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Structure of turbulent non-isothermal flow in a pipe with a sudden expansion
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ABSTRACT

The article studies a mathematical model of turbulent non-isothermal flow of non-Newtonian
fluid. At the inlet, the fluid is Newtonian and, due to a decrease in temperature, it becomes non-
Newtonian due to increased viscosity and yield strength. The system of turbulent motion and heat
transfer equations is solved by the numerical control volume method in variables of the velocity
and pressure components. The calculations yielded average and pulsation characteristics of the
non-isothermal motion of non-Newtonian fluid in a pipe with sudden expansion. The calculations
show a sharp reduction in the structure of the recirculation zone and a decrease in its parameters
with an increase in the Bingham number Bn. In this zone, the maximum negative value of the
average velocity, equal to—-Umax/Um1 = 0.2 for a Newtonian fluid, decreases to —-Umax/Um1=0.1
at the Bingham number Bn = 17. A decrease in the turbulent characteristics of the non-Newtonian
fluid flow is also observed with an increase in the Bingham number. Heat exchange characteristics
in the flow region of turbulent non-Newtonian and Newtonian fluids are qualitatively similar. The
location of the flow attachment and maximum heat exchange of non-Newtonian fluid does not
exceed 10%. The length of the recirculation zone of viscoplastic fluid is shorter by up to 66%
compared to Newtonian fluid.
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sudden expansion.

Zhapbasbayev Uzak Kairbekovich

Information about authors:

Doctor of Technical Sciences, Professor, Head of the Modeling in Energy Scientific and Production
Laboratory, Satbayev University, Almaty, Kazakhstan. E-mail: uzak.zh@mail.ru; ORCID:
https.//orcid.org/0000-0001-5973-5149

Bossinov Daniyar Zhumadilovich

Master of natural sciences, researcher in laboratory Modeling in Energy, Satbayev University,
Almaty, Kazakhstan. Email: dansho.91@mail.ru; ORCID ID: https://orcid.org/0000-0003-3757-
6460

Introduction

Turbulent fluid flow with sudden expansion in
pipes is used to intensify heat exchange in various
technical devices. Such a design of pipe connections
takes place in centralized heating systems. This
primitive geometry was used at a fundamental level
to study the flow division pattern. With the sudden
expansion of the flow in the pipe, the static pressure
increases and the kinetic energy of the fluid
decreases, a recirculation zone is formed, which
divides the flow into two parts. Behind the
recirculation zone, the flow fills the entire cross-
section of the pipe with a flat velocity profile. The
separation surface becomes unstable at moderate
and high Reynolds numbers (Re) and is the source of
vortex generation in both parts of the flow.
Moreover, the vortices develop and gradually
disappear. This is because the liquid flows against
the increase in static pressure with the formation of

a recirculation zone. The flow after a sudden
expansion of the pipe cross-section can be
considered as a jetin an annular recirculation region.
This jet expands radially in the expansion region of
the pipe until it reattaches to the pipe wall. As
experimental studies of fully developed turbulent
flow in pipes show [[1], [2]], reattachment of the
flow occurs at lengths 6-9 times greater than the
height of the expansion stage of the pipe.

In [3] the separation and reattachment of a
turbulent flow in a pipe with sudden expansion were
also  studied experimentally.  Experimental
measurements of the velocity field were carried out
by several authors [[4], [5], [6]] at moderate and high
Reynolds numbers of the flow in a pipe with sudden
expansion. These measurements showed that the
separation region contains large velocity gradients
and high shear in combination with an unfavourable
pressure gradient. Whereas the reverse flow
velocities in the recirculation region are of the order
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of 10% of the average velocity in the expanding part.
The presence of the pipe wall prevents fluid
entrainment so that an unstable vortex structure is
established further downstream. As experiments
[[4], [5], [6]] show, it is difficult to obtain accurate
guantitative measurements of turbulence in the
recirculation zone, since the average velocities are
usually small and the turbulence intensity is high. In
this paper, the calculated data of a turbulent non-
isothermal flow of a non-Newtonian fluid in a pipe
with sudden expansion are presented.

Statement of the problem. Figure 1 shows the
flow diagram.
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Figure 1 - Flow diagram in a pipe with a
sudden expansion

A Newtonian fluid with a temperature T; =303 K
and an average velocity u; flows into a pipe. The
ambient temperature Ty = 273 K is less than the
temperature of the incoming fluid. Heat exchange
with the environment leads to cooling and a
decrease in the temperature of the fluid. A decrease
in temperature increases the viscosity and yield
point, causing the transition of the Newtonian fluid
to non-Newtonian. It is required to find the patterns
of average and pulsation characteristics of turbulent
non-isothermal flow of a non-Newtonian fluid in a
pipe with a sharp expansion.

The system of equations of non-isothermal
turbulent motion and heat transfer of a viscoplastic
fluid is written in the form [[7], [8], [9]]:

V-U=0 (1)

V- (pUU)= ~VP + V- (241S)+ V- [ p(u't!))+ V- (24, S')
(2)

V-(pC,TU)=V-(AVT)+V(-pC, (u't'))+7: VU

(3)

The coefficient of effective molecular viscosity
Mert Of a viscoplastic liquid is found from the
expression [[10], [11], [12], [13], [14]]:

-1
14 R L (4)

:uef'f =
o0, |r| <7,

The singular property |T| <1, of formula (4) can

be regularized using the approach [15] and written
as:

0Ll—exp(—m|;'/|)J

71

(5)
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Where the regularization parameter is m=1000 s
[15].

The turbulent stress model (RSM model) [[9],
[16]] is used to close the system of equations of
motion and heat transfer (1-5):
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In [[9], [16]] the constants and closing functions
of the system of equations (6) are given.

Boundary conditions. The flow diagram is
shown in Figure 1.
On the pipe wall before and after expansion:

U=V :<u’u’>=o; T = Tw = const;

K
8:2VWF}X=0 (7)

On the pipe axis:
Il
n o ) e or oo
or or or or or

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

Numerical method for solving the problem. 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” s
described in detail in the work [[7], [8], [9]].

Numerical calculations are obtained using our
software.
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Discussion of the calculated data

Flow structure in a pipe with a sudden
expansion. Figure 2 shows the contour lines of
turbulent kinetic energy for Newtonian (NF) and
viscoplastic fluids (NNF). The contour lines show the
structure of the mixing layer and the development
of turbulent kinetic energy in the flow region. From
the edge of the sharp expansion area, the mixing
layer separates and develops to the point of re-
attachment of the flow (see Figure 2). The
separation zone for the Newtonian fluid reaches
x/H=9.3, and for the viscoplastic fluid - x/H=6.7, i.e.
the separation zone is reduced in the viscoplastic
fluid. The maximum level of turbulent kinetic energy

is achieved in the mixing layer (k /Uri1= 0.06). The
region with maximum TKE values (K /Unz11= 0.06) is
located in the downstream position (x/H = 5, y/H =
0.6) for Newtonian fluid and (|(/U§]1= 0.045) for

viscoplastic fluid in the position (x/H = 4, y/H = 0.5)
(see Figure 2).

y/H 10%k/U2

Figure 2 - Plots of the kinetic energy of turbulence in NF
(a) and NNF (b) fluids behind a sudden expansion of a
pipe. Re = 10, Ren =2600, Pr = 42, Bn1=0.007

Fig. 3 shows the change in the maximum axial
velocity along the longitudinal coordinate in the
recirculation zone of the flow behind a sudden
expansion of the pipe.
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Figure 3 - Change in axial velocity along the length of
the recirculation zone in a pipe with a sudden expansion.
Re = 10% Ren =2600, Pr = 42, Bn1 = 0.007

The calculations were performed at the inlet
temperature T1=303 K and different values of the
wall temperature Ty. The calculated data at T,,=303
K correspond to the turbulent flow of a Newtonian
fluid (NF). In this mode, the maximum value of the
velocity is —Umax/Um1 = 0.2. For a viscoplastic fluid at
Tw=273 K, the maximum value of the velocity is —
Umax/Um1 = 0.1. It can be said that the appearance of
the viscoplastic property of the fluid suppresses the
intensity of the circulation flow compared to a
Newtonian fluid (see Figure 3).
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Figure 4 - Reynolds stress profiles of NF (Tw =303 K) and
NNF (Tw = 273 K) fluids at x/H = 4. Re = 10%,
Ren =2600, Pr =42, Bn1 = 0.007

Figure 4 shows the distributions of Reynolds
stresses for Newtonian (Tw = 303 K) and viscoplastic
(Tw = 273 K) fluids at x/H = 4. The highest value of
Reynolds stresses is achieved in the shear layer of
mixing of Newtonian and non-Newtonian fluids.
These data are in agreement with the results of
separated flows of Newtonian fluid after a step [6].
The highest value of the ratio of axial velocity
fluctuations to radial ones for NF fluid is up to 2
times and for NNF fluid up to 2.6 times.
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The length of the circulation zone characterizes
the intensity of the vortex in a pipe with a sharp
expansion (see Figure 5). The Reynolds number of
the flow has little effect on the position of the zone
attachment point and the maximum heat transfer
for Newtonian and non-Newtonian fluids for all
calculations of wall temperatures and flow rates (up
to 7%). The position of the flow reattachment point
and the maximum heat transfer for Newtonian and
non-Newtonian fluids are slightly affected by the
Reynolds number (up to 7%) for all calculations of
wall temperatures and flow rates. The difference
between the flow reattachment point and the
maximum heat transfer between Newtonian and
non-Newtonian fluids does not exceed 5%. The flow
reattachment point and the position of maximum
heat transfer are located upstream for a non-
Newtonian fluid compared to the position of the
reattachment point in Newtonian fluids [[6], [17],
[18], [19]]. The maximum difference reaches 10% for
a non-Newtonian fluid at Tw = 273 K.

The length of the separation zone and the
position of the maximum heat transfer are affected
by the wall temperature. For a non-Newtonian fluid,
the length of the recirculation zone is reduced to
66% compared to the length of a Newtonian fluid
and is xR/H = 6.5-6.8 at Tw = 273 K.
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Figure 5 - Recirculation length xr and maximum heat
transfer point xmax as a function of wall temperature.
Re = 10% Ren =2600, Pr = 42, Bny = 0.007

Heat transfer. Figure 6 shows the changes in the
Nusselt number Nu = hH/Aw: along the axial
coordinate (a) and the effect of the Reynolds
number Re on the maximum heat transfer (b). Here,
h is the heat transfer coefficient, Numax is the
maximum Nusselt number, and Nug¢g is the Nusselt
number for a fully developed Newtonian flow in a
pipe without expansion.

The Nusselt number is found from the step
height Nu=—(8T /dy), H/(Ty —T,). The flow

reattachment points are indicated by arrows in Fig.
6a. As can be seen from Fig. 6a, the changes in heat
transfer along the pipe length for NF (line 1) and NNF
(lines 2—4) are qualitatively similar. There is no local
minimum for NNF in the corner part of the step. At
Tw =293 K, the change in heat transfer (curve 2) and
the length of the recirculation zone of NNF are
practically the same as the NF data. The faster
manifestation of non-Newtonian properties of the
NNF fluid causes a decrease in the wall temperature
and confirms the above-mentioned calculated data.
A decrease in the intensity of heat transfer of
turbulent flow in a pipe with sudden expansion can
be noted for NNF. The maximum heat transfer
values coincide with the location of the flow
reattachment point. For NNF at Tw = 273 K, the
maximum heat transfer is shifted by up to 70% (line
4).
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-203K
-283K
-273K
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Figure 6 - Dependence of maximum heat transfer on
Nusselt (a) and Reynolds (b) numbers in NF and NNF
turbulent flows.

Re = 10 Ren =2600, Pr1 = 42, Bn1 = 0.007

Similar data were obtained for the maximum
values of the Nusselt number depending on the
Reynolds number (see Fig. 6b). The bold line is the
calculated data using the formula

Nu = 0.023Re%® Pr®4[20] for a stabilized turbulent
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flow of a Newtonian fluid in a pipe without
expansion.

The authors' calculated data for a fully
developed turbulent Newtonian fluid in a pipe are
shown as a dashed line. An increase in the Reynolds
number leads to an increase in heat transfer for
turbulent NF, as well as for NNF. For a turbulent flow
of a Newtonian fluid, the maximum value of heat
transfer is higher (dashed line) than for turbulent
flows of a non-Newtonian fluid (Tw = 283 and 273 K).
It can be noted that the slope of the well-known
experimental heat transfer formula [20] (bold line)
and the authors' calculated data for a pipe without
expansion differ from the data for NF and NNF after
a sudden expansion of the pipe.

Conclusion

Calculated data are obtained for the turbulent
non-isothermal flow of non-Newtonian fluid in a
pipe with abrupt expansion. An elliptic model of
Reynolds stress relaxation is used to simulate
turbulent kinetic energy. The calculations show the
occurrence of completely stagnant flow in the near-
wall region of a pipe for non-Newtonian fluid, where
the value of U = 0 (y/R < 0.4 at x/H = 15). The
stagnation zone occurs at x/H > 8 with the Bingham
number Bm=17. In the shear mixing layer of the
isothermal non-Newtonian fluid, a significant
decrease in the turbulence level (up to 50%) is
obtained. In the core zone, the turbulence level of
the non-Newtonian fluid is up to 15% higher than
that of the Newtonian fluid. The Bingham number
affects the value of the maximum negative velocity
in the separation region (-Umax/Um1l= 0.075 with
Bm=17).

For a non-Newtonian fluid, the vortices in the
recirculation zone after a sudden expansion are less
intense than for a Newtonian fluid.

For turbulent flows of non-Newtonian and
Newtonian fluids, the heat transfer distributions are
gualitatively similar. The values of the location of the
flow attachment point and the maximum heat
transfer are also close, the difference does not
exceed 10%. The length of the recirculation zone and
the position of the maximum heat transfer are
strongly affected by the wall temperature. For a
non-Newtonian fluid, the length of the recirculation
zone is shorter by up to 66% than for a Newtonian
fluid. The flow attachment point of a non-Newtonian
fluid is located higher than that of a Newtonian fluid.
Heat transfer in the recirculation zone of a non-
Newtonian fluid is two times lower than for a
Newtonian fluid. The length of the recirculation zone
is shorter by up to 40% for a non-Newtonian fluid,
compared to a Newtonian fluid.
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TYAIHAEME

Makanaga HblOTOHAbIK, €MeC CYMbIKTbIKTbIH, TypOy/NeHTTi M30TEPMUANbIK €MEeC afblHbIHbIH,
MaTemaTuKasblK mogeni KapacTtbipbliagbl. KybbipfFa KipreHae cyibiKTblK HblOTOHAbIK 60/bin
Tabblnagbl KaHe TemnepaTypaHblH, TeMeHAeyiHe 6aliNaHbICTbl TYTKbIPAbIK MNeH aKKbIWTbIK
6epiKTiriHiH, YKofapblnaybiHa 6ainaHbICTbl 0N HbIOTOHAbBIK €eMeC CyMbIKTbIKKAa aiHanagbl.
TypbyneHTTi KO3Fa/ibiC MEH KblAy anmacy TeHAey/nep XYWeci KbiNgamapblK NeH KbICbIMHbIH,
aliHbIManbl Kypamgac beniktepiHae caHaplK H6ackapy Kenemi agicimeH wewinegi. Ecenteynep
HaTUXKeCIHAE KeHEeT KeHetoi 6ap Kybbipaarbl HblOTOHABIK eMec CYWbIKTbIKTbIH, U30TEPMUANbIK,
emMeC KO3Fa/IbICbIHbIH, OpTalla KaHe MyNbCauuAnblK cunaTTamanapbl anbiHabl. Ecenteynep
PEUMPKYNALMA aliMafFbliHbIH, KYPbINbIMbIHbIH, KYPT TeMeHZeyiH jkaHe BuHram caHbiHblH, Bn
Y/IFalobIMEH OHbIH, MapameTp/iepiHiH, TomeHaeyiH KepceTeai. byn alimakTa HblOTOH CYMbIKTbIfbl
ywiH —Umax/Um1l = 0,2-re TeH, opTawa »XblALaMAbIKTbIH, MaKcMmangbl Tepic maHi Bingham
caHbiHga Bn = 17 -Umax/Uml = 0,1-re geliH TemeHAenai. HblOTOHABIK eMec CYMbIKTbIK
afbIHbIHbIH, TYPOYNEHTTIK cMnaTTamanapbliHbiH, TeMeHAeYi BUHrem CaHbIHbIH, }KOFapbliaybiIMeH e
6alikanagbl. TypbyneHTTiK HbIOTOHABIK €emec aHe HbIOTOHAbIK CYMbIKTbIKTApAblH, afbiC
aliMaFblHAAfbl Kby a/sMacy cunaTTamanapbl cananblk >KafblHaH yKcac. HblOTOHAbIK emec
CYMbIKTBIKTbIH, afblHAbIK KOCbIIbICbIHbIH, OPHbI KaHe MaKkcumangbl by 6epyi 10% acnaigpl.
HblOTOHABIK eMec CYMbIKTbIKTbIH, PELMPKYNALMA alMaFbIHbIH, Y3bIHAbIFbI HBIOTOH CYMbIKTbIFbIMEH
canbicTblpFaHaa 66%-fa AeliH KbICKa.

TyliiH ce30ep: N30TePMUANBIK eMEC TYPOYNEHTTI afblH, TYTKbIP NAACTUKANbIK CYMbIKTbIK, KEHETTEH
KeHetoi 6ap Kybblp afbiCbiHbIH, PELMPKYNALMA aiMafbl.
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AHHOTALUMUA

B cTaTbe paccmaTpuBaeTca MaTemaTuyeckas MofLeNb TypOyNeHTHOro HeW3OTEPMUYECKOro
TeYeHUA HEeHbIOTOHOBCKOW KMAKOCTWU. Ha BXOAe MKUAOKOCTb ABAAETCA HbIOTOHOBCKOW WM M3-3a
NOHUKEeHWA TeMNepaTypbl CTAHOBUTCA HEHbIOTOHOBCKOW 3a CYET yBe/IMYEHUA BA3KOCTU U Npeaena
Tekyyectn. Cuctema ypaBHeHWUW TypbyneHTHOro ABWMXKEHMA W TenjonepeHoca peluaeTtcs
YNCAIEHHBIM METOA0M KOHTPO/IbHOTO 06'bema B nepemMeHHbIX KOMMOHEHTaX CKOPOCTU U AaBeHUA.
B pe3synbrate pacyeToB MOAyYeHbl CcpeAHWEe U MyNbCaUMOHHbIE  XapPaKTEPUCTUKM
HEN30TePMMUYECKOTO  ABUXKEHWA HEHbIOTOHOBCKOM MAKOCTM B Tpybe C BHe3anHbiM
pacwmpeHMem. PacyeTbl NMOKa3biBalOT pe3Koe COKpalLeHWe CTPYKTYpPbl 30Hbl PELUPKYAALUN U
YMeHbLLEHME ee MapameTpoB C POCTOM uucna BuHrama Bn. B 3Toi 30He MaKcMmanbHoe
oTpuuaTesibHOe 3HayeHue cpedHen ckopocTu, pasHoe —Umax/Uml = 0,2 Ana HblOTOHOBCKOM
KUAKOCTM, yMmeHblaetcsa Ao —Umax/Um1 = 0,1 npu unmcne buHrama Bn = 17. Takxke HabatogaeTca
YMeHbLUEeHMe TYpOYNEeHTHbIX XapaKTepUCTUK TeYEHUA HEHbIOTOHOBCKOM }KMAKOCTU C POCTOM YMcna
BuHrama. Xapaktepuctmku tennoobmeHa B 061actv TeueHUsa TypbyneHTHbIX HEHbIOTOHOBCKOW U
HbIOTOHOBCKOW KUAKOCTEN KayecTBEHHO NOoA06HbI. PacnosoxeHne npucoesmHeHUs MoToka u
MaKCMMa/IbHOTO TensioobmeHa HEHbIOTOHOBCKOM XWAKOCTM He npesbliwaeT 10%. [AanMHa 30HbI
PEeLMPKYNALUN HEHBIOTOHOBCKOM XMAKOCTM Kopoye A0 66% No CpaBHEHUIO C HbHOTOHOBCKOM
PKUAKOCTbIO.

Kntovesbie cn06a: Hensotepmuyeckoe TypbyneHTHOe TeYeHWe, BUCKOMIACTUYECKAN KUAKOCTb,
30Ha pPeLupKyALMM NOTOKa B Tpy6e C pesknm pacluvpeHuem.
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