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Abstract

Numerical simulations are performed to study tlamgition of the development of thermal

boundary layer of air along isothermal heated platea large channel. In particular, the aim
is to investigate the effects of the channel widththe transition of the flow under various

plate temperatures. Realizabte: turbulence model with an enhanced wall function is
employed to obtain the numerical simulations oivfland thermal fields in the channel. The

channel width is varied from 0.04 m to 0.45 m ahd humerical results of the maximum

values of flow velocity, turbulent kinetic energseaecorded along the flow to examine the
critical distance of the developing flow. Effects the transition of the two different types of

wall boundary conditions, isothermal and adiabatpplied to the channel are also examined.
The results particularly indicate that the flownsdion in the isothermal cases takes later
than that in the adiabatic cases.
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NOMENCLATURE
b channel width
Co air specific heat capacity
g gravitational acceleration
Gr Grashof number gB (T, — T,)y3/v?
h heat transfer coefficieatgp/(Tp — Ta)
k kinetic energy of turbulence
L channel height
Nu average of Nusselt numbeh b/k
Ny, Ny number of nodes in theandx directions respectively
p pressure
Pr Prandtl number
Op heat flux of the platefZ—T dy

Xlx=0

T temperature
u, Vv velocity components in tkeandy directions respectively
X,y Cartesian coordinates
Greek Symbols
S thermal expansion coefficient
r exchange coefficient for general tramspefined ag/Pr
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p density

v kinematic viscosity

e dissipation rate of turbulent Kineenergy
VI dynamic viscosity coefficient
Lt turbulent molecular viscosity
ot turbulent Prandtl number

K thermal conductivity
Subscripts

a air

P plate

c critical

1. Introduction

Over the recent years, more attention has beem goséhe natural convection as it naturally
occurs in environment systems. Moreover, most j@actand economical methods for
developing a heating or cooling system use natgmavection which is induced by buoyance
forces with density gradient established thermally.

In 1942 the first experimental work on the buoyaiciven convection flow in a parallel
walled vertical channel was done by Elenbaas [lhgquair as a test fluid. Results were
presented for a set of inclination angles of thetephvarying from 0° to 90°, and particular
attention was given to the prediction of heat tfansoefficient. A good agreement was
obtained between the theoretical and experimeiaii@. d®One of his key findings was that the
solution on the single plate would have to be apgined for large plate spacing. Bodia and
Osterle [2] later performed the first numerical siation of buoyancy induced flow
developing on a vertical channel. The governingaiiqns were expressed in finite difference
form and the walls were treated as isothermal. @lmeflow velocity and heat transfer
coefficient were provided and validated with tho$¢he theoretical and experimental data of
Elenbaas [1]. Later, the numerical techniques dfi8@nd Osterle [2] were widely used by
many researchers to solve the free convectionriicaéchannel with different boundary and
operating conditions, e.g. see the work presentddiyatake and Fujii [3], Aung et al. [4]
and Oosthuzien [5].

Streamwise development of the turbulent free camwedlow between two vertical plates
was experimentally investigated by Miyamoto eti@].and Katoh et al. [7]. The test fluid in
this case was also air and different width of thernmel was examined. In Miyamoto et al. [6]
the channel was installed at various height frooorfl e.g. 10, 90, 170 and 465 mm. The
experimental data demonstrated that the heat anegfficients in the vertical heated plate
of over 2 m long are almost independent to thehltethe channel when it is positioned 10
mm above the floor. While, in Katoh et al. [7] dllveouth was installed at the bottom of the
channel, and for the heat transfer the comparisgtween the channel with a bell mouth and
without it was done. The results showed that thet trensfer becomes smaller in the two
cases.

Two-dimensional numerical simulations of turbulaatural convection in a heated channel
were performed by Said et al. [8] and Badr et3l. The governing equations were solved by



the finite volume discretisation method by assunahghe thermal properties of the air to be
constant, except the density which was solved byBibussinesq approximation.

In another recent study, thermal efficiency of flow a vertical chimney (open ended
channel) has experimentally been investigated byelBuand Habeb [10]. From the
experimental data some correlations have beenrdutdo calculate the mass flow rate of air
as well as temperature. The major finding has bleainthe mass flow rate is affected by both
the channel depth and heat input to the system théhthermal efficiency remaining
unaffected by the depth of the channel. Taofeedd.€tl1], on the other hand, have used a
Particle Image Velocimetry method to record turbtigharacteristics of free convection in a
channel with anti-symmetric heating. The data heenlprovided for two values of Rayleigh
number, 1x19 and 2x16. The results indicated that the distributions lé welocity and
temperature of the flow in this experimental moofethe vertical channel are similar to those
in a closed cavity. And, with increasing the Ragitenumber by 50%, the location of peak
velocity moves close to the surface wall, which blase agreement with data recorded in a
closed cavity.

As seen, all these experimental or numerical studiainly focused on the investigation of
the behaviour and characteristics of free convactiow inside a channel under different
boundary and operating conditions. And most ofrtlveere carried out either on laminar or
turbulent flow and hence neglected transition. Bwist recently Alzwayi and Paul [12] and
Alzwayi and Paul [13] provided numerical results thie flow transition inside a channel
where one of the heated plates in the channel wpsigothermal and the other one, placed
opposite to it, was adiabatic. However, very litdeknown about the transition stage in a
vertical channel when the two heated plates aret keyler an isothermal condition.
Moreover, when free convection occurs relativelyaifarge scale, little reliable information
can be obtained from an experimental / laborat@aged experiment, and in some cases
undertaking various experimental tests e.g. wittying the channel width and operating as
well boundary conditions may be difficult and a ttpprocess. The key objective of this
work is therefore to perform a series of numeriegamination to investigate the natural
convection flow developing between two isothermatgs and then examine the transition of
this flow with a particular attention paid to thetaraction which will occur between the
thermal boundary layers separating from each heplat. Furthermore, effects on the
transition stage occurring between the two-flow dibons of a channel (isothermal and
adiabatic) are also investigated.

2. Model Geometry

The channel is formed by two vertical plates wiéhdthL, and the distance separating them
is denoted byb. Both the plates (left and right) are kept at sothermal condition. The
numerical simulations are considered to be two-dsi@nal, incompressible, Newtonian,
free-convection and steady state. The air withaad®l number of 0.7 is chosen to be the test
fluid. The model geometry along with the Cartestamordinate system is shown Figure 1
which has the same schematic drawing as in AlzaagiPaul [12].

3. Mathematical Formulation
3.1. Governing Equation

The conservation equations of mass, momentum aretgenfor a two-dimensional
incompressible fluid flow are respectively writtenthe following forms:
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These equations are solved directly (subject tdbthendary conditions described below) for
the natural convection flow in laminar region, vehih turbulent region both th& and p
terms are replaced by their effective values defing perr = 1 + W and e = w/Pr + wiloy
respectively.

In the recent study, Alzwayi and Paul [12] haverexed that the Realizablee turbulent
model of Shih et al. [14] performs best in predigtthe transition of the free convection flow
over a vertical channel, compared to the otherwet-known models such as the standard
and RNGk-e models. Therefore, this model is particularly aosn the present study to
determine the turbulent viscosity which depends on the turbulent dissipations energy
and the turbulent kinetic energly, The turbulent viscosity; , also known as the eddy
viscosity of turbulent flow, depends on the meawflrate of the deformation from the
Boussinesq theory time averaging is carried out to the above govgyequations (1) — (4)
to obtain the Reynolds averaged Navier-Stokes (RAd¢Bations which are solved by using
the Realizablek-e model. However, these equations contain unknowpn®ds stresses
which are expressed as the deformation of the nflean quantises, for example, for the

momentum equations these can be writtem; as- —pu{ = U (au‘ +—) where,z;; are

the shear stressas,is the velocity fluctuation in the turbulent flowhe k and £ equations
for the Realizable model [14] are written as
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where,C; = max[O 43,1n1/(n + 5)] andn = Sk/e. The eddy viscosity is then computed by
* —1

u = kaz(AO + Ag "i) with Ao = 4.04 andd; = (6cos®) where@ = 1/3 cos™*(V6W).

The formulation ofU” andW depend on the angular velocity [14], @BdandGy reflect the

rate and generation of the turbulent kinetic eneegpectively and determined by

oxi) dx; 3 LJ 0x;j o 0x;
whereg;, is the gravitational vector acting in the directipif is the thermal expansion
coefficient of air defined as f = —;(Z—‘T’) . The model constants used in the

Pconstant

simulations aré€,;, =1.44,C,=1.9,C3, = 1.0,0¢= 1.0 ando= 1.2 [14].

3.2. Boundary Conditions



No slip boundary condition is imposed on the vdlo@omponents at the both walls for
which we set; = 0. The temperaturdp) of the heated plate situated on the left hand gide
the channel will be fixed to 70°C, while the termadare of the plate opposite to it will be
varied according to the boundary condition describe equation (8). Moreover, the air /
ambient temperaturd §) will be fixed to 15°C.
T=Tp, for O<y<L, x=0 (7
T=Tp* for O<y<L, x=Db (8)

Turbulent kinetic energy vanishes at the walls sosetk = 0. Since the distributions of the
characteristics of flow have a large gradient rikarwalls, an enhanced wall function is also
used as the wall boundary condition. Moreover,itiet boundary is subject to the ambient
conditions, while at the outlet the static gaugespure is set to zero. The choice of these
boundary conditions used at the inlet and outléhefchannel was examined through a set of
trial simulations using a large area attached ¢oinifet as well as to the outlet of the channel
(as in the recently published work of Terekhov &kaid [15] and Lau et al. [16]). Figure 2
clarifies that the induced flow velocity distriboii close to the inlety(=0.09m) differs due to
the large area added before the inlet. But, thecefilmost disappears as the flow develops
along the large channel. The development of thelmoaindary layer, as evidence by the
temperature plots in the frames right hand sidehef figure, shows no (major) influence
when the large area was added to the inlet. Itwmalerstood from this investigation that the
induced flow in a tall vertical channel hardly cgas except very close to the inlet section,
which is expected.

We note that the effect of different boundary ctinds in a large channel was investigated
both experimentally and numerically by Katoh et[@].and Ben-Mansour et al. [17]. Katoh

et al. [7] installed a bell mouth entrance at tharmel inlet to control the inlet flow and their

results indicated that the general characterigifcthe profiles of temperature and vertical
velocity are similar to those obtained by withdug bell mouth. Whereas Ben-Mansour et al.
[17] studied the effect of four different inlet amdtlet boundary conditions (e.g. uniform

pressure at the inlet and outlet, extended inldtexttended outlet, radial flow inlet and radial
flow outlet, and uniform velocity at inlet and dotl condition at exit). Their results also

showed that the uniform pressure inlet conditiohileiXs results which are in very close

agreement with experimental data.

3.3. Numerical techniquesand grid resolution study

The numerical methods used to solve the govermjgtoons have already been described in
more details in Alzwayi and Paul [12] and validateih suitable experimental data in a
vertical heated channel. The code uses finite veltechnique for the discretisation of the
governing equations with a second order upwindreeh® solve these discretised equations,
where the unknown quantities at the cell facescaraputed by using a multidimensional
linear reconstruction approach described in Banith Zespersen [18] to achieve higher order
at the cell faces through a Taylor series expansidhe cell cantered solution about the cell
centroid. The SIMPLE algorithm of Patankar [19]eisployed to solve the pressure based
equation which is derived from the momentum andtinaity equations such that the
velocity and pressure fields are coupled to eatieroand solved by adopting an iterative
solution strategy explained in [12]. Final convetgauimerical solutions are achieved when
the residuals of the continuity and velocity comgats become less than® @ he residual of
the energy, turbulent kinetic energy and its dissim is reduced to 10to avoid any
sensitivity to the solutions of the turbulent fluating components.



An in-depth investigation on the grid resolutiors@een carried out by using six different
grids (22 x 220, 30 x 370, 120 x 370, 200 x 37@ 80370 and 200 x 400) with a fine

resolution of mesh clustered at the middle of thanmel as presented in Figure 3 . The
variation found in the simulation results predictedthe last four grids was very small and
almost negligible. Therefore, as in the previousd&s, e.g. Alzwayi and Paul [12] and

Alzwayi and Paul [13], the grid size of 200 x 37 dhosen to avoid any undesirable
discrepancies in the numerical results and atah@gestime to save the computational time to
perform all the numerical simulations.

4. Resultsand discussions
4.1. Flow feature: an overview

In order to determine the influence of the chamwiedth on the development of the boundary
layers of flow, variation of the axial profiles eémperature, turbulent kinetic energy and
velocity across the channel width are presentethis) section. The results are reported at
different vertical locationsy =0.5m, 1.5 m, inlet and outlet, while the width) of the
channel is varied from 0.04 m to 0.3 m.

In the first case, the plate located at the rigirtchside of the channel is kept at a temperature
Tp* = 40°C and the inlet temperature is fixed at 15%Griation of the heated air
temperature, determined T = (T-Ta)/(Tp-Ta))and presented in Figure 4, shows an
increase in the temperature due to the air hegpetdyuthe heat transfer which convects
downstream of the channel. However, the outlet txatpre of the channel drops as the
width of the channel is increased due to the flaat the thermal boundary layer grows in a
wider space available inside the channel. And ¢neperature difference between the outlet
and the inlet becomes very small with an increagbe channel width as shown in Figure 4
(e, f). However, whei > 0.08 m, the temperature around the channel cerdré.g. ak =

b/2) and at the middle of the channglH 1.5 m) becomes equal to the ambient temperature
as a result of the more space available for theldpment of flow.

Distribution of the turbulent kinetic energy is cefed in Figure 5. The magnitude of the
turbulent kinetic energy di = 0.04 m is larger compared to that found in tkieep cases
except at the outlet section for= 0.3 m, which is a result of the strong interactof the two
boundary layers developed in a relatively smalcspaside the channel. In all the cases, the
peak of the turbulent kinetic energy near the rightl of the channel af = 0.5 m is larger
than that occurring at the left wall. The phenomeme explained by the fact that the
magnitude of the velocity (shown in Figure 6) adjat to the right plate drops, which causes
a flow deceleration and results in an increasehenttirbulent kinetic energy near the right
wall. But with an increase in the width of the ohal, e. g. wheb > 0.1 m, the effect of the
buoyancy force on the left wall becomes more evidethere the turbulent kinetic energy
reaches its peak near the left wall of the channel.

The variation of the velocity across the channedhswn in Figure 6. As can be seen, with
an increase in the channel width the mean velaaitpir drops across the channel. The
velocity profiles at the inlet section are moreeaféd by the high viscous force compared to
the buoyancy force near the heated plate, anddloeity profiles at the downstream (0.5<m

y < 1.5 m) become flat in the middle of the channel.



Further to note in Figure 6 (a-d) that the peakhef outlet velocity in a small width of the
channel, e.g. when 0.04 #1b < 0.1 m, it is found to be slightly lower than tlztthe middle
of the channel (ay = 1.5 m). This is occurring due to the fact thia¢ flow starts to
development in the middle of the channel and theyancy force accelerates the fluid inside
the channel with an increase in the thickness eftéto boundary layers in a small space,
which leads to decrease the velocity at the oadetion.

4.2. Effectsof the boundary conditions

In the previous section typical results of the flelocity and temperature have been
presented and discussed, where the effect of theneth width has been investigated for a
particularly chosen plate temperatufg@* = 40°C. This temperature will now be changed to
70°C and the results will be compared with thoseioled byTp* = 40°C as well as by the
adiabatic case studied in Alzwayi and Paul [12].a&®ady seen in Figure 7, the velocity
profile has been mostly affected by the buoyancgdowith a peak appeared near each of the
heated plates.

In this section we will focus on the examinatiortloé velocity peak particularly st= 1.5 m
and 3 m. Only the velocity peak near the left hetatall is used, as in the adiabatic case we
obtained a single velocity peak (e.g. see Alzwayl Raul [12]). We also note that the value
of the two velocity peaks on the two channel sidethe isothermal case dip* = 70°C is
equal.

Figure 7 shows the value of the peak velocity ifgefand its location obtained by the three
different boundary conditiongip* = 40°C,Tp* = 70°C and adiabatic. Figure 7 (a) generally
shows a larger variation in the peak velocity at1.5 m than that at the outlet section due to
the flow developing in the middle of the channeltte channel outlet, Figure 7 (b) shows
that the variation only appears for the small clehnvidth whenb < 0.1 m. In addition, the
velocity peaks for the two isothermal cases areesémmcause the flow becomes fully
developed at the outlet section, but they arelatifjer than those for the adiabatic case in the
range of channel widthb > 0.15 m due to the buoyancy force which is higherthe
isothermal cases than that in the adiabatic case.

The location of the velocity peak is also presemefigure 7 (c, d). It is clearly seen that the
peak velocity of the flow appears to move towatdsheated plate when the channel width is
increased. In addition, the peak velocity in théabdtic case becomes very close to the
heated wall compared to that in the isothermalsadewever, the velocity peaksyat 3.0,
Figure 7 (d), moves nearer the heated plate cadpary = 1.5 m in Figure 7 (c) since the
flow is fully developed at the outlet of the chahne

The air velocity and temperature at the outletreo® summarised in Figure 8. In order to
make a direct comparison of these with those obthby the adiabatic case, a percentage of
increment is calculated by usirdyinc= (Vout iso — Vut adi)/( Vout agi)*100 for the velocity
magnitude. The same approach is used for the dieiion of temperature increment. As
can now be seen in Figure 8 (a) that the outlietcity grows with the channel width for the
isothermal cases as a result of an increase ibubgancy force in the convection flow. But,
after reaching a peak at arouhd= 0.3 m, the velocity drops for the large width tbé
channel. The air velocity has an impact on the ftemperature and the results plotted in



Figure 8 (b) show an opposite effect, i.e. theeadtleated temperature drops with the
channel width to a minimum followed by an increémethe large width.

4.3. Boundary layer growth: isothermal vs. adiabatic
cases

Effect of the width of the channel on the growthtleé boundary layers along the flow is
summarised here with the distributions of the maxmmvelocity, turbulent kinetic energy
and turbulent intensity determined by usfpg(y)= Max f(xy), wheref is a generic

variable, and plotted in Figure 9. Comparison 'f.'xdm_between the results of the adiabatic
and isothermal cases, and the temperature of #te ph the right hand side of the channel
for the isothermal case is keptlgs = 40°C.

The results presented in Figure 9 indicate thatvidlocity magnitude in the isothermal case
is generally higher than that of the adiabatic chise to the increase in the buoyancy force
mentioned earlier. And, particularly, in the isathal cases fob = 0.04 m to 0.10 m, the
velocity distribution approximately becomes const@nshown in Figure 9 (a) whgr< 1.5

m. While, in the adiabatic cases the distributibthe velocity show a magnitude drop from
the peak towards the downward. However, for thé eéshannel width e.go = 0.15 m to
0.45 m, as in Figure 9 (b), both the cases sheimn#dar behaviour with a shift in the velocity
profile towards the downstream for the isothermades. In both the cases the maximum
velocity at the outlet section has an approximaselype magnitude which4s0.8 m/s.

Figure 9 (c-d) presents the maximum turbulenttiinenergy inside the channel. For a small
width of the channel, e.g. whdn= 0.04 m and 0.06 m, the kinetic energy in theéhisomal
case is larger than that of the adiabatic case;twisiexpected as in the isothermal case there
is a strong interaction occurring between the beandary layers within a relatively small
distance. However fdy> 0.10 m, the distribution of the kinetic energyte adiabatic case

is larger than that of the isothermal case duénéofact that a single boundary layer which
grows in the adiabatic case gets enough spaceiohtinnel to develop fully, whereas in the
isothermal case an interaction between the two taynlayers occurs.

The distribution of the turbulent intensity pressahin Figure 9 (e, f) has a similar profile as
the turbulent kinetic energy. Whér> 0.1 m, the turbulent intensity in the isothermasde is
smaller than that of the adiabatic case. The teriiuhtensity also increases sharply towards
the downstream, especially at the outlet of thennkg due to the turbulent nature of the flow
occurring at the downstream regime.

Contours of the turbulent kinetic energy, turbulerénsity and velocity inside the channel
are shown in Figure 10 (A), (B) and (C) respedyiver the different channel width: 0.05 m,
0.1 m, 0.15m, 0.2 m, 0.3 m and 0.45 m. To makeectdcomparison between the adiabatic
and isothermal cases the contours are plotted z&rim frames (a, c, e, g, i, k) for the
adiabatic cases and in (b, d, f, h, j, ) for thethermal cases. In general, the contour plots
show that the maximum turbulent kinetic energy @sdurbulent intensity in the isothermal
cases dropped by 41% and 20% respectively compartéek adiabatic cases. This is related
to the interaction occurring between the two boupdayers in the isothermal case, clearly
seen in frames (h, j and ) whé> 0.2 m. While in the adiabatic case only one bomnda



layer grows on the left hand side with an amplecega fully develop as seen in frames (i)
and (k).

4.4. Flow transtion

As seen in Figure 10 (A), (B) and (C) the boundaser in the isothermal cases grows on
the both sides of the channel and a separati@msgitron occurs from the laminar to turbulent
stage towards the channel downstream. In this sedtie transition behaviour will be
examined by taking into account of the distributajrthe maximum velocity on the left €O

X < b/2) and right /2 < x < b) hand sides of the channel.

Figure 11 (a) and (b) initially show the maximumdocity field obtained in the left and right
side domains, where the temperature of the healaspis kept as 70°C and 40°C
respectively. The maximum velocity on both sidedhs& channel is same at the upstream
near the inlet where the effect of the buoyancgdaon the velocity field is expected to be
similar.

As the distribution of the peak velocity is conset to be a starting point of the flow
transition, Figure 11 (a) shows that the traasifpoint of the flow developing on the left
hand side of the wall for the cases witen 0.10 m appears to be within the range<l1Q <

1.8 m. However, the distribution of the velocity ¢time right hand side has a different
behaviour, which shows a continued drop in mageitafier a slight increase near the inlet
whenb < 0.1 m due to the strong interaction occurred betwtne two boundary layers,
already explained in Figure 10 (b-d). These resate however unable to determine the
transition point on the right hand side and itti siore affected by the left hand side of the
channel wall.

However, Figure 11 (b) shows that the velocitytha right wall increases to a peak at the
transition point wherb > 0.15 m because there is now enough space availabléhe
development of flow. However, the location of thewf transition point on the right side is
higher than that on the left side. Moreover, thiekimess of the boundary layer on the right
hand side is small and the flow becomes more stahleh causes a delay in the transition
process.

Finally, the transition of the flow boundary layesa the left and right hand sides of the
channel are summarised in Figure 12 in terms eif ttritical distance obtained from the
velocity results shown in Figure 11. Comparisontted two isothermal and the adiabatic
cases is also given.

As can be noticed in Figure 11 (a) that it is veifficult to estimate the transition point on
the right hand side of the channel with a smalltiviel.g. wherb < 0.08 m due to the strong
interaction occurred between the two boundary &y€igure 10 (b)). However, with an
increase in the channel width, e.g. whHems 0.1 m, the transition on the right side wall
appears late compared to that in the left hand sk is expected as the temperature in the
right side is lower than that of the left side. &lsvhenTp* = 70°C both the sides of the
channel are kept at under the same isothermal womdand that is why only the results
obtained from the right side of the channel areoriegl in the comparison. Further, with an
increase in the channel temperature, the flow en#@ channel becomes unstable early as the
critical distance drops and therefore an earlysitaom occurs. Particularly, for a relatively

9



small channel width, e.g. whdm= 0.04 m, the transition of the flow appears tovieey
quick.

5. Concluson

Effects of the wall temperature of the paralleltplahannel and its width on the developing
free-convection flow have been investigated nunadlsicunder the various operating and
geometrical conditions. Two vertical plates of ttieannel are kept under the isothermal
conditions, and the distance separating the twalleaplates is systematically reduced from
0. 45 m to 0.04 m to examine the flow separatiamj aonsequently, their process of
transition.

The results indicated that with an increase indih@nnel width, the location of the velocity
peaks moved very close to the heated plate. Thss paaticularly noticeable for the cases
with relatively a small channel width.

At the transition stage, however, the results sttat the flow transition in the adiabatic case
takes early compared to that in the isothermalsdse to the single boundary layer which

developed along the heated plate. On the other, tefate transition occurs when the two

heated plates are kept under the isothermal condifloreover, with an increase in the

average channel temperature in the isothermal cse$oundary layer on each side of the
channel grows early and the flow becomes unstaléetd the consequences of the shorter
laminar region and the turbulent flow which deval@arly.
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