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Experimental and numerical studies of steady longitudinal convection rolls that de-

velop in a Poiseuille air flow in a rectangular channel heated from below and cooled

from the top are conducted in the range 3500 ≤ Ra ≤ 6000 and 20 ≤ Re ≤ 200.

The effect of the lateral vertical walls on the onset and development of the convection

cells is investigated by changing the transverse aspect ratio of the channel from 4.7 to

18.4. The influence of the entrance temperature and of adiabatic or conductive ther-

mal boundary conditions at the side and top walls of the channel is also investigated.

The scenario of the roll formation is described in details. It results in a symmetric

pattern in the form of steady longitudinal rolls with an even number of rolls that de-

pends not only on the aspect ratio but possibly on the inlet temperature of the flow.

It is shown that the fully developed pattern is determined by the two rolls nearby

each vertical side wall that are triggered just at the entrance of the channel due to the

presence of velocity boundary layers adjacent to the walls. It is also shown that the

heat conduction in the top horizontal wall of the experimental channel must be taken

into account in the numerical simulations so that the experimental wavenumber can

be properly depicted.
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I. INTRODUCTION

The thermoconvective motion in a horizontal fluid layer confined in a rectangular channel

heated from below and cooled from above with a superposed laminar forced flow is a mixed

convection flow designated as Rayleigh-Bénard-Poiseuille (RBP) convection. The onset and

development of RBP flows have been extensively studied in the past few decades because

this flow type has both fundamental and practical interests. A complete review of published

works on RBP flows before 2000 was performed by Nicolas1 and a recent review on the RBP

convection within the framework of the APCVD rectangular reactors (Atmospheric Pressure

Chemical Vapor Deposition) is presented in2.

In experiments, parallel convection rolls oriented in the direction of the imposed pressure

gradient are observed for Rayleigh numbers above a critical value and for sufficiently high

Reynolds numbers (typically Re > O(10) in air). These patterns are referred to as longitu-

dinal rolls in contrast to transverse rolls with axis perpendicular to the mean flow detected

for low Reynolds numbers. A first linear stability analysis conducted by3 for an infinite layer

showed that longitudinal rolls are the preferred mode arising from the destabilization of the

basic steady state (the purely conductive Poiseuille flow) for a critical Rayleigh number,

Rac = 1708, independent of the Reynolds and Prandtl numbers. However, this result was

in contradiction with all the experiments performed at low Reynolds number in channels

of moderate transverse extent in which transverse rolls were detected (4–6). Linear stability

analysis performed in a channel of finite transverse extent by7 and more recently extended

by8 have partially removed this contradiction by pointing out the stabilizing effect of the

lateral boundaries and showing that transverse rolls are the preferred mode for low Reynolds

numbers.

To go further in the characterization of the primary destabilization, theoretical and nu-

merical investigations of the spatial development of the disturbances have been performed

to detect transitions from absolute to convective instability for transverse or longitudinal

patterns in an infinite layer (9–11).11 showed that a transition from convective to absolute

instability occurs for the transverse rolls while the longitudinal rolls always result from a

convective instability and that this mode is the most amplified one in channels of infinite lat-

eral extension. Those results could explain why longitudinal rolls are the preferred patterns

observed in real flows in the region where the transverse rolls are not absolutely unstable.
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But the origin of the perturbations required for triggering such a convective instability in

uncontrolled experiments is not yet elucidated.

In real flow observations (that is in channels of finite lateral extension) a steady initiation

mechanism is commonly reported (12–16). The longitudinal rolls are triggered in the vicinity

of the side walls in the entrance zone of the heated flow and then develop step by step to

the center as they move downstream in the channel . The resulting pattern at the beginning

of the channel is illustrated in figure 1. This behavior could indicate that the side walls

in the experiments plays the role of the perturbation allowing for the development of the

convective instability.

FIG. 1. Top view of the flow pattern in the entrance zone of the experimental air channel used in

this study. The photo shows the mark of the injected oil particles in the horizontal laser sheet at

channel mid-height. Longitudinal rolls develop from the sidewalls at the beginning of the heated

zone then propagate to the center and spread over the entire width of the domain at a distance,

Lentrance, from the inlet.

Note that a slightly different initiation mechanism of the longitudinal rolls has also been

observed in channels heated from below, but at constant heat flux and at (very) high Rayleigh

numbers, by17 and18 in water and by15 in air. Thermal plumes are shown to appear in the

channel core just downstream the entrance and to superpose to one or two longitudinal rolls

nearby each side wall.

To our knowledge, very few studies have been carried out to highlight the effects of the

sidewalls on the onset and development of the longitudinal rolls. The numerical work of19

mainly focuses on the influence of the entrance temperature on the length of the developing

zone and briefly mentions the influence of thermal conditions at the sidewalls on the flow
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behavior for a fixed transverse aspect ratio value.12 studied experimentally the influence

of the transverse aspect ratio effect on the flow structure. Unfortunately, in this work as

in most experimental studies reported in the literature, the longitudinal dimension of the

heated zone is so small that developing rolls spread over the entire length of the test section

and fully established longitudinal rolls are rarely observed. It is indeed known that the

entrance length, Lentrance, for the full development of steady longitudinal rolls increases

with increasing Reynolds number or decreasing Rayleigh number, i.e. with decreasing the

buoyancy to inertia ratio (Richardson number) Ri = Ra/(Pr Re2) (14,20,21). Consequently,

observing the development of rolls in too short channels led previous investigator to consider

large values of Ri, with the drawback that unsteady patterns readily develop, impairing a

detailed analysis of the longitudinal rolls development (12,13).

Among the few experiments with longitudinal extent suitable for the observation of fully

developed steady longitudinal rolls, little were interested in the spatial distribution of the

pattern.22 found that the average wavelength of the rolls was approximately equal to twice

the height of the layer for large aspect ratios even for Rayleigh numbers far above the critical

value thus confirming the early analytical and experimental study of23. This property can

be also detected in the studies of24,25 or26. Another result which can be inferred from all

numerical and experimental studies available in the literature is that the number of rolls is

always even whatever the Rayleigh and Reynolds numbers and the transverse aspect ratio

value. However, mechanisms of roll splitting and merging reported in the experiments of13

are not well understood. Moreover an experimental study on the stability of the longitudinal

rolls performed by21 showed a great sensitivity of the number of longitudinal rolls to the

experimental protocol which thus requires further investigation.

The aim of this paper is to investigate the effect of the transverse aspect ratio and the

thermal conditions at the entrance and on the vertical and top walls of the channel on

the onset and development of the steady longitudinal rolls. A combined experimental and

numerical approach is used. The experimental setup used in this study is characterized

by a heated zone of large longitudinal extent. This allows us to observe fully developed

longitudinal rolls in a wide range of Reynolds and Rayleigh numbers (3500 ≤ Ra ≤ 6000

and 20 ≤ Re ≤ 200). The (Re,Ra) combination is selected so as to generate steady patterns

that typically correspond to Ri < 7. For larger values of Ri, thermal plumes develop

in the entrance zone of the channel leading to complex unsteady patterns downstream.
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Visualizations are carried out to study time and spatial evolutions of the flow pattern for

the transverse aspect ratio ranging from 4 to 11 and the entrance temperature varying from

the cold temperature of the upper plate to the hot temperature of the bottom one. Three-

dimensional numerical simulations are performed in a larger range of aspect ratios (from 4

to 18.4) to improve the understanding of the phenomena observed in the experiments and to

provide information on the thermal and dynamic fields. In particular, numerical simulations

allow us to investigate the influence of the thermal boundary conditions on the lateral and

top walls on the flow development and help us to clarify the experimental observations.

The paper is organized in the following manner. After the presentation of the experi-

mental facility and procedure in §2 and the numerical codes in §3, the results are discussed

in §4. First the spatial and temporal evolution of the experimental flow is described. Then,

the influence of the aspect ratio and of the thermal boundary conditions at the walls are

discussed and finally the effect of the inlet temperature on the final wavenumber is studied.

Concluding remarks are given in §5.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental setup used in this study is a modification to that described in detail in21.

A sketch of the apparatus is shown in figure 2. An air flow is introduced in a rectangular

channel heated from below and cooled from above at constant temperatures, Th and Tc

respectively. The channel is on a vibration control system and the whole experimental setup

is enclosed in a thermally regulated room maintained at a constant temperature, Troom. The

air flow rate is regulated using a flow controller located ahead of a settling chamber. The air

flow enters the channel at Troom and the inlet temperature is then controlled by changing

Troom.

The channel is divided into three parts: an unheated zone of 50 cm length located

upstream the heated zone allowing for the development of the Poiseuille flow, the heated

region then an unheated zone of 40 cm placed downstream to minimize exit effects. The

length of the heated region is L = 2 m, designed so as to allow for a fully developed vortex

flow for a large range of parameters, 30 ≤ Re ≤ 300 and Ra ≤ 12000. The lower plate of

the test section is made of a 10 mm thick and 175 mm width copper plate maintained at

a constant temperature using five independent electric heaters. The upper plate of the test
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FIG. 2. Sketch of the experimental set-up.

section is made of 5 mm thick polycarbonate sheet maintained at a constant temperature

using water circulation in a channel above it. For the range of temperature considered in

this paper, the relative error on the Rayleigh number value is estimated to be less than 8

percent. The detailed analysis is available in21. The lateral walls of the channel are made

of polycarbonate moving plates allowing for a continuous change in the width of the air

channel, from zero to 160 mm. Three different heights of plates are available: H = 10 mm

or 15mm or 20mm. Depending on the combination between height and spacing, the range of

transverse aspect ratios investigated in this paper is 4 ≤ B ≤ 12. The spacing between plates

is first gauged using calibrated wedges then a precise adjustment is performed by using a

camera to obtain a spacing variation less than 1 mm on the entire length of the channel. The

position of the side walls is monitored during experiments. The resulting relative error on the

aspect ratio value is estimated to be less than 6 percent. Flow visualizations are conducted

by using a 1 mm thick plane light beam together with oil particles introduced in the settling

chamber upstream from the channel. The laser sheet is located either horizontally at mid-

height of the channel to observe the patterns from the top or vertically at various longitudinal

locations allowing for a cross-sectional view of the rolls.

Standard experiments started from an initial isothermal Poiseuille flow for which all the

system (bottom and upper walls, lateral walls and the air flow) was maintained at the cold

temperature. At time time = 0 s, the bottom plate was heated and the stationary state of

the hot plate was achieved at a time tstat. An example of a typical hot temperature ramp is
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FIG. 3. Time evolution of the bottom plate temperature in the experiments. B = 5, Ra = 4500,

Re = 60.

illustrated on Figure 3 for Re = 60 and Ra = 4500. Here tstat is about 800 s, with a weak

overshoot around 500s.

The transient evolution of the pattern was visualized from the initial to the stationary

state of the system. In order to check that the asymptotic flow pattern was independent of

the initial thermal conditions, some experiments were carried out starting from a Rayleigh-

Bénard configuration (Re = 0) for which the initial pattern corresponds to convective rolls

perpendicular to the axis of the channel. The flow rate was then imposed at the desired

Reynolds number. In this case, a long time was required to stabilize the flow, mainly due

to the initial thermal print in the lateral walls, but the final pattern is the same as the

previous case. It was thus concluded that the asymptotic state was independent of the

initial condition.

III. NUMERICAL PROCEDURE

The numerical study has been carried out using two different codes. The first one is our

own laboratory code specially developed to simulate the time evolution of RBP flows in

rectangular channels with thin walls. That is the heat conduction in thick walls cannot be

simulated. In this code, the unsteady three-dimensional Navier-Stokes and energy equations

under the Boussinesq assumption are solved using a finite difference method, optimized for

vectorial computers. The time discretization scheme is a second-order Adams-Bashforth

scheme. The equations are discretized in space on uniform, Cartesian and staggered grids

7



0
x

Poiseuille Outow

H

z

y T = Tc

T = Th

inow at Te

L − Le− Le

l

∂T
∂z
= 0

∂T
∂z
= 0
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using second-order centered differences for the diffusive terms and a second-order central

scheme for the convective terms. The time integration and the velocity-pressure coupling

are computed by the projection method based on Goda’s algorithm27. The Helmholtz and

Poisson equations resulting from the space and time discretizations are solved by direct

factorization methods based on the highly vectorizable TDMA algorithm. Steady state

solutions are obtained by integrating long enough. A detailed description of this code, of its

performances and of several validation tests are presented in28.

The computational domain used with this code is a horizontal rectangular channel of

length L, width W and height H (see Figure 4). The four walls parallel to the channel axis

are impermeable and no slipping. After an adiabatic entrance zone of length Le, the top

and bottom walls are kept at temperatures Th and Tc respectively, with Th > Tc. The

thermal boundary conditions imposed at the vertical side walls at x > 0 can be either of

the Neumann or the Dirichlet type: adiabatic and purely conductive (linear temperature

profile: T = Th + (Tc − Th)z/H) boundary conditions have been tested. A fully developed

three-dimensional Poiseuille flow, characterized by a mean velocity Umean and a constant

temperature Te, is imposed at inlet and an Orlanski-type boundary condition is imposed at

outlet. With the origin of the coordinate system being placed at the beginning of the heated

plate, the computational domain is defined by (X, Y, Z)∈ [−Ae, A− Ae]× [0, B]× [0, 1] in

dimensionless Cartesian coordinates, where A = L/H, B = W/H and Ae = Le/H.

We denote by θ = (T− Tc)/(Th − Tc) the dimensionless reduced temperature. At the

initial time step (t = 0), the inlet fully developed and isothermal Poiseuille flow, at θe =

(Te − Tc)/(Th − Tc), is imposed in all the channel. For t > 0 and X > 0, the heating

(θh = 1) is imposed on the lower horizontal wall while the upper wall is cooled (θc = 0). The

four walls of the upstream zone (X < 0) are always kept adiabatic. It has been verified that
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the number of rolls at the asymptotic steady-state is independent of the initial conditions.

Preliminary calculations showed that the Reynolds number had no influence on the prop-

erties of the fully-developped longitudinal rolls in the range 30 ≤ Re ≤ 200. To be close to

the experiments, the Reynolds and Prandtl number are fixed at Re = 40 and Pr = 0.71.

The longitudinal aspect ratio A vary between 50 and 100 and the entrance aspect ratio is

fixed at Ae = 3 or 5. No influence of these aspect ratios was observed on the longitudinal

roll development. The ranges of variation of the main adjustable parameters of the code

were 3500 ≤ Ra ≤ 6000, 4 ≤ B ≤ 20 and 0 ≤ θe ≤ 1.2 for all the simulations of the present

work. These simulations have been carried out with the dimensionless time step ∆t = 0.02

and with two uniform grids of dimensionless sizes ∆X × ∆Y × ∆Z = 0.2 × 0.08 × 0.025

and/or 0.15 × 0.043 × 0.025 depending on the cases. The same transitions of the total

number of rolls with B were found with these two grids, and also with a much finer grid

∆X ×∆Y ×∆Z = 0.11× 0.026× 0.02 that was used only to test the space convergence of

the solutions for four different values of the aspect ratio B.

The second code used to take into account the heat conduction in the channel walls was

the commercial code Ansys/Fluent29. To reduce the computational costs, steady simulations

of the longitudinal rolls were performed by taking into account the symmetry through the

vertical mid-plane at y = l/2. This code is a colocated finite volume code. To solve the

incompressible Navier-Stokes and energy equations with the Boussinesq approximation and

to deal with the velocity/pressure coupling, we used SIMPLEC algorithm and Quick scheme

for the discretization of the convective and diffusive fluxes. The steady simulations have been

continued until the scaled residuals reach values less than 10−8 for all the solved equations.
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FIG. 5. Cross section of the computational domain and thermal boundary conditions when the

symmetry through the vertical mid-plane and the heat conduction in the vertical and top walls of

the channel are taken into account.

A cross section of the rectangular computational domain used to simulate the experimen-

tal channel is presented in Figure 5. The horizontal bottom wall is heated at T = Th. The
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top and vertical right walls are polycarbonate walls of thicknesses H/3 and H respectively,

with H = 1.5 cm. In the experimental apparatus, the outer boundary of the top wall is in

contact with the cooling water channel. Thus a convective heat transfer with water at T = Tc

and a heat transfer coefficient hwater = 500 W/m2K is imposed as boundary condition. As

the external face of the vertical wall is in contact with room air at rest in the experiments,

a convective transfer with air at T = Tc and a heat transfer coefficient hair = 4 W/m2K is

imposed as boundary condition.

Two simulation series have been performed with this code: the first one for B ≈ 2.4 to

observe the transition between four and six longitudinal rolls and the second one for B ≈ 5.3

to observe the transition between ten and twelve rolls. In the two series, the longitudinal

and entrance aspect ratios of the channel are respectively equal to A = 50 and Ae = 3.

The hexahedral mesh used is uniform and the dimensionless cell size is ∆X ×∆Y ×∆Z =

0.167 × 0.052 × 0.028. We fixed Tc = 293 K and Th = 309 K. The densities, thermal

conductivities and specific heat of air and polycarbonate and the dynamic viscosity of air

were fixed at ρair = 1.18 kg/m3, ρpolyc = 1200 kg/m3, kair = 0.02645 W/mK, kpolyc =

0.19 W/mK, Cpair = 1005 W/mK, Cpolyc = 1200 W/mK and µair = 1.8526× 10−5 kg/ms.

The Reynolds and Prandtl numbers were equal to Re = 40 and Pr = 0.7 and the Rayleigh

number, computed using the average temperature of the top plate of the air channel was

approximately equal to Ra ≈ 4400.

IV. RESULTS

A. Temporal and spatial evolution of the longitudinal rolls

Starting from a cold isothermal initial state, a typical scenario of the complete exper-

imental transient flow behavior is illustrated in figures 6 and 7. The flow is visualized in

a cross section located at a distance x = 165 cm (X = 110) from the start of the heated

zone. The scenario can be divided into two stages. The first stage (figure 6) is very similar

for all experiments. A few seconds after the heating starts, rolls first appear nearby the

lateral walls and then develop sequentially by pair towards the center of the channel. The

apparatus is such that the conducting sidewalls are in contact with the bottom plate and

thus gradually heat up as the bottom plate is heated. Due to the large thermal inertia of
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time = 68 s 

time = 110 s 

time = 140 s 

time = 166 s 

time = 200 s 

time = 252 s 

(a)B = 5, Re = 60 (Umean = 5 cm/s), Ra = 4500 

time = 68 s 

time = 110 s 

time = 140 s 

time = 166 s 

time = 200 s 

time = 252 s 

(b)B = 6, Re = 42 (Umean = 4 cm/s), Ra = 4500 

FIG. 6. Transient behavior of the flow during the first stage of development of the rolls. Cross-

sectional view at x = 165 cm (X = 110). Initially all the system is maintained at the cold

temperature, θc = 0. At time = 0 the bottom plate is heated and the inlet temperature is

maintained at θe = 0. The rolls develop sequentially from the sidewalls to the center of the channel

with descending end-rolls along the vertical walls.

.

the polycarbonate compared with air (the thermal diffusivity of air is 150 times greater than

that of polycarbonate), the sidewalls remain much colder than the adjacent heated flow and

a resulting downward end-roll pattern is observed. At the end of this stage, the two cases

presented in figures 6(a) and (b) for aspect ratios B = 5 and B = 6 are characterized by a

6-cell mode that clearly differs as for the size of the central pair.

The second stage of development is displayed in figure 7 and is related to the thermal

evolution of the lateral walls toward an equilibrium state. Starting from a N-cell mode,

a cellular flow adjustment is observed which depends on the aspect ratio value. For odd

values, the descending end-rolls weaken as the sidewalls are gradually heated until their

complete extinction, resulting in a (N − 2)-cell mode with ascending end-rolls (see 7(a)).
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time = 252 s 

time = 900 s 

time = 1200 s 

(a)B = 5, Re = 42 (Umean = 4 cm/s), Ra = 4500 

time = 252 s 

time = 434 s 

time = 839 s 

(b)B = 6, Re = 42 (Umean = 4 cm/s), Ra = 4500 

FIG. 7. Transient behavior of the flow during the second stage of development of the rolls following

the first stage displayed in figure 6. Cross-sectional view at x = 165 cm (X = 110). An adjustment

in the cell arrangement is observed toward a steady state characterized by an even number of rolls

with ascending end-rolls along the vertical walls.

For even values of the aspect ratio the flow adjustment is very chaotic with cells merging

or splitting and with transient (N − 2)-cell modes (see 7(b)). At steady state, a N -cell

mode pattern is observed with an upward motion nearby the sidewalls. These scenarios are

perfectly reproducible and were observed for all the experiments performed with various

values of the aspect ratio. The resulting flow structure consists in a symmetric pattern of

convection rolls ascending along the lateral walls at steady-state, whatever the aspect ratio.

This is in agreement with the experimental results of26 or13 among others.

In the numerical simulations the horizontal walls are brought to their final steady temper-

ature instantaneously and the boundary conditions on the lateral walls are time independent.

Longitudinal rolls are initiated by pair from the very beginning of the heated zone and then

propagate downstream at the mean flow velocity. For all the types of boundary conditions

applied at the sidewalls, an upward motion along these walls is observed when the inlet

temperature is equal to zero. This point will be discussed further. The characteristic time

of the transient stage is directly related to the mean flow velocity, hence to the Reynolds

number. This time is typically 50 s in the numerical simulations for a 2 m long channel for

the set of parameters corresponding to figures 6 and 7, to compare with the experimental

transient time of about 1200 s corresponding to the conducting timescale of the sidewalls

(≈ H2/κpolyc).
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B. Effect of aspect ratio on the number of rolls

We now focus our attention on the aspect ratio effect on the number of rolls, N , at steady

state and for the inlet temperature θe = 0. In agreement with the experiments, simulations

always lead to an even number of rolls and N increases as B increases. Moreover, N was

found to be independent of Re and Ra in the range under study (3500 ≤ Ra ≤ 6000 and

20 ≤ Re ≤ 200). All the results presented below and in the next section refer to the case

Ra = 4500 and Re = 40.

The critical values of the aspect ratio for which a change in the number of rolls is detected

are reported in table I related to the experiments and to the simulations conducted with

adiabatic sidewalls or with a linear temperature distribution at the sidewalls.

Numerical simulations Experiments

N adiabatic sidewalls linear distribution conducting walls

4− 6 4.8 4.8 5.3

6− 8 6.6 6.6 6.9

8− 10 8.5 8.6 8.9

10− 12 10.4 10.5 10.8

12− 14 12.4 12.5 13

TABLE I. Values of the aspect ratio shortly before the change in the number of rolls, Bmax, for

θe = 0, Ra = 4500, Re = 40.

The transition occurs systematically later in the experiments than in the simulations. On

the other hand, the critical values are quite similar for the adiabatic condition and the linear

distribution which means that the thermal state of the lateral walls does not significantly

affect the transition.

A simulation has been carried out using Ansys/Fluent software to account for the heat

conduction through the thickness of the sidewalls so as to be closer to realistic thermal

boundary conditions. Figure 8 displays the resulting temperature profile at one of the

sidewalls (at y = 0, see figure 5) for B = 10.4, compared with the corresponding previous

numerical results obtained using the other two sidewall boundary conditions. We notice
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that the thermal equilibrium of the conducting sidewalls almost corresponds to a linear

temperature distribution. Accordingly, we assume that this thermal state prevails at the

vertical walls in our experimental channel.
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FIG. 8. Temperature profiles at the sidewalls - Numerical simulations - Re = 40, Ra = 4500,

θe = 0, B = 10.

The discrepancy between experimental and numerical transitions obtained with a linear

temperature distribution could be related to the effect of the finite thermal conductivity of

the upper boundary in the experiments. This assumption is based on a result reported in30

as follows: in Rayleigh-Bénard convection, the wavelength of the convection rolls becomes

larger with decreasing the ratio R = kwall/kfluid between the thermal conductivity of the

horizontal walls and that of the fluid. Note that in our experiments the conductivity of the

polycarbonate used to design the lateral and top walls is 7 times greater than that of the air

flowing in the channel. To validate this feature in our RBP configuration, numerical steady

simulations have been performed using Ansys/Fluent for two transitions (4−6 and 10−12),

by taking conducting boundary conditions at the lateral and top walls similar to those in

our experiments (see end of section III). The resulting thermal field in a cross section for the

10− 12 transition is displayed in figure 9. The deviation of the isotherms occurs not only in

the fluid layer as in the infinitely conducting case but also inside the thickness of the top wall

leading to an increase in the wavelength of the rolls as described in30 in Rayleigh-Bénard

convection. The critical aspect ratios shortly before the change in the number of rolls are

now equal to 5 for the 4− 6 transition (−6% compared to the experiments) and 10.7 for the

10− 12 transition (less than 1% compared to the experiments).
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FIG. 9. Cross section of the temperature field in the half-width of the channel at x = 65 cm

(see Figure 5). Fluent simulations performed with finitely conducting top and lateral boundaries:

R = kwall/kair = 7 - B = 10.6, Re = 40, Ra ≈ 4500, θe = 0.

An example of the steady-state flow structure in the form of temperature fields obtained

in the simulations just before and just after the change in the number of rolls is displayed in

Figure 10. The onset of an additional pair of rolls always occurs in the center of the channel

and the flow along the longitudinal central axis is alternatively upward or downward from

a transition to the next transition.

FIG. 10. Horizontal temperature fields at Z = 0.5 for B shortly before and shortly after the onset

of an additional pair of rolls - Adiabatic case - Re = 40, Ra = 4500, θe = 0.

It is worthwhile to note that the longitudinal rolls at steady state are always ascending

along the lateral walls, not only in the experiments where thermal effects due to not perfectly

conducting walls may be responsible for this result, but even in the 3D numerical simulations

performed with adiabatic sidewall conditions and a cold inlet temperature (Figure 10). This

feature is also observed in the studies of13,2,19 and31 among others. Note that this upward

motion explains why the wall is hotter than the average in the adiabatic case (see figure 8).

We are going to show that this behavior is due to the presence of the velocity boundary

layers along the lateral walls. Indeed, at a given height, Z, in the channel, a particle of

fluid inside the velocity boundary layer nearby the lateral walls moves more slowly than a

particle located outside the boundary layer. Consequently at a given streamwise location,

X, just downstream the entrance of the heated zone, the fluid flowing in the region adjacent

to the sidewalls is warmer and thus less dense than the fluid in the center part of the channel

since the inlet temperature is cold. The spanwise density gradient gives rise to an ascending

motion nearby the sidewalls at the beginning of the channel, which propagates downstream
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leading to ascending longitudinal rolls on the entire length of the domain.

The main result pointed out by the previous analysis is that a combined spatial and

temporal approach is required to understand the behavior of the longitudinal rolls in the

channel. The initiation mechanism is symmetric with regard to the central axis resulting

inevitably in an even number of rolls. As a consequence, the allowed band of wavenumbers for

the longitudinal rolls in RBP flows is restricted compared with Rayleigh-Bénard convection

in finite aspect ratio boxes, for which an integral number of rolls (odd or even) is theoretically

expected. In addition, note that in the temporal linear stability analysis of longitudinal rolls

performed in RBP flows in finite extension channels (4,32) the spatial development of the

rolls was not taken into account and stable solution branches with odd or even number of

rolls were detected.

The inner rolls gradually appear in the core by pair in the entrance zone with a size of

order H while at the same time they are advected by the flow at the mean velocity. Once

all the rolls in place at the end of the entrance zone, an adjustment of the pattern is ob-

served downstream. Experimental measurements have shown that in a first approximation,

excluding the two end-rolls nearby the lateral walls, the size of the inner rolls is constant

for a given B. The mean wavenumber values, α, obtained in the experiments and in the

simulations with adiabatic sidewalls performed are reported in Figure 11, for aspect ratios

just before (black marks) and just after (white marks) each transition. These two series

define the boundaries between respectively the smallest and the largest wavenumber that

can be observed for a given N . For small values of B, the size of the inner rolls is strongly

affected by the presence of the sidewalls and the onset of an additional pair of rolls results

in a strong compression of the rolls in the channel core. For large values of B, the sequential

process of formation of the pattern in the entrance zone forces the range of allowed wave-

lengths around 2H, unlike in the Rayleigh-Bénard configuration for which an adjustment of

the rolls to larger wavelengths is expected for the range of Rayleigh numbers investigated

(33,34). For the lower curve the wavenumber becomes constant for B > 10, equal to 3.1.

For the upper curve a variation of α is detected until B ≈ 14. Then α reaches a constant

value of 3.5 reflecting a weak compression of the pattern. These results suggest that the

roll adjustment process is no longer affected by the presence of the sidewalls only for aspect

ratios larger than 14 and in that case the range of permitted wavenumbers is very narrow :

3.1 ≤ α ≤ 3.5.
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FIG. 11. Mean wavenumber, α, related to the inner rolls as a function of B in the fully developed

steady state - The numbers refer to the values of N - numerical simulations (adiabatic case) and

experiments - θe = 0, Re = 40, Ra = 4500.

C. Effect of inlet temperature on the number of rolls

During the course of the experimental study presented in the previous section, it was

detected that small variations in the inlet temperature could affect the structure of the flow.

An increase in θe results in the onset of an additional pair of rolls in the center of the channel

in the entrance zone which then propagates downstream at the mean flow velocity. Fig 12

displays a top view of the flow during the change from a 8-cell mode to a 10-cell mode for

B = 9, following a change in θe from 0 to 0.1. The system returns to its initial state if

the inlet temperature is decreased to zero. This feature has been observed experimentally

for values of B close to the critical values detected in the previous section even for small

variations of θe.

Numerical simulations were carried out in the adiabatic case to further analyze this

behavior. Figure 13 shows that the effect of the change in the inlet temperature is well

reproduced by the simulations.

A numerical sequence of the onset of additional rolls is displayed in figure 14 in the

adiabatic case. An increase in the inlet temperature results in a weakening of the spanwise

temperature gradients in the lateral boundary layers at the entrance. As a consequence, the

intensity of the buoyancy induced flow is reduced and the magnitude of the first rolls nearby
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FIG. 12. Visualization of the experimental transition from 8 to 10 rolls following an increase in

the inlet temperature from θe = 0 to θe = 0.1 - top view - B = 9, Re = 50, Ra = 4500.

FIG. 13. Visualization in the form of 3D vorticity field of the onset of an additional pair of rolls

following an increase in the inlet temperature from θe = 0 to θe = 0.2 - Numerical simulations -

B = 7, Re = 40, Ra = 4500.

the sidewalls in the entrance zone decreases. Thereby, the available space at the center of the

channel expands, allowing for the growth of an additional pair of rolls. Once the new pair is

triggered at the center, an adjustment of the roll size leads to a nearly uniform distribution

over the width. Thus, transitions between a N-cell mode and a (N +2)-cell mode take place

for smaller values of B when θe is increased.

As long as the inlet temperature is less than 0.5, the flow is ascending along the sidewalls

due to the initiation mechanism of the end rolls described in paragraph IVB. In the adiabatic

case as well as if a linear temperature distribution is imposed at the sidewalls, an inversion

in the rotation direction of the rolls nearby the sidewalls is observed for θe > 0.5, due to
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a similar but opposite process that gives rise to a downward motion inside the velocity

boundary layers along the vertical walls at the beginning of the channel. This behavior was

also detected in the experiments.

(a) t0 = 0: initial time (b) t1 = 14 

(c) t2 = 18 (d) t3 = 38 

FIG. 14. Time evolution of the horizontal temperature field at Z = 0.5 in a mid-width of the channel

for the adiabatic case - Effect of inlet temperature: starting from θe = 0 the inlet temperature is

fixed at θe = 0.2 at t0. t1 and t2: the rolls nearby the sidewalls become smaller in the entrance

zone allowing the onset of an additional pair in the available space at the center of the channel.

t3: adjustment of the rolls - B = 8.5, Re = 40, Ra = 4500

V. CONCLUSIONS

The study presented in this paper has attempted to clarify the effects of aspect ratio and

thermal conditions on the development of steady longitudinal rolls in a rectangular channel

heated from below. Our main objective was to characterize the way to obtain reproducible

and deterministic steady patterns resulting from this convective instability in order to later

study precisely their stability.

After a transient phase that is clearly described in the paper, the asymptotic steady flow

obtained experimentally is shown to be always ascending along the vertical side walls when

inlet temperature is smaller than the average temperature of the channel (Te < 0.5). It has

been shown that the fully developed pattern in the form of longitudinal rolls is determined

by the flow behavior in the entrance zone and more precisely by the properties of the first

pair of rolls triggered at inlet nearby the sidewalls. The physical mechanism responsible

for the development of these two longitudinal end-rolls is due to the presence of velocity

boundary layers adjacent to the lateral walls. The inner rolls develop gradually towards the
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center of the channel while they are convected by the mean flow. The end-rolls are fixed at

the lateral walls allowing the inner rolls to be maintained in the domain. The size of the

two end-rolls is dependent on the inlet temperature and acts upon the final wavenumber

observed in the asymptotic state for a given transverse aspect ratio. On the other hand, it is

found that the heat conduction in the top horizontal wall of the experimental channel must

be taken into account in the numerical simulations so that the experimental wavenumber

can be properly depicted.

Finally, it has been shown that the roll size adjustment far from the entrance zone becomes

independent of the aspect ratio for values larger than 14. In that case, the wavenumber varies

inside a very narrow range of allowed values, 3.1 ≤ α ≤ 3.5 .

Further studies are needed to investigate the influence of the Rayleigh number on the

development of the longitudinal rolls. Particularly, for high aspect ratio values, it would be

of interest to determine if critical conditions are required to observe rolls over all the width

of the channel. Moreover, it would be interesting to study the influence of the aspect ratio

on the behavior of the secondary wavy instability detected in21, in particular to determine

the effect on the spanwise magnitude of the oscillations within the framework of CVD

applications for instance2.
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différentes,” Int. J. Heat Mass Transfer 32, 261–269 (1989).

6M. T. Ouazzani, J. K. Platten, and A. Mojtabi, “Étude expérimentale de la convection
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