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Drag reduction in heavy oil transport systems is a key for high-efficiency oil transfer and, thus, for energy
conservation. In this paper, we investigated the influence of viscosity, velocity, and velocity-gradient fields
on drag resistance in fluid flowwith variable viscosity in terms of the field synergy. The theoretical analysis
indicates that the drag during varying viscosity fluid flow processes depends upon not only the synergy
between the velocity and its gradient over the entire flowdomain but also the viscosity and velocity gradient
at the boundary. That is, for a given flow rate or inlet velocity, simultaneously reducing the fluid flow field
synergy number over the entire flow domain and decreasing the fluid viscosity and the velocity gradient at
the boundary will lead to a smaller flow resistance. In addition, starting from the basic governing equation
and via the calculus of variations, we derived Euler’s equation, essentially the momentum equation with a
special additional volume force, using the criterion of theminimum viscous dissipation rate to optimize the
flow processes for varying viscosity fluid. For fixed flow rate or inlet velocity, solving Euler’s equation will
result in the optimal velocity and viscosity fields, leading to the minimized flow resistance. Finally, a
thermal insulating transport process for heavy oil was taken as a testing case to demonstrate the
application of the theory. The results show that generating longitudinal vortexes to enhance the heat-
transfer performance of heavy oil will facilitate the flow drag reduction. For instance, when the inlet heavy
oil velocity and the external effective heat-transfer coefficient are 0.01 m/s and 2Wm-2K-1, respectively,
the total viscous dissipation rate with a certain presence of longitudinal vortexes is decreased by 19%
compared to the result without the vortexes.

1. Introduction

Among all of the worldwide energy use, petroleum is by far

the most commonly used fuel source. Both the societies and

governments have for a long time recognized the crucial

importance of maintaining the petroleum supply for not only

economic development but also political stability. At present,

with existing reservoirs declining, few giant discoveries, and

increaseddemand, heavyoil, in the short termat least, appears

to be an available alternative1 in place of the conventional

petroleum. However, because of the high viscosity of the

heavy oil, greater than 0.4 Pa s yet sometimes up to dozens

or even hundreds Pa s at room temperature, causing high

energy dissipation during transportation, improving heavy oil

mobility in transportation still remains a key challenge. Both

new technologies and novel design principles for heavy oil

transportation are been contemplated to ensure efficient

delivery.
During the last several decades, a large number of appr-

oaches have been developed to reduce convectional fluid flow
drag. For external flows, the streamlined body is constructed
or the surface roughness is increased to delay the boundary
layer separation from a body. For internal flows, some guide

plates are inserted in a curved conduit to eliminate the

secondary flows to reduce the flow resistance. Other methods
include adding drag-reduction additives of low viscosity2-4

into fluid and designing the riblet surfaces5-7 to increase the
laminar sublayer thickness. However, these technologies are

clearly impractical in heavy oil pipelines. Furthermore, most
existing technologies only consider the influence of velocity
distribution on the flow drag; therefore, they reduce flow drag

mainly by varying the velocity field, e.g., dampening the
turbulent fluctuations in the near wall region, while the flow
in heavy oil pipelines is laminar or only slightly turbulent and

the radial velocity distribution is close to the parabolic profile,
which is the optimal flow field with the minimum flow
resistance if not considering the influence of viscosity on flow

drag.8
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Therefore, severalmore direct heavyoil flowdrag reduction
methods have been developed, such as heating the oil, blend-

ing the heavy oil with light oil, oil-in-water/surfactant emulsi-
fication,9-12 water-lubricated transport,13 and catalytic
cracking,14,15 and they have successfully cut down the energy
consumption during heavy oil transfer processes. However,

each method has its own disadvantages. Both heating the oil
and blending the heavy oil with light oil incur additional costs;
the surfactant applied reduces the quality of the product oil,

and the complex catalytic cracking process requires a great
deal of investment.

In fact,most studies on flowdrag reductionhave focusedon

reducing the viscosity by physical or chemical methods, while
the flow drag depends upon not only the fluid viscosity but
also the velocity distribution, as clearly indicated in Newton’s

viscosity law. Additionally, most drag reduction approaches
were developed empirically or semi-empirically with no ade-
quate theoretical basis. Therefore, a much better understand-
ing of the nature of the fluid flow phenomenon is imperative

before more effective methodologies in fluid flow optimiza-
tion can be developed.

For a flow process of fluid with constant viscosity and

density, Chen et al.16 introduced the field synergy concept,
referred to as the coupling effect between the velocity and the
velocity-gradient fields, to highlight the joint influence of

velocity and velocity-gradient fields on the drag. In addition,
because viscous dissipation is held as ameasure for estimating
the irreversibility of a flow process, they developed the mini-
mum viscous dissipation principle for the flow resistance

minimization. Nevertheless, because the fluid viscosity was
maintained constant, regardless of the temperature or species
concentration, neither the energy conservation equation nor

the species conservation equation was considered in the
optimization process, whereas in practical engineering appli-
cation, there indeed exist a great number of fluid flow

processes with varying physical properties, including viscos-
ity, in heavy oil transportation.

The objective of this paper is, hence, to first investigate

the major factors involved, such as viscosity and velocity
fields, in studying the flow drag and then develop a mini-
mum viscous dissipation principle with changing viscosity
in a fluid flow. Then, starting from the basic governing

equations, Euler’s equation, i.e., optimization equation,

will be deduced by the calculus of variations, the principal

objective of this paper, and finally, a heavy oil transport

process in a pipe covered by thermal insulators is taken as a

testing case to be optimized using Euler’s equation to verify

the validity of the approach.

2. Field Synergy Principle for Flows with Variable Viscosity

The momentum equation for incompressible steady-state
Newtonian flow without the volume force is
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Integrating the momentum equation over the entire flow
domain Ω and using Green’s theorem16 yields
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where Γ,V, and S are the boundary, volume, and surface area

of the flow domain, respectively, and nB is the outward normal

unit vector. Then, D=V/S is defined as the characteristic

length. By introducing the dimensionless variables
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The termon the left side of eq 4 is the dimensionlesspressure
drop in the xi direction, denoted as the drag during the flow

ΔPi ¼-
D

Fuin2

Z Z Z

Ω

DP
Dxi

dV ð5Þ

The first termon the right side is the integrationof the scalar
product between the dimensionless velocity and the dimen-

sionless velocity gradient, representing the field synergy be-
tween the velocity and its gradient in the entire flow domain,
referred to as the flow field synergy number
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where βi is the angle between the velocity and the xi
velocity component gradient. A large value of βi leads to
a small FSi, indicating a weak synergy between the

velocity and the gradient and, consequently, a small flow

drag. In addition, it is worth noting that the fluid

viscosity μ is not involved in eq 6. In other words, the

flow field synergy number is not influenced by the fluid

viscosity.
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The second term on the right-hand side is the total dimen-
sionless boundary viscous force because of the xi velocity

component gradient, determined by both the dynamic viscos-
ity and the velocity gradient at the boundary

τi
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 !

dS ð7Þ

Substituting eqs 5-7 into eq 4 gives

ΔPi ¼FSiþτ
�
i ð8Þ

As shown in eq 8, the flow drag depends upon two factors:
one is the synergy between the velocity and its gradient over
the entire flowdomain, and the other is the viscous force at the

boundary. Hence, for a given flow rate, there are several ways
to reduce the flow drag, such as (1) reducing the flow field
synergy number by enlarging the synergy angle βi between the
velocity and its gradient and (2) decreasing the fluid viscosityμ
and/or the velocity gradient at the boundary Γ, i.e., not the
entire flow domain.

This field synergy principle presents a novel approach for

analyzing flow processes and sets the direction for developing
new flow drag reduction technologies. However, this principle
is unable to optimize the flow processes, that is, find out an

optimal flow field with minimum flow drag, because there is
no such mechanism built into it.

3. Minimum Viscous Dissipation Principle

Because of viscosity, a fluid flow is an irreversible
process. The irreversibility, i.e., flow drag, stems from the

viscous dissipation of mechanical energy during fluid flow.
Thus, for a fluid flow process with a given set of con-
straints, including the continuity equation, the energy
conservation equation, and the flow boundary conditions,

the optimization objective is to find an optimal velocity
and viscosity fields, which lead to the minimum viscous
dissipation. Meanwhile, because the influence of the tem-

perature of heavy crude oils on the viscosity is much larger
than that on the density, the density is considered to be
fixed during a flow process in most cases, while the viscos-

ity is dependent upon the temperature. Thus, for simplicity,
herein, all of the physical properties, except for the viscos-
ity, are assumed to be fixed during a flow process and the

viscosity is dependent upon the temperature only regard-
less of the species concentrations. The optimization objec-
tive, criterion, constraints, and boundary conditions are
summarized as

(1) Optimization objective: the velocity and viscosity
fields associated with the minimum flow drag.

(2) Optimization criterion: the minimum dissipation of

mechanical energy, expressed in terms of a variation
function.

δ

Z Z Z

Ω

φmdV ¼ 0 ð9Þ

(3) Constraints:
(a) The continuity equation

rU ¼ 0 ð10Þ

(b) The energy conservation equation

FcpUrT ¼rðλrTÞþφm ð11Þ

(4) Flow boundary condition: prescribed boundary ve-
locity, written in terms of the variation function as

δUjb ¼ 0 ð12Þ

The constraints can be removed using the Lagrange multi-
pliers method to construct a function
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where A and B are Lagrange multipliers, varying with the
position, and φm is the viscous dissipation function
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or in the tensor form

φm ¼
μðTÞ

2
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Dxj

þ
Duj
Dxi

 !2

¼ 2μðTÞsij
2 ð15Þ

where sij is the strain tensor, corresponding to the velocity
gradient. Equation 15 indicates that the viscous dissipation
rate is proportional to the square of the strain tensor.

Herein, assume that the fluid viscosity, μ, exhibits an
exponent relation to the temperature, T

ln μ¼ kTþb ð16Þ

where k and b are both constant.When k equals zero, the fluid
viscosity, μ, reduces to a constant value.

The variational of eq 13 with respect to the temperature T
yields

-FcpUrA¼rðλrAÞþð1þAÞkφm ð17Þ

The boundary conditions of the variable A include Ab=0
for prescribed boundary temperatures and (∂A/∂n)b=0 for

either fixed surface heat flux or a given convection surface
condition, including a known convective heat-transfer coeffi-
cient, h0, and a prescribed ambient temperature, T0.

The variational of eq 13with respect to the velocity vectorU
leads to

μr2Uþ
1

2ð1þAÞ
rBþ

FcpA
2ð1þAÞ

rT ¼ 0 ð18Þ

Thus, there are four unknown variables and four governing
equations including eqs 17 and 18, the continuity eq 10, and
the energy conservation eq 11; therefore, the unknown vari-

ables can be solved for prescribed boundary conditions.
Meanwhile, the fluid flow must also satisfy the momentum
conservation equation

FUrU ¼-rPþrðμrUÞþF ð19Þ

Comparing eqs 18 and 19 gives the following relations

B¼-2ð1þAÞP ð20Þ
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F ¼ FUrU-Urμþ
FcpA

2ð1þAÞ
rT ð21Þ

Substituting eqs 20 and 21 into eq 19 gives

FUrU ¼-rPþrðμrUÞþFUrU-Urμþ

FcpA
2ð1þAÞ

rT ð22Þ

This is Euler’s equation, essentially the momentum equa-
tionwith a special additional volume force defined in eq 21, by
which both the velocity and the viscosity fields are adjusted to
minimize the viscous dissipation rate, i.e., to optimize the fluid

flow. In summary, solving Euler’s equation together with eqs
10, 11 and 17 will offer the optimal velocity and viscosity
fields, leading to the minimum flow drag at the specific

boundary conditions, which give a theoretical basis that
would guide the design of heavy oil transportation systems
with any density to reduce the flow drag, as long as the density

remains constant during the flow process.

4. Drag Reduction for the Heavy Oil Transport Process

4.1. NumericalModel andMethod. In engineering, thermal
insulating transportation is a usual way to transport hot

heavy oil in pipelines. Because the temperature of heavy oil,
thus, the oil viscosity, varies along the pipeline because of
thermal leakage, the total viscous dissipation during the
processes depends upon not only the velocity field but also

the temperature distribution over the entire flow path. That
is, although the velocity, velocity gradient, and temperature
fields all influence the drag during the flow, such a combined

scenario is usually not considered in the current pipeline
design. Herein, the aforementioned optimization principle
will be used in this section to demonstrate its capacity in

treating such heated heavy oil transportation problems to
hopefully shed some light on the issue.

Consider a heavy oil transport process, for instance, in a

circular pipe with diameter,D,=0.2m and length,L,=5m,
as shown in Figure 1. Heavy oil enters the pipe from the left
inlet and exits from the right. The inlet average velocity is
0.01 m/s, assumed fully developed, and the inlet and

ambient temperatures are 100 and 20 �C, respectively.
Here, for the reason of space constraints, the heavy oil is
assumed to be a Newtonian fluid and its physical pro-

perties include17-19 F=950 kg/m3, cp=2000 J kg-1 K-1,

λ=0.15 W m-1 K-1, μ=e-0.085t þ 9.6 Pa s, all, except the
viscosity μ, remaining constant during the flow process,

even though the aforementioned optimization principle
can also be used for designing any other heavy crude oil
transportation systems with any physical parameters. In

addition, the viscosity of heavy oil is high enough that the
flow in the pipelines is laminar. The optimization objective
is to find out a suitable oil velocity distribution tominimize

the flow resistance in the pipe at this given flow rate.
The CFD program, FLUENT 6.0, was used to solve the

conservation equations together with the corresponding
boundary conditions to obtain the fluid velocity and tem-

perature fields in the pipe. The velocity and pressure were
linked using the SIMPLEC algorithm, with the convection
and diffusion terms discretized using the QUICK scheme.

The user-defined function, UDF, in FLUENT is used for
solving the govern equations for the parameter, A, and the
additional volume forces in eq 22. To save time andmemory,

only one-fourth of the pipe was mashed and simulated,
owing to the symmetry. Figure 2 shows the grid distribution.

Figure 1. Sketch of the circular pipe.

Figure 2. Grid distribution of the computation domain.

Table 1. Averaged Flow and Heat-Transfer Parameters of Heavy Oil
at the Section of z=2.5m forDifferent Thermal Insulating Boundary

Conditions

effective heat-
transfer

coefficient
(W m-2 K-1)

viscous
dissipation

rate per volume
(W/m3)

square of
the

strain
tensor
(s-2)

temperature
(�C)

viscosity
(Pa s)

0.5 0.26 0.040 99.90 3.15
2.0 0.32 0.044 99.64 3.97

(17) Ali, S.M. F.Heavy oil;Evermoremobile. J. Pet. Sci. Eng. 2003,
37 (1-2), 5–9.
(18) Barrufet, M. A.; Setiadarma, A. Experimental viscosities of

heavy oil mixtures up to 450 K and high pressures using a mercury
capillary viscometer. J. Pet. Sci. Eng. 2003, 40 (1-2), 17–26.
(19) dos Santos, R. G.; Mohamed, R. S.; Bannwart, A. C.; Loh, W.

Contact angle measurements and wetting behavior of inner surfaces of
pipelines exposed to heavy crude oil and water. J. Pet. Sci. Eng. 2006, 51
(1-2), 9–16.



4474

Energy Fuels 2009, 23, 4470–4478 : DOI:10.1021/ef900107b Chen et al.

The mesh is more condense in both the near wall regions and
near the inlet, wheremore steep velocity gradient is expected.
The total element of the grid is about 450 000 (1500 grids at

the cross-section and 300 grids in the axial direction).
4.2.Results andDiscussion.Without any volume force, i.e.,

F= 0 in eq 21, Euler’s eq 22 degrades into the original

momentum equation with no optimization function. Using
the original equation, the average heavy oil flow and heat-
transfer parameters at the cross-section of z=2.5 m, under

different thermal insulating boundary conditions, are listed
in Table 1. When the external effective heat-transfer coeffi-
cient, ho, is 0.5Wm-2K-1, the average values of the viscous
dissipation rate per volume, the square of the strain tensor,

the temperature, and the viscosity are 0.26 W/m3, 0.040 s-2,
99.90 �C, and 3.15 Pa s, respectively. Figure 3a is the original
distribution of the viscous dissipation rate per volume,

indicating that the viscous dissipation rate is greater at the
nearwall region, about 1.6 times the average value. Figure 3b
shows the original temperature distribution. The tempera-

ture of the oil in the core annular space approximates to
100 �C, i.e., nearly the inlet temperature, while the tempera-
ture at the tube wall is about 95.5 �C, a reduction of 4.5 �C.
Because the flow in pipe is laminar, the heat-transfer coeffi-

cient is relatively small.When the temperature in the nearwall
region decreases because of the thermal leakage, the hotter
heavy oil in the core annular space cannot transfer the heat to

the cooler oil quick enough, resulting in a large temperature
decrement of 4.5 �C at the tube wall, even though the average

temperature dropped by only 0.1 �C. Furthermore, consid-
ering the exponential relationship between them, the viscos-
ity near the wall region is relatively larger.

As shown in Figure 3c, the maximum viscosity is about
1.27 times the average value. In addition, as seen in
Figure 3d, the magnitude of the velocity gradient in the

near wall region is also greater. From eq 8 of flow drag, a
larger viscosity and velocity gradient at the boundary will
increase the flow drag or the viscous dissipation rate. In this

case, the total viscous dissipation rate, representing the flow
drag, in the entire tube during the heavy oil flow process is
4.04� 10-2 W, while the thermal leakage rate, i.e., heat
transferred from the oil to the ambient, is 120.44 W, which

means that the averaged outlet temperature is only 0.202 �C
lower than the inlet one.

As listed inTable 1, when the external effective heat-transfer

coefficient, ho, is 2.0Wm-2K-1, the predicted average values
of the viscous dissipation rate per volume, the square of the
strain tensor, the temperature, and the viscosity are 0.32W/m3,

0.044 s-2, 99.64 �C, and 3.97 Pa s, respectively. In comparison
to the results for the case ho=0.5 W m-2 K-1 for the same
temperature, the average values of the three parameters are
increased by 23, 10, and 26%, respectively. For a fixed flow

rate, the average square of strain tensor varies relatively small
(10%) at different thermal boundary conditions.Nevertheless,
increasing the thermal leakage rate, the average oil tempera-

ture, especially the temperature in the near wall region,
decreases, resulting in a significant increment of the viscosity

Figure 3. Original results at the cross-section of z = 2.5 m (h = 0.5 W m-2 K-1).
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there, and consequently, the viscous dissipation rate increases
sharply.

For the case of ho=2.0 W m-2 K-1, Figure 4a illustrates
the original distribution of the viscous dissipation rate per

volume at the cross-section z=2.5m. The viscous dissipation
rate is larger in the region between the tube wall and the
center of the pipe but not in the near wall region, different

from the results at constant viscosity flow, where the viscous
dissipation rate is larger in the near wall region. Figure 4b is
the temperature field. Similarly, the oil temperature in the

core annular space is close to the inlet temperature, while the
temperature at the tube wall is 86 �C, 14 �C lower! Because of
the poor heat-transfer performance, the hotter oil in the core
annular space cannot transfer heat effectively to the cooler

oil, resulting in a large decrement of the temperature in the
nearwall region, thus a sharp increment of the viscosity, even
if the average temperature dropped by only 0.36 �C. As in

Figure 4c, the viscosity in the nearwall region is about 3 times
that in the central area of the pipe. Figure 4d is the distribu-
tion of the square of the velocity gradient tensor. The tensor

is larger in the region between the wall and the center of the
pipe. Because the viscosity of heavy oil is largest near the
wall, which hemps the oil flow and decreases the flow

velocity, the strain tensor is relatively small, while in the
region with some distance from the wall, the viscosity of the
oil reduced sharply because of higher temperature, repre-
senting a great decrement of the impediment to the flow;

therefore, both the velocity gradient and the viscous dissipa-
tion rate grow larger than those in any other areas. For this

case, the total viscous dissipation rate and thermal leakage in
the entire tube during the flow are 5.04�10-2 and 417.43W,
respectively. The average outlet temperature is 0.70 �C lower
than the inlet one.

In summary, with the absence of the optimization func-
tion, because of the thermal leakage/fluctuation and the poor
heat-transfer efficiency during the heavy oil insulated trans-

portation process, in the near wall region, the heavy oil is
cooler, resulting in an elevated oil viscosity and, conse-
quently, a larger viscous dissipation rate, i.e., a greater flow

drag, from eqs 7 and 8.
Now, on the basis of the minimum viscous dissipation

principle in Eulier’s eq 22 and at ho=0.5Wm-2K-1, panels
a-d of Figure 5 are predicted for the optimized fields,

including the cross-section flow, temperature, viscosity,
and viscous dissipation rate per volume, at the cross-section
of z=2.5 m. As shown in Figure 5a, there exist several

longitudinal vortexes in the pipe at the average magnitude of
about 2�10-4 m/s. Because of these longitudinal vortexes,
the oil in the pipe will be forced to mix and have a more

uniform temperature; hence, the viscosity, through the cross-
section, will be achieved, as shown in panels b and c of
Figure 5, compared to the original temperature and viscosity

fields in panels b and c of Figure 3, also leading to a reduced
viscous force at the boundary. As a result, the flow drag
defined in eq 8 during the heavy oil transport process is
lowered.

Table 2 compares the heat-transfer parameters of both
original and optimized flows during the heavy oil flow. For

Figure 4. Original results at the cross-section of z = 2.5 m (h = 2 W m-2 K-1).
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the optimized results with h0=0.5 W m-2 K-1, the total
viscous dissipation rate and thermal leakage in the entire
tube are 3.88�10-2 and 123.92 W, respectively. The average

outlet temperature is 0.208 �C lower than the inlet one. In
comparison to the original results with no optimization
function, the total thermal leakage rate is increased by

2.9%, while the total viscous dissipation rate, i.e., the drag
resistance, is decreased by 4.0%.

Ifwe increase theexternalheat-transfer coefficient, so thatho=

2.0Wm-2K-1, the corresponding optimized results are shown
in Figure 6. In comparison to Figure 5 of ho=0.5 Wm-2 K-1,
the results are similar. However, the average velocity of the

longitudinal vortexes is about 4�10-4m/s, i.e., twice as large as
the one in the lower ho case; the influence from them intensified;
and more uniform temperature and viscosity distributions over
the cross-section are expected. Because the thermal leakage rate

is increasedbecause of a higher external heat-transfer coefficient,
the local temperature decrease rate and the local viscous dissipa-
tion increase rate of heavy oil in the near wall region are

expedited. As listed in Table 2, the total viscous dissipation

rate and thermal leakage rate in this case are 4.09�10-2 and

482.01 W, respectively. The average outlet temperature is

0.808 �C lower than the inlet one. In comparison to the original

results, although the total thermal leakage rate is increased by

15%, i.e., needing more thermal energy, the total viscous

dissipation rate during heavy oil flow is decreased by 19%, i.e.,

consuming less mechanical energy.
In summary, during heavy oil flowing in the pipe, the flow

pattern with longitudinal vortexes, to a certain extent,
reduces the internal thermal resistance of the convective heat
transfer, increases the thermal leakage rate, and enlarges the

average viscosity of heavy oil, which overall seem to increase
the flow drag. However, because the external thermal resis-
tance is dominative during the heavy oil thermal insulating

transport process in a pipe, the reduction of the internal
thermal resistance does not significantly increase the total
thermal leakage, which means both the average temperature

decrement and the average viscosity increment will not be
very large. In addition, it is worth noting that generating the
longitudinal vortexes leads the central hotter, i.e., low visc-
osity, oil flowing to the cooler area near tube wall to achieve

uniform temperature and viscosity fields, which contributes
to dramatically increasing the temperature, i.e., decreasing
the viscosity, in the near wall region with larger velocity

gradient, and finally, reduces the flow drag from eq 8.
Furthermore, when reducing the thermal insulating perfor-
mance, the strength of the longitudinal vortexes should be

Figure 5. Optimized results at the cross-section of z = 2.5 m (ho = 0.5 W m-2 K-1).

Table 2.Original andOptimized Flow andHeat-Transfer Parameters
during Heavy Oil Flow

effective heat-transfer
coefficient

(W m-2 K-1)

viscous
dissipation
rate (W)

outlet
temperature

decrement (�C)

thermal
leakage
rate (W)

0.5 original 4.04� 10-2 0.202 120.44
optimized 3.88� 10-2 0.208 123.92

2.0 original 5.04� 10-2 0.700 417.43
optimized 4.09� 10-2 0.808 482.01
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increased to enhance mixing of the central hotter oil and the
surrounding cooler oil to obtain uniform temperature and
viscosity fields and achieve the objective of drag reduction.

In a few words, on the basis of the minimum viscous
dissipation principle, the optimal heavy oil flow field, with
the minimum flow drag, will be obtained for various thermal

insulating conditions.
By theway, using the above optimization principle, we can

also discuss the effect of the density on the optimization

results, as long as the density remains constant during the

flow process, and make some similar conclusions. Most

important, derived from the aforementioned discussions, it

can be concluded that enhancing the internal heat-transfer

efficiency of heavy oil will reduce the flow drag for thermal

insulating transport processes. That is to say, not only

generating longitudinal vortexes but also some other meth-

ods, e.g., adding some high thermal conductivity material

including carton nanotubes (CNTs), which does not reduce

the quality of product oil, will facilitate the flow drag

reduction.

5. Conclusions

Derived from the momentum equation for incompressible

steady-state Newtonian fluid without volume force, the influ-
ence factors, e.g., the viscosity and velocity fields, of the drag
for varying viscosity fluid flows have been investigated in
terms of the concept of field synergy. The analysis shows that

the flow drag depends upon not only the synergy between the

velocity and its gradient over the entire flow domain but also
the viscous force at theboundary.For a given flow rateor inlet
velocity, the decrease of both the fluid flow field synergy

number over the entire flow domain and the fluid viscosity
and velocity gradient at the boundary will lead to a smaller
flow resistance.

Meanwhile, starting from the basic governing equation and
using the calculus of variations, Euler’s equation, essentially
the momentum equation with a special additional volume
force, has been deduced with the criterion of the minimum

viscous dissipation rate, as the optimization equation in
optimizing varying viscosity fluid flow processes for a given
set of constraints. The optimal flow field can be obtained by

numerically solving Euler’s equation, which leads to the
minimum flow drag for a fixed flow rate. This optimal flow
field gives a theoretical basis that would guide the design of

heavy oil transportation systems with any density to reduce
the flow drag, as long as the density remains constant during
the flow process.

Finally, a thermal insulating heavy oil transport process in a

pipe was taken as a testing case. The velocity, temperature, and
viscosity fields in the pipe were optimized on the basis of the
minimum viscous dissipation principle. The optimized results

show that generating the longitudinal vortexes will lead the
central hotter, i.e., low viscosity, heavy oil flowing to the near
wall region to sharply decrease the viscosity near the wall with

larger velocity gradient and, finally, reduce the flow drag. For
instance, when the inlet heavy oil velocity and the external
effectiveheat-transfer coefficient are 0.01m/s and2Wm-2K-1,

Figure 6. Optimized results at the cross-section of z = 2.5 m (ho = 2 W m-2 K-1).
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respectively, the total viscous dissipation rate with longitudinal
vortexes is decreased by 19% compared to the result without

vortexes.

Nomenclature

cp=specific heat capacity, J kg-1 K-1

D=characteristic length, m

F=additional volume force per unit volume, N m-3

nB=outward normal unit vector
P= pressure, Pa

S=surface area, m2

T=temperature, K
U=velocity vector

ui =velocity component in xi direction, m s-1

uin=inlet velocity, m s-1

V =volume, m3

F =density, kg m-3

μ =dynamic viscosity, kg m-1 s-1

λ =thermal conductivity, W m-1 K-1

φm=viscous dissipation rate per unit volume, W m-3

r =divergence operator
Π =Lagrange function
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