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v = operator
Subscripts
r, 0,z = along the r, 0, 7 direction, respectively

I. Introduction

ONVECTIVE heat transfer is important in many branches of

science and in the engineering process [1-5]. In most
engineering and science applications, convective heat transfer means
that heat passes through the surface of a wall when fluid flows over it
[6]. Up until now, most analytical studies of convective heat transfer
were based on the energy conservation equation.

In the energy conservation equation, the described parameter is
temperature. This parameter has no negative value and, in some
cases, heat transport is named “passive scalar convection” or
“passive scalar advection” [7-10]. The reason the process is
considered passive is because temperature is a parameter of state, not
process. Such a parameter changes passively only after receiving the
heat described by the process parameter heat flux, which is defined by
Fourier’s law [11]. Although passive scalar convection and passive
scalar advection are used, these terms do not mean that temperature is
convected or advected in the convection or advection process. These
terms denote only the final state, or the results of the heat convection
or advection process for every instantaneous time point.

Matter has a physical parameter named thermal diffusivity.
Thermal diffusivity is the diffusivity of heat; in the transport process,
this heat is the heat flux, q, a process parameter. On the other hand, in
the energy conservation equation, thermal diffusivity is used before
the Laplacian operator of temperature, which means that a state
parameter such as temperature is transported in the diffusion process.
In the example given, thermal diffusivity is diffusivity of
temperature.

Because in the energy conservation equation the studied
parameter is a state parameter, such as temperature, instead of a
process parameter, the understanding of convection occurring on a
wall surface is still more confusing. For simple laminar fluid flow, the
basic conflict is that, for real fluid flow, the relative velocity between
the wall surface and the fluid is zero. From the conservation equation,
on the wall surface, only molecular diffusion has an effect, but heat
can transport through the wall by convection instead of diffusion
only in some cases. The situation of convective heat transfer on the
wall is such that the velocity is zero, but the velocity gradient (defined
as Vv, a second-order tensor) exists. One would expect that the
velocity gradient would make some contribution to the convection of
heat on the wall, but there is no place for the velocity gradient in the
energy conservation equation.

These stated facts mean that one would use the energy
conservation equation to determine the temperature and, from the
temperature, determine the heat transfer flux, but one lacks an
additional description necessary to clearly understand this process.
In this paper, we show this additional description. As one example of
its application, we use this description to show the deeper
understanding of convective heat transfer in a laminar fluid flow
through a tube with a uniform wall temperature.
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II. Description of Convective Heat Transfer and Mass

Transfer in Terms of Process Parameters

If the dissipative heat of fluid flow is omitted and the fluid’s
physical parameters are constant, the conservation of energy, in
cylindrical coordinates, can be written as follows:

T/t + (v- V)T = a V2T (1)
The equation of heat in flux form must obey the law of energy
conservation. Based on this consideration, the right starting point
from which to obtain an additional description is performing a
mathematical operation on Eq. (1). After performing operation V on
Eq. (1), multiplying —A with all items of Eq. (1), and considering
Fourier’s law, we have
9q/0t+ (v-V)q + ¢, - q=aViq )
where ¢ = —AVT and Vv = ¢;;

Inspecting Eq. (2), we find that (v- V)q is the convection term
caused by velocity. ¢;; - q is the convection term caused by the
velocity gradient. The right-hand side of Eq. (2) presents the heat
transported by the diffusion process.

Equation (2) can be written as

aqr/at + Wc—r + We—r = avz% (3)
0/t + We_g+ W,y =aV’q, “)
dq. /0t + W, .+ W, .=aViq, (5)

II1.

In the following sections, we demonstrate how to use the
additional description to understand the convective process in
laminar flow through a circular tube with uniform wall temperature.

Application of the Additional Description
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A. Problem Studied

The steady-state laminar convective heat transfer in a tube is
studied here. The main flow is directed along z. Two cases of
convective heat transfer are simulated: the developing case and the
fully developed case. For developing fluid flow and heat transfer, the
length of the tube is L, = 16R, but, for the fully developed case,
L, =4R. The numerical method reported by Patankar [12] and Li
and Tao [13] is used to determine every term in Egs. (3—5). When the
grid size for the developing case is 31 x 41 x 200 and for the fully
developed case is 31 x 41 x 60, grid independent results can be
obtained. These grid sizes are sufficient to obtain reliable results for
the higher-order difference terms appearing in Egs. (3-5). For
different Reynolds numbers of less than 2000, the characteristics are
the same. Here, we only presented the results at Re = 800. The
numerical method and its uncertainty are tested by existing data in the
fully developed region: Nu =3.66 and fRe = 64. The relative
errors for the numerical results are below 1.0%.

B. Explanations of the Convective Heat Transfer Process Using the
Additional Description

1. In the Developing Region on the Wall Surface

On the wall surface, the velocity is zero and the convection of heat
fluxes corresponding to the three directions caused by the velocity
are all zero. These are represented by W,._,, W._4, and W,__; they are
all zero. SW_, on the wall surface is shown in Fig. 1a. The velocity
makes no contribution to the convection of g,. SW,_,, presented in
Fig. 1a, indicates that the velocity gradient makes a contribution to
this convection. In the inlet region, SW,_, is very large and decreases
rapidly along z. The distribution of SW,_, along the main flow
corresponds to Sgq,, as shown in Fig. 1c. These figures demonstrate
that the larger SW,_,, the stronger convection of g, occurs on the
surface. As shown in Fig. 1, the velocity gradient contributes to this
convection. The velocity gradient’s contribution to this convection
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Fig. 1 Span-averaged velocity, velocity gradient on the wall surface: a) span-averaged velocity, velocity gradient terms in the developing region;
b) span-averaged heat flux in the normal direction of the wall in the developing region; c) span-averaged velocity, velocity gradient terms in the fully
developed region; and d) span-averaged heat flux in the normal direction of the wall in the fully developed region.
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comes from dv,/dr because, in the developing region, this term
exists.

2. In the Developing Region Inside the Flow

q. quantifies the intensity of the convective heat transfer on the
wall surfaces because all of the heat transported from the wall is
carried away by the flow. If the convection is strong, the fluid will
have a very steeply rising temperature along the main flow.
According to Fourier’s law, the steeper the temperature rise, the
smaller the value of ¢.. As shown in Fig. 2a, inside the flow, both the
velocity and the velocity gradient make contributions to the
convection of g_, but, unfortunately, the values of CW,_, and CW,._,
have different signs. C(W,_, + W,_,) shares the sign of CW.__,
which means that the velocity gradient has a negative effect on the
transport of ¢.. The trend of C(W,_, + W.__) corresponds to the
trend of Cq_, presented in Fig. 2¢c, but this agreement is not very
good. This implies that the diffusion process plays a very important
role in the transport of g_.

The distributions of W,_,, W__,, and their summation along r at
different z positions are presented in Fig. 3. In Fig. 3a, W,_, has a
peak value near the wall surface. This peak value decreases
downstream. The locations of these peak values move inside the flow
downstream. In the center of the tube, W,_, is zero. W,._, is presented
in Fig. 3b. Along r, this term has two peak values; one is positive, but
the other is negative. The amplitude of the near wall peak is large.
This amplitude decreases downstream. Compared with W,_,, W,._,
has a larger absolute peak value near the wall surface. W,_, and W,._,
have the same sign near the wall surface. That means, in this region,
W,._, and W,._, make the same direction contributions to the
convection of g,. The summation of W,_, and W,_, is presented in
Fig. 3c. The distribution of ¢,, as shown in Fig. 3d, is obtained. A
large peak value for this summation does not necessarily correspond
to a large peak value for ¢,. Every peak value corresponds to a
turning point of g,.

For the transport of ¢, along r, more detailed information can be
obtained from Fig. 4. At different points along z, W, . and W__,
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have different values, as shown in Figs. 4a and 4b. There is a
peak value for W,__, but there are two peak values for W,._.. On
the wall surface, W,_, and W.__ are zero. The amplitude of the
peak value of W,__ is 3 times larger than its counterpart of W,__.
Near the wall surface, the summation of W, ., and W,._, has a
positive value, as shown in Fig. 4c. Both the velocity and the velocity
gradient make different contributions to the transport of ¢.. The local
heat flux of g, behaves as shown in Fig. 4d. Every peak point of
W,_. + W._, corresponds to a turning point of g,. A larger peak
value means a steep turning point of the distribution of g_, as shown
in Fig. 4d. Near the wall surface, there is a region with a large
absolute value of g, especially in the inlet region. A larger absolute
value of g, indicates strong heat transport along the main flow
direction. Taking the value of W,__ + W,._, as a reference, the
velocity gradient term makes a negative contribution to the transport
of g, because it has a different sign from that of W,_, + W___. The
velocity term has the same sign as that of this summation, so it
contributes to the transport of ¢q..

3. In the Fully Developed Region on the Wall Surface

When fluid flow and heat transfer are fully developed, on the wall
surface, not only W._, but also W,_, is zero. SW._, and SW,_, are
presented in Fig. 1b. Neither the velocity nor the velocity gradient
makes a contribution to the convection of ¢g,, but one still has a
decreased ¢,, as shown in Fig. 1d. The transport of g, only takes the
diffusion process on the wall surface.

4. In the Fully Developed Region Inside the Flow

As shown in Fig. 2b, CW,__ is zero but CW,___ is not because
v,0q./0z is just W._.. Because of the existence of CW,_., the
convection transport of g, occurs and we have the distribution of g,
as shown in Fig. 2d. Along the main flow, the absolute value of g,
decreases.

The distributions of W,_, and W,_, are presented in Figs. 5a and
5b. W,_, and W__, have positive values and, on the surface and at the
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Fig. 2 Cross-section-averaged characteristics of the heat flux transport along the main flow direction: a) velocity and velocity gradient terms in the
developing region, b) cross-section-averaged heat flux along the main flow in the developing region, c) velocity and velocity gradient terms in the fully
developed region, and d) cross-section-averaged heat flux along the main flow in the fully developed region.
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Fig. 3 Radial characteristics of the transport of the heat flux ¢ along the r direction in the developing region: a) velocity gradient term, b) velocity term,
¢) summation of the velocity and velocity gradient terms, and d) heat flux in the r direction.

center of the tube, they are zero. W,_, + W,_, is presented in Fig. 5c.
W,_, and W__, have the same order values, but the velocity gradient
term is comparably small. There are maximum values of W,_, and
W,_, around 0.5R. W,_, has the same sign as W,_,., which means that
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the velocity and the velocity gradient contribute to the convection of
q,. Based on the values of W,_, and W._,, the velocity has a slightly
larger effect on the convection of ¢, than the velocity gradient does.
q, has the distribution shown in Fig. 5d.

1,200
r ® z=1/5L,
& z=2/5L,
800 — W z=3/5L,
A z=4/5L,
400
0 N
00— L 1
0 0.001 0.002 0.003 0.004 0.005
r
41— ® z=1/5L,
* z=2/5L,
r W z=3/5L,
A z=4/5L,
0f
3
ol
0 0.001 0.002 0.003 0.004 0.005
r

Fig. 4 Radial characteristics of the transport of the heat flux along the main flow direction in the developing region: a) velocity gradient term, b) velocity
term, c¢) summation of the velocity and velocity gradient terms, and d) heat flux along the main flow direction.
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Fig. 5 Radial characteristics of the heat flux transport along the r direction in the fully developed region: a) velocity gradient term, b) velocity term,
¢) summation of the velocity and velocity gradient terms, and d) heat flux in the r direction.

W,_. =0, as shown in Fig. 6a. W__, changes from zero at the
surface to a positive value of about 20 at the center of the tube, as
shown in Fig. 6b. At the center of the tube, a strong drawing force
from the convection of g, exists. The summation of the velocity and
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the velocity gradient is shown in Fig. 6c. ¢, changes from zero at the
surface to a value of about —2.6 at the center of the tube. The trend of
W,_, corresponds to ¢, in mirror fashion, as illustrated in Fig. 6d.
These figures indicate that, in the fully developed region, the velocity
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Fig. 6 Radial characteristics of the heat flux transport along the main flow direction in the fully developed region: a) velocity term, b) velocity gradient
term, c¢) summation of the velocity and velocity gradient terms, and d) heat flux along the main flow direction.
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gradient makes no contribution to the convection of g, which is only
powered by velocity along the main flow.

IV. Conclusions

In this paper, we used the process parameter of heat flux as the
parameter to describe the convection process and applied the
description to understand the process of convective heat transfer in
laminar flow through a tube with a uniform wall temperature. The
findings reveal that this description can more clearly explain the
convective heat transfer process. The significant characteristic of this
description is that the contributions that fluid flow make to
convection can be divided into the contributions of velocity and its
gradient. The deeper understanding of the convection heat transfer
process in a flow through a tube with a uniform temperature can be
summarized as follows:

1) On the wall surface of the developing region, the velocity
gradient contributes to the convection of heat flux normal to the wall
surface, but this velocity gradient is not the gradient of the main
flow’s velocity component. The trend of the velocity gradient term
has the same trend as that of the heat flux normal to the wall surface.

2) Inside the developing flow and heat transfer region, both the
velocity and the velocity gradient contribute to the convection of heat
flux along the main flow direction. But the velocity term has a
different sign from the velocity gradient term. Thus, the velocity
gradient has a negative effect on this convection.

3) Inside the developing and the fully developed fluid flow and
heat transfer region, both the velocity and the velocity gradient
contribute to the convection of heat flux in a radial direction. But the
velocity term plays the main role in this convection.

4) In the fully developed region on the wall surface, the velocity
gradient makes no contribution to the convection of heat flux normal
to the wall surface. The heat flux normal to the wall is transported
through the wall by diffusion only.

5) In the fully developed region, contributions to the convection of
heat flux along the main flow direction come from the main velocity
multiplied with the gradient of the heat flux in the main flow
direction. The velocity gradient makes no contribution to this
convection.
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