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Abstract. The article examines the non-isothermal turbulent flow of a yield-stress
viscoplastic fluid in a pipe with a sudden expansion. The effective molecular viscosity
approach is employed to represent the rheological model of the yield-stress viscoplastic
fluid. To perform a thorough calculation of the undeformed region of the viscoplastic
fluid, the Papanastasiou regularization method for the effective molecular viscosity
formula is applied.

Numerical simulations are conducted to analyze the velocity, temperature, and
turbulent kinetic energy distributions. The results indicate significant differences in the
flow structure between Newtonian and non-Newtonian fluids. In the case of Newtonian
fluids, a recirculation region with negative velocities is observed downstream of the
sudden pipe expansion, forming a characteristic end vortex. However, for viscoplastic
fluids, this vortex structure is absent due to the yield stress effects, which suppress
secondary flow formation.

The heat transfer characteristics along the pipe surface are also investigated. It is
found that the distributions of heat flux for turbulent Newtonian and non-Newtonian
fluids exhibit qualitative similarities, although quantitative differences arise due to the
fluid’s rheological properties. The study provides insight into the complex behavior
of viscoplastic fluids under turbulent conditions and can be beneficial for engineering
applications involving pipeline systems, heat exchangers, and energy transport processes.
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AHHOTanusi. Makanaga KeHETTeH KeHeloi 0ap KyObIpAarbl TYTKBIP-IIACTHKAIBIK
CYHBIKTBIKTBIH H30TEPMHSIIBIK €eMEC TYpOYIEHTTIK aF bIHbI KapacThIpbLIaabl. TYTKBIPIBIK
mreri 6ap TYTKBIP-TUIACTHKAJIBIK CYWBIKTBIKTBIH PEOJIOTUSIIBIK MOJCIIH CHIIATTAy YLIIH
G PEKTUBTI MOJEKYNANbIK TYTKBIPIBIK 9Jici KONJaHbUIaAbl. TYTKBIP-IIaCTHKAIBIK
CYHBIKTBIKTBIH Je(OpMalisiIaHOaiThIH aliMaFbIH TYNKUIIKTI ecenTtey yuiH 3 hexTHBTi
MOJIEKYJaJIBIK TYTKBIPIBIK (hopmynackl yurin [lananactacuyasly perynspuzauus afici
KOJIIaHbLIa IbL.

Kpu1mamMabIK, TemMrepaTypa ’KoHe TypOyIeHTTITIKTIH KHHETHKAIBIK YHEPTHSICHIHBIH
TapajyblH Talaay YIIiH CaHJIBIK MOJIEJIBACY KYPTi3inai. HproToHIbIK skoHe HhI0TOHABIK
eMeC CYMBIKTBIKTapAbIH aFbIH KYPBUIBIMBIHAA ANUTapibIKTall alblpMallbUIBIKTap Oap
eKeHi aHBIKTaNbl. HBIOTOHABIK CYHBIKTBIK KafAaiblHAa KYOBIPIBIH KEHETTEH KEHEIO
aiiMarbIHaH KeWiH COHFBI KYHBIHIIBI KYPAHTBIH TEPiC KBUIAAMIBIKTHI PELUPKYISLINS
aiiMarbl Oaiikanaapl. Anaiiia TYTKbIP-TUIACTHKAJIBIK CYHBIKTBIKTapaa aFbIMJIBIK IIEKTiH
ocepiHeH MyHJAal KyHbIH KYpbUIBIMBI Taiia Oosimaiinel, ce6edi o eKiHII peTTikK
aFBIHHBIH TY31UTYiH TeXeHai.

CoHbIMeH KaTtap, KyObIpAbIH 0eTi OOMBIHILA XKBUTY aIMacy CUIIaTTaMaIapbl 3ePTTEIII.
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TypOynentti HploTOHABIK koHe HBIOTOHIOBIK eMec CYHWBIKTBIKTap YIIiH KYOBIPIBIH
OeTi OOMbIHIIA KBUTY aFbIHBIHBIH Tapalybl canaibl TYpAe YKCAcThIK KopceTTi. 3epTrey
TypOyJIeHTTI KaFaaiaa TYTKBIP-TUIACTUKANBIK CYWBIKTBIKTApPIBIH KYPAENi OpeKeTiH
cUMaTTayFa MYMKIHIIK Oepeni skoHe KYObIp >Kylesepi, bUly aaMacThIPFBILITAD MEH
9HEPTHUsl TachbMajjay NpoLecTepiHe OaiaHbICTBl WHXKEHEPIiK KoiaaHOajmap YUIiH
naigansl 00Iybl MYMKiH.

Tyiiin ce3mep: W30TEPMHSIIBIK €MeC TypOYJIEHTTI aFblH, TYTKbIP-TUIACTHKAJIBIK
CYWBIKTBIK, aKKBIIITHIK Imeri, PeiHonbac OoWbiHINA opTamananran Haebe-CTokC
TeHJIeyepi, KeHETTEH KEeHEIO.
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AnnoTanus. B ctarbe paccMaTpuBaeTcsi HEU30TEPMUUECKOE TYPOYJICHTHOE TEUEHUE
BSI3KOTIJIACTUYHON KUJIKOCTH B TPyOe C pe3KuM pacmupenueM. sl mpeacTaBieHHs
pPEOJOTMYECKO MOJENH BA3KOIUIACTUYHOM JKUAKOCTH C MPEAesioM TeKydecTH
ucnonbzyercss Meton 3(PQEeKTUBHONH MONEKYISAPHOH BS3KOCTH. it BBINONHEHHS
CKBO3HOTO pacuéra HenepopMUpyeMOil 00JacTH BA3KOIUIACTUYHOW KHUAKOCTU
mpuUMeHsieTcsi MeTof, perynspusauuu llamanactacmy B coueTaHuu ¢ (QopmyInoi
3G PEKTUBHON MONEKYISIPHON BSI3KOCTH.

YucneHHble MOJEINPOBAHUS MPOBEACHBI Ul aHallM3a paclpeeseHuil CKopocTH,
TEMIIEPaTypbl U KWUHETUYECKOW SHEPrUM TypOYyIEHTHOCTH. Pe3ynbraTbl MOKa3bIBaIOT
3HAYUTENIbHBIE PA3INUMsl B CTPYKTYpe TE€UEHHs HBIOTOHOBCKHX M HEHBIOTOHOBCKHX
XKHUAKOCTEH. B cilydae HBIOTOHOBCKMX KHJIKOCTEH 3a yUaCTKOM pPE3KOro pacIIupeHus
TpyObl HaONIOAAETCS 30HA PELUUPKYSIIUKM C  OTPULATENBbHBIMH  CKOPOCTSIMH,
¢dopmupylommas XapakTepHbId KOHLEBOW BUXpb. OnHAKO y BI3KOIUIACTHYHBIX
KUJIKOCTEW Takash BHXpeBas CTPYKTypa OTCYTCTBYeT WM3-3a BIMSIHMA TIpeaena
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TEKy4YeCTH, KOTOPbIH MOJaBIseT POPMUPOBAHNE BTOPUUHOTO TeUeHHUs. JJOmoIHUTEIBHO
HCCIIEI0BAaHBI XapaKTEPUCTUKHU TEINIOOOMEHA BIOJb TOBEPXHOCTH TPYOBL. YCTaHOBIICHO,
YTO pacmpelesieHus TEeIIOBOTO TMOTOKa [Uisi TypOyJeHTHBIX HBIOTOHOBCKHUX H
HEHBbIOTOHOBCKHX HJIKOCTEH MIMEIOT KaueCTBEHHBIE CXOJICTBA, OJJHAKO KOJINUECTBCHHBIE
pa3nuuus 00yCIOBICHBI PEOIOTHUECKUMH CBOWCTBAMU JKUAKOCTH.

UccnenoBanue na€r mpeicTaBieHHE O CIOXKHOM IOBEICHHH BS3KOILIACTHYHBIX
XKHUIKOCTEH B TYpOYJICHTHBIX YCIOBHAX U MOXKET OBITh MOJIE3HBIM Ul WH)KEHEPHBIX
MPUIOKEHHUH, CBA3aHHBIX C TPYyOOIPOBOAHBIMU CHCTEMaMH, TEIUIOOOMEHHUKAMU H
IpolreccaMi TPAaHCIOPTUPOBKHU SHEPTHU.

KiiioueBble ciioBa: HeM30TepMUUECKOE TypOYJEHTHOE TEUEHHUE, BI3KOILUIACTHYHAS
XKHUIKOCTB, Ipe/ieN TeKyuecTH, ypaBHeHus HaBbe-Ctokca, ocpeanéHHbIe o PeliHonbacy,
pe3Koe paciiupeHue.

Introduction

The turbulent flow of non-Newtonian fluids in pipes or planar channels, accompanied
by flow separation followed by reattachment, is one of the most common cases of
shear flow. The study of such separated flows is of interest both from a fundamental
perspective, as it provides new insights into the turbulent structure of flows, and from a
practical standpoint, particularly in applications involving the flow around sharp-edged
bodies. These flows are among the most important and complex cases of wall-bounded
shear flows, characterized by elevated levels of turbulence.

In the flow separation region, significant changes in velocity, pressure, and heat
transfer fields are observed, along with an intensification of turbulent wall-boundary
transport processes (see monographs (Chang, 1970; Alemasov, et al., 1990; Terekhov,
et al., 2021) and review papers (Eaton, et al., 1981; Simpson, 1989; Polyakov, et al.,
1996; Ota, 2000; Chen, et al., 2018)). Sudden flow expansion is widely used to enhance
transport processes in Newtonian flows and is encountered in many technical devices,
such as when connecting pipes of different diameters. Understanding the characteristics
of flow and heat transfer under such conditions is crucial from both fundamental and
practical perspectives.

It should be noted that despite decades of intensive research and the involvement of
numerous scientific groups, a comprehensive theory of momentum and heat transfer for
turbulent flows of Newtonian fluids has yet to be developed.

To date, studies on the turbulent flow and heat transfer of viscoplastic fluids in a
pipe following a sudden expansion have not been well-documented in the available
literature.

The aim of this work is the numerical study of flow structure and heat transfer
in a turbulent flow of an incompressible non-Newtonian fluid in a pipe with sudden
expansion.

Materials and Methods

Mathematical model

Rheology of a viscoplastic fluid

According to the rheology of viscoplastic fluids, the effective molecular viscosity
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can be expressed as follows (Schwedoff, 1981; Bingham, 1922; Wilkinson, 1960;
Pakhomoyv, et al., 2023):

tp + Toly |7 if 7] > 10

‘ueff:{oo, iflr]| <7 °

)

here To represents the yield stress and Hp denotes the plastic viscosity. The other
expressions in formula (1) are provided in (Pakhomov, et al., 2023).

However, because of mathematical complexities, expression (1) cannot be utilized
without regularization. For this purpose, the formula presented in (Papanastasiou, 1987)
is employed. In this case, the effective molecular viscosity has a limitation as the shear
rate tends to zero || — 0:

3.
Hefr = tp T To [oexp(C107ir)] exp(mw 1) 2)

The effect of carrier fluid temperature has a strong effect on rheological properties
(Zhapbasbayev, et al., 2021; Pakhomov, et al., 2024) is taken into account by
dependence of plastic viscosity up(T), yield stress To(T'), and Bingham numbers on
Bm = tyR/(upUyy1) fluid temperature (waxy crude oil) (Pakhomov, et al., 2023;
Pakhomoyv, et al., 2024) (see Table 1). These dependencies rely on the experimental

data (Pakhomov, et al., 2024).

Table 1 — Values of yield shear stress, plastic viscosity and Bingham numbers vs fluid temperature of NNF

t,°C T K 7,, Pa U, Pass Bm
0 273 589.6 0.36 822.32
10 283 2.03 0.06 17.01
20 293 7.01E-03 0.01 0.35

25 298 4.12E-04 0.004 0.05

30 303 2.42E-05 0.002 0.007

Governing equations

The equation system for the turbulent non-isothermal flow of viscoplastic NNF
fluid is written in (Pakhomov, et al., 2023; Pakhomov, et al., 2024):

V-U=0 3)

V- (pUU) = VP + 7 - (21077S) + V- (—p{w/u/)) + V- (2ul,,S/) ()

V-(pCyTU) =V - (AVT) + V- (—=pCp(u/t/)) + ©:S (5)

The turbulent Reynolds stress —p(u/ u/ ) are modeled using k—€ turbulence

isotropic model and RSM approach. Turbulent heat flux pCp<u/ t/ ) is given in
(Pakhomov, et al., 2023). The expression 7 . <2~“£ff5/> in equation (4) is found
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according to representation of (Pakhomov, et al., 2023; Pakhomov, et al., 2024). The
term T:S considers the dissipation of kinetic energy and has the form as in (Pakhomov,
et al., 2023). Formula for the averaged shear rate can be written as (Gavrilov, et al.,
2016):

(1) = 2(S;;)(Si;) + (pe) /{u), where (u) = % + k()"
The elliptical relaxation Reynolds stress model (Fadai-Ghotbi, et al., 2008) partially

considers anisotropy of complicated turbulent flows and is computationally more
complicated than the isotropic two-equation k—¢ turbulence model:

7 (o)) = p(Py + =€) 47 [o C’;—:T(u/u/)V((u/u/))]

V. (pUe) = %(Cgle —Cpe)+ V- [p C‘;:T <u_u_> Vg]+

(6)
uk
+V-(HV8)+(;3:;(uHM)-VzU-VZU

X — L5V2x = 1/(eTy).

Here, P, is the intensity of the energy transfer from the average velocity to the
pulsating one, TT is the turbulent time macroscale; ¢ is the redistribution term, ¢ is the
dissipation rate. The constants and functions of (6) for Newtonian turbulent fluid are
taken from (Fadai-Ghotbi, et al., 2008). The RSM models do not consider the effect of
non-Newtonian fluid on fluid turbulence. The same assumption was used in our previous
papers (Pakhomoyv, et al., 2023; Pakhomov, et al., 2024).

Boundary conditions

The flow schematic is shown in Fig. 1a. The boundary conditions on the wall surface
(r=R,), pipe axis (» = 0), in the inlet section (x = 0), and at the outlet edge (x = L) are
stated in the paper Waxy crude oil in the inlet cross-section is considered as a NF, then
the behavior of a non-Newtonian SB fluid with yield stress appears.

On the inner surface wall (r = R,):

k

U=V=(wu)=0; T=T, = const; e=2vy2; x=0 (7)
On the pipe axis (» = 0):

ou oT o(u/u/) ode 0

or ar ar dr Or

Constant values of variables are set at the pipe inlet, and soft boundary conditions
are set at the outlet.
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Numerical realization

All numerical predictions are performed using “in-house” code (Pakhomoyv, et al.,
2023; Pakhomov, et al., 2024a; Pakhomov, et al., 2024b). The set of Egs. (1-5) with
boundary conditions (7-9) is solved numerically using the finite control volume method,
QUICK, and SIMPLEC algorithms. The simulations use a non-uniform mesh (in axial
and radial directions) with refinement close to the pipe wall and in the entrance zone
(see Fig. 1b). The numerical realization is described in detail in (Pakhomoyv, et al., 2023;
Pakhomoyv, etal., 2024a; Pakhomov, et al., 2024b). The grid convergence test for the local
Nusselt numbers Nu = —(9T/0y)y H/(Ty, — T,,) along the streamwise coordinate
is performed on the grids: 250x100 (“coarse”), 500%150 (“basic”’) and 750x250 (“fine”)
(see Fig. 2), where y = R —r is a distance normal to a wall, H is step height, and 7' is
a mean-mass fluid temperature. The difference between “basic” and “fine” grids is very
small (up to 0.1%) and the “basic” grid is used in authors’ simulations.

a)
Figure 1. Schematic view of the flow behind pipe with sudden expansion (a) and the computational grid
(not in the scale) (b). Arrow is a turbulent flow of a waxy crude oil.

150

Nu
T,=273K
N\ ----Fine

; —— Basic
100 ------- Coarse

50

0 ' 10 ' 20 ' 30
x/H
Figure 2. Grid independence test for 7, = 273 K. “Fine” grid has 750x250 control volumes (CVs),

“basic” has grid 500x150 CVs and “coarse” grid has 250x100 CVs.
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Validation and verification for the Newtonian turbulent fluid in a pipe with
sudden expansion

For validation and verification, a comparison was conducted with experimental
data (Baughn, et al., 1984) on heat transfer in the turbulent flow of a Newtonian fluid
(air) downstream of a sudden pipe expansion (see Fig. 3). The first two cross-sections
are located within the recirculation zone, the third approximately corresponds to
the reattachment point of the flow, and the fourth is situated in the relaxation zone
downstream of the reattachment (see Fig. 3a).

In the first cross-section, an increase in the thermal mixing layer is observed behind
the sudden pipe expansion. Intense turbulent mixing in the separation zone results in the
majority of the temperature difference between the wall and the axis being concentrated
in a thin near-wall layer at 7/R = 0.95. Thus, mixing processes in this near-wall layer
play a dominant role in the heat transfer between the pipe wall and the turbulent fluid
flow.

T, '

T, T,
0.8

w

0.6

041

0.2

y/R

a) b)
Figure 3. Radial temperature profiles along the pipe length (a) and effect of the Reynolds numbers on heat
transfer enhancement ratio Nu/Nqu in the pipe sudden expansion (b). Points are measurements of Baughn
etal., 1984 at 7, = const; solid lines are authors’ computations. Re, = U 2R /v =1.73x10%

Figure 3b presents the distributions of local heat transfer downstream of the sudden
pipe expansion along the longitudinal coordinate. Here, NUsq represents the Nusselt
number for a fully developed flow in a pipe without sudden expansion. It can be seen
that as the Reynolds number (flow velocity) increases, the intensity of heat transfer
significantly rises, which is expected.

Notably, the location of the maximum heat transfer approximately coincides with
the reattachment point for Newtonian fluids. This finding is consistent with both the
experimental measurements (Baughn, et al., 1984) and our calculations. Overall, the
analysis of the data presented in Fig. 3 demonstrates good agreement between the
measurements (Fadai-Ghotbi, et al., 2008) and the results of our calculations.

Results and Discussion
Numerical results for the non-Newtonian turbulent flow behind pipe sudden

expansion and discussion
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Anon-isothermal viscoplastic non-Newtonian fluid (waxy crude oil) flows along a pipe
with sudden expansion. Pipe .D. Diameter before suddenexpansionis D, = 2R, = 0.2
m, pipe diameter behind the sudden expansion is D, = 2R, = 0.3 m, step height is
H = 0.05m, H/(2R;) = 0.25, expansion ratio ER = (R,/Ry)2 = 2.25
. Pipe length is L = 20 m (x/D = 100). The temperature profile is uniform at the
pipe inlet. Mean axial velocity and mean temperature at the inlet U | = 0.25 m/s, 7| =
303 K respectively. The wall temperature is uniform along the pipe length after sudden
expansion and it varies T,, = const = 273- 293 K. Reynolds number based on pipe
diameter Re = U,,; 2R, /vy, = (0.7-3)x10% Reynolds number based on step height
Rey = UpniH /vw1 = (1.7-7.5)x10°. The Prandl number of the Newtonian fluid is
Pr = wy1Cpq /A1 =42. The Kolmogorov geometric scale 77 and time scale 7k
were determined using the following formulas of (Baughn, et al., 1984):

-3/4
Nk = 2R, Recl/ , Tk = Ng/Vs

where Rec; =2R; < uUgq >/V is the Reynolds number, and < ul; > represents
the root-mean-square velocity fluctuations of the gas at the pipe axis before the separation
section of the flow.

For the conditions of this study, 77 = 0.002 m and 7, =0.82 s (at Re = 10%),

All predictions are carried out in the region of hydrodynamic and thermal stabilization
in a steady-state fluid flow in a pipe with sudden expansion. Waxy crude oil in the inlet
cross-section is considered as a Newtonian turbulent fluid. Then, the process of heat
transfer through a cold pipe wall starts with fluid movement through a pipe. A fluid
temperature decreases by heat transfer with cold surrounding soil through a pipe wall.
This leads to a sharp increase in viscosity and the appearance of yield shear stress 7,
(Zhapbasbayeyv, et al., 2021; Pakhomov, et al., 2024).

Local flow structure and turbulent characteristics

Figure 4 shows the streamlines for Newtonian (a) and non-Newtonian SB (b)
fluids downstream of a sudden expansion in a pipe. After the separation section, the
streamlines undergo significant changes compared to the flow in the pipe prior to the
sudden expansion. Due to flow separation, a recirculating flow zone is formed, and for
the Newtonian fluid, a small end vortex is observed immediately downstream of the
step. This is consistent with the conclusions for separated flows of Newtonian fluids
(Chang, 1970; Alemasov, et al., 1990; Terekhov, et al., 2021). The flow attachment point
is located at for the flow and for the non-Newtonian fluid.
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b)
Figure. 4. Streamlines of Newtonian (7, = 7}, =303 K) (a) and non-Newtonian SB (b) (7, =303 K, 7,
=273 K) fluids behind pipe sudden expansion.

The center of the main recirculating eddy is located around x/H = 5 and y/H = 0.5.
The small corner eddy takes place around x/H = 1, and the mean flow velocity in this
area is very small. The lengths of recirculation zones are determined from the zero value
of mean axial flow velocity (U = 0) for the NF and NNF. The direction of rotation in
this vortex coincides with the direction of the main flow. As the Newtonian flow cools,
the non-Newtonian properties of the fluid begin to manifest (a significant increase in
plastic viscosity u,and yield stress 7)), and the flow takes on the characteristics of a
turbulent viscoplastic Schwedoff-Bingham fluid. Flow attachment occurs at =6.2. Thus,
it can be said that the length of the flow separation region is significantly reduced (by
approximately 40%). It is noteworthy that the end vortex region disappears for the non-
Newtonian SB fluid. Qualitatively, this agrees with the experimental data for turbulent
non-Newtonian fluids in the absence of heat exchange (Pereira, et al., 2000); Pereira, et
al., 2002). It should be noted that qualitatively, the flow of non-Newtonian Schwedoft-
Bingham fluid after the sudden expansion of the pipe is similar to that of Newtonian
fluid.

Figures 5 show the profiles of the axially averaged velocity for Newtonian (bold
lines) and non-Newtonian Schwedoff-Bingham (dashed curves) fluids downstream of
the sudden expansion in the pipe. The first two cross-sections are located in the flow
separation region for both fluids. The x/H = 15 cross-section is in the recirculation
region (for the Newtonian fluid) and in the flow attachment region (for the non-
Newtonian fluid). The fourth cross-section is located in the flow attachment zone for
the Newtonian fluid. The x JH =15 cross-section corresponds to the flow relaxation
zone after the flow attachment point for both fluids.

It should be noted that downstream from the flow separation cross-section, a sharp
change in the flow structure is observed. For the velocity profiles of the fluid (see Fig.
5a), a region of negative velocities appears, corresponding to the flow recirculation
zone. After the flow attachment point, the flow begins to recover, and dynamic and
thermal boundary layers develop. The flow starts to exhibit the characteristics
of hydrodynamically stabilized flow in a circular pipe. Complete hydrodynamic
stabilization of the Newtonian turbulent flow downstream of the sudden expansion in
the pipe occurs at distances x/H>40 (Terekhov et al., 2021). For the non-Newtonian
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viscoplastic turbulent fluid flow after the sudden expansion, the presence of a flow
separation region is also observed. The intensity of such a flow is lower (approximately
by 25%) compared to the corresponding Newtonian flow. The flow velocity in the core
of the flow for the SB fluid slightly exceeds the corresponding value for the Newtonian
turbulent flow. In the immediate vicinity of the wall, at r/R>0.9, the flow nearly stagnates
due to yield stresses and plastic viscosity.

10 15 xH=2 4 6 10 15

XH=2 4

n : n 1 " — + + — . Y

110 11 0 1 05 1 0 005 01 005 01 005 01 005 01 005 0.1
2

U/Um b) kU2,

Figure. 5. Radial profiles of dimensionless distributions of mean axial velocity U (a), turbulent kinetic
energy k (b).

In Figure 5b, the distributions of kinetic energy of turbulence (KET) across
the radius of the pipe downstream of its sudden expansion are shown. Turbulence
was determined using the Reynolds stress transport model (Fadai-Ghotbi, et al.,
2008), and for axisymmetric NF and NNF, it was calculated using the relation:
2k = (u'?) + (v'?) + (Ww'?) = (u'?) 4+ 2(v'?). The maximum value of the KET for
both types of fluids studied in the work is observed in the shear mixing layer. As the flow
progresses downstream, the magnitude of the turbulence energy maximum decreases
and shifts toward the pipe wall. The profile of the averaged longitudinal velocity
component for both Newtonian and non-Newtonian fluids becomes more gradual. The
turbulence level in the recirculation zone for the SB fluid is noticeably lower than for
the Newtonian flow due to the manifestation of the non-Newtonian properties of waxy
crude oil as it cools (approximately up to 30%). In the immediate vicinity of the wall, at
r/R > 0.9, where the fluid nearly stagnates (see Fig. 5a), the KET level k approaches
ZEero.

Profiles of the averaged effective dynamic viscosity Uerr = Ur + [ + Up ata few
stations behind the sudden pipe expansion for various wall temperatures are presented
in Fig. 6, where u is the molecular (laminar) viscosity.
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Figure 6. Radial dimensionless profiles of averaged effective dynamic viscosity u, -
Re = 10% Re,, =2600, Pr =42, Bm = 0.007.

With this form of writing the expression, it is easy to analyze the influence of non-
Newtonian properties of the turbulent fluid on viscosity. It can be seen that the greatest
manifestation of the viscoplastic behavior of turbulent fluid is revealed at 7, = 273 K.
The flow shows the properties of a Newtonian fluid and the value of apparent viscosity
Moy / (,UT +u) > latT ,»= 303 K. The main zone of manifestation of non-Newtonian
behavior of turbulent fluid is limited to the recirculating region at /R > 2. As we showed
earlier (Zhapbasbayeyv, et al., 2021; Pakhomov, et al., 2023) for a turbulent flow of waxy
crude oil in a pipe without sudden expansion, the properties of SB fluid appear at 7, <
293 K. Qualitatively similar behavior of turbulent non-isothermal fluid is obtained for
the flow in a pipe with sudden expansion.

Conclusion

The transition of a Newtonian turbulent fluid into a viscoplastic non-Newtonian
Schewedoft-Bingham fluid in a pipe with a sudden expansion is numerically studied.
The kinetic energy of turbulence of a fluid flow is predicted using the elliptic relaxation
Reynolds stress model.

For the velocity profiles of the fluid (see Fig. 5a), a region of negative velocities
corresponding to the flow recirculation zone is observed. For the turbulent flow of
non-Newtonian viscoplastic fluid after the sudden expansion, the presence of a flow
separation region is also identified.

For the Schwedoff-Bingham viscoplastic fluid, it is characteristic that there is no
local minimum in heat transfer in the angular part of the step. The turbulence level in
the flow recirculation zone for the SB fluid is significantly lower than for the Newtonian
flow, which is explained by the manifestation of non-Newtonian properties of waxy
crude oil as it cools (approximately up to 30%). Near the wall, at r/R>0.9, where the
fluid nearly stagnates, the turbulence level tends to zero.
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