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ABSTRACT: In concentric annular pipes, the difference in curvature between the inner and outer wall surfaces creates
significant variations in the heat transfer characteristics of the two surfaces. The simplifications of the Dittus-Boelter
equation for circular pipes make it unsuitable for the complex flow induced by the geometry and heat transfer coupling
effects in annular pipes. This prevents it from accurately predicting the turbulent heat transfer in concentric annular
pipes. This paper used realizable κ–ε and low Reynolds number models to conduct numerical simulations of turbulent
convective heat transfer in concentric annular pipes and circular pipes. The results indicated that the local heat transfer
coefficient and Nusselt number of the inner wall surface of the annular pipe were both higher than those of the outer wall
surface. The Darcy resistance coefficient decreased upon increasing the Reynolds number and increased with the inner
diameter-to-outer diameter ratio. When using the equivalent diameter as the characteristic scale, the turbulent heat
transfer correlation obtained from circular pipes produced significant errors when used to approximate the turbulent
convective heat transfer in concentric annular pipes. This error was greater for the inner wall surface, especially when
the inner and outer diameters were relatively small, as the Nusselt number error on the inner wall surface reached
60.62%. The error of the Nusselt number on the outer wall surface reached 19.51%.
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1 Introduction
Concentric annular pipes are used in heat exchange equipment, fluid machinery, nuclear power devices,

and reactor core channels [1,2]. Accurately predicting the flow and heat transfer within these pipes is
important for designing and optimizing heat exchange equipment. Previous research on turbulent convective
heat transfer in pipelines has focused on circular pipes and has produced many widely used empirical
correlations, such as the Dittus-Boelter (D&B) equation [3], the McAdams equation [4], the Wiegand
equation [5], and Gnielinski equation [6,7]. For non-circular pipes in engineering applications, the equivalent
diameter is often used as the characteristic length, and approximate calculations are conducted using
turbulence heat transfer correlations for circular pipes [8,9]. It is unclear how much error this approach
produces, or if this is sufficient to meet the requirements of engineering applications.

A review of the literature showed that using the equivalent diameter and correlation from experiments
with circular pipes to calculate turbulent flow and heat transfer in different pipelines produces non-negligible
errors. Sun [10] investigated the shortcomings of using the hydraulic diameter as the equivalent diameter
and indicated that employing the equivalent diameter as the characteristic length produced significant errors
in the drag coefficient and Nusselt number. Wang et al. [11] investigated the convective heat transfer and
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flow resistance characteristics in elliptical pipes and showed that using the equivalent diameter method to
calculate the heat transfer coefficient inside elliptical pipes produced significant errors. Qiao [12] conducted
numerical simulations of turbulent flow and heat transfer in rectangular pipes and also found that for
rectangular pipes, the use of this approximation produced an error of up to 29.5%. Kong et al. [13] studied
turbulent heat transfer in high-temperature and high-pressure gas pipelines. Their results indicated that using
the Dittus-Boelter equation to calculate the heat transfer coefficient of a pipeline-type high-temperature and
high-pressure gas electric heating system may lead to significant errors. The coefficient was substantially
lower than the actual operating data and also lower than the results obtained from simulations. Wang
et al. [14] conducted simulations on the turbulent flow and heat transfer of variable-property air in different
regular polygonal pipes and circular pipes. The results showed that calculating heat transfer in non-circular
pipes using the equivalent diameter and correlations from circular pipe experiments led to significant errors.
For regular polygonal pipes, this error reached 27.5%. Yang et al. [15] conducted numerical simulations of
turbulent convective heat transfer in circular pipes and longitudinal multi-tube bundles. They used classic
empirical correlations from turbulent heat transfer experiments in circular pipes to calculate the convective
heat transfer coefficients for longitudinal tube bundles. They showed that this approach yielded results that
deviated significantly from those of the numerical simulations, with discrepancies reaching as high as 142.5%.
Yang et al. [16] conducted a numerical simulation of turbulent convective heat transfer in an elliptical pipe.
Their results showed that the relative error between the simulated Nusselt number and the value calculated
using the equivalent diameter and the D&B formula reached 28.4%.

The Dittus-Boelter equation is a classic correlation for turbulent heat transfer and is based on two
assumptions: axisymmetric flow in a circular pipe and that the boundary layer develops independently on
a single wall surface [3,17]. In a concentric annular pipe, the boundary layers of the inner and outer wall
surfaces interfere with each other, especially in narrow gaps. The different curvatures of the inner and outer
walls create deviations in the velocity and temperature distribution from the fully-developed turbulence
within a circular pipe. Curvature can also either suppress or enhance the turbulence intensity depending on
the direction of curvature and alter the turbulence vortex structure. These factors create deviations in the
Nusselt number from the values predicted by the Dittus-Boelter equation.

Due to the different curvatures of the inner and outer wall surfaces of concentric annular pipes, the
centrifugal forces are different. Centrifugal forces cause shifts in the fluid flow, creating variations in the
boundary layer thickness, velocity gradient, turbulence intensity, and entrance length of the inner and outer
wall surfaces. For example, multi-tube coaxial heat exchangers [18–20], porous tube heat exchangers [21,22],
and large tube heat exchangers [23–26] show significant differences in the heat transfer characteristics of their
inner and outer wall surfaces. These differences are produced by the complex fluid flow and heat transfer and
differences in thermal exchange properties of different fluids, porous medium materials, or arrangements.
Considering the inner and outer walls separately enables the more accurate design of cooling/heating
systems, avoiding local overheating due to insufficient heat exchange or thermal stress concentration caused
by excessive heat exchange.

For concentric annular pipes, taking the equivalent diameter as the characteristic scale and using the
turbulent heat transfer formula for circular pipes to approximate the calculation produces non-negligible
errors. To achieve stable operation and efficient heat exchange of heat exchange equipment, it is more
appropriate to separately consider the inner and outer wall surfaces. However, no research has directly
addressed the convective heat transfer of turbulent flow within concentric annular pipes while separately
considering the inner and outer wall surfaces. Both the Dittus-Boelter equation and the Gnielinski equation
produce the same Nusselt number for both the inner and outer wall surfaces of concentric annular pipes.
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This article employs numerical simulations to solve the Reynolds-averaged Navier-Stokes (N-S) equa-
tions using realizable κ–ε and low-Reynolds number models to simulate turbulent convective heat transfer
in concentric annular pipes. This paper investigates the differences in heat transfer characteristics between
the inner and outer surfaces of concentric annular pipes, as well as errors associated with using equivalent
diameter and turbulent heat transfer correlations for circular pipes. The results provide a basis for further
optimizing the thermal management of the concentric annular pipes.

2 Physical Models and Numerical Methods

2.1 Problem Description
Fig. 1 shows that the fluid flows perpendicularly to the cross-section of the pipe. When the fluid flows

from a large space into the pipe and exchanges heat with the pipe wall, both the flow boundary layer and the
thermal boundary layer start at zero, gradually thicken, and ultimately converge at the center symmetry plane
of the pipe. The merging of the velocity boundary layer and thermal boundary layer indicates that the flow
and heat transfer inside the pipeline have fully developed. From this point on, the heat transfer coefficient
of the local surface remains constant. The area between the entrance section and the fully developed section
is called the entrance section. When the flow develops to a certain extent, intense disturbances and the
evolution of fluid micro-clusters cause the influence of the entrance section to gradually weaken. To eliminate
the influence of the entrance section and ensure sufficient flow and heat transfer, the experimental pipe
section in this study was set to l = 100de. de is the equivalent diameter, which is a characteristic scale for
calculating the heat-transfer Nusselt number. For circular pipes, the equivalent diameter is taken as the
diameter of the circular pipe. For non-circular pipes, the equivalent diameter is calculated as follows:

de = 4Ac/P (1)

where Ac represents the flow cross-sectional area of the pipeline; P represents the wetted perimeter, which is
the length of the contact surface between the pipe wall and the fluid.

Figure 1: Physical model and meshing (not to scale)

In addition to the physical models mentioned above, this paper makes the following assumptions: the
working fluid is a Newtonian fluid; there is no radiation; the effects of gravity and other body forces are
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neglected. The average value of physical quantities in the flow field does not change over time, i.e., the flow
field is in a steady state.

2.2 Governing Equations and Boundary Conditions
The tensor forms of the continuity equation, momentum equation, and energy equation for this three-

dimensional elliptical problem are shown in Eqs. (2)–(4). There are also equations for turbulent kinetic
energy, its dissipation rate from the realizable κ–ε model, as well as those for the turbulent viscosity
coefficient.
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In Eqs. (2)–(12) [27,28], σκ and σε represent the turbulent Prandtl number for turbulent kinetic energy
and its dissipation rate, respectively. As the default constant in Fluent, C2 = 1.9, σT = 0.85, σκ = 1.0, and
σε = 1.2. Ω̃ i j represents the average rotation rate tensor in the angular velocity rotating reference frame. Cμ
is a function of the average strain rate and vorticity. In the inertial sublayer of the boundary layer, Cμ = 0.09
and A0 = 4.04.

Using the velocity inlet, the outlet was set to a pressure outlet. The pipe walls were stationary walls, and
the fluid velocity at the walls was zero, indicating no-slip conditions. The heating section had a constant wall
temperature boundary condition.
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2.3 Computational Models and Numerical Methods
In practical calculations, a turbulence model is selected based on the specific problem, preferably one

that is simple to apply, versatile, non-computationally intensive, and highly accurate. For heat transfer in
turbulent flow in pipes, Shao et al. [29] compared the frictional resistance obtained from various turbulence
models with experimental values. They found that the κ–ε model and Reynolds stress model were suitable
for turbulent flow in smooth pipe regions when using near-wall model methods for the near-wall region.
Hossein Zolfagharnasab et al. [30] found that the realizable κ–ε model encountered fewer convergence
difficulties compared with the Reynolds stress model when studying porous embedded shell-and-tube heat
exchangers. Refs. [27,28] showed that the three κ–ε models shared the same basic framework and were all
centered on solving the transport equations for turbulent kinetic energy and its dissipation rate. However,
the three models differed in their ability to handle turbulent characteristics and in their model constants.
The standard κ–ε model assumes that turbulence is isotropic, and the model constants are a set of fixed
empirical values. The RNG κ–ε model considers that turbulence is anisotropic, and its model constants are
determined through theoretical derivation and numerical computation. This allows them to be adapted to
different flow conditions. The realizable κ–ε model performs better when dealing with flows with a higher
degree of streamline curvature because it can automatically adjust the characteristics of turbulence according
to the flow conditions, making it more in line with actual physical processes. Similarly, its model constants
fully account for the physical nature of turbulence during derivation, which allows the model constants to
better adapt to various complex flow conditions. This article presents a numerical simulation of turbulent
convective heat transfer within a concentric annular pipe using the realizable κ–ε model based on the
above considerations.

A low Reynolds number model was used in the near-wall region. The finite volume method was
employed to solve the discretized equations, a third-order accurate QUICK format was used to discretize
the convection terms, and a staggered grid along with the SIMPLE algorithm was adopted for the coupled
solution of velocity and pressure. During the calculations, the velocity and pressure correction values were
subjected to sub-relaxation. The velocity relaxation factor and pressure relaxation factor met the criterion of
αu + αp = 1 [31].

2.4 Grid Independence
To ensure accuracy calculation results, this paper conducted a grid independence verification for each

set of operating conditions after assessing the dimensionless distance between the first internal node and
the wall, denoted as y+p ≈ 1. Tables 1 and 2 present variations in the Nusselt number as a function of the
grid number for a concentric annular pipe at a Reynolds number of 18,000 and an inner-to-outer diameter
ratio of 0.25. A number of grid divisions showed that 2058 × 200 was best for obtaining a grid-independent
solution. Fig. 1 shows a schematic of the mesh division for the concentric annular pipe.

Table 1: Variation in the Nusselt number with the number of cross-sectional grid points

Meshing 1664 × 200 1876 × 200 2058 × 200 2230 × 200 2482 × 200
Nui 69.21 69.04 68.97 68.94 68.89
Nuo 55.93 55.87 55.84 55.83 55.82



1156 Front Heat Mass Transf. 2025;23(4)

Table 2: Variation in the Nusselt number with the number of grid points in the flow direction

Meshing 2058 × 100 2058 × 150 2058 × 200 2058 × 250 2058 × 300
Nui 68.98 68.98 68.97 68.96 68.96
Nuo 55.82 55.83 55.84 55.85 55.85

2.5 Data Reduction
The average temperature of the fluid on the cross-section and the logarithmic mean temperature

difference are given as follows:
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The local convective heat transfer coefficient and Nusselt number are given as follows:

h = q/(Tw − Tm) (15)

Nu = hde/λ (16)

where q represents the heat flux density through the wall surface; Tw represents the wall surface temperature;
λ denotes the thermal conductivity of the fluid.

The Darcy resistance coefficient and Reynolds number for turbulent flow in the pipe is given as follows:

f = 2de ΔP
ρlu2 (17)

Re = ρude/μ (18)

where μ represents the dynamic viscosity of the fluid.
The Blasius formula, Filonenko formula, Dittus-Boelter formula, and Gnielinski formula are as follows:

f = 0.3164/Re0.25 (19)
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When heating the fluid, n = 0.4; when cooling the fluid, n = 0.3.
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3 Results and Discussion

3.1 Circular Pipe
In the range of 104 – 1.2 × 105, seven different Reynolds number groups were selected for numerical

simulations of turbulent convective heat transfer in a circular pipe. The numerical results indicated that
the relative errors between the Darcy resistance coefficient and the values calculated using the Blasius
equation [14] and the Filonenko equation [6] were within 8.04% and 10.03%, respectively. The absolute values
of the relative errors between the Nusselt number for turbulent heat transfer and the value calculated using
the Dittus-Boelter equation and Gnielinski equation were 6.43% and 6.96%, respectively. The numerical
simulation results were in good agreement with those from experimental correlation calculations, indicating
that the numerical methods and mesh division strategy used in this study are reliable. Fig. 2 compares
the Nusselt number for turbulent heat transfer in a circular pipe obtained from the realizable κ–ε model
simulations with the values calculated from experimental correlations.
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Figure 2: Comparison of simulated Nusselt numbers for a circular tube versus experimental correlation values

3.2 Concentric Annular Pipe
Simulations were used to study the turbulent convective heat transfer in five concentric annular pipes

with inner-to-outer diameter ratios of 0.1, 0.2, 0.25, 0.5, and 0.8, as well as a circular tube. Fig. 3 compares
the simulated Darcy friction factors for six types of pipes with their values calculated from experimental
correlations. Fig. 3 shows that the Darcy resistance coefficient of the concentric circular pipe decreased as
the Reynolds number increased. At the same Reynolds number, the Darcy friction factor increased as the
inner-to-outer diameter ratio increased. At low Reynolds numbers, the slope of the curve was relatively large,
and there were significant differences in Darcy friction coefficients among the various pipes. As the Reynolds
number increased, the curve tended to flatten out, and the differences in Darcy resistance coefficients among
the pipes diminished. The simulated Darcy resistance coefficients for six types of pipes followed the same
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trend as those calculated from the experimental correlation, further demonstrating the accuracy of the
numerical method used in this paper.
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Figure 3: Comparison of the simulated Darcy resistance coefficients of six channels with experimental correlation
values

Fig. 4 shows variations in the local surface heat transfer coefficient on the inner and outer wall surfaces
using a concentric annular pipe with an inner-to-outer diameter ratio of 0.25 as an example. For the
concentric annular pipe, the local heat transfer coefficient of the inner wall surface was generally higher than
that of the outer wall surface. After a noticeable peak in the local surface heat transfer coefficient on the
inner wall surface, it gradually stabilized, while the outer wall surface showed a gentler trend. The lengths
of the entrance sections for the inner and outer wall surfaces were different. The outer wall surface reached
a fully developed state more quickly, while the inner wall surface required a longer entrance section. After
entering the fully developed stage, the local surface heat transfer coefficients on both the inner and outer walls
stabilized, as did the heat transfer. Due to geometric constraints, the local turbulence intensity on the inner
wall surface of the concentric annular duct was higher, and the heat transfer capability was significantly better
than that of the outer wall surface. The heat transfer coefficient of the outer wall surface was low. Industrial
design must consider potential uneven thermal stress distributions to avoid local overheating or corrosion.

Fig. 5 shows a scatterplot of the dimensionless ratio of the Nusselt number on the inner and outer
surfaces of five concentric annular ducts to the Nusselt number of a circular duct under the same Reynolds
number. The Nusselt number of the circular pipe was used as the datum line, with a value of 1. A fitted line
was obtained to reflect the ratio of the heat transfer characteristics between the concentric annular pipe and
the circular pipe. In Fig. 5, Nucir was the value calculated using the Dittus-Boelter equation. In the concentric
annular pipe, the heat transfer Nusselt number on the inner wall decreased upon increasing the inner-to-
outer diameter ratio, while that on the outer wall increased. However, its rate of change was not as significant
as that of the inner wall, as shown by the notably smaller slope of the curve in Fig. 5b than that in Fig. 5a.
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Figure 4: Comparison of heat transfer coefficients on the inner and outer wall surfaces of concentric annular pipes

Figure 5: (Continued)
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Figure 5: Dimensionless ratio of Nusselt number in concentric annular pipes to that in a circular pipe: (a) inner wall
surface; (b) outer wall surface

The numerical calculation results indicated that significant errors were produced when using the
equivalent diameter as the characteristic scale to calculate the turbulent convective heat transfer in a
concentric annular pipe with the correlation obtained from a circular pipe produced. When the inner and
outer diameters were small, this error was more pronounced on the inner wall surface, where the Nusselt
number error reached 60.62%. The error of the Nusselt number on the outer surface reached 19.51%. Edris
Bagheri [32] conducted direct numerical simulations on the turbulent convective heat transfer in concentric
annular pipes. Their results showed that the different curvature caused the boundary layer on the outer wall
surface to be thicker than that on the inner wall surface. The heat transfer capability of the inner and outer
wall surfaces was significantly different. However, the author found that the Nusselt numbers of the inner and
outer wall surfaces of the concentric annular pipe calculated using the Dittus-Boelter equation were the same.
This also confirmed that using the equivalent diameter and the Dittus-Boelter equation for approximate
calculations in turbulent heat transfer of concentric annular pipes introduced significant errors, consistent
with our findings.

4 Conclusions
This article employed realizable κ–ε and low-Reynolds-number models to perform numerical simula-

tions of turbulent convective heat transfer in concentric annular pipes with different inner-to-outer diameter
ratios and circular pipes. The results showed that the local heat transfer coefficient and Nusselt number on the
inner wall surface of the concentric circular pipe were both higher than those on the outer wall surface. The
heat transfer capability of the inner wall surface was significantly better than that of the outer wall surface,
and the lengths of the entrance sections for the inner and outer wall surfaces were different. The outer wall
surface reached a fully developed state more quickly, while the inner wall surface required a longer entrance
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section. The Darcy resistance coefficient decreased upon increasing the Reynolds number and increased
upon increasing the inner-to-outer diameter ratio. Using the correlation calculated with equivalent diameter
and circular pipe experiments to determine the turbulent convective heat transfer in a concentric annular
pipe resulted in significant errors. This error was more pronounced on the inner wall surface, especially when
the inner and outer diameters were relatively small, and the Nusselt number error on the inner wall surface
reached 60.62%.
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Nomenclature
cp Heat capacity (J/(kg⋅K))
de Equivalent diameter (m)
k Turbulent kinetic energy (m2/s2)
l Duct length (m)
p Wetted perimeter (m)
P Pressure (Pa)
Nu Nusselt number
Re Reynolds number
Pr Prandtl number
q Heat flux (W/m2)
u Velocity (m/s)
T Temperature (K)

Greek Symbols
ε Turbulent dissipation rate (m2/s3)
λ Thermal conductivity (W/(m⋅K))
μ dynamic viscosity (kg/(m⋅s))
μt Eddy or turbulent viscosity (kg/(m⋅s))
ρ Density (kg/m3)
σk Turbulent kinetic energy Prandtl number
σε Turbulent dissipation rate Prandtl number
σT Turbulent energy Prandtl number
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Subscripts
i Inner wall
o Outer wall
cir Circular pipe
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