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Abstract

The problem of the transient laminar mixed convection flow of air in a vertical tube under buoyancy effect and high wall heat flux conditio
has been numerically investigated by using a full 3D-transient-model and Boussinesq’s assumptions. The tube is submitted to a u
time-dependent wall heat flux. Results have clearly shown that the flow reversal was first initiated near the tube exit section, on the
and at the levelGr = 3 × 105 for opposed-buoyancy case, and on the tube centerline and at the level of Grashof number around6 for
assisted-buoyancy one. With further increase in time of the wall heat flux, such reversed flow region has considerably increased
intensity and it clearly spreads into the upstream region. The presence of such recirculation cells has drastically perturbed the flo
thermal field as well as the heat transfer. Although the flow structure appears to conserve its axisymmetrical characters even for
very high Grashof numbers, results from this study have shown that the flow seems to remain stable and unique up to the levelGr = 5× 105

and 106, respectively, for opposed and assisted buoyancy cases. Beyond these critical Grashofnumbers, an extremely slow and rather diffic
and tedious convergence behaviors have been experienced, which are believed to be due to a possible flow transition.
 2004 Elsevier SAS. All rights reserved.

Keywords:Heat transfer; Fluid flow; Laminar flow; Reversal flow; Mixed convection; Transient behaviors; Opposed-buoyancy; Assisted-buoyancy;
Instability; Transition; Numerical simulation
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1. Introduction

Because of its wide applications in engineering, the lam
inar mixed convection flow has received a rather part
lar attention from researchers in the past decades. A pa
tial review of relevant works in the domain may be fou
in [1,2]. A following brief review is emphasised on the flo
reversal phenomenon and the flow instability in a vert
tube. For such configuration, the pioneers works by H
ratty and colleagues in the early sixties [3,4] have clea
shown that the non-isothermal flow appears to be highly
stable and may undergo its transition from a steady lami
nar state to an unstable one at rather low Reynolds n
ber. The unstable flow structure, which was not turbul
has shown, in fact, the ‘new equilibrium’ state that consis
of large scale, regular and periodic fluid motions. These

* Corresponding author. Fax: +1 (506) 858-4082.
E-mail address:nguyenc@umoncton.ca (C.T. Nguyen).
1290-0729/$ – see front matter 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2004.02.020
thors have also found that for heated upward flow (assis
buoyancy), instabilities may occur when the velocity profi
develop points of inflexion; while for heated downward flo
(opposed-buoyancy), the instability seems to be associate
with the flow separation from the tube wall. Regarding
flow reversal in particular, one can mention very interest
results and experimental observations performed by La
and colleagues [5,6] for the case of opposed-buoyancy
in heated inclined tubes. They have found that the flow
versal may trigger early transition to the turbulence. Th
temperature measurements have clearly shown periodi
haviours in the flow reversal region for low tube inclin
tion and moderate to high Reynolds and Grashof numb
Such periodic behaviours appear to be caused by an i
mittent breakdown of the reversed flow region. Wang a
colleagues [7] have investigated the problem of mixed c
vection with flow reversal in the thermal entrance region
horizontal and vertical pipes at low Péclet number. For a
tical tube flow, they have found that the flow reversal occ
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Nomenclature

Cp specific heat of the fluid . . . . . . . . . . J·kg−1·K−1

D tube diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Gr Grashof number, Eq. (9)
NuZ local Nusselt number,= hZD/k0
Pr Prandtl number, Eq. (9)
R radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m
Re Reynolds number, Eq. (9)
R0 tube radius. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T fluid temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
Tamb ambient fluid temperature . . . . . . . . . . . . . . . . . K
T0 inlet fluid temperature. . . . . . . . . . . . . . . . . . . . . K
V0 average axial velocity at tube inlet . . . . . . m·s−1

VR radial velocity component . . . . . . . . . . . . . m·s−1

Vθ tangential velocity component . . . . . . . . . m·s−1

VZ axial velocity component . . . . . . . . . . . . . . m·s−1

Z axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . m
g gravitational acceleration . . . . . . . . . . . . . . m·s−2

hZ local heat transfer coefficient. . . . . W·m−2·K−1

k thermal conductivity of the fluid . . W·m−1·K−1

p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
pamb ambient fluid pressure . . . . . . . . . . . . . . . . . . . . Pa
q ′′
W wall heat flux . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Greek letters

Φ dependent variable
β coefficient of thermal expansion . . . . . . . . . K−1

θ circumferential coordinate . . . . . . . . . . . . . . . rad
µ fluid dynamic viscosity . . . . . . . . . . kg·m−1·s−1

ρ fluid density . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

τ time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

Subscripts

amb refers to the ambient conditions in the
surrounding space

W refers to tube wall
0 refers to the reference condition
wal
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at the pipe center for the heating case and near the tube
for the cooling case, both at relatively high|Gr/Re| ratio.
Different regimes of reversed flow have been identified
both cases in aPe− |Gr/Re| coordinate map. In their re
cent works [8,9], the authors have numerically investiga
the problem of laminar upward flow in vertical tube with
uniformly heated zone precededand followed by adiabatic
zones, using a fully-elliptic model and considering wi
range of heating lengths, Reynolds and Richardson n
bers. Results have clearly shown that, depending upon
combination of these parameters, it may exist five differ
flow regimes with or without reversals. The conditions le
ing to the flow reversal as well as the significance of the
stream axial diffusion of heat and momentum have also be
established and the results have been mapped on the P
Richardson numbers plane for different lengths of the he
zone. Most recently, Behzadmehr and colleagues [10] h
investigated similar problem of laminar mixed convection
upward air flow in vertical tube, by judiciously employin
a low-Reynolds-number turbulent model to performing c
culations for both the laminar and turbulent flow regim
The results have shown that under buoyancy effect, the
transition to turbulence may occur at relatively low Reyno
number, and the existence of two different critical Gras
numbers for which transition occurs has clearly been es
lished. At the first critical Grashof number, the flow chang
from the laminar regime to the turbulent one, and at the
ond one with higher wall heat flux, another transition occ
and the flow goes back to its original laminar regime. T
numerical results have also shown two different reversal
terns: the first one is located on the tube centreline; while
second one is observed between the axis and the wall.
l

t–

In real industrial applications, however, a transient la
nar flow may occur during normal operation or, most oft
due to accidents. Unfortunately, such flow seems not to
ceive much attention in the past [1]. With regard to the pr
lem of an unsteady laminar mixed convection flow sub
to time-dependent boundary conditions at the tube inlet,
erences [11–13] are relevant. In a recent work [14], Mai
colleagues have investigated the problem of a transient v
cal laminar flow submitted to a step change of the inlet fl
rate. Results have shown that both the buoyancy and th
ternal convective heat transfer condition have an impor
effect on the flow and also on the local Nusselt number.
problem of laminar mixed flow subject to a step change
fluid inlet temperature has been investigated as well [
For the heating case, the reversed flow appears below
wave instability; with an increase of the Richardson nu
ber, the unsteady vortex becomes more important at th
terface between the boundary layer and the core region
the cooling cases, results have shown that the effect o
wall-to-fluid heat capacity ratiobecomes more significan
The formation of the unsteady vortex appears on top of
wave instability.

It is important to note that, unfortunately, the influen
of the flow reversal on the onset of the instabilities has
been very well understood to date [1]. The first theoret
study of the stability of mixed laminar convection flow w
likely due to Yao [16,17] who has performed a linear s
bility analysis for water flow in a heated vertical tube. H
has found that the fully-developed non-isothermal flow
pears highly unstable, and the ‘bifurcated new equilibriu
flow state is likely to be a double helices structure. Such
stable flow structure seems to be susceptible to delayin
transition to turbulence. Yao and Rogers [18] have also c
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tributed important work on the thermal instability mech
nism in a vertical annulus. In a most recent linear stab
analysis, Su and Chung [19] have provided very inter
ing information regarding the instability mechanism as w
as the effects of the Prandtl number. The results prese
have suggested that the mixed laminar convection flow
vertical tube may become unstable at low Reynolds n
ber and Rayleigh numbers irrespectively of the fluid Pra
number. For water in particular, their predicted values
the critical Rayleigh number agree very well with the cor
sponding experimental data by Scheele and Hanratty [4
both assisted and opposed buoyancy cases. Su and C
have also found that the Prandtl number profoundly affe
the stability of an assisted-buoyancy flow and changes it
stability mechanism as well. For Prandtl less than 0.3,
thermal-shear instability is dominant; while forPr > 0.3,
the assisted-thermal-buoyant instability becomes respo
ble. On the other hand, for the opposed-buoyancy case
influence of the Prandtl number seems to be less signific
which is attributed, according to these authors, to the fa
that such flow is itself unstably stratified.

The above stability analyses, all based on the lin
perturbations method, have shed interesting insight into
rather complex nature of the instabilities that may oc
in a fully-developed laminar mixed convection flow. Sin
these studies assume infinitesimal perturbations, i.e., q
steady flow regimes may be approximated, it beco
highly questionable whether the results obtained from s
studies can be applied for predicting the flow behavio
under real operational conditionsfor which, transient and
large disturbances may often be encountered.

In the present work, we have numerically studied
structure of the flow and the thermal field for a simul
neously developing laminar mixed convection flow and
transient behaviours under strong and time-dependent
ing condition i.e., high Grashof number. The results are
sented and discussed with emphasis on the occurrence
flow reversal phenomenon as well as its effects on the
transfer rate.

2. Mathematical modeling and numerical method

The problem consists of the simultaneously develop
mixed convection flow of air inside a vertical tube
diameterD = 10 mm and lengthL = 200 mm, which is
submitted to a uniform but time-dependent wall heat fl
Fig. 1. The flow is assumed transient, laminar anda priori
three-dimensional, that is to say no assumption regardin
flow symmetry is invoked. The fluid is considered visco
and incompressible with constant physical properties ex
for its density that appears in the buoyancy terms
Boussinesq’s assumptions). Both the compression work
the viscous dissipation are considered negligible. Un
such assumptions, the corresponding governing equat
g

,

-

-

e

,

Fig. 1. Geometrical configuration of the problem studied.

as derived from the principle of the conservation of ma
momentum and energy, are as follows [20]:

∇ · (ρ0V ) = 0 (1)

∂(ρ0VR)/∂τ + ∇ · (ρ0V VR)

= −∂p/∂R + ∇ · (µ0∇VR) + SR (2)

∂(ρ0Vθ)/∂τ + ∇ · (ρ0V Vθ)

= −(1/R)∂p/∂θ + ∇ · (µ0∇Vθ) + Sθ (3)

∂(ρ0VZ)/∂τ + ∇ · (ρ0V VZ)

= −∂p/∂Z + ∇ · (µ0∇VZ) + ρ0gβ0(T − T0) (4)

∂(ρ0Cp0T )/∂τ + ∇ · (ρ0V CpT ) = ∇ · (k0∇T ) (5)

whereV = (Vr ,Vθ ,VZ) is the fluid velocity vector;τ and
p are the time and the pressure;ρ, µ, k and Cp are,
respectively, the fluid density, dynamic viscosity, therm
conductivity and specific heat; the subscript 0 refers
the reference condition corresponding to the fluid in
temperatureT0. The termsSR andSθ are velocities-related
stress terms that result from the choice of the cylindr
coordinate system; they are given as follows:

SR = ρ0V
2
θ /R − µ0

[(
VR/R2) + (

2/R2)(∂Vθ/∂θ)
]

(6)

Sθ = −ρ0VRVθ/R + µ0
[(

2/R2)(∂VR/∂θ
) − (

Vθ/R
2)] (7)

2.1. Boundary and initial conditions

The governing equations (1)–(5) are non-linear a
strongly coupled each other. They are subject to the foll
ing boundary and initial conditions:

2.1.1. Boundary conditions
– At the tube inlet, the fluid has uniform profiles of axia

velocityV0 and temperatureT0:

Z = 0; R = 0, D/2; θ = 0,2π

VR = Vθ = 0, VZ = V0, T = T0 (8a)



800 C.T. Nguyen et al. / International Journal of Thermal Sciences 43 (2004) 797–808

il.
ch
e-

t’

a-
ond
ter
been
K, re
-
uid
em-
ndi-

cess

, in

er

tion
ara
ber

ws:

ich
has
hod
me
ed
ol-
yed

xes,
as

f the
dard
ndle
ion
, one
le-

l-
cal
r to
,
used
ghly
d
pted
tan-

re-
m
rder
its
arted
an

)

ave

e-
al

as-
le or
nder
ow

in-
esult
)–

idu-
For
ged
low

d by
t of
cal
Fig. 2. Time-variation of heat fluxq ′′
W as imposed on tube wall.

– At the tube wall, the usual non-slip conditions preva
Also, a uniform but time-dependent heat flux, whi
varies as a linearly function of time (Fig. 2), is pr
scribed:

Z = 0,L; R = D/2; θ = 0,2π

VR = Vθ = VZ = 0, q ′′
W = f (τ) (8b)

– At the tube exit section, the so-called ‘pressure outle
conditions with a specified known pressurepamb and
ambient temperatureTamb are prescribed. These par
meters, for the problem under consideration, corresp
in fact to the ambient conditions that prevail in the ou
space adjacent to the tube outlet section. They have
assigned, as values, atmospheric pressure and 300
spectively forpamb andTamb (that is, if there is any re
versal flow through the tube exit section, the intake fl
that comes from the outer space will have 300 K as t
perature; further details regarding such boundary co
tion and its treatment may be found in [22]).

2.1.2. Initial conditions
We assume that at the beginning of the heating pro

i.e., at timeτ = 0, the fluid has uniform temperatureT0

throughout the domain and its velocity field corresponds
fact, to that of the classical case of developing laminar ‘pure
forced’ flow (i.e., withGr = 0) at the same Reynolds numb
considered.

2.1.3. Dimensionless parameters
One can determine that the problem under considera

may be characterized by a set of three dimensionless p
meters, namely the Reynolds number, the Prandtl num
and the Grashof number. Their definition is given as follo

Re= V0Dρ0/µ0; Pr = Cp0µ0/k0

Gr = ρ2
0gβ0q

′′
WD4/

(
µ2

0k0
)

(9)
-

-

2.2. Numerical method and code validation

The system of the governing equations (1)–(5), wh
is constituted of non-linear and strongly coupled PDE,
been successfully solved by using the numerical met
that is essentially based on the well known ‘control-volu
approach’, in which, the spatial integration is perform
for each of the governing equations over finite-control v
umes [21,22]. The power-law scheme has been emplo
throughout to compute the heat and momentum flu
while a fully implicit second-order temporal scheme h
been adopted for the treatment of the transient terms o
governing equations [22]. On the other hand, the stan
SIMPLE-procedure has been employed in order to ha
the pressure-velocity coupling. The resulting ‘discretizat
equations’ have been solved in a sequential manner, i.e.
at a time, using the combination of the efficient multip
and-alternate-sweeping technique, the ‘line-by-line’ tech-
nique and the standard TDMA (‘Three-Diagonal Matrix A
gorithm’). Complete information regarding the numeri
method are well documented elsewhere [21,22]. In orde
ensure the accuracy of the results, and more importantly
their independence with respect to the number of nodes
in the discretization process, several grids were thorou
tested and the 25×32×90 non-uniform grid has been foun
to be appropriate for the problem under study. Such ado
grid has respectively 25, 32 and 90 nodes in the radial,
gential (covering 0–360◦) and axial directions with highly
packed grid points near the tube wall, in the entrance
gion as well as in the exit region. A time step varying fro
0.l–2.5 s has been found sufficient and adequate in o
to detect and follow any change of the flow field during
heating process. As general numerical procedure, we st
from the velocities and thermal fields corresponding to
isothermal ‘pure forced’ convection case (i.e.,Gr = 0) and
then proceeded, by increasing progressively (i.e., in time
the wall heat fluxq ′′

W , to reaching another level ofGr. For
some particular levels of interest, extended calculations h
been pursued in time at the same value ofq ′′

W that has been
reached in order to allow sufficient time for the flow to d
velop. During all of such calculations, the flow and therm
field were constantly and carefully scrutinized in order to
certain their structures as well as their nature, either stab
unstable, in particular for the opposed-buoyancy cases u
high heat flux condition for which the occurrence of the fl
reversal phenomenon may likely occur. As convergence
dicator, we have essentially based on the residuals that r
from the ‘discretized form’ of the governing equations (1
(5). During the iterative calculation process, these res
als were constantly monitored and carefully scrutinized.
most of the simulations performed in this study, conver
solutions have usually been achieved with residuals as
as 10−8 for all of the governing equations.

The computer model has been successfully validate
comparing the results as obtained for the developmen
the axial velocity component as well as that of the lo
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Fig. 3. Comparison with other analytical and numerical data for: (a) Axial
development ofVZ at R = 0.3D for laminar forced convection flow
(Gr = 0); (b) Axial development ofVZ at R = 0 for mixed convection air
flow (Gr = 105, 106); (c) Axial development of Nusselt number for mixed
convection air flow(Gr = 106).

Nusselt numberNuZ , to the corresponding analytical an
numerical data available in the literature, for (i) the clas
case of an isothermal developing laminar forced flow i
tube, Fig. 3(a), and (ii) the case of the steady, laminar m
convection upward flow of air in a uniformly heated vertic
tube [23], Fig. 3(b) and (c). As one can notice, the agreem
between our results and others’, in particular with Orfi’s d
[23] for cases under high Grashof number condition, m
be qualified as very good. Therefore, we can conclude
confidence about the appropriateness of the mathema
model as well as the reliability of the chosen numeri
method.

3. Results and discussion

In order to study the transient behaviors of the fl
and the thermal field under theperturbations resulting from
the imposition of time-dependent wall heat flux, extens
calculations were performed for air and the following fix
parameters:T0 = 300 K, Pr = 0.708, Re= 500; the wall
heat fluxq ′′

W varies linearly with time with a constant slop
of 5.486 W·m−2·s−1, Fig. 2. For the results shown in th
present paper,q ′′

W has varied from 0 to 19 750 W·m−2 for
downward heated flow (opposed-buoyancy) and from 0
34 560 W·m−2 for upward heated flow (assisted-buoyan
which correspond, respectively, to the ranges 0–106 and 0–
1.75× 106 of the Grashof number.

3.1. Transient evolution of axial velocity and temperatur
profiles

Figs. 4(a), (b) show the temporal development of
fluid axial velocity and temperature profiles as obtained
several heated downward (opposed-buoyancy) cases a
specific axial locationZ = 195 mm near the exit section
These profiles correspond to different values of the Gra
number, i.e., to different times during the heating proc
(see again Fig. 2). It is important to mention that the profi
corresponding to the ‘critical’ casesGr = 7.5× 105 and 106

are actually not converged results, in spite of relatively
residuals (details will be given later in Section 4). One c
observe at first, Fig. 4(a), that the flow field seems to rem
axisymmetrical even for cases with sufficiently high Gras
number as the ones considered in this study. Thus, fo
caseGr = 0, i.e., at timeτ = 0, the flow field correspond
to the case of ‘pure forced’ flow without natural convecti
effect and hence, exhibits a perfect parabolic axial velocity
profile (we note that for the case considered, the flow
not fully developed at the axial locationZ = 195 mm).
With further increase in time and, correspondingly, the w
heat fluxq ′′

W , the opposing buoyancy effects near the tu
wall become more pronounced that act again the m
downward flow. Thus, one can observe that the fluid
clearly decelerated in the near wall region. At the particu
level Gr = 3 × 105, i.e., q ′′ = 5 925 W·m−2, the radial
W
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Fig. 4. Transient evolution of (a) axial velocity and (b) temperature profi
for opposed-buoyancy case.

gradient ofVZ vanishes, in fact, on the tube wall indicatin
obviously that the flow reversal has just been initiat
Associated with such phenomenon, we can clearly obs
a strong acceleration of fluid in the core region. With furt
increase ofq ′′

W , negative axial velocities become mo
visible near the wall and the thickness of the reversed fl
region also increases considerably; the fluid acceleration in
the core region has become, consequently, more impor
Thus for example, the velocity ratioVZ/V0 on the tube
centreline has as values, 1.95, 2.22, 2.92, 3.58, 3.83 and
respectively, forGr = 0, 105, 3 × 105, 4.5 × 105, 5 × 105

and 7.5 × 105; while for the extreme caseGr = 106, such
ratio has reached a value as high as 5.03. On the other
it is observed that the thickness of the reversed flow reg
has almost doubled between the caseGr = 4.5 × 105 and
106. Such rather striking effect due to the flow reversal
the fluid radial temperature profile can also be observe
Fig. 4(b) for the same axial location. Thus, one can
that for the caseGr = 3 × 105 where the flow reversa
was first detected and also for the caseGr = 4.5 × 105

where a relatively ‘mild’ reversed flow has already set
there is practically no perceptible effect on the temperatur
.

,

,

profile except for a strong heating effect in the near w
region, effect that obviously increases with an augmenta
of q ′′

W However, for the casesGr = 5 × 105, 7.5 × 105 and
106, the presence of a reversed flow region has drastic
distorted the temperature profile, especially in the near wa
region where one can remark a clear change in the s
of fluid temperature profiles. Also, it is very interesting
see that, in the vicinity of the tube wall, say forR/R0 >

0.82 approximately, fluid temperature profiles for the ca
Gr = 5 × 105 and 7.5 × 105 are very close each other. F
the extreme caseGr = 106 in particular, the presence of
strong reversed flow near the wall has even produced m
pronounced effects as we can see in a highly distorted
temperature profile, Fig. 4(b). Such profile exhibits a rat
curious shape with two local minima, one observed on
centerline and the other one located in the near wall reg
say atR/R0 ≈ 0.88. For that case, while the heating effec
clearly present in the core region, in the near wall reg
however, fluid temperatures are, surprisingly, much lo
than those of casesGr = 4.5 × 105, 5 × 105 and 7.5 ×
105. It is also observed that the radial temperature grad
has considerably increased on the tube wall, indica
obviously that heat transfer has become more importa
this axial location. Such behaviors regarding the tempera
profiles of the casesGr = 5×105, 7.5×105 and 106 are due,
in fact, to the presence of a recirculation zone near the
that has bring colder fluid from the outer space adjacent
the tube exit section into the upstream region, as we may
later on the corresponding streamlines.

Figs. 5(a), (b) show, for the case of upward heated fl
(assisted-buoyancy) and several specific times of inte
during the heating process, the corresponding axial velo
and temperature profiles as obtained for the same a
location considered earlier (Z = 195 mm). It should be note
that the results corresponding to the casesGr = 1.5 × 106

and 1.75× 106 are actually not converged results. In fa
for these ‘critical’ cases, we were unable to obtain converge
asymptotic solution that corresponds to a constant l
of q ′′

W (more details and discussion will be given later
Section 4). One can observe that with the aiding buoya
effect, the fluid axial velocity in the near wall region h
appreciably augmented. Sucheffect clearly becomes mor
important for cases with sufficiently high Grashof numbe
and this to the detriment of fluid located in the core reg
where one can easily observe an important deceleratio
fluid. Thus, for the values considered of the Grashof num
Gr = 0, 105, 5× 105 and 106, the velocity ratioVZ/V0 on
the tube centreline has respectively as values, 1.95, 1
0.74 and 0.17. For the particular casesGr = 1.5 × 106

and 1.75× 106, VZ at R = 0 becomes strongly negativ
with respectivelyVZ/V0 ≈ −0.88 and −1.0, indicating
obviously the presence of a well established reversed
region on the tube centerline. From these results,
can expect that the flow reversal would be initiated fo
Grashof number around 106. Such reversed flow becom
more pronounced and clearly increases in size with fur
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Fig. 5. Transient evolution of (a) axial velocity and (b) temperature profi
for assisted-buoyancy case.

increase in time (and hence ofq ′′
W ). For example, at the

axial position considered, it occupies a region extended f
R/R0 = 0 to nearly 0.3 and 0.32 for the casesGr = 1.5 ×
106 and 1.75× 106. As observed before for the oppose
buoyancy cases, results have shown that even for such
Grashof numbers, the flow field as obtained for the assis
buoyancy cases also appears to conserve its axisymme
character. The effects due to the flow reversal on fl
temperature profiles may be scrutinized in Fig. 5(b) for the
same axial location considered. Thus, it is observed
under the increase in time of the wall heat fluxq ′′

W and
aiding buoyancy, heating effect obviously becomes m
pronounced in particular in the near wall region where
radial temperature gradient has considerably increased wi
the Grashof number. For the casesGr = 1.5 × 106 and
1.75 × 106 in particular, the presence of reversed flow
the core region has bring colder fluid from the outer sp
adjacent to the tube exit section into the upstream reg
as shown in the next paragraph. As consequence, we
observe that fluid temperature on the tube centerline ha
in fact, decreased from 1350 K to nearly 840 K forGr
increasing from 106 to 1.5×106; such temperature is almo
l

identical for both casesGr = 1.5 × 106 and 1.75 × 106.
On the other hand, the radial gradient of fluid tempera
on the wall has considerably increased for casesGr =
1.5 × 106 and 1.75× 106, which clearly indicates a mor
pronounced heat transfer rate at the wall at the axial loca
considered.

3.2. Transient evolution of the flow and thermal fields

The above striking effect due to the presence of the
versed flow region in the case of opposed-buoyancy fl
may be better understood by scrutinizing the structure o
flow and thermal fields as obtained for different times t
correspond to the following values of the Grashof numb
Gr = 4.5 × 105, 5 × 105, 7.5 × 105 and 106. Figs. 6(a)–
(d) show isotherms and iso-contours ofVZ for these cases. I
should be noted that the radial coordinate has been arbitr
exploded in order to gain into fine details of the flow stru
ture and thermal field; dotted lines show regions of nega
VZ while linesVZ = 0 indicate the boundary of the revers
region. We note at first, that for the caseGr = 3 × 105 (not
shown) for which the flow reversal has just been initia
on the wall near the tube exit section (see again Fig. 4
there is no perceptible change on both the flow and tem
ature field. They correspond almost to those of the ‘pu
forced’ convection case, except for the region immed
to the exit section where one can observe a mild acce
ation of fluid in the core region; the velocity ratioVZ/V0
is slightly superior than 2. With further increase ofq ′′

W in
time, say for caseGr = 4.5 × 105, Fig. 6(a), the reverse
flow region now appears more visible near the wall; it is
proximately extended from the axial positionZ = 0.1 m up
to the tube exit. Due to such recirculation cell, fluid acc
eration inside the core region now becomes more impor
and is observed over a longer zone prior to the exit sec
Also, it has created a tiny pocket of high fluid temperature
the tube wall near the exit; as consequence, we can ob
that isotherms are curved therein. Such rather interestin
fects become more important with further increase ofq ′′

W .
Thus, the reversed flow region increases considerably a
clearly spreading upstream; in fact, the fluid separation from
the wall is approximately observed at the following axial
cationsZ = 0.09, 0.06 and 0.04 m, respectively, for cas
Gr = 5 × 105, 7.5 × 105 and 106. Associated to such phe
nomenon, the region of strong fluid acceleration along
tube axis also becomes more extended. The region affe
by the reversed flow as well as the distortion observed
isotherms become, consequently, more important. Reg
ing the caseGr = 106 in particular, it is very interesting to
observe, Fig. 6(d), that under the strong adverse buoy
effect caused by a very high heating rate imposed at
tube wall,q ′′

W = 19 750 W·m−2, the flow exhibits its ‘annu
lar structure’ with high velocity downward flow in the co
region and an annular recirculation cell that occupies a
jor portion of the tube length. In fact, such zone, attac
to the wall, has approximately initiated at the axial posit
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(a) (b)
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Fig. 6. Transient structure of the flow and thermal field for opposed-buoyancy case (forGr = 4.5× 105, 5× 105, 7.5× 105 and 106).
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Z = 40 mm and is extended up to the exit section; its imp
tant thickness is nearly 1/3 of the tube radius. In the regio
along the main axis, a rather strong acceleration of the fl
can be remarked. One can also see that the flow field ap
to conserve its axisymmetrical character. From the abov
striking picture of the flow, one can easily expect that the
s

versed flow region would drastically affect the entire therm
field as shown in Fig. 6(d). It is very interesting to obse
that within the recirculation zone, the fluid temperature
considerably higher than that of the surrounding one, in
ticular in a small area on the tube wall around the cente
the recirculation cell where the fluid maximum temperatur
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Fig. 7. Transient structure of the flow and thermal field for assisted-buoyancy case (forGr = 105, 106, 1.5× 106 and 1.75× 106).
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of order of 3800 K can be remarked. Such rather extre
temperature that may appear somewhat intriguing, ca
explained by the fact that fluid that is ‘trapped’ inside the
versed flow region is continuingly heated by heat input fr
the wall. Furthermore, heat exchange between this trap
mass of fluid and the surrounding fluid flowing downwa
in the core region is mostly accomplished by conduct
through their common interface where reduced fluid ve
ity prevails. As consequence, the ‘equilibrium fluid temp
ature’ as high as 3 800 K may then be achieved. With reg
to the thermal field near the tube exit section, one can
notice some very interesting behaviour. Thus, due to the
versed flow, fresher fluid at 300 K is coming from the outs
environment and flows upstream, which explains the e
tence of a relatively colder fluid in a narrow region near
exit section.

For the case of assisted-buoyancy flow, results of
flow and the thermal field as obtained for several spec
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times corresponding to the following values of the Gras
number,Gr = 105, 106, 1.5 × 106 and 1.75 × 106, are
presented in Figs. 7(a)–(d). One can observe, at first,
for the caseGr = 105 for which only a mild buoyancy
effect prevails, the structure of the flow and thermal fi
appears quite similar to that corresponding to the ‘pu
forced convection’ case, except for a limited region pr
to the tube exit section where we can observe a ce
deceleration of fluid in the core region; the velocity ra
VZ/V0 is slightly lower than 2. So far, no perceptible effe
was noticed on the isotherms structure, Fig. 7(a). W
an augmentation in time ofq ′′

W , say for caseGr = 106

(Fig. 7(b)), as buoyancy effect has considerably increas
and resulted in a remarkableacceleration of fluid near th
wall and a corresponding deceleration in the core reg
(see again Fig. 5(a)), the structure of theVZ-field becomes
rather complex. Thus, we can see that the latter now exh
a narrow annular zone of high fluid velocity gradient n
the wall and, essentially, a large central region with l
axial velocity. We can also observe that the combina
of aiding-buoyancy and boundary layer development
created complex patterns ofVZ contours near the tube inle
section. For caseGr = 106, there is only small change i
the shape of isotherms compared to that of the prev
case; with such high level ofq ′′

W , it is obvious that the
temperature gradient has considerably increased in the nea
wall region, while in the core region, isotherms appear to
more flattened. With further increase ofq ′′

W , say for cases
Gr = 1.5 × 106 (Fig. 7(c)) and 1.75× 106 (Fig. 7(d)), one
can clearly notice the presence of an important reve
flow region that has been developed on the centreline
is attached to the tube exit section through which co
fluid from the outer space is admitted into the doma
Such recirculation zone appears important and it ne
occupies 1/5 of the tube diameter; near the tube exit,
thickness is almostD/3 for the caseGr = 1.75 × 106.
Along theZ-direction, it approximately extends fromZ =
0.09 m andZ = 0.08 m up to the tube exit, respectively, f
the cases under consideration. The above intake of fre
fluid has created a localized spot of relatively colder fluid
immediately to the exit section that, in turn, has resulted
higher temperature gradient observed in the near wall re
as previously seen in Fig. 5(b). On the other hand, in
entrance region, the structure of the temperature and
velocity fields appears, essentially, similar to that of the c
Gr = 106 presented earlier.

4. Flow reversal and instability

It has been known that under high wall heat flux con
tion, especially for the case with opposed buoyancy for
the flow may exhibit some form of instability [3,4]. Also, a
previously stated, the association between the flow reve
phenomenon and the onset of such instabilities, if any,
not yet been clearly established to date [1]. In this study
r

l

l

have attempted, by performing extended calculations u
transient regime in order to investigate such rather interes
ing issue.

At first, by carefully scrutinizing the structure of bo
the flow and the thermal field as well as their characteris
tics while subject to a steadily increasing wall heat fluxq ′′

W

during the heating process, it has been observed that
der opposed-buoyancy effect and up to the extreme v
of Gr, sayGr = 106, the flow appears to conserve its ax
symmetrical character. Note that such character has
thoroughly ascertained by establishing the variation of
pendent variables, say fluid temperatures and velocity c
ponents, along the circumferential direction; also, the fl
tangential velocity component must be zero throughout
domain. The same comment regarding the axis-symm
also holds for the case of assisted-buoyancy for value
the Grashof number up to 1.75 × 106. It is important to
note that the above extreme values of the Grashof num
include some ‘critical’ casesfor which no converged solu
tion was possible. These ‘critical’ cases are, respectively, th
ones withGr = 7.5×105 and 106 for the opposed-buoyanc
flow and cases withGr = 1.5× 106 and 1.75× 106 for the
assisted-buoyancy flow.

In order to investigate the transient behaviors of
flow and thermal field during the heating process a
in particular, the flow transition, if any, under critic
conditions, i.e., high wall heat fluxes with the presence
the flow reversal, we have thoroughly performed exten
calculations for many Grashof numbers of interest, for b
opposed and assisted buoyancy cases. Thus, during
temporal increase ofq ′′

W , see again Fig. 2, immediately aft
the converged numerical solution has been reached for
specific level ofq ′′

W , say, for example,q ′′
W = 1975 W·m−2,

i.e., Gr = 105, extensive calculations were then pursued
this level of q ′′

W until the so-called ‘asymptotic state’ o
the ‘steady state’ of the flow is reached. During all of su
calculations, the flow structure and the thermal field as w
as their convergence behaviors and the evolution of resid
have been constantly and carefully scrutinized in order to
ascertain the nature of the flow, either stable or unsta
On the other hand, for several cases of interest, in o
to assess whether the asymptotic flow solution is uniqu
not, transient calculations have then been performed, sta
from other initial conditions and/or using different values
the heating ramp dq ′′

W/dτ , to obtain numerical solutions tha
correspond to a same final value ofq ′′

W . From such heavy
calculation procedure, the following observations seem t
be pertinent with regard to the flow stability/instability
the presence of a reversed flow region.

For the case of opposed-buoyancy and Grashof num
up to the levelGr = 5.0 × 105, i.e., q ′′

W = 9.875 W·m−2,
no visible sign of transition or instability have been notic
Also, we have observed that, although the convergence
slightly slower with the increase of the Grashof number,
problems related to the convergence have been experie
so far; residuals as low as 10−8 were achieved for al
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converged solutions. Such interesting behaviors indi
that the flow appears to remain stable up to the ‘critic
level Gr = 5.0 × 105. Also, it has been observed that t
asymptotic state of the flow that corresponds to a cons
level of a wall heat fluxq ′′

W appears to be unique; suc
asymptotic structure of the flow as well as that of the ther
field have been shown earlier in Fig. 6(a)–(b). We sho
note that the above ‘critical’ value of the Grashof num
includes, in fact, the case where the flow reversal has
been initiated (caseGr = 3 × 105) and also the ones fo
which the reversed flow region has been well establis
but remained relatively ‘weak’ (casesGr = 4.5 × 105 and
5 × 105). This rather interesting behavior seems to indic
that for the opposed-buoyancy flow, the presence of a ‘m
reversed flow region may be somewhat ‘tolerated’, t
is to say that it does not seem to constitute a suffic
condition that triggers the flow transition or instabilit
Such result appears to be consistent with experime
observations by Lavine and colleagues [5,6]. They h
found, by visualization of the downward flow of water
uniformly heated inclined tubes, that the early transition
opposed-buoyancy flow is related, as suggested by Han
and colleagues [3,4], to the flow separation from the t
wall; however, the mere presence of such flow reve
does not necessarily guarantee that the flow would bec
unstable. As we tried to increase the Grashof number be
the critical value 5× 105, say for the levelGr = 7.5 × 105

that corresponds toq ′′
W = 14 812 W·m−2, the calculation

process has become extremely slow, difficult and rather
tedious. For example, it may take a tremendous num
of nearly 100,000 ‘inner iterations’ for a single time ste
note that no divergence problem has ever been experie
Also, although the residuals still remain relatively low,
they seem to exhibiting some sort of ‘cyclic’ variation a
continued to change as calculations proceeded. Thus, fo
the caseGr = 7.5 × 105 for example, it is observed tha
the residual of the mass conservation equation has va
between 10−5 and 10−3; unfortunately, it was numericall
not possible to establish the clear picture of such varia
because of the tremendous amount of calculations
would require for. Similar behavior was also observed for
other conservation equations. In fact, as stated previo
the structures of the flow and the thermal fields as sh
in Figs. 6(c), (d) were obtained during the course of s
difficult calculations, that is to say these structures
actually not converged solutions. The above difficult
regarding the convergence behaviors as well as the evol
of the residuals have become even more drastic for
extreme case ofGr = 106, see again Fig. 6(d). For th
discussed critical casesGr = 7.5 × 105 and Gr = 106,
we did not know, at the present time, what would be
time-evolution of the flow as well as its final state, if any
However, we believe that the above intriguing numer
behaviors may indicate some foresight of a certain trans
of the flow to another (unstable?) state. Unfortunately,
.

,

to severe limitations of our computer capabilities, we w
unable to ascertain such issue at the present time.

For the assisted-buoyancy cases, results and observa
from a similar calculation procedure have revealed that bo
the flow and thermal field seem to remain stable up to
critical level Gr = 106 or q ′′

W = 19 750 W·m−2. For case
with Grashof number lower than 106, the structures of the
flow and thermal field also appear to be unique, as
viously shown in Fig. 7(a), (b), and this including cas
where fluid velocity profiles develop points of inflexion (s
again Fig. 5(a)). Such result indicates that the presenc
points of inflexion may not constitute a unique and su
cient condition that conducts toinstability. Beyond the criti-
cal valueGr = 106, say for the tested casesGr = 1.5× 106

andGr = 1.75× 106, similar behaviors regarding the co
vergence difficulties, as those discussed previously for
opposed-buoyancy flow, have clearly been experienced.
again, although no numerical divergence has been, so
occurred during the calculation process, no asymptoti
steady state solutions were possible at the present time
to an extremely slow and rather difficult convergence
haviors. In conjunction with that stated previously regard
such behaviors, we believe that some form of flow transi
or instabilities may then be expected for cases with Gra
number higher than 106. Finally, it is very interesting to not
here that for the assisted-buoyancy flow, the above con
gence behaviors and numerical difficulties seem to be
served only for cases where the flow reversal has alre
established; while for cases with sufficiently high Gras
number but without reversed flow, say for the caseGr = 106,
for example (see again Fig. 7(b)), no such difficulties w
encountered so far during our calculation procedure. S
result, which indicates that the presence of a reversed
region appears to be a key factor that may lead to trans
and/or instability for an assisted-buoyancy mixed convec
flow, has been found to be consistent with that observed
perimentally by Hanratty and colleagues [3].

5. Conclusion

In this work, we have numerically studied the proble
of the transient mixed convection laminar flow of air insi
a vertical tube under buoyancy effect and high Gras
number condition, based on the Boussinesq’s assump
and by using a full 3D-transient model. The imposed w
heat flux is uniform but increases as linear function
time. For the case of opposed-buoyancy, the existenc
the reversed flow that is attached to the wall, has b
first observed near the tube exit section at the levelGr =
3 × 105. With further increase in time, this reversed flo
region increases both in volume and in intensity and
clearly progresses upstream. On the other hand, for
case of assisted-buoyancy, results have shown that the
of the flow reversal on the centreline near the tube
may be expected for Grashof numbers around 106. For
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higher value ofGr, such recirculation zone also becom
more important and is spreading upstream. The pres
of the reversed flow region has drastically perturbed
internal flow as well as the thermal field. Results ha
also shown that the structures of the flow and thermal fi
appear to remain stable and unique up to the levelGr =
5.0 × 105 and Gr = 106, respectively, for opposed an
assisted-buoyancy cases. Beyond these critical values
convergence becomes extremely slow and rather tediou
difficult, which is believed to be due to a certain form of flo
transition.
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