| =,

The expediency of using “dry” cooling systems for
technological products is considered. The expediency
of using flat-oval tubes with incomplete finning as heat
exchange surfaces of air coolers is shown. The trans-
Jfer of the operating mode of air coolers to the operating
mode with the fans turned off during a certain time of
the year is substantiated. Installation of an addition-
al exhaust tower can lead to energy savings for the fan
drive up to 55 %.

The technique of numerical modeling and experimen-
tal study of the flow structure in a package of flat-oval
tubes with incomplete finning under natural draft con-
ditions is presented. Experimental studies and compu-
tational fluid dynamics (CFD) — modeling of the flow
structure and averaged velocity fields in a package of
flat-oval tubes with incomplete finning under natural
draft conditions are carried out. The obtained numerical
and experimental distributions of velocities and tempera-
tures near the surface of the tubes and in the wake behind
them give an idea of the features of the flow around the
tubes and the effect of the flow structure on the intensity
of their heat transfer. It was found that the hydrodynam-
ic flow pattern in a stack of flat-oval tubes according to
the results of CFD modeling corresponds to the classical
concepts of hydrodynamics. The absence of a part of the
finning in the aft part of flat-oval tubes with incomplete
finning, where the formation of the aft circulation zone is
observed, is substantiated. The verification of the CFD-
modeling data and the data of the experimental study on
the determination of the average velocities and tempera-
tures in the flow behind the pack of flat-oval tubes with
incomplete finning is carried out. The verification results
indicate that the average numerical simulation error does
not exceed 18 %. It is shown that to determine the opti-
mal, from the point of view of heat transfer, geometric
parameters of a number of flat-oval tubes under natural
draft conditions, it is advisable to use CFD modeling
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1. Introduction

Today there is a need to meet the needs of the Ukrainian
market with new effective cooling systems for technological
products (air coolers, “dry” cooling towers, etc.). The avail-
able literature on the state of the art in air cooling technology
shows the following. Creation of “dry” cooling systems with
weight and size characteristics and cost acceptable for their
wide distribution is directly related to the thermal and dy-
namic efficiency of their heat exchange surface. As such sur-
faces, it is advisable to use the new ones proposed in the Igor
Sikorsky KPI, surfaces with flat-oval tubes with incomplete
finning [1].

These tubes have a number of significant advantages over
finned tubes currently used in industry. These advantages in-
clude: a higher degree of surface decomposition, ideal thermal
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contact between the fins and the main tube, low aerodynamic
resistance and high manufacturability.

Taking into account the above, it is advisable to carry out
studies of heat transfer and features of the flow around such
tubes under conditions corresponding to the possible modes of
operation of air coolers.

2. Literature review and problem statement

The operation of “dry” cooling systems is accompanied
by significant costs for the drive of the fan motors, which
provide the required air flow rate to remove the heat flow
from the heat exchange surfaces. The total electricity con-
sumption for one air-cooled unit with a thermal capacity
of 1 MW is about 100 MWh of electricity per year, which



corresponds to about 224 thousand UAH of the company’s
cash costs.

As shown in [2], it is possible to transfer air coolers to
the operating mode with the fans turned off during a certain
time of the year. Saving energy for the fan drive in this case
is up to 37 % per year [3, 4]. In this case, the removal of the
heat flow from the heat exchange surface of the air cooler
(AC) is carried out using free convection.

However, as indicated in [5], it is possible to install an
additional exhaust tower above the heat exchange surface
and transfer the AC operation mode to the natural draft
mode. With this, it is possible to significantly expand the
range of ambient temperatures at which it is possible to op-
erate the AC in the operating mode with the fans turned off.

This method requires practically no capital expenditures
and can increase the overall energy savings for the fan drive
up to 55 %.

Incomplete finned flat-oval tubes operate effectively
under forced convection conditions. The works [1, 6] show
their significant advantages over tubes with a round finned
profile and the possibility of their use as heat exchange
sections of air coolers. But the features of the AC operation,
given above, make it necessary to check the possibility of
using flat-oval tubes with incomplete finning under natural
draft conditions.

The works [7-9] are devoted to the study of heat ex-
changers with a built-in exhaust tower. In [7], a numerical
and experimental study of the influence of the location of
the heat exchange beam on the efficiency of the dry cool-
ing tower model was carried out. In [8, 9], the influence
of the installation of an exhaust tower on the intensity of
heat exchange of air cooling devices based on bimetallic
finned tubes is considered. However, the data given in the
sources [7—9] can be applied only for those types of heat
transfer surfaces, which are devoted to these works. At the
same time, studies of the flow structure and heat transfer
of precisely flat-oval tubes with incomplete finning under
natural draft conditions have not been carried out at the
moment.

Based on the analysis of works [10, 11], it should also be
noted that the highest heat transfer rate of the finned sur-
faces is achieved when they are located across the incident
flow. As indicated in [12], when using finned telescopic
tubes, the best heat and dynamic performance is achieved
when they are located with a smaller radius towards the
flow. Considering the above, this work does not consider a
change in the angle of attack and a change in the variant
of the arrangement of finned tubes relative to their longi-
tudinal axis.

All this allows to state that it is expedient to study the
flow structure in packets of flat-oval tubes with incomplete
finning under natural draft conditions. These studies will
provide new data for the development of recommendations
for the use of flat-oval tubes with incomplete finning in the
design of modern air coolers.

3. The aim and objectives of research

The aim of research is to obtain new data on the flow
structure in the interfin channels of flat-oval tubular-finned
heat exchange surfaces for natural draft conditions. These
data are required to conduct an in-depth analysis of the
feasibility of using such tubes in dry air cooling systems.

To achieve this aim, the following objectives are set:

— to perform CFD-modeling of heat transfer of a package
of flat-oval tubes with incomplete finning under natural
draft conditions;

—to conduct an experimental study of velocities and
temperatures near the surface of the tubes and in the wake
behind them using a hot-wire anemometer in accordance
with the conditions of natural draft;

— to check the possibility of using CFD-modeling of heat
transfer of a package of flat-oval tubes with incomplete fin-
ning, verify the numerical and experimental data.

4. Methods for studying the flow structure in packets
of flat-oval tubes with incomplete finning under natural
draft conditions

To study the temperature distribution, averaged velocity
fields and flow structure in packets of flat-oval finned tubes
under natural draft conditions using CFD modeling, a finite
element model of a number of research tubes was developed,
which made it possible to numerically visualize the flow near
the surface of the tubes and in the wake behind them. and
also to obtain the distributions of temperatures and fields
of averaged velocity in the interfin channels of finned tubes.

In the numerical simulation of the flow structure, the
Boussinesq approach [13] was used. When using this ap-
proach, it is believed that the physical parameters of the me-
dium are constant, the density depends only on temperature,
and this dependence must be taken into account only in the
expression for the force of gravity.
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where p —density, # — component of the velocity vector,
T — time, x — coordinate along the generatrix of the distort-
ed body, B —thermal coefficient of volumetric expansion,
0 — excess temperature, F —bulk force, p —coefficient of
dynamic viscosity, p — pressure, C, — isobaric heat capacity,
T — temperature, Q, — specific power of volumetric heat
sources, A — thermal conductivity coefficient, index i — along
the projection on the x, y, z axes, index j — according to the
number of solid boundary surfaces of the body.

The Boussinesq approximation does not impose restric-
tions on the change in thermophysical characteristics and
the influence of the work of compression and energy dissipa-
tion on the flow and heat transfer [14].

The calculations were carried out in a stationary
setting. The geometry of the CFD model of the finned
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flat-oval tube, as well as the pitch between the tubes
(51=60 mm) and the height of the exhaust tower above
the ends of the fins (1 m) correspond to the physical ex-
periment [15]. The numerical model is based on a full 3D
model of the elements of a series of flat-oval tubes with
incomplete finning. The task is external, the calculations
were carried out in a stationary setting. The hydrodynamic
picture of the fluid flow in half-open rectangular channels
formed by the fins and the supporting tube is the same in all
interfin channels along the tube. Taking into account the
above, for the simulation, a tube with an average width of a
row, bounded by two adjacent guard tubes, was chosen. In
these tubes, an average fin along the width of the tube was
considered, bounded by fins of the same type, which were
chosen as security ones.

The mutual influence of the boundary layers devel-
oping on the surfaces of the fins forming a flat half-open
channel was taken into account by symmetric boundary
conditions.

An example of a 3D computational grid is shown in
Fig. 1.

Fig. 1. Three-dimensional model of the solution area of the
heat conduction problem

The construction of the computational model was based
on the development of a geometric model of the computa-
tional domain, discretization of the computational domain
in accordance with the concept of the influence of the char-
acteristics of the finite element mesh on the stability and
convergence of the solution, and the application of boundary
conditions. The computational area was covered with an
uneven rectangular mesh with thickening to the walls of the
base and heating elements. The number of elements in the
computational grid was 3,720,000. The temperature of the
external environment and the density of the heat flux on the
inner surfaces of flat-oval tubes were set as boundary condi-
tions. The mentioned values coincide with the input data of
the physical experiment [15].

An experimental device for carrying out experimental
studies is shown in Fig. 2, 3.

Detailed information on the design of the experimental
device is given in [15]. However, to conduct experimental
studies on the measurement of local velocities and tempera-
tures of the air flow under natural draft conditions, a Ger-
man-made Testo 425 hot-wire anemometer (pos. 2, Fig. 2,
pos. 5, Fig. 3) was used, which was introduced into the flow
using a telescopic probe. The sensing element of the hot-wire
anemometer was able to move in a plane above the heat ex-
change section using a coordinate device (element 3, Fig. 2).
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Fig. 2. Diagram of an experimental device for research under
conditions of free convection and natural draft (top view):
1 — package of finned tubes; 2 — hot-wire anemometer;

3 — coordinate device
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Fig. 3. Diagram of the experimental device for conducting
research in conditions of free convection and natural draft
(front view): 1 — thermal insulation section; 2 — package of
profiled finned tubes; 3 — exhaust tower; 4 — support posts
5 — hot-wire anemometer; 6 — Plexiglas window

5. Results of studying the flow structure in packets of
flat-oval tubes with incomplete finning under natural
draft conditions

5. 1. Results of CFD-modeling of heat transfer of a
pack of flat-oval tubes with incomplete finning under
natural draft conditions

Fig. 4 shows a numerical visualization of temperature
fields and instantaneous flow rates in the interfin channel
of a number of flat-oval tubes with incomplete finning.



The given temperature distribution corresponds to the
temperature distribution in the interfin space of the chan-
nel of a single flat-oval tube under forced convection [16].
On the surface of the flat-oval tube, the most heated
zone is aft along the flow direction, and the zone with
the minimum temperature is located at the frontal point.
As in the case of forced convection under natural draft
conditions, a thermal boundary layer begins to develop on
the surface of a flat-oval tube and its fins, the thickness
of which increases as the flow moves deeper into the in-
terfin channel. The maximum thickness of the boundary
layer can be estimated visually (the near-wall region near
the bearing tube (Fig. 4, a). Such analysis shows
that with an increase in the supplied power, the
thickness of the boundary layer decreases, which in
turn indicates an increase in the local flow velocity.

The above is confirmed by the results of the distri- 7 /s ' {\ il | I

bution of instantaneous velocities in the central plane
of the interfin canal (Fig. 4, b). The analysis of the
figure confirms the predicted tendency to increase the
velocity in places of high temperature. Form Fig. 4 it
can be seen that the flow that moves from bottom to
top under the influence of the difference in air den-
sities is primarily directed into the gap between the
ends of the fins of adjacent tubes, where the maximum
flow rate is observed. In this case, with an increase in
the supplied heat flux, an increase in the flow rate is
observed.

Analysis of Fig. 5, which shows the air flow lines in
the near wake behind the tube, indicates that the for-
mation of two oppositely swirled vortices is observed
in the aft part along the flow. Further, the movement
of the flow forms a Karman vortex street, which

is consistent with the generally accepted picture of the  Fig.

flow with a transverse flow around tubes [17].
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34,2 0,64
32,5 0,55
30,8 0,46
29,1 0,36
27,4 0,27
25,7 0,18
24,0 0,09
223 0,00

In addition, it should be noted that the created aft circula-
tion zone is smaller in terms of its relative size than for round
finned tubes with a similar cross-section perimeter. This zone
is distinguished by a low intensity of circulation currents, and,
accordingly, a low intensity of heat exchange with the surface
of the fins. Therefore, the aft part of the fins of traditional fully
finned tubes practically does not work as a ballast one. This
indicates that the absence of a part of the finning in the aft zone
of flat-oval tubes with incomplete finning is quite justified. It
leads to a significant decrease in the metal consumption of the
finned surface and a significant simplification and improvement
of the manufacturability.
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5. Trajectories of motion of particles in the near wake with a
heat load on one tube Q=100 W

5. 2. Results of an experimental study
of velocities and temperatures near the
surface of tubes and in the wake behind
them under natural draft conditions

The physical experiment aimed to an-
alyze the flow structure and its represen-
tation in the form of velocity and tempera-
ture flow fields with the tubes of the heat
exchange section. The flow structure was
measured above the heat-exchange section
at a distance of 75 mm from the upper end
of the fin of the flat-oval tube (Fig. 2, 3).
Based on the results of the experimental
study, the distributions of the temperature
head (Fig. 6) and velocities (Fig. 7) were ob-
tained along the width of a single-row stack
of flat-oval tubes with incomplete finning L.

The presented dependences are of ex-
treme nature. The parameter that the de-
lamination data is given is the heat load
Q supplied to one tube (Q=50, 100, 150,
175 W). The minimum temperature value
is in the center of the gap between the fins,
where the maximum velocity is in compli-

Fig. 4. Distribution of temperatures and flow rates in the interfin space of the  ance. The graphs clearly show the tempera-
channel at a heat load on one tube Q=100 W: a — temperature distribution; ture-velocity relationship: that is, the high-

b — velocity distribution

er the flow rate, the lower its temperature.
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Fig. 6. Distribution of the temperature head over the width of
a single-row package according to the results of experimental
studies: 1 — @=50W; 2 — @=100 W;
3—=150W;4— =175W
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Fig. 7. Velocity distribution along the width of a single-row
packet according to the results of experimental studies:
1—Q@=50W;2—Q=100W;3 — Q=150 W;4— Q=175W

5. 3. Verification of numerical and experimental data

In order to visually assess the relationship between the
physical and computational experiment, graphical dependences
of verification of temperature head (Fig. 8) and instantaneous
flow rates (Fig. 9) along the width of the interfin channel L are
presented. 8, 9, solid lines represent the results of CFD model-
ing, and the dots represent the results of experimental studies.

Verification of the values of temperature heads and instan-
taneous flow rates and the construction of their two-dimen-
sional graphical dependencies took place on a line drawn in
the center of the interfin channel at a distance of 75 mm from
the end of the fin. This corresponds to the performed physical
experiment [15].
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Fig. 8. Verification of the temperature head distribution
over the width of a single-row package: 1 — Q=50 W;
2—Q=100W;3— Q=150W;4— Q=1715W

The given verification of numerical data (Fig.8,9) indi-
cates that the average error between numerical and experi-

mental data is 18 %. At the same time, the greatest deviations
in the distributions of velocities and temperature differences
are observed in the space between the fins of adjacent tubes.
It should be noted that the distributions of velocities and tem-
perature heads determined from the results of experimental
studies and CFD modeling have an identical character.
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Fig. 9. Verification of the velocity distribution over the width of
a single-row package: 1 — Q=50 W; 2 — Q=100 W;
3—=150W;4— =175W

6. Discussion of the research results of the flow structure
in packets of flat-oval tubes with incomplete finning
under natural draft conditions

CFD modeling of heat transfer of a package of flat-oval
tubes with incomplete finning under natural draft condi-
tions made it possible to obtain a numerical visualization
of the temperature fields and instantaneous flow rates in
the interfin channel of a number of such tubes. A detailed
analysis of the obtained distributions (Fig. 4,5) made it
possible to conclude that the obtained flow pattern is in
good agreement with the generally accepted flow pattern for
a transverse flow around tubes [17].

The data of an experimental study of velocities and tem-
peratures near the surface of tubes and in the wake behind
them under natural draft conditions indicate the follow-
ing. The distributions of temperature heads and flow rates
(Fig. 6, 7) are stratified in accordance with the change in the
supplied heat flow Q. In this case, the temperature heads and
flow rates change in opposite directions. Temperature min-
imums and velocity maxima coincide with the center of the
gap between the fins of adjacent tubes. Temperature maxima
and velocity minima are located in the aft circulation zone,
which is formed directly behind the flat-oval tube.

The above verification of the numerical data (Fig. 8, 9)
indicates a sufficient correlation between the results of
experimental and numerical distributions of velocities and
temperature heads. This makes it possible to use the devel-
oped technique to determine the geometric and step char-
acteristics of a number of flat-oval tubes with incomplete
finning under natural draft conditions, which are optimal
in terms of heat transfer intensity. This allows to minimize
the cost of experimental research by reducing the number of
options for their geometric characteristics and step charac-
teristics of their location.

The technique considered can be used for CFD modeling
of the intensity of heat transfer of flat-oval tubes with incom-



plete finning under natural draft conditions in the range of
Rayleigh numbers Ra=2.8 103...13.2-10°.

The disadvantage of the studies carried out is that, ac-
cording to the results of numerical modeling, the value of the
temperature head in the space between the fins of adjacent
tubes is slightly less than the corresponding values obtained
in the physical experiment (Fig. 6). This is due to the fact
that during the physical experiment, when the temperature
field of the flow was fixed behind the tubes, significant fluc-
tuations of the temperature values were observed, and their
averaged values were taken into account when constructing
the graphical dependencies.

Further studies are planned to be carried out in the di-
rection of studying the influence of changes in the geometric
parameters of tubes on the intensity of heat transfer under
natural draft conditions.

7. Conclusions

1. Based on the results of the CFD simulation of heat
transfer of a pack of flat-oval tubes with incomplete finning

under natural draft conditions, it was determined that
the flow pattern corresponds to the classical concepts of
hydrodynamics.

2. An experimental study of the velocities and tempera-
tures near the surface of the tubes and in the wake behind
them using a hot-wire anemometer under natural draft
conditions. This study made it possible to obtain data on ex-
perimental distributions of velocities and temperature heads,
which give an idea of the peculiarities of the flow around
tubes and the effect of the flow structure on the intensity of
their heat transfer. The data obtained are used to verify the
developed numerical model.

3. The data obtained by CFD modeling on the flow
structure in packets of flat-oval tubes with incomplete fin-
ning under natural draft conditions are consistent with the
results of experimental studies with an average error of 18 %.
This indicates that the developed CFD modeling technique
can be used to determine the geometric and step character-
istics of a number of flat-oval tubes with incomplete finning
under natural draft conditions, optimal in terms of heat
transfer. This makes it possible to significantly simplify the
corresponding experimental studies.
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