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Abstract. In this study, a new method of choosing
classical empirical equations for calculating heat transfer
coefficients in the tubes of a shell-and-tube heat
exchanger in the transient mode is proposed. This method
is based on the fact that the flow is structured into a
laminar boundary layer (LBL) zone and a turbulized part,
and the heat transfer coefficient is calculated through the
transient and turbulent heat conductivity, as well as the
average thickness of the LBL and, accordingly, the
average thickness of the rest of the coolant flow. At the
same time, the key point of this method is the condition
that the transient thermal conductivity of the LBL should
be lower than the thermal conductivity of the turbulized
part. If this condition is not fulfilled, it is concluded that
the corresponding classical empirical equation is not
suitable for calculating the heat transfer coefficient. A
45 % aqueous solution of propylene glycol was taken as a
model liquid, which can be widely used in solar
collectors, in particular with nanofillers. This coolant is
interesting because at a constant speed of V= 0.93 m/s,
and the linear size (diameter) of the “live section” of the
flow D =0.021 m in the temperature range of 243-273 K
it moves in the laminar mode, in the temperature range of
283-323 K — in transient mode and 333-353 K — in
turbulent mode. A new formula is proposed for calcu-
lating the coefficient of turbulence of the coolant flow a,
the numerical values of which are experimentally found in
literary sources only for the air coolant.
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of LBL, coefficient of surface tension of the coolant,
transient mode.

1. Introduction

Due to the high prices of fossil energy sources, as
well as environmental problems, alternative energy has
gained wide popularity, in particular, the use of various
solar systems.

Aqueous solutions of glycols are widely used in
such systems since the key point in such cases is the non-
freezing of the working fluid at sub-zero temperatures,
that is, the possibility of their uninterrupted operation in
winter. These and other factors impose certain restrictions
and features on the operation of such solar systems, the
main of which are the following:

— the use of coolants that are resistant to sub-zero
winter temperatures, in particular, aqueous solutions of
glycols;

— operation of solar systems with natural
circulation, and therefore with a low flow rate of the heat
carrier, where laminar (L) or transient (77) modes of
movement prevail;

— relatively high values of dynamic viscosity
coefficients of coolants;

— the possibility of using nanofluid coolants to
increase heat transfer coefficients.

These factors create prerequisites for the needs of
non-traditional, i. e., non-classical thermal and hydraulic
calculation and selection of such solar systems, and
therefore the use of specific approaches and laws. At the
same time, in modern heat transfer technologies, systems
are often found in which the aforementioned surface forces
have a significant impact on the heat transfer coefficient.
This is the case, for example, when using liquid heat
transfer fluids with nanofillers or surfactants, or in
microchannels where powerful capillary forces are present.
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According to studies by various authors (including
ours), classical calculation methods (especially for shell-
and-tube and plate heat exchangers) do not work in such
cases, that is, they give an incorrect estimate of the heat
transfer coefficient. We reviewed the literature on this
issue in our previous works" % The vast majority of
researchers followed the path of modifying classical
empirical formulas, both for shell and tube’’ and for
plate®'® heat exchangers, that is, they use classic Nusselt,
Reynolds, and Prandtl similarity numbers with various
corrections for the fractional and percentage composition
of nanofillers.

We proposed an approach that has several signifi-
cant differences from the classical one. In particular, the
effect of surface forces characteristic of the heat carrier is
included in the calculation of the heat transfer coefficient
(based on dimensional theory). Our proposed method
uses, in particular, turbulent physical characteristics of the
coolant flow'' ™ In addition, two parts (the wall layer —
LBL) and the rest of the flow are separated in the flow,
and for each of them, the heat transfer is calculated
according to the formulas, according to the mode in each
part of the coolant flow'*. Another significant difference is
that this method is semi-analytical'®.

During our substantiation of this approach, several
problems arose, which prompted us to deepen the
scientific search. In more detail, the way of forming an
idea is as follows.

During the analysis of literary sources on this issue,
many contradictions are observed. For the calculation of
heat exchange equipment, in particular, heat transfer
coefficients in the 7+ mode, the Gnielinski equation'® (1)
is widely used. At the same time, the coefficients of
hydraulic friction are recommended to be calculated
according to equation (2) for turbulent (7) or 7r modes,
respectively'®

_(0.125- f)(Re~1000) - Pr 0
T 14+12.7-(0.125- £)% - (Pr*%—1)
£ =(0.79In Re—1.64) )

Equation (3)* is also widely used to calculate the
heat transfer coefficient during the movement of the
coolant in the 7 mode. In addition, some authors present
in equation (3) the power indicator at a Reynolds number
of 0.8, i. e., equation (4)*' is used for the calculation:

Nu=0.008 - Re™ - PO (3)
Nu=0.008 - Re™® - PO 4)

Such, at first glance, an insignificant change in the
degree of 0.9 or 0.8 leads to a significant change in the
heat transfer coefficient. Thus, an example of calculating
the heat transfer coefficient for a heat carrier — 45 %
aqueous solution of propylene glycol according to the
classic method (7=293 K, V= 0.93 m/s, D = 0.021 m)"*
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according to equations (3) and (4), respectively, give
completely different values and differ by more than 2
times, for example'*:

Reynolds number:
Re — V-D-p _ 0.93-0.021-1;)44 ~3255 Tr regime
u 6.264-10"

The variable complex is calculated according to the
classical heat transfer equation for the tube space of a
normalized shell-tube heat exchanger from equality (3)
and (4) in accordance:

0.9 0.57 'CPO’43 B

p
h(ﬁom equality (3)) 0.011 0.47

0
1044%°.0.394%°7 .3620%%

(6.264-1072)%47
08057 043 )

=0.011

_ 1240,[W/m2'K]

p
h(ﬁom equality (4)) ~ 0.0163 0.47

0
1044%3 .0.394%°7 .3620%4

(6.264-1072)047

Classical empirical formulas for calculating heat
transfer coefficients in the 7 mode of motion (1), (3), (4)
are insensitive to changes in the coefficient of surface
tension of the coolant. Therefore, when we use aqueous
solutions of glycols as heat carriers, as well as with the
addition of nanoparticles, these equations cannot always
be used to calculate the heat exchanger, in particular in
solar collectors. This happens because the glycols
themselves significantly change the coefficient of surface
tension of water in the direction of its decrease, and also
the nanofilling itself also affects its change. As a result,
classical equations of the type (1), (3), (4) mostly do not
reflect the real picture of heat transfer when using aqueous
solutions of glycols with nanofillers, especially in the
transient mode of heat carrier movement. At the same
time, researchers need to conduct expensive experiments
to find appropriate numerical empirical equations, which
mostly take on very complex and cumbersome forms'*.

Equality (5) is widely used to calculate heat
transfer coefficients in the turbulent mode F. W. Dittus,
L. M. K. Boelter:

Nu=0.021 Re - pr'%. (5)

We proposed the concept of consideration of the
movement of liquids in pipelines and channels taking into
account surface forces'" 2. Next, we proposed to calculate
the heat exchange equipment taking into account surface
forces'>. In the same work, we derived the number B,
which is the ratio of the product of the coefficient of
dynamic viscosity of the liquid coolant by the root of the
specific heat capacity to the coefficient of surface tension,
taking into account the hydrophilicity of the wetting
surface (6)".

=0.0163

_ 552,[W/m2-1(]
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u-AJCp 1K (6)
o -cos 6

trans

Bl =

where Bl — dimensionless number; x — coefficient of dy-

namic viscosity of the coolant, kg/m-s; cos ©,,4,s — cosine
of the angle (Surface hydrophilicity); Cp — specific heat
capacity of the coolant, J/kg-K; o — coefficient of surface
tension of the coolant, N/m.

In the following paper', we derived the turbulent
number Bl,,», which is the ratio of turbulent viscosity to
transient viscosity (or the ratio of the corresponding
thermal conductivities) (7):

_ M NCp 1K (7
turb . o - oS 9 ’

trans

BI

where Bl,,, — dimensionless turbulent number; iy, —
coefficient of turbulent viscosity of the coolant, kg/m-s.

Since the liquid coolant in a non-laminar flow can
be conditionally divided into the LBL zone and the
turbulized part, we have proposed a method and formula
for the semi-empirical calculation of the heat transfer
coefficient'*. (Turbulized flow is interpreted as such, the
central part of which is in a transient (77) or turbulent (7)
mode). The purpose of this study is to substantiate the
choice of classical equations for calculating the heat
transfer coefficient in the 7» mode based on the approach
of structuring the flow of the liquid coolant on the LBL
and the turbulized part.

2. Experimental

Since each flow of a liquid coolant in the T mode
can be conventionally divided into a LBL zone and a tur-
bulent part, we have proposed a technique and formula for
semi-empirical calculation of heat transfer coefficients'”.

It should be assumed that the amount of heat that
passes through the LBL is approximately equal to the
amount of heat that passes through the turbulent part. It is
obvious that the higher the speed of the coolant, the higher
the turbulent thermal conductivity of the turbulent part
(Fig. 1), and at the same time, the average thickness of
LBL'" becomes smaller (8):

k k

Zrans turb — trans turb (8)

5LBL r _5LBL r—= 5LBL
At the same time, we derived an analytical
dependence for calculating the average thickness of LBL"
(9), as well as formula (10) for analytical calculation of
the heat transfer coefficient taking into account the
thermal conductivity of LBL and the turbulent part of the

14
coolant flow :

k,,. Bl
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where 0,5, is the average thickness of the LBL, m; » —
channel (pipe) radius, m; kg, — coefficient of average
turbulent thermal conductivity, W/m-K; k;.,s — coefficient
of average transient thermal conductivity in LBL, W/m K;
hyew — heat transfer coefficient, calculated by the new
method, W/m*K.

Fig. 1. Scheme of the movement of a liquid heat carrier in
transitional modes with the formation of LBL

We analytically calculate the thermal conductivity
of LBL ks on the basis that the turbulent Prandtl
number in LBL, which is numerically equal to the number
BI, is equal to unity'>. Based on the number B/ of formula
(6), the transient (apparent) viscosity of the coolant flow
in the LBL is equal to (11), and, accordingly, the transient
thermal conductivity in the LBL is equal to (12):

c-cosO

Werans = zans —
JCp 1K (n
B N s -~1IK P4
m-m-~1K
ktrans = Herans - CP =G -COoS etrans \/C =
N-m J w (12)

{m-s‘l( m-s-K m-K}

The turbulent thermal conductivity kg, of the

turbulent part of the coolant flow can be calculated from
equation (13)'*:

‘Bl,, =u-a-y2Re-C,, [W/m-K}, (13)
where a = (0.05 — 0.08) is an experimental coefficient for
air in the middle of the flow, where turbulence is
considered free™. At the same time, we could not find in
the literature an experimentally determined value of the

kurb =k

1 trans

coefficient @ for different liquids.
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3. Results and Discussion

To simulate the calculation of heat transfer
coefficients in the flow of a liquid coolant, we chose a
45 % aqueous solution of propylene glycol, because this
coolant can be widely used in solar collectors, in
particular with nanofillers. In addition, this coolant is
convenient in that at a constant speed of V' = 0.93 m/s and
a linear size (diameter) of the flow D = 0.021 m in the
temperature range of 243-273 K, it moves L, in the
temperature range of 283-323 K — for the Tr mode and
333-353 K — for the T mode. Thermophysical and
hydromechanical properties and values of this coolant are
presented in Table.

After considering the formula (13), it can be seen
that the unknown quantity is the coefficient a, which was
experimentally determined in the air environment. It is
known that there is a complete analogy between aero-
dynamic and hydrodynamic relationships. However, for
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aqueous solutions, the coefficient a has not been
determined experimentally in the literature.

Dividing the flow of the liquid coolant
conditionally into two zones and deriving the formula for
calculating the heat transfer coefficient (9), we

theoretically calculated the coefficient a for our model
coolant (Table) according to the formula (14), using the
known empirical dependencies (1), (3), (4), which are
based on a large array of experimental data of many
authors. Taking into account the relations (5)—(13) derived
by us, we present the equation for the theoretical

determination of the coefficient a (14):

1 r-h

, 1
a~ classic __ _~ 14
V2Re\2-u-C, BIJ (1
where /.00 18 the heat transfer coefficient, which can be
calculated according to various classical empirical
equations of the type (1), (3), (4) and others, W/m’K.

Table. Thermophysical properties of a 45% aqueous solution of propylene glycol, crystallization temperature (273 K);

(V: 0.93 II]/S, D=0.021 m)*!**, kkk

g g8 = .
= . & || | Ec| E2 g = a| &
B g 2 = T o § = — — =
g z | B5 | Ex| 2 : |5g ES | 28 25| 9z | g3 | %
S _|zo|8% =89 $3 25| Eg 2 g& Eg 2 & 5E| 58 %8 %Q
P 255558 5|52 |12 29| 5 |29 £5 | 2B | v5E| 5T |RE £
Q> o) — e " QM E o) < E . Gy =0 ‘_‘" sl — & o
E- || g 2 |EES|EL | 2| ¢ = |DE 2€ | B3 5| 28| 28| &<
. BO\TE< BTSN EF | % |8 5g |57 | £E| 45| s
A ~ & |3 g2 | =3 53 & & s
=] &~ o =} =~
= S < 15}
& = 8
243 | 1066 | 345 | 0397 | 160 | 5441 | 130(L) | 1390 [1727] 000 | 0.00 000 | 316 | 000 | 3594
253 | 1062 | 349 | 0396 | 743 | 52.11 | 278(L) | 6548 |[8423] 000 | 0.00 000 | 305 | 000 | 3339
263 | 1058 | 352 | 0395 |31.74 | 4981 | 649(L) | 2828 |37.8] 000 | 0.00 000 | 293 | 000 | 3074
273 | 1054 | 3.56 | 0395 | 1897 | 47.58 | 1082(L)| 1709 [24.03] 000 | 0.00 000 | 281 | 000 | 2919
0.0021 3.82+% | 1240%+*
293 | 1044 | 3.62 | 0394 | 6.264 | 4536 [3245(Tr)| 575 |839| 1. 0.0013 | 2.72%+
(T 14015 0001 272 02 552
0.0031% 491+ | 14207+
303 | 1033 | 3.66 | 0.3935 | 4621 | 43.15 4352 (Tr)| 4298 |6.54| 1. 0025% | 2.58%*
(T 190 1 o00g | 00025% | 280 6 | 614
0.00527* . | 672 [1749%%%
313 | 1030 | 3.69 | 0393 2978 40.96 |6732(Tn| 27.96 |446| 273 | 10 L | 00051 | 246w | S0
0.0071% 8.02+% | 1972%+*
323 | 1024 | 3.73 | 03925 | 2.301 | 38.76 [8663 (Tr)| 21.87 |3.71| 3. 0072% | 2.31%+
(T 3471 000165 | MO0T2F | 23 eea | 796
333 | 1015 | 376 | 0392 | 1.624 | 36.57 [12166 (T) 1558 |2.75| 439 | 00107 | 00111 | 232 | 10.19 | 2365
343 | 1007 | 3.74 | 03915 | 1362 | 3436 [14393 (T) 13.01 |245| 532 | 00107 | 00137 | 2.08 | 11.06 | 2503
353 | 999 | 3.82 | 0391 | 1.10 | 32.14 [17679(T) 1075 |2.14| 650 | 00128 | 00172 | 197 | 12.80 | 2812

* Variants of calculation of coefficient @, in which the results of calculations according to formulas (1) and (3) are the closest.

** Values of turbulent thermal conductivity that satisfy the condition k5 > ks, i. €., calculated according to formulas (12) and (13),
and in formula (13) the coefficient a is calculated according to classical relations, respectively (3) and (4).

*** Values of the heat transfer coefficient, calculated according to Equation (3).




The Method of Calculating the Heat Transfer Coefficient in the Heliosystems with Laminar...

We have achieved that the cross-section of the flow
is conventionally divided into 2 LBL zones and a
turbulized part. Obviously, the average turbulent thermal
conductivity of the transient part should exceed the
average thermal conductivity of the LBL, since flow
turbulence always intensifies heat transfer. However, the
result obtained from Equation (4) shows the opposite
(Table) and (Fig. 2) — the turbulized part has a lower
thermal conductivity than the average thermal
conductivity of the LBL. Therefore, the classical Eq. (4),
which is based on the fact that the flow is not divided into
parts, is incorrect. In addition to the above, Eq. (14)
becomes sensitive to changes in the various
thermophysical properties of coolants, in particular to the
use of glycol solutions (with or without nanoparticles).

The coefficient a (Table) was calculated according
to classical equations (3 and 4) for the specified model
coolant in the temperature range of 243—-353 K. Turbulent
thermal conductivities were also calculated according to
equation (13), and heat transfer coefficients according to
equation (10). These values for the indicated temperature
range were calculated using previously obtained ratios (5),
(7), (9)"* (Table). In addition, the specified values were
calculated for different values of the coefficient a, using
the Gnielinsky equality (1).

The results of the calculations indicate that equality
(4) gives incorrect results for determining the turbulent
thermal conductivity of the transient part of the coolant
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flow, as well as the heat transfer coefficient (Table). Table
shows that the heat transfer coefficients calculated accor-
ding to equations (3) and (4) differ by more than 2 times.

Based on the results shown in Table and Fig. 2, it is
concluded that equality (3) is a priority for calculations of
the coefficient a and the heat transfer coefficient during
the movement of coolants with a transient mode. The
same calculation was performed using Gnielinsky’s
equality (1) (Table) and (Fig. 2).

Fig. 2 shows that all points of the graphs that lie
below the transient thermal conductivity line are
incorrectly calculated by the corresponding equations.
This means that equation (4) cannot be used at all during
the 77 mode of the coolant movement (Fig. 2). Without
dividing the coolant flow into the LBL zone and the
turbulized part, the mentioned shortcomings of equalities
(1), (3) and (4) are not visible. At the beginning of the
emergence of the 77 mode, i. e., in the temperature range
of 283-293 K, the use of equalities (1) and (2) is also
incorrect. This fact is discussed in detail in works'®"* and

is associated with a significant change in the hydraulic
friction coefficient (Darcy) during the transition from the
L to the Tr mode. In this small range, it is advisable to use
equation (3) to determine the coefficient a according to
formula (13). The heat transfer coefficients calculated by
the Gnielinsky equation (1) and equation (4) are
significantly different (Table).

243 253 263 273 | 283 293 303 313

Transitional

T —

Teperature, K
3p3 333 343 353

Turbulent

16
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£
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(o]

Laminar

—&—k turb (Nu according to the formula 1)

——k turb (Nu according to the formula 4)

——k turb (Nu according to the formula 3)

==k trans

Fig. 2. Changes in the transient (according to the formula (12)) and turbulent
(according to the formula (13)) thermal conductivities of different flow zones of the model coolant
under the influence of temperature in different modes (temperature, K)
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0,012

0,010

0,008

0,006

0,004

Average layers thicknesses, m

0,002

0,000

B The average thickness of the
transition layer (in the transition
mode) or the turbulent layer (in
the turbulent mode)

O Average LBL thickness

r (flow radius)

243 253 263 273|283 293 303 313

Laminar Transitional

323 333 343 353

Temperature, K

Turbulent

Fig. 3. Changes in the average thicknesses of the LBL and the turbulized part
of the flow, calculated according to formula (9) depending on the model coolant temperature
(45 % aqueous solution of propylene glycol, crystallization temperature 273 K, V= 0.93 m/s, D= 0.021 m)

The variation of the average thickness of the LBL
and, accordingly, the turbulent part of the coolant flow of
45% aqueous propylene glycol solution in the
temperature range of 243353 K, when it moves with the
corresponding parameters (¥ = 0.93 m/s, D = 0.021 m) is
shown in Fig. 3.

In the temperature range of 243-273 K, the flow
is laminar and the L mode extends over the entire “live
radius” of flow. In the temperature range of 283-313 K,
the flow moves in a 7r mode, namely, at a temperature
of 283 K, approximately 2/3 of the “living radius” of the
flow is occupied by the laminar part, and 1/3 — by the
transient part (Fig. 3). At a temperature of 293 K, a little
less than half of the “living radius” is occupied by the
laminar part. Further, as the coolant temperature
increases from 293 K to 353 K, the average thickness of
the LBL gradually decreases (Fig. 3).

Based on equality (10), for the L mode of
movement of the heat carrier, the coefficient a is zero,
that is, the right-hand side of the equation becomes zero
and the heat transfer coefficient is calculated only from
the left part of equation (10).

This calculation according to the new method,
using the formulas for transient viscosity and thermal
conductivity (11) and (12). Is numerically very close to
the classical one.

The proposed method of calculating heat transfer
coefficients can be used for such conditions as filter

drying, where powerful surface forces act in the volume
of bulk material® , as well as in modern solar collectors
with low speeds of movement of heat carriers, in heat
exchangers in food, chemical, and other technologies the
use of various surfactantsM, etc.

4. Conclusions

1. The approach proposed by us allows not only to
calculate the heat transfer coefficients according to the
new method but also establishes the limits of the correct
use of classical formulas.

2. After dividing the “live cross-section” of the
coolant flow conditionally into LBL and turbulent
(transient) it was found that the calculation of the heat
transfer coefficient for the 77 mode according to Eq. (4) is
incorrect, since under such conditions the turbulent
thermal conductivity of the transient zone is less than the
thermal conductivity of the LBL.

3. An equation for calculating the turbulence
coefficient a is proposed, which contains the heat transfer
coefficient calculated according to classical equations, for
example (1), (3) or others.

4. It was found that the classic Gnielinsky equation
(1), which is used to calculate heat transfer coefficients,
including those for the 77 mode, gives an erroneous result
at the initial stage of the 77 mode, i.e. in the range of
Reynolds numbers 4000 > Re > 2320. In this range, it is
recommended to apply equality (3).
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5. Heat transfer coefficients calculated from
equation (10) using classical equations (3) and (4) differ
by more than 2 times (Table). This also confirms the
correctness of the application of relation (3).

6. The theoretical calculation of the turbulence
coefficient a for liquid-phase coolants from equation (14)
makes it possible to make corrections for the use of glycol
solutions with nanofillers since this equation contains the
number B/, which is sensitive to changes in the surface
characteristics of liquids.

References

[1] Bilonoga, Y.; Stybel, V.; Maksysko, O.; Drachuk U.
Substantiation of a New Calculation and Selection Algorithm of
Optimal Heat Exchangers with Nanofluid Heat Carriers Taking into
Account Surface Forces. Int. J. Heat Technol. 2021, 39, 1697-1712.
https://doi.org/10.18280/ijht.390602

[2] Bilonoga, Y.; Stybel, V.; Maksysko, O.; Drachuk, U. A New
Universal Numerical Equation and a New Method for Calculating
Heat-Exchange Equipment using Nanofluids. /nt. J. Heat Technol.
2020, 38, 151-164. https://doi.org/10.18280/ijht.380117

[3] Vajjha, R.S.; Das, D.K.; Kulkarni, D.P. Development of New
Correlations for Convective Heat Transfer and Friction Factor in
Turbulent Mode for Nanofluids. Int. J. Heat Mass Transfer 2010,
53,4607-4618.
https://doi.org/10.1016/j.ijheatmasstransfer.2010.06.0 32

[4] Buongiorno, J. Convective Transport in Nanofluids. J Heat
Transfer 2006, 128, 240-250. https://doi.org/10.1115/1.2150834
[5] Duangthongsuk, W.; Wongwises, S. An Experimental Study on
the Heat Transfer Performance and Pressure Drop of TiO2-water
Nanofluids Flowing under a Turbulent Flow Mode. Int. J. Heat
Mass Transfer 2010, 53, 334-344.
https://doi.org/10.1016/j.ijheatmasstransfer.2009.09.024

[6] Asirvatham, L.G.; Raja, B.; Lal, D.M.; Wongwises, S.
Convective Heat Transfer of Nanofluids with Correlations.
Particuology 2011, 9, 626-631.
https://doi.org/10.1016/j.partic.2011.03.014

[7] Xuan, Y.; Li, Q. Investigation on Convective Heat Transfer and
Flow Features of Nanofluids. J. Heat Transfer. 2003, 125, 151-155.
https://doi.org/10.1115/1.1532008

[8] Elias, M.M.; Mahbubul, .M.; Saidur, R.,; Sohel, M.R.; Shahrul,
L.M.; Khaleduzzaman, S.S.; Sadeghipour, S. Experimental
Investigation on the Thermophysical Properties of Al,05
Nanoparticles Suspended in Car Radiator Coolant. International
Communications in Heat and Mass Transfer 2014, 54, 48-53.
https://doi.org/10.1016/j.icheatmasstransfer.2014.03.005

[9] Elias, M.M.; Rahman, S.; Rahim, N.A.; Sohel, M.R.; Mahbubul,
L.M. Performance Investigation of a Plate Heat Exchanger Using
Nanofluid with Different Chevron Angle. Advanced Materials
Research 2013, 832, 254-259.
https://doi.org/10.4028/www.scientific.net/ AMR.832.254

[10] Huang, D.; Wu, Z.; Sunden, B. Effects of Hybrid Nanofluid
Mixture in Plate Heat Exchangers. Exp. Therm. Fluid Sci. 2016, 72,
190-196. https://doi.org/10.1016/j.expthermflusci.2015.11.009

[11] Bilonoga, Y.; Maksysko, O. Modeling the Interaction of
Coolant Flows at the Liquid-Solid Boundary with Allowance for the
Laminar Boundary Layer. Int. J. Heat Technol. 2017, 35, 678—682.
https://doi.org/10.18280/ijht.350329

415

[12] Bilonoga, Y.; Maksysko, O. Specific Features of Heat
Exchangers Calculation Considering the Laminar Boundary Layer,
the Transient and Turbulent Thermal Conductivity of Heat Carriers.
Int. J. Heat Technol. 2018, 36, 11-20.
https://doi.org/10.18280/ijht.360102

[13] Bilonoga, Y.; Maksysko, O. The Laws of Distribution of the
Values of Turbulent Thermo-Physical Characteristics in the Volume
of the Flows of Heat Carriers Taking into Account the Surface
Forces. Int. J. Heat Technol. 2019, 36, 1-10.
https://doi.org/10.18280/ijht.370101

[14] Bilonoga. Y.; Atamanyuk, V.; Stybel, V.; Dutsyak, 1.; Drachuk,
U. Improvement of the Method of Calculating Heat Transfer
Coefficients Using Glycols Taking into Account Surface Forces of
Heat Carriers. Chem. Chem. Technol. 2023, 17, 608—616.
https://doi.org/10.23939/chcht17.03.608

[15] Gnielinski, V. New Equations for Heat and Mass-Transfer in
Turbulent Pipe and Channel Flow. Int. Chem. Eng. 1976, 16, 359—
368.

[16] Meyer, P.; Olivier, J. A. Heat Transfer in the Transient Flow
Mode. In Evaporation, Condensation and Heat Transfer; Ahsan, A.,
Ed.; InTech: Rijeka,2011; 244-260.
https://www.researchgate.net/publication/221916244

[17] Meyer, J.P. Heat Transfer in Tubes in the Transient Flow
Mode. Proceedings of the 15th International Heat Transfer
Conference, IHTC-15, Kyoto, Japan, August 10-15, 2014;
https://doi.org/10.1615/IHTC15.kn.000003

[18] Garcia, A.; Vicente, P.G.; Viedma, A. Experimental Study Of
Heat Transfer Enhancement with Wire Coil Inserts in Laminar-
Transition-Turbulent Modes at Different Prandtl Numbers. Int. J.
Heat Mass Transfer 2005, 48, 4640-4651.
https://doi.org/10.1016/j.ijheatmasstransfer.2005.04.024

[19] Garcia, A.; Solano, J.P.; Vicente, P.G.; Viedma, A.
Enhancement of Laminar and Transient Flow Heat Transfer in
Tubes by Means of Wire Coil Inserts. Int. J. Heat Mass Transfer
2007, 50, 3176-3189.
https://doi.org/10.1016/j.ijheatmasstransfer.2007.01.015

[20] Babatulaev, B.; Mavlanov, E.; Nigmadjanov, S. To Increasing
The Absorption Area Of Column Apparatus With Tubul Th Tubular
Lattice No Tice Nozzles. Chemical Technology, Control and
Management 2021, 2021, 5-11. https://doi.org/10.34920/2021.1.5-
10

[21] Dvoinos, Y.G.; Khotynetskyi, M.I. Matematychne
modelyuvannya procesiv v blochnomu teploobminniku. Science
Rise 2015, 3, 34-42. (in Ukrainian)
http:/nbuv.gov.ua/UIRN/texc_2015_3%282%29 8

[22] Dittus, F.W.; Boelter, L.M.K. Heat Transfer in Automobile
Radiators of Tubular Type. University of California Publications of
Engineering 1930, 2, 443-461.

[23] Atamanyuk, V., Huzova, L., Gnativ, Z. Intensification of Drying
Process During Activated Carbon Regeneration. Chem. Chem.
Technol. 2018, 12, 263-271.
https://doi.org/10.23939/chcht12.02.263

[24] Bilonoga, Y.; Stybel, V.; Lorenzini, E.; Maksysko, O.;
Drachuk, U. Changes in the Hydro-Mechanical and Thermo-
Physical Characteristics of Liquid Food Products (for Example,
Milk) under the Influence of Natural Surfactants. ltalian Journal of
Engineering Science: Tecnica Italiana 2019, 63, 21-27.
https://doi.org/10.18280/ti-ijes.630103

Received: September 28, 2023 / Revised: April 11, 2024 /
Accepted: May 17, 2024



416

METO/JUKA PO3PAXYHKY KOE®IIIEHTA
TEIVIOIIEPEJIAYI B TEJJIOCUCTEMAX
3 IAMIHAPHUM 1 IEPEXIITHUM PEXKUMAMMU
PYXY HOTOKY TEIIVIOHOCIs,
CTPYKTYPYBAHOI'O HA YACTHUHH

Anomauin. YV yiti pobomi 3anponoHo8ano HoGull mMemoo
6UOOPY KIACUYHUX eMRIPUYHUX DIGHSHb OISl PO3PAXYHKY Koeqiyi-
€Hmie mennogiooaui 8 mpyoax KojiCyxompyoHo20 menioo0OMIHHUKA
6 nepexionomy peswcumi. Lleil memoo tpynmyemoca Ha momy, wjo
nOMIK CMPYKMYypo8anuli Ha 30Hy J1AMIHAPHO20 NPUMEICO8020 Wapy
(JITILL) i mypbynizoeany uacmumy, a KoegiyicHm meniogiooauyi
PO3DAX08aHo yepe3 nepexiony i mypoynenmmy menionpogioHicmb,
a makodic cepednio moguwury JIILI i, 8i0nogiono, cepeonto mog-
WUHy pewimu nomoky menioHocia. Kmuouoeum momenmom ybo2o
Memoody € ymosa, wo nepexiona menionposionicme JIIILL nosunna
6ymu  HUICUOI0 3a MENIONPOBIOHICMb MYPOYII3086AHOT YACMUHU.
AKwo ys ymosa He GUKOHYEMbCSA, € NIOCMAGU Ol BUCHOBKY, WO

Yuriy Bilonoga et al.

BIONOGIOHE KIACUYHE eMNIPUYHE DIGHSIHHSL € HEKOPEeKMHUM Onisl
DO3DAxXyHKY Koegiyicnma mennosiooaui. Sx mMooenvHy piouny 3su
45 % 60OHUIl pO34UH NPONIIEHSNIKOMO, AKUL MOXMCHA WUPOKO
BUKOPUCIOBYBAMU Y COHAYHUX KONEKMOpPAx, 30Kpemd i3 HAHOHA-
nosuwosavamu. Llei menionocii yikaguii mum, wo 3a NOCMILHOL
weuoxkocmi V = 0,93 m/c i ninitinoco pozmipy (Oiamempa) “arcueoco
nepepizy”’ nomoky D = 0,021 m 6 inmepeani memnepamyp 243-273 K
8iH PYXAEMbCA Y AMIHAPHOMY DENCUMI, 8 THMEPEasi memnepamyp
283-323 K — y nepexionomy i 333-353 K — y mypOynenmmnomy.
3anpononosano Hogy popmyny Ons  po3paxyHky Koeiyicnma
mypOynizayii nomoKy MmenioHOCIsl a, eKCNepUMEHMANbHI YUCTI08I
SHAUEHHs SIKO20 3HAUOEHO 8 NimepamypHux Oxcepenax auuie Oisl
NOBIMpPSIHO20 MENTIOHOCIS.

Knrouosi cnosa: nepexiona ma mypoOyienmua 6 ’sizkicmo i
menionposioHicmy, Koegiyichm meniogiooayi, cepedtst MoGUIUHA
JIIIIL koeghiyienm nogepxnesoco Hamsizy menioHoCis, nepexioHul
pedrcum.



