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Abstract. The results of numerical modeling of airflow and heat transfer in a horizontally oriented
single-row bundle consisting of six finned heated tubes under thermogravitational conditions are pre-
sented. The study is performed for the bundles with a compact tube arrangement and varying fin pitch.
The cases without and with the rectangular exhaust shafts of different heights installed above the bundle
have been investigated. For the most compact bundle configuration in the absence of a shaft in the con-
sidered range of moderate values of the Grashof number (up to 5.5x10%), a good agreement was obtained
between the calculated integral Nusselt number at the tube surface and experimental data taken from
the literature. The combination of the fin pitch (spatial arrangement on the tubes) and the shaft height
determined in computations allowed to obtain the optimal bundle design with the highest intensity of
heat removal.
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Introduction

Air-cooled heat exchangers that operate in a passive mode, devoid of forcing mechanisms,
under natural convection circumstances are extensively utilized in practice, ensuring process
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dependability and cost-effectiveness [1]. The most commonly used heat exchangers consist of
tube bundles with external fins.

The intensity of heat transfer from the tube surfaces is influenced to a large extent by thermal
conditions and the geometric characteristics of the bundle, including its design as well as the
shape and positioning of the fins. The efficiency of heat exchangers can be noticeably enhanced
by placing an exhaust shaft above it, which leads to strengthening the flow adjacent to the
tube surfaces. The challenge of choosing the best finning configuration and tube arrangement in
bundles is always relevant due to the large range of technologies and operational conditions.

In recent decades, the long-dominant analytical approaches have been largely replaced by
experimental and numerical studies on the problem of horizontally oriented finned tubes in the
free convection mode using up-to-date methods and tools [1]. The related research has been
mainly focused on single tubes with different geometric configurations and thermal conditions.

A number of experimental studies were aimed at investigations of the influence of the diameter
of carrying tubes and fins, the number of fins, fin spacings and shapes, and the operating Rayleigh
number on integral heat transfer rate (see, for example, [2, 3]). Based on the measurement results,
generalized correlations have been proposed for calculating the mean Nusselt number depending
on the geometric parameters and the Rayleigh number. Only a few experiments have studied
features of local heat transfer in the inter-fin gaps with varying fin diameter, shape and spacing
4, 5].

A series of thorough experimental studies were devoted to tube bundles consisting of industrial
finned tubes located in a free space (for example, [6-8| and links in them). The influence of the
temperature difference between the tube base and ambient air, the longitudinal and transversal
distances between tubes, the number of rows in the bundles, and the finning factor on the mean
Nusselt number was analyzed.

The results of relatively recent experimental investigations for tube bundles with different
numbers of rows and with an exhaust shaft are presented, in particular, in [9, 10]; the effects of
the Rayleigh number, inter-tube and inter-fin spacing, the finning factor and shaft height on the
mean Nusselt number and some local heat transfer characteristics were explored.

Numerical studies of free-convective heat transfer from a single horizontal finned tube have
become relatively widespread since the 2010s. The calculations were based mainly on simplified
spatial settings and stationary conditions; the values of the regime criteria and the geometric
parameters of the tubes and fins were varied in order to discover optimal design with the best
heat transfer properties [11-13].

The work [14] contains some key results of unsteady computations of laminar free convective
flow and heat transfer in a single-row tube bundle, performed at a modern level on fairly detailed
grids with varying transversal tube pitch and the temperature difference between the carrying
tube and ambient air, performed under conditions close to the experiments [8]. In addition
to comparison with the experiments on the mean Nusselt number, special attention has been
paid to local features of the velocity and temperature fields and their influence on the integral
characteristics.

The results of a numerical study of the influence of an exhaust shaft on the flow structure,
local and integral heat exchange during unsteady thermogravitational airflow through a double-
row bundle of finned tubes are given in [15]. Relevant experimental data on the values of the
mean Nusselt number have been obtained in [10], showing that the installation of the shaft entails
an increase in the intensity of heat removal up to three times.

Thus, numerical studies that systematically model the flow and heat transfer in tube bundles
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with an emphasis on subtle local effects with a joint assessment of the influence on processes of
such parameters as the inter-fin distance, thermal conditions, and the presence of an exhaust
shaft of different heights above the bundle are very limited.

The present paper is focused on investigations of thermogravitational airflow near a horizontal
single-row tube bundle consisting of six heated finned tubes at moderate values of the Grashof
number (up to 5.5x10%). Numerical modeling of the airflow and heat transfer is carried out for
the cases with different geometrical configurations of the tube bundles (various fin pitches) and
different heights of a rectangular exhaust shaft that was installed above the bundles. For the
case without a shaft and with the most compact configuration of the bundles, the comparison
with experimental data [8] on integral heat transfer rate in the considered range of the Grashof
number values is performed.

1. Problem formulation and computational aspects

1.1. Geometrical model

The computational domain for the problem examined is presented in Fig. 1a,b. The single-
row tube bundle consists of six horizontally oriented identical tubes. It is assumed that the
bundle is unlimited in the axial direction, and the flow is periodic in the z-direction with the fin
pitch. Additionally, the flow is considered symmetrical with respect to the middle plane of the
inter-fin gap.

s/D
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Symmery__

HID=45
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Fig. 1. The computational domain shown in two planes: a) z = Const and b) z = Const; the
cases with different geometrical configurations of the tube bundle, variable parameter: c) the fin
pitch (s/D) and d) the shaft height (H/D)

The following geometrical parameters of the tube bundle were set. The external diameter
of the carrying tube was equal to d = 26.4 mm, the diameter of the solid aluminum fins was
D = 2.15d, the transversal distance between tubes S corresponded to the dimensionless parameter
o =S5/D = 1.02, and the fin thickness 6 = 0.01D. The fin pitch along the tube s was varied from
so = 0.04D (the most compact configuration of the bundle) to 0.13D (Fig. 1c). Calculations with
different tube bundle fashions were carried out both for the cases with a rectangular exhaust shaft
installed above the bundle (the height H was equal to 4.5D and 9D) and for the cases without
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a shaft (H = 0). Schemes of the computational domain for the cases with different values of H
are shown in Fig. 1d. The shaft contains a plane wall (barrier) located above the tubes with the
numbers n = 2 and n = 3 (n is counted from the bundle side) to prevent the large-scale upward
airflow.

The computational setup includes a side plate that is located near the bundle and prevents
global airflow movement in the a-direction (Fig. 1d, case H = 0). The width and the height of
the plate were about D x 0.09D. The boundaries far from the tube bundle are located at least
at a distance of 6D from the bundle and the shaft.

Note that the geometrical configuration with the most dense arrangement of the fins (s = s¢)
without a shaft is close to that considered in the experimental research [8].

1.2. Boundary conditions

The following conditions were set for the problem at the boundaries of the computational
domain. The boundaries far from the tube bundle were open; the ambient air temperature was
imposed to Ty = 22.1°C on them. The temperature of the tube base, T,,, was assumed to be
constant and varied from 37 to 244°C. The corresponding values of the relative temperature
difference (the buoyancy parameter) er = (T, — Tp)/Tp varied from 0.05 to 0.7. The values of
buoyancy velocity estimated as V;, = (gerd)?-® were in the range 12 ...44 cm/s. The values of
the Grashof number Gr = (pVyd/u )? varied from 3.7x10* to 5.5x 105, and the dynamic viscosity
1 and density p of air were taken at the ambient temperature 7. The values of the Rayleigh
number Ra = Gr-Pr were in the range of 2.6x10* to 3.9x10°, and the Prandtl number was
Pr = 0.7. The given values indicate that the airflow near the tube bundle was laminar.

The side plate and the shaft with the barrier (Fig. 1d) were considered to be thermally
insulated; at these boundaries the no-slip conditions were set.

1.3. Mathematical model and computational aspects

The numerical simulation is carried out on the basis of the Navier—Stokes system of governing
equations, written for a perfect viscous gas with variable physical properties. The problem was
solved in a conjugate formulation: heat transfer along the fins of the tubes was calculated together
with the flow.

The unstructured grids consist of hexahedral elements that clustered to the wall surfaces were
used. The size of the grids was varied from 140 (H = 0) to 300 (H = 9D) thousand cells. Auto-
matic generation of computational grids for the cases with various geometrical parameters was
organized using ANSYS Meshing. Computations have been performed using the CFD package
ANSYS Fluent. The spatial discretization was done with the second-order upwind scheme for
convective terms, and also the second-order pressure interpolation method was assigned.

The second-order implicit time integration scheme was applied. The time step was equal to
0.02 s, and it was chosen to provide the values of the Courant number less than 1. The duration
of the processed sample, related to the statistically steady flow regime, was about 120 s, which
for all the cases provided at least 540 characteristic times, estimated as t; = d/V.
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2. Results and discussion

2.1. Airflow structure inside the tube bundle: influence of the fin spac-
ing

Typical airflow structure that forms near the tube bundle is shown in Fig. 2a using visual-
izations of the dimensionless velocity V' /V, and temperature T* = (T — Tp) /(T — Tp) fields in
the middle section of the inter-fin space for the most compact geometrical configuration (s = sg)
and at er = 0.7 (Gr = 5.5x10%). Note that for all the cases considered, the flow near the
tube bundle is significantly unsteady. The thermal plume formed above the bundle periodically
(approximately once every half of the time period, ¢;) detached from the surface of the tubes.
The fields and integral characteristics of heat transfer presented and discussed in the paper are
averaged in time.

Under the action of buoyancy forces, the air below the bundle moves towards the heated
tubes with area-averaged velocity values of about V;,, = 0.09V, (the corresponding value of the
Reynolds number Re = pV;,d/u = 68), passes through the inter-fin space of the tubes, where
the values of velocity locally reach 0.4V}, and the inter-tube gap with the higher values of about
1.2V,. Above the tube bundle, the area of the increased velocity and temperature values take
place, reflecting the presence of the thermal plume. In the inter-fin space, the temperature field
is almost uniform.

1744 T ] CJERCTT TH
b0 04 r

Nu:’oc
08121620 0020406081.0 04 8121620

Fig. 2. Distributions of velocity magnitude (left column) and temperature (middle column) in
the plane passing through the middle section of the inter-fin space and the local Nusselt number
at the wall surface for n = 3 (right column) for the cases with different fin spacing s/D: a) 0.04,
b) 0.09 and c) 0.13, for all the cases —er = 0.7, H = 0

In the absence of a shaft, increasing the fin pitch by two times or more noticeably intensifies
the airflow in the tube bundle and above it (Fig. 2). For the case with increased fin pitch,
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the values of velocity in the bundle are comparable with buoyancy velocity. The Reynolds
number for the case with s/D = 0.09 is equal to Re = 240 (V;,, = 0.33V},), and for the case with
s/D = 0.13 — Re = 305 (V;;, = 0.41V}). The temperature field in the tube bundle has become

spatially non-uniform.

2.2. Heat transfer parameters of the tubes: influence of the fin spacing

The distributions of a local Nusselt number Nujoe = Gu,1oc d /A (Ts — Tp) at the surface of
the fins are presented in Fig. 2 (right column) for the cases with different fin spacing and at
er = 0.7. In this formula, gy, joc is the local heat flux, T is the local fin surface temperature, and
the thermal conductivity coefficient was calculated based on the ambient temperature (the value
of A = 0.0261 W/(mK) was taken). In the absence of a shaft, very low efficiency of the fin surface
takes place for the case with the most compact configuration (Fig. 2a): heat removal is realized
mainly from the periphery of the fins (indicated by dashed lines), and the contribution of their
inner part is relatively small. The low efficiency occurs due to uniform temperature distribution
in the inter-fin space.

With an increase in the inter-fin pitch, the values of the local Nusselt number are also increased
noticeably (Fig. 2). The integral (averaged over the tube bundle surfaces) values of the Nusselt
number <Nu> related to the value of s/sqg for the cases with different fin pitch and values of the
buoyancy parameter are shown in Fig. 3a. It has been established that by varying the fin pitch,
it is possible to escalate the effective heat transfer from the tube bundle surface by more than two
times compared to the configuration with the largest number of the fins. The optimal (among
those considered) fin pitch with the maximum value of the effective Nusselt number depends on
the buoyancy parameter, and it is observed for the cases with s/D = 0.09 at 0.2 < ep < 0.7 and
for the case with s/D = 0.11 at a fixed ep = 0.05.
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Fig. 3. a) The effective Nusselt number for the cases with different fin spacing at H = 0,
b) comparison of computational and experimental [8] data on Nu, values dependent on the
Grashof number, the case with s/D = 0.04, H =0

For the case without a shaft and with the most compact configuration of the tube bundle, the
comparison with experimental data available from the literature [8] has been performed. Fig. 3b
presents the experimental (for the tube with n = 3) and computational (indicated as "CFD")
data of the Nusselt number Nu,, = <@y n> d /A (Tw — To), where <q > is the mean heat flux

— 55 —



Marina A.Zasimova. .. Numerical Study Of Flow And Heat Transfer In A Single-Row ...

over the surface of tube n. CFD data plotted in the range of Nu,, values for the tubes with the
numbers n = 1, 2 and 3.

The values of dimensionless heat transfer obtained in calculations, averaged over the surface
of the middle tube of the bundle, are in good agreement with the experimental data in the
examined range of the Grashof number. Computations show that for the side tube (with n = 1),
the value of Nu,, is noticeably lower than for the central tube (with n = 3); maximum differences
in Nu,, values are detected for the case with e = 0.7 and reach 24%.

2.3. Effects of the shaft height

In the presence of the shaft, the airflow through the bundle is significantly more intense in
the region above the bundle, as expected, and less concentrated near the symmetry boundary.
The flow distribution for the case with s = sg is presented in Fig. 4a,b for H/D = 4.5 and
9, correspondingly. The volume flow rate under the bundle increases with the growth of the
H /D ratio, and it corresponds to the values of the Reynolds number Re = 260, V;, = 0.35V},
(H/D = 4.5), and Re = 440, V;;,, = 0.6V, (H/D = 9). The maximum values of the velocity in
the tube bundle significantly exceed V.

d)

VIV,

Nu,,, IITIET W
007515225 3 01 234 04 8121620

Fig. 4. a,b) Distributions of the velocity magnitude in the plane passing through the middle
section and c,d) the local Nusselt number at the wall surface for n = 3 for the cases with
different shaft height H/D: a,c) 4.5, b,d) 9, for all the cases — s = sg, e = 0.7

Figs. 4c,d show the distributions of the local Nusselt number (Nuy,.) over the surface of the
fin (for the tube with n = 3), calculated for the cases with different H/D ratios. The area of
the fin with Nug,. > 1 (indicated by the dashed line) significantly increases with increasing the
height of the shaft. The values of the mean effective Nusselt number for the cases with different
heights of the shaft and by varying the buoyancy parameter are presented in Fig. 5.

The effective Nusselt number for the most compact bundle increases by about three times for
the case with the shaft height of H/D = 4.5 and by six times for the case with H/D = 9. For the
optimal fin pitch (s/D = 0.09), the shaft encourages the Nu number to increase by two times for
the case with H/D = 9 and by one and a half for the case with H/D = 4.5. A further increase
in fin pitch leads to a relatively small effect of the shaft: shaft installation whose height is 10
times greater than the diameter of the fins leads to an increase in the Nusselt number by only
1.5 times. Data on the effective Nusselt number for the cases with the shaft demonstrates that
the most compact configuration with the densest arrangement of the fins becomes well suited for
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Fig. 5. The mean effective Nusselt number for the cases with different shaft height and fin
spacing; the buoyancy parameter ep: a) 0.05, b) 0.2 and c) 0.7

the shaft with the height H/D > 9. Among the considered cases, the optimal value of the fin
pitch is s/D = 0.09, since it provides the highest level of heat removal in a wide range of values
of the buoyancy parameter e and shaft height H.

Conclusion

Numerical modeling of the airflow and heat transfer in the single-row bundle of heated finned
tubes under the action of free convective forces was carried out. The cases without and with the
shaft installation above the tube bundle were considered.

The validation of the methods and tools used was performed for the case with the most
compact tube bundle configuration: good agreement was obtained between the calculated average
heat transfer from the surface of the tube and the experimental data available from the literature
in the considered range of the buoyancy parameter (or the Grashof number).

In the absence of a shaft, the flow movement through the bundle with dense tube location is
characterized by a relatively low level of velocity fields comparable with the values of buoyancy
velocity. The compact tube bundle configuration provided a low level of the effective Nusselt
number. The configuration with optimal fin pitch provides the highest values of airflow velocity
and the effective Nusselt number.

In order to intensify significantly free convective airflow in the tube bundle, installation of the
exhaust shaft could be used. The mean effective Nusselt number for the most compact bundle
was greatly increased by increasing the shaft height. The customized combination of the fin
pitch (spatial occupancy of the bundle) and the shaft height led to the optimal tube bundle
configuration with the highest level of heat removal.

The study was supported by the Russian Science Foundation, grant no. 24-49-10003. Calcu-
lations were carried out using computational resources of Peter the Great St. Petersburg Poly-
technic University Supercomputing Center (https://scc.spbstu.ru).
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YwucieHHOE HccaeJoBaHUEe TeYeHUs M TEeIJIOOOMEeHAa IIPU Tep-
MOTI'PABUTAIMOHHO KOHBEKITUN BO3/yXa B OJHOPSJTHOM ITydKe
TOPU30HTAJBHBIX OPEOPEHHBIX TPYO

Mapuna A. 3acumoBa
Anekceii I'. Abpamon
Aunekceii A. Iloxxnnos
Anacracusa B. ®uaaroBa

Cankt-llerepOyprckuit mommrexamdeckuii yausepcurer llerpa Bemukoro
Cankt-Ilerepbypr, Poccuiickast @enepartust

lanumaa C. MapmiajioBa

MucTuryT Temno- nu maccoobmerna umernu A. B. JIbikosa HAH Benapycu
Benopycckuit rocy1apCcTBeHHBIN TEXHOTOTUIECKUIT YHUBEPCUTET

Munck, Pecriybnimka Bemapycs

Amnnoranus. [IpencTasieHbl pe3yIbTATH YHCIEHHOTO MOJIEINPOBAHIA TEPMOTIPABATAIIIOHHOIO TeYeHIA
BO3/IyXa W TEIJIOOOMEHA B TOPU30HTAIHLHOM OIHOPSITHOM ITyYKe M3 MEeCTH OPeOPEHHBIX HATPETHIX TPYO.
Pacuers! BeIOSTHEHBI [T ITyYKa ¢ TECHBIM PACIOJIOXKEHHEM TPyO Mpu BAPbUPOBAHUU ITara OpebpeHus.
PaccMoOTpeHbI OCTAHOBKHM 33J1a9 C YCTAHOBJIEHHOH HAJ| IIyYKOM BBITSKHOM IIAXTOH IPAMOYTOJLHOTO
cedeHusl Pa3HOil BBICOTHI M 6e3 maxThl. s nHaubosee c:KaToro Iydka 6€3 IaXThl HOJIy9eHO XOpOoIlee
coTJiacue pacCIYNTAHHOTO HHTerpasabHoro ynciaa Hyccenbra Ha moBepxHOCTH HECyIIEil TPYObI ¢ JOCTYITHBI-
MU U3 JTUTEPATYPhI JJAHHBIMHI 3KCIIEPUMEHTOB B PACCMOTPEHHOM JIMAIIa30HE YMEPEHHbIX 3HAYEeHUi YuC/Ia
I'pacroda (1o 5.5x10%). Couerarue mrara pebep (IPOCTPAHCTBEHHOIO PACIOIOXKEHHST Ha TPyGax) 1 BbI-
COTBI IIaXThI ITIO3BOJILAET HOJIyLII/ITb OIITUMaJIBHYIO KOHd)I/IpraHI/IIO quKa C Ha,I/I6OJ'H>IHeI‘/’I NHTEHCUBHOCTBHIO
OTBOJIA Terla.

KuroueBblie cjioBa: BO3IYIITHOE OXJIAXKIECHUE, TEIIOOOMEHHBIE allapaThl, TPYOHbIE Ty YKH, OpeOpeHHbIe
TPyObI, MeKpeGepHOe PACCTOSTHIE, BBITS?KHAS IIaXTa, TEPMOIPABUTAIIMOHHAS KOHBEKIIUsI, IUCJIEHHOE MO-

JleJIIpOBaHUe.
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