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Abstract. The shell and tube heat exchangers are widely used in many engineering
applications. Tubular heat exchangers can be found in the transport, power engineering, food
industry and etc. Therefore, the study of the characteristics of heat transfer and hydrodynamics
in tubular heat exchangers is important. In this paper, numerical analysis of a heat transfer in a
staggered tube bundle with steady and asymmetrical pulsating flow studied. The transverse and
streamwise spacing-to-diameter ratios of the tube bundle were 1.3. The Reynolds number Re
was 1100. Numerical simulation of the flow past the tube bundle with 7 longitudinal rows was
carried out by solving the incompressible Navier-Stokes equations and energy conservation
equation with two different modeling strategies. The simulation was carried out with the RNG
k-g turbulence model with enhanced wall treatment and laminar solver. The sensitivity of the
Nusselt number to the mesh parameters is noted. The effect of the number of rows of the tube
on the heat transfer rate for the tube bundle with the pulsating flow also was discussed. For the
pulsating flow enhancement of the heat transfer in the tube bundle dependence from the row of
the tube and modeling strategy. When RNG k-¢ turbulence model was employed the heat
transfer rate of the first row is increasing by 16 %, downstream rows by 6-7 %. When laminar
solver was employed the heat transfer rate of the central rows are increasing by 53 %.

1. Introduction

The tube bundle is the main element of the shell and tube heat exchanger. Therefore, the study of the
characteristics of heat transfer and hydrodynamics in tube bundles is important. There are many
studies, both experimental [1-3] and numerical [4-6], on this subject. However, studies are mainly
devoted to a steady flow. Heat transfer studies in forced pulsating flow in the tube bundles are limited.
Forced pulsating flow can be used for the enhancement of heat transfer [7]. The use of various
methods of enhancement of heat transfer can lead to a reduction in the metal consumption for heat
exchange equipment, reduced pumping power, and a reduced in heat carrier costs.

In works [8-11] present an experimental investigation of the flow over tube bundles in pulsating
cross-flow of water. The experimental results of flow characteristics obtained for staggered, in-line,
and asymmetrical tube bundles. The heat transfer of tube bundles by the external pulsation flow is not
investigated. The authors suggest a possible increase in heat transfer when the external pulsating
frequency approaches the natural shedding frequency. This is referred to as the lock-on or vortex
resonance phenomenon. In another study [12] effect of flow pulsating on a heat transfer of a seven-
row inline tube array is investigated numerically using the LES technique. It is found an increase of
heat transfer of the first and the second row, due to the lock-on regime behind the first row. Heat
transfer downstream cylinders are not influenced by the forced pulsation. The effect of flow pulsation
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on flow characteristics and heat transfer in tube bundles experimentally investigated in papers [13-16].
It is found what heat transfer of tube bundles can increase by the external pulsation.

In mention works pulsating flow close to harmonical. Here presented new results of heat transfer
variation with the number of rows in the staggered tube bundle by external asymmetrical pulsation. In
this work, the Reynolds number is based on the tube diameter and gap velocity in the tube bundle. In
this work, transverse and streamwise spacing-to-diameter ratios of the tube bundle were 1.3. The
Reynolds number Re is based on the tube diameter was 1100. The Prandtl number Pr was 5.1. The
Strohaul number Sh of pulsating flow was 0.24. The dimensionless relative amplitude A/D was 0.2,
the duty cycle y was 0.25. In the previous works of the authors [17-19], the efficiency of asymmetric
pulsations was already shown in comparison with symmetric pulsations at a Reynolds number Re <
1000. In these studies [17-19], the heat transfer of the central cylinder in the tube bundle was
estimated for a wide range of pulsation parameters.

2. Mathematical model

The computational domain of the tube bundle and nomenclature used in this work are shown in
figure 1. The transverse and streamwise spacing-to-diameter ratios of the tube bundle were
St,./D = 1.3. The tube diameter was D = 0.02 m. The domain included 7 streamwise rows of the tube.
The upstream and downstream length of the tube bundle was 5.5D and 9.5D respectively. Symmetry
boundary condition was set at the lines AB and CD. Constant temperature boundary condition was set
at the inlet (line AC) and the tube walls, the outlet (line BD) constant pressure.

In a steady flow, constant flow velocity was set at the inlet to the computational domain. To
simulate the pulsating flow at the inlet to the computational domain of the tube bundle, the
dependence of the velocity on time u(t) s was set (figure. 2). The pulsations of the velocity u(r)
corresponded to the necessary frequency f and the relative amplitude A/D of the pulsations. The
pulsation frequency was found by the equation f = 1/7Hz, where T = T, + T, the period of pulsation
consisting of two half-periods. The amplitude of the pulsations was equal to the distance that the fluid
passed during the time T (figure 2). The duty of the pulsation was calculated as follows y = T4/T.

Figure 1. Computational domain.

Table 1. List of mesh parameters ordered by code.

Mesh code  Element number Vinin/D Yimax/D
MI 40.321 1.56 - 107 12107
M2 65.607 1.15-107 9.0-10°
M3 91.368 8.72-10" 7.5-107
M4 134.074 7.83-10 6.0-10°

M5 207.953 6.31-10" 47-10°
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Figure 2. Asymmetrical pulsating velocity at the inlet of the tube bundle for /= 0.5 Hz; 4/D =0.2;
vy =0.25; Re=1100; Pr=15.1.

The flow is accepted to be incompressible, 2D, and with constant thermal properties. To simulate the
flow and heat transfer in the tube bundle governing Navier—Stokes, and energy equations are solved
with two different modeling strategies. The simulation was carried out with the turbulence model and
laminar solver. The RNG k-¢ turbulence model with enhanced wall treatment (RNG k-¢ EWF) was
employed.

The calculations were performed with the finite volume method using commercial computational
fluid dynamics package Fluent [20]. The SIMPLE algorithm was used for all calculations. The energy
equation is solved using the upwind scheme with second-order accuracy. The steady solver was used
for the stationary flow. For pulsating flow time step was 0.001 s.

Five meshing schemes are generated for the numerical simulation. The 12 number of layers in the
near-wall region with the expansion factor in the radial direction 1.2 was set. Mesh parameters
information is shown in table 1. Figure 3 is shown the obtained coarse and finest mesh.

Figure 3. Details of two mesh sets.

3. Results

Figure 4-5 shows the Nusselt number Nug; of steady flow obtained with five meshes and two modeling
strategies. For the RNG k-¢ EWF turbulence model influence of the mesh is not significant (figure 4).
Differences between the Nusselt number between M1 and M5 were below 0.42 %, between M4 and
M5 below than 0.09%. The Nusselt number obtained when laminar solver was employed more
sensitive to the mesh compared to the RNG k-¢ EWF turbulence model (figure 5). The sensitivity of
the mesh to heat transfer varies depending on the number of rows in the tube bundle. The difference of
the heat transfer for the rows 1-2 between M1 and M5 was about 0.4%, for the rows 3-7 about 3.8%.
However, as the mesh decreases, the solution stabilizes. The difference between the Nusselt number
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for the M4 and M5 was below 0.17%. The deviation of the obtained results with experimental data [1]
was 27% and 18% for RNG k-¢ EWF and laminar solver, respectively (Table 2).

Figure 67 shows the influence of the mesh on the Nusselt number Nu, of the unsteady flow with
the RNG k-¢ EWF turbulence model and the laminar solver. In a pulsating flow, the heat transfer of the
tube bundle more sensitive to the parameters of the mesh as compared to the steady flow. The
difference between Nu, between M4 and M5 was about 1.3% and 0.5% for RNG k-¢ EWF turbulence
model and the laminar solver, respectively.

When the RNG k-¢ EWF turbulence model was employed (figure 8, (a)), the heat transfer variation
with the number of the row in the tube bundle in the steady and pulsating flow is similar. The heat
transfer of the second row is higher than the first row, which agrees with the data of other authors
[1,4]. The heat transfer of the downstream rows is close to the heat transfer of the second row. The
pulsation flow increases the heat transfer of the first row by 16% of the downstream rows by 6-7%.
However, in [12], significant enhancement of the heat transfer by the external pulsation was only for
the first and second row in a tube bundle. The difference can be induced by the difference in pulsation
parameters, the configuration of the tube bundle, and the chosen modeling method.

When the laminar solver was employed (figure 8, (2)), the heat transfer variation with the number
of the row in the tube bundle in the steady and pulsating flow is not similar. In the pulsating flow, the
maximum increase of the heat transfer of the tube bundle is observed for rows 2—6, the maximum
decrease of the heat transfer for the first and last rows. In the steady flow, the maximum increase of
the heat transfer is observed for the second row the maximum decrease for the first and for the rows 3—
7. However, the heat transfer of rows 3-7 is higher than the heat transfer of the first row. The heat
transfer rate in the central rows is enhanced by 53% due to the external pulsation compare to the
steady flow.

Figure 4. Nusselt number of each row in the tube bundle with different mesh
for the RNG k-¢ turbulence model (steady flow).

Table 2. Nusselt number for the second row in the bundle for verification.

Mesh code Modeling strategy Nu/Pr’
M1 RNG k-¢ EWF 24.22
M5 RNG k-¢ EWF 24.19
M1 Laminar solver 22.52
M5 Laminar solver 22.54

- Zukauskas [1] exp. data 19.1
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Figure 5. Nusselt number of each row in the tube bundle with
different mesh for the laminar solver (steady flow).

Figure 6. Nusselt number of each row in the tube bundle with
different mesh for the RNG k-¢ turbulence model (pulsating flow).

Figure 7. Nusselt number of each row in the tube bundle with
different mesh for the laminar solver (pulsating flow).
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Figure 8. Nusselt number of each row in the tube bundle: a) RNG k-¢ EWF turbulence
model; b) laminar solver.

4. Conclusion

The RNG k-¢ EWF turbulence model with enhanced wall treatment and laminar solver is employed for
the numerical simulation of the flow inside a seven-row staggered tube bundle with the asymmetrical
pulsating and steady flow at the inlet. It is noted that the Nusselt number obtained for pulsating flow
more sensitive to the parameters of mesh compared to the steady flow. The results obtained by the two
modeling strategies for the steady flow have no significant differences. The Nusselt number for the
first tube in the array is lower than downstream cylinders. Differences between the two modeling
strategies are more significant with pulsating flow. In the pulsating flow with the RNG k-¢ EWF
turbulence model, the heat transfer rate of the first row is increasing by 16 %, downstream rows by 6-
7 %. When laminar solver was employed the heat transfer rate of the central rows are increasing by
53 %. It seems the laminar solver over predict the heat transfer in the tube bundle with the pulsating
flow. The further experimental investigation of the heat transfer in a tube bundle with the pulsating
flow is needed.
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