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Abstract

Objectives. In the confined space of heat exchangers, heat transfer rate plays a key role. The cross-sectional
shape of the tubes can affect the heat transfer characteristics. Although circular tubes are easier and less expensive
to manufacture, heat transfer in heat exchangers with tubes of other cross-sections can take place at higher rates,
thus providing economic advantages. This makes the mathematical modeling of hydrodynamics and heat exchange
in a tube apparatus relevant and interesting both from the theoretical and applied point of view. The aim of this study
is to determine the influence of the shape of the tube cross-section on the heat transfer intensity.

Methods. Numerical investigations were carried out using smoothed particle hydrodynamics. The possibilities
of the smoothed particle method for resolving industrial heat transfer problems were demonstrated.

Results. Heat transfer intensity was analyzed for tubes of circular and rectangular cross-sections. In cases where
the cross sections of tubes in the heat exchanger are elongated in a given direction, the influence of the tube position
in relation to the oncoming flow was studied. This was performed either with the long side along the flow or across it.
The influence of tube surface protrusions on heat exchange was investigated. The flow around tubes with different
cross-sectional shapes was also analyzed. The features of the flow around the tubes were established, and the
velocity and temperature fields in the heat exchanger volume were defined. The values of the dimensionless heat
flux (Nusselt number) for each case were also found.

Conclusions. The influence of finned tubes in the laminar flow regime of heated fluid through the bundle of heat
transfer tubes is insignificant. The highest value of the heat flux was observed for tubes of rectangular cross section
with the long side transverse to the flow, and the difference with the data obtained for standard round tubes was
found to be more than 15%.
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METOOM CIVIA’KEHHBIX YACTHII
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Peslome

Llenu. B paboTe TennooOMeHHbIX anmnapaToB K/OYEBYO POJib UrpaeT CKOPOCTb TeMJionepenayu B yCioBMsX orpa-
HUYEHHOrO NpocTpaHcTBa. Popma ceveHnss Tpyd MOXET MOBAUSATbL HA XapakKTepPUCTUKN TennoobmMeHa. XoTsa npo-
M3BOACTBO TPYD KPYroBOro cevyeHust NpoLe 1 obxoamTcs aellesne, TennoobmeH B annapaTtax ¢ Tpyb6amu opyrmx
MOMEepPEeYHbIX CEYEHNIN MOXET NPOUCXOANTL C BOoNbLUEr CKOPOCTbiO, TakK, YTOObl 3TO AaBaso 3KOHOMMYECKUe npe-
mmyLiecTBa. MoaTtoMy nNpoBefeHne MaTeMaTMieckoro MoaennpoBaHns rmapoaMHaMmnk U tennoobmeHa B Tpy6-
4aToM TennoobMeHHOM annapaTte akTyaslbHO U MHTEPECHO Kak TEOPETUYECKU, Tak U C MPUKNAAHON TOYKM 3PEHMS.
Llenb nccnepoBaHus — onpeaeneHne BamsaHuUs GopMbl cedeHns Tpyd Ha MIHTEHCUBHOCTL Ternonepeaayun.
MeTopbl. YcneHHble nccnenoBaHUsl BbINOJIHEHbI METOAOM MAPOAVMHAMUKM CriaXeHHbIX YacTtul,. MNMpoaemMoH-
CTPMPOBaHbl BO3MOXHOCTM METOAA CrIaXKeHHbIX YaCTULL, A5 PEeLLeHUs 3a4a4 MPOMBILLSIEHHOrO TenI006MeHa.
PesynbTaTbl. AHANM3 MHTEHCMBHOCTW TENonepenayn nposeneH oisa Tpyd KpPyribiX U NPSMOYrOJibHbIX CEYEHWIA.
B cnyyasix, korga nornepeyHble ceveHns Tpyo B TEMIOOOMEHHMKE ABMSIIOTCS BbITAHYTbIMW BOOJIb HEKOTOPOrO Ha-
npaBfieHNs, UCCNeA0BaHO BIMSIHME PACMOoXeHWs TpyO Mo OTHOLWEHUIO K Haberarowemy noToky: AJIMHHOW CTO-
POHOW BOO/Mb NOTOKA UM Mornepek ero. ViccnenoBaHo BAVSIHME Ha TEMI00OOMEH BbICTYNOB Ha MOBEPXHOCTU TPY6.
MpoBeaeH aHann3 o6TekaHUs TPyO C pasnnyHbIMU GopMaMm NoNepeYHbIX ceveHuii. BoisiBneHbl 0co6eHHOCTM 06Te-
KaHWs1, HalaeHbl MOt CKOPOCTEWN U TeMnepaTypbl B 06beMe TensioobMeHHMKa. HaliaeHbl 3HaueHns 6e3pasmMepHoro
TENJIOBOro NoToka (4mcna HyccenbTa) Ans kaxanoro cny4as.

BbiBoabl. CoenaH BbIBOA, 0 MasiOM BAUSHUN 0pebpeHuns Tpy6 Npu NaMrUHapHOM pexnmMe npoTekaHus HarpeBaemMoim
XUAKOCTU Yepead nyyok Tpyb-TennoHocuTenen. Hanbonbliee 3HaveHre TEMNIOBOroO NoToka Habnaganock onsa Tpyd
NPSIMOYrOJIbHOrO CeYeHUs1, PacnofIOXKEHHbIX AJIMHHOM CTOPOHOM Nonepek NoToka, NPUYeM pasnmyve ¢ JaHHbIMU,
MosyYeHHbIMW AN151 CTaHAAPTHbIX KPYrbix TPY6, cocTaBmo 6onee 15%.

KnioueBble cnosa: Ternsonepenaya, Tenn00bMeHHble annapartbl, HACNeHHOe MoaennpoBaHune, rmapognHamMmmka
CrnaXxeHHbIX 4HaCTuUL, HeCXXnmMaeMas XnaKkoCTb, nepmnoagndeckme rpaHn4Hble ycnoBus

* Moctynuna: 06.03.2024 » flopa6oTaHa: 02.09.2024 e MpuHaTa kK ony6nukoeaHuio: 19.11.2024

Ona untnporanus: KopeHueHko A.E., Cyxos A.B. MopgenupoBaHue paboTbl TpybyaTbix TEMI00OMEHHUKOB METO-
OOM crnaxeHHblx 4YacTtuy. Russian Technological Journal. 2025;13(1):136—-143. https://doi.org/10.32362/2500-
316X-2025-13-1-136-143, https://elibrary.ru/XIFHYB

npospatmocn: cbvmaucosoﬁ AeaTesibHOCTU: ABTOpr He NMetoT CI)I/IHHHCOBOVI 3anHTEpPeCoOBaHHOCTW B nNpeacTaBiieH-
HbIX MaTepunanax nam MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

In the modern technological society, there is an
extremely greatneed for heatexchangers. Heatexchangers
are used at enterprises in the petrochemical, metallurgical,
and food industries, as well as in shipbuilding and in
housing and communal services. In particular, communal
heating, hot water supply, and air conditioning systems
are built on the basis of heat exchangers. The majority of
such heat-exchange equipment involves water-water and
steam-water tube heat exchangers. The heat exchanger
consists of a block of tubes immersed in the fluid flow.
A fluid or gas is passed through the tubes, wherein the
fluid media in the tubes and flow possesses differing initial
temperatures. The heat exchanger characteristics are of
considerable practical interest and have therefore been
the subject of numerous experimental and theoretical
studies [1-5]. Methods have been developed for heat
transfer intensification involving complicating the shape
of heat exchanger tubes by finning the surface [6, 7],
installing turbulators [8], and rotating the heat exchanger
tubes [8]. In [9], the melting characteristics of gallium
in a shell-and-tube type heat exchanger with tubes
of circular, rectangular, or elliptical cross-section are
numerically considered. Here, the solid-liquid transition
rate of gallium depends on the heat transfer intensity from
tubes. The findings show that the shortest melting time
was achieved when using a heat exchanger with tubes of
rectangular cross-section, while using tubes of circular
cross-section yielded the lowest heat transfer intensity.
In [10], the energy feasibility of using elliptical cross-
section tubes in thermal energy storage systems is shown.

However, the literature review shows that the
possibility of increasing heat transfer by changing the
cross-section shape of tubes with heat-transfer medium
has not been considered sufficiently and should be
investigated additionally.

Smoothed  particles  hydrodynamics  (SPH)
is a meshless Lagrangian method for resolving
hydrodynamic and aerodynamic problems. The method
consists of approximating the fields of physical quantities
by a discrete system of particles [11-13]. The method
properly describes heat transfer processes in liquid and
gas media. It shows good performance and can be used for
resolving heat transfer problems in industrial production.

The paper aims to model heat transfer in a tubular
heat exchanger and to analyze the heat transfer intensity
depending on the cross-section shape of tubes with heat-
transfer medium.

1. MATHEMATICAL MODEL

This paper models a scheme (Fig. 1) in which
a flow of cold water (7, = 283 K), bounded at the top
and bottom by flat surfaces, runs into a block of heated

parallel tubes the temperature of which is kept equal
(T} = 363 K). The direction of velocity in the flow is
perpendicular to the tubes. The fluid in the flow is
assumed to be incompressible and Newtonian. The
gravity effect is neglected. We consider the problem
in a two-dimensional formulation acceptable under the
condition that the tube length is much greater than the
distance between the bounding planes.
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Fig. 1. Schematic diagram of the experiment.
His the heat exchanger gap; 1 is the fluid flow;
2is the tubes; 3 is the bounding planes

Conservation equations for the fluid in the flow are
written as follows:

—

(Z_’:+(17§)17:—§§P+v§217+c7, (1)
%N(pﬁ):o, )
f;_fﬁ(rﬁ):p_'i%zr. 3)

Wherein, (1) is the momentum conservation law,
(2) is the continuity equation and (3) is the heat balance
equation in neglecting viscous dissipation, where P is
pressure in the fluid; V= Vs Vy} and T are velocity
and temperature, respectively; @ is acceleration due to
an external force. The thermophysical characteristics of
the fluid (water) are denoted as follows: p is density, v is
kinematic viscosity coefficient, Kk is heat conduction
coefficient, and ¢ is specific heat capacity. Their values
are given in Table 1. The following boundary conditions
were chosen: the flat surfaces and tubes are isothermal;
while the conditions of non-slip and impermeability for
flow particles are fulfilled on solid walls.

Table 1. Physical and chemical properties of water

1000 kg/m3
2 0.55 W/(m - K)
v 1070 m%/s
6 4200 J/(kg - K)
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2. SMOOTHED PARTICLE HYDRODYNAMICS

To calculate system (1)—(3) the smoothed particle
hydrodynamics (SPH) is used [11-13]. This method
replaces the value for physical variable f{r) at a point
in space by the sum of weighted values of this variable
for particles located in the neighborhood. The weight is
determined by the kernel function, as follows

N m.
1= XL g (7 =7m) (4)

Wherein, m;, p; are mass and density of the jth
particle, W(F—f},h) is kernel function, and # is
smoothing radius. The summation is performed on the
particles trapped inside the sphere of radius 4. The
approximations for the gradient, divergence, and Laplace
operator are defined as [11, 12]:

N .
U (F)~ S L1, 0w (7 -7,.h),
j=1Pj
VF(7) = ﬂ“VW(?—?. ) (5)
Sp; J J
N m.
A (F)= Y f A (7 =7y )
j=1P;

Equations (1-3) written for the ith Lagrangian
particle have the following form:

av,  1¥Em; o
=——>-LpVw *—*,h‘ +
dt pijZ::]pJ J (V V] )7:?
N m.
03 VRS [
j=1Pj F=F
’ (6)
dpl N oo L. ‘
LI S R/AV —7.
- szlm]Vj w (7 r]’h)7=7l,
d]; K N J .
=N L1 aw(i- .,h‘
dt picjz_lp] J ( J )’7_;

The kernel function W (¥ —7j,h) is chosen in the
following form [14]:

4
S 7 q
W(r—rj,h)—4nh2 1—5 (2¢ +1),
q=‘7—17j, 0<g<2.

System (6) is supplemented by the equation of state
of water [11], as follows:

Poena | [ P ’
p==tsmd\| By, (7)
7 Po
wherein ¢, = 1500 m/s is the speed of sound

propagation in the fluid, and p, is the density of the
undisturbed medium. It is stated in [11] that equation (7)
provides a compressibility value not exceeding real
water compressibility of about 0.1%.

The mirror particle method proposed in [13] was
used to provide slip and impermeability conditions at
solid boundaries. The system of ordinary differential
equations (6) was resolved using the Runge—Kutta
method for the 3rd order of accuracy.

3. RESULTS AND DISCUSSION

3.1. Poiseuille flow
between two parallel planes

In order to verify calculation accuracy, a test problem
of viscous fluid flow through a gap between two solid
planar surfaces was conducted. Figure 1 shows the
schematic diagram of the experiment with correction for
the absence of tubes in the computational domain.

At the initial moment of time, the fluid is at rest and
fills the gap. The force field with a strength @ starts
affecting it at moment ¢ = 0. The fluid and the bounding
planes have the same temperature and are assumed to be
isothermal. In order to model the flow, a system of
equations (6) needs to be resolved, with the exclusion of
the heat balance equation. In the flow direction, periodic
boundary conditions are set [14, 15]. In two-dimensional
formulation and in the absence of gravity, the problem
has an analytical solution. Based on this solution, the
dependence of fluid velocity components on distance
y from the bottom plane is expressed by the following
formula:

Vx(y)z%(Hy—yz), v, =0. (8)

Thus, the velocity of motion in the flow is parallel
to bounding planes and is described by the parabolic
dependence on transverse coordinate y, with the highest
value reached at y = H/2 and expressed by the following
formula:

V, max = aH?/(8V). (9)

The solution is performed fora=0.1 m/s?, H=2.5 mm.
The Reynolds number Re=V___ H/vinthis case does not

X max
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exceed 1500 corresponding to the laminar flow regime.
The calculation results are shown in Figs. 2 and 3. The
velocity profiles in the gap at different moments of time
are shown in Fig. 2. During the transient time interval
of ~10 s, the velocity distribution is established in the
gap which differs from the analytical solution (8) by less
than 0.1%. The dependence of the highest velocity in
the flow on the gap width is shown in Fig. 3. This figure
shows that the numerical and analytical results are close
to each other, thus demonstrating SPH capabilities for
solving hydrodynamics problems.

V.. m/s T T ]
0.05 10s o Numerical calculation
' P Formula (8)
g o® 8s "oy
0.04 - (3 o -
4 6s o
00 000 o o
o° (9

0.038 o° o i

o 4s ¢
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° 00 000 o
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Fig. 2. Calculation results for the velocity in the exit
section of the gap at different moments of time and
analytical calculation of the steady-state velocity profile:
H=2mm,a=0.1m/s?

V
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Fig. 3. Numerical and analytical dependencies
of the highest velocity in the gap on the gap width

3.2. Heating water in a tube heat exchanger

Figure 1 shows a schematic representation of
a cross-flow heat exchanger. The fluid flows into the heat
exchanger from left to right under the influence of
a force field and meets a bundle of tubes arranged at
right angles to the flow (cross sections are shown in the
figure). The distance between centers of the tubes is
4 cm in both vertical and horizontal rows. Numerical
calculations were performed for = 0.2 m, and the heat

exchanger length is L;; = 1 m. The force field strength is
chosen to be equal This gives the maximum velocity
value estimated “from above” by formula (9),
V. max = 2 m/s and allows it to be stated that the flow will
occur in the laminar regime (Re < 2000). Tubes with the
following different cross sections were considered
(Fig. 4): a) circular; b) rectangular with vertical location
of the long side (across the flow); c) rectangular with
location of the long side along the flow; and d) finned
surface model, where rectangular protrusions of
1 mm X 2 mm are located along the pipe surface. At the
beginning of calculation, the fluid was filled in the heat
exchanger and was at rest at temperature 7,, = 283 K. At
moment ¢t = 0, the force field is switched on with an

intensity level @ The tube temperature is Tj; = 363 K
and is not changed during heat exchange. The problem is
resolved in a two-dimensional formulation, and the
perimeter of the tube cross-section serves as the measure
of the heat source area Sy in this case.

(c) (d)
Fig. 4. Velocity distribution in the flow when flowing
around tubes with different cross sections

Figure 4 shows the fields of velocity distributions
during flow around tubes. The length of the velocity
vector is proportional to its magnitude, and all figures
are drawn to the same scale. The cross-section
perimeters for tubes in Figs. 4 (a)—(c) are 6.28 cm.
The flow around occurs in the laminar regime, with no
vortices or breakaway currents formed. Thus, the flow
regime, once established, is no longer disturbed. The
figures show that in cases (c) and (d), there is practically
no fluid motion in gaps between tubes, and velocities
in the volume are strictly horizontal, i.e., there is no
convective heat propagation in the transverse flow
direction.
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Figure 5 shows the dependencies of the dimensionless

heat flux that is Nusselt number
oT
Nu = J—_}d@# on the cross-section
o 0 Sy(h-1,)

perimeter for different tube shapes (Fig. 4). Changes in
the perimeter of tubes of circular cross-section result
from changes in the radius. For tubes of rectangular
cross-section, the length of the short side was fixed
at 0.5 cm. The perimeter was changed by modifying the
length of the other side or by finning the tube.

The graphs in Fig. 5 allow the following patterns to
be established.

Nu T T T T
o5f = ]
N
. .
20 ' =) - (Y = - - - - -
1.5} Ny 1

0.04 0.05 0.06 0.07 0.08 P,m

Fig. 5. Dependence of dimensionless heat flux on
the cross-section perimeter for tubes with different
cross-sectional shapes: A is circular cross-section (a);
m is vertical rectangle without protrusions (b);

e is vertical rectangle with 4 protrusions of 1 mm x 2 mm;
o is horizontal rectangle without protrusions (c);

o is horizontal rectangle with 4 protrusions
of 1 mm X 2 mm (d)

As the tube surface area increases, the Nusselt
number decreases. The exception is the flux calculated
for round tubes (a) and tubes with a cross-section in
the form of a vertical rectangle (b). The figure shows
that in these cases, the flow begins to increase for
some perimeter value as the perimeter increases. This
is apparently due to an increase in the size of tubes in
the direction perpendicular to the flow resulting in
overlapping of gaps between them, so that the entire
flow is directed along the walls of the apparatus, thus
intensifying heat transfer insignificantly.

The dependencies of heat flux on tube perimeter
converge with decreasing perimeter. This is due to the
fact that when reducing the tube size, the cross-section
shape becomes an insignificant factor.

Under the considered conditions, finning tubes
cannot intensify heat exchange. Protrusions on tubes
of horizontally elongated rectangular cross-section (d)
result in an insignificant increase of heat flow (~2%)
compared to tubes without protrusions. However, for
cross-section (b), protrusions result in a noticeable heat
flux decrease (~25%), which is apparently due to fluid
inhibition and stagnation. In the turbulent regime of
flows, the protrusions cause the appearance of breakaway
vortex currents, which result in an increase in the heat
transfer intensity [16]. However, calculations show that
in the laminar regime, this can reduce the heat flux from
the heat transfer medium.

The graphs of Nu dependence on cross-sectional
shape and heat transfer medium size show that in case (c),
the molecular thermal conductivity mechanism prevails,
while the Nusselt number has the lowest value. The
highest Nusselt number value can be observed for
tubes with a vertical rectangular cross-section, with the
difference between the heat flux and values obtained for
tubes with a circular cross-section is ~15%.

CONCLUSIONS

In this paper, mathematical modeling of heat transfer
in a tubular heat exchanger under cross-sectional flow
around tubes is performed. Numerical studies were
carried out for laminar flow regime and for tubes with
different shapes and cross-section perimeters, which
allow the following conclusions to be drawn.

1. Finning the outer surface of tubes would not
cause a significant increase in the heat flux. In
turbulent flow regime, the protrusions generate
vortices and breakaway flows resulting in heat
transfer intensification. However, this can reduce
the heat flux in the laminar regime due to the
fluid braking near the pipe when flowing around
protrusions.

2. Given equal perimeters, the highest heating intensity
occurs in tubes with cross-section stretched across
the flow, with an increase in heat flux of ~15%
compared to the values obtained for standard-type
tubes.

3. Phenomena leading to fluid braking or stagnation
cause a decrease in heat transfer intensity.

Authors’ contribution

All the authors have equally contributed to the scientific
work.

Russian Technological Journal. 2025;13(1):136-143

141



A smoothed particle hydrodynamics approach Anna E. Korenchenko,

for

numerical simulation of tube heat exchangers Anton V. Sukhov

10.

11.

12.

13.

14.

15.

16.

REFERENCES

. Zolotonosov Ya.D., Bagoutdinova A.G., Zolotonosov A.Ya. Trubchatye teploobmenniki. Modelirovanie, raschet (Tubular

Heat Exchangers. Modeling, Calculation). Moscow: Lan; 2021. 2272 p. (in Russ.). Available from URL: https://lanbook.
com/catalog/energetika/trubchatye-teploobmenniki-modelirovanie-raschet/.

. Golovin V.A., Tyurina S.A., Shchelkov V.A. Contemporary approaches to reducing scale formation in heat-exchange

equipment. Russian Technological Journal. 2022;10(3):93—-102. https://doi.org/10.32362/2500-316X-2022-10-3-93-102

. Cui P, Yang W., Zhang W., Zhu K., Spitler J.D., Yu M. Advances in ground heat exchangers for space heating and

cooling: Review and perspectives. Energy and Built Environment. 2024;5(2):255-269. https://doi.org/10.1016/j.
enbenv.2022.10.002

. Luo J.,, Lu P, Chen K., Luo X., Chen J., Liang Y., Yang Z., Chen Y. Experimental and simulation investigation on the

heat exchangers in an ORC under various heat source/sink conditions. Energy. 2023;264:126189. https://doi.org/10.1016/j.
energy.2022.126189

. Safronova E.V., Spiridonov A.V., Molotok E.V., Trus V.A. Computer simulation and optimization of heat transfer processes

in ANSYS software using the example of a heat exchanger installation AVT-2 JSC “NAFTAN”. Vestnik Polotskogo
gosudarstvennogo universiteta. Seriya B. Promyshlennost’. Prikladnye nauki = Vestnik of Polotsk State University. Series B.
2024;49(1):95-100 (in Russ.). https://doi.org/10.52928/2070-1616-2024-49-1-95-100

. Artemyev D.V,, Zaitsev A.V., Sanavbarov R.I. Simulation of heat transfer process in shell-and-tube heat exchanger. Vestnik

Mezhdunarodnoi Akademii Kholoda = Bulletin of the International Academy of Refrigeration. 2021;3:5—14 (in Russ.). https://
doi.org/10.17586/1606-4313-2021-20-3-5-14

. Romanova E.V., Koliukh A.N., Lebedev E.A. Application of ANSYS package in research of hydraulic resistance of finned

heat exchanger. Vestnik Tambovskogo gosudarstvennogo tehnicheskogo universiteta = Transactions of Tambov State
Technical University. 2017;23(3):420-427 (in Russ.). https://doi.org/10.17277/vestnik.2017.03.pp.420-427

. Kustov B.O., Balchugov A.V., Badenikov A.V., Gerasimchuk M.V., Zakharov K.D. Experimental studies of promising

methods of heat transfer intensification in a tubular heat exchanger. Izvestiya Tomskogo politekhnicheskogo universiteta
(Izvestiya TPU). Inzhiniring georesursov= Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering.2020;331(3):
174183 (in Russ.). https://doi.org/10.18799/24131830/2020/3/2560

. Rana S., Zunaid M., Kumar R. CFD analysis for heat transfer comparison in circular, rectangular and elliptical tube heat

exchangers filled with PCM. Mater. Today Proc. 2022;56(2):637—-644. https://doi.org/10.1016/j.matpr.2021.12.412

Khuda M.A., Sarunac N. A comparative study of latent heat thermal energy storage (LTES) system using cylindrical and
elliptical tubes in a staggered tube arrangement. J. Energy Storage.2024;87:111333. https://doi.org/10.1016/j.est.2024.111333
Monaghan J.J. Smoothed Particle Hydrodynamics. Reports on Progress in Physics. 2005;68(8):1703. https://doi.
org/10.1088/0034-4885/68/8/R0O1

Lucy L.B. A numerical approach to the testing of the fission hypothesis. Astron. J. 1977;82:1013-1024. https://doi.
org/10.1086/112164

Morris J.P.,, Fox P.J., Zhu Y. Modeling Low Reynolds Number Incompressible Flows Using SPH. J. Comput. Phys.
1997;136(1):214-226. https://doi.org/10.1006/jcph.1997.5776

Hosain M.L., Dominguez J.M., Bel Fdhila R., Kyprianidis K. Smoothed particle hydrodynamics modeling of industrial
processes involving heat transfer. Appl. Energy. 2019;252:113441. https://doi.org/10.1016/j.apenergy.2019.113441

Jonsson P., Andreasson P., Hellstrom J.G.I., Jonsén P., Lundstrom T.S. Smoothed Particle Hydrodynamic simulation of
hydraulic jump using periodic open boundaries. Appl. Math. Model. 2016;40(19-20):8391-8405. https://doi.org/10.1016/].
apm.2016.04.028

Afanasiev V.N., Kon Dehai, Egorov K.S. Verification of models for turbulent heat fluxes in the flow over rectangular rib on
a plate. Izvestiya vysshikh uchebnykh zavedenii. Mashinostroenie = BMSTU J. Mechan. Eng. 2019;1(706):58—-71 (in Russ.).
http://doi.org/10.18698/0536-1044-2019-1-58-71

CMUCOK JIUTEPATYPbI

. 3onoronocoB S.J1., baroyrnunoBa A.T, 3omotonocoB A.Sl. Tpybuameie menniooomennuxu. Mooeruposarue, pacuem. M.:

Jlanb; 2021. 272 c. URL: https://lanbook.com/catalog/energetika/trubchatye-teploobmenniki-modelirovanie-raschet/

. Tonosun B.A., Tropuna C.A., HlenkoB B.A. CoBpeMeHHbIE TTOIXO0/bl K CHIKCHHUIO HAKUTIEOOpa30BaHMs B TEINIOOOMEHHOM

obopynoBanuu. Russian Technological Journal. 2022;10(3):93—-102. https://doi.org/10.32362/2500-316X-2022-10-3-93-102

. Cui P, Yang W., Zhang W., Zhu K., Spitler J.D., Yu M. Advances in ground heat exchangers for space heating and cooling:

Review and perspectives. Energy and Built Environment. 2024;5(2):255-269. https://doi.org/10.1016/j.enbenv.2022.10.002

. Luo J., Lu P, Chen K., Luo X., Chen J., Liang Y., Yang Z., Chen Y. Experimental and simulation investigation on the

heat exchangers in an ORC under various heat source/sink conditions. Energy. 2023;264:126189. https://doi.org/10.1016/].
energy.2022.126189

. Cadponona E.B., Crimpunonos A.B., Monorok E.B., Tpyc B.A. KoMnbroTepHOE MOJETHPOBAHUE W ONTHMHU3ALUS TIPOIIEC-

coB TeriooomMeHa B iporpamme ANSYS Ha npumepe TeriooOMeHHoro anmnapara yctaHoBku « HADTAH». Becmuux [lonoy-
Koeo cocydapemeennozo ynueepcumema. Cepus B. [Ipomviunennocmo. [pukiaonsie nayku. 2024;49(1):95-100. https://doi.
org/10.52928/2070-1616-2024-49-1-95-100

142

Russian Technological Journal. 2025;13(1):136-143


https://lanbook.com/catalog/energetika/trubchatye-teploobmenniki-modelirovanie-raschet/
https://lanbook.com/catalog/energetika/trubchatye-teploobmenniki-modelirovanie-raschet/
https://doi.org/10.32362/2500-316X-2022-10-3-93-102
https://doi.org/10.1016/j.enbenv.2022.10.002
https://doi.org/10.1016/j.enbenv.2022.10.002
https://doi.org/10.1016/j.energy.2022.126189
https://doi.org/10.1016/j.energy.2022.126189
https://doi.org/10.52928/2070-1616-2024-49-1-95-100
https://doi.org/10.17586/1606-4313-2021-20-3-5-14
https://doi.org/10.17586/1606-4313-2021-20-3-5-14
https://doi.org/10.17277/vestnik.2017.03.pp.420-427
https://doi.org/10.18799/24131830/2020/3/2560
https://doi.org/10.1016/j.matpr.2021.12.412
https://doi.org/10.1016/j.est.2024.111333
https://doi.org/10.1088/0034-4885/68/8/R01
https://doi.org/10.1088/0034-4885/68/8/R01
https://doi.org/10.1086/112164
https://doi.org/10.1086/112164
https://doi.org/10.1006/jcph.1997.5776
https://doi.org/10.1016/j.apenergy.2019.113441
https://doi.org/10.1016/j.apm.2016.04.028
https://doi.org/10.1016/j.apm.2016.04.028
http://doi.org/10.18698/0536-1044-2019-1-58-71
https://lanbook.com/catalog/energetika/trubchatye-teploobmenniki-modelirovanie-raschet/
https://doi.org/10.32362/2500-316X-2022-10-3-93-102
https://doi.org/10.1016/j.enbenv.2022.10.002
https://doi.org/10.1016/j.energy.2022.126189
https://doi.org/10.1016/j.energy.2022.126189
https://doi.org/10.52928/2070-1616-2024-49-1-95-100
https://doi.org/10.52928/2070-1616-2024-49-1-95-100

A smoothed particle hydrodynamics approach Anna E. Korenchenko,
for numerical simulation of tube heat exchangers Anton V. Sukhov

6. Aprembes J1.B., 3aiines A.B., Canas6apos P.J1. MozxenupoBaHue mporecca Teronepeaayn B KoKyXoTpyOHOM TEII000MeH-

10.

11.

12.

13.

14.

15.

16.

HOM annapare. Becmuux Mescoynapoonotl Axademuu Xonooa. 2021;3:5—14. https://doi.org/10.17586/1606-4313-2021-20-
3-5-14

Pomanosa E.B., Komnyx A.H., Jle6enes E.A. [Ipumenenue nakera ANSY'S niput ucciieioBaH|N THIIPABIHYECKOTO COMPOTHBIIC-
HUs opeOpeHoro pekyneparopa. Becmuux TI'TY. 2017;23(3):420-427. https://doi.org/10.17277/vestnik.2017.03.pp.420-427
Kycros b.O., bansayros A.B., banenukoB A.B., ['epacumuyk M.B., 3axapos K.J[. DxciepnmeHTaIbHBIE NCCIIEIOBAHMUS TIEp-
CIIEKTHUBHBIX CIIOCOOOB MHTEHCH()MKAIMK TEIIoNepeiaun B TpyOoyaTtoM teruioooMeHHuke. Mseecmusa TITY. Hnocunupune
eeopecypcos. 2020;331(3):174—-183. https://doi.org/10.18799/24131830/2020/3/2560

Rana S., Zunaid M., Kumar R. CFD analysis for heat transfer comparison in circular, rectangular and elliptical tube heat
exchangers filled with PCM. Mater. Today Proc. 2022;56(2):637—-644. https://doi.org/10.1016/j.matpr.2021.12.412

Khuda M.A., Sarunac N. A comparative study of latent heat thermal energy storage (LTES) system using cylindrical and
elliptical tubes in a staggered tube arrangement. J. Energy Storage.2024;87:111333. https://doi.org/10.1016/j.est.2024.111333
Monaghan J.J. Smoothed Particle Hydrodynamics. Reports on Progress in Physics. 2005;68(8):1703. https://doi.
org/10.1088/0034-4885/68/8/R0O1

Lucy L.B. A numerical approach to the testing of the fission hypothesis. Astron. J. 1977;82:1013—-1024. https://doi.
org/10.1086/112164

Morris J.P., Fox P.J., Zhu Y. Modeling Low Reynolds Number Incompressible Flows Using SPH. J. Comput. Phys.
1997;136(1):214-226. https://doi.org/10.1006/jcph.1997.5776

Hosain M.L., Dominguez J.M., Bel Fdhila R., Kyprianidis K. Smoothed particle hydrodynamics modeling of industrial
processes involving heat transfer. Appl. Energy. 2019;252:113441. https://doi.org/10.1016/j.apenergy.2019.113441

Jonsson P., Andreasson P., Hellstrom J.G.I., Jonsén P., Lundstrom T.S. Smoothed Particle Hydrodynamic simulation of
hydraulic jump using periodic open boundaries. Appl. Math. Model. 2016;40(19-20):8391-8405. https://doi.org/10.1016/].
apm.2016.04.028

AdanacweB B.H., Kon /[lexait, Eropos K.C. Bepudukauus mozaeneid st TypOyJEHTHBIX TEIUIOBBIX TTOTOKOB MpH 00Te-
KaHUU IPSIMOYTOJILHOTO BBICTYNAa Ha IUIAcTHHE. M3eéecmusi 6y306. Mawunocmpoenue. 2019;1(706):58—71. http://doi.
org/10.18698/0536-1044-2019-1-58-71

About the authors

Anna E. Korenchenko, Dr. Sci. (Phys.-Math.), Professor, Higher Mathematics Department, Institute of

Cybersecurity and Digital Technologies, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow,
119454 Russia). E-mail: korenchenko@mirea.ru. Scopus Author ID 10043443100, RSCI SPIN-code 9908-9198,
https://orcid.org/0000-0002-3413-8855

Anton V. Sukhov, Student, Institute of Cybersecurity and Digital Technologies, MIREA — Russian Technological

University (78, Vernadskogo pr., Moscow, 119454 Russia). E-mail: tosha.sukhov@inbox.ru. https://orcid.org/0009-
0006-0812-6099

06 aBTOpax

KopeHuyeHko AHHa EBreHbeBHa, A.¢.-M.H., npodeccop, kadenpa Beicllein matemaTkm, MIHCTUTYT knbepbes-

onacHoCTU 1 UMdpPoBbIX TexHonornin, PreQy BO «MUPI3A — Poccuinckunin TexHonorndecknin yHmsepcuteT (119454,
Poccusa, Mockea, np-T BepHaackoro, a. 78). E-mail: korenchenko@mirea.ru. Scopus Author ID 10043443100,
SPIN-koa PUHL, 9908-9198, https://orcid.org/0000-0002-3413-8855

CyxoB AHTOH BnagumupoBuy, ctyaeHT, MHCTUTyT knbepbesonacHocTr 1 undpoBsbix TexHonoruii, @reQy BO

«MWUP3A — Poccuinckuin TexHonormdeckmin yHmsepcutet (119454, Poccusa, Mockea, np-T BepHagckoro, . 78).
E-mail: tosha.sukhov@inbox.ru. https://orcid.org/0009-0006-0812-6099

Translated from Russian into English by K. Nazarov
Edited for English language and spelling by Dr. David Mossop

Russian Technological Journal. 2025;13(1):136-143
143


https://doi.org/10.17586/1606-4313-2021-20-3-5-14
https://doi.org/10.17586/1606-4313-2021-20-3-5-14
https://doi.org/10.17277/vestnik.2017.03.pp.420-427
https://doi.org/10.18799/24131830/2020/3/2560
https://doi.org/10.1016/j.matpr.2021.12.412
https://doi.org/10.1016/j.est.2024.111333
https://doi.org/10.1088/0034-4885/68/8/R01
https://doi.org/10.1088/0034-4885/68/8/R01
https://doi.org/10.1086/112164
https://doi.org/10.1086/112164
https://doi.org/10.1006/jcph.1997.5776
https://doi.org/10.1016/j.apenergy.2019.113441
https://doi.org/10.1016/j.apm.2016.04.028
https://doi.org/10.1016/j.apm.2016.04.028
http://doi.org/10.18698/0536-1044-2019-1-58-71
http://doi.org/10.18698/0536-1044-2019-1-58-71
mailto:korenchenko@mirea.ru
https://orcid.org/0000-0002-3413-8855
mailto:tosha.sukhov@inbox.ru
https://orcid.org/0009-0006-0812-6099
https://orcid.org/0009-0006-0812-6099
mailto:korenchenko@mirea.ru
https://orcid.org/0000-0002-3413-8855
mailto:tosha.sukhov@inbox.ru
https://orcid.org/0009-0006-0812-6099

