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MODELING HYDRODYNAMICS AND HEAT TRANSFER IN HEAT EXCHANGERS
WITH TURBULATORS

Abstract

Within the framework of the theory of turbulent gas flows, the most frequently used mathematical models
of gas dynamics and heat exchange in the heat exchanger of power plants have been analyzed. The Navier-
Stokes equations in Helmholtz variables describing the plane flow of incompressible Newtonian viscous fluid
with constant properties in the absence of external forces are taken as a basis for calculating the dynamics of
gases in recuperative heat exchangers. In order to systematize the analysis of the process of distribution of
hydrodynamic parameters of gas in the inner tube, oscillations of nozzle elements and their influence on heat
transfer, the problem is considered under conditions of gas flow turbulence. The nozzle elements are connected
by an elastic wire through a certain distance. Due to the kinetic energy of the gas flow, the elements of the
nozzle are driven in the longitudinal and transverse directions. At such problem statement, for physical
interpretation of dynamics and heat exchange of gases, data on geometry of flow area, pipe dimensions, gas
flow rate, temperature, physical and chemical parameters, elasticity of wire and oscillation (vibrability) of
nozzle elements are required. Under the assumption that the temperature depends only on time and longitudinal
coordinate, taking into account the heat transfer from the pipe wall to the gas, a simplified heat transfer equation
is formulated. Possibilities of realization of the proposed model using computer mathematical systems of
different levels are discussed.

Keywords: mathematical model, gas dynamics, local turbulizer, recuperative heat exchanger, computer
models.

B.P. Ucmawmnos?!, P.I1. babaxomkaes?, JK.T. Aiimenos?, X.B. Ucmannor?, A.C. [1lam6mmosal
1 1Oxno0-Kaszaxcranckuii yauepcuter uM. M. Aya30Ba, r. [llbiMkent, Kazaxcran
2 TalIKeHTCKUii rOCYIapCTBEHHBIN TeXHUYeCKUi yHuBepcuteT um. . Kapumosa, r.Tamkenr,
PecryOnnka Y30ekncran
MOAEJIMPOBAHUE THAPOANHAMUKHU U TEIIVNIOOBMEHA B TEINIOOBMEHHUKAX
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AnHomayus

B pamkax Teopuu TypOyJECHTHBIX I'a30BBIX MOTOKOB IIPOBECH aHAIW3 HauOOJiee 4acTO MPUMEHSIEMbIX
MaTeMaTHYECKUX MOJICICH TUHAMHMKH ra30B M TEIJIOOOMEHA B TEIJIOOOMEHHOM YCTPOMCTBE SHEPreTHYECCKHIX
YCTaHOBOK. B KadecTBe OCHOBBI /ISl pacueTa JAWHAMUKHA Ta30B B PEKyNEPATHBHBIX TEIJIOOOMEHHUKAX
npuHTEl ypaBHeHUs: Hapbe-CTokca B mepeMeHHbIX ['elbMrosiblia, OIMCHIBAIOIIME IIJIOCKOE TEUYEHHE
HEC)KMMAEMOW HbIOTOHOBCKOW BA3KOW KUJKOCTH C MOCTOSIHHBIMU CBOHCTBAMH NPU OTCYTCTBHMU BHEIIHMX
cui. C 1enpio CUCTeMaTH3aI[iHN aHaTK3a IIPOIIecca pacpeneIeHus THAPOIMNHAMUYECKIX TTapaMeTPOB raza BO
BHYTPECHHEH TpyOe, KojieOaHHs SJIEMEHTOB HAacaJIOK M BIMSHUS MX Ha TEIIONepeaady, OoCTaBlIeHHas 3a/1a4da
paccMaTpuBaCTCSl B YCIOBHSX TYpPOYJICHTHOCTH Ta30BOT0 MOTOKA. DJIEMEHTHI HACAAKU COCIUHEHBI MEXKITY
c00010 yIpyToii MPOBOJIOKOH Yepe3 OMPESIICHHOE PACCTOsTHIE. 32 CUET KHHETUIECKOW dYHEPTUU TIOTOKA Ta3a,
AJIE€MEHTHI HACAIKU IPUBOJATCA B IBUXKEHUS IO NPOAO0IBLHOMY U IO TONIepeYHOMY HaripaBieHusM. [Ipu takoit
ITOCTAaHOBKE 3aJaud, UId (PU3HUSCKOW HMHTEPIpPETAlMd JWHAMHKH W TEIDIOOOMEHa Ta30B, HEOOXOIMMBI
JAaHHBIC TI0 TEOMETPUHU 00JIaCTH TEUEHUS, pa3MepaM TpyO, pacXxoy rasza, TeMreparype, GU3uKo-XUMHISCKUe
MapaMeTpbl, YIPYrocTH TPOBOJIOKH M KOJIeOaTeNbHOCTH (BUOPHUPYEMOCTH) BIIEMEHTOB Hacalok. [lpwu
JIONYIIIEHWH, YTO TeMIlepaTypa 3aBHUCUT TOJbKO OT BPEMEHHU M TPOJOJBHOM KOOPJAMHATBHI, C Y4E€TOM
TeIUTOTIepeIady OT CTEHKU TPYOBI K Ta3y, COCTABIICHO YIIPOIIIEHHOE YpaBHEHUE Teruionepenadu. O0CyKIeHbBI
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BO3MO)KHOCTH peaju3aly MpeylaracMoi MOJAEIN C HMCIOJIb30BAHMEM KOMITBIOTEPHBIX MaTEMATHYECKHX
CHUCTEM PA3HOTO YPOBHSIL.

KaoueBbie cjoBa: MareMaTudeckas MoOJEib, JUHAMHKA Ta30B, JIOKAJIBHBIA TypOyJImM3aTop,
PEKyIepaTUBHBIN TETII00OMEHHUK, KOMITBIOTEPHBIE MOJICIIH.
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Anoamna

TypOysieHTTI Ta3 aFbIHAApbl TEOPHUSCHl AACHIHIA SHEPIETHKAIBIK KOHIBIPFBUIAPABIH KbULY aJMacy
KYPBUIFBICBIH/IA Ta3 JAWHAMHUKACHI MEH JKbUTYy alMacy[dblH €H KOl KOJJIaHBUIATBIH MAaTeMaTHKAIIbIK
MOJIeTIb/ICpiHE Talfiay >Kacayapl. PereHepaTHBTI KbUTy ajJMacTBIPFBINTAPAArkl Ta3gapblH TAHAMHKACHIH
€CenTey YIIIH HEri3 peTiHJe ChIPTKbI KyIITep OOJIMaraH Ke3Jie TYPAKThl KacCHUEeTTepl 0ap ChIFbUIMANTHIH
HBIOTOH/IBIK TYTKBIP CYHBIKTBIKTBIH Ka3bIK aFbIHBIH CUTIATTANTHIH [ eIbMT0JIbI] aifHbIMaJIbIIapbiHAaFrbl HaBbe-
Crokc TeHneynepi KaObUAaHabl. ImIki KyOBIpIarsl Ta3IblH THAPOIMHAMHKAIBIK ITapaMeTpiIepiHiH Tapairy
MPOLIECIH, canTamaliap/IblH TepOCIIiCiH KOHE OJIapJIbIH KbLIy OepilyiHe ocepiH Tajjay/abl Kykeney YIIiH
KOWBUIFAH MIHAET ra3 arbIHBIHBIH TYypOYJIEHTTLIIr KarJalblHaa KapacTeipbliaabl. Camrama sJIeMEHTTepi
Ocnrimi Oip KAIIBIKTHIK apKBUIBI CEpITIMII CBIMMEH ©3apa OailaHbICTBL. ['a3 aFbIHBIHBIH KHHETHKAJBIK
SHEPTHUACH €CeOIHeH carraMa JJIEMEHTTepi OOMIBIK JKOHE KeJICHEH OarbITTap OOWBIHINA KO3FajIbICKa
KenTipuieai. MyHnai TarcblpMaHbl KOO KE31HJIE T'a3/1ap IblH JUHAMUKACHI MCH JKbLITY aJIMacybIH (PH3UKAIIBIK
TYCIHAIPY YIIiH arblH aiiMarbIHBIH T€OMETPHUSCHI, KYOBIPIApABIH MOIIIepi, ra3 IIbIFBIHBL, TEMIEpaTypa,
(hM3UKATBIK-XUMUSIIBIK,  TTapaMeTpiiep, CBIMHBIH CEPIIMIUIITT JKOHE camTaMa JJIEMEHTTEpiHIH TepOeici
(mipinaimiri) Typajibsl MOJTIMETTEp KaxeT. Temreparypa TeK YakbIT MeH OOMIIBIK KOOpAHHATara OaiaHbICThI
JIeT €CeITereH/Ie, KYObIp KaObIpFachlHAH T'a3Fa )bUTy OepY/li €CKepe OTBIPBIIL, KbUTy OCpPYIiH KEHUIICTUITCH
TeHJeyl kacananbl. ¥ CHIHBUIFaH MOJETBAl SPTYPIIi ACHIeHIeri KOMITBIOTEPIIiK MaTeMaTHKAIIBIK JKyHerep i
KOJIJIaHa OTBIPBIIT )KY3€re achIpy MYMKIHIIKTEPI TaJIKbUIAH/IbI.

Tyiiin ce3mep: mMareMaTHKaNbIK MOJENb, ra3 AMHAMHKACKI, KEPTiKTI TypOyau3aTtop, peKyrnepaTuBTi
YKBLTY aJIMACTBIPFBIIII, KOMITBIOTEPITIK MOAEIBAEP.

Introduction

The problem of rational and efficient use of fuel and energy resources is one of the most important
tasks of the fuel and energy complex of the Republic of Kazakhstan. With the growth of energy
capacities and production volume the dimensions of heat exchangers used are increasing. Creation of
more efficient and compact heat exchangers provides significant savings of fuel, metals and labor
costs. A significant role in solving these problems can be played by the wide introduction of effective
methods of heat exchange intensification in channels in the design and manufacturing of heat-
exchange apparatuses and devices.

In contact devices (CD) of thermal power plants (TPP) complex dynamic and stationary processes
of interaction of phases at different values of mode, geometric and technological parameters are
realized. At long-term operation of CDs there is a deviation of parameter values due to corrosion and
erosion of their elements, growth of scale and sediments on their surfaces, which leads to a decrease
in the efficiency of the whole technological line of heat and electric energy production.

One of the solutions to this problem is the intensification of hydrodynamic and thermal processes
with the improvement of the design of recuperative heat exchanger and the development of a
mathematical model of heat energy transfer from one coolant to another through the separating wall
of the apparatus, as well as computer modeling and numerical study, which represents the relevance
of the issue under consideration.
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Taking into account the scale of the industry, it can be concluded that there are great reserves for
increasing the saving of fuel and energy resources and reducing the negative impact on the
environmental situation in industrial regions and in the country.

At present, researchers have quite clearly formulated two main approaches to the realization of the
created mathematical models of physical problems arising in finding the dynamic and heat exchange
characteristics of CD of TPP:

1) development of own numerical algorithms and programs for their implementation;

2) use of computer mathematical systems created by well-known developers.

Each of these approaches is characterized by certain advantages and disadvantages. The first
approach analyzes the issues of existence and uniqueness of the solution of differential equations,
convergence, stability and accuracy of the applied numerical algorithms. The mesh design is a labor-
intensive process, especially when solving problems in the complex region of phase motion. In the
second approach, numerical solutions are presented in an easy-to-visualize form, the grid area is
created by the computer program itself.

The application of both methods should be justified by establishing the adequacy of the solution,
for example, by comparison with experimental data and /or/ statistical methods. The aim of the study
is to develop a mathematical model, numerical algorithms and computer programs for their
implementation, used to analyze the dynamics of heat transfer fluid parameters in recuperative heat
exchangers with turbulizing devices.

Research methodology

To achieve the goal of the study, the most effective methods of heat transfer intensification in CD
of TPP were analyzed according to the publications on problems close to the problem formulation.
In work [1] devices for intensification of heat transfer in the form of primary and secondary
corrugated channels are proposed and it is shown that gas flow in them is unsteady. In works [2-5]
different designs of turbulizers in the form of nozzles (cavities), recesses, wells and metal inserts were
proposed. The characteristics of flow and heat transfer in a slotted jet flow limited by inclined plates
and hitting a flat surface have been studied. The effect of Reynolds number and the angle of
inclination of the retaining plate and the distance between the plates on the pressure distribution is
determined. It is also observed that although the pressure distribution is independent of the Reynolds
number, it is affected by the angle of inclination of the holding plate and the distance between the
plates. The standard k-¢ turbulence model used predicts results closer to the experimental data. The
thermal and hydraulic characteristics in a tube with ball turbulators are calculated in [6]. However, in
this work, the theoretical and computational results are not compared with experimental data, which
narrows the application of the created models of balloon nozzle flow with gas flow. In work [7]
numerical experiments were performed and optimal characteristics of heat transfer and pressure field
distribution in a shell-and-tube heat exchanger were determined. Depending on the velocity of gas
supplied to the heat exchanger, laminar, transient and turbulent modes can be realized, and modeling
of each of these flows involves the use of appropriate mathematical apparatus [7-8]. Works [9-11]
present the results of a comprehensive approach to the creation of shell-and-tube heat exchangers
with surface intensification of heat transfer. In [12], an original method utilizing the radiation-
turbulent component inside the wedge-shaped channel was developed. A mathematical model was
created and the coolant flow and heat transfer were numerically investigated for four-channel
configurations. The results show that the total Nusselt number of the channel using the radiative-
turbulent component increased by more than 48 %. This is due to the expansion of cold surfaces to
improve radiative heat transfer and the change in the distribution of flow perturbations to improve
the homogeneity of convective heat transfer, both of which are induced using the radiative-turbulent
component.

In this paper, the problem of modeling the dynamics of gas flow and heat distribution in a channel
with turbulators consisting of hollow elements with different geometric configurations (ball, oval,
prism, etc.) and strung on elastic wires at a certain distance is posed. The model is based on the
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Navier-Stokes equations describing the flow process of gas and liquid flows averaged over the
Reynolds principle and convective heat transfer. The aim of the study is to find the distribution of
dynamic characteristics of gas (velocity, swirl, kinetic energy and local scale of turbulence) and
temperature change of heat flow in a pipe with turbulators of different shapes.

The principles of derivation of the Navier-Stokes equations (NSE) and their application, numerical
solution and related issues are considered quite comprehensively in work [13]. It should be noted
that only in simple cases it is possible to obtain exact analytical solutions of the NSE (e.g., in works
[14-15]), but even in these cases there is a need to use numerical methods to calculate the applied
integral relations. It is known that when bodies are streamlined by a gas flow, especially in the
presence of sharp edges on the surface of bodies, breakaway flows with predominantly unsteady
characteristics arise. In the breakaway zones, as it was shown in [16-17], the intensity of heat and
mass transfer increases significantly and this fact should be taken into account when modeling and
calculating the flow of nozzles with gas flow. It should be noted that in column apparatuses of
chemical technology also widely used periodically arranged nozzles of different shapes (balls,
cylinders, plates, etc.), installed to intensify the interaction of the treated phases [18]. In such cases,
the NSE are nonlinear, and the systems approximating them, consisting of finite-difference equations,
are also nonlinear. For their solution, iterative methods [19] are used to achieve the required accuracy
at large system dimensions.

Various types of external and internal fins are used in industrial power plants to turbulize flows
and increase the efficiency of heat transfer. As internal finning various inserts are applied or
diaphragm tubes are used. The experience of creation and operation of various heat-exchange devices
has shown that the methods of intensification of heat exchange in channels developed in the research
cycle provide reduction of dimensions and weight of these devices in 1,5-2 and more times in
comparison with similar serially produced devices at the same thermal power and power for pumping
of heat carriers, as well as a significant reduction of clogging and salt deposition in their channels.
This reduces costs and labor intensity of operation 2-3 times, increases resource and reliability. The
proposed methods of intensification are technological in production and assembly of heat-exchange
apparatuses, convenient in operation. Below we will consider some methods of heat exchange
intensification: method of purposeful artificial turbulization of flow in the near-wall zone, based on
periodic creation of small vortex zones near the wall, which are the source of additional turbulization
of the flow. This method is realized for tubular and plate-and-ribbed heat exchangers. The numerical
study was carried out using the COMSOL Multiphysics software package. Characteristic dimensions
of tubes: inner diameter - 20 mm; length - 400 mm. The ratio of tube length to diameter L/di = 20. At
the inlet of the tubes the flow velocity is equal to 0.01 m/s. Different types of local turbulators of four
types are installed in the middle of the tube. In the calculations a model was used, which is designed
to simulate the flow of gas (liquid) at large (turbulent) Reynolds numbers and at small density
changes.

The model of turbulent heat and mass transfer in this pipe-in-pipe type problem includes:

- Navier-Stokes equations (momentum conservation law);
the equation of continuity (law of conservation of fluid mass);
the law of conservation of energy;
scalar diffusive transport equation (law of conservation of mass);

-k — w turbulence model.

The turbulent incompressible fluid model is based on the standard turbulence model consisting of
the following system of equations:

2 2
p(u-Vu=V- [—pl + (u + pp)(Vu+ (Vu)7) —3 WA un)(V-wl—opkl| +F,
V- (pu) =0,

p(u-Vk =V [(u+ pro,)Vol + a7 py — pBow?, €y
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where k - Kinetic turbulent energy; u - velocity of dissipation of turbulent energy; p - density, T -
temperature, and P - pressure.

In works [17-18], system (1) is solved numerically for the case of flowing of periodically arranged
nozzles in a multistage channel by the establishment method. Under the assumption that the
temperature depends only on time and longitudinal coordinate, taking into account heat transfer from
the pipe wall to the gas, the heat transfer equation can be written as follows [12]:

oT a oT
pey 5= 2 (k) + houe (Tyan — T, 2)

where T - gas temperature; t - time; x - longitudinal coordinate; p - gas density; c,, - gas specific heat
capacity; k - gas heat transfer coefficient; - heat transfer coefficient between the pipe wall and gas; -
pipe wall temperature.

The heat transfer coefficient between the pipe wall and gas depends on a number of factors and is
usually determined experimentally or on the basis of empirical correlations. Important parameters
affecting the heat transfer coefficient are gas velocity, gas properties, pipe geometry and other factors.
One way to determine the heat transfer coefficient is to use correlations such as the Nusselt-Numann
equation (Nu-Re-correlation). This equation relates the Reynolds number (Re) and the Nusselt
number (Nu):

Nu = C Re™Pr™ 3)

where Re = # - Reynolds criterion, p - density of liquid or gas; u - average flow velocity; u -

dynamic viscosity of the medium. Pr = au — Prandtl criterion, o - heat transfer coefficient of the
medium; C, m, n - coefficients depending on the specific geometry and the considered flow regime.

Nu = % - Nusselt criterion, h - heat transfer coefficient; L - characteristic size of the object or distance

through which heat exchange occurs; k - heat transfer coefficient of the medium.

The value of Nusselt number can be different depending on conditions and systems, so its value is
not fixed and requires calculations or experimental data for a particular problem.

All the above physical quantities in the criteria are determined during problem formulation and are
input data for the computer program. There are different correlations C, m, n for different flow
regimes and pipe configurations.

The information on methods for modeling turbulent flow is based on general knowledge of CFD
(Computational Fluid Dynamics). To date, various methods have been used to model turbulent flow
in channels of different shapes, each of which has its own advantages and limitations. The most
popular approaches are: RANS (Reynolds-Averaged Navier-Stokes) models. These models average
the turbulent flows over time, which reduces the computational cost. Among the RANS models, the
best known are: k- model; k- model; SST (Shear Stress Transport) model. They are suitable for a
wide range of problems, but may not accurately reproduce some turbulent flows, especially in
complex geometries CFD: The Basics with Applications, and LES (Large Eddy Simulation) models.
LES models require more computational resources than RANS, but provide more accurate modeling
of complex flows. DNS (Direct Numerical Simulation) modeling solves the Navier-Stokes equations
without any approximation or simulation. This method requires huge computational power and is
mainly used for research purposes to gain a detailed understanding of turbulent flows. Hybrid
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approaches: There are hybrid methods such as Detached Eddy Simulation (DES) that combine
elements of RANS and LES to balance accuracy and computational cost.

Results of the study

In this paper, the problem of modeling the dynamics of gas flow and heat distribution in a channel
with turbulators has been solved completely enough, and the advantages and disadvantages of modern
approaches to modeling complex physical problems have been shown.

Figures 1-2 show plots of temperature and pressure distribution for four types of turbulators
obtained by realization of model (1) using COMSOL Multiphysics package. Figure 1 shows that for
all types of turbulators the maximum flow velocities are concentrated near the boundary, which is an
important factor for intensification of heat exchange between the elements of the pipe system. In the
space between the turbulators the velocities are small, especially for turbulators of the 4th type (lower
garland).
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Figure 1. Distribution of flow velocity in a pipe with turbulators of different shapes
of different shapes, m/s
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Figure 2. Distribution of flow pressure field in a pipe with turbulators of different shapes, A Pa.

Figure 2 shows that the highest pressure values for turbulators of types 1-3 are achieved at the inlet
(initial) sections of the pipe, due to a rather fast establishment of the pressure field.

Figure 3 shows the distribution of gas velocity at the flow around the turbulizer elements obtained
by direct implementation of the turbulence model according to the Patankar model [20], using
Reynolds averaging, compiling a program in an algorithmic language. This approach is more labor-
intensive, but allows obtaining numerical values of hydrodynamic parameters. It can also be observed
(similar to Figure 1) the increase in velocity in the boundary region of the channel, which ensures
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efficient heat transfer. In the future, we plan to continue our research on this topic, by including in
the model (1) equations to describe the oscillation of turbulizing elements, in order to optimize the
whole process of regenerative heat exchange. Visual observations of the flow of the nozzle system in
the pipe showed their oscillations with a small amplitude. To account for this effect, as part of the
model development, in future works the oscillation equations will be included in model (1), where
the physical parameters of the elastic wire and other input data of the whole system will be taken into
account.
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Figure 3. Profiles of the longitudinal gas velocity at the plate streamline,
Re = 2500. x is the distance from the channel entrance, 1-x=0.3;2-x=0.5;3-x=0.6;4-x=0.8.

The analysis of numerical values of dynamic flow characteristics shows dynamic establishment
(stabilization) of body streamline: as the flow develops, from nozzle to nozzle, through a certain
number of contact stages, the values of velocity and pressure can be considered to be approximately
the same for subsequent stages. This fact can be used to save calculation time: given a permissible
error, we finish the calculation if the values of dynamic parameters in the region of two neighboring
nozzles become the same.

Conclusion

In this paper, the problem of modeling the dynamics of gas flow and heat distribution in a channel
with turbulators has been solved, and the advantages and disadvantages of modern approaches to
modeling complex physical problems have been shown. Model (1) is realized using the COMSOL
Multiphysics software package. Quantitative and qualitative picture of dynamics and heat exchange
in the considered problem formulation; distribution of flow velocity value in a pipe with turbulators
of different shapes, m/s; distribution of flow pressure field in a pipe with turbulators of different
shapes are obtained. The possibility of conducting systematic numerical experiments with input data
in a wide range, to optimize geometric and mode-technological parameters of local turbulizer
operation is evaluated. Using the turbulence model, the computational system allows predicting the
structure of flow in the pipe channel, resolving the details of secondary currents quite precisely.
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