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Abstract. The work reports on the experimental research on the determination of the number of Nusselt
concerning the compact bundle of small diameter smooth tubes. Having an inline arrangement, it lacks the

gaps between adjacent tubes of longitudinal rows. In comparison to the traditional inline arrangement, this

type of bundle is noticed to have significant advantages such as an increased coefficient of heat transfer and
reduced aerodynamic resistance of the tube bundle. At the same time, the use of the compact bundle of
small diameter smooth tubes leads to the beneficial reduction of the size and mass of heat exchangers of the
shell-and-tubes type. Several series of experimental investigations upon the aforementioned kind of bundle

in open circuit section type wind tunnel of subsonic speeds applying various hydrodynamic flow conditions

are ran. As a result of these investigations, the correlations and definite dependences of the Nusselt numbers
Nu and Euler numbers Eu on the Reynolds number Re of tube bundle were revealed.

1 Introduction

There is a tendency in the world-wide heat transfer
practice for having a general approach to tube bundles
recognition as being the main part of shell-and-tube heat
exchangers [1-5]. Due to the definite ease of preparation,
they are known to be broadly used in significant number
of industrial equipment. Even though plate heat
exchangers are considered often to be compact and
economic issues, they are unable to compete with shell-
and-tube ones being more advanced in reliability and
work duration, especially if we are taking into account
the flows in the heat exchanger applied under a different
kind of pressure.

One of the effective directions for creating gas-liquid
shell-and-tube heat exchangers of high energy efficiency
and low-pressure drop is the use of inline tube bundles of
increased compactness, being realized by using smooth
tubes of small diameter and their compact arrangement
in tube bundles [6].

Zukauskas et al. [6], Pronin [7], Anisin [8], Aiba et
al. [9], Achenbach [10] performed certain ranges of tests
described in their researches concerning the flow and
heat transfer of cross-flow tube bundles. It must be paid
attention to the fact that an enormous quantity of
manuscripts, being suggested by the literature search
[11] since 1996, can generally be described as a numeric
one. This change might be mostly explained by the huge
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computer power enhancement which has been constantly
occurring since the past decades. Undoubtedly,
experimental investigation combined with numerical
simulation is reviewed to be the most profitable and
advantageous way of data analyzing and summarizing
the results of hydrodynamic and heat transfer processes
occurring in tube bundles.

Nevertheless, regarding all existing thermal,
aerodynamic disquisitions of the correlation of cross-
flow of small diameter tube bundles and the absence of
clearances between adjacent tubes of longitudinal rows,
there is a formidable necessity in proper subsequent
studies.

The research purpose strategy of conducted
investigation can be defined as the analysis and summary
providing of the data relating to the average heat transfer
characteristics, Nusselt and Euler numbers for compact
tube bundle of small diameter smooth tubes with the
inline arrangement and minimum longitudinal relative
step equal to unity in cross-flow. The results of the
determination of Nusselt number for a compact bundle
of smooth tubes of small diameter compared with
numerical modeling results and conventional heat
transfer correlations were obtained through the practical
approach of investigation.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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2 Research description

2.1 Experimental plant

It must be mentioned that the study of heat transfer,
aerodynamic resistance and the laws of flowing the gas
stream of tube bundles is conventionally performed
using wind tunnel [6, 12, 13]. As said previously, we had
particularly used the open circuit section type wind
tunnel of subsonic speeds. Complete information will be
provided below and several basic concepts will be
introduced (Figure 1).

The installation we have been using comprises of
sections: forming the flow passage (manifold (1),
Witoshinsky nozzle (3), stabilizing section (5), test
section (6), calming section (8), inserted-joint pipe (9))
and one axial fan (10) the capacity of 11000 m3%h and
the pressure of 370 Pa, which is driven by a 2.2 kW
three-phase induction motor.

The wind tunnel is generally known to be functioning
on the principle of the suction channel with dimensions
of the test section of 300 mm by 300 mm.

The air flow rate can be successfully adjusted by the
current frequency converter whose purpose is to be
involved in the regulation process of the speed of the
motor rotor and, as a result, the fan impeller speed
causing the air flow changes.

Accordingly, the wind tunnel is equipped with
several measuring equipment to gauge the process
parameters of heat transfer and hydrodynamics.

In particular, we have been using the following
plants:

1) Thermocouple thermometers Hti HT-9815,

2) Chrome-Copel thermocouples for temperature
measurement of the heat transfer surface on the gas side,
3) Heat-loss anemometer “AM-70”,

4) Pitot-Prandtl (tube) gage,

5) Micromanometer “MMH-2400(5)” accuracy Class1.0,
6) Differential pressure flow meter “Testo 510”.

Investigated tube bundle consist of smooth tubes with
diameter and thickness - dxd = 0.010 x 0.001 m, the
tube material is steel, the equivalent diameter of the
channel between rows of tubes is Dcjaneqg = 0.00967 m,
length of tubes is / = 0.300 m, equivalent diameter of
casing is Deas.eq = 0.300 m, tube rows number is 19 with
4 tubes in each row.

Zukauskas and Ulinskas [6] pointed out to the highly
congenial usage of 4 rows plant for the heat transfer to
entirely work out in a free tube bundle. One part of it
represents a calorific type with the electrical heater
inside. It must be referred that the voltage at the
terminals of the heater is being set with the help of a
laboratory transformer and the current is being measured
by an ammeter. Before the gauging process, the duration
span of 60 minutes for the calorimeter tube heating was
observed. The heat capacity of the electrical heater was
considered to be all way constant end equivalent to 26 W
while the range of air velocity during the experiments
varied from 0 to 7.0 m/s. The last issue was done by fan
and frequency converter which are being used for the
required air speed settings. This process has resulted in
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the changes in air velocity leading to the variation of the

range of values of the Reynolds Numbers Re from 0 to
5000.

For the aim of the determination of temperature on

the surface of the calorimetric tube along all its length 3
chromel-copel thermocouples are inserted. Therefore,

the arrangement of them is detailed as follows: one part

is in the middle and the others are at a distance of 15 mm
from the tube ends.
During the main experiment performance the

subsequent characteristics were taken: air flow, air
temperature at the entrance to the test section and the

mass-average temperature at the exit from it, static and
total inlet pressure, total pressure at the outlet of the tube
bundle, temperature of the calorimetric tube wall, the
drop in static pressure over the whole length of the test
section.

Specific attention must be paid to the fact that the
numerical modelling of aerodrodynamics and heat
transfer processes are carried out for the tube bundle.
These calculations are recognized to be efficiently
beneficial in obtaining of the fields of velocities,

temperatures and pressures, and as well as acquiring of

Nusselt numbers and Euler ones depending on Reynold
numbers.

In particularly, the geometry of the investigated tube
bundle with the small diameter tubes is depicted in
Figure 2 possessing the following characteristics: values
of transversal and longitudinal step of tubes S, x S =
0.015 x 0.010 m, the diameter of tubes d = 0.010 m,

number of tubes in row i = 4, the tube bundle consist of

j= 19 row, and the common number of tubes in the
bundle makes z = 76.

2.2 Numerical modelling

The emphasis must be placed on the implementation
of numerical modeling of processes of heat transfer and
hydrodynamics in the tube bundle utilizing ANSYS
Fluent software. Mathematical two-dimensional model
of heat- and mass transfer processes is reported to
comprise a system of Navier-Stokes equations, equation
of energy transfer for convective flows [14] and the
standard k-& model of turbulence [15].

Equations of convective transfer of mass and energy
are introduced as follows:
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Therewith, the two-parameter standard k-¢ model
consisting of two differential equations of kinetic energy

transfer and velocity of dissipation is provided for the
modelling of turbulent flow.
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The next ensuing boundary conditions used for
modelling can be defined as:

w(r=0)=0,w(x=0)=w,,w(x, =x,)=0 =¢
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“

Fig. 2. Geometry of tube bundle arrangement inside test
section.

The numerical calculations in the investigated tube
bundle are carried out with the Reynolds number Re =
4946. Besides, air with a temperature at the inlet of
16 °C is flowing in the channels of the tube bundle. It is
used as a heat carrier. The temperature of the wall of the
calorific tube was assumed to be constant.

The finite element method to be assuredly auspicious
for being used in the numerical calculation of the
problems of hydrodynamics and heat transfer is used. As
for mesh construction, it was carried out in the mesh
generator ANSYS Meshing on the basis of the
Workbench platform. For its construction, the local mesh
control is made use of. The design of a boundary layer
operated by the method of “Total Thickness” (the
thickness of the first layer is determined as being
5:10° m with the number of 6 layers) (Figure 3) is
predominantly defined to represent the construction of a
quadrilateral dominant mesh (Figure 4).

i 00005 {m)
0,00025

Fig. 3. Design of a boundary layer by the method of
“Total Thickness”.
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Fig. 4. Construction of a quadrilateral dominant mesh.

To be more precise, the following features are
observed: the mesh orthogonal quality is equal to 0.55,
the minimum size of the element corresponds to
110 m, the maximum dimension of the face is
considered to be 1:10* m and the number of elements is
calculated as being about 280 thousand.

3 Results and discussions

The distribution of the velocity vectors in the tube
bundle is depicted in Figure 5.

Fig. 5. Velocity vector in the channels of tube bundle,
m/s (Re = 4946).

As it is seen from the mentioned above Figure 5 the
value of the average velocity of air in the narrowest
cross-section of the channel reaches 22+2 m/s.

In the following Figure 6 the illustration of the
temperature distribution in the channels with the air
temperature value both at the inlet and outlet equal 16 °C
is proposed. Thus, it tends to signify the complete
removal of heat from the calorimetric tube at Re = 4946.

Fig. 6. Change of temperature in the channels of tube
bundle, °C (Re = 4946).

Fig. 7. Change of pressure in the channels of tube
bundle, Pa (Re = 4946).

Figure 7 depicts the obvious pressure change in the
flow of air passing along the channels of the tube bundle.
The dependence of the mean of Nusselt on the
Reynolds number can be presented through the
following form of power function:
Nu = A - Re"Pr, 5
where A, n and r are experimental constants.

Concerning gases, it must be emphasized that the
Prandtl number practically is not changed with the
temperature. So, we assume we can easily avoid its
taking into account in formula 5.

Therefore, all experimental data is performed through
the algebraic generalization in the form of a similarity
equation:

Eu=B"-Re", (6)
where B and m are experimental constants.

The investigation results of the flow and heat transfer
in the tube bundle with the absence of gaps between
adjacent tubes of longitudinal rows were easily verified
by means of trend comparing of obtained experimental
data (the wind tunnel) with the output of the numerical
simulation, well-known experiments and modeling.
Further to it, they are proposed to be demonstrably
illustrated in the form of graphical dependences in
Figures 8, 9 for Reynolds numbers in the range Re = 0 +
6000 and Prandtl number Pr = 0.73.
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Fig. 8. Dependence of the Euler number Eu of air flow
on Reynolds number Re: A — results of numerical
modeling for tube bundles installed on working section
of wind tunnel.
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dependencies of the Nusselt number and Euler number
on the Reynold number.

Under the range of practically-focused tests the
dependencies were received in the form of power
function and, what is notably significant, they provide
the consent for the determination of the coefficients of
heat transfer and hydraulic resistance in the development
of tube type heat exchange equipment. To sum up, it
must be underlined that the extracted information is
completely able to illuminate the conclusion about
having 1.7-2 times reducing of heat exchange size by
using of a tube bundle with the absence of gaps between
adjacent tubes of longitudinal rows.
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