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ABSTRACT 

Thermal management is indispensable for longevity of electronic equipment’s. Continuous 

miniaturization of chips and demand for proper cooling arrangement has paved way for lot 

of research work on micro channels. Though lot of research has been carried on regarding 

thermal characterization at micro scale level, there is still much diversion of results to be 

discerned in the various reports published. One of the possible causes of diversion is axial 

conduction. A numerical study has been carried out to understand the effects of axial 

conduction in a conjugate heat transfer situation involving simultaneously developing 

laminar flow and heat transfer in a square micro channel subjected to isothermal boundary 

conditions at bottom of substrate while the other exposed surfaces are kept insulated. 

Generally ends of the micro tubes are insulated because of demand of physical situation. 

Taking this constraint into account study is carried out for different partial heating cases 

also. Different cases considered for this work are : (i) The entire bottom surface of micro 

channel is subjected to isothermal boundary condition while all other outer  surfaces are 

insulated (ii) 6 mm of bottom surface is insulated from both inlet and outlet end of micro 

channel and remaining length of bottom surface is subjected to isothermal boundary 

condition (iii) 6 mm  of bottom surface  is insulated from  inlet end of micro channel and 

remaining length of bottom surface is subjected to isothermal boundary condition (iv) 6 

mm  of bottom surface  is insulated from  outlet end of micro channel and remaining length  

of bottom surface is subjected to isothermal boundary condition. Simulations are carried 

out for different conductivity ratio, Reynolds number and substrate thickness to channel 

depth. It is found that value of Nuavg is increasing with decreasing value of ksf   upto ksf 

approximately equal to 25 and beyond that on decreasing ksf value further, value of Nuavg 

starts decrease rapidly. This sudden decrease in Nuavg value is because under such situation 

the case becomes a one side heating problem rather than three sided heating problem. Now 

as ksf is increased beyond a range axial back conduction comes into play and this causes 

value of Nuavg to decrease. Thus, there exists an optimum ksf for which Nuavg is maximum 

for given flow Re and wall thickness ratio. Secondly, it is observed that higher axial 

conduction causes the boundary condition experienced at the solid fluid interface to drift 

more towards iso-flux condition although isothermal condition is applied on outer surface. 

Keywords : Axial conduction, Conjugate heat transfer, Microchannel. 
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Chapter 1  

 

Introduction 

 

Circuit temperature is one of the major parameters affecting the performance of silicon 

integrated circuits. Studies suggest that temperature of the circuit should be maintained as low as 

possible for better performance and longevity of chip. Conventionally, air is used as the coolant. 

Technological advancements in electronic industry have led to miniaturization of chips and these 

developments have brought need for high-performance and space-efficient heat dissipating devices. 

Air cooling no longer remains a feasible option due to its inferior properties like low specific heat 

and low heat transfer coefficient paving way for more compact heat dissipating devices. 

With developments in micromachining technology, many applications in the field of thermal-

fluid engineering developed. Some typical applications of micromachining in the field of thermal 

engineering can be found in Khandekar and Moharana [1]. Tuckerman and Pease [2] had 

demonstrated that micro channels provide an ideal solution for high heat flux problem caused by 

electronic devices of miniature size. Microchannels provide a higher heat removal rate than a 

conventional size channel due to its higher surface area per unit volume paving way for their 

widespread use in cooling of the electronics. 

The study of microchannel liquid cooling techniques has become an attractive research topic 

and research works conducted over a period of time have identified axial back conduction to play a 

very critical role in the micro scale heat exchange device performance. Realising the significance of 

axial back conduction in a micro scale heat exchange device, the present study is focused on its role 

in heat transfer and provides (i) an in-depth review of research works done so far on this topic (ii) 

numerical study of axial wall conduction in partially heated microchannels. 

 

1.1 What is axial back conduction? 

Consider laminar flow through a circular pipe subjected to constant heat flux boundary 

condition. Conventionally it is considered that heat applied on the pipe outer surface, flows in radial 

direction by means of conduction along the solid wall and on reaching the solid- fluid interface, the 

heat is then carried away by the fluid in the flow direction. The bulk temperature of the fluid is 

observed to increase in a linear manner in the flow direction because of the continuous addition of 

heat to fluid. Beyond the thermally developing zone, the duct wall temperature also increases linearly 

in the direction of flow because the heat transfer coefficient is constant in this region. This analysis 

is based on assumption that the fluid properties remain constant throughout the flow. Such a 
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phenomenon is shown in Fig. 1.1(a) where the bulk fluid temperature and the duct wall temperature 

are varying in the axial direction. It can be seen from Fig. 1.1 (b) that if flow is subjected to isothermal 

boundary condition on its outer surface, then axial variation of bulk fluid temperature is nonlinear 

and it approaches asymptotically equal to the wall temperature far away from the inlet.  

 

 

 

Fig. 1.1: Variation of bulk fluid and local wall temperature in the direction of flow of a circular duct 

subjected to (a) Constant heat flux (b) Constant wall temperature (Incropera et al. [3]). 

 

It is to mention that duct wall is of finite thickness, therefore the heat flux applied on the outer 

surface gets conducted radially towards centre of tube and on reaching the inner surface of tube, and 

it is carried by the fluid in the flow direction. 

From Fig. 1.1 (a) it can be noticed that temperature is not uniform along the axial direction both 

in solid and fluid medium and the maximum temperature is between the inlet & outlet of heated duct. 

Due to this temperature gradient there is a chance for heat conduction axially along the solid and also 

along the fluid in a direction opposite to flow direction. Such a phenomenon is called “axial back 

conduction” and it leads to conjugate heat transfer. From Fig. 1.1 (b),it can be noticed that there is 

no temperature gradient in the axial direction if duct is subjected to isothermal boundary condition. 

This makes us to think that under such condition there will not be any axial heat conduction, but this 

needs to be confirmed from the present work. 
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1.2 What are characteristics of micro size channels? 

The solid wall thickness of micro channels are normally of the same order or larger than channel 

diameter. Fig. 1.2 shows photograph of a micro tube. It can be observed that as the inner diameter of 

tube is decreased, the relative wall thickness starts to increase. 

 

 

 

Fig.1.2: Cross sectional view of a microtube (Hong et al. [4]). 

 

As the hydraulic diameter of microchannel decreases, axial back conduction becomes more and 

more significant. Therefore it is important to identify those thermo-fluidic parameters and to identify 

those parameters and their influence on heat transfer a numerical analysis is carried out in a partially 

heated microchannel subjected to isothermal condition on its substrate base. A wide range of thermal 

conductivity, wall thickness and Reynolds’s number are considered for this investigation which is 

given in detail in chapter 3. 
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Chapter 2   

 

Literature review 

 

Tuckerman and Pease [2] was the first to introduce the concept of micro channel heat sink 

and demonstrated that chips can be cooled by means of forced convective flow of water 

through micro channels. A rectangular micro-channel having a channel width of 50 

microns and depth of 302 microns was fabricated in a silicon wafer.  It had a capacity to 

dissipate 790 W/cm2 and without undergoing any phase change the temperature of substrate 

could rise as high as 710C above temperature of water inlet. This was a giant leap in the 

field of cooling technology. 

Philips [5] did thermal and fluid performance test on a micro channel fabricated with 

Indium phosphide substrate and observed that thermal performance of micro channel is 

approximately two orders of magnitude better than air cooling. 

Peng and Peterson [6] conducted numerical studies in rectangular micro channels using 

water and found that heat transfer for fluid flowing in a micro channel structure is a function 

of aspect ratio and the ratio of hydraulic diameter to centre to centre micro channel distance. 

Adams et al. [7] investigated single phase flows in circular micro channels using water and 

found that Nu numbers encountered in micro channels are larger in value in comparison to 

that encountered in macro channels. 

Since then, micro channels have received considerable attention and several studies were 

carried out to optimize the size of the heat sink. For developing an optimization design 

scheme, an analytical model of the transfer process in the heat sink is required. Heat transfer 

taking place inside heat sink is a conjugated problem consisting of both conduction and 

convection mode. Therefore, it is difficult to propose an analytical solution for the energy 

equation due to complicated nature of flow happening in heat sink. Hence most of the 

analyses were done using classic fin model in which solid walls are modelled as thin fins 

and the problem is further simplified by assuming it to be one dimensional heat transfer 

process having constant heat transfer coefficient and uniform fluid temperature. Though 

classic fin model provides an easy method to explain a micro channel’s heat transfer 

performance, its accuracy is on the lower end because of numerous assumptions made. 
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Kim and Kim [8] analysed the axial conduction effect for both circular and rectangular 

geometries and observed that as aspect ratio and thermal conductivity ratio increases, fluid 

temperature is found to approach solid temperature. 

Fedorov and Viskanta [9] carried out analysis to study the effect of back conduction in a 

micro channel heat sink and found that thermal resistance decreases with flow Re and 

reaches an asymptote at higher flow Re. 

Ryu et al. [10] carried out a three dimensional numerical analysis on a rectangular cross 

section micro channel. The objective of this study was to minimize the thermal resistance 

to predict its thermal behaviour accurately. They assumed top surface of the domain to be 

adiabatic and applied uniform heat flux on bottom surface of substrate attached to heat 

generating component while flow through micro channel was assumed to be thermally fully 

developed to impose the condition of vanishing stream wise diffusion at the outlet. The 

geometric parameters such as channel depth, channel width and channel number were 

chosen as design variables and using random search technique channel shape was 

optimized to maximize the performance of micro channel. Derivatives of the governing 

equation was then discretised using central differencing scheme except for the convective 

terms which was done by upwind scheme and the discretised equations were then solved 

using ADI-type-finite-volume method. From their investigation it was found that channel 

width is the most crucial quantity among the various design variables in deciding the 

performance of micro channel heat sink. Also no appreciable change in optimal channel 

shape was noticed when the variations in channel number were large and optimal 

dimensions were observed to have a power law dependence on pumping power. 

Toh et al. [11]  carried out a detailed numerical analysis on the experimental conditions of 

Tuckerman and Pease [2] using finite volume method and found that pressure drop or 

frictional losses decrease when heat is added compared to adiabatic fluid flow. This is due 

to decrease in viscosity of working fluid as its temperature increases on addition of heat. 

Qu and Mudawar [12] carried out experiments on a micro channel heat sink having a 

channel of width 231 microns and depth 712 microns to study pressure drop and heat 

transfer. They solved conjugate heat transfer problem analytically also by treating both the 

fluid and solid as a unitary computational domain and they found that heat flux and Nusselt 

number have higher value near inlet and vary around the periphery with Nusselt number 

approaching zero near the corners. 

Upadhye and Kandlikar [13] performed experiment on a chip with 25 mm × 25 mm active 

cooling surface area covered with micro channels and heat dissipating devices respectively 
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on either sides for two boundary conditions: isoflux and isothermal. They observed that 

wide and shallow channel is inferior to a narrow and deep channel from both heat transfer 

perspective and pressure drop perspective. In addition to this, they also observed that 

pressure drop for isoflux boundary condition is higher than pressure drop for constant 

temperature case. 

Hetsroni et al. [14] carried out experimental investigations on single phase heat transfer in 

laminar flow regime (Re = 95-774) for a micro tube placed inside a vacuum chamber and 

subjected to constant heat flux. The Nusselt number was observed to increase with 

Reynolds number at very low Reynolds number (10 < Re < 100) but the increase in Re was 

less for higher Reynolds number. They concluded that axial conduction is responsible for 

such behaviour. For Re > 150 and M < 0.01, they concluded that heat transfer taking place 

through substrate becomes negligible and both at inlet and outlet adiabatic conditions can 

be imposed while for Re < 150 and M > 0.01 heat transfer taking place through substrate 

is substantial. 

Yang and Lin [15] studied the heat transfer characteristics of water in micro channels by 

using non-intrusive liquid crystal thermography and found that transition occurs at 

Reynolds number 2300-3000. They also found that the thermal entrance length in 

microtube is longer than the value normally calculated using the conventional correlation. 

Lelea [16] studied the effect of the heating position on thermal & hydrodynamic behaviour 

of micro channel and observed that partial heating strongly influences the characteristics 

of micro channel. 

Zhang et al. [17] investigated the effect of axial heat conduction using finite volume method 

in a conjugate heat transfer problem and found that the dimensionless heat flux at the solid-

fluid interface becomes uniform when back conduction becomes substantial. 

Satapathy [18] analytically solved steady state heat transfer problem for a two dimensional 

laminar rarefied gas flow through a micro channel using separation of variable method. 

The author concluded that both local Nusselt number and local bulk mean temperature is 

directly proportional to Peclet number but inversely proportional to Knudsen number.   

Hasan [19] did numerical study to investigate the effect of axial conduction and entrance 

region on internal forced convection in a rectangular channel, and observed that axial 

conduction is reasonably large in entrance region and increasing the length of entrance 

region increases the axial conduction while length of channel have no influence on axial 

conduction. 
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Moharana et al. [20] analysed both experimentally and numerically axial conduction in 

single phase simultaneously developing flow through a rectangular mini channel array and 

found that for higher axial conduction number (M), Nusselt number obtained is smaller 

than the value given by numerical model. 

Rahimi and Mehryar [21] studied the effect of axial heat conduction on local Nusselt 

number at the entrance and ending region of micro channel. They observed that axial 

conduction causes a drop in Nusselt number value at the entrance region and a considerable 

deviancy in value of Nusselt number from fully developed value at the ending region of 

micro channel. 

Moharana and Khandekar [22] studied the effect of axial conduction in a laminar 

simultaneously developing flow through micro channel subjected to isothermal and iso flux 

boundary conditions at the outer surface. They found that for constant flux case Nuavg is 

maximum for an optimum ksf but for isothermal case no such optimum ksf is observed for 

maximum Nuavg. 

Moharana et al. [23] carried out numerical analysis of a square micro channel subjected to 

constant wall flux only at bottom and insulated from remaining three sides. Based on the 

analysis they concluded that thermal conductivity ratio plays a significant role in deciding 

axial conduction and difference between fluid temperature and wall temperature no longer 

remains constant in fully developed region. 

Moharana and Khandekar [24] carried out numerical simulation to study the effect of aspect 

ratio on heat transfer using a rectangular shaped micro channel subjected to constant flux 

boundary condition at its bottom face and found that Nuavg is minimum for microchannel 

aspect ratio 2. 

Kumar and Moharana [25] carried out numerical analysis to study the effect of axial 

conduction in a partially heated microtube and they found that except at low ksf, Nuavg   for 

thicker wall microtube is less than that for thinner wall tube. 

Tiwari et al. [26] carried out numerical analysis to study the effect of axial wall conduction 

in partially heated microtube and found that Nuavg is maximum for an optimum ksf. They 

also observed that for higher wall thickness, Nuavg is small due to effect of axial wall 

conduction and Nuavg is increasing with flow Re because of higher thermal development 

length. 

Mishra and Moharana [27] carried out numerical analysis to study the effect of pulsating 

flow on the axial wall conduction in a microtube subjected to constant heat flux boundary 

condition on its outer surface and found that there exists an optimum ksf at which overall 
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Nusselt number is maximum for a particular pulsation frequency (W0). They also found 

that pulsation frequency has little effect on heat transfer and for a change in phase angle 

from 0 to 90, due to increase in instantaneous velocity, heat flux experienced at interface 

increases resulting in higher heat transfer but for a change in phase angle from 90 to 270  

heat flux at interface is observed to decrease.  

Although a number of experiments and numerical analysis have been done over these years 

to understand the role and effects of axial conduction on heat transfer not much is known 

about scenarios involving partial heating. Keeping this in mind a three dimensional 

numerical analysis has been carried out to understand axial conduction  and its effects on 

heat transfer in a micro channel subjected to partial heating. The detailed numerical 

analysis adopted is presented in next chapter. 
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Chapter 3  

 

Numerical analysis 

 

 

3.1 Introduction 

While considering heat transfer at the micro scale, effect such as axial conduction becomes 

significant that is otherwise negligible at macro scale. At the micro scale level, axial 

conduction becomes substantial in the longitudinal direction and plays an important role in 

heat transfer. 

In this work a three dimensional analysis is carried out and the role of axial conduction on 

the heat transfer of a partially heated square micro channel subjected to isothermal 

boundary conditions at the bottom surface is studied. Normally inlet and outlet behave as 

an insulated region due to practical requirement. Therefore in this work a 60 mm square 

microchannel was considered and 10% of microchannels substrate base (6 mm) from inlet 

and outlet were considered to be insulated in different combinations while the remaining 

portion of microchannels substrate base were subjected to isothermal boundary condition. 

To carry out the analysis a single phase incompressible fluid with constant thermo physical 

properties and having simultaneously developing steady state laminar flow was considered 

as shown in Fig. 3.1(a) and to simplify the analysis further heat transfer due to natural 

convection and radiation mode were neglected.  
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Fig. 3.1: Simulated domain details: (a) Microchannel having conductive wall (b) Cross 

section of channel (c) Transverse section (Y-Z) plane along the symmetrical plane. 

          

Table 3.1: Different Materials considered for study 

Material Density (kg/m3) Sp. Heat (J/kgK) ks (W/mK) ksf 

Silicon dioxide 2200 745 1.38 2.26 

Bismuth 9780 122 7.86 12.88 

Nichrome 8400 420 12 19.66 

Constanatan 8920 384 23 37.69 

Bronze 8780 355 54 88.48 

Aluminium 2700 910 202.38 331.6 

Copper 8940 390 387.5 635 

 

The thickness of the substrate below the microchannel is represented as δs and height of 

the microchannel is represented as δf. Thus a parameter called δsf is defined as ratio of δs 

to δf. The width (ωs), depth (δf) and length (L) of the channel are maintained constant at 

0.4 mm, 0.4 mm and 60 mm respectively. Channels hydraulic diameter (Dh) is obtained as

2

h

Area 0.4
D 4 4 0.4mm

Perimeter 4 0.4

  
    

   
. To understand the influence of substrate 

thickness on conjugate heat transfer, wall thickness (δs) of the microchannel is varied 

keeping width of substrate constant. Pure water (inlet temperature = 300 K and Pr ≈ 7) with 

conductivity kf is used as working fluid and Re number is varied in the range of 100  to 

500. The wall conductivity is also varied in such a way that ksf varies in the range of 2 to 

635. It is to be noted that ksf is defined as ratio of ks and kf. 

Except the bottom face, all the other solid faces of the micro channel are assumed to be 

insulated. Since it is computationally intensive to carry out the analysis of the whole micro 

 

(a ) 
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channel, keeping symmetry in mind for analysis only one half transverse section of the 

micro channel along the plane of symmetry was considered. Isothermal boundary condition 

was applied on bottom surface of micro channel in four different ways as given below (Fig. 

3.2). 

 

 

Fig. 3.2: Four different cases of heating the microchannel on its bottom face with constant 

wall temperature condition while keeping all other faces insulated (a) Heating over full 

length of microchannel substrate base (b) 6 mm insulated near inlet and outlet of bottom 

wall of the substrate (c) 6 mm insulated near inlet of bottom wall of the substrate (d) 6 mm 

insulated near outlet of bottom wall of the substrate. 

Case 1: The entire bottom surface of microchannel is subjected to isothermal boundary 

condition while keeping all other outer surfaces insulated (Fig. 3.2 (a)). 

Case 2: 6 mm of bottom surface is insulated from both inlet and outlet end of micro channel 

and remaining length (48 mm) of bottom surface is subjected to isothermal boundary 

condition (Fig. 3.2 (b)). 

Case 3: 6 mm of bottom surface is insulated from inlet end of micro channel and remaining 

length (54 mm) of bottom surface is subjected to isothermal boundary condition (Fig. 3.2 

(c)). 
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Case 4: 6 mm of bottom surface is insulated from outlet end of micro channel and 

remaining length (54 mm) of bottom surface is subjected to isothermal boundary condition 

(Fig. 3.2 (d)). 

The governing equations are 

For fluid domain: 

. 0u             (3.1) 

21
. .u u p T



 
                      (3.2)   

2. .p

k
u T c T



 
   

 
           (3.3) 

For solid domain: 

2 0T            (3.4) 

The applicable boundary conditions are 

0
T

x

 
 

 
, Y-Z plane at x = 0 and x = (2ωs+ωf)                                          (3.5) 

0
T

y

 
 

 
, X-Z plane at y = (δs+δf)                                                                 (3.6) 

0
T

z

 
 

 
, X-Y plane at z = 0 and z = L               (3.7) 

u u , X-Y plane at z = 0                           (3.8) 

0u  , slip is absent at solid-fluid interfaces       (3.9) 

T = Constant (350K), X-Z plane at y = 0                   (3.10) 

Gauge pressure at z = L and y = 0 & y = δs +δf                                            (3.11) 

Partial heating or partial insulation at z = 0 to L and y = 0    (3.12) 

 

The commercially available Ansys-Fluent® is used to solve the governing equation. For 

discretizing pressure term, Standard scheme is used and to solve governing equation 

‘second order upwind’ method is used. The Simpler algorithm of Patankar [28] is used to 

resolve velocity-pressure coupling and in this study solution is deemed convergent when 

imbalance in momentum and energy equations is less than 10-6 and 10-9 respectively. Fluid 

is assumed to have a slug velocity profile at inlet and meshing was done using rectangular 

elements. To choose the best mesh size for study, a grid independence test is done. 
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3.2 Grid independence test 

Grid independence test is carried out for a square channel with zero thickness as 

presented in Fig. 3.3 to choose the grid size. Using rectangular elements the entire 

computational domain is meshed and then sensitivity of grid is checked to choose the best 

mesh size.  Local Nuz is obtained for three different grids of 10×20×600, 12×24×720 and 

14×28×960. The intermediate mesh size is chosen since no appreciable change was noticed 

on further refinement of grid from 12×24×720 to 14×28×960. From Fig. 3.3, it can be 

observed that local Nuz for intermediate mesh size (12×24×720) in fully developed region 

is close to theoretical Nuz (equals 2.98) [29] observed for a fully developed flow in a square 

pipe subject to constant wall temperature boundary condition at its outer surface. 

 

 

Fig. 3.3:  Axial variation of local Nusselt number for δs = 0 for three different mesh sizes.  

 

3.3 Data reduction 

 For post processing of data following non dimensional variables are used. The non-

dimensional axial coordinate is given by 

*
Re h

z
z

prD
           (3.13)  

The dimensionless local heat flux experienced at solid-fluid interface is given by 

*

zq

q
             (3.14) 

where qz is heat at any location z calculated by peripheral average of heat flux along three 

conjugate walls and q* is ratio of heat flux acting at substrates bottom and conjugate walls 

area. 
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 *

s f

f f

q
q 2

( )
  

 
                                               (3.15) 

The non- dimensional bulk fluid and inner wall temperature are given by 

i

o i

T T

T T






           

(3.16) 

|f z fi

f

fo fi

T T

T T






          (3.17) 

|w z fi

w

fo fi

T T

T T






            (3.18) 

where Ti and To are fluid temperature at inlet and outlet respectively. The local Nusselt 

number is given by 

z
z

f

h D
Nu

k
           (3.19) 

where local heat transfer coefficient is given by  

( )

z
z

w f

q
h

T T



          (3.20)  

The average Nu number over the channel length is given by 

0

L

avg zNu Nu dz            

(3.21)  
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Chapter 4 

                                                                                                                       

Results and discussion 

 

 

As stated in chapter 3, keeping the width of substrate constant, the substrate thickness, Re, 

and substrate material are changed in different combinations to study the role of axial wall 

conduction on the conjugate heat transfer behaviour of a microchannel. Here it is to 

mention that for the square channel shown in Fig. 3.1(a) only the wall BD is parallel to 

bottom of substrate while the other two walls AB and DC are perpendicular to substrate 

bottom. Under ideal condition (zero wall thickness), value of Nusselt number is 2.98 [29] 

for constant thermal boundary conditions applied on surface of a rectangular duct. Since 

boundary condition is applied away from liquid-wall interface effective heat transfer 

coefficient is likely to be different from that predicted for a channel with zero thickness. 

The aim of this study is to determine the actual boundary condition experienced at the solid-

fluid interface of a square micro channel subjected to partial heating by constant wall 

temperature applied at its bottom surface and its effect on heat transfer behaviour of micro 

channel. The parameters that will determine the extent of axial conduction in substrate are 

axial variation of average bulk fluid temperature, average heat flux and average channel 

wall temperature. 

First, the bottom surface of microchannel is heated over its entire length such that constant 

temperature is maintained over the full length of microchannels substrate base while the 

remaining surfaces are kept insulated. 
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Fig. 4.1: Axial variation of dimensionless wall temperature and fluid temperature as 

function of δsf, ksf and Re (for heating as per Case-1). 

 

It can be observed in Fig. 4.1 that at lower Reynolds number (Re = 100), lower value of δsf 

(equal 0.5) and for larger ksf value fluid temperature is varying parabolically which is the 

case when channel is subjected to isothermal boundary conditions (see Fig 1.1.(b)). Also 

except near the inlet area the wall temperature is almost constant throughout the 

microchannel. From these observations, it can be concluded that for this case there is no 

axial heat conduction. 

Now as the value of δsf is increased while keeping all other parameters constant, the   fluid 

temperature varies linearly suggesting that constant temperature boundary condition is 

compromised by axial conduction. In other words, the axial conduction causes the  actual 

condition experienced at fluid-solid boundary interface  to drift more towards iso-flux 

boundary conditions although isothermal boundary conditions was applied at bottom of the 

substrate. It can be also observed that the gap between wall and fluid temperature remains 

constant once flow is fully developed especially for lower ksf values. 
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Fig. 4.2: Axial variation of dimensionless wall temperature and fluid temperature as 

function of δsf, ksf and Re (for heating as per Case-2). 

Fig. 4.2 shows the plot corresponding to Fig. 4.1, for case-2. i.e. 6 mm length each of 

bottom face is insulated from both inlet and outlet end and the remaining length of bottom 

face are subjected to uniform heating while all other surfaces are kept insulated. Under 

ideal condition bulk fluid temperature and the wall temperature in the insulated region 

should be same as the inlet fluid temperature but in reality that’s not the case. Due to finite 

conductivity of material, there will be an axial conduction near the inlet in a direction 

opposite to flow direction. The axial conduction causes a rise in both fluid and wall 

temperature in the 6 mm insulated region near the inlet and this rise in temperature becomes 
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more visible with increasing ksf values because of the lower  resistance offered to heat flow 

by conduction (see Fig. 4.2 (a)). 

 

 

 

 

Fig. 4.3: Axial variation of dimensionless wall temperature and fluid temperature as 

function of δsf, ksf and Re (for heating as per Case-3). 
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Fig. 4.4: Axial variation of dimensionless wall temperature and fluid temperature as 

function of δsf, ksf and Re (for heating as per Case-4). 

Under same condition, higher the cross sectional area of solid lower is the resistance to 

axial conduction. This can be understood by just comparing slopes of wall temperature in 

6 mm insulated region near the inlet of Fig. 4.2 (a) and 4.2 (b). It is evident from Fig. 4.2 

(b) that slope of wall temperature in 6 mm insulated region near the inlet is higher than its 

counterpart in Fig. 4.2 (a). It can be also observed that as value of Reynolds number 

increases, fluid temperature begins to drift from parabolic to linear variation indicating that 

for higher Reynolds number, the boundary condition at the interface moves more towards 

constant wall heat flux condition. 
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Fig. 4.5: Axial variation of dimensionless local heat flux as function of δsf, ksf and Re (for 

heating as per Case-1). 

 

It can be observed from Fig. 4.2 (a) that  for 6 mm insulated region near the outlet, the fluid 

temperature remains almost same for case of  δsf  =1 because no heat is added in this region. 

Also since the wall temperature is only slightly higher than fluid temperature there will be 

no heat transfer from wall to fluid, except at lower ksf. For lower ksf value, wall temperature 

will begin to decrease in the 6 mm insulated region near the outlet in the flow direction 

because of heat transfer from wall to fluid. It can be also seen by comparing Fig. 4.2 (e) 

and Fig. 4.2 (a) that fluid temperature differ wall temperature by a higher value for higher 

flow Re in the 6 mm insulated region near the outlet. Thus for higher Re, wall temperature 
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will begin to decrease in the direction of flow of fluid because of heat transfer from wall to 

fluid. 

 

 

 

 

Fig. 4.6: Axial variation of dimensionless local heat flux as function of δsf, ksf and Re (for 

heating as per Case-2). 

 

Fig. 4.3 shows the plot corresponding for case-3 i.e. 6 mm length of bottom face is insulated 

from inlet end and the remaining bottom face is subjected to constant wall temperature 

boundary condition while all other surfaces are kept insulated. Geometrically this is similar 

to Case-2 heating the difference being here 6 mm length from outlet side is also subjected 

to constant wall temperature. Thus variation in parameters in Fig. 4.3 are almost similar to 

portion of curve to  left of 6 mm insulated region from outlet end in Fig. 4.2. 
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Fig. 4.7: Axial variation of dimensionless local heat flux as function of δsf, ksf and Re (for 

heating as per Case-3). 

 

Geometrically this is similar to Case-2 heating the difference being here 6 mm length from 

inlet side is also subjected to constant wall temperature. Thus variation in parameters in 

Fig. 4.4 are almost  similar to  portion of curve to  right of 6 mm insulated region from inlet 

end in Fig. 4.2. The axial variation of dimensionless heat flux is presented in Fig. 4.5 to 

understand the heat flux actually experienced at the interface of solid and fluid. 
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Fig. 4.8: Axial variation of dimensionless local heat flux as function of δsf, ksf and Re (for 

heating as per Case-4). 

 

  It can be seen that heat flux experienced for lower ksf at solid-fluid interface is axially 

constant but for higher ksf heat flux experienced at interface is found to deviate from 

theoretical value with increasing δsf. This behaviour can be attributed to axial conduction 

phenomenon. At higher ksf, material will offer less resistance to conduction leading to 

significant axial conduction resulting in a considerable drop in amount of heat flux transfer 

taking place from solid to fluid. It can be seen from Fig. 4.5 (a), Fig. 4.5 (b), Fig. 4.5 (c) 

and Fig. 4.5 (d) that heat flux experienced at the solid-fluid interface is mainly dependent 
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on the wall thickness when constant temperature is applied in different combinations on 

the bottom substrate of microchannel. 

Zhang et al. [17] has reported a similar observation that dimensionless heat flux at solid-

fluid interface of a circular pipe subjected to isothermal boundary condition at its outer 

surface tends to become constant once axial conduction becomes substantial. 

 

 

 

 

Fig. 4.9: Axial variation of local Nusselt number as function of δsf, ksf and Re (for heating 

as per Case-1). 

 

By observing the above given figures representing axial variation of dimensionless heat 

flux for different cases it can be concluded that heat flux is a strong function of thickness 
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ratio (δsf) and both Re and ksf  have minimum effect on dimensionless heat flux because of 

axial back conduction. 

Fig. 4.9 to Fig. 4.12 represents the axial variation of local Nusselt number observed in the 

different cases. 

 

 

 

 

Fig. 4.10: Axial variation of local Nusselt number as function of δsf, ksf and Re (for heating 

as per Case-2. 

The Nuz for low flow Re and lower wall thickness can be observed to increase with 

decrease in value of  ksf (see Fig. 4.9 (a)). It can be observed from Fig. 4.9 (b) that, as δsf is 

increased keeping all other parameters same, the value of Nu at any axial location increases 
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for any ksf because of the axial conduction. This increase in δsf is however sensitive to 

variation in ksf, and it can be seen that lower the ksf higher is the increase in Nu value. 

 

 

 

Fig. 4.11: Axial variation of local Nusselt number as function of δsf, ksf and Re (for heating 

as per Case-3. 

 

It can be observed that local Nu remains same at the inlet end up to insulated region (6 mm 

from inlet end) and then it decreases suddenly to fully developed flow and again it 

decreases suddenly at the outlet (6 mm from outlet end) and later increases in insulated 

region. For a wide range of ksf, Re and δsf  axial variations of local Nusselt number are 

represented in the Fig. 4.9-4.12. 
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Fig. 4.12: Axial variation of local Nusselt number as function of δsf, ksf and Re (for heating 

as per Case-4). 

As explained earlier Case-3 and Case-4 heating are geometrically similar to Case-2 heating 

the difference being 6 mm length from  outlet side is also subjected to constant wall 

temperature in the first case (i.e. Case-2) and 6 mm length from  inlet side is also subjected 

to constant wall temperature in latter case (i.e. Case-3) respectively. Thus deviations 

observed in parameters for Case-3 and Case-4 (see Fig. 4.11 and Fig. 4.12) are almost 

similar in nature to variation in parameters observed for Case-2 (see Fig. 4.9). 
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Fig. 4.13: Variation of average Nusselt number with ksf for Re = 100-500 and δsf  = 1-5  for 

different cases of heating the microchannel (a) Heating over full length of microchannel 

substrate base (b) 6 mm insulated near inlet and outlet of bottom wall of the substrate (c) 6 

mm insulated near inlet of bottom wall of the substrate (d) 6 mm insulated near outlet of 

bottom wall of the substrate. 

 

For lower ksf, through vertical faces (AB and CD) heat flux is less than the flux through 

horizontal face (BD) changing it into a one sided heating problem while for higher ksf 

values axial conduction will come into play causing a drop in Nuavg value. 

It can be also noticed that as δsf increases, the axial variation of wall temperature at solid-

fluid interface drifts more towards the constant heat flux trend due to axial back conduction. 

This causes higher Nusselt number for micro channels having thicker walls. 
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For δsf = 1, 

 

For δsf = 5, 

 

Fig. 4.14: Temperature contours for Case 1(Heating over full length of microchannel 

substrate base). 

 

 

 

 

                                                                                   



30 
 

 

For δsf = 1, 

 

For δsf = 5, 

  

Fig. 4.15: Temperature contours for Case 2 (6 mm insulated near inlet and outlet of bottom 

wall of the substrate).  
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For δsf = 1, 

 

For δsf = 5, 

 

Fig. 4.16: Temperature contours for Case 3 (6 mm insulated near inlet of bottom wall of 

the substrate). 
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For δsf = 1, 

 

For δsf = 5, 

 

Fig. 4.17: Temperature contours for Case 4 (6 mm insulated near outlet of bottom wall of 

the substrate). 
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  Chapter 5 

 

                                                                                                                                              

Conclusion 

 

 

A three-dimensional numerical study is carried out to understand the influence of axial wall 

conduction on the heat transfer in a rectangular micro channel subjected to isothermal 

boundary condition on its bottom face. Four different cases has been considered keeping 

practical application in mind: (i) Bottom surface of micro channel is heated over its entire 

length while all other surfaces are kept insulated (ii) 6 mm length each of bottom face is 

insulated from both inlet and outlet end and remaining length of bottom face is subjected 

to constant wall temperature boundary condition while all other surfaces are kept insulated 

(iii) 6 mm length of bottom face is insulated from inlet end and the remaining bottom face 

is subjected to constant wall temperature boundary condition while all other surfaces are 

kept insulated (iv) 6 mm length of bottom face is insulated from outlet end and remaining 

bottom face is subjected to constant wall temperature boundary condition while all other 

surfaces are kept insulated. Computations are carried out for wide range of parameters: 

conductivity ratio (ksf: 2-635), thickness ratio (δsf: 1-5) and flow Re (100-500).   

The main observations of this study are: 

 For fully heated micro channel, it is found that value of Nuavg is increasing with 

decreasing value of ksf upto ksf approximately equal to 25 and beyond that on 

decreasing ksf value further, value of Nuavg starts to decrease rapidly. This sudden 

decrease in Nuavg value is because under such situation the case becomes a one sided 

heating problem rather than three sided heating problem. Now as ksf is increased 

beyond a range, axial back conduction comes into play and this causes value of Nuavg 

to decrease. Thus, for given flow Re and wall thickness ratio Nuavg is maximum for an 

optimum ksf. Difference between average Nu values at lower ksf can be seen to be 

higher than that at higher ksf values. Finally in comparison to higher δsf, for lower δsf 

Nuavg has higher values due to axial back conduction. 

 Trend similar to that seen in case of full heating is observed for remaining cases with 

some deviation as mentioned below. The difference between average Nu values at any 

ksf is higher than corresponding average Nu value for full heating. 
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 For a given flow Re and δsf, ksf plays the dominant role in determining the influence 

axial conduction on heat transport behaviour. 

 Normally higher axial conduction causes solid fluid interface boundary conditions to 

drift more towards iso flux condition although isothermal condition is applied on outer 

surface. 

 For a given ksf, axial back conduction has minimum effect for low δsf, thus least 

possible thickness should be employed for increasing Nu in channel. 

 It can be concluded that low conductive thin micro channels experiencing high flow 

rates has minimum effect of axial back conduction on heat transfer.  

 Depending on the situation axial conduction may enhance or reduce heat transfer. 
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