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Mathematical model and numerical calculation of the movement of oil products in
helicoidal heat exchangers

Heating of oil and oil products is widely used to reduce energy losses during transportation. An approach is
developed to determine the effective length of the heat exchanger and the temperature of the cold coolant (oil)
at its outlet in the case of a strong dependence of oil viscosity on temperature. The method of the log-mean
temperature difference, modified for the case of variable viscosity, and the methods of computational fluid
dynamics (CFD) are used for calculations. The results of numerical calculations are compared with the data
obtained on the basis of a theoretical approach at a constant viscosity. When using a theoretical approach with
a constant or variable viscosity, the heat transfer coefficients to cold and hot coolants are found using criteri-
on dependencies. The Reynolds-averaged Navier-Stokes (RANS) and a turbulence model that takes into ac-
count the laminar-turbulent transition are applied. In the case of variable oil viscosity, a transition from the
laminar flow regime to the turbulent one is manifested, which has a significant effect on the effective length
of the heat exchanger. The obtained results of CFD calculations are of interest for the design of heat exchang-
ers of a new type, for example, helicoidal ones.

Keywords: heat transfer, numerical calculation, helical heat exchanger, oil, hydrodynamics, coolants, heat
flow, laminar-turbulent transition, Navier-Stokes equation, flow turbulization.

Introduction

Helicoidal heat exchangers are designed with profiled pipes and fans with a screw profile, which im-
proves the conditions for heat exchange. In works [1-2], modeling and calculation of the hydrodynamics of
heat carriers (water, oil) flowing through smooth pipes are given. The obtained results of numerical
calculations are used to find optimal ways to intensify the heat transfer process [3-5]. Research shows that
the influence of the viscosity of the pumped oil on the hydraulic properties of the pipeline decreases when
pumping in a developed turbulent regime.

Heat exchangers are used in many applications, with efficient heat exchangers being a basic
requirement of the industry. Efforts to increase heat transfer, increase heat transfer rates, reduce the size of
heat exchangers and improve efficiency since the beginning of global industrialization. The higher heat
transfer potential of spiral coils is of interest to many researchers who study the fluid dynamics inside the
spiral tubes of the heat exchanger they serve. The bending of the pipe causes the application of centrifugal
force, which leads to the formation of a secondary flow due to the curvature of the pipe. The centrifugal
force is controlled by the centrifugal force, which is determined by the curvature of the coil, and the twisting
caused by the liquid is affected by the pitch or angle of the coil. Liquids arising from the outside of the pipe
move at a higher speed than those flowing inside the pipe, which is caused by the curvature affecting the
speed of movement [6]. In work [7], spiral coils in heat exchangers of various shapes and operating
conditions were analyzed and compared with straight-tube heat exchangers, and their performance and
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efficiency were analyzed by studying factors affecting the performance and efficiency of a spiral heat
exchanger, such as the coefficient of curvature and other factors. The helical coil in heat exchangers (HCHE)
provides higher heat transfer speeds and efficiency than straight pipes and other heat exchangers due to the
development of secondary flow inside the spiral tube, while the heat transfer coefficient increases with
increasing curvature coefficient (HCHE) at the same flow rates.

This article discusses the numerical calculation of a helicoidal heat exchanger. Exactly, the results of
calculating the oil temperature and heat flow at the outlet of the pipe winding on the surface are presented.
When solving this problem, the number of twists N, the heat transfer coefficient, the flow velocity and the
temperature of the oil at the pipe inlet varied as input parameters.

Calculation method

The problem is solved in the Ansys Fluent software package, which uses stationary Navier-Stokes equa-
tions averaged by Reynolds (Navier—Stokes equations averaged by Reynolds).

The numerical calculation was carried out by the finite Volume method FVM (Finite Volume Method)
using an uneven grid in the computational domain. Schematically, the calculated pipe with windings and the
calculated grid on it is shown in Figure 1.

-

Figure 1. Calculation grid of the pipe with windings Figure 2. Calculation grid for a quarter of a pipe

To save computing resources (time and memory), the calculation was carried out on the fourth part of
the pipe, since the pipe is axisymmetric. Figure 2 shows a quarter of the calculated grid, which shows the
thickening of the grid at the pipe boundary, where there are the greatest gradients of flow parameters. More
details about unstructured grids are described in [8].

The basic Navier-Stokes equations and the k-o SST equations were used for the calculation [9-10].

The continuity equation:
av;
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Here p is the density, and v; is the component of velocity in the direction of coordinates — x;, p —
pressure, T — temperature, v, v; — molecular and turbulent viscosity of liquid, Pr, Pr; — Prandtl number
for laminar and turbulent, respectively.

The k- turbulence model takes into account two more transport equations. The Reynolds number Reg;
and the momentum of the transition beginning are two equations written for it, and the second one is ob-
tained for the flow regime intermittency y of the transformation process. Transmission equation for pulse
thickness and Reynolds number and intermittency transport equation are as follows:

Transmission equation for pulse thickness and Reynolds number:

dRegr _ 0 ORegy
V; ox; Pg: + 5%, ope(Vv+vp) 0%, ] (4)
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Intermittency transport equation:
Y _p _ 9 Yy 9y,
v; o, B —E, + o, [(V + 5, 6x]-]' (5)
Here Py, — time derivative of the Reynolds number with respect to the momentum loss thickness, P,
and E, — time-specific formation and dissipation of intermittency conditions, g4, and o, are constants of
the model.

Results of calculations and discussions

Since the system of initial equations is nonlinear, an iterative approach was used for their numerical so-
lution, in which the linearized Navier-Stokes equations were solved. According to the results of calculations,
the average mass temperature and heat flow of oil at the outlet of the pipe are obtained. To solve this prob-
lem, the following initial parameters were used: the radius of the pipe R; = 0,006 m, the radius of the
groove R, = 0,001 m, the length of the pipe L; = 1m, the heat transfer coefficient a; = 1000 W /(m? -
K ), the temperature of the washing liquid (water) T, = 423K, the speed oil flow v; =4m/s, oil
temperature at the pipe inlet T;,,, = 313K.

Boundary conditions of the third type were applied (heat transfer coefficients and the washing liquid's
temperature were measured on the pipe's surface). The number of windings on the pipe surface is determined
by the number of twists N, which in this problem ranged from 1 to 40 with an interval of 5.

A graph illustrating the relationship between the number of twists N and the average mass temperature
of oil at the pipe's exit is presented in Figure 3. The image illustrates how the temperature of the oil at the
outlet rises as the number of twists increases, intensifying the heat exchange between the heat carriers.
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Figure 3. Dependence of the average mass temperature at the outlet of the heat exchanger on the twist N

A graph illustrating the relationship between the number of twists N and the heat flow Q through the
pipe's surface from the side of the washing liquid is displayed in Figure 4. Here, the amount of heat flow also
increases with an increase in the number of twists on the pipe.

The increase in the average mass temperature of oil at the outlet of the heat exchanger (Fig. 3) and the
increase in the value of the heat flow (Fig. 4) with an increase in the number of twists of the N tube is
explained by turbulence of the flow due to its twisting. When the flow is turbulated, the process of diffusion
of liquid particles intensifies and the heat exchange between particles intensifies. This process will occur the
more intensively, the more the number of twists of the tube.

Further, heat transfer coefficients a were set in the range from 1000 W/(m? - K ) to 6000 W /(m? -
K ) with a constant number of twists equal to 10.
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Figure 4. The dependence of the heat flow Q on the twist N

Consequently, Figure 5 displays a graph that illustrates how the heat transfer coefficient a and the aver-
age mass temperature of oil at the heat exchanger's outlet rely on each other. The graphic illustrates how the
average mass temperature at the outlet climbs dramatically as the heat transfer coefficient rises. This is ex-
plained by the natural process of increasing the temperature of the liquid (oil) with increasing heat transfer
from the external washing liquid (water) to the surface of the inner tube, and from it to the inner liquid,
which increases its average mass temperature.
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Figure 5. Dependence of the average mass temperature at the outlet of the heat exchanger on the heat
transfer coefficient o

The influence of the heat flow through the pipe surface on the heat transfer a is shown in Figure 6. A
rise in the heat transfer coefficient causes the heat flow to increase three times from its starting value. The
intensification of heat transfer between heat carriers is well described by this process. This happens in a simi-
lar way to the previous case, i.e. with an increase in heat transfer from the external washing fluid (water) to
the surface of the inner tube, the heat flow towards the oil increases.
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Figure 6. The dependence of the heat flow on the heat transfer coefficient

3168

3168

3164+

3162 4

31604

3158 4

Mass average outlet temperature K

31564

3164 4¢ T T T T T
4 5 6 7 8 8 10
Oil inlet velocity, m/c

Figure 7. Dependence of the average mass temperature at the outlet of the heat exchanger on the oil flow rate at the inlet

Figures 7 and 8 show graphs of the dependences of the average mass temperature and heat flow through
the surface on the oil flow velocity v at the inlet. With an increase in the oil flow rate at the inlet to the pipe,
the diffusion process decreases, and, as a result, the main flow rate will increase compared to the fluctuation
component at a given number of turns N. This in turn leads to a decrease (slightly) in the flow velocity along
the tube, including at the outlet of the tube (Fig. 7). Based on the above, the heat flow will, on the contrary,
increase depending on the increase in the flow rate of oil at the inlet (Fig. 8). Both figures show that at
approximately a speed of v = 6 m/s, there is a sharp change in the graph. This is due to the fact that at a
velocity of v = 6 m/s, the Reynolds number Re reaches 2880, where a laminar-turbulent transition mode
occurs.

The oil temperature at the heat exchanger's outlet increases when the temperature at the pipe's input is
changed from 313 K to 363 K. Figure 9 displays the dependence diagram for this change. The graph indi-
cates that this dependence is linear. This is physically explained very simply — with a higher oil temperature
at the inlet, we get a higher oil temperature at the outlet.
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Figure 8. Dependence of the heat flow on the oil flow velocity at the inlet

Mass average outlet temperature, K

T T
310 320 33 40 350 w0 370

Qil inlet temperature, K

Figure 9. Dependence of the average mass temperature at the outlet of the heat exchanger on the temperature at the inlet

Figure 10 illustrates the opposite situation by demonstrating how the inlet temperature affects the heat
flow on the pipe surface. It is evident that when the oil inlet temperature rises, the heat flows the difference
between the oil's temperature and the washing liquid's temperature decreases. Since the heat flow is deter-
mined by the temperature difference of the media, with an increase in the temperature of the oil at the inlet,
the temperature difference between the two liquids decreases (at a constant water temperature), which leads
to a decrease in the heat flow on the surface of the tube.

Figure 11 shows comparative graphs of the dependence of the mass-average temperature of oil at the
outlet for a tube with a smooth [11] and helicoidal surface with a number of twists N from 10 to 40 with a
step of 10. It can be seen from the figure that the temperature of oil in a tube with coils is higher along its
entire length compared to a tube with a smooth surface, while reaching a maximum temperature difference of
up to 9.5%, which is explained by turbulence of the flow, as well as with an increase in heat flow through the
surface due to a slight increase in the surface of the tube due to recesses.
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Figure 11. Comparison of the dependence of the average mass temperature of oil at the outlet for a tube with a smooth
and helicoid surface with a number of twists N =10-40.

Conclusion

After using a coiled tube as an example, we can thus deduce from the foregoing facts that heat exchang-
ers with helicoid geometries have superior heat transfer capabilities than heat exchangers with smooth tubes.
This is because the turbulence caused by twisted windings in the oil flow increases the heat exchange be-
tween liquid layers as a result of the diffusion process. Moreover, the oil temperature may rise as a result of a
tiny rise in the tube's surface brought on by recesses, which enhances heat transfer through the surface. It can
also be noted here that with variable viscosity of oil, the transition from laminar to turbulent mode is mani-
fested, while this effect is not taken into account when calculating for constant viscosity.
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H.XK. XKoiimri6exos, [I.E. Kypmanosa, A.C. )Kyman6aeBa

I'etMKOMATHI KBLLY AJIMACTBIPFBIIITAPAAFbI MYHAH OHIM/IEPi KO3FaIbICHIHBIH
MaTeMAaTHKAJIBIK MO/EJII KIHe CAHABIK ecedi

Makana TeIMKOMATH! JKBUTYy aIMAaCTBIPFBINITAFEI JKBUTYy aaMacy MPOLECTepiH CAHABIK €CenTeyre apHaFaH.
Keuty Gepyni jkakcapTy YIIiH TeTHMKOUITHI JKBITY aJMacTBIPFBIITAP MPOQIIIBALI KYOBIpIapAbl xKoHe OypaH-
Jajibl KBIPIIBl Mpoduiibai naiaananaael. TackiManiay Ke3iHAe SHeprusl MIBIFBIHBIH a3aiiTy YIIiH MyHail MeH
MyHaii OHIMJIepiH KbI3ABIPY KEHiHEH KOJJaHbuIaabl. MyHall TYTKBIPJIBIFBIHBIH TEMIEpaTypara KaTThl Toyell-
IUTri  KargalblHIa JKBUTY ajIMAcCTBIPFBIIITHIH THIMAI Y3BIHIBIFBIH JKOHE OHBIH INBIFYBIHIAFBl CYBIK
CaJIKBIHJIATKBIITHIH (MYHaHBIH) TEMIEpaTypachlH aHBIKTayFa apHAJIFaH Tacin a3ipnenni. Ecenteynep yiuin
TYTKBIPJIBIKTBIH, ©3TepMelli JKar[aiiblHa e©3TepTIAreH TEeMIEepPaTypaHbIH OpTama aWbIPMAalIbUIBIFBIHBIH
norapudMIik oici xkoHe ecenrey runpoanHamukace! (CFD) onmictepi naiinanansurad. CaHABIK ecenTeyep-
IIiH HOTIKeTepi TYPaKThl TYTKBIPIBIK Ke31HIe TCOPHSIIBIK TOCLUT HETi3iHAe albIHFaH MAJIIMETTEpPMEH CallbIC-
THIPBUTFaH. TypaKThl HEMece e3repMelli TYTKBIPIBIFE 0ap TEOPHSUIBIK TOCLIAI KONJaHFAaH Ke3Je CYBIK JKoHE
BICTBIK CAJIKBIHJATKBIII CYHBIKTBIKTAPJBIH KbUTy Oepy Kod(pQUIMEHTTEepi KpUTEepHanabsl TOYyelAiTiKTepai
KOJIZIaHy apKbUIbI aHbIKTaNa b1, PeitHonbac Ooitbinina optamia HaBbe-Ctoke aaici (RANS) sxoHe TaMHUHADPIIBI-
TypOyJICHTTI aybICyIbl €CKEPETiH TYpOYJICHTTIIIK MOJEi KOJNJaHbLUIFaH. MalblH e3repMelti TYTKbIPJIBIFBI
KarJalblHOa JIAMHHApIIbl aFblH  POXHUMIHEH TypOYNEHTTI peXHuMre aybicy KepiHemi, Oyl Kbuly
QIMACTBIPFBIIITBEIH THIMII Y3BIHIBIFBIHA alTapibeikTail ocep erenmi. Ansmran CFD  ecenteynepiHig
HOTIDKEJIepl JKBUTYy alMacTBIPFBINITApABIH JKaHa TYPiH, MBICAIBI, TEIMKOMATHI K0OanayFa KbI3BIFYIIBUIBIK
Tyasipansl. JKyMbIcTa aFbIHHBIH NTapaMeTpiiepiHe, COHaii-ak TYTIKTiH Oypary caHblHa OailIaHBICTHI TYTIKTiH
MIBIFYBIHAFB] MYHAIIBIH MacCalIBIK-OpTalla TeMIepaTypackl, Kipic *KoHe IIBIFBIC TEMITEPaTypachl, *KblIJaM-
JIBIFBI, KYOBIp OCTiH/IeT] JKBbUTY aFBIHBIHBIH €CEIITey HOTIKeIepi OepinreH.

Kinm co30ep: xbuly Oepy, CaHObIK eCelTey, PeIMKOMATHI JKbUTY aIMACTBIPFBILI, Ma, THAPOIHHAMHUKA, Call-
KBIHAATKBIII CYHBIKTBIKTAp, XKbUTY aFbIHBI, JAMUHAPIBI-TYpOyIeHTTi aybicy, HaBbe-CTOKC TeH/eYi, aFbIHHBIH
TYpOyIN3aLHsAChL.
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H.K. [Ixaitun6exos, [I.E. Kypmanosa, A.C. )Kyman6aeBa

MartemaTuyeckass MOJeJb M YMCJICHHBIM pacyeT ABUKCHUS HePTEeNPOIyKTOB
B TEMJIOOOMEHHBIX annaparax reJJMKouAHoi GopMbl

CraThsl TOCBSIIEHA YHCICHHOMY pPacueTy TeIIOOOMEHHBIX IIPOLECCOB B TEINIOOOMEHHUKE TeIMKOHMTHOM
¢dopmbL. B renMKoUIHBIX TEMIO0OMEHHUKAX HCIOIb30BaHbI MPO(UIHPOBaHHbIE TPYOKU U pedpa BUHTOBOTO
npoduIIs, 4To yiydiaeT TerioooMeH. HarpeB HedTH U HeQTEIPOIYKTOB IIMPOKO IIPUMEHSAETCS JJIsl CHIKE-
HMS TIOTEpb SHEPIUH NpPH TPAHCIOPTHPOBKE. PazpaboraH moaxon mns ompeneneHust 3GPEeKTUBHON JUTHHBI
TEIUIOOOMEHHUKA U TEMIICPATYPhl XOJIOJHOTO TEIIOHOCHTENS (Macyia) Ha ero BBIXOJE B Cllyyae CHIBHOM 3a-
BHCHMOCTH BSI3KOCTH Macila OT TeMIepaTyphl. s pacueToB HCIONIB3YIOTCS METO JIOTapu(pMIUIECKOH cpea-
Hell pa3HOCTH TeMIlepaTyp, MOJUGUIMPOBAHHBIN Ul CITydasi HEPeMEHHOH BS3KOCTH, W METOIBI BEIIHCIIH-
tenpHON THApoanHaMuky (CFD). Pe3ynpTaThl YHCIEHHBIX pacdeTOB CPAaBHUBAIOTCS C JAHHBIMH, MOJy4YEH-
HBIMH Ha OCHOBE TEOPETHYECKOTO ITOJX0Ja MPH MOCTOSHHOHN BS3KOCTH. IIpH NpHMEHEHHH TEOPEeTHIECKOTo
MOAXO0/a C TOCTOSTHHON WJIM NEPEeMEHHOHN BSI3KOCTHI0 KOX((UIMEHTH! TEIUIOOTAaYH XOJIOAHBIM M TOPSTYNM
OXJIKAAIOLINM KUJIKOCTSM OIPENEIAIOTCS ¢ UCHOJIb30BAHUEM KPUTEPHAIBHBIX 3aBUCHMOCTEH. Mcnonb3y-
I0TCsl ycpeqHeHHbIH o PeitHonbacy meron HaBre-Crokca (RANS) u Monens TypOyleHTHOCTH, YIUTHIBAIO-
Ias JJAMMHApHO-TYpOYJICHTHBIN nepexoA. B cirydae nmepeMeHHOH BS3KOCTH Macna MPOSBIAETCS MEpexol] OT
JaMHHAPHOTO PEXHUMa TeYCHHs K TypOYJIEHTHOMY, YTO OKa3bIBaeT CYIECTBCHHOE BIMAHUE Ha 3()(PEKTUBHYIO
UIMHY TermoooMenHuKa. [Tomydennsie pesynsraTel CFD-pacyeToB MpeAcTaBIsIIOT HHTEPEC IS IIPOSKTHUPO-
BaHUS TEINIOOOMEHHUKOB HOBOTO THIIA, HAIIPHMEpP T'elIMKOMIAIbHBIX. B paboTe nmpuBeneHbl pe3ybTaThl pac-
YEeTOB CPEJHEMACCOBON TeMIlepaTypsl HeTH Ha BBIXOJE M TEIUIOBOTO ITOTOKA Ha ITOBEPXHOCTH TPYyOKH B 3a-
BHCHMOCTH OT ITapaMeTPOB ITOTOKA, a TAKXKE OT YHCIIA 3aKPYTOK TPYOKH.

Knrouegvie cnosa: Temonepenada, YUCICHHbIA pacyeT, TeIMKOMAHBIA TEMII00OMEHHHK, Macilo, THAPOIMHA-
MHKa, OXJIAXKIAIONINE )KUIKOCTH, TEIUIOBOH MOTOK, JIAMHHAPHO-TYpOYJICHTHBIH nepexol, ypaBHeHue Hasbe-
Crokca, TypOynu3anus moToka.
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