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Study of the Influence of Turbulence Models on Hydrodynamic
and Thermal Parameters of Heat Carriers in Calculations of Heat Exchangers

In this paper, the heat exchange processes between a cold (oil) and a highly heated (water) heat carrier in a
“tube-in-tube” type heat exchanger with a parallel flow scheme are studied using semi-empirical turbulence
models: k-o SST, k-¢, and Transition SST. The analysis of the obtained results showed that the k~@ SST
turbulence model was more preferable for the calculation of a heat exchanger with a sufficiently small tube
diameter, because of the effect of the boundary layer in the tube. This turbulence model more pronouncedly
reproduces the laminar-turbulent transition, which is carried out in these processes, where the viscosity of oil
strongly depends on temperature. Finite difference and finite volume methods were chosen for numerical
modelling and calculation of heat exchange processes. The calculations were carried out on the basis of
Computational Fluid Dynamics, using the Ansys Fluent. The RANS equations closed by means of the
gamma-Retheta turbulence model, which takes into account the laminar-turbulent transition and the k-@ SST
model equations, were used for numerical modelling of coolant hydrodynamics. Based on the proposed
turbulence model, the distributions of hydrodynamic and thermal parameters and similarity criteria (Re, Pr,
Nu) of the process along the length of the tube are obtained.
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Introduction

Fluid dynamics in the innertube space of a heat exchanger is defined by the process’s complexity and is
determined by numerous parameters. Research in works [1, 2] focus on numerical modeling of heat ex-
change in different types of HE. The findings of heat exchanger calculations are utilized to optimize and in-
tensify heat exchange processes [3—5]. In particular, it has been demonstrated that when turbulence develops,
the influence of injected oil viscosity on the hydraulic resistance of the pipeline is greatly reduced.

Unsteady three-dimensional Navier-Stokes equations expressed regarding instantaneous (direct numeri-
cal modelling), average (solution of Reynolds equations), or space-filtered (modeling of massive vortices)
functions explain the unsteady spatial flow of a viscous incompressible fluid. To close the averaged Reyn-
olds or filtered Navier-Stokes equations, the eddy viscosity hypothesis is used.

Works in [6-9] investigate the accuracy of various turbulence models used to close the Reynolds equa-
tions. A comparison of the accuracy of various turbulence models used to close the Reynolds equations is the
subject of further research. Basically, the available calculations use the k—¢, k—o SST (Shear Stress
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Transport) and Transition SST models. The calculations make it possible to achieve a satisfactory agreement
between the results of numerical modeling and the data from industrial experiments. At the same time, the
calculations performed using two-parameter turbulence models do not take into account the laminar-
turbulent transition, which affects the determination of the effective length of the HE [10—13].

This paper presents the results of numerical calculations using various turbulence models: the k—¢
model, including models, that take into account the laminar-turbulent transition (k—® SST, Transition
SST). The calculation results are compared with the results of the distribution of the average mass tempera-
ture of oil and water (cold and hot coolants) along the length of the heat exchanger [10], obtained using the
Log-Mean Temperature Difference (LMTD) method and they are consistent with the literature da-
ta[14; p. 4.1]. A comparative analysis of the obtained results based on these models with data from a physi-
cal experiment and calculations based on semi-empirical dependencies allows us to select an effective turbu-
lence model for use in calculations of direct-flow HE.

Calculation method

Numerical modelling of heat transfer processes was based on finite difference and finite volume meth-
ods. To solve this problem, computational fluid dynamics (CFD) methods were used using the Ansys Fluent
software package, which allows taking into account the effects of turbulence and heat transfer in fluid flows.
The use of CFD methods in the design of HE allows not only to improve the main indicators of their perfor-
mance while ensuring acceptable mechanical reliability, but also to create designs that practically do not
need modification. Thermal and hydrodynamic calculations make it possible to analyze temperature distribu-
tion in various conditions of heat exchange with diffusion and convection processes, to optimize the geome-
try of heat exchangers and to calculate hydraulic resistances.

Closing equations for determining turbulent viscosity, which is calculated using the kinetic energy of
turbulence, the dissipation of turbulence energy, and the intermittency parameter for the above turbulence
models, are commonly used in computational fluid dynamics and in various engineering and scientific appli-
cations. These equations for the above three models are given below. All empirical coefficients used in these
equations are defined in [13].

k—¢& model: the turbulence kinetic energy k& and the dissipation energy of turbulence & are
determined from the following system of equations (1):
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The given equations of the corresponding turbulence models are used to calculate the heat exchanger of
direct flow type. For example, Figure 1 demonstrates a diagram of an externally insulated Thermal insulation
straight tube-in-tube heat exchanger where two heat transfer fluids flow in parallel in the same direction. The
cold coolant, oil, flows through the inner pipe, while the highly heated heat carrierin the outer pipe is water.

Thermal insulation

oil

oil
[ ——
=)

water water

Figure 1. Schematic diagram of a heat exchanger of direct flow type (parallel flow)

When solving this problem, the following initial parameters for thermal calculation are used. The inner
diameter of the pipe through which the cool heat carrier flows is 12 mm, and its outer diameter is 14 mm.
The inner diameter of the pipe through which the highly heated heat carrier flows is 20 mm. Temperatures of
cool and highly heated heat carriers in the inlet section are 303 K and 423 K. Mass flow rates of cool and
highly heated heat carriers are equal to 0.3814 kg/s and 0.6386 kg/s (the velocity in the inlet section is as-
sumed to be 4 m/s).

The results of calculations agree with the data of numerical modeling and with the results of distribution
of the average mass temperature of oil and water (cold and hot coolants) along the length of the heat ex-
changer, obtained using the finite difference method and based on numerical modeling [11].

Results and Discussion

Figure 2 demonstrates comparative graphs of the change in the temperature of coolants along the tube
of the heat exchanger for three models of turbulence for the direct flow of coolants. Here in the figure and
further for all figures the following designations are introduced: 1 — k£ —o SST model; 2 — k& —¢& model;
3 — Transition SST model. The figure demonstrates that the temperature change curves of the coolants for
all three models are alike, in that the temperature of the highly heated heat carrier declines while the tem-
perature of the cool heat carrier arise throughout the tube.

It can also be noted that for all three turbulence models the temperature differences for both coolants are
more noticeable and closer to the exit from the HE tubes. An analysis of the temperature change graphs also
demonstrates that the graph of the heating temperature of the cold coolant (oil) along the tube for the £ —¢
model is lower compared to the other two models, and the graph of the cooling temperature of the hot coolant is
lower for the Transition SST model, while the intensity of oil heating is higher for the k —®» SST model.
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Figure 2. Variation of water (hot) and oil (cold) temperature along the length of the tube in parallel flow for all three
models, the triangular icons correspond to the results of calculations using the LMTD method
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This figure also demonstrates that for the £ —& model, the temperature change for both coolants is line-
ar along the length of the HE tubes.

The differences between the models are explained by sensitivity to viscosity profiles and turbulent en-
ergy distribution.

Figure 3 demonstrates the dissemination of the axial component of the oil velocity in the radial direction
in the cross sections of the pipeline during straight flow for given turbulence models, namely the & — SST,
k —¢ and Transition SST models. Velocity profiles are given at two cross sections of the HE tubes, namely at
1.5 m from the tube inlet and at the outlet, where these cross sections are shown in the figures. For all consid-
ered turbulence models, the velocity profiles have the form of logarithmic distribution. For the flow patterns of
heat carriers in direct flow, the velocity profiles closest to the turbulent flow correspond to the £ —w SST and
Transition SST models, which is natural, since the k—¢ turbulence model more accurately represents the
movement outside the boundary layer, and heat exchange between the heat carriers occurs mainly in the bound-
ary layer. Moreover, such profiles are pronounced in the cross-sections at the outlet of the tube.
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Figure 3. Dissemination of the axial component of oil velocity
in different cross sections of the pipeline in the radial direction

The axial velocity component grows from center to wall depending on the model. The £ —® SST mod-
el gives smoother dissemination.

Figure 4a demonstrates a plot of the dependence of the Reynolds number Re on the tube length L in the
case of straight flow for different turbulence models. It can be seen from this figure that the laminar-
turbulent transition is clearly observed also in the straight stream within a distance x = 3-3.2 m for the case
of k—w SST model, and this transition for this model starts at numbers around Re =2300 in the straight
stream. For the other two turbulence models, this effect is weakly pronounced in the straight flow case.
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Figure 4. Distribution of Reynolds numbers for a smooth tube along the tube length (a)
and dependence of the oil Prandtl number on temperature (b)
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Figure 45 demonstrates the dependence of the Prandtl number for oil on temperature in cases of straight
flow for turbulence models £ —® SST, k—¢, and Transition SST. From the figures it is clearly seen that for
the scheme of straight flow of coolants, the movement of coolants at moderate temperatures (from 30 to 40
degrees Celsius) the value of Prandtl number has the highest value for the turbulence model k£ —® SST and
the lowest value for the Transition SST model, and for the model k —e& values in between. Taking into ac-
count that the Prandtl number is defined as the ratio of the kinematic viscosity coefficient to the diffusivity of
the medium, we can conclude that near the solid boundary of the tube the viscosity of the medium plays a
significant role, which is expressed in the £ —w SST model.
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Figure 5. Variation of heat flux ¢, along the length of the heat transfer wall (a)
and wall temperature 7, along the length of the heat transfer wall on the oil side (b)

Figure 5a demonstrates the plots of heat flux g, variation along the length of the heat transfer wall of
the coolant motion for the three turbulence regimes. It can be seen from the plots that the behavior of the heat
flux curves is identical for both schemes and for all turbulence models.

At high turbulence (curve 1) the wall temperature is higher along the entire length, which is due to im-
proved heat transfer, while at lower turbulence (curve 3) the wall temperature is lower, indicating less effi-
cient heat transfer. The temperature curves have a smoother and decreasing character along the length of the
tube.

Figure 5b demonstrates modification in the temperature of the 7,, wall along the length of the heat trans-
fer wall from the oil side, where a laminar-turbulent transition is distinguished, this effect is not distin-
guished in the other two turbulence models.

In the case of strong dependence of viscosity on temperature as the coolant is heated, the flow regime
changes from laminar to developed turbulent. In this case, using the local heat transfer coefficient o, the rela-
tionship for the local Nusselt number is valid: Nu=oad, /.

Figure 6a demonstrates that the Nusselt number for the £ —o SST model is larger at the inlet of the HE
tube; this can be explained by the fact that the Nusselt number characterizes the intensity of heat transfer due
to convection, expressed through the heat transfer coefficient of the medium.

Figure 6b demonstrates the distribution of the heat transfer coefficient along the tube length for all three
turbulence models considered. The heat transfer coefficient ¢ was calculated by the known formula through
the heat flux through the wall and the temperature difference between the liquid medium and the solid wall
by the formulaa =g, / (T, -T).

It can be seen from the figure that the laminar-turbulent transition for both flow patterns, i.e., also in the
direct flow, is observed only for the £ —w® SST model.
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Figure 6. Dissemination of heat transfer coefficient along the length of the tube
and difference of number Nu along the length of the tube

From the given figure it is also possible to notice that in the region of the tube length x = 3 m, for both
cases the laminar-turbulent transition of the oil flow regime is visible, while for other two turbulence regimes
the change of Nu number along the tube length is more uniform. The results are compared with laminar re-
gime (Poiseuille formula) and turbulent regime (Blasius and Nikuradze formulae).

Figure 7a demonstrates the curves of variation of overpressure values P, along the length of the tube for
the three turbulence regimes. Here, for all three turbulence modes, there is a drop in the overpressure (hence,
and absolute) pressure along the entire length of the tube. At the exit of the tube, the overpressure approaches
zero, i.e., the absolute pressure approaches the atmospheric pressure value. Here we also observe a signifi-
cant increased pressure for the & —e turbulence model, which is probably explained by the failure to take
into account the influence of the boundary layer in this turbulence model.

The pressure distribution along the tube steadily decreases as expected for steady flow. Figure 7b
demonstrates the variation of the friction coefficient A along the length of the tube for straight flow and coun-
terflow for the three turbulence regimes.

The figure demonstrates that the values of the friction coefficient for the k£ —¢ turbulence are much
higher than the corresponding values for the two turbulence regimes along the length of the tube, which is
most likely a consequence of not taking into account the effect of the boundary layer on the tube wall.

At the same time, the values of A for the £ —& and Transition SST models in the graph lie higher in
both shape and values. It should also be noted here that it is for the & —w SST turbulence model that the
laminar-turbulent transition is pronounced for both schemes and that occurs at a distance of 3-3.5 m from the
beginning of the tube.
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Figure 7. Variation of overpressure P, and friction coefficient A along the length of the tubing
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Conclusion

Based on a numerical analysis of the heat exchanger of the type “tube-in-tube” using £k —® SST, k—¢
and Transition SST various turbulence models the following major results are obtained. For all turbulence
models, a characteristic behavior of the temperature curves is observed: the temperature of the highly heated
heat carrier declines while the temperature of the cool heat carrier rises along the length of the tube. The
k—o SST model demonstrates the greatest heating of the cool heat carrier, while the £ —& model demon-
strates a smoother and more linear behavior of the temperature profile. It follows from Figures 2 and 55 that
the numerical values of the distribution of the mass average temperature of oil along the HE tube and its dis-
tribution along the tube surface are higher for the £ —® SST model, which indicates the effectiveness of us-
ing this model for numerical calculation.

The oil axial velocity profiles have a logarithmic shape for all models and are more pronounced for the
k —o SST and Transition SST models, especially in the outlet sections, indicating a more reliable modelling
of turbulent processes near the wall. The & —& model reflects the boundary layer effect worse, which limits
its applicability in problems with active heat transfer near the wall. The laminar-turbulent transition is most
clearly recorded when using the £k —® SST model, in the range of 3-3.5 m from the tube inlet, which is con-
firmed by changes in the Reynolds number, heat transfer coefficient and friction coefficient.

For all models, the expected decrease in overpressure along the tube is observed. However, the k—¢
model demonstrates higher pressure values, probably due to insufficient consideration of boundary effects.
Numerical values of heat flux through the tube wall appear to be higher for straight flow and heat transfer effi-
ciency (in terms of Nusselt number) at the tube outlet. The Prandtl number for oil is maximized in the & —®
SST model, which is due to the largest contribution of the viscosity of the medium near the tube wall. This em-
phasizes the advantage of this model in modelling heat transfer with strong temperature dependence of viscosity.

Taking into account more accurate description of transient modes, correspondence of numerical simula-
tion results to physical processes in the boundary layer and satisfactory representations of temperature and
hydrodynamic profiles, the £ —® SST turbulence model can be considered as the most acceptable in calcula-
tions of heat exchangers with smooth tube surface in HE. These studies also emphasize the importance of a
properly chosen mesh and the need to calibrate the models depending on specific heat transfer conditions or
other processes.
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A.C. Kyman6aeBa, H.)K. XKoitmi6exos, JI.E. Kypmanosa

TypOys1eHTTIK MoJebAePaiH KbLITY aJIMACTHIPFBILI ANNAPATTAPAbI
ecenrey/eri *KblIy TaAChIMAIAAFbIIITAPABIH TMIPOANHAMHKAJIBIK
JKOHE JKbLIYJIBIK NIapaMeTpJiepiHe dCepiH 3epTTey

Makanana k—@ SST, k—¢ xoHe transition SST TypOyJneHTTiNIrHIH JKapThUlall SMIUPUKAIBIK MOJCIbICPIH
naiiia’ana OTHIPbIN, TiKeleil arblHIap CXeMachl YIIIH «KYOBIPJarbl KYObIP» THIITI XKbLTYy aIMacCThIPFILITAFbI
(CKAA) cybIK (MyHaii) yaHe BICTBIK (CY) JKbUTY alIMacTBIPFBIII apachkiHia 00IaThIH KBUTY aIMacy mporlecTepi
3eprrenni. Tangay HOTHKeNEepi KOPCETKeHACH, TYTIKTIH AHaMETpi oTe a3 JKbULy aJMacTHIPFBILITEI €CeTey
Ke3iHJIe TYTIKTeT] IeKapaiblK KabaTThIH 9CepiH ecKepe OTHIPHII, kA—® SST TypOyIeHTTiLNIK MOJei KONaiist
6omael. By TypOYJEeHTTUTIK MOJEN JIAaMHHAPIIBI-TypOYJICHTTI aybICYIbl alKBIHBIPAK KOPCETEi, OJ OCHI
HpoLecTep/ie KY3ere achIpblIajibl, MYHJa MYHaW/IBIH TYTKBIPJIBIFBI TEMIIEpaTypara eTe Toyeimi. JKeuty
alMacy MpOLECTEPiH CaHABIK MOJENbICY XOHE eceNTey YIIH aKbIpibl ailbIPbIMABI MEH aKbIPibl KeleM
omicrepi tanmanasl. Ecenteyisep ANSYS Fluent Garmapnamanblk KeUIGHIH MaiijajgaHa OTBIPHIN, €CENTey
ruppoauHamukacsl (Computational Fluid Dynamics, CFD) kypannapsiHblH Herizinge xyprizinai. JKeury
AJIMACTBIPFBIIITAP/IBIH THAPOJANHAMUKACHIH CaHJIBIK MOJIEIbACY YIUiH JJAMUHAPIIbI — TypOYJICHTTI aybICy bl
skoHe MozenbIiH k—» SST Tenneyinepin eckeperin gamma-Retheta TypOyneHTTUIIK MoelTiMeH TYHBIKTaIFaH
Peiinonpac Ootibimia oprama Haswse-Ctoke Tennmeynepi (RANS, Reynolds-averaged Navier — Stokes)
KOJIIAHBUIAB.  ¥CHIHBUFAH TypOYyJIEeHTTUNK MOJeNi Heri3iHge TUAPOIUHAMHUKAIBIK JKOHE JKBUILY
nmapaMeTpiepiHiH Tapaiysl, coHnmai-ak JKAA TYTITiHIH Y3BIHIBIFEI OOWBIHINA MPOIECTIH YKCACTHIK
kputepuiinepi (Re, Pr, Nu) ansias!.

Kinm co30ep: xblity Gepy, CaHIBIK €CeNTeY, KbUTY aIMAaCTBIPFBILI, MyHail, THAPOJUHAMHKA, CaTKBIHAATKBIII
CYHBIKTAp, JKbUTYy arblHbI, JIAMUHAPJIBI-TYPOYJICHTTI aybICy, Y3UTICCI3MIK, XKBUTy aaMacy KapKbIHIBUIBIFBI,
TYTKBIPJIBIK

A.C. Kyman6aeBa, H.)K. [Ixkaitun6exos, JI.E. Kypmanosa

HccaenoBanue BIUUSIHUA MOJeJIell TYpOyJIeHTHOCTH
HA THAPOAMHAMHMYECKHE U TEIUIOBbIC MIapaMeTPhbl TEIJIOHOCUTeIel
B pacyeTax TemjJI000MEeHHBIX aNnapaToB

B crarbe mpoBeneHo UccienoBaHNE TEMIIO00OMEHHBIX MPOLECCOB, MPOUCXOIAIINX MEXIY XOJOAHBIM (He(Th)
1 TOpAYNM (BOJA) TETIOHOCUTENAMH B TeriooOMenHoM anmapate (TOA) tuna «tpy0a B TpyOe» A CXEMBI
HPSIMOTOK, C HCIIOJb30BaHHEM IONyIMIHUpHYeckux Mmoneneid TypOynentHoctH k—® SST, k—& u Transition
SST. AHanu3 Moy4eHHBIX Pe3yNbTaToB MOKa3all, YTo MPHU pacuyeTe TeII00OMEHHOTO anmnapara ¢ J0CTaTOYHO
MaJbIM JTHaMeTpoOM TPYOKH OoJiee NpeIoYTUTENBHON OKa3anach Moaens TypOyneHTHOcTH k—@ SST, m3-3a
ydeTa BIUSIHUS IOTPAaHUYHOTO CJIosl B TpyOKe. [laHHAs Mozenb TypOyJIeHTHOCTH OoJiee BBIPaKEHO BOCIPOU3-
BOAWT JIAMUHApHO-TYpOYJIEHTHBIH Iepexo]], KOTOPBII OCYIIECTBISIETCS B JAHHBIX INpoOLEeccax, INe BI3KOCTbH
He()TH CHIIBHO 3aBHCHT OT TeMIepaTypbl. JJJIsi YMCIEHHOTO MOJICIMPOBAHHS U pacyeTa TeII00OMEHHBIX TIpo-
LIecCOB OBbLIM BBIOPaHBI METO/IbI KOHEYHBIX PA3HOCTEH M KOHEYHBIX 00beMOB. PacueTsl MpOBOJMINCE HA OC-
HOBE CPEACTB BeUHCIUTENbHOI ruapoauHamMuku (Computational Fluid Dynamics, CFD), ¢ ucnonb3oBanuem
nporpaMMHoro kommekca Ansys Fluent. [l 4nuCI€HHOrO MOIENMPOBAHUS I'MAPOAUHAMUKH TEILIOHOCHUTE-
Jell MpUMEHSUTHCh ocpelHeHHble 1o PefiHonbiacy ypasHenus Hasee-Ctokca (RANS, Reynolds-averaged
Navier-Stokes), 3aMKHYTBIE TIPH ITOMOIIN MOJENHN TypOyleHTHocTH gamma-Retheta, yuursIBaromeil 1amu-
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HapHO-TYpOYJCHTHBIN niepexon U ypaBHeHus: k—® SST monenu. Ha ocHOBe mpemsioxkeHHO#N Mozenu TypOy-
JICHTHOCTH TIOJyYE€HBI pacIpe/ieieHus MHAPOANHAMHYIECKIX U TEIUIOBBIX MMApaMeTpOB, a TaKkKe KPUTEpPHUEeB
mono6us (Re, Pr, Nu) nmpornecca mo mmae Tpyoku TOA.

Kniouesvle cnosa: Temonepenaya, YUCICHHbBIA pacyueT, TEMJIO0OOMEHHUK, HEQTh, THAPOANHAMUKA, OXJIAXKIa-
FOIIKE JKUAKOCTH, TCIJIOBOM MOTOK, JTAMUHAPHO-TYPOYJICHTHBIN MEPEXo, MepeMekaeMOCTh, HHTEHCUBHOCTh
TerI000MeHa, BA3KOCTh
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