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Abstract 

Thermal buoyancy, induced by injection or by differential heating of a rod, is explored 

to control breakdown onset which occurs in the core of a helical flow driven by the lid 

rotation of a vertical cylinder. Three main parameters are required to characterize numerically 

the flow behavior; namely, the rotational Reynolds number Re , the cavity aspect ratio h and 

the Richardson number Ri . Warm injection/rod, 0Ri  , is shown to prevent on-axis flow 

stagnation while breakdown enhancement is evidenced when 0Ri  . In addition, when 0Ri  , 

results revealed that a bubble vortex evolves into a ring type structure which may remain 

robust, as observed in prior related experiments or, in contrast, disappear over a given range 

of parameters ( 0), ,h iRe R  . Besides, the emergence of such a toroidal mode was not found 

to occur under thermal stratification induced by a differentially heated rod. Moreover, three 

state diagrams were established which provided detailed flow characteristics under the distinct 

and combined effects of buoyancy strength, viscous effects and cavity aspect ratio. 

Keywords: Breakdown, Buoyancy, Cylinder, Injection, Rotating lid, differential heating 
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Résumé 

 La flottabilité, induite par injection ou par chauffage différentiel d’une tige, est 

adoptée comme moyen de control de l’apparition du phénomène d’éclatement au sein du 

noyau d’un écoulement hélicoïdal,  engendré par la rotation du disque supérieur d’un cylindre 

vertical.  Trois paramètres sont requis  pour caractériser numériquement la structuration de 

l’écoulement ; en l’occurrence, le nombre de Reynolds Re , le rapport d’aspect de la cavité 

h  et le nombre de Richardson Ri .  Il découle qu’un jet/tige chaud, 0Ri   élimine la 

stagnation axiale alors que le cas 0Ri   la favorise.  En outre, les résultats révèlent qu’un 

vortex de type bulle se détache de l’axe et évolue vers une structure toroidale qui peut 

demeurer stable, en accord avec l’expérience, ou  au contraire disparaitre pour une plage 

donnée de paramètres ( 0), ,h iRe R   .  Par ailleurs, l’émergence du mode toroidal n’a pas été 

observée dans le cas de la stratification thermique induite par le chauffage différentiel d’une 

tige. De plus, trois diagrammes de stabilité ont été établis, qui fournissent des caractéristiques 

détaillées de l’écoulement sous l’influence de la variation distincte et combinée de la 

flottabilité, des effets visqueux et du rapport d’aspect de la cavité. 

Mots clés: Eclatement,  flottabilité, cylindre, injection,  couvercle en rotation, chauffage 

différentiel. 
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 ملخص

الرً ذحذز  رحىم فً تذاٌح الذواماخ، للالرسخٍه الرفاضلً لمضٍةالحمه أو ٌرم اسرىشاف الطفى الحشاسي، الىاجم ػه طشٌك 

فً للة الرذفك الحلضووً الزي ٌحشوه دوسان غطاء الأسطىاوح الؼمىدٌح. مطلىب ثلاز مؼلماخ سئٍسٍح لرىصٍف سلىن 

. ٌظهش الحمه / المضٍة Riوسلم سٌرشاسدسىن hالذوساوً ووسثح أتؼاد الرجىٌف Reالرذفك ػذدٌاً ؛ وهً سلم سٌىىلذص

0Riالذافئ  0لاوهٍاس ػىذمالمىغ سوىد الرذفك ػلى المحىس تٍىما ٌرضح ذؼضٌض اRi ػىذما وشفد . تالإضافح إلى رله ،

ً الرجاسب الساتمح راخ الصلح ، وما لىحع فالىىع الذائشي والرً لذ ذظل لىٌحالىرائج أن دوامح الفماػح ذرطىس إلى تىٍح مه 

)ذخرفً ػثش وطاق مؼٍه مه المؼلماخ رله،ػلى الىمٍض مه  أو 0), ,h iRe R  لم ٌرم الؼثىس ػلى  رله،. إلى جاوة

ثلاثح  ذم إوشاء رله،. ػلاوج ػلى الرسخٍه المحىسي ٍم الطثمً الحشاسي الىاجم ػهظهىس مثل هزا الىضغ الحلمً ذحد الرمس

جح وذأثٍشاخ اللضالمرمٍضج والمجمؼح لمىج الطفى و والرً لذمد خصائص ذذفك مفصلح ذحد الرأثٍشاخ ،حالحالمخططاخ 

 .الرجىٌفووسثح أتؼاد 

 الاوهٍاس ، الطفى ، الأسطىاوح ، الحمه ، الغطاء الذواس ، الرسخٍه الرفاضلً الكلمات المفتاحية:
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Nomenclature 

maxe : maximum radial extent of a bubble  

H  : cavity height (m) 

h  : rod height (m) 

R  : cavity radius (m) 

oR  : radius of the orifice (m) 

rR  : rod radius (m) 

r  :dimensionless radius 
r

r
R

   

Re  : rotational Reynolds number 

cRe  : critical rotational Reynolds number 

Ri  : Richardson number 

aT  : ambient temperature (K) 

jT  : inlet temperature (K) 

rT  : reference temperature (K) 

jU : inlet injection velocity (mm.s
-1
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rodT  : rod temperature (K) 

sZ : stagnation point location 

z   :dimensionless height 
z

z
H

   

  : thermal expansion coefficient (K
-1
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T  : temperature gradient (K) 

h  : rod aspect ratio 

r : rod radius ratio 

o : orifice radius ratio 

t : time step 

  : angular momentum (circulation) 

h  : cavity aspect ratio 

a  : ambient density (Kg.m
-3
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Jet-like helical flows , which result from the coupling and combined action of axial fluid 

streams and swirl are frequently observed to occur in unbounded environmental geophysical 

flows (tornadoes, dust-devils, water spouts etc….) as well as in a variety of confined 

industrial applications (chemical reactors, bioreactors , mixing and combustion devices, 

hydrocyclones etc….).  

It is well established that such swirling flows are controlled by the competition between the 

strengths of axial and azimuthal motions, and beyond a threshold of their ratio (commonly 

defined as the swirl number) the jet core undergoes an abrupt flow stagnation and rapid 

expansion; giving rise to the ‘vortex breakdown phenomenon’. Depending on the swirl 

strength, this vortex pattern may develop into various forms: bubble type with stagnation 

points, spiral and conical structures etc….   

Numerous investigations focused on attempts to develop strategies for controlling the onset 

conditions and evolution of this fundamental aspect of vortex dynamics. These studies, based 

upon kinematic, geometric and thermal means, were mainly motivated by the breakdown 

behavior, which can surprisingly be either beneficial or harmful; depending on the application 

considered.  For instance, breakdown enhances mixing flow properties in chemical reactors, 

acts as a flame holder in combustion devices which increases combustion efficiency,  ensures 

smooth oxygen transport required for cells growth in bioreactors etc…… By contrast,   it was 

observed to occur over aircraft delta wings where, at high incidence, can cause a sudden drop 

of the lift and a rapid loss of flight control.  

Motivated by the above findings, the current study explores a thermal mean of   controlling 

the stagnation flow conditions and associated breakdown onset which develop within a disk-

cylinder system subjected to differential rotation of its end walls. This benchmark geometry is 

adopted as it provides well defined boundary conditions and the induced vortex flows involve 

minimum control parameter; thus very amenable to numerical modeling and experimental set 

ups and operating conditions. Besides, despite its apparent simplicity, the induced vortex 

flows are very complex.  

Thermal buoyancy is induced by a warm/cool uniform axial injection applied upstream the 

vortex.  Prior to this, a bubble type breakdown is first evidenced in the isothermal 

configuration subjected to neutral (iso-density) as well  light/heavy dye injection in order to 
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numerically simulate recent experimental findings, assess the method of solution and attempt 

to provide further detailed vortex characteristics difficult to capture by visualization. 

The layout in this thesis is as follows: the chapter I introduces the fundamental aspects of 

helical flows prior to a review of selected past works devoted to the breakdown phenomenon 

and the various methods of its control. The mathematical formulation which led to the 

identification of the main physical control parameters is presented in chapter II, while the 

numerical approach, the commercial code, its implementation and validation are described in 

chapter III. In Chapter IV, is explored numerically the isothermal configuration which 

displays on-axis breakdown, subjected to small density variation implemented by axial 

injection as reported in recent experiments. Chapter V provides results on the sensitivity of 

the onset conditions and breakdown development to thermal buoyancy, applied by war/cool 

injection. Finally, concluding remarks summarize the findings and give perspectives for future 

work. 
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I.1. Background  

Fluid flows in nature (environment fig. I.1) and in a variety of industrial 

applications are frequently observed to display localized distorted streams which 

develop into various forms of vortex patterns [1,2,3]. In this work, interest is mainly 

focused on the most intriguing vortex phenomenon, commonly referred to as vortex 

breakdown, whose   physical mechanisms are still not fully understood and therefore 

difficult to predict [4]. Such a fundamental structure, which results from a sudden 

flow deceleration and stagnation under certain combined kinematic, thermal and 

boundary conditions, may be either beneficial or harmful and detrimental (thus not 

desired). This has motivated numerous experimental and numerical investigations, 

aiming at developing efficient vortex flow control strategies [5,6,7].  

To study the various fundamental aspects of the above vortex motion, a large 

number of configurations may be employed. Although the breakdown phenomenon 

was first observed to develop over delta wing of an aircraft in aerodynamics (external 

flow fig I.1) and found to cause rapid loss of control of its maneuverability under high 

incidence [8], we selected to briefly review the most widely used system involving 

free jet flows with/without swirl prior to giving a survey which focuses on the 

benchmark model flows in disk cylinder systems.   

 

       

Figure I.1: selected vortex illustrations: Environmental vortex (tornado) [AMNH] 

and vortex in external flows (over an aircraft wings (aerodynamics)) [9] 
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I.2. Breakdown in Swirling jets  

 Jets may be defined as fluid streams, generated under pressure, that depart from a 

nozzle or orifice into a stationary/co-flowing ambient medium. Despite the simple 

geometry involved, such model flows display very complex vortex patterns which 

promote and enhance heat and mass transfer efficiency as can be observed in many 

technical applications; for instance, in cooling systems, combustion chambers, etc… 

Besides, they are widely explored as benchmark flows which provide detailed 

fundamental characteristics of turbulence, required to improve the efficiency of 

numerical modeling in CFD codes. Lucca Negro and Doherty [10] provided an 

extensive guide to vortex breakdown literature. In figure I.2 are schematically 

illustrated the main components of a free swirling jet 

 

Figure I.2: Schematic of a swirling jet components 

I.2.1.  Non swirling free jets  

Flows in a stream-wise direction with no rotational component can have various 

forms (round, slotted, oblique etc…) which interact differently with the ambient fluid 

and hence lead to different flow dynamics and associated momentum and energy 

transfer behavior as reviewed extensively in the literature [11].  

Typically, a free axisymmetric non-swirling jet develops an axially diverging 

shear flow at the interface jet-ambient medium where vorticity is essentially 

concentrated. Such interface relative motion is very sensitive to the discontinuous 

jump conditions which apply mainly on the shear stresses; causing the roll up of the 



CHAPTER I                                            Introduction and literature survey 

 

7 
 

streamlines at the periphery of the axial jet as a result of the well-known Kelvin-

Helmhotlz instability. The basic configuration of an axisymmetric non swirling free 

jet is illustrated schematically in figure I.3.a which indicates a diverging stream with 

the main regions:  a conical potential core formed by the entrainment of the ambient 

fluid radially inward surrounded by a mixing region formed by the above described 

mixing shear layer. The length of the potential core is defined by the distance (from 

the nozzle exit) where the jet mixing region spreads sufficiently inward until it 

reaches the jet centerline. Beyond this zone, the flow is considered fully developed.  

The length of the potential core typically depends on the type of nozzle and exit 

conditions; typical lengths vary generally over the range 2.5D- 8D (D denotes the 

nozzle diameter) [11,12]. Beyond the potential core, the mixing region continues to 

spread as the velocity decays at a rate required for the axial momentum conservation 

and the mean velocity profile approach the self-similar shape of the fully developed 

flow illustrated in the above figure.   

I.2.2.  swirling free jets  

When a swirl or rotational velocity component is added upstream the nozzle exit, an 

axisymmetric free jet takes place (Figure I.3.b). In this model jet, the presence of an 

azimuthal component generates significant radial and axial pressure gradients, unlike 

a non-swirling free jet where pressure plays a minor role. As the flow progresses   

downstream from the nozzle exit, the swirl effect eventually vanishes at about 10D; 

leading to a flow structure which approaches that of a non-swirling free jet [13]. 

Therefore the most notable flow features appear in the near-field, where swirl is 

strongest.  

For a small change in the swirl, the flow behavior in the jet near-field and mixing 

region may change dramatically [15].  When the tangential momentum exceeds a 

certain threshold (relative to the axial momentum) it is well known that the core flow 

decelerates and abruptly stagnates to give rise to the breakdown phenomenon. This 

feature, commonly referred to as vortex breakdown, is considered as a disturbance 

resulting from the competition between the tangential and axial strengths of the 

momentum.   
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Figure I.3: schematic of the structure of an axisymmetric free jet: (a) non-swirling jet; 

(b) swirling jet [14] 

 

The corresponding pertinent parameter which describes the behavior breakdown and 

controls the conditions of its occurrence and development in jets is the swirl number. 

Various definitions have been used in the related literature, which depend on the 

configuration adopted [16]. However, the most adequate approach appears that which 

considers local parameters (within the flow) rather that global ones (which include the 

geometry etc….) [17].  

It is worth noting that such a parameter is difficult to define rigorously in external 

flows over delta wings (figure I.4); the drawback in this case is the fact that the 

corresponding tangential and axial momentums are dependent characteristics which 

interact and correlate and cannot be evaluated or handled separately.  
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Figure I.4: Primary and secondary vortex flows over a delta wing; (a) schematic 

model and (b) Direct numerical Simulation [ONERA] 

 Billant et al (1998) [18] provided updated review of past works devoted to jet flows                

and characterized experimentally the various breakdown states taking place in a 

swirling water jet as the swirl ratio S and Reynolds number were varied. The 

experiments were conducted for two distinct jet diameters by varying the swirl ratio S 

while maintaining the Reynolds number fixed over the range 300 1200Re  . 

Breakdown was observed to occur when S reached a well-defined threshold critical 

swirl number  1.3cS  which was independent of the Reynolds number and nozzle 

diameter. Four distinct forms of vortex breakdown were identified: the well 

documented bubble state, a new cone configuration in which the vortex took the form 

of an open conical sheet, and two associated asymmetric bubble and asymmetric cone 

states, which were only observed at large Reynolds numbers. In an intermediate range 

of Reynolds numbers, the breakdown threshold swirl number displayed hysteresis 

effect (i.e. vortex breakdown state remain stable even for cS S once it had taken 
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place). The breakdown vortex bubble had been found to remain steady at a fixed 

station on the jet axis. 

Ruith et al (2002) [19] studied numerically vortex breakdown of axisymmetric 

swirling incompressible flows with jet- and wake-like axial velocity distributions 

issuing into a semi-infinite domain by means of direct numerical simulations. Low 

Reynolds numbers were found to yield flow fields lacking breakdown bubbles even 

for high swirl. In contrast, highly swirling flows at large Reynolds numbers exhibited 

bubble. 

In figure I.5, I.6 are illustrated the various vortex patterns which may occur within a 

swirling free jet [18,19]. 

 

 

Figure I.5: swirling jet displaying: (a) bubble (b) spiral and (c) double helix 

breakdown visualized by instantaneous streaklines deduced by direct numerical 

simulations [19]  
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Figure I.6: Flow visualization of an asymmetric cone type of breakdown in a free 

swirling jet;  606Re  (Reynolds number),  1.37S  (swirl number) [18]. 

 

I.2.3. Co-axial swirling jets 

An efficient mean to control jet flows characteristics and generate large scale 

effects, such as jet growth, entrainment and mixing is to consider co-axial jets which 

consist of an inner axial round jet embedded into an annular co-flowing stream [20]. 

Both streams may be subjected to differential rotation, in which case two Reynolds 

numbers and an outer and inner swirl are required to describe the resulting jet flow 

structures. Such configurations are frequently encountered in industrial applications.  

A schematic of two co-flowing jet streams, characterized by different physical 

properties (density and viscosity) which develop of stagnation point at a distance h 

from the co-axial jet exit [20] 
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Figure I.7: schematic of the characteristics of two co-flowing streams with variable 

physical properties. In particular, the co-axial jet stagnation point location [20]  

The review articles by Syred (2006) [21] and Huang & Yang (2009)[22] 

provide an extensive overview of the numerical and experimental evidence for these 

structures in practical combustion systems. It is reported that swirl dynamics in such 

systems is still under increasing consideration in order to develop more compact, 

more efficient and less polluting burners. The outer swirling stream is employed to 

stabilize the flame through the formation of a central recirculation zone (CRZ) that 

ensures a supply of fresh reactants to, and removal of hot products away from the 

flame front. The CRZ is associated to   the breakdown phenomenon described above 

which occurs in swirling flows. For illustration, figure I.8.a represents the scheme of a 

swirl burner injector in a combustion chamber and figure I.8.b a swirl burner with 

separate axial fuel injection which discharges into a premixed flame. The recirculation 

zone is detached from boundaries, which is very advantageous as the flame will not 

have any negative effect on the walls. 
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Figure I.8:  

(a) Schematic of a swirl burner [23]  

(b) Visualization of swirl burner with 

separate axial fuel injection into a premixed 

flame [21] 

(c) Illustration of a recirculation zone at the 

exit of the burner (a) [23] 

A second application involving co-axial swirling flows is illustrated in figure 

I.9 which illustrates a device used in pharmaceutical industry as a customized 

personal ventilation system. This device filters the air to be inhaled, separating it from 

unwanted particles by means of coaxial jets in differential rotation. The swirling flow 

exerts a centrifugal force on the particles so that they eventually hit the truncated 

conical wall, lose momentum and fall down. Clean gas can thus leave the cyclone 

separator through a central orifice.  
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Figure I.9: Mixing co-flow nozzle [24]  

I.3. Breakdown in a confined medium  

Helical flows which display breakdown may be generated in an enclosed 

cylindrical cavity whose boundaries may be driven in differential rotation. Unlike the 

previous configurations, this model flow requires only two main parameters for the 

description and analysis of its structure and characteristics. Moreover, the boundary 

conditions are well defined, which renders the configuration more amenable to 

experimental handling and numerical modeling. Besides, despite the apparent 

simplicity of this geometry, the induced dynamics may display very complex features 

and flow regimes, such as the breakdown phenomenon akin to the one evidenced in 

the case of swirling jets. These arguments have attracted and motivated even 

numerous investigations, aiming at highlighting the fundamental physical aspects of 

breakdown. 

The helical flow pattern driven by the rotation of a single or two of the end walls 

of a vertical cylinder may display secondary meridian vortical structures which 

superimpose to an ambient primary circulation. Among this pattern, the phenomenon 

of bubble type breakdown may occur along the cavity axis and/or a toroidal type (ring 

type) vortex. This latter vortex may only appear when both top and bottom walls 

rotate. In the case of a single end wall rotation, the main parameters which govern the 

resulting flow dynamics within the enclosed cylinder reduce to: the rotational 
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Reynolds number 2  /Re R   and the cavity aspect ratio   /H R  ; where R and 

H are the cylinder radius and height respectively, the end wall uniform angular 

velocity,  and the fluid kinematic viscosity (Figure I.10). When both end walls rotate 

an additional parameter is required to account for the influence of rotation rate ratio 

and relative direction of rotation; namely,  
Ω

  0; Ω 0
Ω

t
b

b

S   , where the indices 

refer to top and bottom disks. 

 
 

(a) (a’) 

 

(b) 

 

(b’) 

Figure I.10: (a) Sketch of  a cylindrical enclosure with rotating bottom disk 

including the flow direction and the numerical domain which displays a bubble type 

breakdown (b) meridian ring (toroidal) type vortices driven by exact co-rotation of 

both end disks [25]; (a’) axial velocity profile (b’) velocity distribution at mid-depth 
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The various VB types suggested to occur in a cylinder are sketched in figure I.11 

[26] under the variation of the rotation rates of the end disks. The mid-plane 

symmetries are deduced in the case of exact co-rotation while asymmetries are 

reported when the walls are subjected to differential rotation. 

 

Figure I.11: a sketch of the topological patterns in the meridional plane  [26]; Single 

centered VB, two coalescent VB, two and three  ring type mid-plane  bubbles  (exact 

co-rotation of both end wall), two on-axis VB. 

Figure I.12 shows qualitative typical vortex breakdown structures driven by a 

single rotating disk of a vertical cylindrical enclose; obtained experimentally by dye 

injection (from the stationary disk center) and visualized by laser, at     2.5  and 

under the influence of varying Re over the range1918 2490 Re  while Figure 8 

illustrates the various flow topologies resulting from the variation of the cavity aspect 

ratio  1.495 Λ 2.5 h  at fixed Reynolds number 1900Re  .  

 

Figure I.12: laser cross-section of vortex breakdown structures at Λ=2.5for 

different Reynolds numbers. Flow images were captured using florescent dye [27]. 
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Figure I.13: Vortex breakdown structures at 1900Re  for different aspect ratios. 

Flow images were captured using food dye [27]. 

Bubble type breakdown in a cylinder was first visualized and identified 

experimentally by Vogel [28,29]. A large number of systematic experiments were 

carried out by Escudier [30], by varying gradually  and Re over the approximate 

ranges1   3.7   and1000 4000Re  , which led to the establishment of a detailed 

benchmark  ,Re  stability diagram mapping regions with and without breakdown 

(up to three bubbles were captured by dye visualization) and the corresponding steady 

and oscillatory flow regimes. Some more detailed characteristics were later added to 

the diagram by Iwatsu [31], through numerical simulations. The stability diagram 

mapping regions of breakdown and flow characteristics, obtained in the configuration 

based on a single end wall rotation, is depicted in figure I.14 [31]. 
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Figure I.14: Regions of breakdown onset and flow regimes: current results under 

isodensity injection (          symbols) added for comparison to detailed stability 

diagrams supplied by Iwatsu et al. (absence of injection) [31] 

As already mentioned above, numerous numerical studies were carried out to model 

vortex flows in a cylinder, considered as benchmark configuration as the required 

boundary conditions and geometry are well defined. In particular, since the 

establishment of Escudier’s diagram and also due to the development of numerical 

tools which, when correctly implemented, allowed to reproduce qualitative 

experimental conditions and provided in certain cases detailed additional information 

to complement experimental findings [32,33,34,35].   

I.4. Selected studies on vortex flows control 

Several prior studies provided means of controlling breakdown onset as it can 

be harmful / beneficial, depending upon the application considered. Hereafter, are 

presented selected investigations based on kinematic, geometric and thermal means of 

vortex flows control. 

Of note, Mullin et al. [36] demonstrated the effects of including a tapered 

centre body and showed it to alter significantly breakdown onset and location. In 
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particular, they argued that the inhibition / suppression of the vortex structure 

depended on the axial pressure gradient sign, induced by the conical axial rod, whose 

circular base is sealed to either the rotating or the stationary disk of the enclosure.  

In bioengineering applications, maximum mixing flow control within a 

bioreactor may be induced smoothly under low shear, by the presence of breakdown 

which provides a non-intrusive, non-damaging and effective mean of oxygen 

transport and nutrient required for cell and tissue growth [37,38,39]. 

Manunga et al. [40], through numerical simulations and dye visualizations, 

attributed the effective vortex control to the role of vorticity strength, modified 

upstream of the vortex by the differential rotation of a partial rotating disk flash 

mounted into the top lid. More recently, breakdown topology in an enclosure 

shrouded by a polygonal cross section sidewall was explored numerically and 

experimentally by Naumov et al. [41]. Despite the drastic change in the lateral 

geometry, the findings revealed that the core flow which displays breakdown remains 

axisymmetric and the 3D non axisymmetric behavior was remarked in the bulk flow 

adjacent to the sidewall.  

The topology and parameter dependence of breakdown was addressed by 

Jones et al. [42]. Their analysis led to the identification of the adequate parameters 

which allowed consistent comparison between bubble breakdown observed in a 

torsionally driven cylinder flow and the spiral type vortex occurring in flows through 

open-ended pipes.  

More recently, Shtern [43] highlighted the role of the swirl decay as a physical 

mechanism to control breakdown development.  

Thermal effects on confined vortex flows were addressed numerically by, for 

instance, Lugt et al. [44].Their findings evidenced the sensitivity of breakdown to 

weak buoyancy caused by an unstable thermal stratification resulting from a slightly 

heated bottom disk. Under stable thermal stratification, significant effects on the 

swirling flow topology were reported by Omi et al. [45] who extended the 

investigation to account for co-/counter-rotating end disks. Compressibility effects 

were demonstrated by Herrada et al. [46,47], in the case of a non-Boussinesq swirling 
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flow driven by the bottom disk rotation of a cylinder with and without a central rod. A 

combination of buoyancy and rod differential rotation provided efficient means of 

vortex flows control: a forced axial temperature gradient was shown to enhance or 

eliminate the vortex features; depending on the sign of the temperature gradient.  

Flow stagnation and associated breakdown which occur in a swirling jet under 

effect of thermal buoyancy was addressed by Dina et al. [48] who performed PIV 

measurements and concluded that a temperature gradient between the jet core and its 

surrounding fluid affects the breakdown conditions and the form of the vortex pattern 

as well as its suppression/enhancement; depending on the sign of the gradient. This is 

illustrated in figure I.15 below which depicts the meridian flow pattern under the 

combined variation of the rotation rate (rotational Reynolds number) and the 

temperature gradient (Richardson number). 

Prior to these findings, Billant et al [15] reported that vortex breakdown onset 

and types which occur in a swirling free jet, under a given swirl number, is very 

sensitive to very small temperature variations in the flow due to non-homogeneous 

mixing. So, they required that very good care must be taken to ensure uniform mixing 

to obviate any temperature alterations as confirmed by Dina et al. [48].  

 

Figure I.15: combined effects of thermal buoyancy  Ri (Richardson number) and 

rotational Reynolds number  Re on the form of breakdown which occurs at the axis 

of a swirling jet under hot  0Ri  /cold  0Ri  axial injection, obtained by PIV 

measurements [48] 
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In the same context, effects of density variation on a confined isothermal 

swirling flow which exhibits on-axis vortex breakdown, driven by the top disk 

rotation of a cylinder, were recently addressed experimentally by Ismadi et al. [49] 

using axial   injection of dye, denser or lighter than the ambient liquid. Flow 

visualizations indicated that heavy dye enhanced the formation of breakdown while 

very light dye injection (density variations of order 0.01% ) caused the occurrence of 

off-axis ring type vortices and modified the threshold of breakdown onset.  The 

location of the distinct breakdown types were mapped in a stability diagram 

established on the basis of varying the density and rotational Reynolds number as 

illustrated in Figure I.16 below; which maps the distinct breakdown types and 

corresponding regions of their occurrence. 

  

 
 

(a) (b) 

Figure I.16: state diagram mapping regions of ring type (▼) and bubble type 

breakdown under the variation of Re and density ratio [49]: (a) configuration under 

light dye injection, (b) configuration under heavy dye injection 
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Concerns over the symmetry/asymmetry of on-axis breakdown in a cylinder 

were noted by several investigators: dye visualizations often provide images of 

vortices with asymmetric folds while 3D numerical counterparts, under well 

controlled conditions, predict axisymmetric patterns [50,51,52]. This discrepancy is 

often attributed to the inevitable imperfections of the set up and operating conditions 

such as a 0.01% misalignment of the cavity axis [51] or a slight tilt  2  of one end 

disk [52]. 

The impact of small boundaries misalignment in experimental set ups were 

analyzed by, for instance, Bronz et al. [47] and Meunier et al. [48]. Bronz et al. 

showed that a slight misalignment of cavity axis allowed the recovery of axial 

symmetry. In experiments, Meunier et al. [48] conducted experiments (figure I.17) 

and theoretical studies on the mixing properties in a closed vertical cylindrical cavity 

with slighty titlted end walls. PIV measurements of the flow driven by the top tilted 

rotating disk (with and without the tilting of the bottom end disk) were carried out 

which led to the following main findings on the sensitivity of the flow dynamics to 

the applied conditions: under a slight tilt of the rotating lid  ~ 15 it was found that in 

the absence of breakdown state,  the homogenization time decreased drastically  by a 

factor of 10 as a result of the asymmetry; which corresponds to strong convective 

mixing. However, they reported that in the absence of breakdown, the same tilt of the 

top lid had very weak effect while a small tilt  ~ 2 was revealed sufficient to 

decrease the mixing time by a factor of 10. These findings were verified and 

recovered theoretically by using Melnikov theory.  
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Figure I. 17: dye visualization of the vortex structure obtained by tilting 

slightly the top rotating disk; 1000Re  and the tilt angle  α ~ 5  [52] 

I.5. Theories and criteria for vortex breakdown 

The first theoretical attempts to study the prediction and evolution of the 

vortex breakdown phenomenon were based on strong assumptions which reduced 

considerably the physical complexity of the problem and deviated significantly from 

the real vortex characteristics observed in experiments [53,54]. Due to the advent and 

development of scientific computing and growth of the numerical tools, additional 

physical modeling were introduced in the mathematical approaches. An extensive 

review on the various mathematical approaches devoted to breakdown is given by 

Shtern et al. [55] 

Stuart [56] suggested a classification of breakdown theories which divides 

them into three categories:  breakdown theories based on hydrodynamic instability, 

theories based on flow deceleration and associated to stagnation points, theories based 

on the transition from one state to another.  

I.5.1. Theories based on hydrodynamic instability 

        Experimental evidence strongly suggested that vortex breakdown is not a 

necessary condition for breakdown occurrence. It was observed that hydrodynamic 

instability appears to be insensitive to downstream boundary conditions which is 
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contrary to the observations in a vortex breakdown. For instance, application of 

downstream suction results in a vortex flow without breakdown.  

I.5.2. Theories based on deceleration of axial flow leading to stagnation 

(criterion of Brown and Lopez [4]): 

Axial deceleration is in fact a natural tendency of rotating flows that are 

predominantly axisymmetric. To illustrate this, consider a steady, incompressible and 

inviscid flow in a nearly cylindrical vortex. The approximate radial momentum 

equation for pressure P  is given by (geostrophic balance): 
2dP v

dr r
    

Hall [57] suggested that since the angular momentum (circulation) is 

conserved on a stream surface, the ratio of axial velocity to radial velocity  /w u  

upstream of vortex breakdown is positive since 0 u  and 0w  . In a vortex, the axial 

pressure gradient is higher than elsewhere; thus, if an adverse pressure gradient is 

imposed upon the vortex due external flow, say, then its effect on the axis is 

maximum and the flow naturally tends to decelerate. This idea is used by Lopez and 

Brown [58] who derived a criterion of occurrence of a breakdown bubble in the case 

of inviscid core flow which states that, a necessary condition for breakdown to occur 

is that the helix angle for velocity must be larger than the helix angle for vorticity. 

This suggests that the stream will diverge. Also, the physical mechanism of vortex 

breakdown rely on the production of negative azimuthal component of vorticity. 

I.5.3. Theories based on transition from one flow state to another: 

Benjamin's [59] theory of conjugate states is based on the idea of criticality 

which reflects the ability of a given flow to support waves of infinitesimal amplitude. 

Benjamin explains vortex breakdown as a finite amplitude transition from a 

supercritical state of flow to a conjugate subcritical state. A flow is said to be 

supercritical if it is unable to support infinitesimal standing waves, while in a 

subcritical flow standing waves can occur for a given supercritical state. There exist 

infinitely many conjugate states, but the selected one in a vortex breakdown is 

adjacent to the given primary supercritical state. 
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Escudier and Keller [60] introduced a transition theory based upon the idea of 

two-stage transition, extending Benjamin’s theory which considers breakdown as a 

transition state. Figure I. 18 below illustrates a schematic diagram of the transition 

stages assumed by Escudier and Keller [60]. 

 

Figure I. 18: schematic of the transition flow states according to the theory of 

Escudier and Keller [60]. 

The configuration presented corresponds to that of the flow in a horizontal 

pipe, which exhibits breakdown. The flow structure upstream breakdown is 

considered as a vortex core surrounded by an irrotational stream and defined as first 

supercritical state which undergoes an isentropic transition while the wake flow 

downstream breakdown is defined as subcritical flow state which is assumed to 

develop as a result of a hydraulic jump transition. The intermediate region where 

breakdown occurs is considered as a second supercritical state with nearly stagnated 

fluid, surrounded by a potential flow. The interface separating the core flow and the 

ambient irrotational stream is considered as a strong shear layer of rotational flow 

which is very sensitive to the shear conditions at large Reynolds number.  In fact, 

instabilities develop at the interface causing the roll up of the shear layer and 

eventually the vortex formation considered as a spiral breakdown compared to the 

axisymmetric breakdown bubble.  
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I.6. Conclusion  

This chapter was devoted to a review of selected past works carried out on 

swirling flows, which particularly display the breakdown phenomenon under certain 

conditions. After a brief introduction on the impact of breakdown in environmental 

and industrial applications where this physical pattern may occur, particular interest 

focused on the findings that were achieved on free swirling jets characteristics prior to 

exploring those attributed to the more controllable configuration which drives vortex 

flows in disk-cylinder systems. For both selected models, the distinct main parameters 

were identified and a review of the various available means of controlling the 

conditions of occurrence and evolution of breakdown were presented and discussed. 

Finally, recent works on the sensitivity of breakdown characteristics to the 

experimental conditions, which motivated the present work, are briefly reviewed. 
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II.1. Introduction 

The flows under consideration are driven in closed cavities with independent rotation of the 

boundaries. Such model flows require initial and boundary conditions associated to the well-

known equations of motion; namely, the Navier Stokes equations and the energy equation 

when temperature is involved. Despite the apparent simplicity of the geometry considered, the 

vortex flows resulting from the differential rotation of the boundaries are very complex and 

the corresponding equations of motion are non-linear, which inevitably require a proper and 

adequate numerical approach in order to approximately solve them and be able to analyze of 

the vortex dynamics that can be induced. 

   In what follows, are first presented the geometries and the corresponding physical models as 

well as the equations of motion in a dimensional form. A non-dimensional formulation is also 

given which allowed the definition and identification of the different main parameters which 

control the flow dynamics and thermal associated thermal transfers involved. The initial and 

boundary conditions are also specified in different forms.  Besides, as the flows under 

consideration are assumed axisymmetric, the velocity field is expressed in terms of a stream-

function-vorticity formulation which allowed an adequate description and interpretation of the 

vortex structure identified by the streamlines. 

II.2. Physical model and formulation  

     We consider a vertical cylinder of height H and radius R , filled with an incompressible 

viscous Newtonian fluid, whose top end disk is impulsively rotated with a uniform angular 

velocity   as sketched in Figure II.1. the direction of rotation (clockwise/anticlockwise) does 

not have any influence at this stage. To allow the study of the density or thermal buoyancy 

effects on the flow pattern induced by the rotating boundaries the set up includes, at the 

bottom disk center, either a circular orifice of radius ratio /o oR R  to allow a uniformly 

upward  axial fluid injection (opposite to the gravity) or  a small rod of aspect ratio h rR h 

and radius ratio r rR R    (without injection). 
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Figure II.1: Schematic of the cylindrical enclosure adopted 

 

Over the range of parameters considered in this work, the flows under consideration are 

assumed to be laminar and axisymmetric, which start impulsively and evolve in time towards 

a steady state.  So, the numerical domain is reduced to a single meridian plane as illustrated in 

Figure II.1. Besides, these axisymmetric flows are conveniently described in cylindrical 

coordinates  , ,r z such that the z-axis coincides with the cavity centerline. 

II.3. Equations of motion (tensor form) 

Using the usual notation, the Navier-Stokes equation in its general tensor form may be 

expressed as 

 
 

2
ext

V
div V V P V F

t


 


      


 

WhereV   is the fluid velocity, P  is the pressure,   is the fluid density,    is the fluid 

dynamic viscosity and extF  is the acceleration due to gravity. 

The associated continuity equation can be written in general form as  

Ω 

R 

  

H 

Injection flow 

 

https://www.comsol.com/multiphysics/navier-stokes-equations
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 . 0
D

div V
Dt


   

 Dimensional form of the equations  II.3.1.

Due to the geometry adopted, the unsteady Navier-Stokes and energy equations may 

conveniently be expressed in cylindrical coordinates. Using the axisymmetry condition, the 

corresponding momentum equations in the radial, azimuthal and axial directions  , ,r z may 

be written respectively in the following form 

The radial direction (r-component) 

 
2 2 2 2

0 2 2 2
0

1 1
. .

u u u v v P u u u u
u w T T

t r z r r r r rr r z
 



       
           

                        (II-1) 

The azimuthal direction (θ-component) 

2 2

2 2 2

1
.

v v v uv v v v v
u w

t r z r r rr r z

      

       
                                                                                 

(II-2) 

And the axial direction (z-component) 

 
2 2

0 2 2
0

1 1
.

w w w P w w w
u w g T T

t r z z r rr z
 



       
         

                                              

(II-3) 

The energy equation (neglecting viscous dissipation) reduce to   

2 2

2 2
0

1
.

P

T T T T T T
u w

t r z C r rr z





      
     

                                                                                     

(II-4) 

Where is the thermal conductivity coefficient, PC the specific heat at constant pressure. 

 Dimensionless form of the equations and control parameters  

        It is instructive and advantageous to express the above equations of motion into a non-

dimensional form, as this allows the identification of the various main non-dimensional 

parameters which control the swirling flow dynamics involved.  
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 There are different ways to introduce the reference parameters, in this work we adopt the 

following definitions to allow comparison with previous findings available in the literature:  

-Using1  , R and r  ( r j  reference density) as time, length and density scales 

respectively, we define the velocity and pressure references as :  .b R  for the velocity and 

2
0( . )b R  for the  pressure reference.   

-The temperature scale may be defined with respect to the mean reference temperature 

'
'

0
2

a JT T
T


  such that to obtain the temperature scaling:   0.T T T T    where   

 0jT T T     

With the above choice of scaling, the non-dimensional velocity, pressure and temperature 

fields may be written in the form: 

' ' '
( , , ) , ,

. . .b b b

u v w
u v w

R R R

 
  

   
        

2 2

'

. .b

p
p

R


 
          ' ' '

0( )T T T T    

As the temperature gradients under consideration in the current work are very small, the 

Boussinesq approximation is assumed to hold, so that the density variation, induced by the 

temperature gradient  j aT T T   set between the injected fluid (or the hot/cold axial small 

rod) and the ambient one, is accounted for in the buoyancy terms (gravity as well as the 

centrifugal acceleration) in the following linear form (first order leading term of the Taylor 

development of the density with respect to temperature) :  

   1r rT T      Where  is the thermal expansion coefficient 
1

r T






 
 

 
and r a 

reference density corresponding to the reference temperature taken as   2r a jT T T  . 

 We recall that for the rod configuration jT is simply substituted by the rod temperature

rodT . 
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Under the above assumptions, the non-dimensional equations of motion and the energy equation 

(neglecting viscous dissipation) may be written in the following form 

 The continuity equation 

 0
u u w

r r z

 
  
 

                                                                                                          (II-5) 

The radial, tangential and axial momentum equations write respectively,      

 
2 2 2

2 2 2

1 1
1 . .

Re

u u u v p u u u u
u w Ri Fr T

t r z r r r rr r z

       
           

       

                 (II-6)                   

2 2

2 2 2

1 1
.

Re

v v v uv v v v v
u w

t r z r r rr r z

      
       

      

                                                (II-7)    

2 2

2 2

1 1
. .

Re

w w w p w w w
u w Ri T

t r z z r rr z

       
        

       

                                     (II-8) 

Finally the energy equation reduces to                  

2 2

2 2

1 1
.

Re.Pr

T T T T T T
u w

t r z r rr z

      
     

      

                                                      (II-9) 

 Control parameters 

The above formulation allowed to identify and define the main control parameters required 

to govern the dynamics of the swirling flows under consideration ; namely, the rotational 

Reynolds number, the cavity aspect ratio and the Richardson number (which appropriately 

accounts for thermal buoyancy), defined respectively as: 

2

2
, ,h

R H g T
Re Ri

R R





 
   


 

Here, we recall that  j aT T T    (for the rod configuration jT  is substituted by rodT ); 

and  denote the kinematic viscosity and thermal expansion coefficients 

respectively.  Besides, the rod radius ratio r and aspect ratio h  , defined above, are kept 
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constant throughout. 

It is noted that the Froude number (
 2

b
R

Fr
g

 
  compares the effects/strength of the 

centrifugal acceleration to the gravitational acceleration) and the Prandtl number (
.

Pr
pC




fixed here to unity, defines the ratio between the process of thermal and viscous diffusion) are 

fixed throughout the present calculations. 

 We recall that,  is the rotating velocity of the disc, R is the cylinder disc radius, and   is 

the fluid’s kinematic viscosity coefficient. 

 Stream function-vorticity formulation 

Besides, as frequently adopted in related swirling flows models, the axisymmetric flows 

description and analysis are conveniently and naturally done in terms of streamlines, iso-

vortices and iso-circulations. In such a case, using the continuity equation and the definition 

of the circulation, the non-dimensional velocity field (scale: R ) may be expressed in terms 

of the stream function  ,r z  (scale: 3R ) and circulation vr  (scale:   ) as follows:   

 
1 1

, , , ,u v w
r z r r r

    
  

  
 

This provided a convenient description of the resulting flows in terms of streamlines which 

indicate local meridian flow directions. 

 Initial and Boundary conditions 

The above non-linear system of Navier-Stokes, continuity and energy equations must be 

associated to   initial and boundary conditions specific to the physical problems introduced 

above. 

The well documented isothermal flow driven by the top disk rotation, in the absence of 

injection/rod, which displays a steady bubble type breakdown for a given couple of 

parameters  , hRe  , is defined as a basic state. This model flow is considered as an initial 

state before injection. Details of the corresponding numerical conditions and flow topology 

are given in the next chapter. 
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A. Configuration under injection 

 Initial conditions 

Let 0t   denote the above basic state without injection  0jU  , and aT the corresponding 

ambient temperature.  

At 0t  , injection is started ( 0jU  , j aT T ) and maintained over the time range 0 ft t  ; 

ft being dependent on the configuration considered (the lapse of time 300ft  , which 

corresponds to a maximum injected fluid volume ratio < 0.05%, was found sufficient to  

capture the vortex transient behavior over the range of parameters considered).  

 Boundary conditions which apply for all times  0 ft t   

-No slip and adiabatic conditions are assumed at the rigid walls:  

   , , ; / 0, ,0;0u v w T z r    Applies at the top rotating lid  ,0 1hz r     

At the stationary sidewall  1,0 ,hr z          , , ; / 0,0,0;0u v w T r    

At the bottom fixed end disk  00, 1z r   we have    , , ; / 0,0,0;0u v w T z     

On the centerline  0,0 hr z    , symmetry condition is assumed: 

   , , / ; / 0,0,0;0u v w r T r      

At the inlet orifice  00,0z r     axial injection is applied at temperature

   : , , ; 0,0, ;j j jT u v w T U T . 

B. Rod configuration 

  For the rod case, 0t  corresponds to the isothermal basic state with displays a steady 

breakdown as in the injection configuration. The rod is mounted at the bottom disk center. 

0t  , no slip condition and constant temperature is applied at the rod surface: 

   , , ; 0,0,0; rodu v w T T . 

The remaining cavity walls are assumed adiabatic and set to the no slip conditions as in the 
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above injection case 

II.4. Conclusion 

In this chapter, the geometry (vertical cylindrical enclosure) and physical model under 

consideration are first introduced. The objective is to model the swirling flows that can be 

induced by the independent rotation of the boundaries associated to differential heating by 

means of axial injection or by heating/cooling a small rod. The non-linear system of equations 

associated to the initial and boundary conditions, required to analyze the vortex flows that 

may be induced, are given in dimensionless form which allowed the identification of the main 

dimensionless parameters that govern and control the vortex dynamics.  
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III.1. Introduction  

The complexity of the physical phenomenon under consideration and the necessity to 

capture accurately its occurrence and associated main characteristics required a fine and 

accurate resolution of the non-linear system of the boundary value problem described in detail 

in the previous chapter.  

The approach is inevitably numerical and the method of solution must be chosen on the 

basis of several conditions which account for the geometry, the flow regime of interest, the 

range of the control parameters etc….  

With the great development of the numerical tools and associated powerful  numerical 

techniques, and as regards to the high cost required to carry out experiments, most 

investigations in the field of flow dynamics have in recent years been accomplished by means 

of numerical simulations. This alternative does not supplement experiments but in some 

particular cases [1], including the present work, when the problem is well defined and the 

method is correctly implemented, the simulation is able to provide additional information on 

detailed flow characteristics difficult to capture by the visualization techniques [2,3]. 

This motivated the present numerical work, in which the resolution is carried out by means 

of the well-established and most used commercial code ANSYS Fluent (version 15). This 

latter has been used successfully in previous investigations on complex 3D unsteady flows, 

involving swirl in various regimes [4,5,6,7] akin to the current work. 

We recall that, although the flows under consideration are axisymmetric, the corresponding 

velocity and vorticity fields are 3D. Besides, the numerical code employs dimensional 

physical and dynamical properties. However, to allow comparison with previous 

investigations and for a more general description of the induced flow structures, it appeared 

instructive and necessary to construct and identify the parameters in dimensionless form as 

was done in chapter II.  

Moreover, the code validation is carefully assessed by first reproducing benchmark 

configurations available in the literature. In the case of the new contributions, we proceeded 

by cross-checking certain results obtained by different approaches (when possible). 
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III.2. Numerical domain  

The flow generated by the independent rotation of the boundaries of a vertical cylinder 

filled with an incompressible Newtonian fluid is conveniently described in cylindrical 

coordinates  , ,r z such that the z-axis coincides with the cavity centerline. As stated in the 

previous chapter, axisymmetry being assumed over the range of parameters considered, the 

numerical domain is reduced to a single meridian plane      , 0,1 0, hr z    as illustrated in 

Figure III.1.  

The figure also illustrates meridian streamlines displaying a typical bubble type breakdown 

which develops at the cavity axis, obtained numerically, along with the main vortex 

characteristics under interest in this work. 

 

Figure III.1: (Top) Schematic of the geometry and (bottom right) numerical domain 

which displays a meridian streamline pattern with a typical on-axis two bubble type 

breakdown and  selected  vortex characteristics referred to in section 3.1 : sZ (upstream 

stagnation point ), maxe (bubble radial extent), stagnation line 0  , and  the  maximum 

volumetric flow rates inside ( min 0  ) and outside ( 0max  ) the vortex. (Bottom left) the 

rod configuration. 
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III.3. Grid generation  

To solve the problem under consideration numerically, a grid must be generated in the 

numerical domain      , 0,1 0, hr z    , which constitutes the discrete space for solving 

approximately the algebraic system of equations issued from the discretization of the 

continuous problem.   

In this work, the generation has been performed by using the software GAMBIT. In 

particular, an orthogonal grid, especially refined (clustered) in the viscous core region of the 

helical flow as well as in the vicinity of the boundaries were rapid changes are expected, was 

utilized in order to adequately capture the requisite details of the vortex characteristics under 

injection.  

The appropriate number of cells and associated time steps which ensure convergence and 

consistency of the solutions depended on the geometry and the range of parameters 

considered. So, they were determined on the basis of a grid sensitivity analysis.  

Besides, threshold breakdown onset/offset is determined by considering increments of Re

of order 10Re  , in the vicinity of the critical values. In addition, to speed up the 

convergence process and for computational efficiency, simulations were generally initialized 

with a solution from a lower Re (when available). 

-For the selected configuration with 1.98h  which is frequently referred to in this work as 

this was used in experiments [8], the grid sensitivity of the numerical method was evaluated 

by considering  two sets of non-uniform grids, clustered along the cavity axis with 45000 and 

80000 cells, along with a uniform grid of 200 400 elements in the  ,r z plane for comparison.  

Time marching was carried out using different time steps over the range 410 0.005t    . 

It was found that, a non-uniform grid of 80000 cells associated to a time increment 0.001t 

were relatively sufficient to provide accurately the timewise development of the main vortex 

characteristics (under warm injection) as well as the corresponding threshold breakdown 

onset/offset, with a  maximum error 1% compared to the solution predicted with the smallest 

time step 410t   .  

 



CHAPTER III                                                 The Numerical Method of Solution 

 

46 
 

III.4. Numerical procedure  

The set of time dependent axisymmetric Navier-Stokes equations together with the mass 

conservation and energy equation, subjected to the initial and boundary conditions detailed in 

chapter II, were integrated under the Boussinesq approximation using a finite volume 

approach, implemented in the well-established CFD package ANSYS Fluent 15 described 

briefly above.  

The laminar solver is adopted and associated to volume of fluid method when injection is 

applied. This commercial code was recently employed successfully to accurately model 

various confined as well as jet like swirling flows, which display breakdown, analogous to the 

configuration under consideration [9,10,11].  

We used a segregated solver in which a second order upwind scheme was employed to 

discretize the convective terms, a first order implicit scheme was adopted for time marching 

while central differencing is utilized to approximate the diffusion terms. Such a choice was 

guided by previous numerical experiments [12] which reported successful convergent results 

with minimum cost.   

Pressure-velocity coupling was achieved by using the semi implicit pressure linked 

equation coupling (SIMPLEC) algorithm. It is worth noting that the pressure-implicit with 

splitting operator (PISO) algorithm, which is a non-iterative time marching procedure, was 

also employed but no major advantage was achieved in the current work in terms of 

computational time.  

At the boundaries, Body Force Weighted Scheme is applied and double precision was 

considered in all calculations.  

The Convergence criteria, at each time step, were based upon the asymptotic level reached 

by the scaled residuals of each equation as well as that of the velocity field.  

Overall, the scaled residuals were found to lie between 1010  for the continuity and 

momentum equations and 1510 for the swirl and energy equations. 
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III.5. Data Processing 

The numerical data have been processed with the powerful software Tecplot. This latter 

provided very accurate mappings of streamlines contours which are necessary to track the 

local flow direction, associated to the velocity and pressure distributions. The software also 

offered various mathematical interpolations to cover the regions lacking data. 

III.6. Validation 

The accuracy of the simulations was first assessed by simulating the benchmark helical 

flow, driven by a single disk rotation of a vertical cylinder, in the absence of injection, 

investigated experimentally by, for instance, Escudier [13] and Iwatsu et al. [14] and 

supported quantitatively by numerous numerical predictions; for instance, Lopez [15], Iwatsu 

et al. [14] and Escudier et al. [11].  

Further validation is performed in chapters three (III) and four (IV) devoted to the 

isothermal configuration which includes heavy/light dye injection, explored experimentally 

by Ismadi et al. [8]. 

In addition, for the new configurations under thermal buoyancy effects, some sets of 

results, obtained by solving the unsteady equations for large times, were compared to their 

counterparts reached by means of solving the steady equations.   

III.6.1. Validation in the case of a configuration without injection 

In chapter III, it will be shown that for the selected parameters    , , 1850,0, 2hRe Ri   , 

the flow structure generated by a single disk uniform rotation of a vertical cylinder consists of 

an ambient primary large meridian circulation with two distinct bubble type vortices located 

along the cavity axis as illustrated in the figures III.2. 

The current numerical predictions of the vortex characteristics corresponding to this 

benchmark flow are found to reproduce accurately those supplied by experiments in the 

literature [13,14,15].  Indeed, in table III.1 are reported three selected vortex flows 

characteristics (sketched in Figure III.1); namely, the upstream (first) stagnation point location

 sZ , the radial extent of the vortex pattern  maxe scaled with the cylinder radius, as well as 

the vortex strengths min and max (meridian volume flow rates respectively within and 

outside the vortex structure).  
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It is remarked that the maximum error estimate is within 0.5% on the stagnation point’s 

location (sensitive criterion for onset /suppression of breakdown) and approximately 1% for 

the above volume flow rates which is considered as negligibly small. 

 

Figure III.2: Flow structure driven by the rotating bottom disk:  Re = 1850 experiments by 

Escudier (image at the left) [13] compared to the present numerical predictions (streamlines)  

 

 

Figure III.3: Flow structure driven by the top rotating disk (Re=1850 Iwatsu [14]) which 

captures better the second bubble ; the right figure is sketch of the corresponding vortex 

characteristics  
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Table III.1.: Values of the flow characteristics: sZ , maxe , min and max obtained in this 

work and those provided by experiments [13] and numerical simulations [14]; 

   , , 1850,0, 2hRe Ri   . 

Vortex 

characteristics 

Exp. Escudier 

(1984) 

Num. Iwatsu 

et al. (2007) 

Present 

Work 

Error 

Estimate 

sZ  0.42 0.4231 0.4210 < 0.5% 

maxe  0.236 0.225 0.2264 <1.56 

4
min (10 )   - -0.5916 -0.5981 1% 

2(10 )max   - 0.7832 0.7867 < 0.5% 

 

 

 

III.7. Conclusion 

In this chapter, the numerical approach is presented which consists of a numerical 

simulation by means of the commercial code ANSIS Fluent15.  After a brief introduction and 

motivation, the grid generation and the method of solution, based on the finite volume method 

associated to the volume of fluid method, are specified. Finally, the code validation is carried 

out by reproducing qualitatively and quantitatively the swirling flow patterns and vortex 

characteristics provided by recent experiments related to the current work.   
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IV.1. Introduction 

  The work in this chapter is numerical and concerns the control of the stagnation flow 

conditions and associated reverse circulations that occur within the core region of a helical 

confined jet. The control is carried out by means of an axial injection of a fluid slightly 

lighter/heavier than the ambient fluid. The primary swirling flow is driven by the top disk 

uniform rotation of a vertical cylinder and the induced secondary vortex structure occurs 

within its core as an on-axis bubble type breakdown. Besides, the injection is applied 

upstream of this latter structure from the fixed bottom disk center of the vertical cavity. The 

main objective of this study is an attempt to first reproduce and then extend numerically, 

under the same conditions, recent fundamental experimental findings obtained by means of 

dye injection [1,2,3,4,5]. To the author’s knowledge, this numerical contribution does not 

appear to have been considered in the literature. 

IV.2. Basic isothermal flow without injection  

We consider a vertical cylinder of height H and radius R , filled with an incompressible 

viscous Newtonian fluid, whose top end disk rotates with uniform angular velocity  as 

sketched in Figure IV.2 the set up includes, at the bottom disk center circular orifice of radius 

ratio /o oR R  to allow uniform axial fluid injection.  

The flow is conveniently described in cylindrical coordinates  , ,r z such that the z-axis 

coincides with the cavity centerline. In accord with the literature [6,7], the induced flow 

structure under consideration is assumed to be laminar and axisymmetric, within the 

parameters ranges considered, which led to reduce the numerical domain to a single meridian 

plane. 

The model swirling flows under consideration may sufficiently be described by two main 

parameters; namely, the rotational Reynolds number Re and the aspect ratio of the cavity h . 

Although the investigation was carried out successfully for various aspect ratios and Reynolds 

numbers, respectively over the ranges: 0.8 2.5,h   250 2600,Re  we focused in this 

subsection mainly on the configuration    , 1850,2hRe    ; selected for the sake of 

comparison with previous experiments  and numerical simulations. 
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In the absence of injection, qualitatively, for given low rates of top disk rotation and under 

effects of boundaries confinement, a clockwise large meridian circulation takes place which 

superimposes to the initial primary rotational motion. In particular, fluid spirals outward 

(inward) in the vicinity of the top rotating disk (stationary bottom disk) with the formation of 

a thin boundary layer on each disk. Along the cylindrical sidewall, flow swirls downward 

while the bulk helical core is directed axially upward by the Ekman suction effect. Depending 

on the aspect ratio  1.2h h   , as the disk rotation rate increases, it is well established that 

the flow stagnates at the cavity axis and  an adverse pressure gradient takes place; giving rise 

to one, two or three reverse flow regions commonly referred to as bubble type vortex 

breakdown.  

 

Figure IV.1: Contour plots of meridian streamlines (right) compared with experimental 

visualization [8]; 1850Re  ,Λ 2h  , iso-thermal and  iso-density configuration without 

injection. Contour values are    
3 3

/10 , /10 ,   1 .10max mini i i    
 

In the current work, for the selected parameters    , 1850,2hRe   , the onset and location 

of two distinct axisymmetric bubbles is evidenced numerically and viewed qualitatively in 

Figure IV.1 by the meridian streamlines. For comparison, alongside this figure is given the 

corresponding flow topology supplied by visualized dye experiments [8]; showing a good 

qualitative agreement. The corresponding axial velocity distribution along the cavity axis, 

supplied only numerically, is depicted in Figure IV.4 which accurately the axial location of 

the upstream and downstream stagnation points bounding the distinct bubbles, and indicates a 

change of axial flow direction in the vortex structure. Within this latter, meridian motion is 

anticlockwise and of weak intensity compared to the ambient clockwise primary circulation 
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(order of magnitude of the axial velocity inside and outside the bubbles). The direction of the 

meridian motion within and outside the bubbles is independent on that of the top disk rotation.  

Besides, this configuration was found to reproduce very accurately the numerical 

predictions [8] of various vortex characteristics. Indeed, in Table IV.1 are reported three 

selected vortex flows characteristics (figure IV.2); namely, the upstream (first) stagnation 

point location  sZ , the radial extent of the vortex pattern  maxe scaled with the cylinder 

radius, as well as the vortex strengths min and max (meridian volume flow rates respectively 

within and outside the vortex structure). 

It can be remarked that the maximum error estimate is within 0.5% on the stagnation 

point’s location (sensitive criterion for onset /suppression of breakdown) and approximately 1% 

for the above volume flow rates which is considered as negligibly small. 

 

Table IV.1 Values of the flow characteristics sZ ,

maxe , min and max obtained in this work and those 

provided by experiments [9] and numerical simulations 

[8];    , 1850,2hRe   . 

Vortex 

characteristics 

Exp. 

Escudier 

(1984) 

Num. 

Iwatsu et 

al. (2007) 

Present 

Work 
Error  

Estimate 

sZ  0.42 0.4231 0.4210 < 0.5% 

maxe  0.236 0.225 0.2264 <1.56 

4
min (10 ) 

 - -0.5916 -0.5981 1% 

2(10 )max   - 0.7832 0.7867 < 0.5% 

 

 

Figure IV.2: Schematic of the 

numerical meridian plane illust-

rating two on-axis bubble type 

breakdown and the corresponding   

selected vortex characteristics 
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IV.3. The configuration with neutral injection (iso-density case)  

        Prior to exploring effects of density variations, it appeared necessary to assess the 

sensitivity of the vortex pattern to the chosen inlet geometry and associated injection 

conditions of a fluid characterized by the same thermo-physical properties. For this, we 

consider the isothermal configuration with an inlet orifice located at the bottom disk center 

which allows a uniform fluid injection, in the direction opposite to gravity.  

For the sake of comparison with experiments [3,4], a uniform injection velocity

31.7 10 /jU m s  is applied at the orifice (radius ratio 37.69 10o oR R     ) of two 

selected distinct basic configurations    , 1.98,1700h Re  and    , 1.98,2060h Re  : in the 

absence of injection, the former displays a single steady and axisymmetric on-axis reverse 

flow region while the latter undergoes two breakdown bubbles [8] (as in the case discussed in 

the above section).  

.    

        (a)                             (b)                            (c) 

Figure IV.3: Close up of the vicinity of breakdown under isodensity injection

 0.5 0.5,0 1.5r z    ; (a) before injection (b) experiments [3] (under injection) (c) after 

injection 2060Re   

The present calculations for this model flows, revealed minor local effects limited to the 

vicinity of the inlet orifice. It is found that the injected iso-density fluid is advected axially 

upward and spirals over the bubble without altering neither its form and size nor the axial 

location of the two stagnation points bounding the structure, in agreement with experimental 
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observations [3]. This is evidenced, qualitatively, by comparing the steady flow topologies 

obtained with and without injection illustrated by the close up region of the vortex structure 

supplied in figure IV.3 for the selected case (chosen for the sake of brevity) 

   , 1.98,2060h Re    

The above result is confirmed quantitatively by the corresponding axial velocity 

distribution supplied only by the present calculations.  

 

Figure IV.4: Effect of iso-density injection on the axial velocity distribution along the 

cavity axis; Re=2060 

Moreover, several other test cases were carried out by varying the cavity aspect ratio and 

the disk rotation rate which indicated that the stagnation flow conditions (vicinity of the 

breakdown region of interest) were not significantly altered so long as the uniform injection 

velocity was of order of magnitude less than that of the maximum meridian circulation 

outside the bubble (ambient circulation). The ( ,Λ )hRe state diagram of figure IV.5 illustrates 

the number of current test cases (under iso-density injection) illustrated by distinct symbols on 

the well-established Escudier’s diagram (established experimentally in the absence of 

injection). It is observed that the current results (symbols) approximately coincide with the 

stability curves which delimit the regions of breakdown onset  
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Figure IV.5: Regions of breakdown onset and flow regimes: current results under 

isodensity injection (          symbols) added for comparison to detailed stability diagrams 

supplied by Iwatsu et al. (absence of injection) [8]. 

IV.4. Positively buoyant injection  ( 0)a j a a         

Motivated by the experimental findings [3] based on flow visualization and in an attempt 

to provide detailed quantitative results, a numerical investigation is carried out to explore the 

impact of small density variations of the above confined isothermal swirling flow subjected to 

a positively buoyant injection, applied at the bottom disk center. We recall that to the best of 

our knowledge, there has been no prior numerical study of this model helical flow under 

injection.   

To allow direct comparison with the experiments, the sensitivity of breakdown to density 

variations was first analyzed for the model flow generated in a closed cavity with aspect ratio

1.98h  (fixed in the experiment) and uniform injection rate 31.7 10 /jU m s  , while 

varying the main parameters: the density ratio  a j a a       ( a and j are densities 

of the jet and ambient fluid respectively) as well as the rotational Reynolds number  defined 

above.  
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Besides, the comparison will focus on the flow patterns and corresponding characteristics 

visualized experimentally at time 110t  (maximum time of observation reported in the 

experiment). It is worth mentioning that the current work showed that, at this time of 

observation, the flow didn’t yet approached final state.  

The current axisymmetric numerical predictions confirmed that very small density 

differences were sufficient to alter significantly breakdown onset conditions and flow 

topology. The combined effect of the parameters  , 0aR e    is illustrated in Figure IV.6, 

covering the ranges 500 4000Re  and 0% 0.02%a    . The particular case 0a   , 

corresponding to the iso-density configuration, is included as a reference case. 
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Figure IV.6:
  , 0aRe     state diagram mapping the region of vortex breakdown (VB) 

occurrence under effect of heavy dye injection. Solid curves are the bounding curves 

predicted numerically and (□) Symbols denote the corresponding experimental results [3]. 

  The figure displays a state diagram established on the basis of numerous calculations, 

subjected to the above initial and boundary conditions including selected experimental 

findings resulting from flow visualization [3]. The results summarize the effect of injecting a 

fluid slightly heavier than the ambient one, i.e. j a  . It is observed that both approaches 

reveal clearly breakdown enhancement with increasing j .In particular, the region of onset of 

flow stagnation and associated bubble type reverse flow widens with increasing a  and the 

trend of the corresponding lower bounding curve, which indicates first breakdown onset, 



CHAPTER IV     Sensitivity of Isothermal Swirling Flows to Density Variations 

 

60 
 

shows a steep and almost linear decrease of the threshold Re with increasing j . Beyond the 

upper bounding curve, where the flow is likely to be unsteady as mentioned above, no steady 

structure is identified. The current numerical predictions are, overall, in good accord with the 

experimental findings (maximum deviation of order 15% recorded for breakdown onset); 

despite the  apparent significant deviations of the upper bounding curves which may mainly 

be attributed to the fact that, for the given cavity aspect ratio and over the corresponding range 

of Re , 2600Re  ,the flow is likely to be unsteady (bubble axial oscillations were reported in 

the literature [4,10,11]) which renders the breakdown capture inaccurate . Moreover, the 

discrepancies may also be related to actual operating conditions (visualization technique and 

method of breakdown detection) and to the impact of small set up imperfections as discussed 

in the state of the art. 

IV.5. Negatively buoyant injection  ( 0)a j a a         

Now, the investigation proceeded to focus on the very light dye injection case ( )j a  . 

Ismadi et al. [3] reported that, over the time of experimental observation and for the range of 

parameters: –0.1 % / 0 %      and 1400 3000Re  , the topology of the bubble type 

breakdown undergoes significant transition changes but did not disappear with decreasing

/  . In particular, the structure was observed to evolve and emerge into an off-axis ring 

type vortex (toroidal type) reminiscent of the breakdown illustrated in figure IV.7 below for 

the selected density ratio 3/   0.2 10      which is supplied by the current simulation. 

Moreover, this latter phenomenon was reported to occur over the entire range of    above, 

when the density ratio varied within the approximate interval 0.08 % / 0.025 %       . 

The present numerical predictions, for this model flow, do indeed confirm the bubble 

transition into a toroidal type vortex (figure IV.8).  However, unlike the above experimental 

counterpart, detailed calculations revealed the existence of a sub range of Re   over which  the 

vortex ring itself continued to evolve (beyond the time of experimental observation) until it 

utterly disappeared; leading to a state which lacks breakdown as clearly illustrated in figure 

IV.7 for the selected density ratio 3/   0.4 10      .   

At this stage, we conjecture that the limited maximum time of experimental observation 

may probably be attributed to the dye diffusion which frequently has an impact on the 

accurate capture of the vortex characteristics. 
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3/   0.4 10       

            Suppression of VB 

3/   0.2 10       

      Toroidal (ring type) VB 

/  0    

On-axis-Bubble type VB 

Figure IV.7: Close up of the steady reverse flow region under effect of negatively buoyant 

injection ( )j a  ; 1700,   Λ 1.98hRe   (steady case). 

It appeared instructive to also illustrate the onset of the axial breakdown bubble and its 

bifurcation into a ring type under when the jet injection is lighter than the ambient fluid. The 

main steps may be described with reference to figure IV.8 below which shows schematically  

wavy streamlines prior to breakdown, coalescence of the axial stagnation points which delimit 

the bubble ; causing its detachment into a vortex ring with a saddle point type stagnation point. 

 

Figure IV.8: Schematic of the process of formation of vortex ring under light dye injection 

[12] 

The current numerical findings are mapped into a  ,    / 0  Re    phase diagram (Figure 

IV.9) to allow direct comparison with the experimental counterpart [3]. The mapping in this 

figure clearly indicates the existence of four distinct regions obtained under light dye injection: 

one of bubble type occurrence  the second maps out the ring type vortices to which the bubble 

evolved, in good accord with the experimental findings [3]; finally, two remaining zones 
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which lack breakdown as a result of decreasing /  which were not invoked and did not 

appear to have been observed experimentally. This constituted a maximum discrepancy of 

order 18% on the threshold values of Re .  

We conjecture that such a discrepancy may mainly be attributed to the inevitable 

difference between the well-defined boundary conditions, implemented in axisymmetric 

simulations, and the effective set up and operating conditions in experiments. In addition, as a 

result of local dye diffusion, it is worth to mention that some of the provided dye experimental 

images [3] show bulged regions of concentrated dye which do not accurately capture the 

required detailed vortex characteristics (saddle points  and associated rings are hardly visible ).  

 

Figure IV.9: ( ,   / 0) aRe     state diagram, mapping regions of bubble (○) and ring type 

(▲) vortices under very light dye injection. In contrast to [3], breakdown is suppressed in 

region with square (□) symbols.  (*): region which lacks breakdown.  
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IV.6. Conclusion 

   The helical flow generated by the top disk rotation of an enclosed vertical cylinder is 

studied numerically when subjected to a uniform axial injection of a fluid slightly 

denser/lighter than the ambient one filling the cavity. In the absence of injection, for given 

rates of disk rotation and cavity aspect ratio, secondary circulations were evidenced on the 

cavity axis commonly referred to as bubble type vortex breakdown in accord with 

experiments. The numerical predictions revealed that the such vortices are very sensitive to 

small density between the jet and the ambient medium in agreement with experimental 

findings : denser jet promotes stagnation and vortex formation while lighter jet causes the 

detachment of the bubble into a vortex ring which may remain robust or disappear , 

depending upon the range of density ratio and disk rotation rates. Qualitatively, good 

agreement was found between experiments and the current numerical predictions despite 

some discrepancies attributed to the set up conditions. Besides, this work complements the 

experimental findings as it provided additional information on the vortex characteristics 

difficult to capture. 
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V.1. Introduction  

Motivated by the main numerical findings of the previous chapter, devoted to the vortex 

characteristics of isothermal swirling flows under very small density variations, it appeared 

natural to raise the question of the equivalent model flows which, in practical applications, 

may inevitably undergo small temperature variations. This issue was first noted by Billant et 

al. [1] who explored experimentally the structure of isothermal unconfined (free) swirling jets 

and found it very sensitive to the experimental conditions. This was later confirmed by Dina 

et al. [2] who extended the investigation to include small temperature variations between the 

free jet core and the ambient fluid.  

V.2. Geometry and control parameters 

In this chapter, thermal buoyancy is introduced by two means (figure V.1) and applied to 

the confined helical flows studied numerically in the previous chapter. First, the numerical 

investigation considers the model flows generated within a vertical cylinder with a single disk 

rotation subjected to warm/cool axial injection. Then, a second configuration is considered 

which consists of the same basic helical flow, without injection, with buoyancy induced by a 

warm/cool small rod placed at the fixed disk center.  

 Control parameters  

At this stage, it is worth recalling the main parameters which govern the flow dynamics 

under consideration, induced by the combined kinematic and thermal effects; namely, the 

rotational Reynolds, the cavity aspect ratio and the Richardson number which appropriately 

accounts for thermal buoyancy strength, defined respectively as: 

2

2
, ,h

R H g T
Re Ri

R R





 
   


   

where j aT T T   is the temperature gradient between the axial jet (or the rod) and the 

ambient fluid,  and  denote the kinematic viscosity and thermal expansion coefficients 

respectively. 
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Figure V.1: Schematic of the geometry and numerical domain which displays a 

meridian streamline pattern with   an on-axis two bubble type breakdown and  selected  

vortex characteristics : sZ (upstream stagnation point ), maxe (bubble radial extent), 

stagnation line 0   maximum volumetric flow rates inside ( min 0  ) and outside 

( 0max  ) the vortex. 

V.3. Basic flow under neutrally buoyant injection  

Prior to investigating thermal effects, it appeared necessary to first consider the case under 

isothermal injection (neutrally buoyant injection 0Ri  ) in order to assess the sensitivity of 

the vortex pattern to the inlet geometry and associated injection conditions. Figure V.2 shows 

a close up of the meridian vortex pattern, before and after neutral injection applied to the 

configuration    , 1.98,1700h Re  ; assuming experimental conditions [3,4]: uniform 

injection velocity 31.7 10 /jU m s  at the orifice (radius ratio 37.69 10o oR R    ). The 

figure reveals mainly a slight divergence of the selected streamlines in the vicinity of the axis, 

indicating a very weak flow deceleration downstream the vortex; causing a minor upward 

shift of the downstream stagnation point  1%rP  . However, these changes did not impact 

significantly the vortex topology and maximum vortex intensity  min .  
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(a)                          (b) 

Figure V.2: A close up of an on-axis vortex (solid lignes) in the meridian plane

   0, 0,r z . (a) no injection and (b) under isothermal injection. sP and rP are the upstream 

and downstream stagnation points respectively. 

V.4. Effect of thermally buoyant injection 

In this section we focus on the case when the vortex flows are subjected to buoyancy, 

induced by uniform injection at temperature jT slightly different from the ambient fluid 

temperature aT . The inlet conditions are the same as those implemented in the case of a 

neutrally buoyant injection  0Ri  described above. Buoyancy strength is controlled by 

varying the Richardson number Ri over a range corresponding to small temperature 

gradients. Calculations were performed over the parameter ranges

250 2600, 0.8 2.5, 0.023 0.092hRe Ri        

V.4.1. Warm injection 

When the jet temperature is slightly higher than that of the ambient fluid  0Ri  , 

calculations revealed significant changes of the flow pattern due to buoyancy. In particular, it 

was found numerically that a gradual increase of the jet temperature caused the suppression of 

the axial flow stagnation but the vortex breakdown didn’t disappear for given range of 

parameters: the bubble bifurcates into a ring type vortex (toroidal vortex). As expected, this 

result is in good qualitative agreement with the light dye injection case visualized 

experimentally by Ismadi et al. [3] as depicted by the comparison of the vortex structure of 

figure V.3 for the selected parameters    , , 2423,1.98,0.023hRe Ri  .  
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While the experiments were performed for a single case of cavity aspect ratio, the present 

calculations were carried out for various parameters in order to confirm the findings. In a  

 

 

Figure V.3: A ring type vortex induced by warm injection (meridian streamlines at the 

right) and experimental dye visualization (left) [3];    , , 2423,1.98,0.023hRe Ri   

search for additional information on the vortex characteristics, it was found numerically 

that  the robustness of the vortex ring described above depended the parameter ranges used: it 

may remain robust and observable or may continue to evolve in time until it utterly 

disappears; leading to a state which lacks breakdown. Indeed, this can be remarked by 

analyzing, for instance, the selected configuration    , 1700,1.98hRe   for different values of 

the Richardson number as illustrated in figure V.3 which includes the neutrally buoyant case 

0Ri  (Figure V.2) as a reference case.  

The figure shows that the bubble initially located along the cavity axis (isothermal case

0Ri  ) evolved into a toroidal type structure under effect of warm injection for the case   

   , , 1700,1.98,0.023hRe Ri  which remains robust and observable for all times. The 

associated close up figure clearly illustrates the detached structure with a saddle point at its 

periphery (stagnation circle if one considers the entire cavity). However, by varying Ri over 

the range 0 0.092Ri  , for fixed aspect ratio and Re , detailed timewise evolution of the flow 

field revealed numerically the existence of a limited sub-region, involving relatively lower Re

values (state diagrams in the next section) where the ring type vortex itself continued to 
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evolve by shrinking until it utterly disappeared; probably as a result of viscous damping. This 

trend is readily apparent in Figure V.4.c for    , , 1700,1.98,0.046hRe Ri  , showing a bulged 

region (swelling streamlines) which lacks breakdown. Besides, this numerically predicted 

flow evolution was found to occur for various couples of parameters  , ,hRe Ri as discussed 

in the next section.  

However, the experimental counterpart [3], performed for a single cavity aspect ratio, 

reported the bubble transition toward the ring type vortex but did not invoke the particular 

cases of its suppression; although one would expect, approximately, very similar trends as 

regards to the very small density variations involved in both studies. Analogous discrepancies 

between dye experiments on confined vortex breakdown and numerical predictions were 

reported by Herrada et al. [5,6]. We conjecture that such a discrepancy may mainly be 

attributed to the inevitable difference between the well-defined boundary conditions 

implemented in the frame work of axisymmetric simulations and the effective set up and 

operating conditions in experiments [7,4]. In addition, as a result of local dye diffusion, 

experimental images [8,3,4,9] show frequently bulged regions of concentrated dye which do 

not accurately capture the required detailed vortex characteristics (saddle points and 

associated rings are hardly visible). 
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(a)   0Ri   (a’) 0Ri   

 

 

 

(b)   0.023Ri   (b’) 0.023Ri   

 

 

(c)   0.046Ri   (c’) 0.046Ri   

Figure V.4: (a), (b), (c): flow pattern under effect of warm injection; 1700Re  , 1.98h 

for three selected values of Ri as indicated above;  (a’), (b’), (c’) :  a close up of the 

corresponding reverse flow regions respectively. 
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 Combined effect of parameters  , 0Re Ri   

  The above findings are extended to explore the combined influence of the rotational 

Reynolds number and the buoyancy parameter Ri  0Ri  . Results are summarized in the 

 , 0Re Ri  state diagram (Figure V.5), established on the basis of detailed calculations 

carried out over the parameters ranges1400 Re 2600   and 0 0.092Ri  , for fixed cavity 

aspect ratio 1.98h  and two time stations:  the higher time approaches steady state and the 

lower one was selected as a reference time. We recall that for 1400Re  , the basic flow lacks 

breakdown. 

  The mapping identifies three distinct flow regimes with bounding curves, brought about 

by thermal effects. In particular, a region of bubble type (which shrinks with increasing time), 

another of robust toroidal eddy structure (which expands with time) and finally one which 

lacks breakdown, involving relatively lower Re  values and therefore more viscous damping. 

For fixed Re over the range1400 1750Re  , it is remarked that the bubble type vortex 

disappears under warm injection and the corresponding bounding curve is almost linear over 

the sub-range 0 0.018Ri  . Outside this latter interval, i.e. 0.018 0.092Ri  , variations are 

much less pronounced. We recall that the above numerical predictions showed that the bubble 

detached from the axis prior to its suppression. However, the remaining range

1700 2600Re  reveals that bubble bifurcation into a steady eddy structure, which remains 

observable, with increasing Ri .  

 

Figure V.5:  , 0Re Ri  diagram for two selected times. As Ri increases vortex breakdown 

(VB) evolves into a toroidal pattern which may remain observable or disappear. 
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The bounding curve, in this case, is almost linear over the approximate sub-range

1400 2000Re  . Outside this latter range a decrease of Ri is remarked with increasing Re ; 

indicating higher sensitivity of the bubble to the buoyant injection. 

V.4.2. Cool injection 

The model flow under cool injection  0Ri  , is described in this section. Unlike the 

previous case, buoyancy is shown here to promote flow stagnation conditions as well as 

vortex strength and size. This is evidenced in Figure V.6, for the selected couple of 

parameters    , , 1700,1.98, 0hRe Ri Ri   , which shows qualitatively, a more axially 

elongated and radially extended flow reversal than that resulting from the neutrally buoyant 

configuration. Besides, no ring type pattern was observed in this case. 

 

      0Ri                  0.023Ri    

Figure V.6: Meridian streamlines illustrating effects of cool injection  0Ri  ;

   , , 1700,1.98, 0.023hRe Ri  
 

V.4.3. The role of the axial pressure  

It is well established in the literature that bubble type breakdown onset is associated to the 

existence of an adverse pressure gradient (relative to the flow direction) which causes the 

flow to stagnate and reverses its direction. So, it is instructive to examine pressure distribution 

along the centerline prior and after implementing the control strategies. In figure V.7 (which 

includes a zoom of the vicinity of the core region of interest), the pressure coefficient 

distribution along the cavity axis is plotted in the case of warm and cool injection along with 

the reference isothermal configuration which is shown above to display bubble type 

breakdown. It is observed that the pressure coefficient increases with increasing jet 
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temperature which tends to prevent stagnation while the inverse is remarked when is 

decreased (decrease of ( 0))p pc c  . 

 

  

Figure V.7: Distribution of the pressure coefficient on the cavity axis corresponding to the 

steady flow pattern induced for 1700,  Λ 1.98 hRe   . 

V.4.4.  , hRe  and  ,Re Ri state diagrams 

To further highlight the distinct and combined roles of the geometric and dynamic 

parameters involved, it appeared instructive and convenient to discuss the new  , hRe  and

 ,Re Ri  diagrams. 

The effect of the cavity aspect ratio is illustrated in (Figure V.8) for 0.8 2.5h   ,

250 2600Re  and two selected Ri values; including the neutrally buoyant case 0Ri  for 

comparison. For fixed h , the lower (upper) curve defines the critical Re  for breakdown 

onset (suppression). The case 0Ri  (under injection) is approximately similar to the well 

documented configuration without injection [10]. Under a weak cool injection, the breakdown 

zone is shown to expand and cover wider ranges of  , hRe  . In particular, the lower 

bounding curves indicate a significant reduction of the threshold Re (up to 50% reduction) for 

breakdown onset: much lower top disk rotation rates are sufficient to trigger flow stagnation. 

Besides, it is well established that configurations without injection display breakdown only if 

1.3h  [10,11,9]. In contrast, this limit is shown to reduce considerably when the flow is 

subjected to cool injection, as depicted in Figure8 over the range 0.8 1.3h   .  
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Figure V.8:  , hRe  Diagram mapping the breakdown region (bounded by an upper and 

lower curve) for three selected 0Ri  values. Cool injection enhances breakdown. 

Next, is discussed the sensitivity of breakdown to the combined variation of Re and Ri , 

for different aspect ratios; focusing on the impact of weak thermal buoyancy. Figure V.9 

illustrates a  ,Re Ri diagram covering the ranges 250 2600Re  , 0.023 0.023Ri   and for 

five distinct aspect ratios 1, 1.3, 1.64,1.98 and 2.5h  ; including the neutrally buoyant 

injection case  0Ri  for the sake of comparison. It is clearly observed that 0Ri  delays the 

flow stagnation as illustrated by the slight increase of the threshold cRe (by approximately 

10%) for 1.3h  . However, weak buoyant cool injection  0Ri  , for all aspect ratios 

considered, is sufficient to promote breakdown occurrence as indicated by the steep decrease 

of the corresponding cRe bounding curves. The threshold Re may drop by approximately 70% 

as depicted by comparing the trend of the lower curve corresponding to 1h  between the 

points  1000, 0.04Re Ri   and  300, 0.023Re Ri   . Besides, It is remarked that under 

cool injection and over the range of Re considered, 
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Figure V.9:  ,Re Ri diagram for five aspect ratios,  indicating   breakdown occurrence 

under warm  0Ri  and cool  0Ri  injection: for 1h  and 1.3h  breakdown  bounded 

by an upper and lower curve while for higher aspect ratios it occurs above a  single curve 

(breakdown threshold). 

cavities with 1h  and 1.3h  display breakdown in the inner region bounded by two 

curves while only a single threshold curve (lower bound) is illustrated for the three remaining 

relatively higher aspect ratios; the corresponding upper limit, if it exists, would probably 

occur over the range of oscillatory regime. 

V.4.5. The role of the local swirl number 

  Breakdown in the disk-cylinder with spinning lid may be associated to the competition 

between two main local characteristics of the helical jet flow which develops within the 

viscous core region along the cavity axis [12,13] namely the swirl strength and the meridian 

flow intensity characterized respectively by the local rotational and axial Reynolds numbers:

 * *Re / Re Rer m c r m cv r v r  ,  * *Re / Re Rea m c a m cw r w r   where variables with a star 

denote dimensional quantities. Here,  max 0,m mw w z is the maximum axial velocity 

reached at mz z along the cavity axis and  max ,m c mv v r z the maximum swirl velocity 

attained at the axial level mz z and radial extent cr r which defines the viscous core edge.  
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Figure V.10: Radial distribution of the velocity field at 0.26mz  corresponding to the 

configuration Re 2060 , 2.5h  , 0.023Ri  (solid curves) and 0Ri   (broken curves). 

  Accordingly, a consistent local parameter to analyze breakdown development may 

therefore be constructed as the ratio Re / ReN r aS  , which defines the local swirl number [12].  

As a test case, the variation of NS is evaluated approximately in order to predict the 

sensitivity of the flow to warm injection for the selected configuration Re 2060 , / 2.5H R 

which displays two on-axis breakdown when 0Ri  [11,14,9]. Calculations for this case 

indicated 0.26,mz  and the corresponding radial distribution of the velocity field (Figure 

V.10) provided / 0.97N m mS v w  when 0Ri  , in agreement with recent numerical 

predictions [12]. Now, under warm injection  0.023Ri  a small increase of mw is remarked 

due to buoyancy (the two remaining velocities are almost unaltered), which subsequently 

causes flow acceleration of weak intensity but sufficient to suppress breakdown. This effect 

corresponds to a swirl number reduction  0.93NS  just below the swirl strength required for 

breakdown onset. Besides, it can be remarked that the radial velocity magnitude is relatively 

small and its contribution to the local swirl number can be neglected. 

V.5. The rod configuration under differential heating  

In an attempt to confirm buoyancy influence on the stagnation flow conditions, the study 

was extended to consider a different set up which generates buoyancy by means of a 

differentially heated /cooled tiny rod sealed to the bottom disc center of the cylinder. Such a 

configuration and associated conditions are more amenable to numerical modeling and 

relatively easier to implement in practice. 
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This configuration introduces a modified Richardson number based on the rod temperature 

 rodT which replace  jT . Besides, the rod radius rR is chosen to fit the orifice radius 0R used 

in the injection case above  0rR R which yields equal ratio 0/r rR R   ( 37.69 10o
 

[13]). In order to obviate the occurrence of undesired additional eddies occurring at the rod tip 

which may alter breakdown onset conditions, we set the rod aspect ratio to 0.25h rR h  

.Under such geometrical characteristics the presence of the rod did not alter significantly the 

vortex flows characteristics prior to differential heating and so may be regarded as a non 

intrusive means of flow control. Qualitatively, the numerical predictions revealed that small 

temperature gradients corresponding to the range 0.116 0.116Ri   , applied between the rod 

and the ambient fluid, were sufficient to alter significantly the vortex patterns. In particular, 

when the rod temperature is set slightly higher than that of the ambient fluid ( 0)Ri  a 

buoyancy force is generated, inducing an upward convection of swirling co-flow, of week 

intensity but sufficient to enhance the axial flux and angular momentum transfer, which act to 

prevent flow stagnation and associated vortex formation. This is depicted qualitatively, for 

1.98, 1700h Re   and for the selected value 0.116Ri  , by the non-uniformly spaced 

meridian streamlines (Figure V.11.b); the case 0Ri  (Figure V.11.a) corresponds to the 

isothermal configuration. In contrast, when the rod is differentially cooled, an enhancement of 

the bubble size and occurrence of a second reverse flow structure were obtained (Figure 

V.11.c).   

In addition, to allow comparison of the threshold buoyancy parameter Ri required for 

breakdown suppression, in both rod and injection models, the axial velocity distribution at the 

cavity axis is supplied (Figure V.12), before and after thermal control, when

1700, 1.98hRe    . The figure confirms that, prior to differential heating, both means induce 

local effects without altering significantly the flow stagnation location. However, for a fixed 

ambient fluid temperature, to suppress breakdown by means of the rod differential heating, a 

temperature gradient 5rod aT T T K     0.116Ri  was required and no transient ring type 

vortex was found to occur. In contrast, calculations in the case of the injection model revealed 

that 1T K   0.023Ri  caused the detachment of the axial bubble which evolved into a 

robust steady ring type vortex while 2T K  led a state which lacks breakdown.  
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(a) 0Ri   

 

(b) 0.116Ri                                    

 

(c) 0.116Ri    

Figure V.11: Meridian flow pattern subjected to differentially heated/cooled rod; 

streamlines at the left and the right contour lines of isotherms; 1700, 1.98hRe     
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Figure V.12: Axial velocity distribution corresponding to the critical Ri required to 

suppress breakdown: 0.116Ri  (rod case) and 0.046Ri   (injection case); 1700Re  , 1.98h   

 

V.6. Conclusion 

Thermal buoyancy, implemented by means of warm/cool uniform injection or by a 

differentially heated tiny rod, was shown numerically to constitute an effective means of 

controlling axial flow stagnation and associated breakdown in a disk-cylinder system with a 

rotating lid. In particular, warm (cool) injection or differentially heated (cooled) rod, applied 

upstream the vortex, were found to both prevent (favor) breakdown. In addition, under warm 

injection, buoyancy was found to suppress on-axis stagnation points while the associated 

bubble bifurcates into an off-axis vortex ring which may remain robust and observable or may 

continue to evolve until it disappears; depending on buoyancy strength and viscous damping 

effects. These findings were established for various  ,Re, 0h Ri  parameters. Besides, the 

differentially heated/cooled tiny rod configuration, considered as a non-intrusive means based 

on thermal stratification was found to alter significantly the conditions of breakdown onset 

but, unlike the injection model, did not exhibit any ring type vortex. The current findings, 

which may be useful for bioreactors, constitute a platform for further investigations which, in 

perspective, explore oscillatory regimes. 
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The helical flow which displays axisymmetric on-axis breakdown, driven by the top end 

wall rotation of a confined cylindrical enclosure filled with an incompressible fluid, is 

simulated numerically.  

Firstly, interest focused on the sensitivity the vortex feature when subjected to a uniform 

axial injection of a dense/light fluid. In the absence of injection, for given rates of disk 

rotation and cavity aspect ratio, secondary circulations were evidenced on the cavity axis 

commonly referred to as on-axis bubble type vortex breakdown in very good accord with 

experiments and previous numerical works. The numerical predictions revealed that such 

vortices are very sensitive to small density variation between the jet and the ambient medium 

in agreement with recent experimental findings: denser jet promoted stagnation and vortex 

formation while lighter jet caused the detachment of the bubble into a toroidal vortex which 

may remain robust or disappear; depending on the range of density ratio and disk rotation 

rates. Qualitatively, the flow topologies and structures resulting from the current numerical 

predictions were in good agreement with those visualized in experiments, despite some 

discrepancies which may presumably be attributed to the set up and operating conditions. 

Besides, although the current isothermal simulation does not supplement its experimental 

counterpart, it nevertheless provided additional information on detailed characteristics not 

clearly observed and captured in the reported experiments. 

Secondly, a new configuration was considered which explored the effects of thermal 

buoyancy implemented by means of warm/cool uniform injection or by a differentially heated 

tiny rod. This new approach was shown numerically to constitute an effective means of 

breakdown control. In particular, warm (cool) injection or differentially heated (cooled) rod, 

applied upstream the vortex, were found to both suppress (promote) breakdown. In addition, 

under warm injection, buoyancy was found to prevent the occurrence of on-axis stagnation 

points without eliminating breakdown. In fact, results revealed that the associated bubble 

detaches from the axis and bifurcates into an off-axis vortex ring which may remain robust 

and observable or may continue to evolve until it utterly disappears; depending on buoyancy 

strength and viscous damping effects. These findings were established for various 

 0h ,Re,Ri  parameters.  

Finally, thermal effects were investigated by means of differentially heated/cooled tiny 

rod, considered as a non intrusive means based on thermal stratification and natural 
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convection. This configuration was found to alter significantly the conditions of breakdown 

onset but, unlike the injection model, did not exhibit any ring type vortex.  

The current findings, which may be useful for bioreactors, constitute a platform for further 

investigations which, in perspective, may be extended to account for the more complex non-

axisymmetric structures and explore oscillatory regimes. Besides, the above evidence on the 

sensitivity of the vortex flows to very small buoyancy perturbations, highlighted the need to 

handle very carefully the operating conditions and set ups in experiments (especially when 

dye is used for visualization). 

 

    

 

 

 

  

 

 

 

  


