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ABSTRACT 
In this paper, turbulent water flow and heat transfer are studied numerically in a pipe which is rotating about its longitudinal axis. Computations were 
conducted for axial Reynolds numbers ranging from 10000 to 30000 at different rotation rates. Rotation rate (N) is the ratio of the rotational Reynolds 
number to the axial Reynolds number. Predictions showed that the Nusselt number (Nu) of the stationary pipe (N=0) was augmented by 50-58% at 
N=5, 105-132% at N=10, 150-201% at N=15, 208-265% at N=20, and 320-373% at N=30. Improvements in the heat transfer rate was linked to the 
introduction of tangential velocity components from the moving pipe wall which created secondary flow. 

 Keywords: Rotation rate, Nusselt number, heat transfer, secondary flow 

 

1. INTRODUCTION 
Turbulent flow and heat transfer in rotating channels are encountered in 
numerous industrial applications such as flow in the inlet part of fluid 
machines (Nishibori et al., 1987), cooling system of rotors (Imao et al., 
1992) combustion chambers (Satake et al., 2002) and rotating heat pipes 
(Faghri et al., 1993; Lian et al., 2020). Many theoretical, experimental, 
and numerical studies have been performed to investigate the influence 
of rotation on the flow and heat transfer. However, these investigations 
are limited to low rotation rates. Rotation rate (N) is the ratio of the 
rotational Reynolds number (ReΩ) to the axial Reynolds number (Rea). 
Pedley (1969) showed that the Hagen-Poiseuille flow is unstable to 
infinitesimal disturbances when the pipe rotates about its longitudinal 
axis. These results have been confirmed with experiments (Nagib et al., 
1971) and numerical solutions (Mackrodt, 1976). Borisenko et al. (1973) 
determined the turbulent velocity fluctuations in a rotating pipe and 
revealed that they were suppressed by rotation and when the flow 
advanced downstream, the suppressions extended towards the central 
section of the pipe. Imao et al. (1996) measured the turbulent fluctuations 
of flow in an axially rotating pipe at axial Reynolds number of 20000 and 
rotation rate ranging from 0 to 1 (0 ≤ N ≤ 1). From their experiments, 
they showed that as the rotation rate increased, the turbulent fluctuations 
decreased. Numerical investigations by Hirai et al. (1988), Ould-Rouiss 
et al. (2010) and Granados-Ortiz et al. (2019), also showed that rotation 
affects the turbulent intensities. 
     Kikuyama et al. (1983a) measured the time-mean velocities and 
turbulent fluctuations inside the developed turbulent boundary layer of 
an axially rotating pipe at 0 ≤ N ≤ 1 using hot-wire probes. They showed 
that rotation produces two opposite effects on the flow: a destabilizing 
effect due to large shear caused by the moving pipe wall which prevails 
in the inlet region, and a stabilizing effect induced by the swirling 
velocity component which becomes dominant in the downstream section. 
By measuring the velocity distribution at various axial positions from the 
entrance, Murakami and Kikuyama (1980) studied the flow pattern in an 
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axially rotating pipe at 0 ≤ N ≤ 3. They observed that with an increase in 
the rotation rate the axial velocity profile approaches the Hagan-
Poiseuille flow. Kikuyama et al. (1983b) applied the correlation between 
the mixing length and Richardson number proposed by Bradshaw (1969) 
to study the flow structure in a pipe for rotation rates between 0 and 3. 
They demonstrated that rotation can cause an existing turbulent flow to 
reverse back to laminar flow (laminarization). Nishibori et al. (1987) 
examined the laminarization phenomenon of a fully developed turbulent 
flow in the inlet region of an axially rotating pipe. Their results revealed 
that flow laminarization was significant in the inlet region where a non-
rotating inner core existed and as the flow proceeded downstream, bursts 
of turbulence appeared and the laminarized flow became unstable.  
     The influence of rotation on the hydraulic resistance has been 
experimentally investigated by White (1964) and Shchukin (1967). If the 
approaching flow is turbulent, the pressure loss decreases with the 
increase of the rotational speed of the pipe. Canon and Kays (1969) 
performed experiments to study heat transfer in an axially rotating pipe. 
The most noticeable effect of rotation was observed in the transition 
region (from laminar to turbulent) and the convective heat transfer was 
insensitive to the rotation once the flow became fully turbulent. 
Visualization of flow revealed that rotation stabilizes laminar flow to an 
extent that transition occurs at higher axial Reynolds numbers. Reich and 
Beer (1989) carried out experimental and analytical studies to determine 
the velocity distribution and heat transfer in an axially rotating pipe. They 
modified the mixing length model proposed by Kikuyama et al. (1983b) 
for their analytical study. For turbulent axial flow at 0 ≤ N ≤ 5, they 
showed that increasing the rotational speed of the pipe decreased the heat 
transfer. Reduction in the heat transfer and friction coefficient was 
caused by radial suppressions due to the presence of centrifugal forces. 
In their paper, Weigand and Beer (1992) studied the effect of rotation on 
the heat transfer of fluid flowing in a rotating pipe at 0 ≤ N ≤ 5. They 
showed that flow laminarization caused a reduction in heat transfer. 
However, it was noted that these investigations were only valid for large 
geometric aspect ratios. 
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     For short pipes, Seghir-Ouali et al. (2006) studied the influence of 
rotation on the heat transfer rate in an axially rotating pipe at speeds 
ranging from 4 to 880 rpm. They showed from their experiments that the 
convective heat transfer coefficient increased with the rise of the 
rotational speed. Chong (2015) examined the heat transfer and pressure 
loss associated with axial airflow in the rotor-stator gap at 0 ≤ N ≤ 6. He 
concluded that increasing the rotation rate of the pipe increased both the 
Nusselt number and pressure drop. The rotational pressure loss 
accounted for approximately 50% of the total system loss. CFD 
simulations carried out by Gai et al. (2018) at 0 ≤ N ≤ 2.5 indicated that 
the pressure loss in a rotating pipe increased with increasing rotation rate. 
Other researchers have also shown that rotation enhances the rate of heat 
transfer (Staton and Cavagnino, 2008; Hettegger et al.,2011; and Gai et 
al., 2017). To the author's knowledge, turbulent liquid flow and heat 
transfer in an axially rotating pipe at very high rotation rates has never 
been studied.  

The objective of the present work is to investigate the effect of high 
rotation rate on the heat transfer and pressure loss in an axially rotating. 
      

2. PROBLEM FORMULATION 
When fluid enters an axially rotating pipe, it receives a tangential 
component of velocity from the moving wall which causes the fluid to 
rotate with the pipe (Weigand and Beer, 1994). This creates a density 
gradient that drives relatively less dense and warmer fluid at the wall to 
move inwards and for denser and colder fluid at the core region of the 
pipe to move outwards. Interactions between the density gradient and the 
Coriolis and centrifugal forces yield a complex secondary flow. 
Consequently, equations that describe flow in stationary pipes cannot be 
used to analyze flow in rotating pipes.  
 

 
 

Fig. 1 Schematic of the model 
 

 
In the present study, the fluid flow and heat transfer processes are 
described using three conservation laws in the form of differential 
equations. Fig. 1 depicts a horizontal pipe rotating about the z-axis with 
constant angular velocity, Ω. The incompressible Newtonian fluid is 
heated by imposing a uniform heat flux, qw, on the pipe wall. It is 
assumed that the flow is steady and the thermophysical properties of the 
working fluid except for density are independent of temperature. 
Considering the Boussinesq approximation and neglecting viscous 
dissipation, the basic equations that describe the flow are given as: 
 
2.1 Continuity Equation  
  
𝑉𝑉𝑟𝑟
𝑟𝑟

+ 𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕

+ 1
𝑟𝑟
𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕

= 0                                                                   (1) 
 
where Vr, Vθ, and Vz are the components of velocity in the directions of 
r, θ, and z respectively. 
 

2.2 Momentum Equation 
 
r-component 
 
𝜌𝜌 �𝑉𝑉𝑟𝑟

𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝜃𝜃
𝑟𝑟
𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕

− 𝑉𝑉𝜃𝜃2

𝑟𝑟
+ 𝑉𝑉𝑧𝑧

𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕
� = −𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝜌𝜌𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇∞) +

𝜌𝜌(𝛺𝛺2𝑟𝑟 + 2𝛺𝛺𝛺𝛺𝜃𝜃)𝛽𝛽(𝑇𝑇 − 𝑇𝑇∞) + 𝜇𝜇 �𝜕𝜕
2𝑉𝑉𝑟𝑟
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟
𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕
− 𝑉𝑉𝑟𝑟

𝑟𝑟2
+ 1

𝑟𝑟2
𝜕𝜕2𝑉𝑉𝑟𝑟
𝜕𝜕𝜃𝜃2

− 2
𝑟𝑟2

𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕

+
𝜕𝜕2𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕2

�                                                                                                      (2) 
 
θ-component 
 
𝜌𝜌 �𝑉𝑉𝑟𝑟

𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝜃𝜃
𝑟𝑟
𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝑟𝑟𝑉𝑉𝜃𝜃
𝑟𝑟

+ 𝑉𝑉𝑧𝑧
𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕
� = −1

𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 2𝜌𝜌𝜌𝜌𝑉𝑉𝑟𝑟𝛽𝛽(𝑇𝑇 − 𝑇𝑇∞) +

𝜇𝜇 �𝜕𝜕
2𝑉𝑉𝜃𝜃
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟
𝜕𝜕𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕

− 𝑉𝑉𝜃𝜃
𝑟𝑟2

+ 1
𝑟𝑟2

𝜕𝜕2𝑉𝑉𝜃𝜃
𝜕𝜕𝜃𝜃2

+ 2
𝑟𝑟2

𝜕𝜕𝑉𝑉𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝜕𝜕2𝑉𝑉𝜃𝜃
𝜕𝜕𝜕𝜕2

�                                   (3) 
 
z-component 
 
𝜌𝜌 �𝑉𝑉𝑟𝑟

𝜕𝜕𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝜃𝜃
𝑟𝑟
𝜕𝜕𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝑧𝑧
𝜕𝜕𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕
� = −𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝜇𝜇 �𝜕𝜕

2𝑉𝑉𝑧𝑧
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟
𝜕𝜕𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕

+ 1
𝑟𝑟2

𝜕𝜕2𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕2

+ 𝜕𝜕2𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕2

�     
                                                     (4) 

 
where  P is the pressure, g is the acceleration due to gravity, ρ is density, 
µ is the dynamic viscosity,  β is the coefficient of thermal expansion, and 
T and T∞ are the temperature and free stream temperature respectively. 
 
2.3 Energy Equation 
 
𝜌𝜌𝐶𝐶𝑝𝑝 �𝑉𝑉𝑟𝑟

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝜃𝜃
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑉𝑉𝑧𝑧
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� = 𝑘𝑘 �𝜕𝜕

2𝑇𝑇
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 1
𝑟𝑟2

𝜕𝜕2𝑇𝑇
𝜕𝜕𝜃𝜃2

+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

�                (5) 
 
where Cp is the specific heat at constant pressure and k is the thermal 
conductivity.  
 
2.4 Dimensionless Variables 
 
To obtain a system of non-dimensionalized equations, the following 
dimensionless variables are introduced: 
  
𝑟𝑟∗ = 𝑟𝑟

1
2
𝐷𝐷

 ,                                   𝑧𝑧∗ = 𝑧𝑧
𝐿𝐿
                              𝑇𝑇∗ = 𝑇𝑇−𝑇𝑇∞

𝑇𝑇𝑠𝑠−𝑇𝑇∞
 

 
   𝑉𝑉𝑟𝑟∗ = 𝑉𝑉𝑟𝑟

1
2
𝛺𝛺𝛺𝛺

                            𝑉𝑉𝜃𝜃∗ = 𝑉𝑉𝜃𝜃
1
2
𝛺𝛺𝛺𝛺

 ,                            𝑉𝑉𝑧𝑧∗ = 𝑉𝑉𝑧𝑧
𝑉𝑉𝑚𝑚

 

 
𝑃𝑃∗ = 𝑃𝑃

1
4
𝜌𝜌𝛺𝛺2𝐷𝐷2

                                    

 
where D and L are the diameter and length of the pipe respectively and 
Vm is the mean axial velocity. The dimensionless form of the basic flow 
equations are presented below:  
 
2.5 Dimensionless Continuity Equation  
 
𝑉𝑉𝑟𝑟∗

𝑟𝑟∗
+ 𝜕𝜕𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗
+ 1

𝑁𝑁(𝐿𝐿 𝐷𝐷⁄ )
𝜕𝜕𝑉𝑉𝑧𝑧

∗

𝜕𝜕𝜕𝜕∗
+ 1

𝑟𝑟∗
𝜕𝜕𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗
= 0                                                     (6) 

 
2.6 Dimensionless Momentum Equation  
 
r-component 
 

𝑉𝑉𝑟𝑟∗
𝜕𝜕𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗
+ 𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗ 
𝜕𝜕𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗
− 𝑉𝑉𝜃𝜃

∗2

𝑟𝑟∗
+ 1

𝑁𝑁(𝐿𝐿 𝐷𝐷⁄ )
𝑉𝑉𝑧𝑧∗

𝜕𝜕𝑉𝑉𝑟𝑟
∗

𝜕𝜕𝜕𝜕∗
= −𝜕𝜕𝜕𝜕∗

𝜕𝜕𝜕𝜕∗
+ 𝐺𝐺𝐺𝐺𝑔𝑔

𝑅𝑅𝑅𝑅𝛺𝛺2
𝑇𝑇∗ + (𝑟𝑟∗ +

2𝑉𝑉𝜃𝜃∗)
𝐺𝐺𝐺𝐺𝛺𝛺
𝑅𝑅𝑅𝑅𝛺𝛺2

𝑇𝑇∗ + 4
𝑅𝑅𝑅𝑅𝛺𝛺

�𝜕𝜕
2𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗2
+ 1

𝑟𝑟∗
𝜕𝜕𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗
− 𝑉𝑉𝑟𝑟∗

𝑟𝑟∗2
+ 1

𝑟𝑟∗2
𝜕𝜕2𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗2
− 2

𝑟𝑟∗2
𝜕𝜕𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗
+

1
4(𝐿𝐿 𝐷𝐷⁄ )2

𝜕𝜕2𝑉𝑉𝑟𝑟
∗

𝜕𝜕𝜕𝜕∗2
�                                                                                          (7) 

 



Frontiers in Heat and Mass Transfer (FHMT), 14, 24 (2020)
DOI: 10.5098/hmt.14.24

Global Digital Central
ISSN: 2151-8629

 
   

3 

θ-component 
 
𝑉𝑉𝑟𝑟∗

𝜕𝜕𝑉𝑉𝜃𝜃
∗

𝜕𝜕𝜕𝜕∗
+ 𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗ 
𝜕𝜕𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗
+ 𝑉𝑉𝑟𝑟∗𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗
+ 1

𝑁𝑁(𝐿𝐿 𝐷𝐷⁄ )
𝑉𝑉𝑧𝑧∗

𝜕𝜕𝑉𝑉𝜃𝜃
∗

𝜕𝜕𝜕𝜕∗
= − 1

𝑟𝑟∗  
𝜕𝜕𝜕𝜕∗

𝜕𝜕𝜕𝜕∗
− 2𝑉𝑉𝑟𝑟∗

𝐺𝐺𝐺𝐺𝛺𝛺
𝑅𝑅𝑅𝑅𝛺𝛺2

𝑇𝑇∗ +
4

𝑅𝑅𝑅𝑅𝛺𝛺
�𝜕𝜕

2𝑉𝑉𝜃𝜃
∗

𝜕𝜕𝜕𝜕∗2
+ 1

𝑟𝑟∗
𝜕𝜕𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗
− 𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗2
+ 1

𝑟𝑟∗2
𝜕𝜕2𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗2
+ 2

𝑟𝑟∗2
𝜕𝜕𝑉𝑉𝑟𝑟

∗

𝜕𝜕𝜕𝜕∗
+ 1

4(𝐿𝐿 𝐷𝐷⁄ )2
𝜕𝜕2𝑉𝑉𝜃𝜃

∗

𝜕𝜕𝜕𝜕∗2
�           (8) 

 
z-component 
 
𝑉𝑉𝑟𝑟∗

𝜕𝜕𝑉𝑉𝑧𝑧
∗

𝜕𝜕𝜕𝜕∗
+ 𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗
𝜕𝜕𝑉𝑉𝑧𝑧

∗

𝜕𝜕𝜕𝜕∗
+ 1

𝑁𝑁(𝐿𝐿 𝐷𝐷⁄ )
𝜕𝜕𝑉𝑉𝑧𝑧

∗

𝜕𝜕𝜕𝜕∗
= −1

4
𝑁𝑁

(𝐿𝐿 𝐷𝐷⁄ )
𝜕𝜕𝜕𝜕∗

𝜕𝜕𝜕𝜕∗
+ 4

𝑅𝑅𝑅𝑅𝛺𝛺
�𝜕𝜕

2𝑉𝑉𝑧𝑧
∗

𝜕𝜕𝜕𝜕∗2
+ 1

𝑟𝑟∗
𝜕𝜕𝑉𝑉𝑧𝑧

∗

𝜕𝜕𝜕𝜕∗
+

1
𝑟𝑟∗2

𝜕𝜕2𝑉𝑉𝑧𝑧
∗

𝜕𝜕𝜕𝜕∗2
+ 1

4(𝐿𝐿 𝐷𝐷⁄ )2
𝜕𝜕2𝑉𝑉𝑧𝑧

∗

𝜕𝜕𝜕𝜕∗2
�                                                                         (9) 

  
2.7 Dimensionless Energy Equation  
 
𝑉𝑉𝑟𝑟∗

𝜕𝜕𝑇𝑇∗

𝜕𝜕𝑟𝑟∗
+ 𝑉𝑉𝜃𝜃

∗

𝑟𝑟∗
𝜕𝜕𝑇𝑇∗

𝜕𝜕𝜃𝜃∗
+ 1

𝑁𝑁(𝐿𝐿 𝐷𝐷⁄ )
𝑉𝑉𝑧𝑧∗

𝜕𝜕𝑇𝑇∗

𝜕𝜕𝑧𝑧∗
= 4

𝑃𝑃𝑃𝑃
�𝜕𝜕

2𝑇𝑇∗

𝜕𝜕𝑟𝑟∗2
+ 1

𝑟𝑟∗
𝜕𝜕𝑇𝑇∗

𝜕𝜕𝑟𝑟∗
+ 1

𝑟𝑟∗2
𝜕𝜕2𝑇𝑇∗

𝜕𝜕𝜃𝜃∗2
+

1
4(𝐿𝐿 𝐷𝐷⁄ )2

𝜕𝜕2𝑇𝑇∗

𝜕𝜕𝑧𝑧∗2
�                                                                                         (10) 

 
From Equations (6) – (10), it can be inferred that flow through an axially 
rotating pipe is affected by the following parameters: 
 
𝑅𝑅𝑅𝑅𝑎𝑎 = 𝑉𝑉𝑚𝑚𝐷𝐷

𝜈𝜈
  ; axial Reynolds number 

 
𝑅𝑅𝑅𝑅𝛺𝛺 = 𝛺𝛺𝐷𝐷2

𝜈𝜈
 ; rotational Reynolds number 

 
𝑁𝑁 = 𝑅𝑅𝑅𝑅𝛺𝛺

𝑅𝑅𝑅𝑅𝑎𝑎
 ; rotation rate 

 
𝐺𝐺𝐺𝐺𝑔𝑔 = 𝑔𝑔𝑔𝑔(𝑇𝑇𝑠𝑠−𝑇𝑇∞)𝐷𝐷3

𝜈𝜈2
 ; gravitational Grashof number  

 
𝐺𝐺𝐺𝐺𝛺𝛺 = 𝛺𝛺2𝛽𝛽(𝑇𝑇𝑠𝑠−𝑇𝑇∞)𝐷𝐷4

𝜈𝜈2
 ; rotational Grashof number 

 
𝑃𝑃𝑃𝑃 = 𝑅𝑅𝑅𝑅𝛺𝛺𝑃𝑃𝑃𝑃;  Peclet number 
 
𝑃𝑃𝑟𝑟 = 𝐶𝐶𝑝𝑝𝜇𝜇

𝑘𝑘
 ; Prandtl number 

 
L/D; Aspect ratio 
 
The Nusselt number and friction factor can be computed as: 
 
𝑁𝑁𝑁𝑁𝑥𝑥 = ℎ𝑥𝑥𝐷𝐷

𝑘𝑘
 ; local Nusselt Number                                                     (11)     

                                      
𝑁𝑁𝑁𝑁 = ∫ 𝑁𝑁𝑁𝑁𝑥𝑥𝑑𝑑𝑑𝑑𝑠𝑠

∫ 𝑑𝑑𝑑𝑑𝑠𝑠
 ; average Nusselt Number                                          (12) 

 
𝑓𝑓 = � 1

𝐿𝐿 𝐷𝐷⁄
� �2∆𝑃𝑃

𝜌𝜌𝑉𝑉𝑚𝑚2
�                                                                                (13) 

 
 
where hx is the convective heat transfer coefficient and dAs is the 
infinitesimal surface area of the wall.  
 
 

3. NUMERICAL PROCEDURE 

Three-dimensional (3D) numerical simulations are processed with the 
commercial finite volume software ANSYS Fluent 19.2. The realizable 
k-ε turbulence model is used to provide closure to the Reynolds Average 

Navier-Stokes (RANS) equations. The pressure-velocity coupling in the 
equations is handled with the Coupled algorithm and the convective 
terms are discretized with the second-order upwind scheme. The single 
reference frame approach is used to model the rotating domain. Gravity 
is included in the numerical study and the effect of buoyancy is modeled 
based on the Boussinesq approximation. The convergent criterion is set 
as 10-6 for all scaled residuals. 
     The pipe has a length of 0.8 m and a diameter of 0.02 m. A constant 
heat flux of 10000 W/m2 and the no-slip condition is specified on the 
pipe wall. The inlet temperature of flow is set at 300 K. The axial 
Reynolds numbers which determine the inlet velocity are set at 10000, 
15000, 20000, 25000, and 30000 and investigated at different pipe 
rotation rates (0 ≤  N ≤ 30). The turbulence intensity at the inlet is kept 
constant at 5 %. A pressure outlet condition of zero-gauge pressure is 
used at the outlet. Water is selected as the working fluid. The dynamic 
viscosity (μ), density (ρ), specific heat at constant pressure (Cp) and 
thermal conductivity (k) of water are given as; μ = 0.00103 kg/(m-s), ρ = 
998.2 kg/m3, Cp = 4182 J/(kg-K) and k = 0.6 W/(m-K) respectively. The 
enhanced wall treatment option is used for near-wall modeling of the pipe 
wall. In each case, the y+ value of the wall is less than 0.5. 
     A mesh independence study is conducted to ensure that the solution 
is independent of the grid size. Five grid numbers: 75050, 173482, 
233960, 380661, and 497158 are tested for the case where N=5 and 
Rea=10000. The variation in the Nusselt number and friction factor 
between the grid number of 233960 and 497158 was found to be less than 
1%. Considering the accuracy of the results and computational time, the 
mesh with 233960 elements is adopted for calculations. The reliability of 
the model has been validated by a good agreement between the numerical 
and experimental results in our previous study (Abotsi and Kizito, 2020). 
 

4. RESULTS AND DISCUSSION 

CFD results of the velocity and temperature fields of the pipe at different 
rotation rates are shown in Fig. 2 and Fig. 3. Negative velocities denote 
flow in the opposite direction. Rotation induces Coriolis and centrifugal 
acceleration components which yield secondary flow. Secondary flow 
not only improves radial fluid mixing and boundary layer disturbance but 
offers a longer pathway for the fluid. It was noticed from Fig. 2 that the 
strength of secondary flow produced increased with the rise of the 
rotation rate. Pipe at rotation rate of 5 (N=5) produced the weakest 
secondary flow. No secondary flow was produced at N=0 (stationary 
case). The strongest secondary flow was noticed at rotation rate of 30 
(N=30). Thus, the velocity of flow in the pipe at rotation rate of 30 is 
increased and heat dissipates more quickly from the surface. 
Fig. 4 depicts the variation of the average Nusselt number (Nu) with the 
axial Reynolds number (Rea) at different rotation rates of the pipe. It was 
observed that for all cases the Nusselt number increased with the rise of 
the axial Reynolds number. Improvement in the heat transfer rate was 
related to an increase in turbulence as the axial Reynolds number 
increased which led to the enhancement of the convective heat transfer 
coefficient. Results from Fig. 4 also revealed a significant improvement 
in the heat transfer rate with rotation. In comparison to N=0 (stationary 
case), the Nusselt number of the pipe was enhanced by approximately 
50-58% at N=5, 105-132% at N=10, 150-201% at N=15, 208-265% at 
N=20 and 320-373% at N=30. This remarkable enhancement in Nusselt 
number was attributed to centrifugal buoyancy and Coriolis forces which 
led to the formation of stronger secondary flows as the rotation rate of 
the pipe increased. Secondary flow improves flow turbulence and 
reduces the thickness of the thermal boundary layer. The intensity of 
secondary flow produced is dependent on the rotating speed of the pipe. 
Pipe at N=30 generated the strongest secondary flow and hence had the 
best heat transfer rate.  
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(a) N=0  (b) N=5  (c) N=10   

    
(d) N=15  (e) N=20  (f) N=30   

Fig. 2 Contours of radial velocity field at different rotation rate (Rea=10000) 
 

    
(a) N=0  (b) N=5  (c) N=10   

    
(d) N=15  (e) N=20  (f) N=30   

Fig. 3 Contours of temperature field at different rotation rate (Rea=10000) 
 

  
Fig. 4 Variation of Nusselt number with respect to axial Reynolds 

number at different rotation rate 
Fig. 5 Variation of friction factor with respect to axial Reynolds 

number at different rotation rate 
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The variation of the friction factor (f) versus the axial Reynolds number 
(Rea) at different pipe rotation rate are shown in Fig. 5. The friction factor 
characterizes the hydraulic resistance across the pipe and is relevant in 
energy consumption. As expected, the friction factor of the rotating pipe 
was higher than that of the stationary pipe. The calculated friction factor 
at N=5, N=10, N=15, N=20, and N=30 were in the ranges of 1.82-1.89, 
4.30-4.44, 7.87-8.01, 12.25-13.13, and 23.6-26.1 times, respectively, to 
those obtained in the stationary pipe (N=0).  Increase in the friction factor 
was linked to the introduction of Coriolis and centrifugal forces from the 
rotating pipe which increased the wall friction and created large pressure 
gradients along the radial direction. It was also noticed that increasing 
the axial Reynolds number reduces the friction factor. 

5. CONCLUSION 

Turbulent water flow and heat transfer in a pipe rotating about its 
longitudinal axis and under constant wall heat flux boundary condition 
has been investigated numerically. In the range of axial Reynolds 
numbers between 10000 and 30000, the Nusselt number of the pipe at 
N=0 (stationary case) was improved by 50-58% at N=5, 105-132% at 
N=10, 150-201% at N=15, 208-265% at N=20, and 320-373% at N=30. 
Enhancement in the heat transfer rate was attributed to the strength of 
secondary flow generated which intensifies with increasing the rotation 
rate. The friction factor of the stationary pipe (N=0) was increased by 
1.82-1.89, 4.30-4.44, 7.87-8.01, 12.25-13.13, and 23.6-26.1 times at 
N=5, N=10, N=15, N=20, and N=30 respectively.  

ACKNOWLEDGMENTS 

     We acknowledge the support from NASA NNH16ZEA001N: 
Electric Propulsion: Challenges and Opportunities. 
 
NOMENCLATURE  
 
As   Infinitesimal area of the wall m2) 
Cp   specific heat at constant pressure J/(kg K) 
D  diameter of the pipe (m) 
f                               friction factor 
g  gravity (m/s2) 
Grg  gravitational Grashof number  
GrΩ   rotational Grashof number  
h  convective heat transfer coefficient (W/m2-K) 
L  Length of the pipe (m) 
N                             rotation rate 
Nu  average Nusselt number 
P  Pressure (Pa) 
Pe                            Peclet number 
Pr   Prandtl number 
qw   heat flux (W/m2) 
Rea  axial Reynolds number 
ReΩ  rotational Reynolds number 
k  thermal conductivity (W/m-K) 
T  Temperature (K) 
Vr  r component of  velocity (m/s)  
Vθ  θ component of velocity (m/s) 
Vz  z component of velocity (m/s) 
Vm                 mean flow velocity (m/s) 
  
Greek symbols 
ρ   density (kg/m3) 
μ  dynamic viscosity (kg/m-s) 
β  coefficient of thermal expansion (K-1) 
Ω                             angular velocity(s-1) 
ν  kinematic viscosity (m2/s) 
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