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INTRODUCTION 

 
Studies of heat transfer and hydrodynamics of separated currents 

have great practical importance. Such currents occur during flowing around 
depressions of various shapes and those are one of the most relevant and 
interesting areas of fluid mechanics. 

Usage of heat exchange surfaces with depressions gives energy 
advantage. Often the increase in heat transfer caused by the usage of 
depressions is goes with a slight increase in hydraulic resistance. For 
example, in studies of flow in channels with intensifiers in the form of 
spherical depressions, which were made in works [1-3], it has been 
experimentally established that heat exchange surfaces with semi spherical 
depressions allow a significant increase (by 1.5-4.5 times) in heat exchange 
at a moderate growth in the hydraulic resistance. 

Inside and near spherical depressions occur large-scale dynamic 
vortex structures, which can be observed in a wide range of flow regimes. A 
series of contributions exists, in which are reviewed numerous aspects of 
vortex formation in spherical depressions, when impacted by the wide range 
of factors [4-8].  

Although the large number of studies devoted to the review of 
problems of surfaces with spherical depressions has been published, several 
questions remained unanswered. 

This caused by the complexity of the phenomenon, which is being 
impacted by velocity and the defining temperature of the flow; the latter in 
turn determine the values of the selected physical parameters. 

Basic methodology of numerical simulation of hydrodynamics and 
heat transfer in a channel with discrete roughness, was reviewed in 
publication [9]. 

The purpose of this work is using numerical simulation methods to 
analyze the hydrodynamics and heat transfer in a channel with 
intensification in the form of a semi spherical depressions.  
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SOLUTION OF THE EXAMINED PROBLEM 
Computer simulation was performed using the selected package of 

CAD/CFD programs SolidWorks/FlowSimulation.  
In the CAD program SolidWorks, was constructed three-dimensional 

computing model of discretely roughed pipe with the following dimensional 
characteristics: Inner pipe diameter db = 0.018 m, external diameter dout = 
0.022 m, length L = 1.6 m.  

As a discretely rough surface in the pipe were chosen spherical 
depressions (dimples) with sharp entrance and exit edges located in the in-
line order with the pitch ratio between the dimple axes S/h = 10 and the 
dimple position angle φ = 120 °. 

Following boundary conditions were set: at the pipe inlet – flow 
velocity range Vinlet = 0.3; 0,6 and 0,9 m/s with fluid temperature tinlet = 
20°С. Initial Reynolds numbers are Reinlet = 5000, 10000, 16000.  At pipe 
outlet: pressure Рoutlet = 101235 Ра. The channel walls have physical 
properties of aluminum and are heated up to the temperature twall=105°С. 
Fluid flow is turbulent. For the mathematical simulation of the medium 
motion and heat transfer are used the non-stationary equations of Navier-
Stokes: the energy equation (the first law of thermodynamics) and the 
equation of state [10-11].  

For turbulent flows, the initial equations are averaged by the 
Reynolds method taking into consideration additional intensity caused by 
turbulent fluctuations of the parameters [11]. 

Incomplete system of equations, which was obtained based on 
above, is closed with the assistance of additional equations for the kinetic 
energy of turbulence - k and the dissipation of turbulence energy - ε in 
accordance with the well-known k - ε model of turbulence [11]. 

For the numerical solution of the problem, the initial system of 
nonstationary Navier-Stokes equations with additional equations describing 
the turbulent transfer is discretized in terms of space in the computational 
area and time. 

As a result, the entire computational area is covered by a 
computational grid: the size and number of grid cells are determined by the 
user or automatically. 

The finite volume method is used to discretize the differential 
equations and solve the resulting system of algebraic equations in the 
FlowSimulation program. 

To gain the satisfactory accuracy of the solution results in this work 
were required about 1,000,000 to 1,200,000 liquid and solid elements 
depending on the type of the problem.  
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RESULTS AND DISCUSSION 
Based on the results of numerical calculation was considered 

movement of a liquid in longitudinal section, on a site of discretely rough 
channel in the field of depressions. 

The flow of liquid moves along a smooth channel with a constant 
velocity V. Reaching the inlet edge of the depressions, the flow moves 
without changing direction of its motion. And when the fluid flow reaches 
the outlet edge of the dimple, it turns back around dimple, forming the so-
called vortex. Then it turns back to the outlet edge, while still retaining its 
full energy. 

It is important to note, that at slowdown of returnable flow along a 
wall dimple the liquid heats up, before this current will get in area of the 
mixed flows. 

The obtained result of numerical simulation does not contradict the 
experimental studies carried out in the publications [10]. 

 
Fig.1. The dependency graph of the local velocity of fluid flow against 

the radius of the channel. Circle-Vinlet = 0,9 m/s, square - Vinlet = 0,6 m/s, 
triangle -Vinlet  = 0,6 m/s. 

 
A complex vortex structure exists in the dimple. As a result, velocity 

decreasing in the bottom of the dimple (near the wall). When current 
receding from the walls its velocity suddenly increases, and upon 
approaching the center of the vortex, the velocity decreases When moving 
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further from the center of a vortex in dimple outlet direction, sudden  
increase fluid flow velocity is observed once again. However near to the 
channel axis, the flow velocity is not affected by significant changes. 

The readings were taken at the set points, along the radius of the 
direct channel and the dimple. The breakdown of the local velocities of the 
flow at the points under consideration are shown in Fig.1. 

 
Fig. 2. the graph shows of the temperature dependency on the radius. Circle-Vinlet = 

0,9 m/s, square - Vinlet = 0,6 m/s, triangle -Vinlet = 0,6 m/s. 
 

The obtained results of temperatures breakdown show, that in area 
dimples the liquid heats up more intensively at lower velocity of the 
currents (see fig.2).   

At the outlet of the dimples thermal layers begin to mix with other 
currents and liquid temperature begins to decrease. Insignificant 
temperature changes are observed closer to the axis of the channel, which 
can be explained by the fact, that near the axis of the channel less intensive 
mixture of the liquid layers takes place. The graph of the temperature 
dependency on the radius is shown in Fig. 2. 
The intensity of heat exchange which is described by dimensionless index 
of heat exchange Nu (Nusselt number), was defined by the formula (1):  
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where, Nu1 – heat exchange coefficient, Pr (Prandtl number) – index of 
liquid and wall; Pr =Сp/λ, were СP – thermal capacitance at constant 
pressure, λ - thermal conductivity index,  – dynamic viscosity index.  
Reynolds number included in equation (1) is determined by the formula (2):   

                                                  


 rV 
Re                                (2) 

where, Re - Reynolds number, r – radius (m), V – velocity of fluid flow,  – 
dynamic viscosity index, ρ1,2 – density of the flow.  

All parameters included in the equation (1, 2) were obtained based 
on the results of numerical calculation in the set points. 

The analysis of the obtained results indicated, that the Pr (Prandle 
criterion), which characterizes the physical properties of the liquid, included 
into Equation (1), does not have a significant impact on the value of the Nu 
(Nusselt number). 

Nu (Nusselt number) is mostly impacted by the velocity parameter 
included in the dimensionless Reynolds number due to the vortex 
formations in the dimples.  

With an increase in the flow velocity in a channel with a discrete 
roughness in comparison to a smooth one, the Nusselt number increases for 
more than 20%. The results of the calculation are shown in Fig. 3. 

 
Fig.3. Graph of dependency of Nusselt number versus channel radius. Circle-Vinlet = 

0,9 m/s, square - Vinlet = 0,6 m/s, triangle -Vinlet = 0,6 m/s. Straight lines are the 
average Nusselt number in a smooth channel for the considered flow velocity. 
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CONCLUSION 
In the work conducted the Numerical simulation of hydrodynamics 

and heat transfer in a round channel with a discrete roughness made in the 
form of semi spherical dimples.  

Based on the obtained calculated data is determined the Nusselt 
number, which characterizes the dimensionless index of heat exchange.     It 
is shown that the heat exchange in the channels under consideration 
depends on the presence of the reverse flow currents zones formed in the 
dimples. 

Assessment of results for the smooth and discrete rough channels 
showed, that with the flow velocity increase in the discrete rough channel 
the Nusselt number increasing by more than 20% in comparison to the 
smooth channel. 
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