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Numerical modeling and calculation of heat transfer between heat carriers
in heat exchangers

Heating of oil and oil products is widely used to reduce energy loss during transportation. An approach is being
developed to determine the effective length of the heat exchanger and the temperature of the cold heat carrier
at its outlet in the case of a strong dependence of oil viscosity on temperature. The oil of the Uzen field
(Kazakhstan) is considered as a heated heat carrier, and water is considered as a heating component. The method
of the average-logarithmic temperature difference, modified for the case of variable viscosity, and methods of
computational fluid dynamics are used for calculations. The results of numerical calculations are compared
with the data obtained on the basis of a theoretical approach at constant viscosity. When using a theoretical
approach with constant or variable viscosity, the heat transfer coefficients to cold and hot heat carriers are found
using criterion dependencies. In the case of variable oil viscosity, the transition of the laminar flow regime to
the turbulent one is manifested, which has a significant effect on the effective length of the heat exchanger. To
solve this problem comprehensively, a mathematical model of hydrodynamics and heat transfer of heat carriers
has been developed and multiparametric numerical calculations have been performed using the “Ansys Fluent”
software package.

Keywords: power engineering, heat transfer, heat carrier, viscosity, hydrodynamics, oil products, numerical
modeling, laminar-turbulent transition.

Introduction

The change in the qualitative state of the raw material base leads to the development and involvement in
the operation of oil fields with a high content of paraffins, resins, asphaltenes. The development of such fields
requires the use of unconventional methods of oil production and its preparation for transportation. Light oil
products (petroleum, kerosene) are easily transported through pipelines at any time of the year and operations
with them do not cause any difficulties. Operations with dark oil products (fuel oil, lubricating oils) and crude
oil cause significant difficulties due to the fact that dark oil products become more viscous when the air
temperature decreases, and their transportation without heating becomes impossible. For pipeline
transportation of oil and oil products, an approach based on the regulation of the rheological properties of oil
is used, for example, by heating oil with its subsequent transportation through a pipeline with increased thermal
insulation (hot oil pumping). In some cases, an increase in the viscosity of oil with a decrease in temperature
leads to unacceptable stresses on the walls of the pipe and stops transportation.

Heat exchange processes are carried out in heat exchangers of various types and designs [1-5]. Various
heat carriers are used for heating, for example, hot water or water vapor. Energy consumption is one of the
important factors that has a significant impact on the design of the heat exchanger [6]. Shell-and-tube heat
exchangers are used in the oil and gas industry, which provide good performance characteristics in a wide
range of operating conditions, high reliability and low cost. To determine the efficiency of heat exchange
processes, final temperatures and required operating parameters of heat carriers, a thermal calculation is carried
out.

The composition of oil (in particular, the content of asphaltenes, resins, paraffins) has a significant effect
on the dependence of viscosity on temperature [7, 8]. Empirical formulas describing the change in kinematic
viscosity depending on temperature have the form of various functions (exponential, polynomial, power, etc.),
which are characterized by the presence of coefficients depending on properties of the liquid. Constant
coefficients are determined based on the values of the measured kinematic viscosities at experimental points.
The generalized Lee—Kessler equation of state is used to calculate the thermodynamic parameters of oil, gas
condensates and their fractions [9]. In [10], studies of the dependence of the kinematic viscosity of oil and oil
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mixtures on temperature were carried out, and existing formulas for calculating the kinematic viscosity of oil
in main pipelines were analyzed.

The flow of liquid in the inter-tube space of the heat exchanger is complex and depends on many factors.
Numerical simulation of heat transfer in heat exchange devices of various designs is carried out in [11, 12].
The results of numerical calculations are used to find optimal ways to intensify heat transfer processes [13-
15]. The obtained results indicate a decrease in the influence of the viscosity of the pumped oil on the hydraulic
characteristics of the pipeline when pumping in developed turbulent conditions.

In classical heat exchangers, a bundle of pipes for one heat carrier is placed inside the casing through
which another heat carrier moves. In the design of helicoid heat exchangers, profiled tubes and screw profile
ribs are used, with the help of which heat exchange conditions are improved. The tubes in such devices have
a small diameter and thin walls (about 0.3 mm). In the case when the viscosity depends on temperature, the
flow regime in such thin tubes can vary from laminar to turbulent.

In this paper, a mathematical model of a heat exchanger is developed that takes into account the laminar-
turbulent transition. For simplicity, a “pipe-in-pipe” heat exchanger circuit with a thin and smooth inner tube
is selected. A method for calculating a direct—flow type heat exchanger is given, in which the working fluid in
the inner pipeline is oil (cold heat carrier), and in the outer pipe is water (hot heat carrier). Calculations are
carried out for the model design of the heat exchanger both using a theoretical approach based on the method
of Log-Mean Temperature Difference (LMTD) at constant and variable viscosity, and on the basis of
Computational Fluid Dynamics (CFD). The data obtained within the framework of various approaches are
compared with each other, which allow us to conclude about the accuracy of each of the approaches and the
possibility of their application in practice.

Dependence of oil viscosity on temperature

The Uzen oil and gas field is located in the Mangistau region of Kazakhstan. Qil fields are located at a
depth of 0.9-2.4 km. The density of oil is 844-874 kg/m3, viscosity — 3.4-8.15 mPa- s, sulfur content —
0.16-2 %, paraffins 16-22 %, resins — 8-20 %.

In the literature, various dependences of viscosity on temperature are used. In the oil industry, the
Walter formula is used to calculate the kinematic viscosity depending on temperature [10]

lg[lg(v +0.8)]=a+blgT, (1)

where a and b are empirical coefficients determined experimentally for a given fluid. The coefficients a and
b in formula (1) are from the relations

a=lg[lg(v, +0.8)]-blgT

o = 19llg(v, +0.8)] - Ig[lg(v, + 0.8)]
IgT, ~1gT,

here v, and v, are the values of the kinematic viscosity of the liquid at temperatures T, and T,.
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Figure 1. Dependence of the dynamic viscosity of the Uzen oil field on temperature. Triangular icons — experimental
data [16], solid line — calculations according to the Walter formula
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A comparison of the results of calculations using the Walter formula with experimental values of dynamic
viscosity is shown in Figure 1 for the oil of the Uzen field. The temperature varies from 10 to 100 °C. The
solid line corresponds to the dependence of viscosity on temperature obtained by the Walter formula (1), and
the triangular icons correspond to the results of a physical experiment [16].

Calculation method for constant viscosity

To estimate the heat flows from a hot heat carrier to a cold one, a heat carrier model with a constant
viscosity along the length is used, based on the use of an average logarithmic temperature difference. In a
recuperative heat exchanger, two liquids with different temperatures move in a space separated by a solid wall

(Fig. 2).
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Figure 2. Diagram of a heat exchanger in which heat carriers move in the opposite direction

Thermal calculation is reduced to the joint solution of the equations of thermal balance and heat transfer.
The heat balance equation has the form [21]

Q= Glcpl(Tl’ -T.)= Gchz (T, —T,) >0, 2
here Q is the amount of heat transferred per unit of time from a hot heat carrier to a cold one, G is the mass

flow rate of the heat carrier, C, is the isobaric heat capacity, T. is the inlet temperature, T. is the outlet

temperature. Index 1 corresponds to a hot heat carrier, and index 2 corresponds to a cold heat carrier. The heat
transfer equation for a heat exchanger is represented as

Q=kFAT, 3)
where k is the average heat transfer coefficient, which is calculated at an average temperature (T, +T,.)/2

and (T, +T,)/2, AT is the average temperature difference. The average temperature difference is
determined by the expression

_ 1F
AT:—IATdF,
I:O

where F is the heat exchange surface area.
Using the notation AT = (T, —T,) , equations (2) and (3) in differential form will take the form

—d(AT):—mde, m= ! + ! .
AT Cn GyC

The plus sign is selected in the case of a direct—flow apparatus, and the minus sign is selected in the case
of a counter-flow heat exchanger. The above equation is valid along the direction of movement of the hot heat

carrier. Assuming that m and k are constant along the length of the apparatus and integrating from 0 to F
and from AT’ and AT , we obtain

AT = AT'exp(—mEF), (4)
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where AT’ is the temperature difference at the inlet of the hot heat carrier. Along the heat exchange surface,
the temperature pressure varies exponentially. By averaging the temperature head over the entire heat exchange
surface, the average logarithmic temperature head is from the ratio
= AT"-AT’
IN(AT” / AT")
In the constructive calculation of heat exchange devices, the thermal performance Q is determined by
equation (2). The heat exchange surface area F is found from the equation

F=2

kAT
When calculating the heat exchange surface area, the task is reduced to calculating the average heat
transfer coefficient and the average logarithmic temperature pressure. The length of the heat exchanger is
calculated by the formula
F

and '
where n is the number of inner tubes, d is their hydraulic diameter.
The temperature distributions along the heat exchange surface are expressed by the relations:
— direct-flow circuit

1—exp [—EmF(x)]

T()=T, AT’
' ’ 1+(Glcpl)/(GZCp2)
1—exp| —kmF(x)
T,(x) =T, + AT’ [ ]
1+(GZCp2)/(Glcpl)

here F(x) is the dependence of the heat exchange surface area on the Iengt’h measured along the path of the
hot heat carrier. In the case of a cylindrical surface, the heat exchange area is expressed in terms of length
F(x) =TI1-x, where IT is the wetted perimeter of the heat exchange surface.

For the case of thin cylindrical walls, the relations for surface temperatures have the form

a,F N a,Fo, T AT
T = a,F AR P
" 1+ aF + o, Fo,
aF AR

a2F2+a2F25W T AT
T o= aF  AF )% 7

W' a
w2

1+ a,F, + a,F,0,

A AFa

here F, =(F, +F,)/2, F, is the heat exchange area on the heat carrier side 1, F, is the heat exchange area

on the heat carrier side 2, J,, is the wall thickness, A, is the thermal conductivity coefficient of the wall, &

is the heat transfer coefficient. The above relations for the wall temperature are implicit and require an iterative
solution, since the heat transfer coefficient o depends on temperature.
For a single-layer cylindrical wall, the average heat transfer coefficient is calculated as follows

-1
= 1 1, .d 1
k=] =—+—In-%2+= ,
aldl ZA’W dl azdz
where 071 is the average heat transfer coefficient to the cold heat carrier, a_2 is the average heat transfer
coefficient to the hot heat carrier.
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The Nusselt number depends on the flow mode (laminar or turbulent) and the heat exchange mode
(heating or cooling). The average heat transfer coefficient is expressed in terms of the average length of the

Nusselt number Nu = adg [ A, where dg = 4Fg /T1 is the effective hydraulic diameter, Fg is the area of the
passage section of the channel, IT is the wetted perimeter, A is the thermal conductivity of the liquid. During

the flow in the pipe or during the longitudinal flow around the bundles of pipes, the Nusselt number is
calculated using a semi-empirical dependence of the form

Nu = Nu(Re,Pr,Pr,,L/d,),

where Pr is the Prandtl number of the liquid, Pr, is the Prandtl number of the liquid calculated from the wall
temperature. Similarity numbers are calculated from the average temperature of the heat carrier. The Reynolds
number is determined by the ratio Re = ,0Vdg I 1, where V is the characteristic flow velocity, o is the

density, and g is the dynamic viscosity.

Calculation method for variable viscosity

In the case of a strong dependence of viscosity on temperature, the heat exchanger is divided into
elementary sections along the length. At each site, an assumption is made about a small change in viscosity.

With a weak dependence of the viscosity of the heat carrier on the temperature, the average Reynolds
number is based on the average temperature of the heat carrier. Such an assumption does not introduce
significant errors in the calculation, since it practically does not affect the flow regime. In the case of a strong
dependence of viscosity on temperature, as the heat carrier heats up, the flow mode changes from laminar to
developed turbulent. In this case, the local heat transfer coefficient a(x) is calculated, and the relations for the

local Nusselt number Nu, = a/(x)d, / 4, calculated from local similarity numbers are used
Nu, = Nu(Re,,Pr,,Pr,,x/d,).
The average value of the heat transfer coefficient is found by the formula

- 1k
a =E.!a(x)dx.

Local Nusselt numbers in laminar and turbulent flow regimes are found using the relations given in [17,
18]. To calculate the local Nusselt number in the laminar flow regime in the pipe, the ratio [18] is used

d #( pr
Nu, = 4.36(1+0.032—RexPrf’6j [—]
X Pr

X,W

The above ratio is valid at 0.7 <Pr <103. The expression for calculating the local Nusselt number for the
turbulent flow regime in a pipe with an additional correction for the change in the Prandtl number has the form
[17]

Pr.

X,W

0.25
Nu, = 0.022Re’*Pro® LP—rJ ¢

where

1,%/, >15,

d
g =4 138 % <15

()"

For the annular channel in the turbulent flow regime, the ratio is used as for the flow in the pipe, but with
its equivalent hydraulic diameter.
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The heat balance equation for the elementary section in the direction of movement of the hot heat carrier
is written as follows

dQ dT, dQ

d 1p1(T) Xm 0’

dQ, T dQ
—2=1G,C —2 —=2>0, (5
2 =46,0,,(T,) 2,20, (5)
ﬂ'F&:O

dx dx

Here dQ, is the loss of the amount of heat by the hot heat carrier, dQ, is the amount of heat acquired by
the cold heat carrier, G is the mass flow of the heat carrier, C, is the heat capacity, dT is the temperature

change. The plus sign corresponds to a direct—flow circuit, and the minus sign corresponds to a counter-flow
circuit. The heat transfer equation for an elementary section takes the form

kT -T) L <0
©
"2 (T TI-T)S S 0
X

Here k is the local heat transfer coefficient, dF / dx is the change in the heat exchange area, which remains
constant for a heat exchanger made of straight pipes.

From equations (5) and (6) follows a closed system of equations with respect to the temperatures of heat
carriers

dT, _ k(Tl,T)( N
o Go,m) Y o
ar, _, k(Tl,T)(T 1y 9F
d G, i

Since dF /dx=const and is known, the system of equations (7) is a system of ordinary differential
equations with a nonlinear right-hand side. In the case of a direct-flow circuit (plus sign), the Cauchy problem
is posed for system (7), and for a counter-current circuit (minus sign), the boundary value problem is solved.
In this case, the integration is carried out up to the length L, which is unknown in advance.

The system of equations (7) is solved by the finite difference method on the interval x €[0,L]. To

stabilize the iterative process during the linearization of the system, the method of lower relaxation is used.
The length of the integration interval L is unknown in advance. Newton's method is used to determine it. The
local heat transfer coefficient is found using local heat transfer coefficients.

1
k = i.kih‘]i_{_ 1
ad, 24, d a0,

where ¢, is the local heat transfer coefficient from the cold heat carrier to the wall, «, is the local heat transfer

coefficient from the side of the hot heat carrier, 4, is the thermal conductivity coefficient of the tube material.

Numerical simulation of heat transfer

The results of thermal calculations are compared with the data obtained by computational fluid dynamics
methods. Oil is considered a Newtonian liquid with a constant density. Calculations are carried out using
numerical solutions of Reynolds—Averaged Navier-Stokes equations (Reynolds—Averaged Navier-Stokes,
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RANS) for a viscous incompressible fluid closed using a turbulence model that takes into account the laminar-
turbulent transition.

The SST k — @ turbulence model is designed for an effective combination of a reliable and accurate
k — @ model in the wall region and a k —& model in free flow [19, 20]. To switch between models, a special
function is used, which takes a single value in the wall area (the standard k —@ model is used) and a zero
value away from the wall (the k —& model is used).

The model taking into account the laminar-turbulent transition (Local-Correlation Transition Model,

7 —Re,, transition model) is based on a combination of the SST equations of the k — @ turbulence model
with two additional transfer equations for the intermittency parameter y and the critical Reynolds number

7 —Re,, , constructed from the thickness of the momentum loss [21, 22]. To simplify the model, the equation

for y —Re,, is not considered, and in the equation for the intermittency parameter, an assumption is made

about the smallness of convective terms [23].This approach leads to algebraic relations for finding the
intermittency parameter.

To discretize the basic equations, the finite volume method on unstructured grids and the SIMPLE method
are used [24]. The discretization of inviscid flows is carried out using the MUSCL scheme (Monotonic
Upstream Schemes for Conservation Laws, monotonic counter—flow circuit for conservation laws), and
viscous flows — a centered scheme of the 2nd order of accuracy. The MUSCL scheme makes it possible to
increase the order of approximation by spatial variables without losing the monotony of the solution, satisfies
the TVD (Total Variation Diminishing) condition and is a combination of centered finite differences of the
2nd order and a dissipative term, for switching between which a flow limiter built on the basis of characteristic
variables serves. The geometric multigrid method is used to solve the system of difference equations [25].

The calculations use a grid consisting of 19461 cells, of which 500x 24 cells are placed in an area filled
with oil, 500 x5cells in an area made of steel, and 500x13 cells in an area filled with water. The mesh cells
are thickened near the walls of the pipe so that y+ < 2, where y + is a dimensionless wall coordinate.

Calculation results and discussion

The diagram of the direct-flow type heat exchanger is shown in Figure 3 (dimensions are given in
millimeters). The h index corresponds to the hot medium (water), the ¢ index corresponds to the cold medium
(oil). The i and o indexes refer to the input and output cross-sections.

‘ (N

d.=14

T d=12

Figure 3. Diagram of a direct-flow type heat exchanger

To calculate the effective length of the heat exchanger and the temperature of the hot heat carrier at the
outlet, the parameters given in Table 1 are set (the input and output temperatures of the cold heat carrier, the
input temperature of the hot heat carrier, the speeds of both heat carriers, the flow rates of the hot and cold heat
carrier, the geometric characteristics of the inner and outer tubes, as well as the physical properties of the tube
material).
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Table 1
Input data for thermal calculation
Parameter Unit of Symbol Quantity
measurement

Number of tubes piece n 1
Tube wall thickness mm S 1

w
Inner diameter of the tubes mm d 12
Outer diameter of the tubes mm d 14

C
Inner diameter of the shell mm D 20
Temperature of the hot heat carrier at the inlet K Th' 423

1
Consumption of hot heat carrier Kg/s G, 0.6386
The speed of the hot heat carrier m/s v, 4
The temperature of the cold heat carrier at the K T. 303
inlet “
The temperature of the cold heat carrier at the K T 328
outlet ©
Consumption of cold heat carrier Kg/s G 0.3814

C
The speed of the cold heat carrier m/s Vv 4

C

To determine the temperature of the hot heat carrier at the outlet and the corresponding effective length
of the heat exchanger, the heat balance equations are used. Solving the heat balance equations by the finite
difference method, we obtain the distributions of the average mass temperatures of the heat carriers given in

Table 2.

Calculation results

Table 2

Heat carrier model With constant With variable

viscosity viscosity
Length, m 5.28 4.26
The temperature of the hot heat 416 416
carrier at the outlet, K

The obtained results are compared with the numerical simulation data. Figure 4 shows the distribution of
the average mass temperature of oil (cold heat carrier) along the length of the heat exchanger, obtained using

the finite difference method and based on numerical modeling.
7, K

330
325
3207
315;

310

30547

0 05 1 15 2 2.5 3
L, m

3.5 4 45

Figure 4. Distribution of the average mass temperature of oil along the length. The solid line corresponds to the results
obtained on the basis of the theoretical approach, and the dotted line with triangular icons corresponds to the results of

numerical calculations.
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The average mass temperature of oil increases along the length due to heating from a heat source (hot
heat carrier). The results of analytical and numerical calculations are in good agreement with each other.
The distributions of the average mass temperature of water (hot heat carrier) along the length, obtained on the
basis of analytical and numerical calculations, are shown in Figure 5.
77)1» K

4234

421+

420+

419/

418+

417¢

416+

415

0 05 1 15 2 25 3 35 4 45
L, m

Figure 5. Distribution of the average mass temperature of water along the length. The solid line corresponds to the
results obtained on the basis of the theoretical approach, and the dotted line with triangular icons corresponds to the
results of numerical calculations.

Compared with the results shown in Figure 4, the average mass temperature of water decreases along the
length of the pipe due to heat transfer from it to the cold heat carrier. It should also be noted that the results of
calculations obtained on the basis of different approaches are well coordinated.

From the results shown in Figures 4 and 5, it is possible to notice characteristic changes in the curvature
of the lines at a distance of about 2.5 m from the input section, where in both cases there are sharp changes in
temperature gradients with corresponding signs. This transition occurs at the distance where the laminar flow
regime turns into a turbulent one. Figure 6 shows a graph of the temperature distribution along the inner wall
of the tube from the oil side. It can be seen that at the entrance the oil is cold and the wall cools down strongly
from the oil side, then it warms up, heat exchange by thermal conductivity prevails here, then a laminar-
turbulent transition occurs and heat transfer increases significantly and the wall temperature decreases.

420 .S
415
410}
4051
400 ! ! L
0 1 2 3 4 5 6
X, M

Figure 6. Temperature distribution along the tube wall from the oil side
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Conclusion

Reducing the viscosity of oil by heating it is one of the ways to increase the energy efficiency of the
process of pumping high-viscosity oil during production and transportation. Numerical modeling allows
solving a number of issues related to increasing the efficiency of heat transfer, which remains one of the most
important in the design of heat exchange devices in the oil and gas industry.

Thermal and numerical calculations were carried out to determine the length of the heat exchanger and
the temperature of the cold heat carrier in the outlet section in the case of constant and variable oil viscosity.
With variable viscosity of oil, the transition from laminar to turbulent mode is manifested, while with the
analytical method of calculation for constant viscosity, this effect is not taken into account. The obtained results
show that a model with a constant viscosity leads to an underestimation of the length of the heat exchanger by
about 20 % compared to calculations that take into account the dependence of oil viscosity on temperature.
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JL.E. Kypmanosa, H.)K. [[xxaitun6exos, A.I'. Kapnenko, K.H. Bonkos

Kputyanamacy annapaTTapbIHIAFbI KbLTYTACKIMAAAFBILITAP
apachbIHIAFBI KbLTYyAJIMacyIbl CAHABIK MO/eJIb/Iey KoHe ecenTey

TaceiMangay Ke3iHAE SHEprHs INBIFBIHBIH a3alTy VIIIH MyHall MEH MyHall eHIMIEpiH JKbUIBITY KEHiHEH
KOJIIaHbLIaAbl. MyHall TYTKBIPIBIFBI TEMIlepaTypara KaTThl TOyeili OoJFaH >Karaaiaa IKplIyanMmacy
annapaTblHBIH  THIMII  Y3BIHIBIFBIH JKOHE OHBIH  IIBIFBICBIHAAFB  CYBIK JKBUIYTaChIMaJJarblIThIH
TEMIIEpaTypachblH aHBIKTAy TOcLTl o3ipneHyzAe. JKBUIBITBUIATHIH JKBUTYyTACHIMAIIAFBIII pETiHAEe O3eH KeH
OpHBIHBIH MyHaitbl (Kazakcran), an KbI3ABIPFBII KOMIOHEHT peTiHae — cy KapacTeIpsuiansl. Ecenteynep
YIIH aybICHanbl TYTKBIPJIBIK OKaFmalblHIa MoIuduKanvsuiaHFaH opramia JorapudMIik TeMmiepaTrypa
AfbIPMAIIBUIBIFBIHBIH JKOHE eCeNTey CYHBIKTBIFBIHBIH JWHAMHUKACHl oicTepi KoijaHbuiagsl. CaHIBIK
CCENMTEYJICPIH HOTHXKEIEepl TYPAKThl TYTKBIPJIBIK KE3iHAC TEOPHSJIBIK TOCIT HETi3iHIE aJbIHFaH
MOJIIMETTEpPMEH CaNBICTBIpbUIa Bl TYpakThl HeMece alHBIMaIbl TYTKBIPJIBIFEI Oap TEOPUSUIBIK TACLIAi
naiijananFad Ke3Ze CYBIK )KOHE BICTHIK CAIKBIHIATKBILTAPFA JKBUTy Oepy Kod(pQHUIUEHTTEpl KPUTEPHUILIIK
TOYeNAUIIKTEpAl MaljanaHa OTHIPBIN aHbIKTadanbl. MyHalIBIH aybICIaubl TYTKBIPJIBIFBl JKaFAaibIHIa
JIAMUAHAPJIBIK TOK PEXXUMIHIH TYypOYJICHTTUIIKKE aybICyhl OaliKanazsl, Oy sKpIIyaMacy anmapaTbiHbIH THIMIL
Y3BIHABIFBIHA aWTapibIKTall ocep eremi. bynm MoceneHi KemIeHAlI Mmemry YIOiH TUAPOAWMHAMHUKA MEH
JKBLTy TaCBIMAIIAY IIBUIAP/IBIH JKbLIyaIMACybIHBIH MaTeMaTHKAIIBIK MOJENI KacanraH jkoHe «Ansys Fluenty
OarapraMalbIK KelIeH HiH KOMETiMeH KOl apaMeTpiliK CaHABIK eCEeNTeyIIep JKYPri3iii.

Kinm  ce30ep: oHepreTuka, OIKbUTyalMacy, JKbUIyTaChIMAINAFBINI, TYTKBIPJIBIK, THIPOIMHAMUKA,
MyHaleHIMIepi, CaHIBIK MOJETbICY, JAMUHAPIIBI-TYPOYJICHTTI aybICy.

J.E. Kypmanosa, H. K. [Ixaitun6exos, A.I'. Kapnenko, K.H. Bonkos

YuceHHOE MOIeJIMPOBAHME U PAcUYeT TeNJI000MeHa MeKAY TeNJIOHOCUTeJIIMHU
B TeIJIOOOMEHHBIX anmnaparax

TlomorpeB HehTH M HedTEHPOIYKTOB LIMPOKO MPHMEHSETCS Ul YMEHBLICHHS SHEPromnoTeph IMpu
TpaHCIOPTHpPOBKe. Pa3pabaThiBaeTcsi MOAXON K OMpEAETIeHHI0 3(PQEKTHBHON UTMHBI TEIIO0OMEHHOTO
anmapaTta ¥ TEeMIIepaTypbl XOJIOZHOTO TEIUIOHOCHTEINSI Ha €ro BBIXOJE B Clydae CHIIBHOI 3aBHCHMOCTH
BSI3KOCTH He(TH OT TeMmmepaTypsl. B KkauecTBe HarpeBaeMoro TEIZIOHOCHTENSI paccMarpuBaeTcs He(Tb
V3enbckoro mecroposxaenus (Kasaxcran), a B kauecTBe HarpeBarollero KOMIOHeHTa — Boja. [l pacyeTos
UCIIOJB3YIOTCSI METO/BI CPEAHENOrapu(MUIECKOH pa3sHUIIBI TeMIepaTyp, MOAU(UINPOBAHHBIE IS CIydast
MEePEeMEeHHON BS3KOCTH, ¥ BBIYHMCIUTENIBHOW THAPOJAMHAMHKH. Pe3ynbTaThl UYHCIEHHBIX PAacueTOB
CPaBHMBAIOTCS C JIAaHHBIMH, [OJIy4CHHBIMH HAa OCHOBE TEOPETHYECKOTO MOJXO0/a MPU TOCTOSHHON BA3KOCTH.
TIpu UCHIONIB30BAHKUH TEOPETHYECKOTO MOAXO0/1a PH MOCTOSIHHON MIIM NMEPEMEHHOMN BA3KOCTH KOG PUIIHEHTHI
TEIUIOOT/AAYM K XOJIOAHOMY ¥ TOpSYEMYy TEIUIOHOCHTENSIM HAaxOIATCS C MOMOIIBIO KPHTEPUAIBHBIX
3aBHCHMOCTEN. B citydae nepeMeHHO# BsI3KOCTH He)TH MPOSBISIETCS TIEPEX0/1 JAMUHAPHOTO PEXUMA TEUCHHS
B TypOyJICHTHBIH, KOTOPBIil OKa3bIBaeT CYIIECTBEHHOE BIHSHHE Ha d(G(PEKTHBHYIO JIMHY TEII00OMEHHOTO
anmnapara. [0 KOMIUIEKCHOTO peIIeHWs [aHHOM 3ajaud  pa3paboTaHa MaTeMaThHueckas MOJelb
r'MAPOAVMHAMHUKH U TeHJ’lOOGMCHa TEIUIOHOCHUTENIEH U MPOBEACHBI MHOTONIAPAMETPHUUCCKUE YUCIICHHBIC PACUYCThI
C MOMOIIIBIO IPOrPaMMHOT0 KoMIuiekca «Ansys Fluent».

Kniouesvie cnosa: >HepreTnka, TEIIOOOMEH, TEIUIOHOCHTENb, BA3KOCTh, THAPOANHAMHKA, HE(TEIIPOLYKTH,
YHCIICHHOE MOJIETMPOBAHNE, TaMHHAPHO-TYPOYIICHTHBIH IIepexo/.
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