18th Australasian Fluid Mechanics Conference
Launceston, Australia
3-7 December 2012

Onset of asymmetry and three-dimensionality in transition

al round fountains

in a linearly stratified fluid

Wenfeng Gao 1, Wenxian Lin %2, Tao Liu* and S. W. Armfield 3

ISolar Energy Research Institute
Yunnan Normal University, Kunming, Yunnan 650092, China

2School of Engineering and Physical Sciences
James Cook University, Townsville, QLD 4781, Australia

33chool of Aerospace, Mechanical and Mechatronic Engineering
The University of Sydney, NSW 2006, Australia

Abstract

Fountains injected into stratified fluids are widely founchax

ture and engineering settings. The onset of asymmetrye-thre
dimensionality and entrainment which occurs in transalon
fountains is the key to shed light on the turbulence germrati
mechanism in fountains. Itis also apparent that the stratifin

of the ambient fluid has significant effects on the onset ofrasy
metry, three-dimensionality and entrainment in fountaind a
study on such effects will provide further insight into timeeir-
action between stratification and turbulence generatioohme
anism in fountains. In this study, a series of direct nunaric
simulations were carried out for transitional round foumgan

the ranges of K Fr < 8, 100< Re < 500 both in a homo-
geneous fluid and in a linearly stratified fluid with a constant
dimensionless stratificatiom= 0.03, aiming at providing in-
sights into the onset of asymmetry and three-dimensignialit
transitional round fountains in a linearly stratified fluidhen
compared to that in a homogeneous fluid. The results show that
a critical Re exists between 100 and 200 fBr = 2 fountains
which divides the fountains as either axisymmetric or asgtam

ric and three-dimensional; similarly a critidal exists between

1 and 2 for fountains aRe = 200 which divides the fountains

as either axisymmetric or asymmetric and three-dimeniona
when Re > 200, theFr = 2 fountains maintain axisymmetry
only in the developing stage and become asymmetric and-three
dimensional at fully developed, steady state, and theifsict
case has in general stronger extents of asymmetry and three-
dimensionality than the homogeneous case; whei 2, the
fountains atRe = 200 maintain axisymmetry only in the de-
veloping stage and become asymmetric and three-dimeisiona
at fully developed, steady state, and the stratified case has
much stronger extents of asymmetry and three-dimenstgnali

mainly governed by the Reynolds Numiiee and the Froude
NumberFr, which are defined as follows,
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whereXj is the radius of the fountain sourdag is the mean in-
let velocity of the jet fluid at the sourcg,s the acceleration due
to gravity, po, To andpa, Ta are the densities and temperatures
of the jet fluid and the ambient fluid at the source, anand

[ are the kinematic viscosity and the coefficient of voluneetri
expansion of fluid, respectively. The second expressiofrof
in equation (2) applied when the density difference is duaeo
difference in temperature of the jet and ambient fluids utieg
Oberbeck-Boussinesq approximation.
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When the ambient fluid is linearly stratified, the fountaihe
ior will also be governed by the stratification parame3gr

i dpaz
Pao dZ
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where pao and p,z are the densities of the ambient fluid at
the bottom (i.e., aZ = 0) and at heighZ. If the Oberbeck-
Boussinesq approximation is vali can also be represented
by the temperature stratification parameder
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dz
whereT, 7 is the temperature of the ambient fluid at the height

(4)

than the homogeneous case; The occurrence of asymmetry and 7. However, the dimensionless form 8f as defined below, is

three-dimensionality becomes much earlier wiReror Fr in-
creases.

Introduction

Fountains are presented in many industrial and envirorethent
settings, such as in natural ventilation, volcanic erugjau-
mulus clouds, reverse cycle air-conditioning, to name a f&w
fountain occurs whenever a heavier fluid is injected velttica
upward into a lighter fluid or a lighter fluid is injected verti
cally downward into a heavier fluid. In both cases buoyancy
opposes the momentum of the jet flow, leading to gradually re-
duced vertical jet velocity until it becomes zero at a cerfaite
height. After that, the jet flow changes its direction and 8ow
back around the core of the upward or downward flow and an
intrusion forms on the bottom which moves outwards.

In a homogeneous ambient fluid, the fountain behavior is

normally used instead,
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whereBa; = (T,z — Tap)/(Tao — To) andz= Z /Xy are the di-
mensionless temperature of the ambient fluid at hefghnd
the dimensionless height, respectively.

A fountain can be classified as either “very weak'(®r < 1),
“weak” (1 < Fr < 3), or “forced” (Fr > 3) [2]. The major fea-
tures of a forced fountain include the buoyancy force is weak
than the source momentum flux (thus also called “strong” foun
tains); the inner upflow of the fountain fluid behaves like a
turbulent jet with strong mixing and entrainment of the am-
bient fluid (thus also called “turbulent” fountains) whilket
outer downflow of the fountain fluid behaves more like a dense
plume; both the upflow and downflow continue to develop along



their trajectories so the flow never attains self-simijaaitd the
flow statistics vary with the axial location and the Froudenau
ber; and the fountain penetrates a large distance into tie am
ent fluid. On the other hand, in very weak or weak fountains,
the discharge momentum flux plays a less important role than
the negative buoyancy flux and the flow is in the laminar or
transitional regime (thus also called “laminar” or “tratinal”
fountains). For these weak fountains, it has been shown that
their flow behavior is considerably different from that ofded
fountains (see, e.g., [1, 2, 3, 6]). For example, it has beews
that Z,, is smaller tharRy for weak fountains while for forced
fountainsZy, is much larger thaiRg, whereZy, is the maximum
fountain penetration height; there are no distinguishapleard

and downward flows in weak fountains, instead, the strea@slin
curve and spread from the fountain sources, while in forced
fountains, the upward and downward flows are clearly distin-
guished; there is usually little entrainment of the ambfand

into the fountain fluid in weak fountains while such an emtrai
ment is one of the major activities occurring in forced fains;

the Reynolds number affects the penetration height in lamin
fountains whereas in forced fountains it does not.

The onset of instability and unsteadiness in fountainsescdy

to elucidate the mechanism for the generation of turbulence
entrainment in fountains but is not well understood, altitou
some attempts have been made recently for transitional foun
tains in homogeneous fluids [5, 6, 7]. Nevertheless, no study
has been found to explore the onset of instability and udstea
ness in transitional fountains in stratified fluids wheregtrat-
ification of the ambient fluid complicates the mechanism ef th
generation of turbulence and entrainment in fountainsclvhi
motivates this study.

In this study, a series of direct numerical simulations (NS
were carried out for transitional round fountains in thegem
of 1 <Fr <8, 100< Re <500 both in a homogeneous fluid
and in a linearly stratified fluid with a constant dimensiasle
stratifications = 0.03, aiming at providing insights into the on-
set of asymmetry and three-dimensionality in transiticoahd
fountains in a linearly stratified fluid when compared to tihat
a homogeneous fluid.

Numerical Methods

The physical system under consideration is a vertical tE@rcu
container containing a Newtonian fluid initially at rest aaid
either a uniform temperature d§ (in the homogeneous case)
or a constant temperature gradiefi, z/dZ (in the stratified
case), the sidewall is non-slip and insulated and the topés o
On the bottom center, an orifice with radidg is used as the
fountain discharge source. The remaining bottom region is a
rigid non-slip and insulated boundary. At tinhe- 0, a stream
of fluid at Tg (To < Ta for the homogeneous caseTor< T, g for
the stratified case) is injected upward into the contairenfihe
source to initiate the fountain flow and this discharge ismai
tained thereafter.

The flow is governed by the Navier-Stokes and temperature
equations, which are discretized on a non-uniform mesh us-
ing finite volumes, with standard 2nd-order central differe
schemes used for the viscous and divergence terms. The 3rd-
order QUICK scheme is used for the advective terms. The 2nd-
order Adams-Bashforth and Crank-Nicolson schemes are used
for the time integration of the advective terms and the diffa
terms. The PRESTO (PREssure STaggering Option) scheme is
used for the pressure gradient. The ICEM technique is used to
create O-Type Multiblock Hexahedron meshes. The numbers
of grids used are in the range of 4 to 5 millions. All DNS were
carried out using Ansys Fluent 13.

Results and Discussions

Typical Evolution of Fountain Flows

The typical evolution of fountain flows, both in homogeneous
and in linearly stratified fluids, is presented in figure 1Fok 2
andRe = 200. The dimensionless temperature stratification for
the stratified case is= 0.03. The figure clearly shows that
although thisFr = 2 andRe = 200 fountain, both in the ho-
mogeneous and stratified cases, maintains axisymmetry for a
very long time since initiation, it eventually becomes asyet-

ric and three-dimensional at a quite late stage of developme
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Figure 1: Typical evolution of &r = 2 fountain atRe = 200

in both a homogeneous fluid (two columns on the left) and a
linearly stratified fluid as = 0.03 (two columns on the right).
The first and third columns are temperature contours in the ve
tical plane through the symmetry axis of the cylinder, arel th
second and the fourth columns are temperature contourgin th
horizontal plane at height = 0.5Z,j, whereZn, is the initial
fountain penetration height. The gravity acts in the negater-
tical direction. The top to the bottom rows correspond taesm

t =20, 40, 120 and 200, respectively, where the tineemade
dimensionless b¥o/Vo.

Behavior under the Effect of Re

Figure 2 presents the temperature contourSrof 2 fountains
with Re = 100, 200, 300, 400 and 500 in both a homogeneous
fluid and a linearly stratified fluid at steady state. It sholat t
the Re = 100 fountain maintains axisymmetry all the times, for
both cases. However, whéte > 200, theFr = 2 fountains be-
come asymmetric and three-dimensional for both cases. It is
clear that a criticaRe exists between 100 and 200 fér = 2
fountains which divides the fountains to become asymmetric
and three-dimensional or not. However, to determine this cr
ical Re value, further simulations must be carried out which is
beyond of the scope of the current study. It is also spedllate
that for each of the othd¥r fountains there should be a critical
Re to divide the fountains as axisymmetric or asymmetric and
three-dmensional.

A more clear indication of the onset of asymmetry and three-
dimensionality in a round fountain is represented by thgéah
velocity on the interfacial surface between the fountaindflu
and the ambient fluid, which is defined as the surface where
the fluid temperature i§T; — 0.01(Ta — Tp)] for the homoge-
neous case ofTyz — 0.01(Taz — To)] for the stratified case.
For a round fountain that maintains axisymmetry the tangent
velocity on the interfacial surface between the fountaindflu
and the ambient fluid must be zero (theoretically) or nelgligi



small (due to inevitable numerical errors in DNS). Such iinfo
mation is presented in figure 3 for the = 2 fountains with
varying Re in both a homogeneous fluid and in a linearly strat-
ified fluid, where the time series & /V; of each fountain are
shown. The results clearly show that for th€se= 2 fountains,
whenRe= 100,\t /g is less than 0.1% all the times, indicating
this fountain maintains axisymmetry anytime, which is inesgy
ment with the results presented in figure 2. Neverthelesenwh
Re > 200, theFr = 2 fountains maintain axisymmetry only in
the developing stage (wittk /Vo ~ 0) and become asymmet-
ric and three-dimensional at fully developed, steady staiti
the tangent velocity at the order of the fountain inlet valoc
It is also observed that for the sarRe, in general ther = 2
fountain in the stratified case has stronger extents of agtngm
and three-dimensionality than that in the homogeneousasase
the occurrence of such asymmetry and three-dimensioniality
also earlier than the homogeneous case. In a linearlyfstchti
fluid, the fountain penetrates a shorter height, due to thteice
tion of the stratification, than in a homogeneous fluid ancchen
the fountain flow falls down earlier in the stratified casejakih
in turn leads to earlier occurrence of the asymmetry ancethre
dimensionality. Furthermore, it is clear that the occuceenf
asymmetry and three-dimensionality in fhie= 2 fountains be-
comes, in general, earlier wh&e increases.
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Figure 2: Steady-state temperature contour§of= 2 foun-
tains with varyingRe in both a homogeneous fluid and a lin-
early stratified fluid as = 0.03. The first and third columns are
temperature contours in the vertical plane through the sggmm
try axis of the cylinder, and the second and the fourth colmn
are temperature contours in the horizontal plane at height
0.5Znj. The top to the bottom rows correspondRe = 100,
200, 300, 400 and 500, respectively.

Behavior under the Effect of Fr

Figure 4 presents the temperature contoufsrof 1, 2, 3, 5 and

5 fountains, all aRe = 200, in both a homogeneous fluid and
a linearly stratified fluid at steady state. It clearly showatt
the Fr = 1 fountain maintains axisymmetry all the times, for
both cases. However, d@fr > 2 fountains become asymmetric
and three-dimensional for both cases. It is clear that &alit

Fr exists forRe = 200 which divides the fountains to become
asymmetric and three-dimensional or not. However, sintdar
the criticalRe case as addressed above, to determine this critical
Fr value, further simulations must be carried out which isagai
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Figure 3: Time series of; /\p of Fr = 2 fountains with varying

Re in both a homogeneous fluid and a linearly stratified fluid
ats= 0.03, wheré\ is the tangent velocity on the interfacial
surface between the fountain fluid and the ambient fluid. The
timet is made dimensionless B¢y /\p.

beyond of the scope of the current study. It is also spealilate
that for each of the othd®e values there should be a critidat
which divides the fountains as axisymmetric or asymmetrit a
three-dmensional.

The time series oft/Vp of Fr =1, 2, 3, 5 and 5 fountains,
all at Re = 200, are shown in figure 5 for both the homoge-
neous and stratified cases. The results clearly show that the
Fr =1 fountains maintains axisymmetry all the timesyg&/

is less than 0.1% anytime, which is in agreement with the re-
sults presented in figure 4. Nevertheless, wken> 2, these
fountains aRe = 200 maintain axisymmetry only in the devel-
oping stage (with; /Vp ~ 0) and become asymmetric and three-
dimensional at fully developed, steady state, with the ¢ang
velocity at the order of the fountain inlet velocity. It issalob-
served that for the sant&, in general thére = 200 fountain in

the stratified case has much stronger extents of asymmedry an
three-dimensionality than that in the homogeneous cas¢hand
occurrence of such asymmetry and three-dimensionalitis@s a
earlier than the homogeneous case, with the same reasaning a
discussed above. Furthermore, itis observed that the @rwe

of asymmetry and three-dimensionality in tRe = 200 foun-
tains becomes much earlier whBe increases. In thér =8
case, the fountain in the stratified case becomes asymraattic
three-dimensional at abotit= 30, while that in the homoge-
neous case, this happens at aliout90.
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Figure 4: Steady-state temperature contours of fountains a
Re= 200 with varyingFr in both a homogeneous fluid and a lin-
early stratified fluid as = 0.03. The first and third columns are
temperature contours in the vertical plane through the sgfmm
try axis of the cylinder, and the second and the fourth cokimn
are temperature contours in the horizontal plane at height
0.5Zn,i. The top to the bottom rows correspondfo=1, 2, 3,

5 and 8, respectively.

Conclusions

The direct numerical simulations for transitional roundirie
tains in the ranges of £ Fr < 8, 100< Re < 500 both in a
homogeneous fluid and in a linearly stratified fluid with a con-
stant dimensionless stratificatisn= 0.03 show that the onset

of asymmetry and three-dimensionality in a transitionairfo
tain can be detected by the tangent velocity on the intexffaci
surface between the fountain fluid and the ambient fluid. The
results also demonstrate that a criti€¥& exists between 100
and 200 forFr = 2 fountains, or a criticaFr exists between

1 and 2 for fountains &ke = 200, which divides the fountains

as either axisymmetric or asymmetric and three-dimeniona
When Re > 200, theFr = 2 fountains maintain axisymme-
try only in the developing stage and become asymmetric and
three-dimensional at steady state, and the stratified aséh
general stronger extents of asymmetry and three-dimeai#tipn
than the homogeneous case. WHan> 2, the fountains at
Re = 200 maintain axisymmetry also only in the developing
stage and become asymmetric and three-dimensional aystead
state, and the stratified case has much stronger extentgrof as
metry and three-dimensionality than the homogeneous case.
For all these fountains the occurrence of asymmetry an@thre
dimensionality in the stratified case is earlier than in tie h
mogeneous case, and the occurrence of asymmetry and three-
dimensionality becomes much earlier whHeaor Fr increases.

It is apparent that the determination of the exact criticdligs

of Re or Fr for transitional fountains needs further studies.
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Figure 5: Time series of; /\p of Re= 200 fountains with vary-
ing Fr in both a homogeneous fluid and a linearly stratified fluid
ats=0.03.
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