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Abstract: This paper discusses the turbulent flow and heat transfer from a uniform air flow with
high temperature to the outside through a 90◦ curved square pipe. Both conjugate heat transfer
(CHT) simulation and experiments of temperature field measurements at cross sections of the
pipe are performed. A straight pipe is investigated and compared with the 90◦ curved pipe. The
temperature of the air flow at the inlet of the pipe is set at 402 K, and the corresponding Reynolds
number is approximately 6 × 104. To obtain the spatial average temperature at each cross section,
the temperature fields are measured along the streamwise of the pipes and in the circumferential
direction using thermocouples at each cross section from the inlet to the outlet of both the straight
and curved pipes. Furthermore, the simulation is performed for turbulent flow and heat transfer
inside the pipe wall using the Re-normalization group (RNG) k-ε turbulence model and CHT method.
Both the experimental and numerical results show that the curvature of the pipe result in a deviation
and impingement in the high-temperature core and a separation between the wall and air, resulting
in a secondary flow pattern of the temperature distribution.

Keywords: turbulent flow; secondary flow; temperature fields; conjugate heat transfer; heat exchanger

1. Introduction

In the context of energy conservation and emission reduction, heat exchangers are
typically used as coolers and heaters between two or more fluids at different temperatures.
Heat exchangers have been widely used in industrial fields, such as refrigeration air-
conditioning, automobiles, and electricity production. In an automotive exhaust system,
curved pipes are essential components of the exhaust manifold, and the flow and heat
transfer characteristics of the curved pipes directly affect the performance of the
downstream catalyst. Therefore, both the fluid flow and heat transfer in the pipe are
important for maintaining the high performance of the close-coupled catalytic converter in
automotive engines.

For single-phase fluid flow and heat transfer in pipes, swirl and secondary flow are
often used to enhance the heat transfer. This is because the swirl or secondary flow is
typically accompanied by a change in the fluid structure, which can promote mixing in the
main fluid flow and break the thermal boundary layer.

A curved pipe is a popular “passive enhancement” technique for heat transfer and
is widely used in various industrial applications [1]. When fluid flows through a curved
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pipe, a centrifugal force is generated at the curved part. This force can initiate a swirl or
secondary flow and cause a deviation in the main flow and an impingement on the wall
to enhance the heat transfer. Many researchers have investigated the fluid flow and heat
transfer characteristics of curved pipes.

For the fluid flow characteristic of a curved pipe, Dean [2] first theoretically analyzed
laminar flow in a curved circular-sectioned pipe. Dean vortices (two symmetrical counter-
rotating vortices) were produced as a secondary vertical structure. In the curved-pipe turbu-
lent flow of the experimental study, Tunstall and Harvey [3] discovered that the secondary
flow of the pipe’s curved part was dominated by a single vortex in either the clockwise
or anticlockwise direction. The particle image velocimetry (PIV) technique was used by
Brücker [4] to investigate the swirl switching effect in a 90◦ bend flow. A quasiperiodic
time-dependent behavior of the secondary flow downstream of a bend was observed in at
least two different timescales.

In terms of numerical simulations, Rütten et al. [5] performed a large-eddy simulation
(LES) to investigate turbulent flow in a 90◦ pipe bend and compared them with PIV
measurements at feature unsteady flow separation, unstable shear layers, and an oscillation
of the Dean vortices. Noorani et al. [6] performed a direct numerical simulation (DNS)
based on spectral element discretization to study fully developed, statistically steady
turbulent flow in straight and curved pipes at moderate Reynolds numbers. More studies
regarding unsteady secondary flows under turbulent flow conditions in curved pipes have
been reported by Sakakibara and Machida [7], Wang et al. [8], and Oki et al. [9].

To investigate the heat transfer characteristics of a curved pipe, Hawes [10] measured
temperature profiles in a curved pipe. The results showed that the local heat transfer
coefficient of the outer wall was larger than that of the inner wall. The first theoretical study
was conducted by Mori and Nakayama [11–13]. They focused on both laminar and fully
developed turbulent flow based on constant heat flux and a constant wall temperature.
The Nusselt number ratio of curved pipe to straight pipe depended on both the Dean
number and Prandtl number. Cheng and Akiyama [14] investigated the flow and heat
transfer of steady fully developed laminar flow in curved rectangular channels using a point
successive over-relaxation method. This method yielded solutions up to a reasonably high
Dean number. A numerical method investigated by Zapryanov et al. [15] yielded solutions
in good agreement with available experimental data and some theoretical solutions from
low to reasonably high Dean and Prandtl numbers of fully developed laminar flow in
curved pipes. An experimental investigation was performed by Xin and Ebadian [16].
They focused on the effects of the Prandtl number and geometric parameters of helical-pipe
flow both the local and average convective heat transfer characteristics. The heat transfer
and secondary flow in a coiled heat exchanger were investigated by Sillekens et al. [17–19].
A finite difference discretization was used to solve the parabolized equations. Particle-
tracking experiments measured the velocity and liquid crystal measurements obtained the
temperature. The results showed that the heat transfer performance of the mixed convection
is highly influenced by centrifugal and buoyancy forces. Di Piazza and Ciofalo [20]
performed Reynolds-averaged Navier–Stokes simulations for curved pipe flows using
various turbulence models (k–ε, SST k–ω, RSM–ω) and compared them with DNS results.
Moreover, they compared the experimental pressure drops and heat transfer data with
numerical results. Liberto et al. [21] investigated the turbulent heat transfer in a curved
pipe by numerical simulation. The results showed that turbulence and heat transfer were
strongly asymmetric in the curved pipe with higher values near the outer pipe bend.

The effects of the curvature of a curved pipe on turbulent flow and heat transfer were
investigated by Kang and Yang [22] based on an axially uniform wall heat flux using LES.
The effects of secondary flows in 2 subsequent 90◦ bends, curved in the same direction and
connected with a straight piece in between and a full bend being a complete 180◦ U-bend
pipes were studied by Arvanitis et al. [23]. They discovered that the composite bend caused
an abrupt decrease and oscillations in temperature distributions, which should be related
to phenomena such as flow impingement, separation, and re-attachment. Wang et al. [24]
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discovered that the experimental data of the average Nusselt number agreed well with ex-
isting correlations through an experimental study regarding uniformly heated helical pipes.
However, the local circumferential average Nusselt number was not estimated accurately
by the existing correlation. More recent studies by Cvetkovski et al. [25], Egidi et al. [26],
Safari et al. [27], and Pan et al. [28] revealed the characteristics of turbulent heat transfer in
curved pipes.

In recent decades, CHT analysis has evolved into the most effective method for heat
transfer studies [29]. The mutual effect between the heat conduction in a solid and the
convective heat transfer of a fluid is considered in the CHT method. Chen and Han [30]
mentioned that when a semi-implicit method for pressure linked equations are employed
in the computation, the peculiarity of the energy equation and the continuity of heat flux
at the fluid–solid interface should be considered. The authors used another form of the
energy equation to solve CHT problem. Zhan and Che [31] studied CHT to supercritical
CO2 in a tube-in-tube heat exchanger. They discovered that at the tube side, the hot
fluid mass flux and the shell side temperature had a remarkable influence on the heat
transfer performance.

Although many studies have investigated the fluid flow and heat transfer characteristics
of curved pipes, the measurements of temperature fields inside pipes have seldom been
reported owing to the difficulty in measuring the internal temperature of pipes. Even
if the internal temperature fields are acquired, only a few points can be measured at
each cross section. Therefore, it is difficult to analyze the characteristics of the internal
circumferential temperature fields. Besides, in the abovementioned studies, the constant
wall temperature thermal boundary condition was used by Mori and Nakayama [11,13],
Zapryanov et al. [15], Xin and Ebadian [16], Di Piazza and Ciofalo [17], Liberto et al. [18],
Cvetkovski et al. [26], and Pan et al. [29]. The constant wall heat flux thermal boundary con-
dition was used by Mori and Nakayama [12], Cheng and Akiyama [14], Kang and Yang [19],
Arvanitis et al. [20], Wang et al. [23], and Safari et al. [28]. There have been few studies
on the third type of wall boundary condition for which the heat transfer coefficient and
far-field temperature are defined. The third type of wall boundary condition was applied
to the investigation in present paper. The automotive exhaust systems are directly exposed
to the environment. Therefore, the third wall boundary condition can reveal the flow and
heat transfer of the exhaust pipe better than the other two boundary conditions.

Therefore, both experimental and numerical studies have been performed to investigate
the turbulent flow and heat transfer through a straight pipe and a 90◦ curved pipe. This study
aims to characterize the streamwise and circumferential temperature fields and clarify
the effects of pipe curvature on the fluid flow and heat transfer characteristics. In this
experiment, a hot air generator was used to generate high-temperature air conditions.
Hot-wire anemometers and thermal couples were used separately to measure the velocity
and temperature fields. The numerical simulation described the effects of flow impinge-
ment and secondary flow on heat transfer characteristics in more detail. Nusselt correlations
evaluation and local Nusselt number comparison are also discussed at the end of the results
and discussion part.

2. Experiment Setup
2.1. Experimental Apparatus

The experiment facility shown in Figure 1 was designed and constructed to investigate
the effects of the curved part of the pipe on convective heat transfer. It is an open loop
in which air as an operating fluid is heated by a hot air generator and passed to the
atmosphere through an exhaust pipe. A hot air generator (HAP 3100, Hakko Electric,
Tokyo, Japan) driven by a control panel with flow rates ranging from 2.6 to 4.6 m3/min
and an air temperature ranging from room temperature to 573 K was used. Based on the
proportion-integral-derivative algorithm, a hot air generator can achieve air temperature
control accuracy within 1 K. The coordinate system is shown in Figure 1, where X, Y, and
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Z denote the streamwise direction, horizontal direction of the cross section, and vertical
direction of the cross section, respectively.
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Figure 1. Schematic diagram of experimental apparatus and coordinate system.

After hot air passes through the adiabatic duct, the velocity and temperature of the
hot air provide a uniform entrance condition at the connection square pipe. Subsequently,
the hot air passes through the test section via the upstream square pipe and then the
exhaust pipe after being passed through the downstream square pipe. The hot air enters
the test section at a uniform temperature and develops turbulence after the connection and
upstream pipes.

The schematic diagrams of the test square pipes are shown in Figure 2. The pipes were
manufactured using SUS 304 with an inner diameter of 32 mm and an outer diameter of 40
mm. Fifty-six holes with a diameter of 2 mm were drilled on the top surface of the pipes.
These 56 holes were used for thermocouple insertion to measure the cross-section hot-air
temperature. A hole with a diameter of 5 mm was drilled on the bottom surface of the
upstream pipe such that a hot-wire anemometer (0251R-T5, Kanomax, New Jersey, USA)
can be installed to measure the velocity of the hot air. A hot-wire anemometer was used
after calibration with a pitot tube under a high temperature. A film thermocouple (No.
3728359, Yamari, Osaka, Japan) was used to measure the temperature outside the pipe wall.
Figure 3a shows the methods to measure the velocity and temperature.

In many studies, the outside of the pipe is wrapped with an electric heater to achieve
a constant heat flux wall condition. In the present study, because multiple points of
temperature inside the pipe must be measured, no heater was wrapped outside the pipe.
In fact, many heat exchangers are directly exposed to the environment. Therefore, the
outside of the pipe can be considered as a free convection heat transfer condition.

T-type thermocouples (T35, Okazaki, Kobe, Japan) were used to measure the hot
air temperature of each cross-section. As shown in Figure 3b, each section comprised 24
temperature measurement points, in which the straight and curved pipes had six and nine
temperature measurement cross-sections, respectively.

For the convenience of description, the temperature measurement points of each cross
section were numbered from 01 to 24, as shown in Figure 3b. The first measurement section
on the outlet of the upstream pipe was defined as the origin. For the straight pipe, S1–S6
represent the six cross-sections measured. For the curved pipe, the four sections of the 90◦

curved part were numbered by S3-0, S3-30, S3-60, and S3-90. The remaining cross-sections
were numbered by S1, S2, S4, S5, and S6, as shown in Figure 2.
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2.2. Data Reduction

To visualize the heat transfer process, a schematic diagram of the pipe heat transfer
was drawn, as shown in Figure 4. Heat flow occurred from the high-temperature air inside
the pipe through the pipe wall to the ambient.
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The local heat flow rate (Qc,x) was calculated using the following equation:

Qc,x = ho Awo,x(Two,x − Ta), (1)

where ho is the local heat transfer coefficient of the outside wall of the pipe. For the free
convection heat transfer wall boundary condition of the outside wall of the pipes, the
typical value of the heat transfer coefficient ranges from 2.5 to 25 W/m2·K [32]. The heat
transfer coefficient significantly affected the temperature distribution in the simulation.
After calibration using both the experiment and the simulation results of the temperature
fields, the heat transfer coefficient was selected as 14 W/m2·K. In Equation (1), Awo,x is the
local outside wall area of the pipe, Two,x is the local outside wall temperature of the pipes,
and Ta is the far-field ambient temperature.

Based on the heat transfer process through the cylinder wall, the heat flow rate was
constant in the fluid flowing in the pipe to the inner wall of the pipe, the inner wall to the
outer wall of the pipe, and the outer wall of the pipe to the ambient fluid. The local inner
wall temperature (Twi,x) can be calculated using the following heat conduction equation:

Twi,x =
Qc,x∆x
λs Aw,x

+ Two,x, (2)

where ∆x is the thickness of the pipe (4 mm), Aw,s is the average of the local outside wall
area (Awo,x) and inner wall area (Awi,x), and λs is the heat conductivity of the pipe.

The local Nusselt number is defined by:

Nu,x =
hi,xD

λ f
, (3)

where λf is the heat conductivity of the fluid in the pipe, and D is the characteristic length.
D is the same as Din in the present study. hi,x is the local heat transfer coefficient of the
inner wall of the pipe, which can be calculated using the following equation:

hi,x =
Qc,x

Awi,x

(
Tf b,x − Twi,x

) , (4)

where Awi,x is the local inner wall area of the pipe. Tfb,x is the local fluid bulk temperature
across the sections of the pipe, which can be obtained from the average value of the local
cross-section temperatures.

The measurement accuracies of the major parameters used are shown in Table 1.
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Table 1. Major parameter uncertainties.

Parameter Uncertainty Parameter Uncertainty

Pipe diameter 0.08 mm (0.25%) Wall temp 1.5 K
Pipe length 1.5 mm (0.08%) Air temp 0.2 K
Curvature 0.1 mm (0.17%) Velocity 1.2 m/s

3. Formulation and Numerical Methods

The numerical simulations were performed using CONVERGETM (Convergent Science,
Wisconsin, USA) computational fluid dynamics software. Under the same conditions as in
the experiment, the CHT method was used to solve the flow and heat transfer in both the
solid and fluid regions.

The computational domain comprised an upstream pipe, a test section (curved
pipe/straight pipe), and a downstream pipe. The entire computational domain was
discretized with a rectangular mesh, and a modified cut-cell Cartesian mesh generation
method was used on the geometry surface. The mesh details are shown in Figure 5.
The mesh size was 1.6 mm. As reported by Oki et al. [9], almost the same gird also used in
their curved pipe simulation. The numerical velocity fields result is in broad agreement
with the experimental data obtained by PIV measurement.
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The three-dimensional governing equations for the density, velocity, and temperature
of flow were solved using the implicit time discretization method in finite volume form on
a collocated grid. For the CHT simulation, the temperatures and heat fluxes of the solid and
fluid regions were consistent across the entire area of the interface boundary. The interface
boundary specifies the demarcation of the solid and fluid regions.

The RNG k–ε turbulence model was used to manage turbulent flows. Furthermore,
the law of the wall was applied for the velocity on the solid walls because the RNG k–ε
model failed to resolve the region in the vicinity of the wall. For the temperature law of the
wall boundary condition, the model reported by Han and Reitz [33] was used to account
for compressible effects in a pulsating flow. The turbulent heat flux on the inner wall was
modeled as follows:

λ
dT
dn

=


ρuτcp(Tf −Tw)

y+Prm
, y+ < 11.05

ρcpuτ Tf ln
(

Tf
Tw

)
2.1 ln(y+)+2.513 , y+ ≥ 11.05

, (5)

and:
y+ =

ρuτy
µm

, (6)
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where λ is the heat conductivity, n the normal direction to the wall surface, Prm the
molecular Prandtl number, ρ the density of the fluid, Tf the fluid temperature, Tw the wall
temperature, and uτ the shear speed expressed as:

uτ = cµ
1
4 k

1
2 , (7)

where cµ is the model constant (0.0845) from the k–ε model, and k is the turbulent
kinetic energy.

In this study, the Reynolds number is defined as follows:

Re =
UD

ν
, (8)

where U is the time-averaged streamwise velocity; D is the hydraulic diameter of the pipe,
which is the same as Din in the present study; ν is the kinematic viscosity of the fluid.

The Dean number used to characterize curved flows was first proposed by Dean (1959),
and it is expressed as follows:

De = Re

√
D

2Rc
, (9)

where Rc is the radius of curvature of the curved pipe, as shown in Figure 2b. The Dean
number is the ratio between the centrifugal and viscous forces. For low Dean numbers
(De < 40), flow is unidirectional. Some wavy perturbations are generated as Dear number
increases (40 < De < 75). At high Dean number (De > 75), Dean vortices become stable.

The Prandtl number is defined as:

Pr =
cpµ

λ
, (10)

where Cp is the specific heat of fluid; µ is dynamic viscosity. The Prandtl number is
the ratio between momentum diffusivity and thermal diffusivity. For small Prandtl
number (Pr << 1), the heat diffuses faster than momentum. The temperature boundary
layer is greater than the velocity boundary layer. While for large values (Pr >> 1), the
momentum diffusivity dominates the flow behavior, thus, thickness of velocity boundary
layer becomes much larger than the one of temperature boundary layer. However, Pr of
the air considered in the present study is 0.72, which is different from extremely large and
small Prandtl numbers.

The inlet boundary conditions for the velocity and temperature were obtained experi-
mentally. The inlet velocity and temperature were measured by hot-wire and thermocouple
separately. The outlet boundary condition was set at an ambient pressure of 101.325 kPa.
The interface wall boundary condition was used on the inner wall of the pipe, which is
the surface between the solid and fluid domains. The temperatures and heat fluxes of the
solid and fluid domains were consistent across the entire area of this interface boundary.
For the fluid domain side of the interface wall boundary, the velocity and temperature law
of the wall were applied. No-slip wall boundary condition was used for the solid domain
side of the interface wall boundary. The convection boundary condition for temperature
was applied to the outer wall of the pipe. The far-field temperature was 298.15 K, and
the heat transfer coefficient of this boundary was determined to be 14 W/m2·K, as the
present simulation was consistent with the experiment. Furthermore, this value fitted well
in the range of the free convection heat transfer coefficient. As for the experimental and
numerical conditions, the temperature of the inlet condition was set at 402 K. The Reynolds
number was 6.0 × 104 in straight pipe and 5.9 × 104 in curved pipe. Dean number was
3.1 × 104 in curved pipe.
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The Grashof number is the ratio between the buoyancy and viscous forces acting on
a fluid. In pipes, it is expressed as:

Gr =
gβ
(

Tf − Tw

)
D3

v2 , (11)

where g is the acceleration of gravity. Grashof number is around 6200 in the present
experimental conditions, which is much less than Re. Thus, the buoyancy force can be
ignored in the present study.

4. Results and Discussion
4.1. Numerical Validation for Flow Velocity

At the beginning of our investigation, our model and simulation setup were first
validated against the existing experimental and numerical data reported by Sudo et al. [34]
and Kim et al. [35]. Various turbulence models, such as the standard k–ε, RNG k–ε, k–ω SST,
and LES were used by Kim to simulate a circular-sectioned 90◦ curved pipe. Based on the
experimental data of Sudo et al. [36], the RNG k–ε turbulence model yielded better results
for the primary streamwise velocity and the secondary swirling velocity profiles compared
with other turbulence models. Sudo et al. investigated a turbulent flow in a 90◦ section of a
curved square duct at a Reynolds number of 4 × 104 using a hot-wire anemometer. Figure 6
shows a comparison of the longitudinal mean velocity distribution between Sudo et al. and
the present study. The abscissa “X/D” is the streamwise dimensionless length. The origin
of X/D is defined at S1; D is the inner diameter of the pipe.
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The upstream and downstream of the curved pipe agreed well with the experimental
results of Sudo et al. These results obtained using law of the wall have indicated that first
mesh above the wall is considered to be inside the inertial sublayer (logarithmic region)
on the whole, thus, the mesh used in the present study could indirectly deal with flow
structure including steady turbulent boundary layer. In the curved part (X/D = 6–9), the
velocity distribution of the present study differed slightly from that of Sudo et al. The
curvature ratio in the geometric model and the Dean number might have contributed to this
slight difference. The curvature ratio was 4 in the study by Sudo et al., but it was 3 in the
present study. Meanwhile, the Dean number was 2 × 104 in the study by Sudo et al., but it
was 3.1 × 104 in the present study. Therefore, the velocity change was more significant in
our study.

4.2. Comparison of Fluid Temperature between Experiment and Simulation

Based on 24 measured points of each cross section, the average space temperatures at
the straight and curved pipe cross-sections obtained via experiment and simulation are
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presented in Figures 7 and 8, respectively. The temperature at each measurement point was
a 10-s time-averaged value. The error bar of the experiment shows the uncertainty of the
hot-air temperature measurement.
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As shown in Figure 7, the average temperature of the cross sections of the straight pipe
decreased along the streamwise direction. Both the experiment and simulation indicated a
linear trend, and they agree well with each other.

For the curved pipe, as shown in Figure 8, the average temperature of the cross sections
with streamwise development showed different phenomena. The temperature decreases
at S1 and S2 and it became almost constant at S3-0 to S3-60 of the curved part. Finally, it
decreased significantly again at S3-90 and S4 of the downstream pipe, immediately after
the curved part. The difference between the experiment and simulation became more
evident in the curved part. This is attributable to the measurement error because the heat
transfer coefficient of the wall was not constant in the experiment. A previous experimental
study [10] indicated the non-uniformity of the heat transfer coefficient of the curved pipe
on the wall surface. Although the experiment and simulation results differed slightly, their
overall tendency was identical.

In the circumferential direction of the temperature fields, color contours of temperature
for the experiment were created using MATLAB (MathWorks Inc., Natick, MA, USA)
codes. Color contours of temperature for the simulation were obtained from CFD post-
processing. Figures 9 and 10 show the temperature contours of the straight and curved
pipes, respectively.
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In Figure 9, the temperature contours in the upper part represent the experimental
results obtained using the MATLAB code, whereas the lower part represents the simula-
tion results obtained through CFD post-processing, for a straight pipe. To facilitate the
comparison of the air circumferential temperature distribution, the solid part in the simula-
tion was disregarded. From S1 to S6, both the experimental and numerical temperature
contours show a concentric circle distribution, and the temperature decreased along the
streamwise direction. Owing to the significant temperature gradient at the boundary layer,
the limited experimental data at the boundary layer caused the temperature from the
numerical results near the solid wall to be lower than that from the experimental results.

A comparison of the experimental and numerical results of the curved pipe is shown in
Figure 10. The temperature fields changed significantly at the curved part comparing with
the temperature fields variation in the straight pipe. Owing to the centrifugal force, from
S3-30 to S6, the high-temperature core shifted to the outer side. After the pipe curvature,
along with the secondary flow generation, the temperature field gradually formed a typical
symmetric vortex distribution.

The main differences between the experiment and simulation can be observed at S3-0
and S3-30. In the experiment, the temperature of the inner side was higher than that of the
outer side. By contrast, in the simulation, the temperature of the outer side was higher.
This phenomenon was caused by the geometry of the curved pipe. In the experiment,
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since our pipe was not surrounded by heaters but directly exposed to the environment,
the downstream part of the curved pipe with high temperature resembled a “heat source.”
In the geometry, for the curved part of the curved pipe, this “heat source” was located
near the inner side and away from the outer side. Hence, this “heat source” can increase
the ambient temperature just above the inner side wall, causing a decrease in the normal
gradient of temperature toward fluid on the inner wall. Therefore, the temperatures of the
inner sides of S3-0 and S3-30 in the experiment were higher than those of the outer sides.
In the subsequent part (from S3-60 to S3-90), as the effect of the centrifugal force was more
prominent, the high-temperature core deviated and the flow impingement occurred on the
outer side wall, increasing the outer side temperature.

Compared with the simulation, the secondary flow temperature distribution in the
experimental results was not distinct because of insufficient temperature measurement
points, particularly in the inner region formed by the secondary flow. Due to the large
mesh size on the wall surface, the boundary layer information cannot be captured very well
because the boundary layer thickness is thought to be thinner than base mesh size 1.6 mm
in the present paper. However, this study investigated the comparison of temperature
distribution between experiment and simulation for steady turbulent flows, and the
current simulation results basically agree with the experimental results for temperature
as well as velocity.

4.3. Numerical Investigation
4.3.1. Time-Averaged Flow in Curved Pipe

Figure 11 shows the time-averaged results of the various cross-sections. Each of them
is a combination of the vector plot of the time-averaged secondary flow resulting from
the vortex flow and the color contours of the time-averaged dimensionless streamwise
velocity. As mentioned previously, at the beginning of the curvature, as shown in S3-0,
the high streamwise velocity core shifted to the inner side. Furthermore, the curvature
affected the velocity and temperature distribution of the upstream section of the curved part.
The secondary flow of the typical Dean vortex was observed in S3-90, S4, and S6. These results
agreed well with the data of Oki et al. [37]. The high streamwise velocity core indicated the
expected distribution from the inner to outer wall. Although S3-90, S4, and S6 exhibited
the Dean vortex, the high streamwise velocity core shifted gradually to the top and bottom
with the development of the secondary flow. This movement promoted the mixing of air
and enhanced heat transfer performance. It is noteworthy that the streamwise velocity was
extremely low at the top and bottom left of S3-0 and at the midpoint of the inner side of
S3-90. As shown in Figure 10, the temperature was also extremely low at the low velocity
region. The low temperature region decreased the local temperature difference between
the pipe and the ambient, thereby suppressing heat transfer.

To further investigate the causes contributing to the formation of the secondary flow
temperature fields in the curved pipe, a streamwise velocity and the temperature contours
of the horizontal section along the center axis are shown in Figure 12. Because centrifugal
force was generated, the velocity and temperature near the outer wall were significantly
higher than those at the inner wall. The high-temperature core in the air flow impinged
on the outer wall after the bend, as shown in Figure 12, and the outer wall temperature
increased. Therefore, the heat transfer to the outside of the pipe was further enhanced by
the temperature difference between the wall and the ambient.
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By contrast, after S3-90, the air separated from the inner wall. This separation
resulted in a significant decrease in the temperature of the air near the inner wall, and the
temperature difference between the wall and the ambient decreased. Hence, heat transfer
was reduced at the inner wall after the curvature. It is found that there is recirculation
downstream. Recirculation occurred just after the air separated from the wall. However,
the recirculation is a very small size, thus, the authors consider the recirculation hardly
affects flow characteristics discussed in the present paper.

Hence, it can be concluded that flow impingement enhanced heat transfer, whereas
flow separation suppressed heat transfer. This conclusion is consistent with the simulation
result of Arvanitis et al. [23].

4.3.2. Radial Profiles of Velocity and Temperature for Various Cross-Sections

The detailed results for the time-averaged velocity and temperature are shown in
Figures 13 and 14, respectively. The profiles of velocity and temperature along with



Energies 2021, 14, 94 14 of 21

different radial directions (from the pipe center to the inner, upper, and outer walls) for
various cross-sections are depicted. The three radial directions are defined as θ = 0◦, 90◦,
and 180◦. The coordinate r is the radial coordinate in the cross section, and R is the pipe
inner radius. For S1, regardless of the temperature and velocity, the three radial (θ = 0◦,
90◦, and 180◦) profiles were identical because this cross section was in the straight pipe that
was upstream of the curvature, and both the velocity and temperature in the cross section
were symmetrical in the pipe. At S3-0, the difference between the velocity and temperature
began to appear, and the three radial velocity profiles changed. As the angle of θ increased
from 0◦ to 180◦, the velocity decreased gradually. The velocity near the inner side was
much higher than that on the outer side. This result is consistent with Figure 12. However,
the temperature profile remains almost unchanged, consistent with the distribution of S1.
It is noteworthy that studies about the heat transfer performance of a curved pipe are not
limited to the velocity field inside the pipe, but also the temperature field inside the pipe.
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At the curved parts (from S3-30 to S3-90), the velocity and temperature for θ = 180◦

began to increase gradually. However, the velocity and temperature for θ = 0◦ began to
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decrease significantly. During this process, the velocity and temperature profiles no longer
exhibited a monotonous decreasing trend from the center to the edge; instead, a local
countertrend appeared. This was primarily due to the centrifugal force, which caused
the high temperature and high velocity core to deviate and collide with the outer wall of
the pipe; the secondary flow contributed to the phenomenon as well. The phenomenon
was observed the most clearly in downstream straight pipe part S6 after the curved part.
Owing to the full effect of the secondary flow, the temperature and velocity profiles differed
significantly from those of S1. In S6, the temperature and velocity fields near the upper
wall and outer side wall were larger than those at the center.

4.3.3. Outside Wall Temperature Distributions

CHT simulation can solve flow and heat transfer in both fluid and solid regions
simultaneously. Because of the thickness of the pipe wall, there is a temperature difference
between the two sides of the pipe wall. In present study, hot gas passed through the pipe,
and it is difficult to measure the inner wall temperature in the experiment. The outside
wall temperature was easily measured and compared with CHT results. Thus, we used
CHT simulation. Compared to other approximations, CHT has the advantage of displaying
solid region information. Because the heat transfer of the solid region can be solved using
the heat conduction formula, it is more concise and simpler than that of the fluid region.

The streamwise temperature variations of the inner and outer wall middle points of
the solid region are shown in Figure 15. The temperature variation tendency of the solid
wall was similar to that of the fluid. Both the temperatures on the inner and outer walls
of the straight pipe decreased in the streamwise direction, whereas their temperatures
were similar.

Energies 2021, 14, x FOR PEER REVIEW 16 of 21 
 

 

vertical structures transferred the air from the top and bottom to the middle, causing a 
brief increase in the inner temperature after the curved part. 

 
Figure 15. Outside wall temperature in streamwise direction of simulation. 

4.3.4. Wall Heat Flux Inside the Pipe 
Heat flux is an important parameter that reflects the heat transfer performance. Based 

on our investigations, in both the straight and curved pipes, the flow and temperature 
distributions indicated a symmetrical structure, and the axis of symmetry was the hori-
zontal mid-surface of the pipe. Therefore, only the outer wall, top wall, and inner wall 
should be analyzed. As shown in Figures 16 and 17, the numerical wall heat flux at the 
interface between the hot air and the solid wall of different cross-sections formulated the 
heat transfer more intuitively. The coordinate d is the circumference coordinate on the 
wall, and D is the inner diameter of the pipe. The origin of the coordination is defined at 
the starting point of each wall. 

 
Figure 16. Local wall heat flux distributions of S1, S3-0, and S3-30. 

A typical square straight-pipe heat dissipation curve appeared in S1. The wall tem-
perature was variable even at the same local cross section because the cross section of the 
pipe is square, not circular, as shown in Figure 9. For each cross section, the maximum 

Figure 15. Outside wall temperature in streamwise direction of simulation.

The temperature variations of both the inner and outer walls of the curved pipe
indicate different behaviors: both the outer and inner temperatures oscillated, particularly
in the curved part of the curved pipe. Before the curvature, the outer temperature decreased
slightly, whereas the inner temperature increased, as shown from S2 to S3-0 in Figure 10, in
which the high-temperature core shifted slightly toward the inner side. In the curved part,
owing to the flow deviation and impingement, the thermal boundary layer was broken,
and the high-temperature core was impinged on the outer wall. Hence, the outer wall
temperature continued to increase. As shown in Figure 12, the velocity near the inner wall
was high. This high velocity with high momentum can break the thermal boundary layer.
As shown in Figure 10, from S3-30 to S3-60, the thermal boundary layer in the middle of
the inner wall was in fact broken by this high velocity. Therefore, the temperature of the
inner wall increased at the initial curvature of the curved pipe.



Energies 2021, 14, 94 16 of 21

As the velocity near the inner wall decreased, along with the separation effect, the
inner temperature decreased gradually. After the curvature, the deviation effect of the high-
temperature core caused by the centrifugal force weakened gradually, causing the thermal
boundary layer of the outer wall to be repaired again. Consequently, the temperature on the
outer side indicated a downward trend. The formation of the secondary flow near the inner
wall continued to evolve, increasing the gas mixing. The secondary flow vertical structures
transferred the air from the top and bottom to the middle, causing a brief increase in the
inner temperature after the curved part.

4.3.4. Wall Heat Flux Inside the Pipe

Heat flux is an important parameter that reflects the heat transfer performance. Based
on our investigations, in both the straight and curved pipes, the flow and temperature
distributions indicated a symmetrical structure, and the axis of symmetry was the horizontal
mid-surface of the pipe. Therefore, only the outer wall, top wall, and inner wall should
be analyzed. As shown in Figures 16 and 17, the numerical wall heat flux at the interface
between the hot air and the solid wall of different cross-sections formulated the heat
transfer more intuitively. The coordinate d is the circumference coordinate on the wall, and
D is the inner diameter of the pipe. The origin of the coordination is defined at the starting
point of each wall.
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A typical square straight-pipe heat dissipation curve appeared in S1. The wall
temperature was variable even at the same local cross section because the cross section of
the pipe is square, not circular, as shown in Figure 9. For each cross section, the maximum
wall temperature was the midpoint of each wall. The maximum temperature difference
between the wall and the ambient was also the midpoint of each wall. Hence, the heat flux
reached the maximum value at the midpoint of each wall. At the initial part of the curvature
(from S3-0 to S3-30), the heat flux on the inner side began to increase, and conversely, the
outer side indicated a downward trend. During this process, the effect of the centrifugal force
was insufficient to break the thermal boundary layer. As mentioned above, the area on the
outer side was larger than that of the inner wall. Therefore, the heat flux decreased more
significantly on the outer side, whereas the opposite occurred on the inner side. The same
phenomenon was observed on the top side, and the heat flux near the inner side was higher
than that near the outer side.

From S-90 to S4, the heat flux of the outer side began to dominate gradually. Furthermore,
owing to the formation of the secondary flow, the heat flux distribution on the top side
became more uniform, and the maximum heat flux was no longer at the midpoint of the
inner wall. During this process, the centrifugal force dominated, thereby destroying the
thermal boundary layer of the outer wall, and the heat flux of the outer side reached the
maximum level. On the contrary, on the inner wall, the heat flux indicated a decreasing
trend first and then increased from the two sides to the center. For the heat flux distribution
on the top side, a conspicuous change compared with the previous one occurred at the
point near the inner side, in which the distribution increased instead of decreased. This
is attributed to the formation of the secondary flow, which resulted in the movement of
the top and bottom sides of the air. However, for S6, it was located further downstream of
the curvature. Therefore, the deflection of the high-velocity and high-temperature core,
the separation between the wall and air, and the formation of secondary flow gradually
weakened the effect of heat transfer. Although the effects of the factors above were still
applied, the average heat fluxes on the top, outer, and inner lines were similar.

4.4. Nu Number Comparison
4.4.1. Total Nu Number

Many correlations exist for calculating the Nu number, particularly for straight pipes.
The Dittus–Boelter empirical correlation is as follows [38]:

Nu = 0.023Re0.8Pr0.3
(

0.6 ≤ Pr ≤ 160, Re ≥ 104, L/Din ≥ 60
)

, (12)

Furthermore, the highly accurate Gnielinski [39] correlation is expressed as follows:

Nu =
ξ
8 (Re − 1000)Pr

1 + 12.7
√

ξ
8

(
Pr

2
3 − 1

)
[

1 +
(

Din
L

) 2
3
]( Tf

Tw

)0.45 (
4·103 ≤ Re ≤ 106, 0.5 ≤ Pr ≤ 200

)
, (13)

where ξ denotes the friction factor for smooth tubes calculated from the Filonienko [40]
relationship, i.e.,

ξ = (1.82logRe − 1.64)−2 (14)

To validate the accuracy of our approach, we compared our results with the
correlations above. The deviations obtained were 31% and 18% using Equations (11)
and (12), respectively. The deviation with the Dittus–Boelter correlation was slightly large
owing to some constraints on the equation. For example, L/Din should be greater than
60, and the pipe should be smooth. The deviation with the Gnielinski correlation was
within 20%. The Gnielinski correlation demonstrated a better agreement under the present
study condition.
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4.4.2. Local Nu Number

Along with the presented investigations and analysis, the observed trends indicated a
more significant disruption in the temperature fields for the curved pipe. Hence, a question
arises: what is the effect of the deviation, impingement, and secondary flow on the overall
thermal performance of the curved pipe?

Based on the findings outlined above, we evaluated the effects of all these phenomena
on the local Nusselt number in both straight and curved pipes. Figure 18 shows the
variation in the circumferentially averaged local Nu for both the experiment and simulation
along the dimensionless length (X/D). Because the inlet conditions of the straight and
curved pipes differed slightly, the local Nu differed at the beginning of the test section
(X/D = 0).
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The straight pipe local Nu presented an approximately linear trend both in the
experiment and simulation. However, a slightly diminishing trend appeared in the
numerical simulation because the temperature continued to decrease as the fluid advanced
in the downstream direction. The boundary condition between the outside solid wall and
the ambient in the simulation was the free convection heat transfer condition. Because the
ambient temperature and heat transfer coefficient were defined, the temperature difference
between the outside solid wall and the ambient decreased, whereas the heat transfer weak-
ened gradually. For the experimental study of the straight pipe, owing to the slightly larger
temperature uncertainty on the outside of the pipe wall, although some sections indicated
results that differed from the simulation results, they were still within the acceptable range;
therefore, the experimental and simulation results can be considered as similar.

For the curved pipe, the results of heat flux inside the wall indicated that the heat
flux in the inner and outer parts varied differently. Based on the flow deviation and
impingement, along with the secondary flow formation, it was observed that the heat
transfer performance improved. The local Nu increased at the curvature. The difference
between the experiment and simulation was observed mainly downstream of the curvature.
This may be because, in the experiment, the geometry of the curved pipe altered the heat
transfer coefficient, whereas the heat transfer coefficient was constant in the simulation.
The Nu on the downstream part indicated a clear discrepancy between the straight and
curved pipes. However, a converging tendency was observed for the straight and curved pipes.

For quantitative analysis, at S3-90 and S4, the local Nu increased by up to 35%
compared with S1. If only the average Nu of sections S1 to S6 is used to replace the
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average Nu of the entire pipe, then the total heat transfer performance of the curved pipe
will be 20% higher than that of the straight pipe.

5. Conclusions

In the present study, both experimental and numerical investigations of turbulent
forced convection in a straight pipe and a 90◦ curved square pipe were performed. In both
the streamwise and circumferential directions, the experimental and numerical temperature
field results agreed well. For the straight pipe, the cross-section average temperature in the
streamwise direction decreased monotonically, whereas the circumferential temperature
distribution was concentric. For the 90◦ curved pipe, the temperature in the streamwise
direction increased at first at the initial curvature and then decreased significantly before
finally increasing again. Owing to the formation of Dean vortices, secondary temperature
distributions appeared in the circumferential temperature field.

Based on the analysis of the numerical time-averaged velocity fields, it was discovered
that the deviation and impingement of the high-velocity air core and the formation of
secondary flow strengthened heat transfer. Conversely, the separation effect suppressed
heat transfer. The local discrepancies observed in the investigated positions (S1–S6) for
both the straight and curved pipes were further investigated through the analysis of local
distributions of velocity and temperature profiles at different radial lines. The difference in
temperature distribution between the straight and curved pipes on the outside of the wall
were compared and analyzed in a CHT simulation.

The numerical local heat flux of typical sections provided a more quantitative analysis
of the effects, such as impingement, secondary flow, and separation. The curved pipe
exhibited more complex behavior. The overall heat transfer performances of these two
pipes were investigated in the last section using the local averaged Nu number. It was
demonstrated that the heat transfer performance of the 90◦ curved pipe was 20% higher
than that of the straight pipe.
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Nomenclature
A surface area [m2] Greek symbols
Cp constant pressure specific [J/kg·K] λ heat conductivity [W/m·K]
d circumference coordinate on the wall [mm] ρ density [kg/m3]
Din pipe inner diameter [mm] θ radial angel [◦]
Dout pipe outer diameter [mm] uτ shear speed [m/s]
De Dean number ξ friction factor
g acceleration of gravity [m/s2]
Gr Grashof number Subscripts
h heat transfer coefficient [W/m2·K] b bulk
k turbulent kinetic energy [m2/s2] f fluid
L total length of pipe [mm] in inlet
n normal unit vector m molecular
Nu Nusselt number s solid
Pr Prandtl number w wall
Q heat flow rate [W] wo outside wall
r radial coordinate in the cross section [mm] wi inside wall
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R pipe inner radius [mm]
Re Reynolds number Superscripts
Rc radius of curvature [mm] ¯ average value
T temperature [°C] * normalized parameter
U time-averaged velocity [m/s]
W streamwise velocity [m/s]
X streamwise coordinate
Y horizontal coordinate
Z vertical coordinate
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