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Flow characteristics and heat transfer performances in rectangular tubes with protrusions are numerically investigated in this paper.
The thermal heat transfer enhancement of composite structures and flow resistance reduction of non-Newtonian fluid are taken
advantage of to obtain a better thermal performance. Protrusion channels coupled with different CMC concentration solutions are
studied, and the results are compared with that of smooth channels with water flow. The comprehensive influence of turbulence
effects, structural effects, and secondary flow effects on the CMC’s flow in protrusion tubes is extensively investigated. The results
indicate that the variation of flow resistance parameters of shear-thinning power-law fluid often shows a nonmonotonic trend,
which is different from that of water. It can be concluded that protrusion structure can effectively enhance the heat transfer of CMC
solution with low pressure penalty in specific cases. Moreover, for a specific protrusion structure and a fixed flow velocity, there

exists an optimal solution concentration showing the best thermal performance.

1. Introduction

The application of protrusion has been attracting the atten-
tion of many researchers due to its advantages for friction
factors and enhancement for heat transfer. Mahmood et al.
[1] studied the flow characteristics in rectangle tube with
protrusions structures. They found that protrusions can
strengthen the vortex, secondary flow, and unsteadiness of
the fluid. Then Moon et al. [2] investigated the phenomenon
of flow and heat exchange in narrow channel arrayed with
dimples and protrusions. It was reported that the region of
enhancing heat transfer was focused on the windward side,
and, with the increased Reynolds number, coeflicients of both
friction and heat transfer are decreased. Borisov et al. [3]
studied the characteristics of flow and heat transfer in similar
channels as Moon’s, and the average heat transfer coefficient
and friction coeflicient were obtained. They compared the
flow in tubes arrayed with dimples, tubes arrayed with both
dimples and protrusions, and traditional sine wave surface
channels, finding that protrusions can enhance heat transfer,
but it also results in extra pressure loss, which is due to

the destruction of vortex structure produced by dimples. In
addition, heat transfer coefficients of different channels all
reach the maximum near the transition Reynolds.

Simultaneously several researchers have investigated
non-Newtonian flow characteristics and its heat exchange
phenomenon. Arhuoma et al. [4] studied the viscosity of
water-in-oil emulsion in porous media, finding that when the
concentration changed from 6.78% to 33.48%, the solution
showed shear-thinning features and belonged to a typical
power-law fluid. They concluded that the degree of droplet
size distribution had little influence on emulsion viscosity,
and they reported the prediction correlations of the emulsion
viscosity. Srisamran and Devahastin [5] investigated the flow
and mixing behavior of steady laminar confined impinging
streams of shear-thinning fluids, which was compared with
that of Newtonian impinging streams. Eesa and Barigou [6]
using a validated CFD model showed that a transverse vibra-
tion motion on a steady laminar flow could generate sufficient
chaotic fluid motion which leads to intense radial mixing.
As a result, the heat transfer is strengthened and a near-
uniform radial temperature field with a substantial heating of
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FIGURE 2: Protrusion arrangement in the research domain.

the inner flow is achieved. Pimenta and Campos [7] carried
out an experimental work to obtain, for Newtonian and
non-Newtonian fluids, heat transfer coefficients, at constant
wall temperature, in fully developed laminar flow inside a
helical coil. Hojjat et al. [8] experimentally studied the forced
convective heat transfer of three kinds of nanofluids flowing
in a uniformly heated circular tube under turbulent flow
conditions.

Although much research has been devoted to protru-
sion structure and non-Newtonian fluid, respectively, little
research has been done on the combination of these two
parts. In this study, a numerical investigation is done to
characterize the flow and heat transfer of CMC solution in
rectangle tubes arrayed with protrusion structures, in order to
make use of both advantages of composite structure and non-
Newtonian fluid. The purpose of the present paper is to obtain
anew cooling technique for industrial equipment, which can
effectively enhance heat transfer with little pressure penalty in
order to improve the efficiency and stability of the equipment
operation.

2. Numerical Method

2.1. Computational Geometry and Boundary Conditions. The
schematic diagram of the protrusion roughened rectangular
channel used in this study is shown in Figure 1. The coordi-
nates x, ¥, and z represent the streamwise, normal, and span-
wise direction, respectively. The channel is roughened with
protrusions on one wall of the research section in an inline
arrangement. The protrusion arrangement in the research
section is shown in Figure 2. Fully developed periodic velocity
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FIGURE 3: Geometry size of the protrusion unit.

and temperature can be obtained after certain streamwise
rows of protrusions. Under this condition, 7 rows of protru-
sion structures are applied in the computational domain.

CMC solutions with three kinds of concentrations
(100 ppm/500 ppm/2000 ppm) and water are employed for
comparison in the present study. The baseline is the case of
water flowing in smooth rectangular channel. The following
boundary conditions are specified: (a) A uniform heat flux
of g = 5 x 10> W-m™ and no-slip boundary condition are
applied at the four external surfaces of the research section.
(b) The relative pressure is 1 x 10° Pa, turbulence intensity
is 5%, the static temperature at inlet is 300 K, and the static
pressure at outlet is 0 Pa. As shown in Figure 1, the research
section is placed between entrance section and exit section,
of which the length is more than 30 times the height, in order
to ensure that the solutions enter the research section with
a fully developed velocity and exit the section without the
influence of non-Newtonian extrusion swelling effect.

The rectangular channel is 8 mm x 60 mm in cross sec-
tion. The length of the research section is 140 mm. The
detailed parameters of the protrusion unit are shown in
Figure 3.

The protrusion is a sector of a sphere with radius R =
7.25 mm. The depth and diameter of the protrusion unit are,
respectively, 2 mm and 10 mm. The streamwise and spanwise
pitch of protrusions is 20 mm.

2.2. Solution Method. The assumption that the flow is steady,
incompressible and turbulent flow. Constant fluent proper-
ties is adopted for modeling the flow characteristics and
heat transfer in the protrusion channel in this paper. The
incompressible steady Navier-Stokes equation is solved using
the finite-volume method based solver CFX and the SST
turbulent model coupled with gamma-theta transition model
which is adopted in the investigation. The computations are
considered to be converged when the residues for continuity,
energy, velocities, and the area-averaged wall temperature are
less than 1x 107%,1x 1077, 1x 107, and 1 x 107%, respectively.
The flow velocity in the present paper ranges from 1.289 m-s ™"
to 3.221m-s"", and the corresponding Newtonian Reynolds
number ranges from 20000 to 50000, which is different with
that of non-Newtonian fluids.
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TaBLE 1: Grid independency study.

Case Total nodes Nu Difference % f Difference %
Mesh 1 1599456 136.609 3.31 0.012503 0.45
Mesh 2 2432201 139.166 1.50 0.012527 0.25
Mesh 3 3817146 140.310 0.69 0.012548 0.09
Mesh 4 5579691 141.284 Reference 0.012559 Reference

2.3. Data Reduction. The Reynolds number of non-Newto-
nian fluids is described by [9]

D" 2n—1 4 n

RS = =P () W)
81K \3n+1

where v is the inlet velocity, p is the density, K is the

consistency coeflicient, and 7 is the flow behavior index. The
hydraulic diameter D is given by

_4A
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D (2)

The Reynolds number of Newtonian fluids is defined by
_pD
M >

where y is the viscosity coefficient.
The local Nusselt number in the present study is defined
by

Re 3)

Nu, = =2—, (4)

where A is the thermal conductivity of solutions. The heat
transfer coeflicient 4, is defined as

q

hy=—,

* T AT, ©)

where g represents the heat flux and AT, is the mean

temperature difference between the wall and the fluids which
can be obtained as follows:

AT, =T, T, (6)

X

where T,, , and T are the local temperature of wall and fluids,
respectively.

The average Nusselt number for the channel can be cal-
culated by

M‘ @)

Nu =

The Fanning friction factor, f, is defined as

_(AP/L)D
2pv?

f= , (8)

where AP is the pressure drop and L is the streamwise length
of the research section.

FIGURE 4: Schematic diagram of mesh on protrusion surface.

The friction loss, Cy, is given by

_ Xwall
Cf - (1/2) pvz’ )

where X, is the wall shear stress.
The form loss can be obtained as follows:

C,=f-Cs. (10)

The thermal performance is

-1/3
pz(&>.<i> , a)
Nu, o

The baseline Fanning friction factor, f,, and Nusselt
number, Nu,, for the case of water flowing in the smooth
rectangular channel, are used to normalize the Fanning
friction factor and Nusselt number of CMC solutions flowing

in the protrusion channel.

The baseline Fanning friction factor f, and Nusselt
number Nu, are given as

f B 0.3164
0~ Re0-25° (12)

Nu, = 0.023Re”* P,

where Pr is the Planck number.

2.4. Grid Independence Study. In this paper O-grids are used
for the protrusion region, as shown in Figure 4, and an H-
type grid is generated for the flow core. The mesh around the
protrusion region is refined. Before the numerical simulation,
the grid independency study is carried out and four different
grid systems are investigated. Water is used as flow medium,
and the inlet velocity is set as 1.289 m-s™".

Table 1 summarizes the comparisons. The Nu and f
change by 0.69% and 0.09% from mesh 3 to mesh 4, respec-
tively. Hence, mesh 3 is used.
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TABLE 2: Flow parameters of aqueous CMC solutions [10].
Concentration/ppm n K/kg: " Zm!
100 0.9512 0.00383
500 0.8229 0.00849
2000 0.7051 0.02792

TABLE 3: Physical properties of CMC solutions used in the simula-
tion [11].

Property Value
Density (p) 1000 kg-m™
Specific heat (Cp) 4100 )-kg K™
Thermal conductivity (1) 0.7W-m LK

2.5. Physical Properties. In this study, water and CMC (car-
boxyl methyl cellulose) solutions are used as typical Newto-
nian and shear-thinning fluids, respectively. The CMC solu-
tions exhibit pseudoplastic (shear-thinning) feature. Table 2
gives the values of the flow behavior index and the con-
sistency coefficient of CMC solutions at different concen-
trations, and the physical properties of the CMC solutions
are listed in Table 3. The temperature difference of the inlet
and outlet is lower than 5°C and the potential effects of
the temperature-dependent thermophysical properties can
be decoupled. Hence the properties of fluids are assumed to
be constant in this study.

3. Results and Discussion

3.1. Flow Characteristics of the Protrusions. In the present
paper, the center plane in the flow direction (Figure5) is
chosen for the investigation. In order to study the flow of
different CMC solutions, the distribution of streamline and
turbulence intermittency y for the protrusion regions at v =
1.289 m-s”" is shown in Figure 6.

Through an examination of the case at v = 1.289 m-s”’,
the streamline distributions of different CMC concentration
solutions are nearly the same. On the protrusion side, separa-
tion is identified downstream of the protrusion. At the same
time, a smaller separation zone can be observed as the flow
slows down before it impinges on the front of the protrusion.

The turbulence intermittency y can be used as the criteria
of flow state at fixed point: at y = 0, the flow remains laminar,
and, at y > 1, the flow is fully developed turbulent. In the
range of 0 < y < 1, the flow is in transition condition. As
shown in Figure 6, for a specific kind of solution, the biggest
laminar area appears in the first protrusion region and
decreases along the flow direction. Meanwhile, for the specific
position of protrusion, the laminar area increases as the
solution concentration increases. In fact, at v = 1.289 m-s™",
the flow of water in the protrusion channel has reached
fully developed condition and remains invariable as the
velocity increases. However, there is also a certain amount
of laminar area existing in the flow of CMC solutions. It can
be concluded that it is harder for the CMC solution flow
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FIGURE 5: Schematic diagram of the center plane in the flow direc-
tion.

with higher concentration to reach fully developed turbulent
condition at the same velocity due to its higher viscosity.

It is worth pointing out that the turbulence intermittency
instead of Reynolds number is used to estimate flow state,
because it can illustrate the transient process more clearly
and the transition Reynolds numbers of CMC solutions are
unknown.

In order to understand the influence of different flow
conditions, two typical protrusion regions are chosen to
study, which are shown by the blocks in Figure 7.

Figure 8 shows the distribution of streamline and temper-
ature in two typical protrusion regions at v = 2.255 m-s” ' and
v = 3221 m-s™'. As observed the fluids imping on the front
edge of protrusions result in small recirculation zones. Then
the fluids detour around the side edge of protrusions, leading
to strong perturbation and high flow velocity. Besides, the
flow separation taking place in the trailing edges produces
a large separation zone. For the protrusions in symmetrical
location, it is worth pointing out that a dominant feature
of streamline distribution is that there are two focuses
symmetrical about the center plane of them. The two focuses
are considered to be the feet of the horseshoe vortex structure.
In the region near the flow impingement, the temperature
is relatively lower than that in other regions, and in the
separation zone the temperature is relatively higher.

Through an examination of the flow structures of all the
cases, the differences in concentration solution and velocity
lead to the variation in size and location of recirculation zones
and separation zones. Taking the case of v = 2.255m-s™"
as an example, as concentration increases, the recirculation
zone at the front edges of upstream protrusions increases,
while the separation zone at the trailing edges of midstream
protrusions decreases, as presented in Figure 8.

3.2. Characteristics of Secondary Flow. In order to study
the secondary flow in the tube and the interaction between
protrusion perturbation and non-Newtonian secondary flow
effect, two cross sections perpendicular to the flow direction
are chosen, as shown in Figure 9.

For cross section 1, the flow structures in different pro-
trusion regions are similar and the streamline distribution is
symmetrical, as shown in Figure 10. As a result, the flow struc-
ture in the mid-protrusion region is chosen for the following
study. The streamline distribution of different solutions in
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FIGURE 6: Distribution of streamline and turbulence intermittency.
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FIGURE 7: Schematic diagram of the protrusion unit.

mid-protrusion region at v = 2.255 m-s is shown in
Figure 11. As observed, the streamline distribution in pro-
trusion region shows a dual symmetrical vortex structure.
The first one is under protrusions and the second one which
shows ellipse shape is at the protrusion edge side. The two
pairs of vortices rotate in the opposite direction. The influence
of concentration is mainly reflected by the size and the shape
of the second vortex structures. At v = 2.255m-s”" the
location of the second vortex of higher concentration solution
is more closed to the upper surface and the shape of the

second vortex is more oblate. This phenomenon is due to
the combined effect of non-Newtonian secondary flow and
perturbation from protrusions.

Then the present section chose cross section 2 to illustrate
the single effect of secondary flow. The streamline distri-
butions of different solution at v = 1.289m-s™' and v =
3.221m-s ' are shown in Figure12. As observed in the
smooth rectangular channel, the flow can be divided into
two parts. One is the flow in boundary region, which is
related to turbulent effect and shown in blocks. The other
is the secondary flow region which is related to viscosity of
non-Newtonian fluid. The boundary region area increases
with the increasing inlet velocity and the secondary flow
region area increases with the increasing concentration of
solutions. More specifically, in the case of v = 3.221 m-s},
the boundary region of water and CMC100 is obviously bigger
than that at v = 1.289 m-s™', and a boundary region appears
in the flow of CMC500 and CMC2000, which does not
exist at v = 1.289m-s"'. The difference in the streamline
distribution between the two cross sections indicates that, in
the present situation, the effect of protrusion dominates the
flow characteristics and the variation in solution viscosity just
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FIGURE 8: Distribution of streamline and temperature (K) of the protrusion regions.

Cross section 2

FIGURE 9: Schematic diagram of the research cross sections.

changes the flow distribution in a small part of the research
regions.

According to the results above, the flow in rectangular
tubes is influenced by the combined effect of turbulence
effect, secondary flow effect, and the perturbation of pro-
trusions, which results in the variation in dimensional flow
characteristics for different cases.

3.3. Heat Transfer Characteristics. The distribution of local
Nusselt number of different CMC concentration solutions at
v =2255m-s"' on protrusion surface is shown in Figure 13.

As observed the flows of CMC solution in tubes arrayed
with protrusion structures all show high Nusselt number at
the front edge of protrusions and low Nusselt number at
the trailing edge of protrusions, which is because the flow
impingement at the front edge strengthens the perturbation
and the flow separation at the trailing edge weakens the
exchange of mass and energy. This is in accordance with the
analysis of flow characteristics above.

3.4. Flow Resistance Characteristics. Figure 14 describes the
variation of flow resistance parameters at different CMC
concentrations as the inlet velocity increases from 1.289 m-s ™"
to 3.221m-s"". Four flow resistance parameters of Fanning
friction coefficient, normalized friction coefficient, friction
loss, and form loss are selected. As observed the flow
resistance parameters of CMC solution in protrusion tubes
often show nonmonotonous variation tendency as velocity
increases. The variations of flow resistance parameters of
different CMC concentrations solution are also different in
the range of present study. To be specific, the flow resistance
parameters of CMC100 and CMC500 increase at first and
then decrease, while the tendency for CMC2000 decreases
at first and then increases. The protrusion structures destroy
the development of the boundary layer, thus producing the
form loss due to the adverse pressure gradient inside the
separation zone. Although the shear stress in the boundary
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FI1GURE 10: Schematic diagram of the protrusion region in the cross section 1.
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FIGURE 11: Streamline distribution of the protrusion region in the cross section 1.

layer increases, the thickness of the boundary layer decreases
at the same time, which leads to the increase of friction loss.
To sum up, the protrusion structure produces an extra pres-
sure penalty. However the pressure penalty can be reduced by
the effect of non-Newtonian secondary flow. For CMC2000,
when the velocity is lower than approximately 2.5 m-s™", the
effect of the decrease in pressure penalty caused by non-
Newtonian secondary flow dominates variation of the total
friction. At v > 2.5m-s ™', the effect of increasing the pressure
penalty by protrusion structures dominates the variation of
total friction coeflicient. However, for CMC100 and CMC500,
the domination order is opposite and the turning point is at
about v = 2.0m-s". Also, the f/f, values are always larger
than 1, which indicates that the effect of protrusion is stronger
than that of the secondary flow. As a result, the pressure
penalty of CMC solution flowing in protrusion channels is
higher than that of water flowing in smooth channels.

3.5. Heat Transfer Performance. Being different from the
parameters of flow characteristics, the average Nusselt num-
ber and normalized Nusselt number vary monotonously
among the range of the inlet velocity studied. Compared with
the flow in smooth channels, the protrusion structures can
effectively strengthen the exchange of mass and energy in the

boundary region, resulting in the heat transfer enhancement
in channels. At the same time, the non-Newtonian secondary
flow in the center regions of channels has a negative effect
on the heat transfer performance. However, as shown in
Figure 15, the Nu/Nu, values are always larger than 1, which
illustrates that the effect of protrusion dominates the heat
transfer characteristics and leads to the heat transfer enhance-
ment.

3.6. Overall Thermal Performance. Figure 16 shows the over-
all thermal performance of different concentration solutions
flowing in protrusion rectangular tubes and smooth rectan-
gular tubes. In Figure 16 “pr” means the protrusion tubes and
“sm” means smooth tubes. As observed, the overall thermal
performance parameter of each combination increases with
inlet velocity ranging from 1.289 m-s™" to 3.221m-s™'. At the
same inlet velocity, the CMC500 solution in protrusion tubes
shows the best thermal performance, while CMC100 solution
in smooth tubes shows the worst thermal performance.
However, at a low inlet velocity (v < 1.8 m-s}), the values of
“CMC500 + pr” are lower than 1 in the present study, which
means that the combination of protrusion structures and
shear-thinning fluids improves the thermal performance only
in the specific situations. In other words, the specific channel
structure combined with corresponding concentration of
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FIGURE 13: Distribution of Nusselt number on the protrusion surface.

solution and flow velocity is expected to possess an optimal
thermal performance.

4. Conclusion

Based on the analytical and numerical investigations pre-
sented in this paper, the following conclusions can be
obtained.

(1) The turbulence intermittency is adopted to estimate
flow state of different CMC solutions. It can be
concluded that it is harder for the CMC solution flow
with higher concentration to reach fully developed
turbulent condition at the same velocity due to its
higher viscosity. At the same time, as observed on the
protrusion side, separation is identified downstream
of the protrusion; a smaller separation zone can be

observed as the flow slows down before it impinges
on the windward side of the protrusion.

(2) Through the observation of the flow structures on the

protrusion surface, the differences in concentration
solution and velocity lead to the variation in size and
location of recirculation zones and separation zones,
which can be attributed to the combined effect of
solution viscosity and perturbation from protrusions.

(3) The flow patterns of the cross section in the protru-

sion channel are compared with those in the smooth
channel. In the protrusion rectangular channel, the
streamline distribution shows a dual symmetrical
vortex structure and the influence of concentrate is
mainly reflected by the size and the shape of the
second vortex structures and the effect of protrusion
dominates the flow characteristics and the variation
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FIGURE 14: Variation of flow resistance parameters of CMC solution: (a) Fanning friction coefficient, (b) normalized friction coeflicient, (c)

friction loss, and (d) form loss.

in solution viscosity just changes the flow distribution
in a small part of the research regions. In the smooth
rectangular channel, the flow region can be divided
into the boundary region and the secondary flow
region. The difference in the streamline distribution
between the two cross sections indicates that, in the
present situation, the effect of protrusion dominates
the flow characteristics.

(4) The characteristics of CMC solution flow in pro-
trusion tubes often show nonmonotonous variation
tendency as velocity increases. The flow resistance
parameters of CMC100 and CMC500 increase at first
and then decrease, while tendency for CMC2000
decreases at first and then increases. It is mainly

due to the combined effect of turbulence effects,
structural effects, and secondary flow effects. The
f1f, values are always larger than 1, which illustrates
that the pressure penalty of CMC solution flowing
in protrusion channels is higher than that of water
flowing in smooth channels.

(5) The average Nusselt number and normalized Nusselt
number vary monotonously among the range of
the inlet velocity studied. The heat transfer can be
strengthened by the protrusion structures and weak-
ened by the effect of non-Newtonian secondary flow.
The Nu/Nu, values are always larger than 1, which
illustrates that the effect of protrusion dominates the
heat transfer characteristics.
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