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Modeling of Turbulent Non-Isothermal Flow in a Heating Network Pipe

The article presents a mathematical model of turbulent non-isothermal flow of viscoplastic fluid in a pipe
with a sudden expansion of the heat network. Heat exchange of non-isothermal flow of viscoplastic fluid with
cold environment leads to an increase in its viscosity and yield strength. Shvedov-Bingham rheological model
represents the viscoplastic state of fluid. The Reynolds Stress Model (RSM) turbulence model describes the
properties of anisotropy of the velocity components of pulsating motion in a pipe with a sudden expansion. In
addition, the ability to predict turbulence anisotropy of the RSM model is used to construct a linear model of
turbulent viscosity. Calculation data are obtained for different values of Reynolds and Bingham numbers. The
calculation results show that with an increase in the Bingham number, the circulation zone decreases behind
the section of the sudden expansion of the pipe. The results of the comparison of the radial profiles of the
normalized axial mean and fluctuation velocity with the experimental data along the pipe with sudden expan-
sion are given. The results show the anisotropic property of the axial and radial profiles of the velocity of fluctu-
ation movement, which are in agreement with the data of the DNS (Direct Numerical Simulation) model.
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Introduction

Sudden expansion of flow is widely used to intensify transfer processes in Newtonian flows (NF) and is
encountered in many technical devices, for example, when connecting pipes of different diameters.
Knowledge of the flow and heat transfer characteristics in separated flows is important from both fundamen-
tal and practical points of view. The flow in a sudden expansion pipe has been frequently used by several
authors to test and evaluate turbulence models. Such a flow combines a region of strong nonequilibrium, a
recirculation region, after which the flow returns to equilibrium. The sudden expansion pipe has also been
the subject of many experimental studies, providing useful information and improving our understanding of
turbulence. Of industrial interest is the application in flows associated with turbulence, such as corrosion in
the heating network [1]. The separation and reattachment of flows in a sudden expansion pipe were studied
experimentally in [2-6]. A numerical study was carried out in [7], where the (k-e) and algebraic stress mod-
els and their modifications to account for the curvature of streamlines were considered. As a result, it was
shown that the modified algebraic stress model gives a better agreement with the experimental data [8].

It should be noted that we have not found any experimental or numerical works devoted to heat transfer
in turbulent separated non-Newtonian flows, with the exception of [9]. The aim of this work is a numerical
study of the flow structure, kinetic energy of turbulence and heat transfer of a non-Newtonian fluid in a pipe
with sudden expansion. The novelty of this work is also the consideration of the dependence of viscosity and
yield strength on temperature.

1. Mathematical model
1.1 Statement of the Problem
The pipe diameter at the inlet D, =2R, =0.2 m, and after a sharp expansion D, =2R, =0.3 m, the step

2
height H =0.05 m,L=O.25, the expansion coefficient ER=ER=[%) =2.25. The pipe length

(2R)
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L=12 m(Di=40j. The average axial velocity and average temperature at the inlet
2

U, =0.2—0.89, T, =303 K, respectively. The wall temperature is constant and varies within the range
s

T, =273-293 K. The Reynolds number Re—U D, =(0.7-3)-10%, where v,, =p,,, / p. The Prandtl num-

vV

wl

ber of paraffinic oils at the inlet is Pr=p,,C_, /%,

1.2 Basic equations
The basic equations of non-isothermal turbulent motion of a viscoplastic fluid are given in [10, 11]:

v-Uu=0 Q)
V-(pUU)=-VP +V-(2uS)+V-(-pu'u’ )+ V-2u/;S' (2)
V-(pC,TU)=V-(AVT)+V:(-pC,u't')+1:VU (3)
The coefficient of effective molecular viscosity p, is found from the expression [12—15]:
+1 | '|71 |’E| >1
Her ={“P o T )
0, |r| <1,

The singular property |‘c| <1, of formula (4) can be regularized using the approach [14, 15] and written

T, [1— exp(—m|§(|)J

7

as.

Hett = up + ! (5)
where the regularization parameter is m=1000s [16].

The system of basic equations (1-5) is considered together with the RSM model of turbulent stresses,
which is written in the form [17, 18]:

0 0 C.T: 0
(pUj i j) ( +¢Ij i') 6 |:pveff8Im+p G /ul/n:|§ui/u;+DNNF

j k m

0 0 T iy |28
A (PUs)=7 L(cp-cue)s - {pveﬁs,m o |2 4

S

x— LV =1 (6)

5 5 . k312 3/4
here, P, and P =0.5R, are stress production terms, ¢; is redistribution term [17], L; _m[ Cn m
S €

k v . . .
and T; = max[—, C; \Fj are turbulent time and length macroscales, where 2k = u.’ug is the turbulent kinet-
€ €

ic energy, ¢, Iis viscous dissipation rate tensor of turbulent stresses, €=0.5¢,, and y is a blending coeffi-

ij
cient, and it changes from zero at the wall to unity far from the wall [17]. The constants and model functions
of the system of equations (8) are given in [17].

1.3 Boundary conditions
The flow diagram is shown in Figure 1. On the pipe wall before and after expansion:
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Figure 1. Flow diagram in a pipe with a sudden expansion
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Constant values of variables are set at the pipe inlet, and soft boundary conditions are set at the outlet.
2. Numerical realization

The numerical solution is obtained using a control volume method on a staggered grid. The algorithm
for solving the system of equations (1)—(6) in the variables “velocity — pressure components” is described in
detail in the work [10, 19]. All numerical predictions are performed using the “in-house” code.

The numerical method was verified by comparison with the experimental results [19] of isothermal
flow in a pipe with a sharp expansion (Fig. 2). It is known [20] that the generalized model of a Newtonian
fluid can describe non-Newtonian flows that thin under shear. The regime parameters, properties of Newto-
nian and non-Newtonian fluids with xanthan gum (XG) are given in Table. The power-law fluid was an
aqueous solution with 0.2 % XG with an index n = 0.34 by weight [21] and 0.1 % XG with n = 0.43 [19].
The difference in the average axial velocity profiles between the results for NF and NNF is insignifi-
cant (Fig. 2a). The average axial velocity profiles for NF and NNF are similar in the experiments [19] and
the authors’ calculations. The recirculation length in NNF is 20 % shorter than in NF (Table). The radial ve-
locity profiles of axial pulsations show agreement between the measurements [19] and the authors’ calcula-
tions (Fig. 2b).
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Figure 2. Radial profiles of axial average (a) and fluctuation (b) velocity along a pipe with sudden expansion.
Symbols are measurements [18, 20], lines are authors’ calculations
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Table
The length of recirculation region. Comparisons with measurements of [18]

Fluid Una, M/ Rew xlH[14] | AU
Water 461 1.35x10° 8.43 9
Water 1.73 5.03x10* 8.71 9

0.1% XG 3.04 1.96x107 6.93 75

0.2 % XG 4.05 1.94x107 7.14 7.4

0.2 % XG 5.01 2.72x10% 6.78 7.3

3. Discussion of calculated data.
Viscoplastic turbulent flow in a pipe without sudden expansion

Figure 3 shows comparisons of the pulsating velocity in the axial and radial directions with the DNS da-
ta [22]. The RSM model qualitatively describes the anisotropy of the axial and radial velocity pulsation pro-
files well (Figs. 3a and 3b). The maximum discrepancy between DNS and RANS of the authors is up to
20 %. The positions of the maximum values and practically coincide with the DNS data [22]. The predictions
obtained confirm the possibility of successfully using the RSM model to describe the non-isothermal turbu-
lent flow of a viscoplastic fluid without additional terms in the RSM transfer equations.

'RSM |
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o tfr, =11
NH1.2

—NF
T, = 1.1
-—==-12

1 10 100
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Figure 3. Comparison of the results of calculations of the RSM model of axial (a)
and radial (b) velocity fluctuations with the results of DNS [21]

4. Calculated data of turbulent flow of viscoplastic fluid.
Structure of viscoplastic fluid flow

Figure 4 shows the distributions of the recirculation length (a) and maximum values of turbulent kinetic

energy (b) of isothermal viscoplastic fluid from Bingham numbers Bm. Here xi© and k' are the recircula-

tion length of the flow and the maximum value of turbulent kinetic energy Newtonian fluid (NF), respective-
ly.

The non-Newtonian fluid causes a significant decrease in the length of the recirculation flow zone and
the turbulence level (Figs. 4a and 4b). An almost twofold decrease in the length of the recirculation region is
shown at Bm = 17 compared to the flow of a Newtonian fluid (Bm = 0) (Fig. 4a). The decrease in turbulent
kinetic energy reaches 60 % at Bm = 17 (Fig. 4b). The Reynolds numbers Re = 0.5-10* and 2.0-10* do not
have a large effect on the length of the recirculation zone, the difference is up to 10 % at Bm = 17.
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Figure 4. The effect of flow Reynolds and Bingham numbers on distributions
of recirculation length (a) and maximal values of turbulent kinetic energy (b)

Figure 5 shows the influence of the Bingham (a) and Reynolds (b) numbers on the maximum average
axial value of the reverse flow of an isothermal viscoplastic fluid.

0.104

0.054

c)

Figure 5. The effect of Bingham (a) and Reynolds (b) numbers on the maximal mean axial magnitude
of reverse flow, and wall friction (c) of isothermal SB fluid. (a and c): Re = 10%; (b): Bm = 17

For a Newtonian fluid (Bm = 0), the maximum negative values of the reverse flow —Upa/Um reach
20 % (Fig. 5a) and correspond to the known data for flow in a pipe with sudden expansion [23, 24]. The cal-
culated data for different Bingham numbers are also presented here, and a sharp decrease in the maximum
negative velocity (—Uma/Umi = 0.075) is obtained for Bm = 17 (Fig. 5a). It can be noted that for non-
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isothermal flows of viscoplastic fluid, the recirculation zone does not have a significant effect on the pro-
cesses of turbulent transfer of momentum and energy compared to the Newtonian one. Similarly, an increase
in the Reynolds number of the flow does not have a significant effect on the dynamics of the reverse
flow (Fig. 5b).

The distribution of the wall friction coefficient C, /2=, /(punil)along the flow is shown in Fig-

ure 5¢ for different Bingham numbers Bm. The flow reattachment point for NF and NNF is located at C; = 0.
The value of the wall friction coefficient is negative in the recirculation region for NF and NNF due to the
reverse flow (Fig. 5¢). Downstream of the reattachment point, an increase in the wall friction coefficient is
observed and the values become positive. The wall friction in isothermal flow is greater than for viscoplastic
fluid. The location of the minimum point of C; for NNF shifts upstream by almost 2 times compared to NF
due to the manifestation of non-Newtonian behavior.

A comparison of non- and isothermal viscoplastic flow following sudden expansion of a pipe is shown
in Figure 6.

Non-isothermal NNF
T,=273 K, T,=303 K
x/H=2

1 ----15

Isothermal NNF (Bm=17)
TW=T!‘

0 ' 5 10 ' 115 )
2t /(p,U%))

Figure 6. Distributions of yield shear stress z, over the pipe radius for non- (solid and dashed lines)
and isothermal (bold line) NNF behind the pipe sudden expansion

Calculation of isothermal flow NNF with a constant value of the Bingham number Bm = 17 shows a
constant value of the yield strength along the pipe radius (Fig. 6). Calculations of the transition of non-
isothermal turbulent flow of paraffinic crude oil show a more complex flow behavior. In the flow core, the
yield strength value becomes zero (to = 0) and in this zone the flow is Newtonian (Fig. 6). In the recircula-
tion zone (X/H = 2) and near the pipe wall at (x/H = 15), the yield strength 1o = 16 (Fig. 6). Viscoplastic flow
of the liquid takes place in this region.

Conclusion

The results of modeling non-isothermal turbulent flow in a pipe with expansion show the correctness of
the developed mathematical model. In particular, a comparison of the radial profiles of the normalized axial
average and fluctuation velocity with experimental data along a pipe with sudden expansion is carried out.
The calculations show the anisotropic property of the axial and radial profiles of the fluctuation motion ve-
locity, which is in agreement with the data of the exact DNS model. Viscoplasticity of a turbulent fluid leads
to the following effects: 1) reduction of the length of the recirculation zone and reduction of the kinetic ener-
gy of the fluctuation motion; 2) reduction of the maximum negative velocity (—Uma/Umi = 0.075) and reduc-

tion of the friction coefficient C, /2=, /(prﬂ) in the recirculation zone. In general, the recirculation

zone of a viscoplastic fluid does not have a significant effect on the processes of turbulent momentum and
energy transfer compared to the Newtonian one.
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VY .K. XKamb6ac6aes, /[.K. bocunos, M.A. Ilaxomos, 3.K. CarTuHoBa

Kbty axeJtici KeHeTTeH KeHelrenae KyobIpAarbl TYTKbIPIJIACTHKAJIbI
CYMBIKTBIKTBHIH TYPOYJIEHTTi aFbIHBIH MO/IeJIbey

Makanana SKbUIy OKETICIHIH KEHeTTeH KeHelol Oap KyOBIpAarbl TYTKBIPIUIACTHKAIBl CYHBIKTBIKTBIH
TypOyJIeHTTI M30TEPMHUSUIBIK €MEC AFbIHBIHBIH MaTEeMAaTHKAJIBIK MOJENi KenTipinreH. TYTKbIpIUIACTHKAIB
CYHMBIKTBIKTBIH M30TEPMUSUIBIK €MEC aFbIHBIHBIH CYBIK OPTaMEH JKbUIYy aJMacybl OHBIH TYTKBIPJIBIFBl MEH
AKKBILITHIFBIHBIH JKOFapbulayblHa okeneni. 11IBenoB-BUHreM PEONIOTHSIBIK MOJENI CYHBIKTBIKTBIH TYTKbIP-
IUIACTUKANBIK KYHiH kepcereni. RSM TypOyneHTTIK Mozeni KeHeT KeHeri 0ap KyObIpAarbl MyJbCallUsIIbI
KO3FaJIBICTBIH JKBUIIAMABIK KOMITIOHEHTTEPiHIH aHWU30TPOIMSICHIHBIH KACHETTepiH CHIATTaiIbl, COHBIMEH
KaTap TYpOYJICHTTLNIK AHMW3OTPONMSACHIH OODKay MYMKIHIITT TypOYIEHTTIK TYTKBIPIBIKTHIH CBHI3BIKTHIK
MOJZEINIH Kypy YIIiH KonpaHeuiansl. Ecenrenren nepekrep PeiHonbiac skoHe BHHTram caHmapbIHBIH SpTYpII
MoHzepi YIIiH anbiHAbl. Ecentey HoTmkemepi BuHram caHBIHBIH yIIFarobIMeH KYOBIPJIBIH KEHETTEH KEHEIO
KUMAcCBIHBIH apThIH/IA MUPKYISIHSIIBIK aifMaKTHIH KillipedeTinairin kepcereni. HopmananraH ockTik opTama
JKoHE (IyKTyalus S>KbUIIAMIBIFBIHBIH paauanabl NpouibaepiH KeHeT KeHeroi 0ap KyOblp OOHBIHIAFBHI
TOKIpHOETiK MONTIMETTEpMEH CalbICThIpy HoTIkenepi OepinreH. Hormwxemep DNS (Direct Numerical
Simulation) MozemiHIH OepeKTepiMEH CcoifiKec KeNeTiH TepOenMelni KO3FaJbICTBIH OCHTIK JKOHE pPaIHaibl
JKBUTIAMIBIK TPO(HUIbACPiHIH aHU30TPONITHI KACHETTEPiH KOPCeTeIi.

Kinm co30ep: KeHETTEH KeHEI0 KYOBIPBI, N30TEPMUSUIBIK eMeC TypOyIIeHTT] aFbIH, TYTKBIPILIACTUKAIIBI CYHBIK,
RSM TypOyneHTTiK Mozemi, aKKBIUTBHIK LIEri, XKBUIYy TachMalay, PElMpPKYJSIIUs aiiMarbl, (IIyKTyarms
JKBULIAMIBIFBI

V K. XKanb6ac6aes, [1.)K. bocunos, M.A. ITaxomos, 3.K. CartunoBa

MopenupoBanne TypOyJIeHTHOTO Te4eHHUs BA3KOIIACTUYHOM KMIKOCTH
B TpPyOe TeIJIOBOM CeTH ¢ Pe3KUM paclIMpeHueM

B crartee mpumBoamTCs MareMmaTHdecKas MOJETb TypOYIEHTHOTO HEM30TEPMHUYECKOTO TEUEHUS BS3KOILIa-
CTUYHOH JXMIKOCTH B TPyOE C Pe3KHM pacIIMpeHreM. TeriooOMeH HEM30TepMHUUECKOTO MOTOKA BS3KOILIa-
CTUYHOI )KUAKOCTH € XOJIOAHON OKpYXKarolel cpeoif MPUBOIUT K MOBBIIICHUIO €€ BSI3KOCTH U Ipeserna Te-
Kyuectu. Peonornueckas monens IlIBenoBa-bunrama npeacTapiseT BA3KOIUIACTUYHOE COCTOSHUE YKUIKOCTH.
RSM mopens TypOyJIeHTHOCTH OIMCHIBAET CBOMCTBAa aHW30TPOITHOCTU KOMIIOHEHT CKOPOCTH ITyJILCAIl[HOHHO-
TO JBIDKCHUS B TPyO€ C Pe3KnUM pacIIupeHueM. PacdeTHbIe NaHHBIC NMOTYYEHBI IPH PA3IMIHBIX 3HAUCHUSIX
yucna Peiinonpaca u bunrama. Pe3ynbrarel pacueToB MOKa3bIBaloOT, YTO C POCTOM uucia buHrama nupkysns-
IIOHHAs 30Ha COKPAIIAETCS 33 CEUYCHHEM PE3KOTo pacHupeHus TpyOosl. [IpuBeqeHs! pe3ynbTaThl CPaBHEHUS
panuanbHBIX MpoQuield HOPMaTM30BAaHHOW OCEBOI cpemHed W (PIyKTyallHOHHON CKOPOCTH C OINBITHBIMH
JTAHHBIMU BJOJIb TPYOBI C BHE3AITHBIM PacIIMpeHHeM. Pe3ynbTaThl TOKa3bIBAlOT aHU30TPOITHOE CBOHCTBO OCe-
BBIX U PaJMajbHBIX Mpoduiiell CKOPOCTH (IIYKTYallHOHHOTO ABMIKEHHS, KOTOPBIE HaXOAATCS B COTJIACHU C
nanabeiva DNS (Direct Numerical Simulation) mozmenu.

Kuiouesvle cnosa: Tpyba BHE3AIMHOTO PACUIMPECHHS, HEM30TEPMHUUECKOE TYpOYICHTHOE TEUCHHE, BSI3KOILIA-
CTHYHAsI XHJKOCTh, MOJENb TypOyaeHTHOCTH RSM, mpenesn TeKkydecTH, Teronepeaaya, o6iacTb pelupKy-
JALHH, CKOPOCTh (IIYKTyaluu
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