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Abstract: This study evaluates the heat dissipation and Nusselt number for an S-shaped double-
bend pipe, for which an experimental evaluation is lacking. In terms of the velocity field, the mean
velocity and turbulent kinetic energy were measured through particle image velocimetry. Heat
transfer characteristics were evaluated in validated conjugate heat transfer simulations, and a k-w
SST turbulence model was used for flow simulation inside the pipe. Heat transfer enhancement
was observed at the first bend, as observed in previous studies on single-bend and U-shaped bends,
whereas no heat transfer enhancement was observed at the second bend. This result was due to
higher turbulent heat flux at the first bend because of higher eddy diffusion on the outside of the
bend, whereas eddy diffusion was lower on the outside of the second bend owing to the history of
the first bend. The heat transfer characteristics of the S-shaped double-bend pipe elucidated in this
study provide valuable insight for devising strategies to reduce heat loss in automotive exhaust pipes
with multiple bends. Furthermore, the conjugate heat transfer simulation model used in this study
provides a benchmark for heat transfer calculations for multi-bend pipes.

Keywords: local heat transfer; bend pipe; temperature field; conjugate heat transfer simulation;
turbulent flow

1. Introduction

The heat transfer and structure of fluid flowing through pipes are affected by bends
in the pipes in a variety of engineering applications, such as reciprocating engines, the
cooling of electronics, and certain heat exchangers. In particular, complex flows of fluids
through multiple bends are generated in the intake manifolds of automotive intake and
exhaust systems. The flow and heat transfer characteristics of the intake and exhaust
manifolds directly affect the efficiency of downstream catalysts. Therefore, increasingly
stringent emission regulations are requiring a higher efficiency of exhaust catalysts, and
the management of heat losses in exhaust systems is critical to the control and optimization
of aftertreatment systems [1]. The study of heat transfer in flows through pipes with bends
is thus important for optimizing the design of automotive exhaust systems.

Swirling or secondary flows are often adopted to enhance piping flow heat transfer
because such flows are usually accompanied by a change in fluid structure, which promotes
mixing of the main flow and breaks the thermal boundary layer. In addition, bent pipes
are widely used in various industrial applications to promote heat transfer [2]. When fluid
flows through a curved pipe, a centrifugal force is generated. This force generates a swirling
or secondary flow and thus deviations in the main flow and impingement on the wall
surface, thereby promoting heat transfer. Many researchers have studied the fluid flow and
heat transfer characteristics of curved piping. First, in terms of investigating hydrodynamic
properties, Dean [3] theoretically analyzed laminar flow in a bent pipe having a circular
cross section, and identified Dean vortices (i.e., two symmetric counter-rotating vortices)
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as a secondary vertical structure. Briicker [4] adopted particle image velocimetry (PIV) in
studying the switching of symmetry planes in the Dean vortex and the swirl switching effect,
and observed the quasi-periodic time-dependent behavior of secondary flow downstream
of the bend on at least two time scales. In terms of conducting numerical simulations, Riitten
et al. [5] performed large eddy simulations to investigate turbulent flow in a pipe having a
90° bend, evaluating features such as unsteady flow separation, unstable shear layers, and
Dean vortex oscillations, and compared their simulation results with PIV measurements.
Other studies on unsteady secondary flow under turbulent conditions in a pipe having a
90° bend were conducted by Sudo et al. [6], Sakakibara and Machida [7], and Wang et al. [8].
In addition, Tanaka et al. [9], using the results of large eddy simulation, showed that the
Reynolds stress w model (RSM-w), which can be used to calculate the velocity distribution
directly, was better at reproducing changes in the flow field due to bending than the
k—e renormalization group model, which is based on a wall function. In terms of other
geometries, flow dynamics in back-to-back bends arranged in U- and non-planar [10-13]
and S-shaped [14-19] configurations have been studied. In the example of an S-shaped
pipe, which is closely related to the double-bend pipe considered in the present study, Oki
et al. [14] evaluated flow characteristics by conducting stereo-PIV and showed that Dean
and Lyne vortices [20] formed at the first and second backbends, respectively. Mazhar [17]
and Ng [18] evaluated the effects of the bending angle and other factors by conducting PIV
and hot-wire anemometer measurements. Han et al. [19] evaluated the effect of the bend
spacing of double-bend pipes, including S-shaped pipes, in computational fluid dynamics
(CFD) simulation and found that the direction of the secondary flow varied for short and
long bend spacings.

Several studies have investigated the heat transfer characteristics of a pipe having
a single curve and simple geometry. Wavell et al. [21] showed that heat transfer was
greater on the outside of a bend and that this trend was more pronounced with greater
curvature. They proposed an equation for predicting the heat transfer coefficient that
considers curvature. Sparrow et al. [22] experimentally determined the local heat transfer
characteristics of the turbulent region of flow in a pipe having a circular cross section
and different bending angles (30°, 60°, and 90°). They found that the heat transfer was
mostly greater on the outside of the bend than on the inside of the bend, and that the
difference decreased with an increasing Reynolds number. Guo et al. [23] measured the
cross-sectional temperature profile of a pipe with a 90° bend, finding that the heat flux was
higher on the outside of the bend as the hot core of the fluid was biased outward by the
bend. Other studies on bend geometries have mainly investigated coil-type and U-shaped
pipes. For coil-type pipes, theoretical studies [24], experimental evaluations [25-27], and
numerical simulations [28,29] have been conducted and summarized in the literature [2]. It
has been confirmed that the heat transfer coefficient is greater on the outside of the bend
even for coil-type pipes, and the heat transfer mechanism was explained by Liberto [29]
as the high-speed and low-temperature (in the case of wall-to-fluid heat transfer) fluid
being pushed to the outside. Extensive experimental evaluations [30,31] and numerical
simulations [32-35] have been conducted for U-shaped pipes. It has been confirmed that
heat transfer is greater on the outside of the bend of these pipes as well. Large eddy
simulations are often conducted for helical coils and U-shaped pipes, but there have also
been studies adopting the Reynolds-averaged Navier-Stokes equation. Di Piazza and
Ciofalo [28] showed through comparison with the results of direct numerical simulation
that the k—w SST (shear stress transport) and RSM-w, which do not adopt wall functions,
can be used to predict the friction coefficient and Nusselt number distributions. In other
studies on S-shaped pipes, Suga [36,37] evaluated mass transport, but there has been a lack
of research on the heat transfer properties of such pipes.

As described above, various studies have investigated the heat transfer characteristics
of bent pipes, but few studies [23] have experimentally evaluated heat transfer characteris-
tics by measuring the in-plane temperature distribution. The heat transfer characteristics
of pipes with single bends and U-shaped bends and coil-type piping have been actively
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studied for applications such as heat exchangers, but there has been a lack of research
on the heat transfer characteristics of turbulent flow in S-shaped double bends. As the
direction of the first and second bends are opposite in the S-shaped pipe, the effect of the
bends on heat transfer should be different from the effects of the bends of the U-shaped
pipe and helical coil. Therefore, the objectives of this study were set as follows:

e  To experimentally clarify the effect of bending on the heat transfer characteristics of
high-speed turbulent flow in a double-bend pipe, which is often observed in engine
exhaust systems where previous studies are insufficient.

o To elucidate the heat transfer mechanism at the bend through numerical simulation.

As an approach to achieve these objectives, experimental evaluation of heat transfer
characteristics was performed by measuring in-plane temperature distribution. Flow field
measurements and conjugate heat transfer (CHT) simulations were conducted to elucidate
the heat transfer mechanism.

The remainder of the paper is organized as follows. Section 2 describes the experimen-
tal setup, data processing methods, and numerical methods. Section 3 presents the results
of the experimental evaluation of the temperature distribution and Nusselt number. The
evaluation of the flow structure and heat transfer mechanism through CHT simulation is
also discussed. Section 4 summarizes the findings of the study.

2. Methods
2.1. Experimental Apparatus

Figure 1 shows the experimental apparatus designed to investigate the effect of turbu-
lence in straight pipes and pipes having double-90° bends on heat transfer characteristics.
Air, the working fluid, was heated using a hot air generator (HAP3100; Hakko, Tokyo,
Japan) and discharged through the test section to a tank at the outlet. The outer wall
temperature was measured through infrared thermography (890, Testo K. K., Kanagawa,
Japan), as shown in Figure 1. Measurement cross sections for temperature and velocity
were set at positions beyond z = 34 D, as shown in Figure 2, to investigate the heat transfer
characteristics of the developed flow. As the temperature distribution was expected to
change in the flow direction of a double-bend pipe, more measurement cross sections were
used than for a straight pipe, as shown in Figure 2. The coordinate system is shown in
Figure 2, where x, y, and z indicate the horizontal direction of the cross section, the vertical
direction of the cross section, and the flow direction, respectively. The pipe was made of
aluminum and had a thermal conductivity A, of 236 [W/m K].

Test section

7

Infrared thermography /
Aluminum pipe To the tank

Figure 1. Experimental apparatus.
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Figure 2. Cross-sectional schematic of measurement points of the fluid temperature in (a) a double-
bend pipe and (b) a straight pipe.

Time-averaged temperatures were measured at each section by inserting a K-type
thermocouple (T34; Okazaki, Kobe, Japan) through a hole in the upper wall of the pipe, as
shown in Figure 3. As shown in Figure 3, fluid temperatures were measured at 36 points
per section. The ambient fluid temperature was set at room temperature, T, = 298 K. The
internal fluid conditions were set so that the velocity at the center of the pipe at the entrance
of the inspection area (z = 34 D) was 47 m/s, the fluid temperature was approximately
399 K, and the pressure was 118 kPa. Three dimensionless numbers, namely the Prandtl
number, Reynolds number, and Dean number, represent the flow conditions:

Re = w.D/(u/p), D

Pr= }le//\f, (2)

De = Rev/D/2R,, 3)

where p is the density, y is the viscosity, C, is the specific heat at constant pressure, and R,
is the radius of curvature. These values are given in Table 1. The resulting Prandtl number
was 0.72. The Reynolds number was 60,000, a condition for turbulent flow. The radius of
curvature is shown in Figure 2, and the corresponding Dean number was 38,000. These
conditions correspond to actual engine exhaust flow. The measurement uncertainty of fluid
temperature T; , was defined as the standard deviation of the time-varying measurement of
steady flow, which was £0.28 K. The measurement uncertainty of wall surface temperature
Two,» was defined as the specification value of the measuring instrument, which was £2 K.
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Figure 3. Measurement method of the time-averaged temperature.
Table 1. Physical properties of internal fluid at z = 34 D (T, = 399 K).
Viscosity: Density: Heat Conductivity of Isobaric Specific
p [uPas] p [kg/m3] Air: A [W/m K] Heat: C, [k]/kg K]
23 1.03 0.033 1.01

2.2. Data Reduction

Figure 4 is a schematic of heat transfer in a pipe. Heat transfer from hot air in the
pipe to the ambient fluid through the pipe wall comprises forced convection in the pipe,
heat conduction on the pipe wall, and natural convection outside the pipe. As the time
scale of heat conduction in an aluminum pipe is longer than that of the fluid heat transfer,
there is almost no temperature fluctuation of the outer pipe wall. It is thus considered that
stable natural convection heat transfer occurs. Figure 5 presents the external temperature
measurements for a straight pipe (z = 34 D). The external heat transfer coefficient /, is
calculated for the left, right, top, and bottom walls from the temperature gradient of the
nearest neighbor of the outer wall in Figure 5; the coefficient is 14.8 (left), 15.2 (right),
6.8 (top), and 11.4 (bottom). It is noted that the heat transfer coefficients are asymmetric
between the top and bottom, but the exterior wall temperatures are nearly the same
at the top and bottom. This is due to the high thermal conductivity of the aluminum
material used for the pipe. The axial characteristics of the external temperature hardly
change except for a very small area inside the bend, and the numerical simulations were
thus performed assuming that the external heat transfer coefficient was constant at the
abovementioned values.
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Figure 4. Model of heat transfer.
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Figure 5. Temperature distribution of the ambient fluid.

The local heat dissipation from the fluid inside the pipe to the aluminum inner wall at
position z is calculated from the change in the heat quantity of the internal fluid as

Qwi,z = mcp (Tfh,z—Az + be,z-i—Az) = pAcrw_cCp (be,z—Az + be,z+Az) . (4)
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Here, m is the mass flow rate and A, is the cross-sectional area of the flow path. be,z
is the cross-sectional average fluid temperature, obtained by taking the ensemble average:

36
Ty =Y 4 Tiz/36. 5)

In this measurement, the temperature and velocity are calculated as time-averaged
values for 1 s. From the heat dissipation calculated using Equation (4), the local heat flux is
calculated as

- Qwi,z o Qwi,z

wiz = 4.~ 4D(2Az)’ ©)

where Ay, is the heat transfer area of the inner wall. Using this local heat flux, the local
Nusselt number is calculated as

Juwi z 2

(be,z - Twi,z) Af ' (7)

N Uiz =

Here, Ty, is the aluminum inner wall temperature. The difference between the
aluminum inner wall temperature and the outer wall temperature was less than 0.1 K
in this study because aluminum transfers heat well and the pipe was thin. Therefore, as
Toiz = Tuwo,z, the inner wall temperature was determined from the results of the outer wall
temperature measurement using infrared thermography. As the exterior wall temperature
differs between the inside and outside of the bend, the average temperature of the exterior
wall is determined as the representative temperature according to

Two,z x=-D, + Tworz|x:Do

2

®)

Twi,z ~ Two,z =

The above is the evaluation method adopted in the experiment. As Equation (5) gives
the cross-sectional average temperature, it does not strictly express the heat quantity of the
fluid when there is a nonuniform velocity distribution or density distribution. The CHT
simulation thus adopted the mass flow-weighted average temperature for evaluation:

Tmfa,z = /Pzszf,zdS//pzwzdS, 9)

where S is the cross-sectional area of the flow path. The axial flow velocity w,, internal fluid
density p,, and internal fluid temperature Tﬁz are functions of x and y. The heat dissipation
and local heat flux can be accurately estimated by taking flow-weighted averages as

meafwi,z = CP </ pWTf,zfzdS - /pWTf,Z+AzdS>r (10)

quu_wi,z = mea_wi,z/Awi,z' (11)

The heat quantity and heat flux moving axially through the pipe were obtained from
Fourier’s law as

Qu,z = _/\al(Tw,zfAz + TZU,Z+AZ)/AZr (12)

Qw,z = qw,zAw = fJuw,z (D02 - Dz)/ (13)

where A; is the thermal conductivity of aluminum, Ty, is the cross-sectional average
temperature of the aluminum wall, and Ay, is the aluminum cross-sectional area.

2.3. Flow Field Measurement

Figure 6 shows the optical system used in the PIV measurement to visualize the
flow field on the x—z plane. The x—y coordinate origin is the center of the pipe. The right



Energies 2023, 16, 7314

8 of 25

side of Figure 6 shows an example of the flow field measurement on the x—z plane. As
the visualization channel used for PIV has limited heat resistance, the experiment was
conducted by lowering the temperature at the inspection area inlet to 353 K and adjusting
the flow velocity to set the Reynolds number to 60,000. To ensure fluid traceability, oil mist
with a small particle size (average particle size of 2-3 um) was used as tracer particles. An
Nd:YAG laser (Continuum, Mesa PIV) was used as the light source, and particle images
were acquired at 10,000 fps. Particle image pairs were created from these particle images.
The flow velocity was thus recorded at 5000 Hz. The x and z components of the flow
velocity were calculated through direct cross-correlation. The PIV conditions are given
in Table 2. The inspection window was 27 pixels by 27 pixels (70% overlap). Sub-pixel
processing was performed using a Gaussian distribution. Since the flow velocity for a
1-pixel shift in the correlation window is v = rpjy /At = 10 m/s, the uncertainty in the
velocity measurement was =5 m/s.

Nd:YAG laser

A 3

Vi Vi ‘
40 ‘
>
Nd:YAG laser
Figure 6. Experimental apparatus for PIV.
Table 2. PIV conditions.
Frame Speed: fs  Resolution: rpyy Time Interval Grid Size In.t errogatl.on
[fos] [mm/Pixel] between Laser [Pixel] Window Size
P : Pulses: At [us]. : [Pixel]
10,000 0.1 10 8 27 x 27

In PIV, the Reynolds decomposition was used to evaluate turbulence statistics:
w(x,z,t) =w(x,z) + W' (x,z,t), (14)

where W (x, z) is the time-averaged term and w’ (x, z, t) is the turbulent term. The time-
averaged term was obtained by taking the ensemble average over a period of 0.5 s. Using
the turbulent term, the turbulent kinetic energy was calculated as

13 2
— / /
kpry = 2(1/[ +w ), (15)
The PIV system used in this study was validated by the literature [38].

2.4. Numerical Simulations

The computational domain of the CHT simulation comprised the fluid domain inside
the pipe and the solid domain of the pipe body. For the fluid domain, the mass, momentum,
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and energy conservation equations for a compressible fluid were solved in the form of
Reynolds-averaged Navier-Stokes equations. The change in state of the gas was reflected
by the ideal gas equation of state. The SIMPLE method was used to solve the coupled
pressure and velocity equations, whereas CHT simulation was conducted to solve the
coupled fluid and solid energy equations. Ansys Fluent (2019 R2, ANSYS, Canonsburg,
PA, USA) was used as the computational software. The computational domain is shown
in Figure 7a and covers the area from the inlet (z = 0) to z = 55 D behind the second bend.
The mesh, having a basic resolution of 1 mm, is shown in Figure 7b. The mesh on the fluid
side was set to be finer near the wall, with a resolution of 0.06 mm and a growth rate of
1.3 near the wall. The number of elements in the mesh was 9,818,841 and consisted of Tetra,
Hex, and Wedge. The number of elements in the solid part (aluminum pipe) was 1,013,760
and the number of elements in the fluid part was 8,805,081. The quality of the mesh was
checked and no element had a skewness greater than 0.98. To evaluate the mesh and the
model, the velocity distribution in the straight pipe section (z = 38 D) before the bend was
validated by calculating y* and u*. Here, y* and u* are the dimensionless distance from
the wall and the dimensionless velocity, respectively. Figure 8 shows the results of the
validation. It can be seen that the results of the present calculation and the theoretical
values are almost identical in the boundary layer and the logarithmic domain. In order to
simulate the velocity distribution near the boundary layer, the first layer thickness of the
mesh is generally set to y* ~ 1 with a margin. However, as shown in Figure 8, the present
simulation with the k-w SST model was able to properly simulate the velocity distribution
near the boundary layer of the straight pipe section even at y* ~ 4. Also, as shown in
the mesh-grid independence study in Section 4, the thermohydraulic characteristics of the

double-90° bend pipe did not change even at y* = 1. Therefore, a first layer thickness of
the mesh was set at y* ~ 4 to reduce the computational and post-processing costs. The

discretization of the spatial direction was set as shown in Table 3. Boundary conditions for

the internal fluid were set at fixed values of 40 m/s and 402 K for the mean velocity and

temperature at the inlet, respectively, on the basis of measurements. As the outlet condition,
the pressure was set at a fixed value of 110 kPa on the basis of experimental values. The
wall surface had a non-slip condition for velocity and a temperature coupled with the

solid domain simulation. In the solid domain simulation, the inner wall temperature was

coupled to the fluid side as described above, and the heat transfer coefficient and ambient

fluid temperature (T, = 298 K) were set for the outer wall. The heat transfer coefficients

for the exterior walls were fixed at the top, bottom, left, and right to the values given in
Section 2.2; i.e., h, = 14.8 (left), 15.2 (right), 6.8 (top), and 11.4 (bottom) W/(m? K).
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Figure 8. Velocity distribution of CHT simulation in a straight pipe section (z = 38 D).
Table 3. Discretization in spatial direction.
Turbulent Specific
Density Momentum Kinetic Dissipation Energy
Energy Rate
Discretization ~Second order  Second order First order First order Second order
method upwind upwind upwind upwind upwind

The k—w SST model [39] was used as the turbulence model in this simulation. In
previous studies of bend flow, the simulation results were in good agreement with mea-
surements with the LES [9,29], RSM-w [9,28], and k-w SST [28] models, which solve directly
without wall function. We chose the k-w SST model, which has the lowest computational
cost among these models. The k-w SST model is expected to be suitable for simulating flows
with separation, such as a bend pipe, because it uses the k-w model, which has excellent
separation prediction, to simulate the interior of the boundary layer. However, since the
k-w SST model is an isotropic turbulence model, its ability to represent a complex flow field
with two bends, as in this study, has to be validated. Therefore, in Section 3, we perform
a detailed validation by comparing the measured results of the flow field in this study
with the measured and simulated results of the flow field and temperature distribution in
previous studies. In the k-w SST model, the Reynolds stresses are thus expressed by

_././:ﬂ@@_lll.. 1
ui'u; 0 <ax]~ + I 3uk uy'ojj. (16)

The above equation is written in Einstein’s contracted notation, where j; is the eddy
viscosity coefficient. In the case of turbulent flows, this eddy viscosity coefficient is much
greater than the viscosity coefficient and is therefore important to the evaluation of turbu-
lence. The turbulent heat flux in the energy equation is expressed by

Mt (0T
W'l = Prip <8xi>' (17)
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MO0 -ﬂ.@ :

where Pr; is the turbulent Prandtl number, which in this study was set at 0.85. The eddy
viscosity coefficient inside the boundary layer is defined by

% — v = Ck/w, (18)

where v; is the eddy diffusivity; k is the turbulent kinetic energy, which is the intensity of
turbulent motion; and w is the turbulence eddy frequency, which is the reciprocal of the
turbulence lifetime.

3. Results and Discussion
3.1. Circumferential Temperature Fields in Cross-Sections and the Axial Temperature Distribution

Figure 9 shows the cross-sectional temperature distribution measured using the ther-
mocouples. Figure 9a shows that for the straight pipe, the high-temperature core is located
at the center of the pipe and the average value decreases as one moves downstream.
Figure 9b shows that for the double-bend pipe, the high-temperature core, which is at the
center of the first bend entrance (z = 40 D), shifts to the outside (—x side) at the first bend
exit (z =42.4 D). This shift may be due to compressive heating of the fluid on the outside of
the bend by centrifugal forces, as suggested by Guo et al. for their single-bend pipe [23].
The distribution after the entrance to the second bend (z = 47.4 D ~ 53.7 D) shows that the
hot core, which was biased toward the —x side, gradually shifts toward the +x side. This
shift is thought to be due to compressive heating by centrifugal forces as for the first bend.
However, the temperature gradient is not as large as that for the first bend. This is because,
as shown by the temperature distribution at the entrance of the first bend (z = 47.4 D), there
is a history of bias of the hot part toward the —x side due to compressive heating of the first
bend at the entrance to the second bend. Therefore, if there are double-bends in opposite
directions, the distribution is not the same as that of the first bend because of the history.
Although this result may be affected by the distance between the first and second bends,
an effect of the history of the first bend remains for at least a length of approximately 5 D.
Therefore, when evaluating heat transfer according to the temperature distribution in pipes
with two or more bends, it is difficult to make estimations from the results of a single-bend
pipe, and experiments or numerical simulations based on the actual geometry are required.

400.8
399.8
I
" 398.8
' ' 397.8
396.8
o | 395.8

z=34D -=44D -=54D 394.8
393.8
(a) Straight (K]

- 398
z=40D z=40.8D z=41.6D z=424D z=454D 397
) r 396

394

- - 393
z=48.1D z=48.9D =49.7D =50.7D z=5 ==53.7D K]

(b) Double 90° Bend
Figure 9. Cross-sections of the circumferential temperature field.

Figure 10a compares the mean fluid temperature Ty, , obtained by integrating the
cross-sectional temperature distribution between the straight pipe and double-bend pipe.
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34D [K]

Fluid temperature drop from

The experimental apparatus provided an average fluid temperature at the inlet of the
inspection area of 398.0 K for the straight pipe and 398.8 K for the double-bend pipe, and
the difference from the inlet temperature (Tp,34p — Tp,2) can thus be easily compared
between the two types of pipe. In the case of the straight pipe, the temperature gradient
does not change in the axial direction; i.e., the temperature decreases linearly. In the case of
the double-bend pipe, the temperature gradient varies with the curvature, and in particular,
the fluid temperature decreases rapidly at the first bend. Considering the heat quantity of
the fluid, it can be said that heat transfer is enhanced at the first bend. The temperature
gradient decreases after the first bend, and there is no sudden drop in temperature at
the second bend as observed at the first bend. Figure 10b shows the measurements of
the outer wall temperature made through thermography. In the case of the straight pipe,
the wall temperature gradient is almost constant in the axial direction, indicating a linear
decrease with a gradient similar to that of the fluid temperature. This result is due to
the flow structure hardly changing in the axial direction of a straight pipe, such that the
amount of heat dissipated from the fluid to the pipe does not change and the difference
between the fluid temperature and wall temperature is maintained. Figure 10b shows that
in the double-bend pipe, the wall temperature gradient is not linear, and the temperature
increases up to the entrance of the second bend and decreases thereafter. The effect of
the complex wall temperature distribution in the double-bend pipe on the heat transfer
characteristics was evaluated using the heat transfer model shown in Figure 4. First, there is
a large difference between the outer wall temperature and the ambient fluid temperature of
88.4 K at z = 34 D. Therefore, as shown in Figure 10b, even if the wall temperature changes
by a maximum of 3.8 K, the amount of heat quantity escaping to the ambient fluid hardly
changes. Therefore, Q. in Figure 4 is almost constant. However, the difference between
the internal fluid temperature and the external wall temperature is as small as 11.7 K at
z =34 D, and the amount of heat quantity escaping to the ambient fluid is thus affected by
the change in wall temperature. Q,,; , is thus expected to have an axial characteristic. In
addition, Equations (12) and (13) show that Qy . has axial properties due to the bending of
the pipe. However, it is difficult to evaluate the local heat flux and heat dissipation for a
nonuniform velocity distribution. The local heat dissipation was thus evaluated in CHT
simulation, and for experimental evaluation, the heat dissipation and Nusselt number over
the entire inspection area were calculated using Equations (4)—(7).
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Figure 10. Axial temperature distribution: (a) fluid temperature drop from z = 34 D and (b) outer
wall temperature.

Figure 11a shows the heat dissipation to the inner wall of pipe from internal fluid over
the entire inspection area with z — Az =34 D and z + Az = 54 D using Equations (4)-(6). As
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mentioned above, the effect of the nonuniform velocity distribution cannot be corrected, but
it is assumed that the effect of the distribution is negligible because the velocity distribution
is nearly flat at the entrance (z = 34 D) and exit (z = 54 D) of the inspection area owing to
turbulence. The heat dissipation of the bent pipe is approximately 1.4 times that of the
straight pipe, indicating that heat dissipation is enhanced by the bend. Figure 11b shows
the Nusselt number calculated in the same way. For verification, the Nusselt number of the
straight pipe is compared with that given by Gnilinski’s equation, Nug:

(f/8)(Re — 1000)Pr

= for 10* < Re < 5 x 10°, 19
¢ T 107+ 127 /F/8(Pr2/3 1) 1)
f = (1.8log,y Re — 1.5) >, (20)
Heat dissipation [W] Nu [-]
140 7 200 A
180 A1
120 A
160 1
100 - [ 140 -
50 l 120 -
100 A '|'
60 A 30 4
40 60 1 J'
40
20 A
20 A
0 0
Straight Double 90° Bend Straight Double 90° Bend
(a) (b)

Figure 11. Heat dissipation from the internal fluid to the inner wall of the pipe (a) and Nusselt
number (b) over the entire inspection area.

Gnilinski’s equation gives Nug = 110, which is slightly larger than the experimental
Nusselt number of 84. This difference may be due to the representative flow velocity of
the Reynolds number being set at the center of the pipe due to the convenience of the
measurement device, resulting in a value larger than the actual cross-sectional average
flow velocity. Figure 11b shows that the Nusselt number of the double-bend pipe is
approximately twice that of the straight pipe, indicating that the bend promotes heat
transfer appreciably. As the heat dissipation of a double-bend pipe is 1.4 times that of
a straight pipe, the effect of the double bend is expressed more strongly in the Nusselt
number than in the heat dissipation. This result is due to the wall temperature of the
double-bend pipe being higher than that of the straight pipe, as shown in Figure 10b, and
the temperature difference between the wall and fluid thus being smaller for the double-
bend pipe, in addition to the greater heat release shown in Figure 11a. The evaluation of
the heat transfer performance using the Nusselt number reveals that the change in flow
structure due to the bend increases the heat transfer performance by approximately a factor
of 2 relative to that of the straight pipe. The mechanism of heat transfer enhancement by the
double bend cannot be clarified only by measuring temperature because the heat transfer
correlates with the flow field. In addition, as mentioned above, heat transfer within the
wall surface must also be evaluated, making experimental evaluation difficult. Numerical
CHT simulations were thus performed to evaluate the heat transfer characteristics and the
correlation between the flow and temperature fields.
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3.2. CHT Simulation
3.2.1. Validation and Grid-Independence Study

As a validation of the CFD simulation, we evaluated whether the simulation could
reproduce the flow velocity distribution. Figure 12 shows the results of the comparison
with previous studies. The simulations by Guo et al. were performed under the same flow
conditions as the present study (Re = 40,000, De = 38,000) for a single bend of the same
curvature. Although the experiments by Sudo et al [40]. were performed under slightly
different flow conditions (Re = 40,000, De = 20,000) with a single bend of different curvature,
the data are valuable because they were measured with a hot-wire anemometer under
similar geometry and flow conditions. A comparison of the Sudo et al. measurements
shows that the simulations before and after the bend are in good agreement with the
measured velocity distribution. In addition, the present simulation (k-cw SST) is closer to
the Sudo et al. measurements than the results of the RNG k-¢ model of Guo et al. This is
probably because the k-w SST model, which directly simulates the distribution near the

wall, can adequately simulate the velocity distribution at bends that cannot be expressed
by the wall function.

0 05 1-|0 0 Sudoetal (2001) X Guo(2021) — Present study
x/D . [Exp., HW] [RNG k-¢) [k-o SST]
- 0.5__ X —_
3 s i
')'f x)(x 1 ;(
)‘*f /éé/ x
0.5 i — D
38 40 42.4 43.4 44.4

Figure 12. Comparison of axial velocity distributions in past study and present study [23,40].

Next, the velocity distribution in the double-bend Kan was validated by the results
of the PIV measurements performed in this study. Figure 13 compares the flow velocity
distributions at the entrance and exit of the first bend (z = 40 D, 42.4 D) and the entrance
and exit of the second bend (z = 47.4 D, 49.7 D). Error bars indicate uncertainties in PIV
measurement. The velocity distributions are normalized by the cross-sectional mean
velocity wg,. The CFD simulation reproduces the flow behavior at the inside of a higher
flow velocity at the inlet and lower flow velocity at the outlet inside on the first bend. In
addition, at the second bend, the increase in the flow velocity at the inside of the inlet
and the flattening of the distribution at the outlet are reproduced. The slight quantitative
disagreement is attributed to uncertainties in the PIV measurement and simulation model.
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Figure 13. Comparison of axial velocity distributions in PIV and CHT simulations.

Figure 14a presents vectors of the average velocity and colored contour of its mag-
nitude normalized with inlet bulk speed for validation of the flow field at the bend. The
overall flow direction of CHT simulation is in good agreement with PIV, and the simulation
thus qualitatively reproduces the characteristics of the global flow field. In addition, the
rapid increases in flow velocity at the first and second bends and the decrease in flow veloc-
ity on the outsides of the first and second bends are well reproduced. It is thus considered
that the direction of the flow field and the magnitude of the velocity are approximately re-
produced in the numerical simulations. Next, the turbulent kinetic energies were calculated
and compared, as shown in Figure 14b. It is seen that the increase in the turbulent kinetic
energy on the outside of the first bend (1) and on the inside of the bend after the bend exit
(@) are well reproduced. The increase in the turbulent kinetic energy in the inner region
before the bend exit (®)) is not reproduced in the steady-state Reynolds-averaged Navier—
Stokes equation simulation because of the irregular flow separation observed in this region
by PIV. At the second bend, the increase in turbulent kinetic energy on the outside of the
bend ((®) is reproduced. Overall, the turbulent kinetic energy in the simulation is slightly
higher than the PIV value. This is because only the two-dimensional turbulent kinetic
energy kpry given by Equation (15) was calculated experimentally. It is thus confirmed that
the turbulent kinetic energy can be reproduced by CFD simulation, except for the unsteady
behavior of the flow separation on the inside of the bend ().

Figure 15 is a plot of the cross-sectional temperature distribution derived from
36 = 6 x 6 data points. A comparison with the experimental data in Figure 9b reveals
that the results are roughly in agreement with the experimental results, including that the
high-temperature core is closer to the outside of the bend in the regions behind the first
and second bends (z = 43.4 D, 53.7 D) and the high-temperature part is divided into upper
and lower sections in the region behind the first bend.
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Figure 15. Cross-sections of the circumferential temperature field in CHT simulation.

Figure 16a shows the results of verifying the axial temperature distribution using
Equation (5). The simulation reproduces the qualitative characteristics of the experimental
temperature distribution, such as the sudden drop in temperature at the first bend. In
addition, as the simulation results fall within the range of the experimental error bars, we
consider that the temperature is reproduced quantitatively to some extent. Figure 16b
compares the results of the wall temperature. In the simulation, the wall temperature is a
cross-sectional average value. The tendency for the wall temperature to increase rapidly
after the first bend and the tendency for the wall temperature to decrease after the second
bend are well reproduced qualitatively. The simulation results for the wall temperature fall
within the range of the experimental error bars, indicating that the wall temperature can be
reproduced to some extent quantitatively. A previous study [23] using a rough mesh and
the k—e model did not quantitatively reproduce the axial temperature distribution shown
in Figure 16a. In the present study, by selecting an appropriate model and controlling the
mesh size, we were able to quantitatively reproduce the heat transfer phenomena. CHT
simulation was thus adopted to evaluate the local heat transfer characteristics and the
mechanism of heat dissipation enhancement by bends in pipes.
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Figure 16. Comparison of experimental results and CHT simulations.

A mesh-grid independence study was performed under the conditions shown in
Table 4. Since a layered mesh was used in this simulation, the parameter was the mesh
thickness of the first layer in addition to the size of the base mesh. The results of the
simulation under each condition are shown in Figure 17. First, comparing cases A, B, and
D, there was a slight difference in axial temperature between case A and case D, but almost
no difference between case A and case B. Therefore, a base mesh size of 1 mm was set. Next,
if we compare the results of Case A and Case C by varying the thickness of the first layer
of the mesh, we can see that there is almost no difference. Also, as shown in Figure 8, the
simulations in Case A were able to simulate the velocity distribution in the logarithmic
region and the boundary layer. Therefore, the thickness of the first layer was determined to
have converged to 0.06 mm, and Case A was set as the mesh in this study.

Table 4. Mesh grid settings in mesh-grid independence study.

Case A Case B Case C Case D
Base mesh size [mm] 1 0.75 1 2.5
First layer thickness of the 0.06 0.06 0.02 0.06
mesh [mm]
398.5
e Exp.
398 — Sim.(Case A)
v . — Sim.(Case B)
o 3973 — Sim.(Case C)
E Sim.(Case D)
5] 397
2
£ 3965
et
2 396
o
3955
395
34 36 38 40 42 44 46 48 50 52 54

Distance from pipe inlet z/D[-]

Figure 17. The results of mesh-grid independence study for axial temperature distribution.
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3.2.2. Evaluation of Heat Transfer Characteristics

As the velocity, temperature, and density of the entire region of investigation can be
evaluated numerically, the flow-weighted average temperature expressed in Equation (9)
was obtained instead of the arithmetic mean of 36 points to obtain the fluid temperature.
Figure 18a shows the flow-weighted average axial temperature distribution. The arithmetic
mean temperature, in contrast with the flow-weighted mean temperature, underestimates
the temperature at the outlet of the first bend (z = 42.4 D). This is because both the axial
velocity and fluid temperature are high on the outside of the first bend outlet, and ensemble
averaging underestimates the energy of the outer fluid. Therefore, to correctly evaluate
the heat quantity of the fluid, it is necessary to calculate the gradient of the flow-weighted
average temperature obtained using Equations (10) and (11). The heat flux g,uf . cal-
culated using Equation (11) is shown in Figure 18b. The overall characteristics are that
heat dissipation is enhanced at the first bend but not at the second bend. In addition, the
heat flux in the heat dissipation from the external wall to the ambient fluid g, and the
axial heat flux inside the pipe g, are shown side by side. As mentioned earlier, the axial
variation in the wall temperature is small, less than 4 K, such that the dissipation of heat to
the ambient fluid g, , is nearly constant. Therefore, as shown in g, , and g, in Figure 18b,
heat dissipation is enhanced at the first bend, and much of the heat transferred from the
internal fluid to the pipe is expected to move axially through the pipe interior. The axial
distribution of the local Nusselt number calculated by Equation (7) is shown in Figure 19.
Similar to the heat flux, the local Nusselt number also increases from the middle to the
end of the first bend, indicating that heat transfer enhancement occurs. From the middle
of the second bend, the local Nu number decreases significantly, indicating that the heat
transfer enhancement is not significant. Figure 19 also shows the experimental results of
Guo et al. [23], who evaluated the heat transfer characteristics of a single-bend pipe under
the same flow conditions. In the experiment of Guo et al., the local Nusselt number also
increased in the middle of the first bend, a trend that is consistent with the simulation in
the present study. There is a slight difference in the position and distribution of the peaks,
but this is probably because the evaluation by Guo et al. is an experimental evaluation, and
the amount of heat dissipated to the outside is set based on the heat transfer from the outer
wall (h, = 14 W/m? K, which is larger than in this study because it is a flanged pipe), and
the axial heat flux inside the pipe g4 is ignored.

1stBend 2nd Bend 1stBend 2md Bend
> > 3000 > Am—
2500
a7
5 2000
=2
E
;:f 1500
=
]
T 1000
—* Ensemble average: T, - g,
) 500 —— G-
—&— Mass flow weighted: 7, - G
0
# A 54 34 39 44 49 54
Distance from pipe inlet =/D[-] Distance from pipe inlet =/DJ[-]

(@ (b)

Figure 18. Axial characteristics of heat transfer in CHT simulation: (a) fluid temperature and (b) local
heat flux.
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Figure 19. Axial distribution of local Nusselt number [23].

In order to investigate the energy flow in more detail, the wall heat flux inside and
outside the pipe and the wall temperature distribution in the cross section were evaluated.
The results are shown in Figure 20. Here, the length of the vector indicates the magnitude
of the average wall heat flux in each direction. Since the surface areas of the inner and outer
walls differ by a factor of Do/D (1.25), the standard length of the heat flux on the interior
wall is displayed as 1.25 times the heat flux on the outer wall. This provides an intuitive
understanding of the amount of heat transferred. The figure shows values at the straight
section (z = 37 D), the middle of the first bend (z = 41.6 D), the middle of the second bend
(z =48.9 D), and the straight section behind the second bend (z = 53.7 D). The results for the
straight pipe section before the bend (z = 37 D) show that the outer wall heat flux is smaller
at the top, while the inner wall heat flux is similar at the top, bottom, left, and right. This is
due to natural convection heat transfer on the outside of the pipe due to buoyancy, which
slows down the upper flow and lowers the heat transfer coefficient /,, as shown in Figure 5.
On the other hand, the inner side of pipe is subject to forced convection heat transfer, and
since there is almost no flow bias in the straight pipe section, the heat transfer coefficients
are estimated to be the same at the top, bottom, left, and right sides. This gap between
the inner and outer wall heat fluxes causes the temperature distribution within the wall
surface as shown in Figure 20. Since the temperature at the top of the pipe is higher than
at the bottom, heat moves from the top to the bottom of the pipe. Next, the results for the
first bend (z = 41.6 D) show that the inner wall heat flux is large on the outside of the bend.
This is due to the deflected flow caused by the bend. This increase in the heat flux at the
outer wall of the bend causes an increase in the mean heat flux q,,; , as shown in Figure 18b.
Although the total heat received by the inner wall was greater than the total heat released
by the outside of the wall, this difference moved in the axial direction as shown by the
intra-wall heat flux gy, in Figure 18b. The wall temperature distribution shows that the
upper high temperature region is slightly biased towards the outer bend due to the effect of
the larger inner wall heat flux at the outer bend. The heat transfer enhancement at the outer
bend was also confirmed in the numerical simulation of the coil pipe by Liberto et al. [29].
In the center of the second bend (z = 48.9 D) and in the straight section after the second
bend (z = 53.7 D), there is no significant distortion of the inner wall heat flux as observed
in the center of the first bend. However, in the straight section after the second bend, the
inner wall heat flux is slightly larger on the outer bend, and the high wall temperature is
also slightly biased to the outside. This is probably due to the effect of the deflected flow
in the second bend. The local heat transfer characteristics and axial energy flow are thus
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clarified. However, the cause of the heat dissipation enhancement on the outside of the first
bend is unknown. It is also not known why heat dissipation enhancement does not occur
at the second bend. We thus evaluated the mechanism of heat transfer enhancement by the
bending of the pipe through evaluation of the temperature gradient of the internal fluid
and the flow structure.
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Figure 20. Wall heat flux inside and outside the pipe and wall temperature distribution inside
the pipe.

The x-directional distribution of turbulent heat flux was evaluated in the straight pipe
section (z = 37 D), at the middle of the first bend (z = 41.6 D), at the middle of the second
bend (z = 48.9 D), and in the straight pipe section behind the second bend (z = 53.7 D).
Figure 21a shows the results. The distribution of turbulent heat flux is symmetrical in the
straight pipe section, but in the middle of the first bend, the turbulent heat flux is higher
on the outside (—x side) than on the inside (+x side) of the bend. The peak value of this
turbulent heat flux is approximately 1.5 times that of the turbulent heat flux in the straight
pipe section. This higher turbulent heat flux on the outside the bend, combined with the
fact that the pipe surface area on the outside of the bend is larger than that on the inside,
leads to higher heat flux g,,; , at the bend, as shown in Figure 18b. Looking at the results
for the second bend (z = 48.9 D), the turbulent heat flux on the inside of the bend (—x side)
is greater than that in the straight pipe section. However, the turbulent heat flux on the
outside of the bend is the same as that in the straight section. Therefore, considering the
heat transfer area, the heat dissipation does not change greatly and the average heat flux
Gwi, does not increase, as shown in Figure 18b. The turbulent heat flux in the straight
section after the second bend is lower than that in the straight section before the first bend,
but this is thought to be due to the remaining effect of the flow deflected by the bend
and no turbulent boundary layer developing. According to Equation (17), the magnitude
of the turbulent heat flux is determined by the temperature gradient and the magnitude
of the eddy diffusivity. Therefore, the temperature gradient was evaluated as shown in
Figure 21b. The temperature gradient near the wall on the outside of the first bend is not as
large as that in the straight pipe section. The eddy diffusivity was then evaluated as shown
in Figure 21c. The eddy diffusivity is larger near the wall surface on the outside of the first
bend (z = 41.6 D). It is thus concluded that the turbulent heat flux increased owing to the
enhancement of the outer eddy diffusion by the drift generated by the bend. For a coiled
pipe with a large curvature, the heat transfer enhancement mechanism was explained
by Liberto [29] as the high-speed and low-temperature (in the case of wall-to-fluid heat
transfer) fluid being pushed to the outside. The flow conditions are different from the
present results in this bend pipe, and the heat transfer mechanism seems to be different due
to the effect of the smaller curvature. At the second bend, the outer eddy diffusivity does
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not increase as much, which is thought to result in less turbulent heat flux. Furthermore,
we investigated the relation between k and w in Equation (18) to clarify why the outer eddy
diffusivity increases at the first bend. The results show that the characteristic frequency w
is smaller on the outside of the bend, which increases the outer eddy diffusivity.
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Figure 21. Evaluation of the x-directional distribution of the internal fluid at y = 0 in CHT simulation:
(a) turbulent heat flux, (b) temperature gradient, and (c) eddy diffusivity.

Finally, we evaluated the change in flow structure along the axial direction from a
plot of streamlines as shown in Figure 22. Upstream of the first bend, the streamlines
follow the axial direction, but from the first bend, they move in a complex manner in the
direction of the channel cross section. The streamlines on the x—y plane at the right side
of Figure 22 show that a secondary flow (Dean vortices) forms at the middle of the first
bend, and two pairs of vortices (Lyne vortices) form at the second bend. The generation
of these secondary flows is consistent with the results of stereo-PIV measurements made
by Oki et al. [41]. The cause of the Lyne vortices is thought to be the non-uniform velocity
distribution at the entrance of the second bend due to the first bend as shown by Oki
et al. [41]. Figure 21c shows that the eddy diffusivity increases at the location where the
Dean vortices are generated (z = 41.6 D). The heat transfer mechanism is discussed on the
basis of this increase in the eddy diffusivity and the fact that large vortices generally have
longer turbulence lifetimes than small vortices. First, the centrifugal force forms large Dean
vortices, which generate turbulence with a long lifetime (small characteristic frequency:
w). This is suggested to increase the eddy diffusivity and turbulent heat flux as shown in
Figure 21a,c, resulting in enhanced heat transfer. Heat dissipation may have been smaller
in the second bend because of the shorter turbulence lifetime due to the generation of Lyne
vortices with smaller scales. At the second bend, the eddy diffusivity and turbulent heat
flux are higher, as shown in Figure 21a,b, owing to the presence of a large inner vortex, but
the heat dissipation does not increase greatly because the heat transfer area is small.
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Figure 22. Visualization of axial and in-plane streamlines in CHT simulation.

4. Conclusions

In this study, the heat transfer characteristics of an S-shaped double-bend pipe com-

monly used in automobile engine piping were investigated by conducting experiments
under conditions equivalent to those of actual equipment (Reynolds number of 60,000).
The heat dissipation and Nusselt number were evaluated by measuring the cross-sectional
temperature with thermocouples and the wall surface temperature with infrared thermog-
raphy. Local heat transfer characteristics and the correlation between the flow structure and
heat transfer enhancement were evaluated in CHT simulations validated by cross-sectional
temperature profile measurements and flow field PIV. The conclusions of the study are
as follows.

Measurement of the cross-sectional temperature distribution of the internal fluid re-
vealed that the high-temperature core is always at the center from upstream to down-
stream in the straight pipe, whereas in the double-bend pipe, the high-temperature
core shifts outward at both the first and second bends. This shift appears to be due to
the compressive effect of the centrifugal force.

Evaluation of the characteristics of heat transfer from the internal fluid to the pipe
wall showed that the double-bend pipe has 1.4 times the heat dissipation and twice
the Nusselt number compared with a straight pipe.

The evaluation of heat transfer characteristics in CHT simulation revealed that the
first bend enhances heat dissipation to the pipe wall but the second bend does not.
The large amount of heat dissipated to the pipe wall at the first bend is transferred
upstream and downstream through the inside of the pipe by thermal conduction. The
tendency for heat transfer enhancement to occur at the first bend is consistent with
previous results by Guo [23] and Liberto et al. [29].

The reason for enhanced heat dissipation at the first bend is enhanced eddy diffusion
and increased turbulent heat flux due to the deflected flow. It is suggested that the
enhanced eddy diffusion is caused by Dean vortices at the first bend.

The reason for the lack of heat dissipation enhancement at the second bend is that
eddy diffusion is not enhanced on the outside of the bend and the turbulent heat
flux does not increase. It is suggested that this is a result of Lyne vortices, which are
smaller than Dean vortices, forming on the outside of the second bend, resulting in
less enhancement of eddy diffusion.
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Nomenclature
A surface area [m?] Greek symbols
Cp  constant pressure specific [J/kg K] A heat conductivity [W/m K]

D pipe inner diameter [mm] 0 density [kg/ m3]

Do  pipe outer diameter [mm] U viscosity [Pa s]

De  Dean number Wt eddy viscosity coefficient [Pa s]
f friction coefficient v dynamic viscosity [m?/s]
fs frame speed [fps] vy eddy diffusivity [m?/s]

h heat transfer coefficient [W/m? /K] w turbulence eddy frequency [1/s]
k turbulent kinetic energy [m?/s?] T wall shear stress [Pa]

m  mass flow rate [kg/s]

Nu  Nusselt number Subscripts

Pr  Prandtl number a ambient

Pry  turbulent Prandtl number al aluminum

q heat flux [W/m?2] b bulk

Q heat flow rate [W] c center

r resolution [mm/pixel] cr cross sectional

Rc¢  radius of curvature [mm)] f fluid

Re  Reynolds number mfa  mass flow rate averaged

T Temperature [K] 0 outer

u velocity in horizontal coordinate [m/s] PIV  particle image velocimetry
u*  dimensionless velocity w wall

1% velocity in vertical coordinate [m/s] wi inner wall

w velocity in streamwise coordinate [m/s] wo outer wall

X horizontal coordinate

Yy vertical coordinate Superscripts

y*  dimensionless distance from wall (/T /py/v) time averaged value

z streamwise coordinate ! turbulent term
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