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ABSTRACT

(upward oriented flow due to natural convection amsvard

Many researchers have analyzed laminar and turbulen oriented flow due to forced flow), the effectivemesf heat

mixed convection in channel flows, however, desgitar wide
investigations, there are still many cases whiah mot well
understood and difficult to predict. Investigationd heat
transfer in the laminar-turbulent (transition) magiunder the
effect of buoyancy (mixed convection) are rathenitiéd. In
this paper the results on numerical investigatiérthe local
aiding mixed convection heat transfer in the lamin@bulent
(transition) region in a vertical rectangular cheanrare
presented. Numerical 3D steady state simulationg Heeen
performed using Ansys Fluent code in air flow. Mididg has
been performed using laminar and transitional (kkEST and

Re Stressm) models. Modelling results demonstrate that

vortexes exist in the central part of the chanfélis makes
velocity profiles asymmetrical. The results of nuica
modeling have been compared with the results oéexgnts
performed at the same conditions and previous tesiil 2D
numerical modelling using laminar model.

INTRODUCTION

Mixed convection investigations (the interaction tbfe
natural and forced convection) in channels of w&i@ross-
sections and orientations are important for nuclpawer
technology, heat exchangers, electronic coolingesys, solar
energy systems, etc. Due to the importance of tiggneering
applications problem, a lot of researchers conegsdr their
attention on the turbulent mixed convection heatngfer
investigations in vertical circular tubes [1 - 3Wide
investigations on this problenfturbulent flow in vertical
channels) were performed at the Lithuanian Energgtitute
[4]. Different studies showed that compared to fbeced
convection, heat transfer was higher in case ofapgosing
mixed convection (upward oriented flow due to nakur
convection and downward oriented flow due to forfled)). It
was revealed that in case of the aiding mixed cctime flows

1741

transfer could be seriously impaired as a resulbudyancy
forces modifying the production of turbulence aadhinarizing
the flow. However, if higher buoyancy parametersreve
applied, heat transfer recovered and became eghehthan
the forced convection heat transfer.

Investigations of heat transfer in the laminar-teint
transition region under the effect of buoyancy (@eix
convection) were rather limited.

NOMENCLATURE

b [m] Channel widtl

Cp [J/kg K] Specific heat

de [m] Equivalent diameter of the channél £ 2hb/(h+b)]

Grq [ Grashof number defined by the heat flux specifon
the surface®rq = g- 4 de*gu/V*- 4]

g [m/&] Acceleration due to gravity

h [m] Channel height

i [J/ka] Enthalpy

Nu [ Nusselt numbeu = ad/2]

Pr [ Prandtl numberPr = ucy/2]

p [Pa] Pressure

q [Wim?] Heat flux density

Re [-] Reynolds numbeiRe = ud¢/+]

u [m/s] Local flow velocity

X [m] Axial coordinate measured from start of heating

XY, Z [m] Coordinate

Special characters

o [W/m?K] Heat transfer coefficient

Yij [1/K] Volumetric expansion coefficient

A [W/mK]  Thermal conductivity

v [m?s] Kinematics viscosity

U [Pas] Dynamic viscosity

P [kg/m®]  Density

Subscripts

1,2 First and second wall

in At the inlet

w At the wall

XY, Z Coordinate



The flow character in pipes in this region was Btigated
in [5, 6]. In order to visualize the flow, paint svanjected in the
central part of the pipe. It was reported, that shape of the
paint thread in aiding mixed convection flows witte loss of
flow stability was similar to the shape of sinusoahd the
pulsation of the temperature on the pipe’s wallkktds place.
With the increase of the buoyancy parameter, thglitude of
the paint thread sinusoid became bigger, while wenadlly the
paint thread intermitted at the end. The initiadtability of the
flow depended not only on the buoyancy parametéralso on
the length of the channel (L/d). In the case of tpposing
mixed convection flows, the instability of the flowas
demonstrated by the appearance of the asymmettyegbaint
thread just before the heating. If the buoyancyapester
increased significantly, the flow began pulsatithgvas noticed
that an asymmetric flow was formed inside the cleanih was
also noticed in [7, 8], that the existence of tleure points in
velocity profiles and especially the possibility ahe
appearance of the reversed flow, stimulated the ddstability
of laminar flow, as well as the transition to tuldnt flow. The
loss of stability and the transition to turbuleluw took place
when Re = Rg< 2.3 - 18, With the increase of @Re, critical
Reynolds number decreased. The correlation foutation of
the distance at which laminar flow loses its sigbih case of
the aiding mixed convection flows was suggestdd]nin case
of the opposing mixed convection flows with incriegs
Gry/Re, the flow became slower near the walls andsircore
became faster. With @Re = 100 velocity gradients became
equal to zero near the wall, and with further iasee of this
parameter reversed flow appeared. Wheg/Rér=~ 170 the
instability took place, vortices appeared in thgioe near the
wall, and then, under higher @re, the flow became turbulent.

The structure of the flow, in case of the opposmiged
convection, was studied in a vertical tube in [9jhmmoving
thermocouples. After these investigations, it warsctuded that
at the beginning of the heating, vorticgspear near the walls,
which causes the fluctuation of wall temperatures the
influence of the buoyancy forces became strondes, flow
inside the channel became turbulent.

In [10] experiments (temperature and velocity flations)
in airflow for Re = 1000, 1300 and 1600 were parfed. Flow
instability in a vertical tube in case of the amlimixed
convection was analyzed. It was determined that flost its
stability under Gr/Re > 1500.

In [11] the results on experimental and numerical
investigation of the opposing mixed convection weaical flat
channel with symmetrical heating in the laminabtuent
transition region were presented. Numerical twostisional
simulations were performed for the same conditi@ssin
experiments using the Fluent code. The performed
experimental investigations showed that for thehaigthan
ambient air pressure in some Re region, heat eamafe was
more intensive than for the turbulent flow. The muiTal
investigations indicated that as the influence h&f buoyancy
became stronger, the vortical flows appeared atvdieof the
channel, which caused the intensification of that tiansfer.

In this paper the results on numerical investigetiof the
local aiding mixed convection heat transfer in {aeinar-
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turbulent transition region in the vertical flat atinel are
presented. Numerical three-dimensional (3D) sinmuhat have
been performed for the same channel and for theesam
conditions as in experiments using Ansys Fluent ecod
Simulations have been performed at air pressureO@2=MPa
with symmetrical heating for Reynolds numbers, Re1300,
2000 and Grashof numbers Gr= 3.6 - 18 3.8 . 18
accordingly.

METHODOLOGY

In this paper the results on three-dimensional migalke
modelling of aiding mixed convection in the vertica
rectangular channel (height — 0.0408 m, width —0,4ength —

6 m, hydrodynamic unheated length — 2.5 m, heated
(calorimeter) length 3.5 m) with two-sided symmedtiheating
(gws = au2 = const) are presented for the steady state flow
conditions in airflow. The modelling has been parfed using
laminar and turbulence transition models: &k[12], SST [13,
14], and Reynolds Stressmodel [15, 16].

The modelling has been carried out using Ansys rilue
code. It is a contemporary computational fluid dyias code
which is used for modelling the fluid flow and hégnsfer in
complex two-dimensional or three-dimensional systedv].
This code solves the main flow and energy equatibmshis
case a control volume based technique is used. based on
division of the domain into discrete control volusnesing a
computational grid (which at the same time deseritleannel
geometry).

The steady state mean flow equations to be solveithe
three dimensional problem are these:

conservation of mass (continuity),
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The transition SST model is based on the couplihthe
SST ke transport equations [14] with two other transport 1,0
equations, one for the intermittency and one fer titansition I
onset criteria, in terms of momentum-thickness Ré&s 0,8 ..
number. [ ;
The transition kkk» model is considered to be a three- 0,6
equation eddy-viscosity type model which includesngport 2
equations for turbulent kinetic energy, laminarefia energy, =5 0,4 ¥
and the inverse turbulent time scale. E 1
The Re Stress model is a stress-transport model that is 0,2
based on the k equations [15] and LRR model [16]. 0
Boundary conditions are: 3 A
o Atthe inlet to the channel longitudinal air vekyoi, 0,21
is equal to inlet veIocityiM transversal velocity, = [
u, = 0. Air enthalpy i at the inlet to the calorimete 9]‘(1) - i
equal to the inlet air enthalpy.i o - b) N
I 1
e On the wallslongitudinal y and transversaly,uuZ 0.8 ' ,' ‘\ ! \\
velocities are equal to 0. Heat flux on thglorimeter 06 T _’__,’_ i
walls (wide side walls) ar@,, = d,,= const. ’ ’ l’ \\ .7 ’x’?i"f\z
Grid convergence study (dependence of numericalracg EE 0,4 ',‘/:\:3?--("' e :.:" ‘\_",'
on the spatial resolution) have been performedigr = 2000. = 0.2 " . ,," / ‘\\"-
The comparison is made among two combinations af gr ’ ‘\ T
density interval (1000 x 20 x 75 and 800 x 20 x.@0)is 0 L e {
shown that the numerical accuracy is nearly inddpenof grid ’B 0 0,2 04 ,6,6 0,8 1J0
density interval within their respective rangeddds Therefore, 0.2} \ ;
the spatial 1000 x 20 x 75 resolution is adoptedificche cases 1 Vo
studied. Figure 1). 0,4 AW
Figure 2 The dynamics of velocity profiles for Re 1300,
RESULTS Gryin=3.6 - 18, a) 3D modelling; b) 2D modelling. 1 curve —
The numerical investigati x/de=0.01; 2 -2.7; 3-5.4; 4 - 8.1(b), 13.5(a); B3-5(b),
gation has been performedvior Re 25.7(a); 6 — 42
numbers (Rg = 1300, 2000). Results are very similar to each ' '

other, therefore more detailed analysis will besprged only : . . .
for one Re number. The velocity profiles (3D and 2&nsient When ~analyzing velocity - profiles, flow ~developing

. : - : . processes can be observed. It is well known thatldminar
Egﬁ?e”'gg) for laminar model foRe;, = 1300 are illustrated in flow has aparabolic velocity profile therefore, as the regime

with such Re number is analyzed, in the hydrodycami
unheated part of the analyzed channel parabolacitglprofile
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is forming. The upper part (in the centre) of spcbfile is also
visible (Figure 2 a, b) in the heated part of the analyzed
channel at x/g= 0.01, but slight impact of natural convection is
visible near the walls (near the walls velocityingreasing).
With the increase of x{dthe velocity profile becomes typical
to the aiding mixed convection flows i.e. nearadls velocity

is higher than in the central part (M-shape velopibfile), and
with increasing impact of the natural convectioor (higher
x/de), velocity is increasing near the channel wallarébver,

in the central part at some ¥/atelocity becomes negative and
this means that reversal flow has appeared. Rdviiosa is
observed in some part of the channel, then vortéxesmit
The velocity profiles show that the reversed floancot be
observed from xid=~ 26 (in 3D case) and xd 14 (in 2D

case).
Based on this information it can be stated that
three-dimensional modelling results are similar to

two-dimensional modelling results, because in brakes the
vortical flow is observed, although vortexes rem&dmger
along the channel in the three-dimensional case.

The flow structure that is presented below, giveditaonal
information about the air flow in aectangular channel for
analyzed conditions.

When analyzing channel flow for fixed x/@igure 3), it
can be seen that at the very beginning of the Hes¢etion
(x/de = 2.7) there is only an impact of the unheatedchonbkbs
wall i.e. near the unheated narrow sidells the velocity is
smaller than in the central part. For largeroitite velocity is
slowing down in the central part of the channel amleasing
near the heated wide side walls. There reversal iBoobserved
at x/d, = 13.5. In the heat transfer stabilized regioml(% 42)
the flow structure is different. There are many kmartexes,
and near the heated wide side walls of the chatheelelocity
is higher than in the central part.
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Figure 3 Flow structure at different x(dLaminar modelling
results for Rg = 1300, Gy, = 3.6 - 18

X/de = 42

Flow structure at fixed Z5{gure 4, Figure 5) and aty = h/2
(Figure 6, Figure 7) just confirms the previous information
that at the very beginning of the heated part efdiiannel there
are no vortexes, but they appear soon and remaorire part
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of the channel. This affects the velocity profiledat becomes
distorted. So, as a result of vortex formation, likat transfer is
also increasing. The appearance of the circulansflin the
channel influences the distribution of the tempeeton the
channel's walls and this directly affects the hénsfer
distribution along the channel.

Figure 4 Flow structure for different z at the beginningdpe
0 — 4) of heated channel. Laminar modelling redoltfkg, =
1300, G5 =3.6 - 18

z=0.3

Figure 5 Flow structure for different z in the heat tramsfe
stabilized region (x/igk 40 — 47) of heated channel. Laminar
modelling results for Re= 1300, G§=3.6 - 18

\

)C/de= 2.7
Flow structure for y = h/2 (in the centre) at the
beginning (x/d~ 0 — 4) of heated channel. Laminar modelling
results for Rg = 1300, G§= 3.6 - 18

Figure 6



/ a x/de= 42

HFigure 7 Flow structure for y = h/2 (in the centre) in the
heat transfer stabilized region (xAl40 — 47) of heated

channel. Laminar modelling results for;Re 1300, G§ = 3.6 -

10

Variation of heat transfer along the channel fof, Re1l300
using different models is illustrated Figure 8.

As it can be seen frofffigure 8a, till x/d. < 10 the modelled
three-dimensional heat transfer results (laminar defjo
coincide well with the experiment, but at x/¢ 10 the
experimental data are higher than numerical onesmRhe
beginning of the heated section, the two-dimensioraelling
results (laminar model) give smaller Nu values thie
experimental ones.

The used turbulence transition models do not imgrov
prediction of the mixed convection heat transferRe, = 1300
in comparison with laminar modeTransitional models show
the same results.

At larger Re number (Re= 2000), the variation of heat
transfer along the channel is similar to the cdssnualler Re
numbers, but the distance at which modelling resgit/e
smaller Nu numbers in comparison to the experimetdata is
different i.e. it happens at ¥d& 14 (Figure 9a). Steady state
two-dimensional results (laminar model) are stivér than the
experimental ones practically from the beginningtef heated
section.

Turbulence transition models show practically tteme
results as the laminar 3D model i.e. at.xdl4 experimental
data are higher than the numerical ones, exceptt@&®ililence
transition model which gives the best -correlatiorithw
experimental data.

CONCLUSION

Analysis of the numerical modelling data on theiraid
mixed convection in transition region in a verticattangular
channel with symmetrical heating leads to the foihg
conclusions:

1. The performed 2D and 3D numerical analysis has
shown that vortexes exist in a vertical flat chdrine
the analyzed Re region.

2. 3D numerical modelling shows similar (symmetrical
flow structure is observed) results to 2D modelling

3. It has also been demonstrated that the best ctorela
of the numerical modelling results with the
experimental heat transfer data is obtained with th
laminar model for smaller analyzed Re numbers and
with the SST transition model for higher Re numbers
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Figure 8 Variation of heat transfer along the channel. 1 —
experimental data (1 wall); 2 — experimental dataéll); 3 —
3D numerical modelling results (1 wall); 4 — 3D renical
modelling results (2 wall); 5 — 2D numerical modwa| results
(1 wall); 6 — 2D numerical modelling results (2 Wyah)
Laminar; b) SST; c) kkis; d) Re Strese models



Nuk
70 Re_=2.0-10°

Gr_ =3.8-10°
60F o —

OO WN =

“oo O coano

S

ol )

oo O coang

0 4 8 12 16 20 24 28 32 36 40x/d,
Figure 9 Variation of heat transfer along the channel. 1 —
experimental data (1 wall); 2 — experimental dataéll); 3 —
3D numerical modelling results (1 wall); 4 — 3D rengal
modelling results (2 wall); 5 — 2D numerical modwa| results
(1 wall); 6 — 2D numerical modelling results (2 yah)
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