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Abstract. To analyze conjugate effect under partially heated condition, two-dimensional numerical study is
performed for single-phase laminar ﬂow through microtubes. Constant heat ﬂux is applied on outer surface along
the heating length of the microtube. For partial heating, the microtube is divided into three parts of 6 mm (L1), 48
mm (L2) and 6 mm (L3). Three cases are considered for partial heating: (a) insulated across L1 and L3 and heating
across L2, (b) insulated across L1 and heating across L2 and L3 and (c) insulated across L3 and heating across L1
and L2. For direct comparison, heating across full length of the microtube is also considered. Parametric
variations include microtube wall thickness to inner radius ratio (dsf), and solid to ﬂuid conductivity, ratio (ksf)
and ﬂow Re. Presence of axial wall conduction is assessed in terms of dimensionless wall temperature and heat
ﬂux at the solid–ﬂuid interface, dimensionless bulk ﬂuid temperature, and local and average Nusselt number.
The results indicate that there exists an optimal value of average Nusselt number for certain value of ksf at which
dominance of axial wall conduction is smaller. Additionally, to highlight the effect of axial wall conduction,
local heat ﬂux distribution at the solid–ﬂuid interface is also explored.
Keywords. Conjugate heat transfer; axial wall conduction; partially heated microtube; average Nusselt
number; laminar ﬂow.

1. Introduction
Relative wall/solid thickness compared with channel
hydraulic diameter is very thin in conventional size channels (Dh [ 6 mm) [1, 2]. Thus conjugate effects, especially
axial conduction in solid domain of such channels, are
found to be very small and the same can be neglected
without much compromise in accuracy of their thermal
performance [3]. On the contrary, relative wall thickness in
microscale heat transfer devices is high compared with
hydraulic diameter as wall thickness cannot be reduced
proportionately. Thus, though microscale thermal devices
offer higher convective heat transfer coefﬁcient [4, 5], their
thermal performance deteriorates due to conjugate effects,
which otherwise cannot be neglected. Deterioration in
thermal performance is the result of difference in heat ﬂux
applied on outer surface and heat ﬂux experienced at the
solid–ﬂuid interface.
Till now, many studies [6–8] have been performed
dealing with conjugate heat transfer characteristics in
microchannels and microtubes considering heating over the
entire length to understand the effect of axial wall conduction. Bilir and Ateş [9] numerically investigated
*For correspondence

unsteady conjugated heat transfer in hydrodynamically
developed laminar ﬂow in thick-walled pipes. Parameters
considered in this study include wall thickness ratio, wallto-ﬂuid conductivity ratio (ksf), wall-to-ﬂuid thermal diffusivity ratio (asf), Peclet number and Biot number. They
found that time required to reach steady state increases with
increasing effect for higher diameter and lower ksf, asf, Pe
and Bi. Avci et al [10] and Moharana et al [11] observed
that thermal conditions experienced at the solid–ﬂuid
interface control overall heat transfer (and thermal performance of channels/microtubes). It can be envisaged that
axial wall temperature at solid–ﬂuid interface of a tube
(subjected to constant wall heat ﬂux at its outer surface)
will ﬂatten if the conditions are favorable to higher axial
wall conduction. This indicates that the behavior of thermal
condition experienced at the solid–ﬂuid interface will be
more similar to constant wall temperature boundary condition, rather than constant wall heat ﬂux applied. Similarly, series of numerical investigations [12–15] were
conducted on conjugate effect involving two-dimensional
wall and axial ﬂuid conduction in thick-walled pipes and
minipipes. It is observed that heat transfer characteristics
are mainly affected by parametric variation of wall thickness ratio, wall-to-ﬂuid thermal conductivity ratio, wall-toﬂuid thermal diffusivity ratio, Biot number and Peclet
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number. Tiwari and Moharana [16] numerically studied
effect of conjugate heat transfer in thick-walled circular
tubes with constant outside wall temperature boundary
condition. The results indicate that heat transfer process is
most sensitive to wall-to-ﬂuid conductivity ratio ksf; when
ksf B 25, increasing tube thickness and decreasing ksf could
lead to inner wall surface achieving uniform heat ﬂux
condition. Recently many researchers used different
parameters to explore the effect of axial wall conduction,
including varying dynamic viscosity and thermal conductivity [17], dimensionless wall thickness and wall thermal
resistance [18], convergent–divergent channel [19] and so
on.
Microchannel/microtube-based heat sink has already
proven its potential for cooling of high heat ﬂux devices,
e.g. microprocessor unit [20, 21]. However it is often found
in microprocessor packs that size of microchannels or
microtubes is a bit longer than that of the microprocessor
unit, due to which the ends of microchannel heat sink are
not in direct contact with the processor unit. Thus, heat
transfer from the microprocessor to microchannel heat sink
occurs only in the central portion while the two ends of the
heat sink remain adiabatic. This results in uneven distribution of heat ﬂux along solid–ﬂuid interface and this
reduces heat carrying capacity of heat sink. Considering
this, Lelea [22] simulated conjugate heat transfer in partially heated microchannels. Inﬂuence of axial wall conduction at different portions of microchannel is analyzed
for Re up to 200, and input heat transfer rate Q0 = 0.1 W.
Chaudhuri et al [23] studied ﬂuid ﬂow and heat transfer
characteristics of partially heated microchannels. The
results indicate that for higher Knudsen number, molecular
diffusion of gases becomes predominant and causes heat
conduction. Wang et al [24] performed experimental
investigation of forced convection in microchannels under
partially heated and fully heated conditions on one wall
with negligible axial heat conduction. The microchannel
had trapezoidal cross-sectional shape, with a hydraulic
diameter of 155 lm and heating length of 30 mm. The
predictions of wall temperatures and local Nusselt numbers
are found to be in good agreement with experimental data.
This conﬁrms that the classical Navier–Stokes and energy
equations are valid for modeling of convection in
microchannels having hydraulic diameter as small as 155
lm. Again, Lelea [25] studied different cases of partial
heating applied outside the tube wall and observed that
partial heating together with variable viscosity has a strong
inﬂuence on thermal and hydrodynamic characteristics of
micro-heat sinks. Aminossadati et al [26] numerically
studied laminar forced convection heat transfer in partially
heated horizontal microchannels using water–Al2O3 nanoﬂuid. Parameters such as Reynolds number (0BReB1000),
nanoparticle volume fraction (0B/B0.04) and Hartmann
number (0BHaB100) are considered in this study. Results
indicate that convective heat transfer increases at higher
Reynolds number and at lower Hartmann number. Tiwari
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et al [27] conducted numerical study of laminar ﬂow in a
thick-walled microtube under partial heating. It is observed
that axial wall conduction causes the dominant effect in
thick-walled microtubes. However, Tiwari et al [27] consider only limited parametric variations in this study and all
possible situations of partial heating are not considered.
In order to understand the effect of axial wall conduction in partially heated microtubes under all possible
situations of partial heating, two-dimensional numerical
study is performed for simultaneously developing singlephase laminar ﬂow and heat transfer in microtubes with
varying wall thickness to inner radius ratio for constant
applied heat ﬂux (partially/fully heated) at the outer
surface of the microtube. Additionally, microtube wall
material conductivity is also varied to accommodate
different solid materials normally used in microscale heat
transfer.

2. Numerical analysis
A microtube of total length L = 60 mm is considered for
numerical investigation. Water at 300 K enters the circular
tube (of inner radius ri = 0.2 mm) subjected to partial/full
heating on its outer surface. Microtube total length is
divided into three parts: L1 = 6 mm, L2 = 48 mm and L3 = 6
mm (see ﬁgure 1(b)). Three cases are considered for partial
heating: (a) insulated across L1 and L3 while subjected to
constant wall heat ﬂux across L2, (b) insulated across L1
while subjected to constant wall heat ﬂux across L2 and L3
and (c) insulated across L3 while subjected to constant wall
heat ﬂux across L1 and L2.
In the ﬁrst case, along the length L2, the outer surface of
the microtube is subjected to constant heat ﬂux boundary
condition while along the remaining length L1 and L3 are
taken to be insulated. In the second case only L1 is insulated, and in the third case only L3 is insulated. The case of
full heating is also considered for the comparison. The
cross-sectional faces of the solid wall are assumed to be
insulated. At different ratios of wall thickness to inner
diameter and different thermal conductivity ratios of wall to
ﬂuid, the velocity and temperature ﬁelds to be analyzed are
presented in ﬁgure 1.
Numerical solutions are obtained with the following
assumptions: (i) ﬂuid is incompressible and ﬂuid ﬂow is in
steady state; (ii) single-phase laminar ﬂow; (iii) heat loss by
natural convection or radiation to ambient is negligible; (iv)
gravity effect is neglected due to horizontal orientation of
the microtube [28–30] and (v) thermo-physical properties
of solid and ﬂuid are assumed to be constant. Thus, considering angular symmetry, two-dimensional Navier–
Stokes and energy equations are used to describe ﬂow and
heat transfer in the whole region. The governing equations,
i.e. continuity, Navier–Stokes and energy equations, are
written in cylindrical coordinates system in non-
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Figure 1. (a) Microtube and computational domain for (b) fully heated microtube and (c) partially heated microtube.

dimensional form using the following non-dimensional
parameters [13]:
r
z
u
v
p
; u ¼ ; v  ¼ ; p ¼
; z ¼
; T
df
df Pe
u0
u0
qf u20
2df um qf cpf
T  Ts
¼
; Pe ¼ Re Pr ¼
T1  Ts
kf

r ¼

where r*, z* are non-dimensional coordinates in r, z direction, respectively; df is inner radius of the microtube; u*, v*
are non-dimensional velocity in r, z direction, respectively;
u0 is characteristic velocity of ﬂuid ﬂowing through the
microtube (m/s); p* is non-dimensional pressure; p is
pressure ﬁeld (Pa); qf is density of ﬂuid (kg/m3); cpf is
speciﬁc heat of ﬂuid (J/kgK); T* is dimensionless
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temperature; T is temperature ﬁeld (K); T? is surrounding
temperature (K) and Ts is surface temperature (K).
Thus corresponding non-dimensional governing equations, i.e. continuity, Navier–Stokes and energy equations
[13], are as follows.
Continuity equation is given by
1 ou 1 o  
þ
ðr v Þ ¼ 0:
Pe oz r  or 

ð1Þ

Momentum equations for r, z direction, respectively, are
v
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2.1 Data reduction
Axial coordinate z in non-dimensional form is deﬁned as
z ¼

ð5Þ

For fully heated microtubes
q00 ¼ constant at r ¼ df þ ds ð0  z  LÞ:

ð6aÞ

For partially heated microtubes
q00 ¼ constant; r ¼ df þ ds ; L1  z  ðL1 þ L2 Þ
q00 ¼ constant; r ¼ df þ ds ; 0  z  L1
q00 ¼ constant; r ¼ df þ ds ; ðL1 þ L2 Þ  z  L3
ks

oT
¼ 0; r ¼ ds þ df ; z\L1 ; ðL1 þ L2 Þ  z  L
or
ks

oT
¼ hðTs  Tf Þ at r ¼ df
or
u ¼ u0 at z ¼ 0

ð6bÞ
ð6cÞ
ð6dÞ
ð6eÞ
ð6fÞ
ð6gÞ

z
:
Re Pr D

ð7Þ

Under ideal condition, there should be radial wall conduction only (no axial wall conduction) from outer surface
of the tube to the solid–ﬂuid interface of the tube. In such
cases, total heat applied (Qb) on the outer surface of the
tube is equal to heat convected from the solid–ﬂuid interface (Qinterface). Therefore, ideal heat ﬂux at the solid–ﬂuid
00
interface (qi ) can be obtained by energy balance:
q00i  Ainterface ¼ q00applied  Aouter ;

ð8aÞ

q00i ¼ q00applied  ð1 þ dsf Þ:

ð8bÞ

The associated boundary conditions are as follows:
oT
¼ 0 at z ¼ 0; L and df  r  ðdf þ ds Þ:
ks
oz

ð6iÞ

The governing differential equations are solved using
commercial platform ANSYS-Fluent. For pressure discretization the ‘standard’ scheme is used. The SIMPLE
algorithm is used for velocity–pressure coupling in the
multi-grid solution procedure. The momentum and energy
equations are solved using ‘second-order upwind’. An
absolute convergence criterion for continuity and momentum equations is taken as 10-6 and for energy equation it is
10-9. The computational domain is meshed using rectangular elements and standard grid independence test procedure is adopted for every geometry included in this study.

ð3Þ
Non-dimensional energy equations for ﬂuid and solid
region, respectively, are given by

ð6hÞ

To investigate the basic mechanism of heat progress
from the outer surface of the microtube to the coolant ﬂuid,
Moharana et al [11] suggested using dimensionless heat
ﬂux (/) to indicate presence of axial wall conduction by
observing axial variation of dimensionless heat ﬂux at the
solid–ﬂuid interface given by / ¼ q00interface =q00i . Here
q00interface is local heat ﬂux experienced at the solid–ﬂuid
00

interface, and qi is local ideal/theoretical heat ﬂux expected
at the solid–ﬂuid interface along the microtube length. Thus
dimensionless heat ﬂux (/) at the solid–ﬂuid interface is
given by
/¼

q00interface
;
q00applied  ð1 þ dsf Þ

ð9Þ

which varies along the length of the microtube under
conjugate condition. Microtube inner wall (solid–ﬂuid
interface) temperature and bulk ﬂuid temperature in
dimensionless form are given by
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ðTw  Tfi Þ
ðTf  Tfi Þ
; Hf ¼
ðTfo  Tfi Þ
ðTfo  Tfi Þ

ð10Þ

where Tﬁ and Tfo are average bulk ﬂuid temperature at the
microtube inlet and outlet, respectively, Tf is average bulk
ﬂuid temperature at any axial location and Tw is wall
temperature at the same location. Local Nusselt number is
given by
Nuz ¼

hz  D
kf

q00z
:
ðTw  Tf Þ

3. Results and discussion
ð12Þ

Average Nusselt number over microtube length is given
by
Nuavg

1
¼
L

ZL
Nuz dz:

It is important to establish the validity and correctness of
the mathematical formulation and discretization schemes
used in this work. In order to do so, axial variation of local
Nu obtained using present numerical model is compared to
prediction using existing correlation by Lee and Garimella
[31] and Perkins et al [32]. From ﬁgure 2, it is apparent that
variation of local Nusselt number (Nuz) at fully developed
condition is in good agreement with the analytical value of
4.36 with relative error less than 0.75%.

ð11Þ

where local heat transfer coefﬁcient is
hz ¼

28

ð13Þ

0

2.2 Grid independence study and validation
Grid independence of the microtube with negligible wall
thickness (dsf & 0) for thermally developing ﬂow is studied
to ensure appropriate mesh size for numerical investigation.
A structured grid is selected for investigation as it has the
beneﬁt of transferring data from one cell to its neighbor cell
easily and quickly. Also, it can straightforwardly add or
subtract indices by an integer and provide data to the
governing equations. For demonstration, ﬁve suitable uniform grid sizes are considered for the microtube and their
grid numbers are shown in table 1. Dimensionless axial
velocity and dimensionless bulk ﬂuid temperature at z = 0.1
mm and average Nusselt number are obtained for all ﬁve
grid sizes as shown in table 1. It can be observed in table 1
that dimensionless axial velocity and dimensionless bulk
ﬂuid temperature are found to vary by 6.673% and 2.653%,
respectively, and average Nusselt number by less than
4.402% when shifted from the ﬁrst grid (no. 1) to the last
grid (no. 5). On moving from third to ﬁfth grid, low values
of relative errors are observed. Hence grid no. 4 (highlighted in bold) is chosen for further computation, as it
reveals the best trade-off between both accuracy and
computational time.
In table 1 Ji (i = 1, 2) represents parameter of interest, i.e.
dimensionless axial velocity, dimensionless bulk ﬂuid
temperature and average Nusselt number. Here J1 is value
of the parameter acquired from the ﬁnest grid, whereas J2
represents value of the parameters obtained from other
grids.

In this work, while inner radius of the microtube is kept
constant, thickness of the tube wall in radial direction (refer
ﬁgure 1) is varied to understand the effect of wall thickness
on heat transfer behavior. In addition, wall to ﬂuid conductivity ratio and coolant ﬂow rate are also varied.
Water with constant thermo-physical properties is used
as the coolant, which enters the microtube at ambient
temperature of 300 K and leaves the microtube at atmospheric pressure. Inlet velocity of ﬂuid is varied such that
ﬂow Re varies from 100 to 500. Conductivity of solid wall
(ks) is varied such that solid to ﬂuid conductivity ratio (ksf =
ks/kf) varies from 0.34 to 646. Thus, the parametric variations considered in this study include dsf, ksf and Re as
presented in table 2.
Practically, every microtube will have some ﬁnite wall
thickness and because of conjugate heat transfer, it is not
guaranteed to have the same boundary condition at the
solid–ﬂuid interface, when applied on the outer surface of
the tube. The objective of this work is to ﬁnd the actual
boundary condition experienced at the solid–ﬂuid interface
of a microtube subjected to partial heating by constant wall
temperature at its outer surface. In this work, four different
cases of heating on the outer surface are considered as
discussed earlier (see ﬁgure 3). The parameters such as
axial variation of wall temperature, bulk ﬂuid temperature
and local Nusselt number will indicate inﬂuence of axial
wall conduction.
The axial variation of dimensionless local heat ﬂux (at
the solid–ﬂuid interface) for four different heat ﬂux
boundary conditions, imposed on the outer surface of the
microtube, is presented in ﬁgure 4, for a selected range of
parameters from table 1. With the condition of no axial wall
conduction, the actual local heat ﬂux (/) experienced at the
ﬂuid–solid interface (as deﬁned in Eq. (9)) is axially uniform and equal to unity at the heated portion (L2) and zero
in the insulated region (L1 and L3). For lower wall to ﬂuid
conductivity ratio (ksf = 0.34), the variation of local heat
ﬂux is similar to the ideal behavior irrespective of the
thickness ratio (dsf) as discussed earlier (ﬁgure 4(a, d)). As
the conductivity ratio (ksf) increases the actual local heat
ﬂux, facing problem at inlet (L1) and outlet (L3) region,
deviates from the ideal state (ﬁgure 4, cases 2–4). At higher
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Table 1. Effect of grid size on u*, Hf and Nuavg.
No.

Grid number

u*



  100
e% ¼ J1J2
J1

Hf



  100
e% ¼ J1J2
J1

Nuavg

6.673
3.647
1.710
0.993
–

0.487
0.493
0.506
0.503
0.501

2.653
1.647
0.971
0.399
–

4.892
4.816
4.760
4.716
4.685

Re = 100, Pr = 7 and q00 = 88000 w/m2
1
1692000
1.400
2
2493600
1.445
3
3294800
1.474
4
4096000
1.485
5
5097500
1.500



  100
e% ¼ J1J2
J1
4.402
2.783
1.590
0.658

Figure 2. Local Nusselt number along the streamwise direction
of microtube.

Table 2. Parameters of numerical simulation.
Flow
Re
100,
200

ksf

dsf

Pr

0.34, 2.26, 12.19, 12.88, 19.66, 21.96, 1, 2, 5 6.99
37.69, 61.77, 88.48, 139.93, 150.31,
190.06, 331.63, 646

conductivity ratio (ksf, ﬁgure 4(c, f)), the behavior of actual
local heat ﬂux is different from the ideal one and it is more
dominant irrespective of the higher thickness ratio (dsf).
This is so because at higher ksf, low axial thermal resistance
offered by the tube leads to signiﬁcant axial wall conduction. Accordingly, low thermal conductivity ratio leads to
higher axial thermal resistance in the tube. The plots show
that the value of local heat ﬂux at solid–ﬂuid interface
mainly depends on wall thickness when constant heat ﬂux
is applied at outer periphery.
The axial variations of dimensionless wall temperature
Hw as well as the bulk ﬂuid temperature Hf are presented in
ﬁgure 5. For the fully heated microtube (ﬁgure 5(a, d), case
1), at low conductivity ratio ksf, irrespective of the thickness

Figure 3. Four different cases of heating microtube on its outer
surface with constant heat ﬂux condition: (a) heating over full
length of the tube, (b) 6 mm insulated at each end of the tube, (c) 6
mm insulated near the inlet and (d) 6 mm insulated near the outlet.

ratio (dsf), the wall and the ﬂuid temperatures rise as per the
conventional theory applicable for the tube with zero wall
thickness. In the fully developed region, the temperature
difference (Hw–Hf) attains a constant value. For the
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Figure 4. Axial variation of dimensionless local heat ﬂux (at the solid–ﬂuid interface) as a function of dsf, ksf and Re.

partially heated case (ﬁgure 5, cases 2–4), ideally wall
temperature at the L1 and the L3 should be constant and
equal to the surrounding temperature. In the region L2
where constant heat ﬂux condition is applied, the variation
in the wall temperature and the bulk ﬂuid temperature is
similar to those described earlier for full heated surface.
Also, under ideal condition, the bulk ﬂuid temperature
should remain constant in the insulated region (L3) and be
equal to the value at the end of the heated region, i.e. z =
L1? L2. Next, the wall temperature should start decreasing
in the region L3. At low ksf (ﬁgure 5(a, d), cases 2–4), the
variations of Hw and Hf of insulated ends are similar to
those of the ideal state as discussed earlier. However, with

the increase in ksf, the value of both the wall and the bulk
temperature starts rising in the insulated region L1 near the
inlet (ﬁgure 5, cases 2–3). This is due to lower axial thermal
resistance offered by the tube. Therefore, the more heat
conducted from heated region L2 to the insulated region L1
results in axial wall conduction. A higher value of ksf offers
lower resistance to back ﬂow of heat by conduction; thus,
the rise in both the wall and the bulk ﬂuid temperature is
more. In the region L3 (ﬁgure 5(c, f), cases 2 and 4), at
higher ksf and higher dsf the wall temperature remains
constant and is equal to the value of wall temperature of L2
region. In addition, the bulk ﬂuid temperature increases due
to axial wall conduction. It can be concluded that with
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Figure 5. Axial variation of dimensionless wall temperature and bulk ﬂuid temperature as a function of dsf, ksf and Re.

higher ksf values, the effect of axial wall conduction is a
dominant factor.
It is predictable from this discussion that, due to inﬂuence of axial wall conduction, more heat is conducted
towards the inlet region (L1), leading to an increase in the

bulk ﬂuid temperature and deviation from linearity in the
fully developed region. The dominance of axial wall conduction increases with the increase in ksf. Thus the combined effect, of local heat ﬂux and wall and bulk ﬂuid
temperature, is reﬂected in local Nusselt number. Figure 6
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Figure 6. Axial variation of local Nusselt number as a function of dsf, ksf and Re.

presents axial variation of local Nusselt number as a
function of ksf, dsf and Re. As discussed earlier, if the
boundary condition experienced at the solid–ﬂuid interface
is constant wall heat ﬂux, then the local Nusselt number in
the fully developed zone will converge to Nuq = 4.36. This
limiting value of Nu is represented in ﬁgure 6 by a horizontal line. For lower ksf, the fully developed Nu is found to

be well below the ideal value of 4.36 (ﬁgure 6(a, d)).
Secondly, among different dsf, fully developed Nu is the
lowest for highest value of dsf. This is due to higher axial
wall conduction at higher dsf. With decrease in wall
thickness (dsf), fully developed Nu approaches the ideal
value of 4.36. It is clearly observable (from ﬁgure 6(b, e),
case 1) that for the tube with conductivity ratio ksf = 22 the
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Figure 7. Average Nusselt number varying with ksf for (Re = 100–200), and (dsf = 1–10) in a fully heated microtube, b both ends
insulated, c left end insulated and d right end insulated.

value of Nu is independent of thickness ratio (dsf) and
converges to a value of about 4.36 in the fully developed
region, as expected. However, with further increase in ksf,
the fully developed Nu no more remains constant axially.
Similarly, for Re = 200 (ﬁgures 6 (d)–(f)), rate of convective heat transfer also increases. Hence, variation of local
Nu is found to be higher than the corresponding theoretical
value of 4.36 in the fully developed region.
The ensuing axial variation of local Nu is presented for
partially heated cases. For cases 2 and 3 (ﬁgure 6) the heat
conduction from the heated region L2 to the insulated region
L1 causes the local Nu in region L1 to be higher than its
counterpart. Similarly, at the outlet end along L3 (cases 2, 3)
the Nusselt number starts decreasing in this region. The local
Nusselt number variation in the heated region of partially
heated case is similar to that of the fully heated case. However, the trends of local Nusselt in the insulated region are
dependent on the parametric variations considered in the
present study presented in table 1. For low ksf the trend of
local Nu in the insulated region is similar as described earlier.
However, as the dsf increases, the local Nu goes down due to

axial wall conduction. At higher ksf and dsf, the behavior of
local Nu is similar to fully heated case. This happens because
heat starts moving axially due to conduction heat transfer
from heated region L2 to insulated region L1, which is clearly
shown in cases 2 and 3 of ﬁgures 6(c, f). Variation in local Nu
along the tube length of microtube can be concluded from
ﬁgure 6, as constant wall heat is applied at the different
portions of outer surface of the tube. It is also found that the
higher conductive wall material irrespective of different
thicknesses is the dominating factor that leads to signiﬁcant
axial wall conduction.
There is another way to predict the presence of axial
wall conduction by averaging Nusselt number (Nuavg)
over the tube length as deﬁned in Eq. (13). Figure 7
presents the variation of average Nu with varying conductivity ratio ksf for both fully and partially heated cases.
It can be observed that at low ksf, the value of Nuavg is
small irrespective of the thickness ratio (dsf) and Re for all
cases. Further increase in ksf leads to Nuavg attaining a
maximum value and after this, the slope goes downward
with increasing ksf for all sets of dsf and Re. This decrease
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in Nuavg is primarily due to the increasing effect of conjugate heat transfer in the tube, leading to axial wall
conduction. As ﬂow development length increases with Re
it results in the increasing average Nu, while other
parameters (ksf and dsf) are the same. For dsf = 5, Nuavg is
smaller as compared with dsf = 1, 2 for all values of Re.
In addition, the peak value of Nuavg varies for different ksf
values depending upon the different thermal boundary
conditions applied at the outer surface of the microtube.
For the case of left end insulated microtube (L1, ﬁgure 7(c)), the peak value of Nuavg at the optimum ksf is
found to be higher irrespective of the dsf and Re compared
with the other cases. This happens because with the
presence of axial wall conduction, more heat is conducted
towards the region. As the L1 region is insulated, the
magnitude of heat conducted in the axial direction towards
inlet is found to be lower as compared with fully heated
case. For both ends insulated (ﬁgure 7(b)) the peak value
of Nuavg at the optimum ksf is found to be a little bit lower
irrespective of the dsf and Re compared with the left end
insulated case (ﬁgure 7(c)). Additionally, the trend
observed for the case of right end insulated microtube
(ﬁgure 7(d)) is qualitatively similar to that observed in
case of fully heated (ﬁgure 7(a)) but with some deviations
as outlined later. The value of Nuavg is small in comparison with fully heated case for all sets of ﬂow Re and
dsf. Also for ﬂow Re = 100 and dsf =5, Nuavg is the
smallest in comparison of all four cases. Another important thing is that, after attaining peak value, slope maintains constant value irrespective of ksf except for dsf = 5.

4. Conclusions
To explore the effect of axial wall conduction in partially
heated microtubes, two-dimensional numerical study has
been performed. The outcomes in the study are the following:
1. Axial wall conduction is the dominant factor for
reducing the local Nu of a microtube. With a more
conductive wall material (ksf), the local Nu deviates
from the fully developed condition value. The effect of
axial wall conduction increases with increasing thickness of the microtube (dsf). With increase in Re, the
ﬂow development length also increases.
2. Considering partially heated case also includes the
dominance of axial wall conduction. The results clearly
demonstrate that, in the insulated region, the wall
temperature attains higher values than its surrounding
temperature. For the higher ksf the wall temperature in
the insulated region is found to be equivalent to the
temperature of fully heated case.
3. There exists an optimum ksf at which Nuavg is the
maximum and it shows the reducing dominance of axial
wall conduction. Also higher ksf leads to axial wall
conduction, thus decreasing the average Nusselt number
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as compared with the Nusselt number obtained for the
case when the wall thickness is negligible. On increasing
Re values, it is found that Nuavg increases due to higher
thermal development length.

Abbreviations
cp
Speciﬁc heat of ﬂuid, J/kgK
Inner diameter of microtube, m
Di
Outer diameter of microtube, m
Do
hz
Local heat transfer coefﬁcient, W/m2K
Solid thermal conductivity, W/mK
ks
Fluid thermal conductivity, W/mK
kf
Ratio of ks to kf
ksf
L
Total length of tube, m
Nuz
Local Nusselt number
Average Nusselt number
Nuavg
Pr
Prandtl number
00
Heat ﬂux applied on the outer surface of the
qapplied
microtube, W/m2
00
qinterface Actual heat ﬂux experienced at the solid–ﬂuid
interface of the microtube, W/m2
00
Ideal heat ﬂux experienced at the solid–ﬂuid
qi
interface of the microtube, W/m2
ri
Inner radius of microtube, m
Outer radius of microtube, m
ro
Re
Reynolds number
T
Temperature, K
u
Velocity in the axial direction, m/s
ū
Average velocity at inlet, m/s
z
Axial coordinate, m
Non-dimensional axial coordinate
z*
Greek symbols
df Inner radius of the tube, m
ds Thickness of the tube wall, m
dsf Ratio of ds to df (–)
q
Differential parameter
l
Dynamic viscosity, Pa-s
q
Density, kg/m3
/
Non-dimensional local heat ﬂux (–)
H Non-dimensional temperature (–)
Subscripts
f
Fluid
i
Inner surface of tube
o Outer surface of tube
s Solid
w Outer wall surface of tube
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