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Investigation to evaluate axial wall heat conduction has been conducted for heat transfer in a laminar
flow circular tube with two classical thermal boundary conditions at the outside wall. The tube ends
are either adiabatic or with heat losses. The simulation is three-dimensional with various wall materials,
wall thicknesses and tube lengths. A wide range of Peclet number from 7 to 14,000 is considered. Three
evaluation criterion parameters including the axial conduction number, the modified axial conduction
number, and the temperature gradient number are comprehensively studied to quantify the influence
of axial wall heat conduction. Under the constant outside wall temperature boundary condition, the tem-
perature gradient number is presented to assess the relevance of the axial wall heat conduction. The
approximate range of the effect of axial wall heat conduction on the local Nusselt number for the fully
developed flow is also obtained.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Conjugate heat transfer problems between convection in the
fluid and conduction in the wall have attracted increasing atten-
tion in engineering in recent years. For tubes with very thin wall,
axial wall heat conduction can be neglected. For tubes with thick
wall, it is well known that the boundary condition imposed on
the tube outside wall surface, in general, is different from that at
the inside wall surface, i.e., the solid–fluid interface. Such
situations where heat conduction in the tube wall interacts with
convective heat transfer in the fluid are referred to conjugate heat
transfer. Studies on such fundamental heat transfer problems are
important in many areas including applied energy such as in tube
solar energy harvesting and pipeline petroleum transport.

Davis and Gill [1] and Luikov et al. [2] studied conjugate heat
transfer problems in a Poiseuille–Couette flow. Faghri and
Sparrow [3] considered simultaneous wall and fluid axial conduc-
tion in laminar pipe-flow heat transfer using the finite difference
method. Their results showed that the axial wall conduction could
overwhelm the fluid axial conduction. Other noticeable numerical
studies included Nguyen [4] and Bilir [5]. Wijeysundera [6]
obtained an analytical solution for laminar forced convection in
circular and flat ducts in the presence of axial wall conduction
and external convection at the outer surface of the duct wall.
Al-Nimr [7] used a perturbation technique to reformulate the
energy equations that describe the treatment of thermal behavior
of a radially lumped conjugate heat transfer in annular and dissim-
ilar parallel plate ducts. Afterwards, he and his co-worker [8]
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Nomenclature

A cross sectional area (m2)
cp specific heat capacity (J/kg K)
Di tube inner diameter (m)
f friction factor
k thermal conductivity (W/m K)
ksf solid-fluid thermal conductivity ratio
L tube length (m)
Nu Nusselt number
m mass flow rate (kg/s)
M modified axial conduction number
Mc axial conduction number
p pressure (Pa)
Pe Peclet number
q wall heat flux (W/m2)
T temperature (K)
v velocity vector
x axial position (m)

Greek symbols
U heat transfer rate (W)
q density (kg/m3)

d thickness of solid wall (m)
h dimensionless temperature
e relative error indicator
b temperature gradient number

Subscripts
c axial wall conduction number without temperature
e ambient
f fluid
f1 temperature with considering of wall thickness
f2 temperature without considering of wall thickness
i inside tube
in inlet
L tube end
out outlet
s solid
w wall
wi inside wall
wo outside wall
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investigated conjugate transient forced convection heat transfer
for slug flows. Olek [9] provided an eigenfunction expansion to
derive a solution of the energy equation for a non-Newtonian fluid
by taking into account the effect of axial heat conduction in the
fluid. Haji-Sheikh [10] determined heat transfer in rectangular
channels with axial conduction by variational calculus under the
boundary condition of constant wall temperature.

For efficient cooling of high heat flux dissipating micro-devices,
the research focus of tube flow and heat transfer has recently shifted
from macro-tubes/channels to their mini/micro counterparts. Axial
wall conduction is more prominent in micro-channels. Maranzana
et al. [11] investigated the conjugate heat transfer in
mini/micro-channels between two parallel plates, and proposed a
new non-dimensional number, the axial conduction number Mc, to
quantify the influence of the axial conduction. Tso and Mahulikar
[12] experimentally verified the role of Brinkman number in
micro-channels. Herwig and Hausner [13] demonstrated many
‘‘unexpected results’’ in micro-channels. Tiselj et al. [14] analyzed
the heat transfer characteristics of water flowing through triangular
silicon micro-channels for Reynolds number in the range of 3.2–64.
Heat losses through two end sections of a channel wall were consid-
ered. It was shown that the bulk temperature, as well as the temper-
ature of the heated wall, did not change linearly along the channel
flow direction. Lelea et al. [15] investigated fluid flow and heat trans-
fer in micro-tubes made of stainless steel. Li et al. [16] have con-
ducted a detailed numerical simulation of forced convection heat
transfer occurring in a silicon-based micro-channel heat sink.
Their results indicated that the bulk temperature was shown to vary
in a quasi-linear form along the flow direction for high flow rates, but
not for low flow rates. Hetsroni et al. [17] analyzed the data of heat
transfer from experimental and theoretical investigations in
circular, triangular, rectangle, and trapezoidal micro-channels with
hydraulic diameters ranging from 60 lm to 2 mm. Celata et al. [18]
conducted an experimental investigation to characterize the
adiabatic behavior of single-phase laminar flow in circular
micro-tubes. Adelaja et al. [19] analyzed the conjugate heat transfer
in a laminar tube flow with convective boundary conditions using
the method of separation of variables for a thick walled cylindrical
pipe. Ozceyhan et al. [20] considered heat transfer enhancement
with the addition of wings from the tube wall. Nonino et al. [21]
numerically studied the effects of axial wall heat conduction in
micro-channels, aiming at clarifying the influences of geometrical
parameters and wall thermal conductivity. The criterion based on
the axial conduction number (Mc) is discussed. Even if the Mc gets
lower than 0.01 it is found that the reduction of Nu with respect to
Nu0 can be larger than 5%. So it is insufficient to justify whether
the axial heat conduction can be neglected with only the considera-
tion of the Mc. Zhang et al. [22] simulated the effects of wall axial
heat conduction in a conjugate heat transfer problem in simultane-
ously developing laminar flow and heat transfer in a straight thick
wall of circular tube with constant outside wall temperature. A mod-
ified axial conduction number (M) is introduced and the tempera-
ture differences in calculating wall heat conduction and fluid
convective heat transfer are individually adopted. The results
showed that ‘‘the criterion for judging the effect of the axial wall heat
conduction may be problem-dependent, and Mc criterion proposed
in [11] is not suitable for the analysis of thermally-developing fluid
flow and heat transfer in microchannels/tubes with a constant outer
wall temperature.’’

In our previous work [23], an empirical method was proposed
to predict the fluid bulk temperature from the tube wall tempera-
ture in the presence of axial wall conduction for laminar tube flow
and heat transfer. In this extended paper, how to assess the effect
of axial wall heat conduction is discussed for both the boundary
conditions of uniform heat flux and/or constant wall temperature
imposed on the outside wall surface. Three-dimensional numerical
simulations are conducted for simultaneously developing/
developed laminar flow of a constant property fluid in circular
tubes of different tube lengths, wall materials and wall thicknesses
as well as a wide Peclet number range from 7 to 14,000. Moreover,
the effect of heat losses through the tube ends is also considered.
2. Numerical simulations

The physical model of fluid flow and heat transfer in a circular
tube is shown in Fig. 1. The tube has an inner diameter Di, wall
thickness d and length L. The ratio of length to inner diameter is
fixed at L/Di = 100 in the present calculations to incorporate both
developing and fully developed flow regions. A uniform constant



Fig. 1. Schematic diagram of the computational domain.
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heat flux or constant wall temperature is applied through the tube
outer wall. Since the axial wall heat conduction is generally
insignificant in turbulent flow, laminar flow is considered here.
The working fluid is either water or air. Assuming constant physi-
cal property and negligible viscous dissipation, the steady-state
three-dimensional governing equations are described as follows:

Continuity equation : r � v ¼ 0 ð1Þ

Momentum equation : qv � rv ¼ �rpþ lr2v ð2Þ

Energy equation : qcpv � rT ¼ kr2T ð3Þ

The governing equations are solved by commercially available
CFD software package (FLUENT) with the specified boundary con-
ditions: a mass-flow-inlet is set as the inlet boundary condition,
a pressure-outlet is set as the outlet boundary condition, two dif-
ferent thermal boundary conditions are imposed on the outside
surface of the tube wall: one case is uniform constant heat flux
qwo = const, another case is constant wall temperature
Two = const. The two ends of the tube wall are also considered with
two different boundary conditions: one is the adiabatic boundary
condition, i.e., Nue = haDi/kf = 0; the other is a convection boundary
condition with Nue = 10. The definition of Nue was studied in Ref.
[21]. It should be mentioned that the interfacial boundary condi-
tion between the fluid and solid domain does not need to be spec-
ified at the tube interior wall due to the conjugate heat transfer
characteristics.

3. Parameter definition

The modified axial wall heat conduction number, M, is defined
as:

M ¼ Ucond==

Uconv
¼ ksAsðDTwi=LÞ

mcpDTf
¼

4ksf � d
Di

1þ d
Di

� �
Pe

� Di

L
� DTwi=L

DTf =L

� �

¼ Mc � b ð4Þ

where Mc is the so-called axial wall heat conduction number [11], b
is the temperature gradient number, which means the ratio of the
wall temperature gradient to the fluid temperature gradient.
Ucond// is the axial heat transfer by conduction in the wall and
Uconv is the heat transfer by convection in the fluid.

Mc and b are defined as:

Mc ¼¼
ksAs=L

mcp
¼

4ksf � d
Di

1þ d
Di

� �
Pe

� Di

L
ð5Þ

b ¼ ðTwi;out � Twi;inÞ=L
ðT f ;out � TeÞ=L

¼ DTwi=L
DTf =L

ð6Þ
in which, As and Af are the cross-sectional area of the wall and the
fluid, respectively. m is the mass flow rate, cp is the fluid specific
heat capacity, ksf = ks/kf and ks and kf represent the wall thermal
conductivity and the fluid thermal conductivity, respectively.
Twi,out and Twi,in are the outlet and inlet average temperatures of
the wall inside surface, respectively; Tf,out is the outlet cross
sectional bulk temperature of the fluid; and Te is the ambient fluid
temperature. L is the heated length of the tube.

In the previous studies [11,17,18], the axial heat conduction is
said to be negligible as soon as the Mc is less than 0.01. The crite-
rion was well justified under the following boundary conditions:

(1) uniform heat flux at the outside wall surface;
(2) adiabatic conditions at the inlet and outlet of the wall;
(3) fully developed flow condition at the test section.

If the axial wall heat conduction is negligible under the thermal
boundary condition of constant wall temperature, the wall temper-
ature difference (DTw) between outlet and inlet is equal to zero,
i.e., DTw = 0; then the temperature gradient number is b = 0.
Otherwise, if the temperature gradient number is b > 0, it can be
assumed that the axial wall heat conduction exists.

To assess the effects of axial wall heat conduction on the bulk
temperature, an error indicator of bulk temperature is defined as

eq ¼ jðTf 1 � Tf 2Þ=ðT f ;out � TeÞj for qwo ¼ const ð7Þ

et ¼ jðTf 1 � Tf 3Þ=ðT f ;out � TeÞj for Two ¼ const ð8Þ

where eq and et represent the dimensionless mean deviation of the
bulk temperature without considering wall heat conduction
(d/Di = 0) for uniform outside wall heat flux and constant outside
wall temperature, respectively. Tf1 represents the bulk temperature
with consideration of wall heat conduction (d/Di – 0) and Tf2 is
assumed to be linearly increased along the fluid flow direction for
uniform outside heat flux condition [24]. Tf3 represents the bulk
temperature without considering wall heat conduction (d/Di = 0)
for constant outside wall temperature condition.

A zero error indicator means that the bulk temperature is
identical to the bulk temperature without considering wall heat
conduction (d/Di = 0).
4. Results and discussion

To check the grid-independence the computations are con-
ducted with three grid densities: (1) 0.18 million, (2) 0.78 million
and (3) 1.36 million mesh points. It is found that for fully devel-
oped air flow under constant wall heat flux with Re = 100, the rel-
ative deviation of the local Nusselt number at x/L = 0.6 is 1.7%
between Grid 1 and Grid 2, and 0.8% between Grid 2 and Grid 3,
respectively. Furthermore, the local Nusselt number and the
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friction factor for the 0.78 million meshes are Nu = 4.366 and
f = 63.56, respectively. These values are almost identical to the ana-
lytical solution of fully developed laminar flow in a circular tube,
i.e., Nu = 4.364 and f = 64. Therefore, the grid of 0.78 million is
selected in the following studies in order to save computational
time.

4.1. Relationship among M, Mc and b under uniform outside wall heat
flux

The influences of wall thermal conductivity, wall thickness,
tube length and heat losses through the ends of tube wall will be
discussed under uniform constant heat flux imposed on the outside
wall surface in this subsection.

Fig. 2 depicts the influence of wall thermal conductivity on M,
Mc and b against Peclet number with L/Di = 100, Nue = 0 and
d/Di = 2.5. As can be seen, the temperature gradient number
increases with increasing Peclet number and/or with decreasing
ratio of the solid thermal conductivity to the fluid thermal conduc-
tivity (ksf). In contrary, M and Mc decrease with increasing Peclet
number and/or with decreasing ratio of the solid thermal conduc-
tivity to the fluid thermal conductivity (ksf). For ksf = 28
(steel/water), it is found that M and Mc is nearly identical at low
Peclet number (Pe < 350) and if they are less than 0.01 the effect
of axial wall heat conduction on the bulk temperature can be
neglected. However, for ksf = 663 (copper/water), Mc declines more
sharply than M with increasing the Peclet number. Furthermore, M
does not get down to 0.01 at Mc = 0.01. The temperature gradient
number for a small thermal conductivity (ksf = 28) is higher than
that of a large thermal conductivity (ksf = 663). Such a situation is
attributed to the effect of the axial wall heat conduction. The high
conductivity of copper has given rise to high axial wall heat con-
duction. So the inlet temperature of the tube wall will rise and
the wall temperature difference between the inlet and outlet will
be lower than that of the low conductivity steel.

The influence of solid wall thickness is illustrated in Fig. 3 for
water at ksf = 28, Nue = 0 and L/Di = 100. It is found that the temper-
ature gradient number for the thin-wall tube (d/Di = 0.5) is higher
than that for the thick-wall tube (d/Di = 2.5) since the thin wall
has given rise to low axial wall heat conduction and the wall tem-
perature difference between the inlet and outlet will be higher
than that of the thick wall. However, M of the thin-wall tube is still
smaller than that of the thick-wall tube.

Fig. 4 shows the combined effects of channel entrance and axial
wall heat conduction on the temperature gradient number. Water
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Fig. 4. Variations of M, Mc and b vs. Pe for different tube lengths with d/Di = 2.5,
Nue = 0 and qwo = const: (a) ksf = 28 and (b) ksf = 663.
is considered with d/Di = 2.5, L/Di = 25 and 100. From Fig. 4a, at a
low value of ksf = 28, the temperature gradient number of the short
tube is also lower than that of the long tube at Pe < 500 and greater
than that of the long tube at Pe > 500. The corresponding M and Mc

are higher than those of the long tube since the effect of axial wall
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heat conduction is more relevant in short tubes. While at a high
value of ksf = 663 shown in Fig. 4b, the temperature gradient
number of the short tube is lower than that of the long tube. The
corresponding Mc is higher than that of the long tube. The two M
curves, however, are almost identical at low Peclet number
(Pe < 700). Therefore, M could not be used to assess the effect of
axial wall heat conduction at high ksf. In contrast, Mc does.

The effects of heat losses through tube ends on the temperature
gradient number b, axial conductive number M and Mc are plotted
in Fig. 5 for the case with L/Di = 100, d/Di = 2.5 and ksf = 28. The two
Mc curves are thoroughly identical between the two cases with adi-
abatic ends (Nue = 0) or with the heat loss ends (Nue = 10).
However, the temperature gradient number of the case with adia-
batic ends (Nue = 0) is larger than that of the case with heat loss
ends (Nue = 10); the corresponding M is also larger than that of
heat loss ends (Nue = 10). According to the evaluation of Mc, it will
generate a contradictory result that the effect of axial wall heat
conduction on the bulk temperature for the case with adiabatic
ends (Nue = 0) is equal to that for the case with heat loss end
(Nue = 10). However, the effect of axial wall heat conduction on
the bulk temperature for the case with adiabatic ends (Nue = 0) is
more evident than that for the case with heat loss end (Nue = 10)
according to the evaluation criterion based on M. In order to see
which criterion is suitable, Table 1 illustrates the relative errors
of the bulk fluid temperature for fully developed flow with the case
of L/Di = 100, d/Di = 2.5 and ksf = 28. It is seen that the relative mean
errors of the bulk fluid temperature for the case with heat loss ends
(Nue = 10) is smaller than that of the adiabatic ends (Nue = 0). For
example, at Pe = 1,400, Mc = 0.007, the corresponding M is 0.0084
and 0.01 for Nue = 10 and 0, respectively. Then the relative mean
errors of the bulk fluid temperature are 0.5% and 1.1%, respectively.
Apparently, the result shows that the effect of axial conduction in
the wall on the bulk temperature has been weakened at the case
with heat losses through tube end. Therefore, Mc cannot distin-
guish the difference between the adiabatic ends (Nue = 0) and the
heat loss ends (Nue = 10). In contrast, M does.
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Table 1
Relative errors of bulk temperature for developed flow (qwo = const) (%).

Cases Error Pe = 700, Mc = 0.014

Nue = 10 Nue = 0
M = 0.015 M = 0.016

ksf = 28 eq 0.3 1.6
L/Di = 100
Another feature is also observed that the modified axial conduc-
tion number, M, is slightly more than 0.01 when Mc gets down to
0.01 in Fig. 5. This explains why the reduction of Nu with respect
to Nu0 can be larger than 5% when Mc gets lower than 0.01 in
Ref. [21]. Therefore, Mc is not sufficient to be adopted as a criterion
for judging whether the axial heat conduction is negligible, while
the modified axial conduction number M is satisfactory for heat
loss ends condition.
4.2. Relationship among M, Mc and b under constant outside wall
temperature

The influences of wall thermal conductivity, wall thickness,
tube length and heat losses through the ends of tube wall are
investigated in this subsection under constant outside wall tem-
perature condition.

Fig. 6 displays the variations of M, Mc and b for different wall
thermal conductivities with reference to the case L/Di = 100,
d/Di = 2.5 and Nue = 0. As can be seen, the variations of M, Mc and
b with the Peclet number are similar to those in Fig. 2 under the
thermal condition of uniform outside heat flux. The temperature
gradient number increases with decreasing the ratio of solid–fluid
thermal conductivity. Although M and Mc are far less than 0.01
with increase in Peclet number, it cannot be used to justify
whether the effect of axial wall heat conduction on bulk tempera-
ture is negligible. In reality, the influence of axial wall heat conduc-
tion is much larger as shown in Fig. 7 for the case with L/Di = 100,
d/Di = 2.5, ksf = 1(glass/water) and Nue = 0, Pe = 7000, in which M
Mc, and b are calculated to 1.66e�4, 5e�5 and 3.33, respectively.
Fig. 7 shows the corresponding non-dimensional temperature
distributions which is defined as hf = (Tf � Te)/(Two � Te) and
hwi = (Twi � Te)/(Two � Te). The influence of axial wall heat conduc-
tion is evident because the inside wall temperature (hwi) is far
lower than the outside wall temperature (hwo), and the bulk fluid
temperature (hf) for the case with d/Di = 2.5 is lower than that
Pe = 1,400, Mc = 0.007 Pe = 14,000, Mc = 0.0007
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without wall thickness (d/Di = 0). The mean error indicator of bulk
temperature (et) is about 80%. So the effect of axial wall heat con-
duction increases with increasing Peclet number and this
conclusion is different from the condition with uniform outside
heat flux. Hence, both the axial conduction numbers M and Mc,
are not valid for evaluating the effect of the axial heat conduction
under the constant outside wall temperature condition. Instead,
the temperature gradient number should be used to evaluate the
effect of axial wall heat conduction. The smaller is the temperature
gradient number, the weaker is the wall heat conduction effect.
The effect of axial wall heat conduction is remarkable because
the temperature gradient number is far higher than zero, e.g.,
b = 3.33 > 0 for the case with ksf = 1, Pe = 7000, L/Di = 100 and
d/Di = 2.5.

Fig. 8 plots the variations of M, Mc and b for different wall thick-
nesses with reference to the case with L/Di = 100, ksf = 663 and
Nue = 0. It is seen that b increases with increasing wall thickness.
Thick wall has given rise to low inlet temperature of the inside wall
and causes the high temperature difference of the inside wall. So
the effect of axial wall heat conduction on the bulk temperature
is strengthened for thick tube wall.

Fig. 9 illustrates the combined effects of different tube lengths
(developed/developing) on the temperature gradient number for
the case with ksf = 663, d/Di = 2.5 and Nue = 0. It is found that the
temperature gradient number of the fully developed flow is higher
than that of the developing flow at low Peclet number and it is
lower at high Peclet number. Whereas the corresponding modified
axial wall conduction number is lower than that of the developing
tube among the considered range of the Peclet number. Therefore,
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the temperature gradient number is not suitable for assessing the
effect of axial wall heat conduction between short and long tubes.

The influence of heat losses through tube ends on the tempera-
ture gradient number b, axial conductive numbers M and Mc is
shown in Fig. 10 with reference to the case with ksf = 1, 663,
L/Di = 100 and d/Di = 2.5. Even though Mc is thoroughly identical
between the cases with adiabatic ends (Nue = 0) and with the heat
loss ends (Nue = 10), the temperature gradient number for the adi-
abatic ends (Nue = 0) is lower at low Peclet number and higher at
high Peclet number than that of the case with heat end losses
(Nue = 10) when the ratio of solid–fluid thermal conductivity is
ksf = 1. While the temperature gradient number for adiabatic ends
(Nue = 0) is lower than that of the case with heat end losses
(Nue = 10) at low Peclet number and tends to be equal with increas-
ing Peclet number for ksf = 663. Hence, the temperature gradient
number b could not be used to assess the effect of axial wall heat
conduction between the case with heat losses through tube end
and the case with adiabatic ends.

Fig. 11 shows the variations of temperature gradient number
and the corresponding error indicator distributions. It is seen
that the larger is the temperature gradient number, the larger
is the error, since the effect of axial wall heat conduction is sig-
nificant. When the temperature gradient number is less than
0.28 (b < 0.28), the error is not more than 3% for the developed
flow (long tube), as shown in Fig. 10b. Thus, the effect of the
axial wall heat conduction on the bulk temperature may be
neglected. Whereas for the developing flow (short tube) the
strict criterion for judging whether the axial heat conduction
can be neglected could be executed with parameter b < 0.15
and the error of bulk temperature is not more than 3%. In addi-
tion, the temperature gradient number could not be easily mea-
sured under constant outside wall temperature. So the
approximate scope of effect of axial wall heat conduction on
the Nusselt number should be investigated.

Fig. 12 shows the local Nusselt number in the fully developed
region varies as a function of the ratio of wall thickness over the
tube diameter (d/Di), Peclet number (Pe) and ratio of solid–fluid
thermal conductivity (ksf). The Nusselt number increases with
increasing d/Di and Pe, and with decreasing ksf. Then the
Nusselt number gradually increases from 3.66 to 4.36. Such a
behavior is attributed to the effect of axial wall heat conduction.
Another distinct feature of the figure is that the influences of the
ratio of solid–fluid thermal conductivity and the ratio of wall
thickness over tube diameter on the Nusselt number are nearly
negligible at Pe57000.

5. Conclusions

The influence of axial wall heat conduction in circular tube lam-
inar flow and heat transfer has been investigated by using
three-dimensional numerical simulations. Focus is the evaluation
of the three criterion parameters including the axial conduction
number (Mc), the modified axial conduction number (M), and the
temperature gradient number (b).

Under the thermal boundary condition of uniform outside wall
heat flux, the main conclusions can be drawn as follows:

(1) The axial conduction numbers (M and/or Mc) can be adopted
for judging whether the effect of the axial heat conduction
can be neglected. The larger is the modified axial conduction
number (M), the more relevant is the effect of the axial heat
conduction in the wall. Moreover, the M (or Mc) decreases
with increasing Peclet number and/or with decreasing the
ratio of the solid–fluid thermal conductivity (ksf) and the
ratio of wall thickness over tube diameter.

(2) The criterion for judging negligible axial heat conduction
could be satisfied with Mc < 0.01 for the adiabatic tube ends
(Nue = 0), or with a stricter criterion M < 0.01.
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(3) M could not be used to distinguish the effect of the axial wall
heat conduction between the short tube (developing tube)
and the long tube at high solid–fluid thermal conductivity.
In contrast, Mc can be used.

(4) Mc could not be used to distinguish the effect of the axial
wall heat conduction between the adiabatic ends and the
heat loss ends. In contrast, M can be used.

Under the thermal boundary condition of constant outside wall
temperature, the following conclusions are drafted:

(1) The axial conduction numbers could not be adopted for
judging whether the effect of the axial heat conduction can
be neglected. Instead the temperature gradient number (b)
can be used to justify. The temperature gradient number
increases with increasing ratio of wall thickness over tube
diameter as well as Peclet number, with decreasing ratio of
the solid–fluid thermal conductivity (ksf). The smaller is
the temperature gradient number, the weaker is the effect
of axial wall conduction.

(2) The criterion for judging negligible axial heat conduction
could be satisfied with the temperature gradient number
b < 0.28 for developed flow and the error of bulk tempera-
ture is not more than 3%. For the developing flow a stricter
criterion is b < 0.15 and the error of bulk temperature is
not more than 3%.

(3) The temperature gradient number could not be used to dis-
tinguish the effect of the axial wall heat conduction between
the short tube (developing tube) and long tube and between
the adiabatic ends and the heat loss ends.

(4) The Nusselt number gradually increases from 3.66 to 4.36
with increasing d/Di and Pe, and with decreasing ksf.
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