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Abstract

The problem of the transient laminar mixed convection flow ofraa vertical tube under buoyancy edt and high wall heat flux condition
has been numerically investigated by using a full 3D-transient-model and Boussinesq’s assumptions. The tube is submitted to a uniform but
time-dependent wall heat flux. Results have clearly shown that the flow reversal was first initiated near the tube exit section, on the tube wall
and at the leveGr = 3 x 10° for opposed-buoyancy case, and on the tube centerline and at the level of Grashof number dtdand 10
assisted-buoyancy one. With further increase in time of the wall heat flux, such reversed flow region has considerably increased in size anc
intensity and it clearly spreads into the upstream region. The presence of such recirculation cells has drastically perturbed the flow and the
thermal field as well as the heat transfer. Although the flow structure appears to conserve its axisymmetrical characters even for cases witt
very high Grashof numbers, results from this study have shown that the flow seems to remain stable and unique up tGithe fexel(®
and 16, respectively, for opposed and asted buoyancy cases. Beyond these critical Grashwitbers, an extremely slow and rather difficult
and tedious convergence behaviors have been experienced, which are believed to be due to a possible flow transition.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction thors have also found that for heated upward flow (assisted-
buoyancy), instabilities may occur when the velocity profiles
Because of its wide applicatis in engineering, the lam-  develop points of inflexion; while for heated downward flow
inar mixed convection flow has received a rather particu- (opposed-buoyancy), the imdlility seems to be associated
lar attention from researchein the past decades. A par- with the flow separation from the tube wall. Regarding the
tial review of relevant works in the domain may be found flow reversal in particular, one can mention very interesting
in [1,2]. A following brief review is emphasised on the flow results and experimental observations performed by Lavine
reversal phenomenon and the flow instability in a vertical and colleagues [5,6] for the case of opposed-buoyancy flow
tube. For such configuration, the pioneers works by Han- in heated inclined tubes. They have found that the flow re-
ratty and colleagues in the early sixties [3,4] have clearly versal may trigger early transition to the turbulence. Their
shown that the non-isothermal flow appears to be highly un- temperature measurements have clearly shown periodic be-
stable and may undergo itsatisition from a steady lami-  haviours in the flow reversal region for low tube inclina-
nar state to an unstable one at rather low Reynolds num-tion and moderate to high Reynolds and Grashof numbers.
ber. The unstable flow structure, which was not turbulent, g ,ch periodic behaviours appear to be caused by an inter-
has shown, in fact, the ‘new equilibrium’ state that consisted ittent breakdown of the reversed flow region. Wang and
of large scale, regular and periodic fluid motions. These au- colleagues [7] have investigated the problem of mixed con-
vection with flow reversal in the thermal entrance region of
~* Corresponding author. Fax: +1 (506) 858-4082. horizontal and vertical pipes at low Péclet number. For a ver-
E-mail addressnguyenc@umoncton.ca (C.T. Nguyen). tical tube flow, they have found that the flow reversal occurs
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Nomenclature

C, specific heat of the fluid .......... kLK1 k thermal conductivity of the fluid.. Wh—1.K-1

D tubediameter ... m p PresSSUre. ... ..o Pa
Gr Grashof number, Eq. (9) pamb ambientfluid pressure.................... Ra
Nuz  local Nusselt numbet: hzD/ko qi wall heat flux ....................... w2

Pr Prandtl number, Eq. (9

R radial coordinate q () ................... m Greek letters

Re Reynolds number, Eq. (9) P dependent variable

Ro tuberadius............ ... m B coefficient of thermal expansion ......... i

T fluid temperature ............. ... L K 0 circumferential coordinate ............... rad
Tamp  ambient fluid temperature ................. K u fluid dynamic viscosity .......... kgptst

To inlet fluid temperature..................... K »p fluiddensity ................. ... .. kg3

Vo average axial velocity at tube inlet...... -gnt T Me .. $
Vg radial velocity component............. .sni Subscripts

Vo tangential velocity component.......... -3N

Vz axial velocity component.............. g1l amb refers to the ambient conditions in the

z axial coordinate ................iiiiiiin.. m surrounding space

g gravitational acceleration.............. .82 w refers to tube wall

hz local heat transfer coefficient. . ... W2.K-1 0 refers to the reference condition

at the pipe center for the heating case and near the tube wall In real industrial applications, however, a transient lami-
for the cooling case, both at relatively higBr/Rg ratio. nar flow may occur during normal operation or, most often,
Different regimes of reversed flow have been identified for due to accidents. Unfortunately, such flow seems not to re-
both cases in @e — |Gr/Rg coordinate map. In their re-  ceive much attention in the past [1]. With regard to the prob-
cent works [8,9], the authors have numerically investigated lem of an unsteady laminar mixed convection flow subject
the problem of laminar upward flow in vertical tube with a to time-dependent boundary conditions at the tube inlet, ref-
uniformly heated zone precededd followed by adiabatic ~ €rences [11-13] are relevant. In a recent work [14], Mai and
zones, using a fully-elliptic model and considering wide colleagues have investigated the problem of a transient verti-
range of heating lengths, Reynolds and Richardson num-Ccal laminar flow submitted to a step change of the inlet flow
bers. Results have clearly shown that, depending upon the'@te- Results have shown that both the buoyancy and the ex-

combination of these parameters, it may exist five different ternal convective heat transfer condition have an important
flow regimes with or without reversals. The conditions lead- ©fféct on the flow and also on the local Nusselt number. The

ing to the flow reversal as well as the significance of the up- problem of laminar mixed flow subject to a step change of

stream axial diffusion of éat and momentum have also been e temperature has been investigated as well [15]
For the heating case, the reversed flow appears below the

established and the results have been mapped on the PéClevT/ave instability; with an increase of the Richardson num-
Richardson numbers plane for different lengths of the heated Y

ber, the unsteady vortex becomes more important at the in-
zone. Most recently, Behzadmehr and colleagues [10] have .
: . L . . . terface between the boundary layer and the core region. For
investigated similar problem of laminar mixed convection of

: . : o s the cooling cases, results have shown that the effect of the
upward air flow in vertical tube, by judiciously employing

| Id b bul del formi | wall-to-fluid heat capacity ratibecomes more significant.
a ow—Reyno S-humber tu_r ulent model to per orming cal- tne formation of the unsteady vortex appears on top of the
culations for both the laminar and turbulent flow regimes.

wave instability.
The results have shown that under buoyancy effect, the flow |, ig important to note that, unfortunately, the influence

transition to turbulence may occur at relatively low Reynolds f the flow reversal on the onset of the instabilities has not
number, and the existence of two different critical Grashof peen very well understood to date [1]. The first theoretical
numbers for which transition occurs has clearly been estab-study of the stability of mixed laminar convection flow was
lished. At the first critical Grashof number, the flow changes likely due to Yao [16,17] who has performed a linear sta-
from the laminar regime to the turbulent one, and at the sec- pjlity analysis for water flow in a heated vertical tube. He
ond one with higher wall heat flux, another transition occurs has found that the fully-developed non-isothermal flow ap-
and the flow goes back to its original laminar regime. The pears highly unstable, and the ‘bifurcated new equilibrium’
numerical results have also shown two different reversal pat- flow state is likely to be a double helices structure. Such un-
terns: the first one is located on the tube centreline; while the stable flow structure seems to be susceptible to delaying its
second one is observed between the axis and the wall. transition to turbulence. Yao and Rogers [18] have also con-
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tributed important work on the thermal instability mecha- z
nism in a vertical annulus. In a most recent linear stability
analysis, Su and Chung [19] have provided very interest-
ing information regarding the instability mechanism as well
as the effects of the Prandtl number. The results presented
have suggested that the mixed laminar convection flow in a
vertical tube may become unstable at low Reynolds num-
ber and Rayleigh numbers irrespectively of the fluid Prandtl
number. For water in particular, their predicted values for
the critical Rayleigh number agree very well with the corre-
sponding experimental data by Scheele and Hanratty [4] for
both assisted and opposed buoyancy cases. Su and Chung
have also found that the Prandtl number profoundly affects
the stability of an assisted-buoyancy flow and changes its in-
stability mechanism as well. For Prandtl less than 0.3, the
thermal-shear instability is dominant; while fér > 0.3, Fig. 1. Geometrical configutian of the problem studied.

the assisted-thermal-buoyant instability becomes responsi-

ble. On the other hand, for the opposed-buoyancy case, theas derived from the principle of the conservation of mass,
influence of the Prandtl number seems to be less significant, nomentum and energy, are as follows [20]:

which is attributed, accordinto these authors, to the fact

that such flow is itself unstably stratified. V- (poV)=0 (1)

Ttheb e;pove st;ar:)ilgyhanalyﬁez,.agl bats_ed on trr:te. Itineiﬁr 3(poVR) /9T + V- (poV VR)
perturbations method, have shed interesting insight into the
rather complex nature of the instabilities that may occur  — —0p/IR+ V- (oVVk) + Sk (2)
in a fully-developed laminar mixed convection flow. Since 9(ooVs)/97 4+ V - (poV Vi)
these studies assume infinitesimal pert_urbations_,, i.e., quasi- _ —(1/R)3p/36 +V - (1oV Vg) + S (3)
steady flow regimes may be approximated, it becomes
highly questionable whether the results obtained from such 9(P0V2)/9tT +V - (poVVz)
studies can be applied for predicting the flow behaviours = —-9p/0Z + V- (uoVVz) + pogBo(T — To) 4)
Iunder real operational conditiorisr which, transient and 8(p0CpoT) /07 +V - (poVCpT) =V - (koV'T) )
arge disturbances may often be encountered.

In the present work, we have numerically studied the whereV = (V,, Vj, V) is the fluid velocity vectorr and
structure of the flow and the thermal field for a simulta- p are the time and the pressure; u, k and C, are,
neously developing laminar mixed convection flow and its respectively, the fluid density, dynamic viscosity, thermal
transient behaviours under strong and time-dependent heatconductivity and specific heat; the subscript 0 refers to
ing condition i.e., high Grashof number. The results are pre- the reference condition corresponding to the fluid inlet
sented and discussed with emphasis on the occurrence of théemperaturelp. The termsSi andS, are velocities-related

flow reversal phenomenon as well as its effects on the heatstress terms that result from the choice of the cylindrical
transfer rate. coordinate system; they are given as follows:

Sk = poVi'/R — o[ (V/R?) + (2/R?)(@Ve/00)] ()
2. Mathematical modeling and numerical method So =—poVkVa/R + 1o (2/R?) (3Vr/30) — (Va/R?)] (7)

The problem consists of the simultaneously developing 2-1. Boundary and initial conditions
mixed convection flow of air inside a vertical tube of

diameterD = 10 mm and length. = 200 mm, which is The governing equations (1)—(5) are non-linear and
submitted to a uniform but time-dependent wall heat flux, Strongly coupled each other. They are subject to the follow-
Fig. 1. The flow is assumed transient, laminar angriori ing boundary and initial conditions:

three-dimensional, that is to say no assumption regarding the

flow symmetry is invoked. The fluid is considered viscous 2.1.1. Boundary conditions

and incompressible with constant physical properties except — At the tube inlgtthe fluid has uniform profiles of axial
for its density that appears in the buoyancy terms (the  Velocity Vo and temperaturéo:

Boussinesq's assumptions). Both the compression work and
the viscous dissipation are considered negligible. Under ~£=0 R=0.D/2 0=0.27

such assumptions, the corresponding governing equations, Vr=Vy=0, Vz=Vy, T=Tp (8a)
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Fig. 2. Time-variation of heat ﬂuqﬁ, as imposed on tube wall.

At the tube wallthe usual non-slip conditions prevail.
Also, a uniform but time-dependent heat flux, which
varies as a linearly function of time (Fig. 2), is pre-
scribed:
Z=0L;

R=D/2; 6=0,2r

qyw = [ (1)

At the tube exit sectigrthe so-called ‘pressure outlet’
conditions with a specified known pressysgmp and
ambient temperatur@;mp are prescribed. These para-

Vg =Vy =V, =0, (8b)

meters, for the problem under consideration, correspond

in fact to the ambient conditions that prevail in the outer

spectively forpamp and Tamp (that is, if there is any re-
versal flow through the tube exit section, the intake fluid
that comes from the outer space will have 300 K as tem-
perature; further details regarding such boundary condi-
tion and its treatment may be found in [22]).

2.1.2. Initial conditions
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2.2. Numerical method and code validation

The system of the governing equations (1)—(5), which
is constituted of non-linear and strongly coupled PDE, has
been successfully solved by using the numerical method
that is essentially based on the well known ‘control-volume
approach’, in which, the spatial integration is performed
for each of the governing equations over finite-control vol-
umes [21,22]. The power-law scheme has been employed
throughout to compute the heat and momentum fluxes,
while a fully implicit second-order temporal scheme has
been adopted for the treatment of the transient terms of the
governing equations [22]. On the other hand, the standard
SIMPLE-procedure has been employed in order to handle
the pressure-velocity coupling. The resulting ‘discretization
equations’ have been solved in a sequential manner, i.e., one
at a time, using the combination of the efficient multiple-
and-alternate-sweeping techoe, the ‘line-by-line’ tech-
nigue and the standard TDMA (‘Three-Diagonal Matrix Al-
gorithm’). Complete information regarding the numerical
method are well documented elsewhere [21,22]. In order to
ensure the accuracy of the ults, and more importantly,
their independence with respect to the number of nodes used
in the discretization process, several grids were thoroughly
tested and the 2532 x 90 non-uniform grid has been found
to be appropriate for the problem under study. Such adopted
grid has respectively 25, 32 and 90 nodes in the radial, tan-
gential (covering 0—360) and axial directions with highly
packed grid points near the tube wall, in the entrance re-
gion as well as in the exit region. A time step varying from
0.I-2.5 s has been found sufficient and adequate in order

assigned, as values, atmospheric pressure and 300 K, rgfo detect and follow any change of the flow field during its

heating process. As general numerical procedure, we started
from the velocities and thermal fields corresponding to an
isothermal ‘pure forced’ convection case (i.&r, = 0) and

then proceeded, by increasingogressively (i.e., in time)

the wall heat fluxgy,, to reaching another level @r. For
some particular levels of interest, extended calculations have
been pursued in time at the same valugpfthat has been
reached in order to allow sufficient time for the flow to de-

We assume that at the beginning of the heating processvelop. During all of such calculations, the flow and thermal

i.e., at timet = 0, the fluid has uniform temperatufg
throughout the domain and its velocity field corresponds, in
fact, to that of the classical casf developing laminar ‘pure
forced’ flow (i.e., withGr = 0) at the same Reynolds number
considered.

2.1.3. Dimensionless parameters

field were constantly and carefully scrutinized in order to as-
certain their structures as well as their nature, either stable or
unstable, in particular for the opposed-buoyancy cases under
high heat flux condition for which the occurrence of the flow
reversal phenomenon may likely occur. As convergence in-
dicator, we have essentially based on the residuals that result
from the ‘discretized form’ of the governing equations (1)—

One can determine that the problem under consideration(5). During the iterative calculation process, these residu-
may be characterized by a set of three dimensionless paraals were constantly monitored and carefully scrutinized. For
meters, namely the Reynolds number, the Prandtl numbermost of the simulations performed in this study, converged

and the Grashof number. Their definition is given as follows:

Re= Vo Dpo/ 1o; Pr = Cpoumo/ ko

Gr = pggPoayy D*/ (ko) 9)

solutions have usually been achieved with residuals as low
as 108 for all of the governing equations.

The computer model has been successfully validated by
comparing the results as obtained for the development of
the axial velocity component as well as that of the local
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Nusselt numbeNugz, to the corresponding analytical and
numerical data available in the literature, for (i) the classic
case of an isothermal developing laminar forced flow in a
tube, Fig. 3(a), and (ii) the case of the steady, laminar mixed
convection upward flow of air in a uniformly heated vertical
tube [23], Fig. 3(b) and (c). As one can notice, the agreement
between our results and others’, in particular with Orfi's data
[23] for cases under high Grashof number condition, may
be qualified as very good. Therefore, we can conclude with
confidence about the appropriateness of the mathematical
model as well as the reliability of the chosen numerical
method.

3. Resultsand discussion

In order to study the transient behaviors of the flow
and the thermal field under theerturbations resulting from
the imposition of time-dependent wall heat flux, extensive
calculations were performed for air and the following fixed
parametersTy = 300 K, Pr = 0.708, Re= 500; the wall
heat fluxgqy, varies linearly with time with a constant slope
of 5.486 Wm~2.s™1, Fig. 2. For the results shown in the
present papegy, has varied from 0 to 19750 W2 for
downward heated flow (opposed-buoyancy) and from O to
34560 Wm~2 for upward heated flow (assisted-buoyancy)
which correspond, respectively, to the ranges G-l 0—
1.75x 10° of the Grashof number.

3.1. Transient evolution of axial velocity and temperature
profiles

Figs. 4(a), (b) show the temporal development of the
fluid axial velocity and temperature profiles as obtained for
several heated downward (opposed-buoyancy) cases and a
specific axial locationZ = 195 mm near the exit section.
These profiles correspond to different values of the Grashof
number, i.e., to different times during the heating process
(see again Fig. 2). It is important to mention that the profiles
corresponding to the ‘critical’ cas&@r = 7.5 x 10° and 16
are actually not converged results, in spite of relatively low
residuals (details will be given later in Section 4). One can
observe at first, Fig. 4(a), that the flow field seems to remain
axisymmetrical even for cases with sufficiently high Grashof
number as the ones considered in this study. Thus, for the
caseGr =0, i.e., at timer = 0, the flow field corresponds
to the case of ‘pure forced’ flow without natural convection
effect and hence, exhibits anbect parabolic axial velocity
profile (we note that for the case considered, the flow is
not fully developed at the axial locatiod = 195 mm).
With further increase in time and, correspondingly, the wall
heat fluxqy,, the opposing buoyancy effects near the tube

Fig. 3. Comparison with other analgél and numerical data for: (a) Axial
development ofV; at R = 0.3D for laminar forced convection flow
(Gr = 0); (b) Axial development oV, at R = 0 for mixed convection air
flow (Gr = 10°, lda); (c) Axial development of Nusselt number for mixed
convection air flomGr = 10°).

wall become more pronounced that act again the main
downward flow. Thus, one can observe that the fluid is
clearly decelerated in the near wall region. At the particular
level Gr = 3 x 10°, i.e., g}, = 5925 Wm~2, the radial
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Gr=0

. - = = G=10

‘e —_——— Gr=3*10°
% s Gr=4.5*10°

—_ — = Gr=5%10°

——— Gr=7.5%10°

....... Gr=10°

profile except for a strong heating effect in the near wall
region, effect that obviously increases with an augmentation
of gy, However, for the caseGr =5 x 10°, 7.5 x 10° and

108, the presence of a reversed flow region has drastically
distorted the temperature file, especially in the near wall
region where one can remark a clear change in the shape
of fluid temperature profiles. Also, it is very interesting to
see that, in the vicinity of the tube wall, say f&/Ro >

0.82 approximately, fluid temperature profiles for the cases
Gr =5 x 10° and 75 x 10° are very close each other. For
the extreme casér = 1P in particular, the presence of a
strong reversed flow near the wall has even produced more
pronounced effects as we can see in a highly distorted fluid
temperature profile, Fig. 4(b). Such profile exhibits a rather
curious shape with two local minima, one observed on the

_ —6i=0 centerline and the other one located in the near wall region,
ook —— g A e, & : say atR/Rg ~ 0.88. For that case, while the heating effect is
E TR P s clearly present in the core region, in the near wall region
E T Gorenoe i however, fluid temperatures are, surprisingly, much lower
1600 /;/ _ than those of case6r = 4.5 x 10°, 5 x 10° and 75 x
3 //’//',. - 10°. It is also observed that the radial temperature gradient
T(K) 1200 e 7 /// has considerably increased on the tube wall, indicating
' /;’/ /// obviously that heat transfer has become more important at
800F .z //// this axial location. Such behaviors regarding the temperature
S profiles of the case8r = 5x 10°, 7.5 x 10° and 16 are due,
40 - — - - -~ " " in fact, to the presence of a recirculation zone near the wall
3 that has bring colder fluid fim the outer space adjacent to
O 0,001 0002 0003 0004 0005 the tube exit section into the upstream region, as we may see
R (m) later on the corresponding streamlines.

(b)

Figs. 5(a), (b) show, for the case of upward heated flow

(assisted-buoyancy) and several specific times of interest
Fig. 4. Transient evolution of (a) axial velocity and (b) temperature profiles, during the heating process, the corresponding axial velocity
for opposed-buoyancy case. and temperature profiles as obtained for the same axial

location considered earlieZ(= 195 mm). It should be noted
gradient ofV vanishes, in fact, on the tube wall indicating that the results corresponding to the caSes= 1.5 x 10°
obviously that the flow reversal has just been initiated. and 175 x 10° are actually not converged results. In fact,
Associated with such phenomenon, we can clearly observefor these ‘critical’ cases, weeve unable to obtain converged
a strong acceleration of fluid in the core region. With further asymptotic solution that corresponds to a constant level
increase ofgy,, negative axial velocities become more of gy, (more details and discussion will be given later in
visible near the wall and the thickness of the reversed flow Section 4). One can observe that with the aiding buoyancy
region also increases considbly; the fluid acceleration in  effect, the fluid axial velocity in the near wall region has
the core region has become, consequently, more importantappreciably augmented. Suelfect clearly becomes more
Thus for example, the velocity rati&¥z/Vp on the tube important for cases with sufficiently high Grashof numbers,
centreline has as values, 1.95, 2.22, 2.92, 3.58, 3.83 and 4.13and this to the detriment of fluid located in the core region
respectively, folGr = 0, 1%, 3 x 1%, 45 x 10°, 5 x 10° where one can easily observe an important deceleration of
and 75 x 10°; while for the extreme casér = 10°, such fluid. Thus, for the values considered of the Grashof number,
ratio has reached a value as high as 5.03. On the other handzr = 0, 1, 5 x 10° and 16, the velocity ratioVz/ Vo on
it is observed that the thickness of the reversed flow regionthe tube centreline has respectively as values, 1.95, 1.65,
has almost doubled between the c&we= 4.5 x 10° and 0.74 and 0.17. For the particular casés = 1.5 x 10°
10°. Such rather striking effect due to the flow reversal on and 175 x 10°, V; at R = 0 becomes strongly negative,
the fluid radial temperature profile can also be observed in with respectivelyVz/Vy ~ —0.88 and —1.0, indicating
Fig. 4(b) for the same axial location. Thus, one can see obviously the presence of a well established reversed flow
that for the caseGr = 3 x 10° where the flow reversal region on the tube centerline. From these results, one
was first detected and also for the caBe= 4.5 x 10° can expect that the flow reversal would be initiated for a
where a relatively ‘mild’ reversed flow has already set in, Grashof number around §0Such reversed flow becomes
there is practically no percéple effect on the temperature  more pronounced and clearly increases in size with further
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0.5F

803

identical for both case&r = 1.5 x 10° and 175 x 10P.

On the other hand, the radial gradient of fluid temperature
on the wall has considerably increased for caG¥s=

1.5 x 10° and 175 x 1P, which clearly indicates a more
pronounced heat transfer rate at the wall at the axial location

[ considered.
VilVo oE777 L. ‘
: / &r=0 3.2. Transient evolution of the flow and thermal fields
05F /4 - - = Gi=10°
L e %%?051010 The above striking effect due to the presence of the re-
3 —— Gi=1.75%10° versed flow region in the case of opposed-buoyancy flow
) P R S TP TP may be better understood by scrutinizing the structure of the
"o 0.001 °'°°2R 0.003  0.004  0.005 flow and thermal fields as obtained for different times that
@ (m) correspond to the following values of the Grashof number,
Gr=45x 10°, 5 x 10°, 7.5 x 10° and 16. Figs. 6(a)-
C , (d) show isotherms and iso-contoursigf for these cases. It
4000 _ gr;t])[)s .,-" should be noted that the radial coordinate has been arbitrarily
3 — T G50 S/ exploded in order to gain into fine details of the flow struc-
3 il L WO yd / ture and thermal field; dotted lines show regions of negative
3000 B Gi=1.75*10° /.// 4 Vz while linesVz = 0 indicate the boundary of the reversed
T (K) . ’_,.x’ / region. We note at first, that for the caGe = 3 x 10° (not
3 Pl shown) for which the flow reversal has just been initiated
2000;' /ﬁ -7 _ on the wall near the tube exit section (see again Fig. 4(a)),
'7’/ --------------------- //// there is no perceptible change on both the flow and temper-
1000F _#" ”/,/// ature field. They correspond almost to those of the ‘pure-
——""___ - forced’ convection case, except for the region immediate
FETETT L LSS to the exit section where one can observe a mild acceler-
05 000 0002 0003 0004 —0:005 ation of fluid in the core region; the velocity ratigz/ Vo
R (m) is slightly superior than 2. With further increase 4, in

Fig. 5. Transient evolution of (a) axial velocity and (b) temperature profiles,
for assisted-buoyancy case.

increase in time (and hence gf;). For example, at the

time, say for cas&r = 4.5 x 10°, Fig. 6(a), the reversed
flow region now appears more visible near the wall; it is ap-
proximately extended from the axial positiah= 0.1 m up

to the tube exit. Due to such recirculation cell, fluid accel-
eration inside the core region now becomes more important
and is observed over a longer zone prior to the exit section.

axial position considered, it occupies a region extended from Also, it has created a tiny pocket of high fluid temperature on
R/Rg = 0 to nearly 0.3 and 0.32 for the cagés = 1.5 x the tube wall near the exit; as consequence, we can observe
10° and 175 x 10°. As observed before for the opposed- that isotherms are curved therein. Such rather interesting ef-
buoyancy cases, results have shown that even for such higHects become more important with further increaseypf
Grashof numbers, the flow field as obtained for the assisted-Thus, the reversed flow region increases considerably and is
buoyancy cases also appears to conserve its axisymmetricatlearly spreading upstream; iadt, the fluid separation from
character. The effects due to the flow reversal on fluid the wall is approximately observed at the following axial lo-
temperature profiles may be atinized in Fig. 5(b) for the  cationsZ = 0.09, 0.06 and 0.04 m, respectively, for cases
same axial location considered. Thus, it is observed thatGr =5 x 10°, 7.5 x 10° and 16. Associated to such phe-
under the increase in time of the wall heat flg§ and nomenon, the region of strong fluid acceleration along the
aiding buoyancy, heating effect obviously becomes more tube axis also becomes more extended. The region affected
pronounced in particular in the near wall region where the by the reversed flow as well as the distortion observed on
radial temperature gradienas considerably increased with  isotherms become, consequently, more important. Regard-
the Grashof number. For the cas€s = 1.5 x 10° and ing the casesr = 10° in particular, it is very interesting to
1.75 x 10° in particular, the presence of reversed flow in observe, Fig. 6(d), that under the strong adverse buoyancy
the core region has bring colder fluid from the outer space effect caused by a very high heating rate imposed at the
adjacent to the tube exit section into the upstream region, tube wall,gy;, = 19750 Wm~2, the flow exhibits its ‘annu-

as shown in the next paragraph. As consequence, we canar structure’ with high velocity downward flow in the core
observe that fluid temperation the tube centerline has, region and an annular recirculation cell that occupies a ma-
in fact, decreased from 1350 K to nearly 840 K fGr jor portion of the tube length. In fact, such zone, attached
increasing from 10to 1.5 x 10°; such temperature is almost  to the wall, has approximately initiated at the axial position
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Fig. 6. Transient structure of the flow and thermal field for opposed-buoyancy cagr éo#.5 x 10°, 5 x 10°, 7.5 x 10° and 16).

Z =40 mm and is extended up to the exit section; its impor- versed flow region would drastically affect the entire thermal
tant thickness is nearly/B of the tube radius. In the region field as shown in Fig. 6(d). It is very interesting to observe
along the main axis, a rather strong acceleration of the fluid that within the recirculation zone, the fluid temperature is
can be remarked. One can also see that the flow field appearsonsiderably higher than that of the surrounding one, in par-
to conserve its axisymmetal character. From the above ticular in a small area on the tube wall around the center of
striking picture of the flow, one can easily expect that the re- the recirculation cell where éfluid maximum temperature



C.T. Nguyen et al. / International Journal of Thermal Sciences 43 (2004) 797-808 805

T ‘ V,(mis) 02, T y V,(mis)
10 521 BN e ] 7 2618 9 i1
9 841 8 129 E 6 1954 8 095
8 44 5 7 122 1 5 1457 A 7 095
7401 ! 6 114 ] 4 1127 |8 6 6 092
6 381 8 5 105 3 79% 5 077
5 360 4 089 R 2 465 4 028
4 340 5/ 4 3 057 015: 4 1 300 8 | 2 3 0.4
> | 2 o ] 2 o

1008 1 .
1 300 11/5 i lb ol
] 7\
7
8
7 01 2 7
1.
to}
4 4 }\
=k L
L J 005 b y J
6
m | 4
N
0.
(a) (b)

01 4 Tw T V(mis) 02, T \ V.
] \3/ 5 3813 bw@ (;{[ 0y M 9 13 ] ‘26\2! \ 7 4357 =g e iy
- 7 2642 M ANy 8 131 1 ¢ 6 3798 o)l 8 124
] Uil e 2ms 4] Vs 7 12 ] 5 2722 o 7 097
7 5 1939 [0/ \_3 6 095 16 sl 4 2184 ! 6 082
] 4 4 1682 4 5 082 3 1780 2 5 000
1 3 1364 I 6 4000 - 2 1107 _ 4 019

" 2 687 Il 3 009 05 1300 6 3 -049

151 vd BEEE O |1 2 049 1 [/\ | ‘L g|l 2 -0
1 3 0. 1091
i [ | ]

7 7 1 4 o)
g 4 J
115 ]

1 ! ] //

1 114 2 55
1o 5 4 1oy Hl I

1 L s 15 4

4 1l 5 gle - /(

] 37 8

] / 0051 |

15

évf

Fig. 7. Transient structure of the flow and thermal field for assisted-buoyancy cagr got0®, 10°, 1.5 x 108 and 175 x 10°).

<>
<>
1 <
N
—4
or——
[ — O S
<L b L1
o
-
= C D
——o——

(©) (d)

of order of 3800 K can be remarked. Such rather extreme ature’ as high as 3800 K may then be achieved. With regard
temperature that may appear somewhat intriguing, can beto the thermal field near the tube exit section, one can also
explained by the fact that fluid that is ‘trapped’ inside the re- notice some very interesting behaviour. Thus, due to the re-
versed flow region is continuingly heated by heat input from versed flow, fresher fluid at 300 K is coming from the outside

the wall. Furthermore, heat exchange between this trappedenvironment and flows upstream, which explains the exis-
mass of fluid and the surrounding fluid flowing downwards tence of a relatively colder fluid in a narrow region near the

in the core region is mostly accomplished by conduction exit section.

through their common interface where reduced fluid veloc-  For the case of assisted-buoyancy flow, results of the
ity prevails. As consequence, the ‘equilibrium fluid temper- flow and the thermal field as obtained for several specific
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times corresponding to the following values of the Grashof have attempted, by performing extended calculations under
number,Gr = 10°, 10°, 1.5 x 10° and 175 x 10°, are transient regime in order to ingtigate such rather interest-
presented in Figs. 7(a)—(d). One can observe, at first, thating issue.
for the caseGr = 10° for which only a mild buoyancy At first, by carefully scrutinizing the structure of both
effect prevails, the structure of the flow and thermal field the flow and the thermal fieldsawell as their characteris-
appears quite similar to that corresponding to the ‘pure- tics while subject to a steadily increasing wall heat fix
forced convection’ case, except for a limited region prior during the heating process, it has been observed that, un-
to the tube exit section where we can observe a certainder opposed-buoyancy effect and up to the extreme value
deceleration of fluid in the core region; the velocity ratio of Gr, sayGr = 10P, the flow appears to conserve its axis-
Vz/ Vo is slightly lower than 2. So far, no perceptible effect symmetrical character. Note that such character has been
was noticed on the isotherms structure, Fig. 7(a). With thoroughly ascertained by establishing the variation of de-
an augmentation in time ofy,, say for caseGr = 10° pendent variables, say fluid temperatures and velocity com-
(Fig. 7(b)), as buoyancy eftt has considerably increased ponents, along the circumferential direction; also, the fluid
and resulted in a remarkabéeceleration of fluid near the tangential velocity component must be zero throughout the
wall and a corresponding deceleration in the core region domain. The same comment regarding the axis-symmetry
(see again Fig. 5(a)), the structure of tfig-field becomes  also holds for the case of assisted-buoyancy for values of
rather complex. Thus, we can see that the latter now exhibitsthe Grashof number up t0.75 x 1P. It is important to
a narrow annular zone of high fluid velocity gradient near note that the above extreme values of the Grashof number
the wall and, essentially, a large central region with low include some ‘critical’ casefr which no converged solu-
axial velocity. We can also observe that the combination tion was possible. These ‘criticalases are, respectively, the
of aiding-buoyancy and boundary layer development has ones withGr = 7.5 x 10° and 16 for the opposed-buoyancy
created complex patterns &, contours near the tube inlet  flow and cases witlr = 1.5 x 10° and 175 x 1P for the
section. For cas&r = 10°, there is only small change in  assisted-buoyancy flow.
the shape of isotherms compared to that of the previous In order to investigate the transient behaviors of the
case; with such high level ofy,, it is obvious that the  flow and thermal field during the heating process and
temperature gradient has caterably inceased in the near in particular, the flow transition, if any, under critical
wall region, while in the core region, isotherms appear to be conditions, i.e., high wall heat fluxes with the presence of
more flattened. With further increase @f,, say for cases the flow reversal, we have thoroughly performed extensive
Gr = 1.5 x 10° (Fig. 7(c)) and 175 x 10° (Fig. 7(d)), one calculations for many Grashof numbers of interest, for both
can clearly notice the presence of an important reversedopposed and assisted buoyancy cases. Thus, during the
flow region that has been developed on the centreline andtemporal increase afy,, see again Fig. 2, immediately after
is attached to the tube exit section through which colder the converged numerical lstion has been reached for a
fluid from the outer space is admitted into the domain. specific level ofgj,, say, for examplegy, = 1975 Wm~2,
Such recirculation zone appears important and it nearly i.e., Gr = 10°, extensive calculations were then pursued for
occupies 15 of the tube diameter; near the tube exit, its this level of ¢y, until the so-called ‘asymptotic state’ or
thickness is almostD/3 for the caseGr = 1.75 x 10P. the ‘steady state’ of the flow is reached. During all of such
Along the Z-direction, it approximately extends from = calculations, the flow structure and the thermal field as well
0.09 m andZ = 0.08 m up to the tube exit, respectively, for as their convergence behaviors and the evolution of residuals
the cases under consideration. The above intake of freshehave been constantly and cariy scrutinized in order to
fluid has created a localizegat of relatively colder fluid ascertain the nature of the flow, either stable or unstable.
immediately to the exit section that, in turn, has resulted in a On the other hand, for several cases of interest, in order
higher temperature gradient observed in the near wall regionto assess whether the asymptotic flow solution is unique or
as previously seen in Fig. 5(b). On the other hand, in the not, transient calculations have then been performed, starting
entrance region, the structure of the temperature and axialfrom other initial conditions and/or using different values of
velocity fields appears, essentially, similar to that of the case the heating rampd;, /dz, to obtain numerical solutions that
Gr = 10° presented earlier. correspond to a same final value 4f,. From such heavy
calculation procedure, the lfowing observations seem to
be pertinent with regard to the flow stability/instability in
4. Flow reversal and instability the presence of a reversed flow region.
For the case of opposed-buoyancy and Grashof numbers
It has been known that under high wall heat flux condi- up to the levelGr = 5.0 x 10°, i.e., ¢}, = 9.875 Wm—2,
tion, especially for the case with opposed buoyancy forces, no visible sign of transition or instability have been noticed.
the flow may exhibit some form of instability [3,4]. Also, as Also, we have observed that, although the convergence was
previously stated, the association between the flow reversalslightly slower with the increase of the Grashof number, no
phenomenon and the onset of such instabilities, if any, hasproblems related to the convergence have been experienced
not yet been clearly established to date [1]. In this study, we so far; residuals as low as 19 were achieved for all
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converged solutions. Such interesting behaviors indicateto severe limitations of our computer capabilities, we were
that the flow appears to remain stable up to the ‘critical’ unable to ascertain such issue at the present time.

level Gr = 5.0 x 10°. Also, it has been observed that the For the assisted-buoyancy cases, results and observations
asymptotic state of the flow that corresponds to a constantfrom a similar calculation preedure have revealed that both
level of a wall heat fluxgy, appears to be unique; such the flow and thermal field seem to remain stable up to the
asymptotic structure of the flow as well as that of the thermal critical level Gr = 1C° or g, = 19750 Wm~2. For case
field have been shown earlier in Fig. 6(a)—(b). We should with Grashof number lower than §0the structures of the
note that the above ‘critical’ value of the Grashof number flow and thermal field also appear to be unique, as pre-
includes, in fact, the case where the flow reversal has justviously shown in Fig. 7(a), (b), and this including cases
been initiated (cas&r = 3 x 10°) and also the ones for  where fluid velocity profiles develop points of inflexion (see
which the reversed flow region has been well established again Fig. 5(a)). Such result indicates that the presence of
but remained relatively ‘weak’ (cas&r = 4.5 x 10° and points of inflexion may not constitute a unique and suffi-
5 x 10°). This rather interesting behavior seems to indicate cient condition that conducts tostability. Beyond the criti-
that for the opposed-buoyancy flow, the presence of a ‘mild’ cal valueGr = 10°, say for the tested cas@s = 1.5 x 10°
reversed flow region may be somewhat ‘tolerated’, that andGr = 1.75 x 10°, similar behaviors regarding the con-

is to say that it does not seem to constitute a sufficient vergence difficulties, as those discussed previously for the
condition that triggers the flow transition or instability. ©OPPOsed-buoyancy flow, have clearly been experienced. And
Such result appears to be consistent with experimental@dain, although no numerical divergence has been, so far,
observations by Lavine and colleagues [5,6]. They have occurred during the calculation process, no asympt_otic or
found, by visualization of the downward flow of water in steady state solutions were pOSS|bI_e at the present time due
uniformly heated inclined tubes, that the early transition in {0 an extremely slow and rather difficult convergence be-

opposed-buoyancy flow is related, as suggested by Hanratt;haViorS- In conjunction with that stated previously regarding
and colleagues [3,4], to the flow separation from the tube such behaviors, we believe that some form of flow transition

wall; however, the mere presence of such flow reversal or instabilities may then be expected for cases with Grahof

does not necessarily guarantee that the flow would become'UmPer higher than fOFinally, itis very interesting to note

unstable. As we tried to increase the Grashof number beyondhere that for Fhe a35|sted-bu9yanqy_flovx{, the above conver-
the critical value 5< 1P, say for the levelr = 7.5 x 10° gence behaviors and numerical difficulties seem to be ob-

that corresponds tqy, = 14812 Wm~2, the calculation 26[;? ?]23/_ fOL.f:?grSCV;the t_k;ﬁ flofvfycrz\rﬁalrs?! T]az;lrehi?y
process has become extresnalow, difficult and rather swavlished, wh ses With sutliciently hig S

. . number but without reversed flow, say for the c@se= 10°,
tedious. For example, it may take a tremendous numberfor example (see again Fig. 7(b)), no such difficulties were
of nearly 100,000 ‘inner iterations’ for a single time step; b 9 9. '

note that no diveraence problem has ever been ex erier]Cedencountered so far during our calculation procedure. Such
9 P . . . P result, which indicates that the presence of a reversed flow
Also, although the residualstils remain relatively low,

. . 7 region appears to be a key factor that may lead to transition
they seem to exhibiting some sort of ‘cyclic’ variation and 9 bp y y

tinued to ch lati ded. Thus. f and/or instability for an assisted-buoyancy mixed convection
continued to change as calations proceeded. 1hus, for flow, has been found to be consistent with that observed ex-
the caseGr = 7.5 x 10° for example, it is observed that

i ; ) ) drJerimentaIIy by Hanratty and colleagues [3].
the residual of the mass conservation equation has varie
between 10° and 10°3; unfortunately, it was numerically
not possible to establish the clear picture of such variation 5 ~onclusion
because of the tremendous amount of calculations that
would require for. Similar behavior was also observedforthe |, this work, we have numerically studied the problem
other conservation equations. In fact, as stated previously,qf the transient mixed convection laminar flow of air inside
the structures of the flow and the thermal fields as shown 5 vertical tube under buoyancy effect and high Grashof
in Figs. 6(c), (d) were obtained during the course of such nymper condition, based on the Boussinesq’s assumptions
difficult calculations, that is to say these structures are and by using a full 3D-transient model. The imposed wall
actually not converged solutions. The above difficulties heat flux is uniform but increases as linear function of
regarding the convergence behaviors as well as the evolutiontime. For the case of opposed-buoyancy, the existence of
of the residuals have become even more drastic for thethe reversed flow that is attached to the wall, has been
extreme case ofsr = 10°, see again Fig. 6(d). For the first observed near the tube exit section at the l&ek
discussed critical caseSr = 7.5 x 10° and Gr = 10°, 3 x 10°. With further increase in time, this reversed flow
we did not know, at the present time, what would be the region increases both in volume and in intensity and it
time-evolution of the flow as wll as its final state, if any.  clearly progresses upstream. On the other hand, for the
However, we believe that the above intriguing numerical case of assisted-buoyancy, results have shown that the onset
behaviors may indicate some foresight of a certain transition of the flow reversal on the centreline near the tube exit
of the flow to another (unstable?) state. Unfortunately, due may be expected for Grashof numbers around. For
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higher value ofGr, such recirculation zone also becomes

more important and is spreading upstream. The presence
of the reversed flow region has drastically perturbed the
internal flow as well as the thermal field. Results have
also shown that the structures of the flow and thermal field

appear to remain stable and unique up to the I&ek
5.0 x 10° and Gr = 10°, respectively, for opposed and

assisted-buoyancy cases. Beyond these critical values, th
convergence becomes extremely slow and rather tedious an

difficult, which is believed to be due to a certain form of flow
transition.
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