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a b s t r a c t 

The present work integrates and expands the line of inquiry started in Inam and Lappa (2021), Int. J. of 

Heat and Mass Transfer, 173, 121267 for unsteady mixed forced-buoyancy convection in a channel with 

a forward facing step by addressing the mirror case where the fluid flowing in a duct undergoes a sud- 

den expansion (i.e., a channel with a backward facing step). By alternatively setting some portions of 

the lower boundary of the system as isothermal (heated) or adiabatic surfaces, the interplay of forced 

and buoyancy convection is investigated numerically for a fixed expansion ratio (ER = 2) and a variety 

of conditions corresponding to extended intervals of the Rayleigh number Ra and several values of the 

Richardson number Ri ( Ra ≥O(10 4 ) and Ri ≥O(1)). It is shown that the emerging dynamics involve a variety 

of concurrent mechanisms, which range from the standard hydrodynamic phenomena typical of isother- 

mal fluids, to specific effects of buoyant nature (driven by the instability of thermal boundary layers and 

the ensuing emergence of thermal plumes in various parts of the domain). Comparison with the equiv- 

alent forward facing step configuration indicates that, besides the differences, these two systems display 

interesting analogies. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A channel (or duct) with a backward facing step (BFS) can be 

egarded as an archetypal system for the analysis of many prob- 

ems with practical or technological relevance. Inherently multi- 

isciplinary, this fundamental fluid-dynamic subject really stands 

t the interface between different technological fields, which in- 

lude (but are not limited to) mechanical, civil and aeronauti- 

al engineering (e.g., the interaction of gas currents with vehicles, 

uildings and airfoils at a large angle of attack, see, e.g., Skinner 

nd Behtash [1] , Omidvar et al. [2] ), thermal engineering (com- 

ustors, condensers, industrial heat exchangers, see, e.g., Delgado- 

uscalioni and Crespo del Arco [3] ; Plant and Saghir [4] ; Papazian 

t al. [5] ; Brottier and Bennacer [6] ; Souissi et al. [7] ), and many

ther strictly related applications (e.g., the cooling of nuclear reac- 

ors, power plants and various types of electronic equipment, Sun 

nd Jaluria [8] ). 

The BFS has attracted attention for a long time owing to the 

omplexity of the hydrodynamic effects that are enabled as the so- 

alled expansion ratio (ratio of the hydraulic diameter of the duct 

nd the thickness of the step) and the Reynolds number are varied 
∗ Corresponding author. 

E-mail address: marcello.lappa@strath.ac.uk (M. Lappa) . 
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n the space of parameters. In particular, a landmark investigation 

n which many later studies have relied is due to Armaly et al. [9] ,

ho conducted a comprehensive analysis of these aspects consid- 

ring isothermal air and values of the Reynolds number spanning 

hree orders of magnitude (70 < Re < 80 0 0, with the Reynolds 

umber based on the total transversal extension or hydraulic di- 

meter of the duct). 

Over more recent years, several two-dimensional (2D) and 

hree-dimensional (3D) numerical simulations have also become 

vailable. The ensuing results have helped to place the problem in 

 more precise theoretical context by revealing (both qualitatively 

nd quantitatively) the relationship between the aforementioned 

nfluential factors and the emergence of spatially localized features 

nd, eventually, the transition from steady to unsteady flow . The 

ormer typically manifest as stretched recirculations at fixed posi- 

ion, often simply referred to as “bubbles”; several authors have 

onveniently characterized these through the definition of ‘char- 

cteristic’ points in the flow (generally indicated as x i where the 

ubscript “i” takes a different value depending on the considered 

opological flow feature and its position in the domain, see Fig. 1 ). 

hese points mark the boundary among ‘regions’ displaying a dif- 

erent fluid-dynamic behavior: a separated shear layer (originating 

rom the corner of the step), a portion of recirculating fluid under 

he shear layer, a sub-domain where flow reattachment occurs, and 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

A domain aspect ratio 

d transverse channel size after the expansion 

ER expansion ratio 

g gravity acceleration 

l horizontal step extension 

L overall horizontal extension 

LR length ratio 

p pressure 

Pr Prandtl number 

Ra Rayleigh number 

Re Reynolds number 

Ri Richardson number 

t time 

T temperature 

u velocity component along x 

v velocity component along y 

U forced inflow (horizontal) velocity 

V fluid velocity 

x horizontal coordinate 

y vertical coordinate 

Subscripts 

cr critical 

forced forced flow 

s step 

Re Reynolds 

Greek Symbols 

α thermal diffusivity 

β thermal expansion coefficient 

ν kinematic viscosity 

ζ Kolmogorov length 

�T temperature difference 

τ Re Reynolds stress 

n attached/recovery area (the interested reader being referred to 

hen et al. [10] and all references therein for additional details). 

he point where the flow reattaches is generally indicated by x 1 
reattachment length). On increasing the Reynolds number for a 

xed expansion ratio ER, a secondary bubble (located on the top 
Fig. 1. Sketch of the Backward Facing Step (BFS) config

2

all between x 2 and x 3 ) and a tertiary recirculation (located on 

he bottom wall between x 4 and x 5 ) are formed (see, e.g., Erturk 

11] ). 

Consensus exists in the literature that the reattachment length 

an be reduced with an increase in ER (for small or moderate val- 

es of Re), while making the Reynolds number higher in general 

auses a displacement of x 1 in the downstream direction. These as- 

ects have attracted much attention because in many engineering 

pplications, flow separation represents an undesirable occurrence 

wing to the pressure drop it implies (and because it produces 

nergy losses which must be overcome using additional pumping 

ower). 

The other aspect of interest, i.e. the onset of unsteadiness has 

een analyzed in detail essentially in the frame of linear stability 

nalyses (LSA) or numerical solution of the original unsteady non- 

inear governing equations. As an example of LSA-based effort s, the 

eader may consider Fortin et al. [12] , who investigated the stabil- 

ty of the 2D steady incompressible flow over the BFS with ER = 2 

ntil a Reynolds number of 1600. No Hopf bifurcations (i.e. pair 

f eigenvalues crossing the imaginary axes) were detected in such 

 range. Similarly (yet assuming ER = 2), Barkley et al. [13] found 

hat the flow remains linearly stable to two-dimensional perturba- 

ions up to Re = 1500. More recently, Xie and Xi [14] have shown

hat if the governing equations are solved in their complete (yet 

D, but unsteady and non-linear) form, for ER = 2 localized oscilla- 

ions appear downstream of the reattachment point for Re = 1400 

nd then manifest also in the shear layer if the Reynolds number 

s increased to Re = 20 0 0. 

The references cited above are merely selective samples of rel- 

vant work on this subject that is now enormous. We apologize to 

ll whose effort s have not been included in this introduction; the 

eader interested in a more thorough discussion may consult exist- 

ng focused reviews such as those by Biswas et al. [15] , Kherbeet 

t al. [16] and Chen et al. [10] , where a synthetic account of all

uch attempts has been provided. 

The aforementioned Armaly et al. [9] were the first to present 

 detailed experimental investigation (supported by a numerical 

tudy) for ER 

∼= 

2, revealing that, for Reynolds numbers not exceed- 

ng 400, the flow retains a strong two-dimensional behavior on the 

lane of symmetry. Beyond this Reynolds number, they observed a 

iscrepancy in the primary recirculation length between the exper- 

mental results and the numerical predictions. Later, Kim and Moin 

17] confirmed this finding and estimated the value of Re needed 
uration and related reference coordinate system. 
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o cause a departure of 2D numerical simulations from experi- 

ents to be approximately 600. As made evident by the reviews 

ited above, however, even beyond this limit there is still some 

alue associated with numerical studies conducted under the con- 

traint of two-dimensionality as they serve as useful benchmarks 

nd test-beds for the later assessment of fully three-dimensional 

ffects. Moreover, they can provide meaningful information about 

he typical sequence of bifurcations which characterize systems of 

uch a kind. Although, beyond a given value of the Reynolds num- 

er, 2D investigations must obviously be regarded as an oversim- 

lification of reality, 2D and 3D scenarios still share notable sim- 

larities as witnessed by relevant arguments provided by several 

esearchers (see, e.g., Biswas et al. [15] ; Erturk [11] ). 

Other studies have concentrated on the fluctuations (eventually 

nhancement) of the Nusselt number when oscillatory flow is en- 

bled. Most of them, however, have considered the one-way cou- 

led configuration, that is the situation in which the velocity field 

s not influenced directly by the temperature (valid in the limit 

s the Richardson number, Ri = Ra /PrRe 2 , is very small or tends to

ero; for the case of air and ER = 2, the interested reader may con-

ider Iwai et al. [18] for Re = 125; Kanna, and Das [19] for Re = 800;

ouizi et al. [20] for Re up to 800; Xu et al. [21] for Re up to 1200

nd Xie and Xi [14] for Re up to 20 0 0, where Ra , Re and Pr are the

ayleigh, Reynolds and Prandtl number, respectively). 

In such a context, it is also worth recalling that Vogel and Eaton 

22] had shown experimentally that if the flow becomes turbulent, 

he classical Reynolds analogy (stating that the heat transfer at the 

all is proportional to wall shear) does not hold for the mean flow 

ut more for the fluctuating values, especially in the recirculation 

one (i.e. x < x 1 ). A description of related numerical studies can be

ound in Keating et al. [23] and in the masterful review by Avan- 

ha and Pletcher [24] . The importance of these efforts resides es- 

ecially in the awareness they have produced in the scientific com- 

unity about the need to use certain turbulence models in place 

f others (which are not able to deal adequately with turbulent 

eparating and reattaching flows in the presence of heat transfer). 

Following the observations by Guo et al. [25] on the ability 

f thermal effects to cause non-trivial modifications in the pat- 

erning behavior of the velocity field, some numerical investiga- 

ions have also become available where the general problem rep- 

esented by mixed forced-buoyancy convection in the BFS config- 

ration was treated for finite values of the Richardson number . Ex- 

mplars pertaining to this line of inquiry are the works by Saldana 

t al. [26] and Khanafer et al. [27] , who investigated the BFS with

R = 2 (yet for the case of air) through numerical solution of the 3D

nd 2D governing equations, respectively. Although obtained in re- 

tricted sub-regions of the space of parameters (Reynolds number 

e fixed to 200 and Ri ≤O(1) in the 3D study by Saldana et al. [26] ,

nd O(10 −1 ) ≤Ri ≤O(10) with Rayleigh number Ra fixed to 5680 in 

he 2D analysis by Khanafer et al. [27] ), these numerical results 

efinitely confirmed that the features of the mixed convective flow 

re significantly different from that of forced flow. Similar con- 

lusions can also be found in the investigation by Schumm et al. 

28] where the BFS with ER = 2 was studied numerically assuming 

iquid sodium (Pr < 0.01), Re = 20 0 0 0 and 0 ≤Ri ≤4.0, and buoyancy

as observed to cause significant variations in the position of the 

forementioned ‘characteristic’ points. 

The present work should be regarded as a new step along these 

ines. Stripped to its basics, our inquiry scheme envisions a para- 

etric numerical investigation of the response of a current of a 

r = 1 fluid passing through a channel characterized by a sudden 

xpansion of the cross-sectional area to the presence of buoyancy 

f thermal nature (a classical backward-facing step geometry in 

on isothermal conditions). A variety of circumstances are consid- 

red, which include values of Rayleigh number spanning several 

rders of magnitude, different values of the Richardson number 
3 
which measures the relative importance of buoyancy convection 

ith respect to forced flow) and different portions of the external 

oundary (delimiting the channel from below) kept alternatively at 

niform (hot) temperature or set as adiabatic surfaces. 

Through solution of the balance equations for mass, momentum 

nd energy in their complete time-dependent form, the problem 

s analyzed from both the traditional thermal engineering point of 

iew, i.e. a coarse-grained macroscopic perspective resulting in the 

valuation of global factors (such as the Nusselt number), and from 

 finer mechanical level (the physicist’s point of view) leading to 

reat the problem on the same footing as a classical stability anal- 

sis in fluid dynamics. 

. Mathematical model 

As anticipated in the introduction, the considered geometry 

see the sketch) simply consists of a two-dimensional duct with a 

udden variation in the cross-sectional area in the direction per- 

endicular to the (horizontal) flow. The (vertical) step size and 

he transverse channel size after the expansion are denoted by d s 
nd d , respectively (accordingly, the aforementioned expansion ra- 

io can be defined as ER = d / (d-d s ) ). Similarly, a length ratio can

e introduced as LR = L / l s (where L is the overall horizontal exten-

ion of the considered duct while l s indicates the horizontal posi- 

ion of the section where the variation in size occurs). Another rel- 

vant geometrical parameter is represented by the physical domain 

spect ratio, namely A = L / d . The fluid is assumed to be Newtonian

nd incompressible. 

.1. Characteristic numbers and non-dimensional equations 

In the absence of buoyant effects, the main dynamics of such a 

uid-dynamic system can be predicted on the basis of relatively 

imple theoretical concepts. If at a specific station x = l s (here- 

fter simply denoted as x ∗), the cross-sectional area undergoes an 

brupt increase, a significant decrease is induced in the velocity of 

he fluid (let us recall that for an incompressible flow, the volumet- 

ic flow rate given by the product of the velocity V and the cross- 

ectional area must be conserved; therefore, if the area becomes 

arger, V must decrease accordingly). As a results of viscous effects 

which are always present in real fluids), however, several other 

localized) phenomena can be produced. As shown in Fig. 1 , since 

he shape of the step is not smooth, the fluid is not able to fol-

ow it. For this reason, the flow ‘separates’ from the corner of the 

tep and ‘reattaches’ to the bottom wall at a certain distance (x 1 ) 

rom the step vertical wall. In the region located between x ∗ and 

x ∗+ x 1 ) a “bubble” is created, i.e. a sub-domain where the fluid re- 

irculates locally (leading to a localized vortex, which as indicated 

n the introduction, is generally referred to as “primary bubble” or 

primary separation region”). If the Reynolds number, defined as: 

e = 

U f orced d 

v 
(1) 

where ν is the gas kinematic viscosity and U forced is the gas uni- 

orm injection velocity) is increased, other phenomena are enabled, 

ncluding the transition to unsteady flow. 

As witnessed by companion studies conducted for the mirror 

onfiguration, i.e. the Forward Facing Step (FFS), if buoyancy is 

resent, it can influence significantly the patterning behavior and 

he hierarchy of bifurcations. Its intensity can be measured using 

he Rayleigh number: 

a = 

g βT �T d 3 

v α
(2) 

The parameter βT appearing in this expression is the well- 

nown fluid thermal expansion coefficient; it accounts for the vari- 

tions of fluid density induced by thermal effects in the framework 
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f the Boussinesq approximation (which assumes that the relation- 

hip between density and temperature can be approximated us- 

ng a linear law). The other dimensional parameters are: the grav- 

ty acceleration ( g ), the temperature difference effective across the 

ystem ( �T ) and the fluid thermal diffusivity ( α). 

Conveniently, the relative importance of forced and buoyancy 

onvection can be estimated a priori using a third characteristic 

arameter, namely, the aforementioned Richardson number, which 

or the sake of consistency with Lappa and Inam [29] and Inam 

nd Lappa [30] here is introduced as: 

i = 

gβ�T d 

U 

2 
f orced 

= 

Ra 

Pr Re 2 
(3) 

In turn, Pr is the well-know fluid Prandtl number (Pr = ν/ α fixed 

o 1 in the present work, i.e. for the results presented in Section 4). 

These well-known parameters also appear in the equations gov- 

rning the considered problem if they are put in non-dimensional 

orm. Using relevant reference quantities, e.g., d , α/ d , ρα2 / d 2 , d 2 / α
nd �T for the geometrical coordinates (x and y), velocity ( V ), 

ressure ( p ), time ( t ) and temperature ( T ), respectively, indeed, the

alance equations for mass, momentum and energy reduce to: 

 · V = 0 (4) 

∂ V 

∂t 
= −∇ p − ∇ · [ V V ] + ∇ 

2 V − Pr RaT i g (5) 

∂T 

∂t 
+ ∇ · [ V T ] = ∇ 

2 T (6) 

here i g is the unit vector along the direction of gravity [31] . 

.2. Boundary conditions 

The non-dimensional boundary conditions for the BFS configu- 

ation considered in the present work can be summarized as fol- 

ows: 

 V = 0 on all solid walls (7) 

 = 0 

(
inflow , ER 

−1 ≤ y ≤ 1 

)
, T = 0 ( cold fluid ) and u = PrRe (8) 

 = A ( outflow , 0 ≤ y ≤ 1 ) : 
∂u 

∂t 
+ D 

∂u 

∂x 
= 0 , 

∂v 
∂t 

+ D 

∂v 
∂x 

= 0 , 

∂T 

∂t 
+ D 

∂T 

∂x 
= 0 (9) 

here u and v are the velocity components along x and y, re- 

pectively and U forced appearing in the expression of Re is a con- 

tant value, i.e. the distribution of velocity at the inflow is uni- 

orm. Eq. (9) is the so-called “prognostic’ equation needed to pre- 

ent the numerical algorithm from generating unphysical oscilla- 

ions of the thermofluid-dynamic variables at the outlet. The quan- 

ity D appearing in front of the space gradient is a constant gener- 

lly set equal to the averaged velocity perpendicular to the bound- 

ry D = V · n (Hattori et al. [32] ; Dong et al. [33] ). 

The additional thermal boundary conditions are shown in Fig. 2 . 

. Numerical method 

The PISO (Pressure Implicit Split Operator) method originally 

laborated by Issa [34] has been utilized to solve the non- 

imensional equations reported in Section 2.1 and the associated 

et of boundary conditions summarized in Section 2.2. Towards 

his end, we have used OpenFoam as it contains the PISO tech- 

iques in the form of a native solver. Further details about the un- 

erlying approach are illustrated in the following. 
4 
.1. The projection method 

From a purely theoretical point of view, it is worth recalling 

riefly that the PISO technique is based on the well-known Hodge 

ecomposition theorem (Ladyzhenskaya [35] ) according to which 

ny type of vector field can be expressed in the form of a diver- 

ence free contribution and a curl free part i.e. the gradient of a 

calar potential. This theorem is of great significance in the con- 

ext of CFD algorithms for incompressible flows as it constitutes 

he required pre-requisite to split the computation of the veloc- 

ty field into different parts (corresponding to distinct algorithm 

teps) while rendering it ‘fixed’ (i.e. making sure that the final 

eld satisfies the original balance equations for mass and momen- 

um). More specifically, this approach stands at the root of many 

ethods (Harlow and Welch [36] , Chorin [37] , Temam [38] , Lappa 

39] , Armfield and Street [ 40 , 41 ], Lee et al. [42] , just to cite some

xamples) commonly known as projection or fractional-step tech- 

iques. As an element common to all these variants, in a first stage 

f evaluation, the velocity is determined from a simplified version 

f the momentum equation from which the pressure gradient ∇ p 

as been excluded. Although unphysical, this ‘intermediate’ veloc- 

ty has the same vorticity the effective velocity would have (the 

url of the gradient of pressure being zero). By denoting the inter- 

ediate velocity with V 

∗, the related equation simply reduces to 

∂ V 

∗

∂t 
= 

[
−∇ · [ V V ] + Pr ∇ 

2 V − Pr RaT i g 
]

(10) 

The asterisk used as superscript is representative of the fact 

hat although the intermediate velocity is physically accurate with 

egard to vorticity, nevertheless it fails to fulfill the requirement 

elating to the incompressible nature of the flow (i.e. divergence 

f the flow velocity must be zero). From a practical standpoint, 

he solenoidal behavior of the flow is recovered in a second step, 

here the velocity is ‘corrected’ using the previously disregarded 

radient of pressure. This is formally implemented through a lin- 

ar relationship as indicated below: 

 = V 

∗ − ξ∇ p (11) 

here ξ is a constant. Inserting this equation into the continuity 

quation, formally yields the last computational stage needed to 

lose the problem from a numerical point of view, i.e. a separate 

quations for the pressure: 

 

2 p = 

1 

�t 
) ∇ · V 

∗ (12) 

OpenFoam provides the opportunity to solve these equations by 

mploying a collocated grid method where the centre of the cells 

erves as a place for defining the primitive variables ( V and p ), 

hile a specific interpolation scheme is used to reconstruct the ve- 

ocity on the cell faces in order to guarantee accurate coupling of 

hese quantities. 

We wish also to highlight the following. We have used a sec- 

nd order central difference scheme to discretize the convective 

nd diffusive terms which appear in both momentum and energy 

quations. A Preconditioned Bi-Conjugate Gradient (PBiCG) having 

n incomplete Lower Upper (DILU) preconditioner in the predic- 

or step has been availed for the purpose of treating the resulting 

ystem of algebraic equations. Finally, the solution of the Poisson 

elliptic) Eq. (12) has been obtained in the framework of a Gener- 

lized Geometric-Algebraic Multi-Grid (GAMG) strategy. 

.2. Mesh selection and validation 

An extensive verification of the present algorithm has already 

een provided in Inam and Lappa [30] where relevant arguments 

ere also elaborated for mesh requirements. For the sake of 
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Fig. 2. sketch of Thermal boundary conditions. 

Table 1 

Non-dimensional frequency for different mesh 

sizes for the case of hybrid forced/buoyancy 

convection (Pr = 1, Ri = 7.5, Ra = 3 ×10 6 , A = 10, 

ER = LR = 2) with adiabatic floor. 

Mesh Size f 

1500 ×150 1.305 ×10 3 

1600 ×160 1.308 ×10 3 

1700 ×170 1.310 ×10 3 

Table 2 

Non-dimensional frequency for different mesh 

sizes for the case of hybrid forced/buoyancy 

convection (Pr = 1, Ri = 7.5, Ra = 3 ×10 6 , A = 10, 

ER = LR = 2), with hot floor. 

Mesh Size f 

1800 ×180 1.085 ×10 3 

1900 ×190 1.078 ×10 3 

2000 ×200 1.066 ×10 3 
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revity, here we limit ourselves to recalling briefly some of those 

riteria, which have also been used for the selection of a relevant 

esh in the present work. 

Following a common practice, the required grid densities have 

een determined through parametric investigation aimed to iden- 

ify the minimum number of computational points needed to 

ake the numerical solution independent from the mesh. In 

ases where the flow can be considered laminar, this has been 

chieved through the observation/monitoring of representative 

hysical quantities (namely, the maximum fluid velocity for steady 

olutions or the flow frequency in the case of time-periodic or 

uasi-periodic flows). The mesh density has been increased para- 

etrically up to make the percentage variation experienced by 

he aforementioned representative quantities smaller than a given 

hreshold (2%, see, e.g., Tables 1 and 2 ). 

A different approach has been implemented for conditions 

here the flow is no longer laminar and therefore focusing on a 

ell-defined quantity is no longer possible. For these cases, the 

ssessment has been conducted referring to well-known properties 

f turbulence, which can be considered general and somehow ‘uni- 

ersal’, i.e. the scaling trend of the frequency spectrum (Kraichnan 

43] ). Assuming the so-called Kolmogorov length scale ( ζ , known 

o be dependent on the Rayleigh and Reynolds number as indi- 

ated, e.g., in [30] ) as the typical mesh size, we have verified that

he (-5/3) scaling trend predicted by Kolmogorov [ 44 , 45 ] is inde-

endent from the mesh in terms of velocity amplitude and re- 

ated frequency distribution. Using this set of criteria, the required 
5 
umber of points has been found to range between a minimum 

f 400 and a maximum of 2800 in the horizontal direction (and a 

inimum of 40 and a maximum of 300 in the vertical direction) 

epending on the considered conditions (with the corresponding 

omputational time required to run a complete simulation using 

our 3.4 GHz CPUs in parallel being 30 min, 4 h, 1 day, 3 days and

 days for the cases with mesh 400 × 40, 800 × 80, 1200 × 120, 

0 0 0 × 200 and 2800 × 300, respectively). 

We wish also to recall that the present computational algorithm 

as validated in [30] through correlation with relevant test cases 

nd benchmarks. Moreover, different fixed inclinations of the dom- 

nant temperature gradient with respect to vertical gravity were 

ssumed in order to verify the ability of the solver to reproduce 

orrectly the dynamics of the natural convection originating from 

he hot surfaces with horizontal or vertical orientation. For the 

anonical case with uniform heating from below (leading to stan- 

ard Rayleigh-Bénard convection) focused comparison was imple- 

ented with the numerical results by Ouertatani et al. [46] , while 

or the configuration rotated by 90 ° the benchmark by De Vahl 

avis and Jones [47] was considered as a reference. Furthermore, 

he ability of the algorithm to capture properly Hopf bifurcation 

as tested against the stability analysis by Mizushima and Adachi 

48] . Finally, the properties of hybrid forced-buoyancy flow in the 

FS configuration for various representative conditions were de- 

ermined using different computational platforms (OpenFoam, An- 

ys Fluent and the code by Lappa [49] ) and compared in terms 

f non-dimensional angular frequency of the emerging oscillatory 

ow and/or time-averaged value of the Nusselt number (see again 

30] ). 

As a natural extension of the specific approach illustrated in the 

receding text, in the present work an additional level of validation 

as been implemented through consideration of BFS specific (rep- 

esentative) cases. Following Khanafer et al. [27] , for such a task 

e have assumed the horizontal and vertical sides of the step adi- 

batic and the floor at a constant uniform temperature. The geo- 

etrical parameters have been fixed to A = 20, ER = 2, LR = 4 (i.e. the

tep being located at x = A/4). Moreover, unlike the value assumed 

or the results presented in Section 4 (Pr = 1), for this comparison 

he Prandtl number has been set to 0.71 as Khanafer et al. [27] car-

ied out their computations for this specific value. Again, two dif- 

erent software (the OpenFOAM method described in Section 3.1 

nd the independent solver developed by Lappa [49] ) have been 

sed to get the required extra layer of validation. The outcomes of 

uch focused assessment are summarized in Tables 3 and 4 where 

he reattachment length x 1 and the positions of the leading edge 

nd trailing edge of the secondary roll with respect to the step 

osition have been reported as a function of the Reynolds num- 

er for Ra = 5680. The exact location of these characteristic points 
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Table 3 

Nondimensional position of characteristic points indicated in Fig. 1 for Pr = 0.71, A = 20, ER = 2, LR = 4, Ra = 5680 and different 

values of the Reynolds number (Mesh 10 0 0 ×10 0, the coordinate in brackets indicates the corresponding value obtained 

with the independent solver developed by Lappa [49] ). 

Reynolds Number x 1 (reattachment length) x 2 (secondary roll leading edge) x 3 (secondary roll trailing edge) 

200 2.53 (2.53) - - 

350 3.76 (3.78) - - 

500 4.64 (4.68) 4.04 (4.08) 6.42 (6.46) 

700 5.38 (5.36) 4.53 (4.55) 8.74 (8.80) 

Fig. 3. Streamlines for Pr = 0.71, A = 20, ER = 2, LR = 4 and Ra = 5680 as a function of Re for adiabatic step and hot floor: (a) Re = 200, (b) Re = 350, (c) Re = 500, (d) Re = 700. 

Table 4 

Nondimensional position of characteristic points for 

Pr = 0.71, A = 20, ER = 2, LR = 4, Re = 200 and different values 

of Rayleigh number (Mesh 10 0 0 ×10 0, the value in brackets 

indicates the corresponding roll length obtained with the 

independent solver developed by Lappa [49] ). 

Rayleigh Number x 1 (reattachment length) 

5680 2.53 (2.53) 

22720 2.74 (2.82) 

45440 3.02 (3.06) 

68160 3.31 (3.39) 

90880 3.59 (3.64) 
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l

Fig. 4. Streamlines for Pr = 0.71, A = 20, ER = 2, LR = 4 and Re = 200 as a function of Ra 

for adiabatic step and hot floor: (a) Ra = 5680, (b) Ra = 45440, (c) Ra = 90880. 

a

t

t

w

as been determined by monitoring the derivative of the horizon- 

al component of velocity with respect to the vertical coordinate (a 

haracteristic point corresponding to the position where this quan- 

ity changes sign). It can be seen that the differences between the 

esults obtained with two completely independent computational 

latforms lie below 3%. 

Apart from lending additional reliability to the present ap- 

roach, however, these tables also serve as an analysis of the com- 

ined influence of Ra and Re on the position of x 1 in steady con-

itions. 

Along these lines, Fig. 3 shows that, in agreement with the 

rends reported by Khanafer et al. [27] , an increase in Re at fixed

a obviously makes the recirculation zone along the heated surface 

arger (the current leaving the step being more energetic). Notably, 
6

n increase in Ra (at fixed Re) has the same effect, i.e. the reat- 

achment point moves in the downstream direction (see Fig. 4 ). In 

his case, the root cause must be sought in the buoyancy force, 

hich tends to strengthen the primary roll, thereby increasing its 
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Fig. 5. Position of characteristic points as a function of Re and Ra for adiabatic step and hot floor: (a) Ra = 5680; (b) Re = 200. 
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orizontal extension. Interestingly, while x 1 shows a quadratic de- 

endence on the Reynolds number ( Fig. 5 a), its relationship with 

a is essentially linear ( Fig. 5 b). 

. Results 

As a distinguishing mark with respect to the earlier investiga- 

ion by Khanafer et al. [27] , here both horizontal and vertical sides 

f the step are assumed to be hot. Moreover, the domain aspect ra- 

io is fixed to A = 10, i.e. the overall system extension L is set to 10

imes d . This means that all the instabilities potentially occurring 

n the fluid for x > 10 are intentionally filtered out . These will be the

ubject of a forthcoming analysis focused on relatively small values 

f the Rayleigh and Richardson numbers ( Ra = O(10 3 ), Ri << 1) for

hich such transitions can play a significant role. The other con- 

idered geometrical parameters are ER = 2 and LR = 2 (which implies 

he step is located at a non-dimensional distance from the inflow 

ection x = A/2 = 5). 

Prior to expanding on the present results, for the convenience 

f the reader, we use the initial part of this section to provide 

ome initial arguments which may help him/her to digest better 

ome of the peculiar dynamics and related concepts presented in 

he following. 

Along these lines, we start from the relatively simple remark 

hat, given their intrinsic nature, thermally driven convective flows 

enerally tend to emerge in the form of vertical currents poten- 

ially producing ‘blockage’ in the considered duct, see, e.g. Omidvar 

t al. [2] (in contrast to the diametrically opposite effect induced 

y the expansion in the available cross-sectional area). In addition 

o the hydrodynamic instabilities, known to affect the shear layer 

riginating from the corner of the step and impinging on the bot- 

om wall at x = x 1 , the instabilities of the thermal boundary layer

long heated surfaces can also become a relevant aspect of the 

roblem. 

By analyzing situations where the forced transport of fluid in 

uch a configuration closely interacts with natural convective phe- 

omena of thermal origin, we aim to reveal a variety of possible 

ituations in which thermally driven effects support or counteract 

he emergence of flow instabilities. Towards this end, in particular, 

e follow a deductive process by which the Richardson number 

s progressively increased (the limiting situation Ri → 0, being rep- 

esentative of the case with forced flow only). As a first relevant 
7 
xample along this analysis hierarchy, the cases Ri < 1 and Ri = 7.5 

re considered (Sections 4.1 and 4.2, respectively). 

.1. Dominant forced convection Ri ≤O(1) 

Before starting to deal with the hybrid forced/buoyant flow, 

ig. 6 provides an instructive short excursus on the case of forced 

ow (no buoyancy). We use this intentionally to bridge the gap 

ith the earlier literature and recall the main properties of the 

implified configuration with no thermal effects (a pre-requisite 

or the interpretation of more complex dynamics where buoyancy 

lays a significant role). The related sequence of figures ( Fig. 6a–d ) 

erely shows that, as anticipated in the introduction, for a fixed 

xpansion ratio, the location of the reattachment point is shifted 

n the downstream direction as the Reynolds number is increased. 

his figure also provides a glimpse of the more complex dynam- 

cs that are enabled when Re exceeds a given threshold (the first 

opf bifurcation occurring for Re cr 
∼= 

2090 according to the present 

imulations). 

In the remainder of this section the focus is shifted to the sce- 

ario where, although, thermal effects are present ( Ri � = 0), forced 

ow is much stronger than buoyancy convection i.e. Ri = 0.25. For 

implicity, first we examine the configuration with adiabatic floor, 

.e. the case where the main flow is discharged into an ambi- 

nt with larger cross-sectional area (x > 5) where no thermal con- 

ection is being produced (see Fig. 7 ). Increasing values of the 

ayleigh number are considered for fixed Ri . 

The velocity distribution for Ra = 10 4 and Re = 200 

Re ∼= 

[ Ra /( R iPr)] 1/2 ) confirms the presence of a roll near the

ertical step boundary ( Fig. 7 a). The horizontal size of this roll 

rows as Ra and Re are increased to 10 5 and 632, and 10 6 and

0 0 0, respectively ( Fig. 7 b and c). Inspection of the associated 

emperature distributions does not reveal unexpected features. 

hermal boundary layers develop along the heated surfaces (with 

hickness decreasing as the characteristic numbers grow while 

eeping Ri fixed to 0.25). An additional “free” layer of warm fluid 

riginates from the step trailing edge (the corner) and marks the 

oundary between the primary roll and the overlying jet of cold 

uid directed from left to right. 

In agreement with the results for the purely forced convection, 

he flow undergoes a transition from a steady state to a time de- 

endent one for a value of the Reynolds number close to 20 0 0 (a
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Figure 6. Forced convection for increasing values of Re ( Ra = 0): a) Re = 100, b) Re = 10 0 0, c) Re = 2090, d) Re = 2500. 
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learly time-dependent solution can be seen Fig. 7 d for Ra = 10 7 ,

e = 6324, although some signs of such a transition can already 

e detected in Fig. 7 c in proximity to the outlet). Several veloc- 

ty rolls are formed in this case, one next to the vertical step (as-

ociated with flow separation) and others along the ceiling. Fur- 

hermore, the kinematic boundary layer separates and reattaches 

t two more points along the floor. 

This behavior is also indirectly revealed by the temperature 

eld. A similar effect was already observed in previous studies 

ealing with mixed convection in the FFS [30] . 

The flow becomes even more chaotic (moderately turbulent) for 

a = 10 8 ( Fig. 7 e). Thermal features are still evident, but they are

trongly bent by the cross flow which forces them to adopt a spiral 

ike configuration. 
8 
Fig. 8 represents the case with the floor (bottom boundary for 

 > 5) heated at constant temperature. For Ra = 10 4 and 10 5 the dif-

erences with respect to the dynamics already discussed for the 

diabatic floor configuration are relatively limited, and they sim- 

ly affect the temperature field (where an increase in the aver- 

ge temperature in the portion of the channel with larger cross- 

ectional area can be noticed). Nevertheless, it can be seen that 

hen Ra = 10 6 , the flow undergoes a well-defined oscillatory be- 

avior (not present in the equivalent adiabatic case for Re = 20 0 0, 

ompare with Fig. 7 c). As evident in Fig. 8 c, thermal plumes are

enerated continuously along the hot boundary and assume a con- 

guration where they are almost equally spaced along the horizon- 

al direction (as a thermal plume leaves the system through the 

utflow, a new plume is generated just after the step so that on 
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Fig. 7. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of dominant forced convection ( Ri = 0.25) and adiabatic floor: (a) Ra = 10 4 ; (b) 

Ra = 10 5 ; (c) Ra = 10 6 ; (d) Ra = 10 7 ; (e) Ra = 10 8 . 
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verage the number of plumes present in the system is constant 

 N = 3). This train of plumes traveling in the downstream direc- 

ion causes a regular sinusoidal distortion of the main jet of cold 

uid directed from left to right. 

For Ra = 10 7 and Ra = 10 8 (see Fig. 8 d and 8 e, respectively), the

ehavior becomes more complex, with the space separating the 

lumes and their average number not being constant. Moreover, 

 decrease in their vertical size and an increase in their number 

an be noticed. 

Some additional insights into the role played by buoyancy in 

uch relatively chaotic dynamics can be gathered from the fre- 

uency spectrum obtained using the signal of a virtual probe lo- 

ated at a fixed (representative) position (placed at a certain down- 

tream distance from the step, i.e. x = 9, y = 0.25, see Fig. 9 ). This in-

icates that the spectrum aligns with the k −5/3 law predicted by 

olmogorov for the so-called inertial frequency range over a rel- 

tively wide interval of frequencies (corresponding to the set of 

avenumbers where energy cascades at a constant rate, until it 

s dissipated due to viscous effects on the so-called Kolmogorov 

ength scale). A similar correspondence has also been observed in 

ther somehow related problems (e.g., standard Rayleigh-Bénard 

onvection [50] , the FFS system [30] or the case of a wind current

nteracting with a distribution of hot blocks [49] ). In the present 

ase, comparison of the frequency spectra for the cases with adi- 
a

9

batic and hot floor reveals that the differences are almost negli- 

ible (note the peak-to-peak almost perfect correspondence) and 

uite an obvious interpretation for this behavior can be directly 

ooted in the nature of the considered flow, which for Ri < 1 may 

till be regarded as an essentially forced flow (the contribution of 

uoyancy being marginal). 

.2. Mixed convection for Ri = 7.5 

If the Richardson number is increased to 7.5 ( Fig. 10 for the 

diabatic floor case), for the smallest value of the Rayleigh num- 

er considered, namely, Ra = 10 4 , the flow is still steady and fol-

ows a straight path after entering the channel through the inlet 

 Fig. 10 a). In agreement with the general arguments provided in 

he introduction for Ri < 1, a small roll is formed along the bot- 

om wall just after the abscissa where the expansion occurs (i.e. 

n proximity to the hot vertical step wall). Moreover, as expected, 

he fluid leaves the outlet ( x = 10) with a lower velocity as com-

ared to the velocity at the inlet (as a result of mass conservation, 

he velocity decreases as the cross-sectional area becomes larger). 

nterestingly, the temperature distribution shows the existence of a 

elatively warm area in the entire right portion of the domain. The 

eat is released from the surface of the horizontal wall for x < 5 

nd spreads to the part of the channel with larger cross-sectional 



S. Inam and M. Lappa International Journal of Heat and Mass Transfer 194 (2022) 122963 

Fig. 7. Continued 
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fl
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s

rea. As for a fixed Ra , a larger Ri corresponds to a smaller value of

he Reynolds number, the increase in the average temperature for 

 > 5 with respect to that visible in the equivalent Fig. 7 for smaller

i , must obviously be ascribed to the reduced flow rate of cold 

uid. 
p

10 
On increasing the Rayleigh number to Ra = 10 5 (Re being ∼= 

115 

or Ri = 7.5, see Fig. 10 b), yet in qualitative agreement with known 

ehaviors for the isothermal scenario and smaller values of Ri , the 

ize of the localized vortex formed after the step becomes larger. In 

articular, for such a case the reattachment takes place just before 
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Fig. 8. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of dominant forced convection ( Ri = 0.25) and hot floor: (a) Ra = 10 4 ; (b) Ra = 10 5 ; 

(c) Ra = 10 6 ; (d) Ra = 10 7 ; (e) Ra = 10 8 . 

11 
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Fig. 8. Continued 

Fig. 9. Frequency spectrum for Ri = 0.25 and Ra = 10 7 (Legend: black - adiabatic floor, 

red - hot floor, magenta – reference Kolmogorov law). 
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12 
he outlet. The ‘heat island’ effect spotted for Ra = 10 4 , becomes less 

ramatic due to the increased flow rate (higher Re) of cold fluid 

eing injected in the system from the left. 

As expected, if the Rayleigh number is increased by another 

rder of magnitude (i.e. Ra = 10 6 , Fig. 10 c) and, accordingly, the 

eynolds number Re ∼= 

[Ra/(RiPr)] 1/2 becomes 365, the reattachment 

oint is no longer located inside the domain. As a result, the cold 

uid being injected in the channel from the left takes a straight 

oute until it leaves the outlet with almost the same velocity at in- 

et. In terms of temperature distribution, well-defined (thin) ther- 

al boundary layers become visible along the hot solid surfaces. 

 thin layer of hot fluid is also released from the corner (trailing 

dge) of the step. This layer separates two regions of colder fluid, 

ne located above it and the other underneath. 

Most interestingly, an instability develops along this thin region 

f warm fluid if (yet keeping Ri fixed to 7.5), Ra is raised to 10 7 

and, accordingly, Re becomes 1154, Fig. 10 d). The instability man- 

fests itself in the form of undulations affecting the shape of the 

ain jet of cold fluid leaving the step (entering the region with 

arger cross-sectional area). As a result of this oscillatory behavior, 

he thin layer of hot fluid originating from the trailing edge of the 

tep is broken into different packets of warm fluid. Nevertheless, 

o significant mixing occurs between the regions of fluid in the 

pper ( y > 1/2) and lower ( y < 1/2) portions of the domain. 
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For Ra = 10 8 , the level of vorticity present in the fluid increases

ignificantly and the thin hot layer is finally mixed with the sur- 

ounding fluid at a certain distance from the step owing to the 

ormation of vortices being pervasive throughout the vertical ex- 

ension of the channel, Fig. 10 e). 

The companion situation in which the floor of the channel 

 y = 0, x > 5) is hot, and therefore it can contribute to the genera-

ion of convection, is illustrated in Fig. 11 . 

Direct comparison of Fig. 11 a with the equivalent Fig. 10 a, 

learly indicates that, as expected, the heat island effect is en- 

anced if additional heat is injected into the system for x > 5 (from

elow). 

For Ra = 10 5 , again the dynamics are relatively similar. The heat 

sland starts to reduce in terms of intensity, however, this effect is 

ot as rapid as for the adiabatic floor case. 

The departure from the configuration with adiabatic floor, how- 

ver, becomes dramatic as soon as the next figure of the sequence 

s considered ( Fig. 11 c where Ra = 10 6 and Re ∼= 

365). In these cir-

umstances, the buoyancy effect in the right part of the channel 

 x > 5) becomes so strong that it can cause the onset of (vertical)

hermal plumes. For this value of the Rayleigh number, these con- 

ective features are so extended in the vertical direction that a 

ind of “blockage’ is produced, with the jet of cold fluid directed 

rom left to right being heavily bent and forced to create a strong 

ortex just before a visible large plume. By virtue of such a com- 

etition, the flow becomes strongly oscillatory. 

The complexity generated in the velocity field further grows 

hen the Rayleigh is again increased by an order of a magnitude 

.e. Ra = 10 7 ( Fig. 11 d). Quite surprisingly, however, in this case, the

lockage effects discussed before is mitigated as the vertical cur- 

ents of warm fluid originating from the hot floor have a smaller 

ize (owing to the increase in the Rayleigh number, which leads to 

arger wavenumbers). Finally, for Ra = 1 ×10 8 ( Fig. 11 e) the plumes

ecome very small, and accordingly, the number of rolls produced 

y their interaction with the main horizontal stream of cold fluid 

ncreases. These rolls deeply influence the motion of fluid in the 

ight side of the cavity as witnessed by the spiral like localized 

attern visible in the distribution of temperature. 

Analysis of the frequency spectra for a fixed value of Ra (fol- 

owing the same approach undertaken in Section 4.1 for Ri = 0.25, 

robe position x = 9, y = 0.25) is still instrumental in reveal- 

ng the role of buoyancy forces, which in this case can be con- 

idered less marginal (see Fig. 12 ). This is clearly witnessed by 

he notable differences in the two spectra in the range of small 

requencies (angular frequency ≤O(10 3 )), which may be regarded 

s a clue for the different hierarchy of bifurcations characterizing 

he two systems with adiabatic or hot floor (we will come back 

o this interesting concept in Section 5.1). The two spectra super- 

ose almost perfectly in the range of high frequencies, which in- 

irectly confirms that the behavior of turbulence becomes univer- 

al on the small spatial scales as soon as ‘memory’ of the dynam- 

cs developing on larger scales is lost (as theorized by Kolmogorov 

 44 , 45 ]). 

.3. Mixed convection for Ri ≥O(10) 

Following a logical approach where the effects of thermal buoy- 

ncy are progressively enhanced in comparison to forced convec- 

ion, in this section, the value of the Richardson number is signifi- 

antly increased ( Ri ≥O(10)). 

Once again the two typical scenarios where the floor is either 

ept adiabatic or isothermal are considered in order to get relevant 

nsights into the effects of thermal buoyancy. 

The first situation is depicted in Fig. 13 . In particular, a quali- 

atively substantiated by Fig. 13 a, for Ra = 10 4 and Re = 10, the ve-

ocity field shows that flow is highly laminar (the cold fluid enters 
13 
he inlet and continues to travel straight without any disruption). 

bviously, the heat island effect is greatly enhanced in these con- 

itions. Inspection of Fig. 13 b ( Ra = 10 5 , Re = 31.6) leads to the con-

lusion that this phenomenon is still present. However, it can be 

itigated by a further increase in Re at fixed Ri . 

This can be seen in Fig. 13 ( Ra = 10 6 , Re = 100), where another

ery interesting change becomes evident. For the first time (with 

espect to all the dynamics discussed in the earlier sections), an 

nstability develops along the thermal boundary layer already in 

he left portion of the channel (i.e. in the region of reduced cross- 

ectional area, x < 5). This is made visible by the presence of a se-

uence of thermal plumes traveling in the downstream direction 

long the top boundary of the step and the ensuing distortions in- 

uced in the jet of cold fluid. The plumes (and related sinusoidal 

erturbations visible in the velocity field) are evenly spaced in the 

orizontal direction. Interestingly, in this regard, these phenomena 

isplay notable analogies with those investigated numerically by 

he aforementioned Omidvar et al., [ 2 ], who considered the inter- 

lay of the so-called urban heat island (produced by anthropogenic 

eat emission in urban areas) and the horizontal winds typical of 

he Earth’s atmospheric boundary layer. Using an ordered (evenly 

paced) distribution of cubic elements to mimic a ‘city’, these au- 

hors found (for conditions where both buoyancy and forced con- 

ection were expected to be important, see Figs. 6 and 7 in their 

ork) dynamics very similar to those shown in Fig. 13 c (velocity 

anel). 

As shown in Fig. 13 c (temperature panel), in the present cir- 

umstances, the heat island effects inside the channel are weak- 

ned (with respect to Fig. 13 b) due to the increased injection (vol- 

metric flow rate) of cold fluid from the left. The flow makes a 

hift from a steady regime to a time dependant one indicating that 

 Hopf bifurcation has taken place. 

The next figure of the sequence ( Fig. 13 d) confirms that the 

omplexity of the flow keeps increasing with Ra and Re. In par- 

icular, as the reader will realize by inspecting both Fig. 13 d and 

, phenomena of flow separation and reattachment can be identi- 

ed directly in the left portion of the channel, i.e. before the fluid 

nters the region of larger cross-sectional area. As a result of the 

isturbances developing (and growing) inside the thermal bound- 

ry layer for x < 5, a well-defined jet can no longer be recognized 

or x > 5. In this region the flow is characterized by a chain of large

ortices (having extension comparable to the vertical size of the 

hannel) that spread from left to right continuously. 

On increasing Ra , thermal boundary layers become much thin- 

er and a bending effect is observed in the shape of plumes for 

 < 5. A rise in their number can also be spotted. The increased vol-

me of fluid injection per unit time results in the entire channel 

eing at moderate temperature. 

Fig. 14 illustrates the series of flow patterns which are produced 

hen the condition of adiabatic floor is finally switched to that of 

sothermal (hot) floor. 

For Ra = 10 4 ( Fig. 14 a), no considerable modifications can be de- 

ected in the velocity and temperature distribution when a com- 

arison is made with the equivalent adiabatic floor case. However, 

or Ra = 10 5 (Re = 31.6, Fig. 14 b), the flow changes from a steady

egime to a time dependent state, which must obviously be as- 

ribed to the dynamics enabled in the region x > 5 (given the ab- 

ence of visible disturbances developing in the system for x < 5). 

wo velocity rolls are formed in this circumstance in comparison 

o the single one formed in the adiabatic floor situation. As it is 

vident from the temperature distribution “heat island” effects are 

till present inside the domain. 

As soon as the Rayleigh is increased to Ra = 10 6 ( Fig. 14 c), the

ow topology starts showing distinguishable signs of growing com- 

lexity, among them, a remarkable increase in the number of ve- 

ocity rolls for x > 5. The presence of these vortices near the vertical 
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Fig. 10. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of hybrid forced/buoyancy convection ( Ri = 7.5) and adiabatic floor: (a) Ra = 10 4 ; 

(b) Ra = 10 5 ; (c) Ra = 10 6 ; (d) Ra = 10 7 ; (e) Ra = 10 8 . 
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Fig. 10. Continued 
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all of step, ceiling and close to the floor near the outlet forces 

he fluid to adopt a “snake” like pattern until it leaves the domain. 

he hot horizontal step wall and the floor represent the breeding 

round feeding the thermal plumes which travel from left to right 

ehaving like a wave of hot air. 

As expected, a subsequent rise in the value of Rayleigh number 

 Fig. 14 d and e) generates a turbulent behavior. The chaotic nature 

f the flow is witnessed by the number of rolls and the shape of 

hermal plumes in the region of larger cross-sectional area. The lat- 

er are no longer all inclined to the right. Moreover, the increased 

trength of buoyancy favors the development of plumes at a very 

ast rate. These have very distinct features and display thin sharp 

tems alongside sharp cap and lobes which are consistently de- 

ormed by vortex structures. 

For the sake of brevity, we do not describe here extensively 

he patterning behavior for Ri = 25; the results indicate that the 

emperature and velocity fields for increasing values of Rayleigh 

umber are relatively similar to those discussed in the preceding 

ext for Ri = 100. However, taking a look at the related frequency 

pectra and comparing them with the equivalent ones for Ri = 100 

 Fig. 15 ) is instructive. Indeed, as the reader will realize by inspect-

ng Fig. 15 a and b, as Ri exceeds a value ∼= 

10, the differences in the

v

15 
pectra for adiabatic and hot floor are no longer limited to the re- 

ion of small frequencies. A clear departure can also be seen in the 

ange where the spectrum roughly aligns with the theoretical pre- 

ictions by Kolmogorov. In general, a more energetic distribution 

f amplitudes can be seen when the hot floor case is considered, 

nd the key to understanding this trend lies in considering that 

he presence of the hot floor obviously causes a surge in the rate 

f plume generation (increased number of thermal plumes passing 

hrough a probe point per unit time obviously implies a shift of 

he related fixed amplitude signal to a higher frequency). 

These figures are naturally complemented by Figs. 16–18 , where 

dditional insights are gained using typical concepts of the theory 

or turbulent flows in synergy with the ‘ad hoc’ evaluation of rel- 

vant fluid-dynamic quantities. In turn, these stem from the well- 

nown possibility to represent a turbulent velocity as the summa- 

ion of a time-averaged part and an instantaneous component (a 

econd contribution accounting for the fluctuation of velocity with 

espect to its time-averaged value), i.e.: 

 = ū + u 

′ (13a) 

 = v̄ + v ′ (13b) 
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Fig. 11. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of hybrid forced/buoyancy convection ( Ri = 7.5) and hot floor: (a) Ra = 10 4 ; (b) 

Ra = 10 5 ; (c) Ra = 10 6 ; (d) Ra = 10 7 ; (e) Ra = 10 8 

16 
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Fig. 11. Continued 

Fig. 12. Frequency spectrum for Ri = 7.5 and Ra = 10 7 (Legend: black - adiabatic floor, 

red - hot floor). 
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17 
where the overbar and the apex are used to indicate the time- 

veraged and instantaneous components, respectively). The most 

nteresting outcome of this way of thinking is the possibility to ex- 

ress the so-called (non-dimensional) Reynolds stress, i.e. the ad- 

itional ‘turbulent’ stress (resulting from the fluctuations-induced 

xchange of momentum between fluid parcels), as 

Re = u 

′ v ′ (14) 

Such a quantity is reported in Figs. 16 and 17 at different sta- 

ions along the wall and as a function of the vertical coordinate 

or a fixed abscissa, respectively. The vertical coordinate is multi- 

lied by the Reynolds number in order to obtain an analog of the 

 + non-dimensional distance traditionally used in the context of 

tudies for forced turbulent flow. In particular, here, y + is defined 

s y x Re where Re is determined according to Eq. (1) (the clas-

ical definition where Re is based on the so-called “friction veloc- 

ty” is not directly applicable in the present case since, as a result 

f the associated boundary-layer detachment phenomena, the vis- 

ous stress can become zero in the points where thermal plumes 

riginate; as such, it cannot be used as a well-defined reference 

uantity). 

Taken together these additional figures allow the derivation 

f other interesting conclusions. It can be seen that while the 

eynolds stress evaluated inside the boundary layer (y += 10) along 
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Fig. 13. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of hybrid forced/buoyancy convection ( Ri = 100) and adiabatic floor: a) Ra = 10 4 ; 

b) Ra = 10 5 ; c) Ra = 10 6 ; d) Ra = 10 7 ; e) Ra = 10 8 . 
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Fig. 13. Continued 
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he hot floor displays a non-monotonic behavior, which progres- 

ively decays into a plateau, the equivalent quantity determined 

or the adiabatic floor keeps decreasing until the stress becomes 

lmost negligible for x ∼= 

9.5. Moreover, as another notable distin- 

uishing factor, the Reynolds stress is much higher in the former 

ase (exceeding that for the adiabatic floor by one or even two or- 

ers of magnitude, depending on whether the comparison is made 

or x > 7.5 or x < 7.5, respectively). 

These interesting behaviors also call for a proper justification, 

hich can be implemented in its simplest form as follows. The in- 

reased amplitude of the Reynolds stress for the hot floor case is 

learly consistent with the more energetic distribution of ampli- 

udes evident in the frequency spectrum ( Fig. 15 b, red line). For 

 physical point of view, as already explained to a certain extent 

efore, in turn, the increased magnitude of the fluctuations has its 

oot in the plume generation phenomena occurring for x > 5. No- 

ably, this key argument can be also used to explain the different 

rends of the Reynolds stress for x > 7.5 (tending to a constant value

or the hot floor, decreasing and approaching a small value if the 

ot floor is replaced with an adiabatic boundary). In the latter case 

he decay can obviously be ascribed to the lack of a mechanism for 

ew plume formation (with ensuing decrease in the level of vortic- 

ty, especially in proximity to the bottom wall, see again Fig. 13 e). 

n the former situation, the plateau reached by the Reynolds stress 
19 
imply reflects the existence of a constant rate of plume genera- 

ion per unit length as a certain abscissa is exceeded (the above- 

entioned x ∼= 

7.5 in the present case). 

Consideration of the next figure ( Fig. 17 ) is also useful in this 

egard. This shows the time-averaged vertical component of veloc- 

ty (representative of the contribution that thermal plumes bring 

o the flow) and the Reynolds stress as a function of the verti- 

al distance y + at a representative station ( x = 8.5). In line with

he trends reported above, it can be seen that the rate of increase 

f the Reynolds stress with y is much larger in the case of hot 

oor (compare the red and black lines in Fig. 17 a). Similar con- 

epts also apply to the time-averaged vertical component of veloc- 

ty ( Fig. 17 b). It can yet be argued that the discrepancies are due

o the buoyant content of the flow ( relatively high for the hot floor, 

ecaying along x due to the lack of a process able to sustain the 

ormation of new buoyant plumes for the case with adiabatic bot- 

om). 

For the sake of completeness, Fig. 18 finally shows the stress 

istribution for the same value of the Rayleigh number used for 

igs. 16 and 17 ( Ra = 10 8 ), but for the Richardson number examined

n Section 4.1, that is, Ri = 0.25. 

The additional insights provided by this figure can be listed as 

ollows. Apart from a certain initial difference in proximity to the 

tep (x ≤6.5), the two curves tend essentially to the same asymp- 
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Fig. 14. Snapshots of velocity field (top) and temperature distribution (bottom) for the case of hybrid forced/buoyancy convection ( Ri = 100) and hot floor: (a) Ra = 10 4 ; (b) 

Ra = 10 5 ; (c) Ra = 10 6 ; (d) Ra = 10 7 ; (e) Ra = 10 8 . 
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Fig. 14. Continued 

Fig. 15. Frequency spectrum for Ra = 10 7 (Legend: black - adiabatic floor, red - hot floor, probe position x = 9, y = 0.25): (a) Ri = 25; (b) Ri = 100. 

21 
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Fig. 16. Distribution of the Reynolds stress evaluated at y = 0.01 (corresponding to y+ = 10) as a function of the horizontal coordinate for Ri = 100 and Ra = 10 8 (Legend: black - 

adiabatic floor, red - hot floor). 

Fig. 17. Profiles of time-averaged vertical velocity component (a) and Reynolds stress (b) as a function of the vertical coordinate at x = 6.5 for Ri = 100 and Ra = 10 8 (Re = 10 0 0, 

Legend: black - adiabatic floor, red - hot floor). 

t

w

a

b

b

t

f

o

T  

o

d

5

s

d

t

o

b

i

b

Table 5 

Values of Critical parameters ( Ra cr , Re cr ) for the BFS with adiabatic 

and hot floor. 

Adiabatic floor ( Ra cr , Re cr ) Hot Floor ( Ra cr , Re cr ) 

Ri = 0.25 1.22 ×10 6 , 2209 5.15 ×10 5 , 1435 

Ri = 7.5 2.56 ×10 6 , 584 1 ×10 5 , 115 

Ri = 25 6.35 ×10 5 , 159 6.5 ×10 4 , 51 

Ri = 100 3.03 ×10 5 , 55 6.1 ×10 4 , 25 

d

R

i

c

q

t

c

u

t

i

a

otic value as x is increased, which indirectly witnesses the much 

eaker role (as already illustrated in Section 4.1) played by buoy- 

ncy in this case (the most significant contribution to the stress 

eing provided by disturbances of hydrodynamic nature, the reader 

eing also referred to the additional information provided in Sec- 

ion 5). The similar magnitudes displayed by the Reynolds stress 

or x ≥ 7.5 also confirm the relevance of the earlier arguments 

r interpretation elaborated on the basis of the frequency spectra. 

hese, shown in Fig. 9 for Ri = 0.25, indeed, attest the independence

f the distribution of amplitudes from the thermal boundary con- 

ition assumed for the floor. 

. Discussion 

This section is dedicated to a critical discussion of the re- 

ults on the basis of arguments related to the transition to time- 

ependence and ensuing evolution towards chaos. In this regard, 

he analysis is directly based on the examination of the structure 

f the disturbances that are produced as a consequence of the first 

ifurcation of the flow from steady state to oscillatory behavior, 

.e. the first Hopf bifurcation. The related “critical” conditions have 

een determined in the present work through an iterative proce- 
22
ure where, while keeping the Richardson number fixed, Ra and 

e are increased/decreased in order to determine the correspond- 

ng values ( Ra , Re) for which the flow becomes oscillatory as pre- 

isely as possible (the critical value being finally predicted through 

uadratic extrapolation of the amplitude of the maximum oscilla- 

ory velocity to zero, see Table 5 ). 

The associated disturbances (being ideally equal to zero in the 

ritical conditions) are also provided in the present section (for val- 

es of Ra and Re, slightly larger than the critical ones). Following 

he same approach already implemented by Inam and Lappa [30] , 

n practice such perturbations have been obtained by subtracting 

 time-averaged velocity field (computed over one period of the 
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Fig. 18. Distribution of the Reynolds stress evaluated at y = 0.01 as a function of the horizontal coordinate for Ri = 0.25 and Ra = 10 8 (Legend: black - adiabatic floor, red - 

hot floor). 
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scillations) to the instantaneous field provided by the solution of 

he non-linear governing equations (Section 2). 

.1. Critical conditions and Disturbances 

For consistency with Section 4, we start from the case with 

diabatic floor, the associated disturbances being collected in 

ig. 19 . The simplest case is obviously represented by the condi- 

ion Ri = 0.25 for which the critical conditions (Re cr 
∼= 

2210) are al- 

ost identical to those determined for purely forced flow (let us 

ecall that for Ri = 0, Re cr 
∼= 

2090). The proximity of the critical val-

es clearly indicates that the role of buoyancy can be considered 

lmost negligible in this case. As shown in Fig. 19 a, the distur- 

ances develop just after the abscissa where the sudden change 

n the cross-sectional area occurs. These perturbations can be con- 

idered of hydrodynamic nature, i.e. they are induced by the verti- 

al shear present in the separated shear layer (originating from the 

orner of the step and reattaching at a certain distance from it). 

As the Richardson number becomes larger than 1, however, a 

otable change in the disturbance patterning behavior can be no- 

iced ( Fig. 19 b for Ri = 7.5). The perturbations are now essentially

ocated in the portion of fluid located under the layer of relatively 

arm fluid originating from the step trailing edge. Fluid-dynamic 

isturbances are generated close to the vertical wall of the step in 

he form of weak rolls and their amplitude grows as the rolls are 

pread in the downstream direction. As this layer is still charac- 

erized by significant vertical shear, the instability still has a hy- 

rodynamic component. The decrease in the value of the critical 

eynolds number, however, witnesses the role played by thermal 

uoyancy in this process. The shear layer, indeed, is affected by a 

estabilizing vertical temperature gradient with respect to the fluid 

ocated in the upper part of the channel. The mutually reinforcing 

ole played by hydrodynamic and thermal (buoyant) effects is still 

t the root of the significant lowering of both the critical Ra and 

e for Ri = 25 ( Fig. 19 c). These are reduced from (2.56 ×10 6 , 584) to

6.35 ×10 5 , 159), respectively. In this case, buoyancy is able to pro- 

uce modes of convection, which also significantly affect the upper 

art of the channel. These develop in the form of a wave (very ev- 

dent for x > 5, as qualitatively substantiated by Fig. 19 c). Most no-

ably, the wave originates in the left part of the channel, i.e. just 

bove the hot surface of the step ( x < 5), before the separated shear

ayer is generated, which indicates that the instability has a signif- 

cant buoyant component. When Ri is increased to 100, the most 

angerous disturbances (i.e. those responsible for the primary bi- 

urcation to time-dependent flow) are produced in the region with 

arger cross-sectional area. However, the location where they attain 

heir maximum amplitude is progressively shifted to the left (in 

he upstream direction) as the difference between Ra and Ra cr is 
23 
ncreased ( Fig. 19 d), which may be regarded once again as a clear 

ignature of the buoyant effect. 

The role of gravitational effects may be obviously expected to 

ecome increasingly more important when the configuration with 

ot floor is considered ( Fig. 20 , Table 5 ). Comparison of the second

nd third columns of Table 5 , indeed, leads to the realization that 

eplacement of the adiabatic condition with a (destabilizing) hot 

all systematically induces a decrease in the critical values for the 

nset of oscillatory flow (in some cases by one order of magnitude 

or the needed value of Ra ). 

Such changes are reflected by significant modifications in the 

tructure of the disturbances. 

For Ri = 0.25, these are initially localized in the small roll formed 

n proximity to the vertical side of the hot step. The role of buoy- 

ncy is witnessed by the aforementioned notable lowering of the 

ritical Reynolds number, which shifts from the value almost iden- 

ical to that needed for isothermal flow found in the adiabatic floor 

ase (2210) to 1435 (a significant shrinkage can also be spotted in 

he corresponding value of the Rayleigh number). 

For Ri > 1, the shear layer of warm fluid originating from the 

railing edge of the step (its corner) and protruding into the right 

art of the channel (acting as a kind of watershed between the 

egions y < 1/2 and y > 1/2) is no longer a feature of the flow.

n these cases (see Fig. 20 b and c for Ri = 7.5 and 25, respec-

ively), the disturbances are essentially connected to the thermal 

lumes which stem directly from the thermal boundary layer de- 

eloping along the hot floor of the channel. Such disturbances 

re transported in the downstream direction as a result of forced 

ow and become much more pronounced close to the outlet re- 

ion. The same property also applies to the case Ri = 100 (not 

hown). 

Simulations conducted for larger values of Ra have led to the 

onclusion that, in general, for Ri > O(1), an increase in Ra at fixed 

i causes a displacement of the region where disturbances are pro- 

uced and amplified in the upstream direction (in an area located 

n proximity to the step corner, Fig. 20 d). 

Along these lines, additional insights can be directly gathered 

rom Fig. 21 , where the frequency spectra obtained for a fixed 

alue of the Rayleigh number ( Ra = 10 7 ) have been collected for in-

reasing values of Ri . The dichotomy considered for the thermal 

oundary condition at the bottom wall is once again reflected by 

he two separate plots shown in Fig. 21 a and 21 b, respectively. 

ranscending the differences induced by the different nature of the 

oor, some general and meaningful conclusions can be drawn. Both 

lots indeed witness the hybrid (thermal-hydrodynamic) nature of 

he instabilities affecting the flow for finite values of the Richard- 

on number. On decreasing Ri (increasing Re at fixed Ra ), the spec- 

ra become more energetic due to the hydrodynamic contribution 
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Fig. 19. Snapshots of the velocity disturbances for the configuration with the adiabatic floor (first Hopf bifurcation), (a) Ri = 0.25, Ra ∼= 

1.3 ×10 6 , (b) Ri = 7.5, Ra ∼= 

3 ×10 6 , (c) 

Ri = 25, Ra ∼= 

7 ×10 5 , (d) Ri = 100, Ra ∼= 

5 ×10 5 . 
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rought in by the forced flow (the branches are shifted upwards 

n the vertical direction). Under a slightly different perspective, the 

ole of buoyancy forces might be recognized observing that the dif- 

erences between the spectra for adiabatic and hot floor tend to be 

nhanced as Ri is increased at fixed Ra (as Ri becomes higher, Re is 

ecreased accordingly and the role of most dangerous disturbances 

s progressively transferred from the hydrodynamic ones to those 

f a purely thermal nature). 

.2. Comparison with the forward facing step 

Having completed a sketch of the disturbances patterning be- 

avior and an assessment of the trends of the critical parameters 
24 
n relation to the role played by thermal buoyancy, this section is 

nally devoted to a meaningful comparison with the companion 

ase represented by the channel with a Forward Facing Step (FFS, 

or which the interplay of hydrodynamic and buoyant effects has 

ecently been investigated by Inam and Lappa [30] ). 

For the purely hydrodynamic case (no thermal or buoyancy ef- 

ects), consensus exists in the literature that the typical outcomes 

f the flow-step interaction are more complex when the decrease 

f the cross-sectional area occurs in the downstream direction (i.e. 

or the FFS case). Indeed, whilst for the BFS, only one region of 

eparated flow is induced downstream of the geometrical expan- 

ion (the reader being referred again to the introduction and to the 

xamples in Fig. 6 ), with the forward-facing step, vorticity can be 
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Fig. 20. Snapshots of the velocity disturbances for the configuration with the hot floor 

(first Hopf bifurcation), (a) Ri = 0.25, Ra ∼= 

5.7 ×10 5 , (b) Ri = 7.5, Ra ∼= 

1.1 ×10 5 , (c) Ri = 25, Ra ∼= 

7 ×10 4 , (d) Ri = 100, Ra ∼= 

7 ×10 5 . 
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roduced at several stations (both upstream and downstream from 

he step, see, e.g., Kiya and Asaki [51] ; Cherry et al. [52] ; Largeau

nd Moriniere [53] ). These localized regions of recirculating fluid 

an induce unsteadiness and other complex phenomena. 

The problem where buoyancy enters the FFS dynamics caus- 

ng a departure from the classical hydrodynamic scenario has been 

ackled in the aforementioned numerical study [30] where con- 

gurations mirror symmetric with respect to those assumed in 

he present work were examined (bottom wall of the region with 

arger cross-sectional area being either adiabatic or kept at the 

ame temperature of the vertical and horizontal boundaries of the 

tep). Equivalent conditions were also considered there in terms 

f values of the Rayleigh number (Rayleigh number based on the 

ertical extension of the region of larger cross-sectional area span- 
25 
ing the range from 10 4 to 10 8 ). It is also worth noticing that 

he values of the Richardson number based on the velocity at the 

nflow were 4 times the corresponding values assumed in Sec- 

ion 4 (i.e. Ri FFS = 4 Ri BFS ), which implies the volumetric flow rates 

f cold fluid injected in the channel were identical to those con- 

idered in the present work for any given value of the Rayleigh 

umber. 

For the convenience of the reader, the main outcomes of that 

tudy are reported in Table 6 . 

It can be seen immediately that for the FFS configuration with 

diabatic floor the critical parameter (for the first Hopf bifurcation) 

isplays a non-monotonic dependence on the Richardson number. 

nam and Lappa [30] ascribed this trend to a change in the nature 

f the fluid-dynamic disturbances, which evolve from a purely hy- 
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Fig. 21. Frequency spectra for Ra = 10 7 (Legend: black - Ri = 0.25, blue - Ri = 7.5, red - Ri = 25, green - Ri = 100, magenta – reference Kolmogorov law): (a) adiabatic floor, (b) hot 

floor. 

Table 6 

Values of Critical parameters ( Ra cr , Re cr ) for the FFS with adiabatic and 

hot floor. 

Ri FFS Adiabatic floor ( Ra cr , Re cr ) Hot Floor ( Ra cr , Re cr ) 

Ri = 4 ×0.25 = 1.0 4.7 ×10 5 , 685.6 4.7 ×10 5 , 685.6 

Ri = 4 ×7.5 = 30 3 ×10 6 , 316.2 2.5 ×10 5 , 91.3 

Ri = 4 ×25 = 100 4.2 ×10 5 , 64.8 1.39 ×10 5 , 37.3 
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rodynamic oscillatory mode of convection (developing in the lo- 

alized bubble originating from the step corner) for Ri FFS = 1 to 

erturbations of hybrid buoyant-hydrodynamic nature in the re- 

ion of reduced cross-sectional area for Ri FFS > O(1) (in the form 

f disturbances growing continuously inside the thermal and kine- 

atic boundary layer for Ri FFS = 30, or manifesting directly as ther- 

al plumes extended over the entire vertical and horizontal exten- 

ion of that region for Ri FFS = 100). 

As the reader will easily realize through cross comparison of 

ables 5 and 6 (adiabatic floor cases), the behavior for the BFS is 

uch more regular, and the key to understanding such results lies 

n considering that in the present case, rather than a ‘switch’ from 

n instability mechanism to another, thermal effects play the role 

f ‘aiding factors’ in enabling the bifurcations of the flow. More 

recisely, as already explained to a certain extent in Section 4, 

uoyancy contributes to make the shear layer of hot fluid that 

riginates from the trailing edge of the step more unstable with 

espect to the situation where the only source of disturbances is 

epresented by vertical shear (among other things, this is clearly 

itnessed by the decreasing value of the critical Reynolds number 

n increasing Ra ). On the basis of these argument one may there- 

ore conclude that the statement about the larger complexity of 

he FFS problem with respect to the BFS one might be extended to 

he situation where thermal buoyancy is present. 

A further understanding of these concepts may be gained 

hrough examination of the cases with hot floor. As qualitatively 

llustrated in the third column of Tables 5 and 6 , the differences 

etween the BFS and the FFS become less striking in this case (an 

ncrease in Ri leading to a monotonic decrease in the value of the 

ritical parameter regardless of the orientation of the step); once 

gain, an explanation/justification for this trend can be elaborated 

n its simplest form on the basis of the realization that in both 

ases the instability of the hybrid forced-buoyancy convection is 
26
upported by both types of convection. The competition between 

he forced flow tending to displace parcels of cold fluid to the 

ight and natural convection forcing parcels of hot (cold) fluid to 

ove vertically upwards (downwards) is the main process respon- 

ible for the onset of oscillations. 

Obviously, the details of the effective instability mechanisms 

ue to such interplay of concurrent effects also depend sensitively 

n the forward or backward facing arrangement of the step. In- 

eed, the orientation of the step causes a rupture of the symme- 

ry of the considered system with respect to vertical planes [54] . 

nder a slightly different perspective, the reader may be led to a 

ore heuristic realization of this argument by considering that, be- 

ng a shear flow with variable shear along the horizontal direction, 

he forced convection in a channel with a step obviously breaks 

he in-plane isotropy which would be typical of a layer of fluid 

niformly heated from below. 

In particular, as reported in [30] , for the FFS with hot floor, dis- 

urbances responsible for the onset of oscillatory flow are essen- 

ially generated by the plume originating from the corner of the 

tep (that is reinforced by the hot fluid rising along the vertical 

ide of the step thereby leading to an increase in the shear). These 

shear driven) disturbances are transported in the downstream di- 

ection in the region of reduced cross-sectional area ( x > 5 for the 

FS), thereby exciting a response that develops in the form of weak 

uoyant rolls (superimposed on the horizontal current in this re- 

ion). For the BFS, as illustrated in Sect 4, the scenario is quite dif- 

erent. Disturbances emerge directly in the form of thermal plumes 

n the region of larger cross-sectional area (yet x > 5 for the BFS). As

 result of the vertically extended configuration of these plumes, 

owever, mechanisms based on the hydrodynamic (or mixed buoy- 

nt/hydrodynamic) instability of the warm layer of fluid released 

rom the trailing edge of the step are essentially no longer relevant 

most of the destabilizing effects being introduced by buoyancy). 

. Conclusions 

In order to fill a gap in the literature about the role played by 

hermal buoyancy in problems of (incompressible) flow expansion 

n channels with a backward facing step (BFS), a suite of numeri- 

al simulations have been performed varying the parameters that 

ccount for the strength of forced flow and thermal (natural) con- 

ection. To compare the simulations on an equal footing for differ- 
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nt hydrodynamic conditions, fixed values of the Rayleigh number 

ave been considered (allowed to span five orders of magnitude 

or any selected value of the Richardson number). In order to dis- 

ern specific cause-and-effect relationships depending on thermal 

ffects, the Richardson number has been progressively increased 

rom 0 (purely forced flow) to 10 2 (dominant buoyancy convec- 

ion) and the ensuing numerical problem has been solved for two 

ompanion boundary conditions, namely, adiabatic or isothermal 

all at the bottom of the portion of the domain with larger cross- 

ectional area (the ‘floor’). 

This specific modus operandi has been complemented with a 

ocused investigation aimed to determine the critical conditions for 

hich the considered system undergoes a transition from a steady 

tate to a time-dependent one. It has been found that, in gen- 

ral, buoyancy convection of thermal nature reinforces the hydro- 

ynamic mechanisms responsible for the onset of oscillatory flow 

n the purely forced (isothermal) flow case. This is witnessed by 

he lowering of the related value of the (critical) Reynolds number 

or fixed values of the Richardson number. As expected, this pro- 

ess is mediated by the specific thermal boundary conditions as- 

umed for the floor. When it is adiabatic, both the vertical shear in 

he separated layer originating from the corner of the step and the 

estabilizing temperature difference established between this layer 

nd the surrounding fluid support the onset of fluid-dynamic dis- 

urbances. If the floor is kept at the same temperature of the step, 

he role of buoyancy becomes much more important; the instabil- 

ty of the aforementioned layer is taken over by a process where 

hermal plumes nucleate directly at the bottom of the channel and 

ecome pervasive throughout its vertical extension. 

Analysis of the chaotic frequency spectra for different values of 

he Richardson number has confirmed the hybrid nature of dis- 

urbances affecting the flow even at larger values of the Rayleigh 

umber. In fact, the progressive displacement of the spectrum to- 

ards higher amplitudes as the Richardson number is decreased 

while keeping fixed the Rayleigh number) provides indirect ev- 

dence for the role played by hydrodynamic perturbations. Vice 

ersa, correlation of the spectra obtained for fixed Ra , fixed Ri and 

ifferent thermal boundary condition at the bottom wall reveals 

he increasingly more important influence that buoyancy effects 

an exert on the flow when the adiabatic floor is replaced with 

 hot boundary. 

Purely geometrical effects do also play a role in all these dy- 

amics. Meaningful comparison with the equivalent phenomena 

nown to affect the companion configuration (FFS) has led to the 

onclusion that the differences between these two systems essen- 

ially stem from the facing orientation of the step, which causes a 

upture of the symmetry of the channel with respect to the direc- 

ion of the flow. In the isothermal case (no buoyancy), the reduced 

omplexity of the BFS depends on its inability to induce vorticity 

nd related shear effects both upstream and downstream of the 

tep leading edge. In the non-isothermal case with adiabatic floor, 

he scenario for the BFS is yet less complex, as the role of buoy- 

ncy is limited to inducing additional disturbances in the separated 

hear layer with respect to those potentially produced by a purely 

ydrodynamic shear-driven mechanism (for the FFS, more complex 

ynamics are enabled due the disjoint influence of hydrodynamic 

nd thermal effects). For the hot floor case, the flow instability in 

oth BFS and FFS systems is essentially driven by buoyancy, which 

xplains why the trend of the critical parameter is monotonic for 

oth paradigms (some existing differences are due to the facing 

rientation of the step and the related forced flow, which break 

he in-plane isotropy which would be typical of a layer of fluid 

niformly heated from below). 

Building on the initial set of results presented in this study, fu- 

ure works may continue this investigation by probing the role of 

he third direction (assumed to be infinite here) with the support 
27 
f relevant turbulence models such as those implemented e.g. by 

chumm et al. [28] and/or Omidvar et al. [2] . 
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