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Abstract. At present great attention is given to a problem of research of hydrodynamics and heat exchange in 

pulsating flows. Experimental studies for the flow in smooth channels show that pulsation of fluid flow 

significantly affects heat transferring and can be accompanied by both reduction and increasing in the intensity 

of heat exchange. However, at the present day, there is little reliable information about the effect of a pulsating 

flow on heat transferring in channels with discrete roughness. Thus, detection of regularities in heat exchanging 

processes of such flows in discretely rough channels is an actual problem for today. In this paper the results of 

numerical simulation of heat exchange in smooth and discrete-rough channels with a pulsating motion of fluid in 

them are presented. It is revealed that in the pulsating flow the instantaneous values of the heat exchange 

coefficient change with the change in the instantaneous values of the Reynolds numbers. Three zones of 

influence of the pulsing flow on the heat exchange in the channels are established. In the first area, with the 

Strouhal numbers 0 < Sh < 2, increasing in the average value of heat exchange in 10-15 % is observed. In the 

second area 2 < Sh < 4.3, its decreasing in 10-15 %. In the third area, 4.3 < Sh < 6, the average value of the heat 

exchanging value becomes almost the same as for the case of a stationary flow. 
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Introduction 

At present there is increased interest to study the heat exchange and flow patterns in channels in 

the presence of hemispheric recesses (concavities). This is explained by the fact that the concavities 

have shown themselves to be an effective intensifier of the heat exchange during their flow around [1]. 

Studies of the flow in channels with intensifiers in the form of concavities were considered in the 

researches [2-4], where it was experimentally established that heat exchange surfaces with spherical 

concavities significantly (1.5-4.5 times) increase heat exchange with a moderate increase of hydraulic 

resistance. 

Experimental studies of unsteady flows in the same way showed that the flow pulsations can 

significantly affect hydrodynamics and heat transfer. Such non-stationary processes can be 

accompanied by both an increase and a decrease of the intensity of heat exchange [1].  

The available research results of turbulent pulsating flows mainly relate to the kinematic structure 

of the flow and heat exchange in smooth channels [1;5]. The increase in the heat exchange in smooth 

channels is observed at high amplitude of flow rate pulsations exceeding the average velocity. 

The perspective of intensification of heat transfer due to the flow pulsations was reviewed in [7-

8]. They studied the hydrodynamic thermal processes in separation of the pulsating flow in the flow 

around of the single obstacles on the wall. In the studies was found the effect of a sharp reduction in 

the length of the tear-off area after a single obstacle compared with the stationary mode. It is shown 

that the average heat exchange coefficient can increase up to 60 %. In this case, periodic pulsations do 

not cause a noticeable increasing of the hydraulic resistance of the discretely rough channels.  

Earlier, the authors of the research [9] developed a basic technique for computer simulation and 

numerical calculation of hydraulic and thermodynamic parameters in a channel with discrete 

roughness in the form of hemispherical concavities. The stationary motion of a fluid in smooth and 

discretely rough channels was considered. The developed technique allowed to obtain results that 

satisfactorily coincide with the well-known theoretical calculations, thereby confirming its adequacy. 

Comparison of the results of theoretical solutions and numerical calculations for a smooth channel 

showed a sufficient approval that does not exceed the allowable range of 5-10 %. 

On the basis of the developed method [9], in this research by numerical simulation methods an 

attempt was made to determine the peculiarities of the influence of periodic pulsations of the flow 

velocity on heat exchange in a channel with discrete roughness in the shape of hemispherical 

concavities.  
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Materials and methods 

Computer simulation was carried out using the selected CAD/CFD complex of SolidWorks/Flow 

Simulation software. In SolidWorks CAD software the calculated three-dimensional models of smooth 

and discrete-rough channels of circular cross section were built. 

In both cases the diameters of inlet and outlet and the length of the channel are the same. The 

internal diameter of the channel is D = 0.018 m, the wall thickness is δ = 0.002 m. The channel length 

was chosen with a relatively large L = 1.6m in order to exclude the influence of the initial segment on 

the heat exchange. As a discrete rough surface in the channel the hemispherical depressions 

(concavities) with a sharp entrance and exit edges located in the corridor order were selected. The 

relative pitch S between the axes of the concavities is S/h = 10 (the h-radius of the concavity), the 

concavities setting angle is φ = 120º. The walls of the channels were modeled as aluminum and heated 

to a temperature of twall = 105 ºC. To the inlet to the channel a working fluid water was supplied with a 

temperature tinlet = 20 ºС. 

In the research the model of periodically pulsating internal fluid flow with velocity pulses of 

sinusoidal type (1) is used (Fig.1):  

 V(t) = 0.4 (1 + А sin (2·π·f·t)),   (1) 

where  t – time, s;  

 V – flow velocity, m·s
-1

; 

 A – amplitude of the pulsations A = 1; 

  f – frequency, Hz. 

The time-averaged flow rate for all cases is the same and equal to V0 = 0.4 m·s
-1

. 
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Fig. 1. Flow velocity profile: 1 – average velocity; 2 – determined by the expression velocity (1) 

For this velocity the average Reynolds number is:  

 
ν

DV
Re

⋅
= 0

0  , (2) 

where ν – kinematic coefficient of viscosity ν = 1.006 ·  10
-6

, m
2
·s

-1
 of the water at tinlet = 20 ºС;  

  Re0 – average Reynolds number, Re0 = 7157.  

With a change in the average Reynolds number the average velocities changed accordingly. The 

instantaneous values of the Reynolds numbers depend on time and for the case (1) are described by the 

formula: 

 Ret = (1 + А sin (2·π·f·t))·Re0 ,   (3) 

where Ret – Reynolds number from the time. 

In the calculations the range of the flow pulsating frequency 0 ≤ f < 130 Hz was investigated. 
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The non-stationary Navier-Stokes equation, the energy equation (the first law of thermodynamics) 

and the equation of state [6;10] are used for mathematical modeling of the motion of the medium and 

heat exchange. For turbulent flows the initial equations are averaged by the Reynolds method and 

additional stresses due to turbulent parameter pulsations are taken into account [6;10]. The obtained 

unclosed system of equations is closed with the help of additional equations for the kinetic energy of 

turbulence k and dissipation of the turbulence energy ε in accordance with the known k – ε turbulence 

model [10]. The system of equations of conservation of momentum (4), mass (5) and energy (6), 

describing turbulent, laminar and transient flows of compressible fluid with heat exchange can be 

represented as: 
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Two additional transport equations are used to describe the turbulent kinetic energy k and 

dissipation ε: 
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where the source terms Sk (9) and Sε (10) are defined as: 
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Following Boussinesq assumption, the Reynolds-stress tensor (11) has the following form: 
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The diffusive heat flux (12) is defined as: 
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Upon analyzing the conjugate heat exchange between the flow and the solid, the heat transfer in 

the solid is simulated by the known heat transfer equation [10]: 
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where uij – fluid velocity is a function of four independent variables x,y,z,t; 

 P – fluid pressure is a function of four independent variables x,y,z,t; 

 ρ – fluid density; 
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 Fi – total force acting on the mass unit; 

 E – total energy of fluid mass unit; 

 QH – heat source per volume unit; 

 τij – viscous shear stress tensor; 

 i = x,y,z; j = x,y,z – summing is made by subscripts; 

 µl, µt – dynamic viscosity coefficient, turbulent viscosity coefficient; 

 σk, σε – empirical constants; 

 τ
R

ij – stress tensor in Reynolds model;  

 gi– components of gravitational acceleration in direction xi; 

 Pr – Prandtl number; 

 CP – specific thermal capacity at constant pressure; 

 δij – Kronecker symbol; 

 e – specific heat; 

 T – temperature;  

 λs – solid thermal conductivity. 

The above equations (4)-(13) are highly general. Here_inafter, the authors concretize the constant 

values as well as the dependent and independent variables to solve the particular problems. 

Equations (4)-(13) are solved numerically using CFD software Flow Simulation [10]. Initial and 

boundary conditions for specific tasks are set in Flow Simulation software in the volume and on the 

corresponding surfaces of the three-dimensional design model created in CAD (computer-aided 

design) SolidWorks software. 

For numerical solving the system of equations (4)-(13), the Flow Simulation software uses the 

finite volume method with an adaptive rectangular grid. In the process of calculation the initial grid of 

finite volumes in the computational area is crushed automatically or according to the given rule in 

areas of assumed large gradients of each of the dependent variables or in areas of significant change in 

the curvature of the solid surfaces. All basic variables are referred to mass centers of control volumes. 

These cell-centered values are used for approximations. The integral conservation laws may be 

represented in the form of the cell volume and surface integral equation (14)-(15) [10]: 

 ∫ ∫ ∫=+
∂

∂
QdvFdsUdv

t
,  (14) 

are replaced by the discrete form: 

 ( ) ∑ ⋅=⋅+⋅
∂
∂

cell

VQSFVU
t

,  (15) 

where  F – fluxes; 

 U – vector of physical parameters; 

 V – cell volume; 

 S – cell surface area; 

 Q – mass forces. 

For reasonable accuracy of the results of the solution in this work the order of 1.000.000 – 

1.200.000 liquid and solid elements was required. 

Note that in accordance with the calculation methodology any stationary problem is initially 

solved as non-stationary. The solution is considered to be found after its settings of time. 

The results of numerical calculations summarizing a series of computer experiments were 

processed in the dimensionless criteria of Reynolds Re (2), Strouhal Sh (16), and Nusselt Nu (17) [8]: 

 
0V

Df
Sh

⋅
= , (16) 

where Sh – dimensionless frequency of flow pulsations.  
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λ

α D
Nu

⋅
= ,  (17)   

where α – heat exchange coefficient, W· (m
2
·K)

-1
; 

 λ – heat conduction coefficient of the liquid, W·(m· K)
-1

. 

Results and discussion 

The results showed that as opposed to the stationary case with a unique dependence Nu = φ (Re0) 

in a pulsating flow the instantaneous values of the coefficient Nu(t) = φ(Ret) changed with changing 

the instantaneous values of the Reynolds numbers Ret (the Ret value is determined by formula (2)). 

The corresponding figures for one period of oscillation of a sinusoidal pulse (1) are shown in Fig. 2, 

for smooth – 1 and discretely rough – 2 channels with frequency of pulsations of the flow f = 20 Hz. It 

can be seen that each value of Ret corresponds to its own value Nu and is limited to its minimal 

Numin(1,2) and maximal Numax(1,2) values. The average value Nuever(1,2) matches to half the length of the 

curve. This effect is due to the periodic change in the Reynolds number and the inertia of the processes 

during unsteady fluid flow in the channel. 
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Fig. 2. Dependence of Nu(t) = φ(Ret) for one period of oscillation of sinusoidal pulse with 

f = 20 Hz: 1 – smooth channel; 2 – discretely rough channel 

The appearance of additional detachable vortices in the channel concavities in the pulsating flow 

causes the formation of local extremes, both on the V(t) curves and on the curves Nu(t) (Fig. 3). As a 

result the Nu(t) curves acquire a rather complex configuration indirectly reflecting the effect of flow 

pulsations on heat transfer in the channel with discrete roughness. Fig. 3 shows the dependency 

diagram of the V(t) and Nu(t)·10
-1

 for the frequency of the pulsations of the flow a – f = 5 HZ, b – 

f = 60 Hz in a discretely rough channel. 

The fixed temperature of the channel’s wall and the velocity of the incident flow lead to the 

change in the kinematic coefficient of viscosity of the fluid in the boundary layer, which causes a 

corresponding change in the Reynolds number and the frequency of vortex separation in the 

concavities. Thus, in the case of a channel with a discrete roughness a change in the frequency of 

separation and the intensity of tearing vortices in a pulsating flow as well as a predetermined 

temperature of the heated wall can generally affect the shape of the separation areas and the intensity 

of heat exchange between the channel wall and the fluid flow. 

For the dependence Nu = φ(Sh) we can conditionally distinguish three characteristic areas (Fig.4). 

In the first area, 0 < Sh < 2, for both channel types – smooth (index-1) and discretely rough (index -2), 

the frequency of the flow velocity pulsations leads to increasing in the average values of the Nusselt 

numbers Nuever(1,2) with respect to Nu0(1,2) for the stationary mode of the fluid flow. At the same time, 

the minimal values of Numin(1) for a smooth channel are 30-40 % lower than those of Numin(2) for 

discretely rough and the maximal values of Numaх(1) + , below Numaх(2) by approximately 20 %. 
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Fig. 3. Dependences of V(t) and Nu(t)·10
-1

 for frequency of pulsations of flow in discretely rough 

channel: a – f = 5 HZ; b – f = 60HZ 

In the second area 2 < Sh < 4.3 in both cases the average values of the numbers Nuever(1,2) become 

lower with respect to Nu0(1,2) for the steady-state mode of fluid flow. And the minimal and maximal 

remain almost unchanged. 

0

10
20

30

40

50
60

70

80

90

100
110

120
130

140

150

160

170
180

190

200

0 1 2 3 4 5 6

N
u

s
s

e
lt

 n
u

m
b

e
r

Strouhal number

Numax(2)

Numax(1)

Numin(1)

Numin(2)

Nuever(2)

Nuever(1)

Nu0(2)

Nu0(1)

Zone 1 Zone 2 Zone 3

 

Fig. 4. Dependence of Nusselt number on dimensionless frequency of flow pulsations Nu = φ(Sh) 
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Fig. 5. Dependence of average values of Nusselt numbers on dimensionless frequency of flow 

pulsations <Nu>/<Nu0> = φ(Sh), a – smooth channel; b – discretely rough channel 

Figure 5 shows the dependence of the everage values of the Nusselt numbers Nuever(1,2) with 

respect to Nu0(1,2) for the steady-state regime of fluid flow <Nu>/<Nu0> = φ(Sh). a – for a smooth 

channel <Nuever(1)>/<Nu0(1)> = φ(Sh), b – for a discretely rough channel <Nuever(2)>/<Nu0(2)> = φ(Sh). In 

Fig. 5 it is vividly shown that, when reaching the dimensionless Strouhal number Sh ≈ 2 (area 2), the 

heat exchane in both cases worsens. And in the third area, with 4.3 < Sh < 6. the average value of 
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Nuever(1,2) with respect to Nu0(1,2) stabilizes and the value of Nu remains almost unchanged and the 

flow pulsations have virtually no effect on heat exchange. 

Conclusions 

1. It is shown that periodic pulsations of the flow rate of fluid in smooth and discretely rough 

channels have a significant effect on the heat exchange coefficient Nu. 

2. It was revealed that, in contrast to the stationary case, in a pulsating flow the instantaneous values 

of the coefficient Nu change with changing the instantaneous values of the Reynolds numbers Ret. 

3. The presence of three characteristic areas of the dependence of the Nusselt number Nu on the 

dimensionless Strouhal number Sh Nu =φ(Sh) is established. In the first area (0 < Sh < 2) the 

pulsations of the internal fluid flow in the channels improve the intensity of the heat exchange by 

about 10-15 %. 

4. In the second area (2 < Sh < 4.3) the average values of the Nusselt number for a pulsating flow 

compared to the stationary one for a smooth channel decrease by ≈ 10 %, and for a discretely 

rough channel by 10-15 %. 

5. In the third area (4.3 < Sh < 6) flow pulsations have almost no effect on heat exchange and the 

average value of the Nusselt number becomes approximately the same as for the stationary mode.  
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