow may achieve high thermal per-

ormance with moderate penalty of flow resistant. In order to form

he up-down counter flow, the v-ribs are applied to roughen the

onventional mini-channel. The flow characteristics and heat trans-

er performance of the v-ribs roughened mini-channel are dis-

layed in the following part. 

. Heat transfer enhancement with v-ribs 

.1. Heat transfer enhancement characteristics 

In this part, a constant heat flux of 1 W/mm 

2 is specified at the

ottom of the substrate for investigating the heat transfer and flow

haracteristics in the v-ribs roughened mini-channel heat sink. The

nhanced flow pattern and temperature distributions are investi-

ated firstly. Subsequently, the local heat convection performance

s investigated by heat convection velocity analysis. In addition, the

hermal resistance is also investigated in this part. 

.1.1. Flow patterns and temperature distributions 

The three dimensional streamlines in v-ribs roughened mini-

hannels are depicted in Fig. 8 . The inclined angle ( α) of the v-

ib is 30 ◦, 45 ◦, and 60 ◦, respectively. The longitudinal pitch ratio

 p l /D h ) is 2 and the Reynolds number is 5200. In the front view of

he mini-channel, four longitudinal swirls are formed whether α
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Fig. 6. Tangential velocity distributions and simplified flow patterns at x / L = 0.1, 0.3. 0.5, 0.7, and 0.9 in the conventional mini-channel. 

Fig. 7. Temperature distributions at x / L = 0.1, 0.3. 0.5, 0.7, and 0.9 in the conventional mini-channel. 

Fig. 8. Streamlines in the v-ribs roughened mini-channel with p l /D h = 2 and Re = 5200 for different inclined angles. 
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s 30 ◦, 45 ◦, or 60 ◦ Besides, the streamlines are affected by the in-

lined angle significantly. When the inclined angle increases from

0 ◦ to 45 ◦, the streamlines become more curved. However, the

treamlines bypass the v-ribs and the curvature becomes smaller

hen the inclined angle increases from 45 ◦ to 60 ◦ In conclusion,

ith applying v-ribs in the mini-channel, the fluid are disturbed

ignificantly and the multi-longitudinal swirls flow is formed. 
The tangential velocity and temperature distributions in the v-

ibs roughened mini-channel are depicted in Figs. 9 and 10 , respec-

ively. The working condition is α = 45 ◦, p l /D h = 2, and Re = 5200.

he tangential velocity distributions are taken from five cross sec-

ions in the fluid domain. As depicted in Fig. 9 , two pairs of vor-

ices can be seen in each cross section and the up-down counter

ow is enhanced compared with the conventional mini-channel.
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Fig. 9. Tangential velocity distributions at several cross sections in the fluid domain of the v-ribs roughened mini-channel. 

Fig. 10. Temperature distributions at several cross sections in the whole domain of the v-ribs roughened mini-channel. 
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Thus, the original flow pattern is successfully enhanced by rough-

ening the mini-channel with v-ribs. The temperature distributions

are taken from five cross sections in the whole domain. As de-

picted in Fig. 10 , due to the longitudinal swirls flow, the cross sec-

tion temperature in the fluid domain becomes an alternative dis-

tribution of warm and cold fluid. It is conducive to enhancing the

heat transfer inside the fluid. Furthermore, the thermal boundary

layer in the fluid domain is disrupted and extremely thin, which

is conducive to decreasing the temperature difference between

solid and fluid. Comparing Fig. 10 with Fig. 7 , the temperature

difference between the maximum temperature and inlet tempera-

ture is approximately decreased by 43%. In this way, the thermal

performance is improved by roughening the mini-channel with

v-ribs. 

In order to compare the flow characteristics and heat trans-

fer performance between the conventional and v-ribs roughened

mini-channels intuitively, this paper shows the comparisons of av-

erage Nusselt number, friction factor, and disturbance intensity

( u yz ,m 

/ u m 

) along the flow direction in Fig. 11 . In the conventional

mini-channel, the Nusselt number, friction factor, and disturbance

intensity are all gradually decreased along the flow direction. In

the v-ribs roughened mini-channel, the trend of these curves is dif-

ferent. The disturbance intensity is increased gradually due to the

periodical disturbance caused by v-ribs. Though the disturbance

intensity is increased, the friction factor is decreased due to the

sharply decreased viscous resistance along the flow direction. Par-

ticularly, the Nusselt number decreases first and then increases.

When the fluid enters the v-ribs roughened mini-channel, the ther-

mal boundary layer thickens gradually due to insufficient distur-

bance intensity. Hence, the Nusselt number is decreased near the

inlet. As the fluid flows forward, the fluid disturbance intensity in-

creases gradually to enhance the convective heat transfer, thereby

increasing the Nusselt number. On the whole, the Nusselt num-

ber, friction factor, and disturbance intensity in the v-ribs rough-
ned mini-channel are larger than those in the conventional mini-

hannel. 

.1.2. Heat convection velocity analysis 

Heat convection velocity ( V h ) is the velocity component in tem-

erature gradient direction [4] . Its magnitude is defined as 

 h = 

U · ∇T 

| ∇T | = | U | cos β (21)

here β is the included angle between velocity and temperature

radient at a local position. 

The heat convection velocity can reflect the heat convection

ntensity at a local position. In order to describe the local heat

onvection performance with consideration of thermal diffusion, a

ew dimensionless parameter called Lu number is introduced as:

u = 

ρc p | V h | D h 

κf 

(22)

In this way, the whole convective heat transfer performance can

e evaluated by Nu while the local heat convection performance

an be evaluated by Lu . Increasing the Lu , especially in the high

emperature gradient region, can lead to larger U · ∇T , which may

esult in a larger Nu . 

The Lu analysis is implemented in the condition of a constant

ubstrate heat flux of 1 W/mm 

2 for Re = 5200, so as to reveal the

onvective heat transfer mechanism in the mini-channel. Fig. 12

hows the comparisons of Lu distributions at several cross sections

n the fluid domain. The results in Fig. ( a ) are taken from the con-

entional mini-channel which the results in Fig. ( b ) are taken from

he v-ribs roughened mini-channel with α = 45 ◦ and p l /D h = 2.

s depicted in Fig. 12 ( a ), at the cross section of x / L = 0.1, the Lu

s relatively high in most area due to the intense secondary flow.

t is the reason that the Nusselt number is high at x / L = 0.1 in

he conventional mini-channel. As the fluid flows from x / L = 0.5 to



H. Xiao, Z. Liu and W. Liu / International Journal of Heat and Mass Transfer 163 (2020) 120378 9 

Fig. 11. Comparisons of average Nusselt number, friction factor, and disturbance intensity along the flow direction for Re = 5200. 

Fig. 12. Comparisons of Lu distributions at several cross sections in the fluid domain: ( a ) conventional mini-channel; ( b ) v-ribs roughened mini-channel. 
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 / L = 0.9, the average Lu is increased due to the increased left-right

ounter flow. Comparing Fig. 12 ( b ) with Fig. ( a ), the Lu is increased

n most area, which indicates that the local heat convection per-

ormance is increased in most area. Besides, in the region near the

uid-solid interface where the temperature gradient is high, the Lu

s increased much. Therefore, the whole convective heat transfer

erformance is enhanced significantly. 

.1.3. Thermal resistance analysis 

The thermal resistance analysis is carried out with a constant

ubstrate heat flux of 1 W/mm 

2 . When transferring the same

mount of heat, the maximum temperature difference is decreased

s the thermal resistance decreases in the mini-channel heat sink.

esides, the thermal resistance analysis helps to find the domi-

ate impediment in heat transfer process. Hence, the thermal re-

istance analysis is important. Fig. 13 ( a ) shows the variations of

verage thermal resistance with the increase of inlet distance for

e = 5200. With the increase of inlet distance, all of the thermal

esistant curves decreases as the heat transfer area increases. At

he same inlet distance, both of the total thermal resistant and

he fluid thermal resistant in the v-ribs roughened mini-channel
eat sink are smaller than those in the conventional mini-channel

eat sink, while the solid thermal resistance changes very little.

s depicted in Fig. 13 ( b ), with the increase of Reynolds number,

oth of the total thermal resistance and the fluid thermal resis-

ance are decreased while the solid thermal resistance varies very

ittle. Due to the enhanced convective heat transfer performance in

he v-ribs roughened mini-channel, both of the fluid thermal resis-

ance and the total thermal resistance are decreased at an identi-

al Reynolds number. However, the solid thermal resistance in the

-ribs roughened mini-channel is slightly larger than that in the

onventional mini-channel. The reason is that the enhanced con-

ective heat transfer causes a lower and more uniform fin tem-

erature which increases the temperature difference between the

ubstrate and fluid-solid interface. More importantly, the fluid ther-

al resistance is close in value to the solid thermal resistance in

he v-ribs roughened mini-channel heat sink. It indicates that fluid

hermal resistance is no longer the dominate impediment of the

eat transfer process. Thus, the v-ribs roughness is on the nose for

nhancing the convective heat transfer performance in the mini-

hannel heat sink. 



10 H. Xiao, Z. Liu and W. Liu / International Journal of Heat and Mass Transfer 163 (2020) 120378 

Fig. 13. Variations of average thermal resistance with the increase of ( a ) inlet distance and ( b ) Re . 

Fig. 14. Variations of Nu / Nu 0 , f / f 0 , EEC, and R3 with the increase of Re . 
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Fig. 15. Variations of average heat flux and pressure drop with the increase of Re . 

Fig. 16. Variations of S g , E xd , H d , and G d for q = 1 W/mm 

2 . 



12 H. Xiao, Z. Liu and W. Liu / International Journal of Heat and Mass Transfer 163 (2020) 120378 

Fig. 17. Variations of S g , E xd , H d , and G d for T b = 353.15 K. 
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5.2. Performance evaluations 

5.2.1. Thermal hydraulic performance 

The thermal hydraulic performance evaluation of the mini-

channel is carried out with specifying a constant heat flux of

1 W/mm 

2 on the substrate bottom. As depicted in Fig. 14 ( a ) and

( b ), both of Nu / Nu 0 and f / f 0 are increased with the decrease of

p l /D h . With the increase of α, the f / f 0 is increased while the vari-

ation of Nu / Nu 0 is complex. When α increases from 30 ° to 45 °,
the Nu / Nu 0 varies very little. When α increases from 45 ° to 60 °,
the Nu / Nu 0 is decreased due to the decreased effective disturbance.

The variation range of Nu / Nu 0 and f / f 0 are 1.71–3.55 and 2.76–7.99,

respectively. As depicted in Fig. 14 (c), the variation range of EEC is

0.32–0.89. The EEC is larger than 0.5 in most cases, which indicates

that the flow resistance performance is good. The overall thermal

hydraulic performance is indicated by R3 criterion in Fig. 14 (d).

The R3 criterion is larger than 1 in all cases, which indicates that

the v-ribs roughened mini-channel is always superior to the con-

ventional mini-channel in the range of this research. The variation

range of R3 is 1.12–2.06. In addition, the configured parameters of

p l /D h = 1 and α = 30 ° are recommended for achieving a larger R3

criterion at an identical Reynolds number. 

t  
.2.2. Maximum heat flux 

It is meaningful to investigate the maximum heat flux that can

e dissipated in the mini-channel heat sink. As depicted in Fig. 15 ,

he average heat flux and corresponding pressure drop are ob-

ained by specifying a constant substrate temperature of 353.15 K.

n other words, the obtained average heat flux is the maximum

eat flux that can be dissipated within a temperature difference of

0 K between inlet fluid temperature and substrate temperature.

s shown in Fig. 15 ( a ), the maximum average heat flux in the en-

anced heat sink is larger than that in the conventional heat sink.

he maximum average heat flux can achieve 5.79 W/mm 

2 in the

ondition of p l /D h = 1, α = 45 °, and Re = 6800. The corresponding

ressure gradient is 2520 Pa/mm, as depicted in Fig. 15 ( b ). 

.2.3. Irreversibility analysis 

Heat transfer irreversibility can be used to evaluate the heat

ransfer performance in the view of second law of thermodynam-

cs. By means of reducing the heat transfer irreversibility, the avail-

ble energy loss can be reduced correspondingly in the heat trans-

er process. It is conducive to waste heat recovery. In order to

epresent the heat transfer irreversibility in the mini-channel heat

ink comprehensively, four typical quantities are employed as en-

ropy generation ( S g ) [35] , exergy destruction ( E xd ) [22] , heat con-
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Fig. 18. Comparisons of ( a ) Nu / Nu 0 and ( b ) Nu / N u 0 
f/ f 0 

between present work and other published papers. 
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gradient is 2520 Pa/mm. 
umption ( H d ) [36] , and entransy dissipation ( G d ) [21] . Their ex-

ressions per unit volume are given as: 

 g = 

κ( ∇T ) 
2 

T 2 
, e xd = T 0 

κ( ∇T ) 
2 

T 2 
, h d = 

κ( ∇T ) 
2 

T 
, g d = κ( ∇T ) 

2 
. 

(23) 

here T 0 = 293.15 K, κ is κeff and κs in the fluid domain and solid

omain, respectively. 

The temperature gradient is validated before the following ir-

eversibility analysis. The obtained temperature gradient is substi-

uted into the energy equation in the fluid domain. The energy

quation is satisfied. Besides, the total entropy generation that is

alculated with the obtained temperature gradient also satisfies

he entropy balance equation in the mini-channel heat sink. Thus,

he irreversibility results calculated by the temperature gradient

re all reliable. 

The irreversibility values depicted in Figs. 16 and 17 are

he sum of irreversibility in fluid domain and solid domain.

ig. 16 shows the variations of S g , E xd , H d , and G d with the in-

rease of Reynolds number under the thermal condition of a con-

tant heat flux on the substrate. The variation regularity of the four

rreversibility indicators are similar. The S g , E xd , H d , and G d in the

-ribs roughened mini-channel heat sink are all smaller than those

n the conventional mini-channel heat sink. The reason is that the

emperature difference is decreased as the convective heat trans-

er is enhanced. Fig. 17 shows the variations of S g , E xd , H d , and G d 

ith the increase of Reynolds number under the thermal condition

f a constant substrate temperature. The variation regularity of the

our irreversibility indicators are also similar. The S g , E xd , H d , and

 d in the v-ribs roughened mini-channel heat sink are all larger

han those in the conventional mini-channel heat sink. The reason

s that the transferred heat flux is increased in the enhanced mini-

hannel heat sink. 

.3. Comparisons 

The present work is aimed at enhancing the turbulent heat

ransfer performance in the mini-channel heat sink where the en-

rance effect is significant. To the authors’ knowledge, there is

carcely any research of turbulent heat transfer enhancement in

he entrance region of mini-channel heat sinks. In order to demon-

trate the present work more comprehensively, some relevant typ-

cal heat transfer enhancement works are selected for comparison.
he recommended configured parameters of p l /D h = 1 and α = 30 °
re picked out for the comparison with other previous works. The

ypical heat transfer components are chosen as conical protrusion

16] , v-shaped baffle [20] , arc-shaped roughness [12] , dimple and

ortex generator [37] , and pin and fin [38] . As shown in Fig. 18 ,

he enhancement times in Nusselt number is relatively high, while

he increase times in friction factor is moderate. It demonstrate the

ffectiveness of the present work. 

. Conclusions 

In this paper, the original flow pattern was investigated in the

onventional smooth mini-channel heat sink where the entrance

ffect was significant. On this basis, the v-ribs were applied to

oughen the conventional mini-channel heat sink so as to enhance

he original flow pattern. The results indicated that the overall per-

ormance of the mini-channel was enhanced effectively. The con-

lusions are drawn as follows: 

a) Flow patterns investigation. The main characteristic of the orig-

inal flow pattern was the up-down counter flow in the trans-

verse section. In the v-ribs roughened mini-channel, the multi-

longitudinal swirls flow was generated, thereby maintaining the

secondary flow intensity and enhancing the up-down counter

flow intensity in the mini-channel. 

b) Thermal resistance and irreversibility analyses. In the v-ribs

roughened mini-channel heat sink, the fluid thermal resistance

was close in value to the solid thermal resistance. It indicated

that the fluid thermal resistance was no longer the dominate

impediment and that the heat transfer enhancement measure

was effective. In addition, with specifying a constant heat flux,

the irreversibility was decreased with the increase of convective

heat transfer performance in this research range. 

c) Overall performance evaluations. The variation ranges of

Nu / Nu 0 , f / f 0 , EEC, and R3 are 1.71–3.55, 2.76–7.99, 0.32–0.89,

and 1.12–2.06, respectively, in the mini-channel. The configured

parameters of p l /D h = 1 and α = 30 ° were recommended to

achieve a larger R3 criterion in the mini-channel. The maximum

average heat flux of the substrate can achieve 5.79 W/mm 

2 

within temperature difference of 60 K in the condition of

p l /D h = 1, α = 45 °, and Re = 6800. The corresponding pressure
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