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Abstract

Tn this puper we present experimental measurements of buoyancy driven turbulent exchange [low in a vertical pipe
{L{d ratios of 9 12). The flow is driven by an unstable density difference across the ends of the pipe, croated using brine
and distilled watcr. Away [fom either end, a fully developed region of turbulence exists with a lincar density gradient.
Using 4 mixing length model that accounts for the end effects, we obtain the turbulent scales and flux. The Nussell nom-
ber scales like the square root of the Rayleigh number (Nu ~ Ra'™®). We give an empirical relation 1o quantify the end
effects and henee caleulate the lux of the salt (NaCl) given the aspect ratio of the pipe and the overall density difference
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1. Infroduction

Thus paper fs concerned with tyrbufent natural con-
vection in a long vertical pipe subject to an unstable den-
sity difference across the two ends, In (he present paper
wo model the main mechanism that drives the tarbulent
flow, validate the model with experimental measure-
ments and extend it to general cases. Wo discuss the
tmplications of the madel on the behaviour of the flux
described in terms of a Nussell number.

Fig. | shows the schematic of the flow. The pipe is
conmected by two tanks, with the top tank fluid having
higher densily than the bottom tank fluid. The two fluids

¥ Comespanding anthor. Tel.: ~91 8 293 3228; fax: ~91 80
350 0648.

F-motl address; jaywant@mecheng jisc.erpetin {II1. Ara-
keri).

arc misiible. The incompressibility of the finids implies
that the cross section average ol the axial velocity at
any nstant was zero. This type of Haw—where the net
flow 15 Zero—is 1ermed ‘cxchange flow’ [1,2]

Most of the earfier work on exchange flow [1,2] has
been in the context of the fire safety of buildings. Two
types of studics have been doue of flow through vent(s)
connecting two cnclosures, one above the other. One is
flow due to the combined action of pressurc und density
differences across the vent, for cxumple, as discussed n
Tan and faluria [2], and the other type is due to density
difference alone, for example as studied i Hpstein 1],
The present flow is related to the latter type. Epstein {1}
experimentally studied the buoyancy driven exchange
{counter-current) flow through single or multiple open-
ings with both squarc and circular cross sections in hor-
izontal partitions, using brine above the partition and
fresh water below the partition. The openings were tubes,

0017-9310/5 - see front maiter @ 2003 Elsevier Ltd, All fghts seserved.
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Fig. 1. Flow schematic, and a typical irnstantaneons axial
velocity profile. The axial velocity averapes to zerg over Lhe
cross section al any given instant. The averages at any point
over time of the velociliss are zero as well.

projecliag into the enclosures. The L/d ratios of the tubes
were in the range 0.01-10. With a single opening, four
different flow regimes were identified as I/d and Ap were
changed: a regime where an oscillatory exchange flow
tukes place which could be approximately explained by
a lincarized Taylor-wave theory {regime I), a Bernoulli
flow rcgime where the dynamics is well explainced by an
inviscid exchange fiow modet by the application of the
Bemwoulli theorem (3] {regime IT), and at the largest L/d
ratios the exchange can be explained by turbulent diffu-
sion, wlter Gardener [4] (regime I'V). The combined
effects of turbulent diffnsion and Bernoulli flow are ob-
served i regime 111, which is modeled as Bernoulli type
of Bow at the ends of the tube and as a turbulent diffuston
at the center of the tube. The peak mixing rate occurs in
regime {1 A different behaviour at each opening was
observed when multiple openings were present. The anal-
ysis of this puper covers regimes 11 and IV,

Arakeri et al. (5] have studicd the exchauge flow in
vertical pipes. The flow s deiven by density difference
across the pipe vreated using brine and fresh water, In
different experiments, various combinations of pipe
diameter and length are used fo get a range of Rayleigh
number Ke = g{Aplops.)d v rom abont 10° 1o 10%
Using flow visualization, they identified four tvpes of
flow as a function of the Rayleigh number. At low Ray-
leigh munbers the flow is laminar, half-and-half (up and
down flowing fluids are side by side). Ay the Rayleigh
number is increased, a helical strycture is pbserved, with
the up and down-tlowing fluids now forming a double
helix, At still bigher Rayleigh numbers the fow becomes
unsteady, but still remains laminar. Finally beyond
about Ra = 107, the flow was seen to be turbulent with
a range of scales. They measured the average salt
conceniration in the top tank as a function of time
and related the rate of change of the average concentra-

tion to the average flux of the sall in the pipe. For the
lurbulent flow, they developed a mixing length model
with the length as the diameter of the pipe, In the turbu-
fent case, the measured flux scaled like Ap™? as predicted
by the model. The laminar fux wus higher than the tur-
bulent flux. The convoluted paths in the turbulent flow
taken by the fluids from cilher tank while flowing past
cach other and the mixing results in the lower flux in
the turbulent case.

In the present study, we consider oaly the turbulent
exchange flow which occurs at R > 1 % 10%, We concen-
trate on {lux scaling for the cxchange twbulent flow in
large AR vertical pipes; the detailed structure of the tur-
bulence is described in Cholemari [6) We include in the
analysis the effects of the developing flow at the pipe
ends. We report experiments measuring boil the density
and the veloaty fluctnations.

The aspect ratio 4R (length-to-diameter ratio, L/d)
of the tubc was between 9 and 12, We used brine and
distilled water for creating the density difference. The ra-
tio of the diffusivities of momentum and salt, given by
the Schmidi number, Sc¢=v/x, 15 about 670, with
and o being the kinematic viscosity of water and the dif
fusivity of sakt respectively. The Raylkeigh unumber,
Ra—-g(Ap/pUL]cﬁfm, was of the order of 10%, wherc
Apr is the density difference between the top and the bot-
tom tanks, gy is the density of watcr und g is the accel.
cration duc {0 gravity. This definition of Ra involving
L and o is appropriate for this probiem.

For the turbulent fiow wo lound that the time meuns
of the axial and laleral componenis of the velocities at
gach point were zero 6% Thus there is no mean flow
and no mean shear which [mplics that turbulence pro-
duction is only due to bnoyancy znd none due to shear,
Away [rom the ends of the pipe the turbulence was fully
developed, or homogeneous in ihe axial direction. In
particular, it can be shown thal in the fully developed re-
gion the gradient of density is linear. The flow is driven
by a lipear upsiable deusity gradiont.

The rest of the paper is organized as folfows. In Sec-
tion 2 we describe the experiments condugted. Next (Sec-
tion 3) we describe the modcling of the turbulence using
the mixing length type arguments. Using experimenial
data we then extend the model (o include the effects of
the ends, and determine the prefactor in case of the Qux
scaling. We discuss the flow in relation with the Ray-
leish—Benard convection and conclude.

2. Experimcnts

ECxperimenis were done to produce turbulent convee-
tion in long vertical glass pipes, and mcasure the flow
characteristics, We visnalized the flow and mcasured
the velocities in the mid-section of the pipe, and the
overall flux of salt within the pipe.
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The setup (Fig. 2) cssentially way a 30 mm diameter
glass pipe connecting two tanks TT (Top) and BT
{Bottom). The flow is visvalized through a rectanpular
water filled glass tank surrounding the pipe to minimize
refraction errors. To prevent stratification in the tanks,

BT

PR

B e L e

i e

e

Fig. 2. Schematic of the experimental sel-up; see text for
netation,

a

the fluid in each tank is conlinuously mixed. A small
aquariutg pump P circulated the fluid in each tank; hea-
vier fluid wuas withdrawn from the botiom of the tank
and re-intraduced near the top of the tank through per-
forated pipes (PP). The fluid coming out of PP mixcs
with the surrounding fluid as it flows dewn, preventing
stratification with minimal disturbance to the flow.
The continuous mixing of fluids in the two tanks
gives a well defined boundary condition at the two pipe
crds.

Luitially the top tank contains brine while ihe bottom
tank and the pipe contuin distilled watcr. A stopper sep-
arates ihe lwo ifuids; the experiment is inivated by
removing the stopper. Once the experiment is started,
the fluids from the two tanks mix due to the flow
the pipe, contintously reducing the density difference.
The flow thus slowly deeays. Typical experiments lasted
ahout three hours, bt the fow was turbulent only for
about the first 100 min. In our experiments the valucs
of Ra varied from 5% 10° down to 5x 107, However
the flow was tarbulent for Ru larger than 1 x 10°, The
data considered for this papcr is (rom the furbulent
regime.

The flow visyalizations (Fig. 3) indicate the flow to be
random and three dimensional, with a high rate of mix-
ing. The flow images are from tho central homogeneous
region, and are visualized with ¢ 1.4 mm thick laser
sheet, The process within the pipe is one of overturning
and mixing and there is no mean flow. As mentioned
above, the mean shear I thus negligible and buoyancy
is the only source of turbulent kinetic energy. The
pipe wall just contains the flow and has no role n the
production of turbulence. The images alse show the flow

b

Tig. 3. {a) Partlicle streak image at Rz ~ 2.5 x 10% and (b) Fluorescence dye visualization at Ra ~ 1 x 10%. The images show the flow Lo
be random and to consiat of a range of velocity scales (a5 seen in a range of streak lengths in (a)) and concentration scales (Shown by the
varution of image brightness in {b)}. The area visualized is 50 mm x 50 mm in (2] and 50 70m % 67 mm in (b). The pipe is vestical in the

imagss.
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Table 1

Specifications of dizgnostics used in the experiments

Technique Spatial  Temporal Dynamic  Lrror

mesufts  resnits range
PIV 1.6/3.2 ls 1-50 ~ {15
mim? mm/s mm/s
Probe NA 408 12 1353 03.1%
gfl TSD

? 1.6 mm with 50% overlap.

to consist of a range of velocity and concentration
scales.

We measured velocitics at the middle of the pipe i
the axial planc using planar Particle Image Velocimetry
(I"TV) and the salt concentration in the wp tank using a
conductivity probe {CRICN SENSORLINK, model
PCM100). Pipes of aspect ratios 9, 12 and 15 were used
in the salt concentration exporiments, while the velocity
measurements were done with the AR =9 pipe. The iui-
tial concentration of salt in the top iank was always
10 kg/m®, corresponding o an Atwood number Af -
(or — pr)/{er - ppy=0.0035 Table 1 gives the smm-
mary of the diagnostics. The details of ¢l experiments
are i Cholemari {6}

Knowing the rate of variation with time of the salt
concentration i the top tank, we can calcwlate the con-
centration difference AC and the flux of the salt concen-
tration Fusing an integral balance of the mass of the salt
within the pipc;

My — Cel)(Fr+ V()

Uity = 1
Bl Vpl2 Vo ()
R Cr(f)(V1+ Vo + Vp) =My
AC(I{I = {7 — CB = - If},ﬁ 1 Vs {2)
F=p,VrdCr/fdr : : (1)

In the above, (7 and Cp are the top and bottom tank
concentrations und AC the concentration difference; V.
Vg and Vp refer to the volumes of the top and bottom
tantks and the pipe, respectively; 4z is the cross sectional
arca of the pipe and Mg is the lotal mass of the salt in
the set up. The concenirations are related to the deusity
by,

op
Ap = pyIAC
p=p, FAp=pg+ pBAC (4]

where p, is the density of water and § = 0.72 for the salt
congeniration range encountersd i the cxperiments. Ap
is the density ditference between the top and bottom
tank fluids,

Fig. 4 gives the flux of salt ugainst the concentration
difference. The insct gives the variation with time of the
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Fig. 4. Plol of the mcasured salt flux versus the sall conven-
rration difference, Flux versus time iz shown in the inset.

average top tank concentration. I is scen that the over-
all variation of the flow is slow. Typically an experiment
Iasts for about 100 min. The flow could thus be consid-
ered quusi-steady for perjods of a few minutes.

3. Maedel

We ntow show that the fully developad turbulence in
the central region can be deseribed in terms of a single
length svule, the diameter of the pipe. The flux of salr,
the fluctuations of velocity and the salt concentration
are givetl by (his description to within prefactors. The
flow at the pipe ends is expected to be different. We
extend the mixing length argwments to include the end
effects. This enables us to obtuin the prefactor in the dux
relation as well as Lo give a relation for the salt fiux in
termas of the aspect ratio, the overall density difforence
between the two tanks and the pipe diameter.

For a long cnough pipe (Z/d 3 1), away from the
two cnds the flow must be homogeneous in the axjul
direction with a linear density gradient. The present flow
may be compared with the fully Jdeveloped pressure dri-
ven pipe flow. In the latter, the flow iz homogeneous
(away from the entrance) in the axial direction and dni-
ven by « lnear pressurc gradient; in the present flow, the
homogenzous flow is driven by a lineur {unstable) den-
sity gradient.

First we consider the central homogeneous tegion.
The only relevant paramcters are the pipe diameter, d,
{he density gradient, dp/dz, g, v and o, The two molecu-
lar parameters v and « are not relevant for a (urbulent
flow. Then dimensional analysis gives the scales for den-
sity fluctuations pf, velocity fluctuations »' and sait flux
—a% — {we) = —{we} as
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AP
o !vl’ g{japft‘z}dzaf'rpg = Wi (5}
p" ~ (apfa‘z)d = (6}
Wy 3
"o F, f?)
Bey k

Wherce W, pm and F,, arc the mixing length scalings for
the fluctuations of velocity and density and the flax of
salt respectively. Thus we may write the flnx 7 as

'8/ po(Bp/ee)
Bey ’

The constant ¢, needs to be determined from the
gxperiments.

Physically, the scales may be interpreted as foliows. A
coherent region of fluld {a fluid particie) scales with the
pipc diamecter in the fully developed region. The velocity
scale can be can be thought as a *free fall’ velocity of the
tiuid particle heavier {or lighter) than the surrounding
fiuid by an amountl p’ falling (or rising) through a dis-
tance ¢, 1.e., the length over which the comelation exists.

There would be 2 development region near the pipe
ends with non-linear demsity gradient (Fig. 3} where
the distance from the prpe ends would hecome important
in addition to the pipe diameter, Because uf the nou-lin-
ear density gradient, the (unknown) lincar density gradi-
ent at the central region would be different from Ap/l.
(Le., OpfCz # Ap/L),

The parameters relevant to the end regions are £, the
extent of end region, and Ap,, the density drop at the
ends (scc Fig. 5). For a turbulent flow these parameters
depend only on the flux and the diameter, as the molec-
ular parameters are not important. The flux is the same
throughoul the pipe. From (8} we see that flux depends
on (3p/C z) und d. Thus Ap, und L, ure the funciions of
the parameters at the central region, viz. 8p/dz and 4.
Thus, from dimensional analysis

F= Cm-{‘ " = Cm (8)

Pr Apg

L

Pe

Fig. 5. Schematic of the end regions. The density drops by Ap,
over a distance .. The density variation is non-linear.

o

ogr
Apc = k.o E d-‘
Le = fiid,

-
D
e

Thus,

& 1 —-2LJL N\ 1 (10)
ApfL A1 =2ApjAp) — Y420k, — k) /AR :
The Rux is then given by

fo o Y2 AN 32
e, P G [p)

Bos Oz
_ o &l (AN 0
r_“ﬁ—'""" "'E—"_ : L
Py :
with,
¢ Co (12)

(1 20k, - ) fARYE

In the limit of large AR, the cntry regions bocome
negligible in comparison with the length of the tube
and €, — . Fig, &{a) shows the experimentally ob-
tained values of C, in the experiments of [1,5,7]. Adso
shown is the fit for the data for 4R 3, where a fully
developed region is capected o exist at the cenler,
shown as filled symbols. The fit constants are

C, —0.88 (13}
and

ki—kr=2.1. {14
With these values, (12) hecomes,

C. = & (13)

(1 4+ 4.2/4R)

The fit extended towards smaller AR is shown as the
dashed line. It compares quite well with the experimental
duta cven at smatl 4R where the assumption of the exis-
tence of a central homogeneous region will not be valid.
Velocity measurements near the ends indicate thut there
15 « development region of about one diameter and so we
can take 4z =1 which implies &, = 3.1, which means
that the density drop at the pipe cnds i3 aboul three
limes the density drop over one diameter length i the
central region. The presence of the end regions reduces
the lincar density gradient in the centre of the pipe and
hence the fux. It follows from Eqs. (9} and (10)

A:Ou _ kﬂ

Ap AR +20k, — k)

L_H& (16)
5 AR

These parameters are plotted in Fig. 6(b). It is seen that
by ahout 48 — 10, the end regions extend only to about
1076 of the pipe length at each end, but they account for
about 40% of the total density drop across the pipe.
These reduce (o Tespectively 3% and 25% by AR =20
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Fig. 4. (a)} G, from experiments (filled symbofs), and the model
fit {shown as solid line} against the aspect ratio L/d. The dashed
line is the exlension below Lid=3 (clear symbols). {b) End
cffects calvwdated according to lhe model, Shown are lhe
fraction of the total concentralion drop occurring at cither end
{Ap./dp) as well as the cxlent of the region (Z./L).

., the mixing length prefactor, is expected to be
independent of the specific conditions of the flow, like
AR, Apfpg, ele., and is expected Lo hold when the condi-
tiony of a single lenglh scale and the linear dengity gra-
dient are met.

Ta compare Eq. {13) with the resulis of Epstein (1],
we pote that, Eq. (22) in that paper, when written sunilar
to Faq. (11), shows
. - 4/ % 0.093 _ (0

[ 487 +0.084(1 — 0.4/4RY’|

The mixing length prefactor calculated from {17) in the
limit of large AR, Cr-» Cp = 4_:’71[0.093;%!’@84) =
0.4]. We surmise that the data lcading to Eq. (22} in Ep-
stein. consists in part of non-turbulent data, leading to
the deviation from (13).

The flux relation (11) writlen in terms of the Nusscll
utnber (the non-dimensional flux), and the Reynolds

mumber using w' (~w,,) and d have the following sca-
lings with the Rayicigh number:

N =_‘~:fhtx>:c, Ao lis (18]

il AT oz et 8o e (18]
’d ; i

Re = Hl’ ~ Rat*Se e, {19

Note also thal Ve -— C.',,.JRaI"ZSCI’rZ tor very large AR,
which is another way of locking at Eq. (18) when the
Nugselt number i3 defined using the density differcnce
over g certain length say, one diameter, (n the lingar gra-
dient reglon.

Fig. 7{a) compares the rms velocities obtained from
Pi¥ mcusurements to the velocity scale obiained from

12

10

[==]

velositizs, mm/s
[#2]

sl
o
8] 50 109 180 200
a tifiie, minutas
' - AA=B
e ANEYE
-~ AR=1E
'.‘%_l
14} B
A
oo ST
) A
i 1.2r bk
1
1 L
0.9 1
0 BO 1 2 3 4 ol
b Ba x10°

Fig. 7. (a) Velocity scaling sccording to the mixing lengih
model (lines), vompared with the measured velocities (filled
symbols—laleral velooity, open symdals—axial velocity). (hy
Tlux of sult normalized with the flux according Lo the mixing
langth model, €,F,. The constani regions during the experi-
mens shows the validity of the hvpothesis. The pipe diameter is
30 mm.
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the model using the density tmeasurcments (Egs. (5) and
(#4)) in the top tank. Here the average of the RMS veloc-
ity calenlated over every 10 min over the pipe cross sce-
tion area is plotted with time. It is scen thut the scaling is
good for the regime under consideration, both the axial
and latcral velocitics following the mixing length sculing
W However beyond about 100 min when the flow is no
longer turbulent, the agreement is poor, Fig. 7(b) shows
the turbulent fux normalized with the flux obtained
from the model (Eq. {11)). The value is constant and
within 10% ol unity for an extended runge of the Ray-
fcigh number. However, at lower Rayleigh numbers be-
low 1% 10%, the turbulent sculing is not appropriatt and
the normalized Muxes rise sharply above nnity. The ﬂow
is not turbulent for Ra < 2 x 10%.

The overall uncertainly in the measured flux scaling
is obtained from Eg. (8) as

4 3 CAa
F o 2Ap (20)

T'he worsl case is at the smalizst density diflerences,
wherc the error is about 1.5% (see Table 1).

The Nusselt nomber relation (18) is of the same form
as the theorclical expression of Kraichnan [8] for
Ruyleigh—l3énard [R-B) convection at very high
Raylcigh numbers of the order of 10'%, where the Sow
mechanics is expected to be dominated by the processes
in the bulk of the flow, away from the walls. However,
no experimental evidence for the Ra'? regime is seen
in R B convection, cven at very high Rayleigh numbers
of about 10'7 achieved so far in the experiments 9] An
umportant difference borween the two types of flows is
that, in R B convection, even at high Rayleigh numbers,
boundary lavers exist near the (wo horizontal walls and
have an eficet on the flow, whereas in the present flow
boundary Javers are abseni.

[t can be shown that the flux obtained for a given
density diflerenice in the present flow is mach higher than
the flux in R~B convecotion at the same density differ-
enee, To do this, we first obtain the prefactor in Eq.
{18) to be 0.0752 ut unit aspect ratio (as we want to cou-
parc with R—B conveotion which s al about unit aspcet
ratlo or lower) using Eq. (12). Nussclt number at
Ra = 10% und Se =670 then twrns out 1o by ~1950. To
obtain a similar estimaic in case of R B convection,
we use the \.xpc,runental correlation of Globe and Drop-
kin [10} Mu ~ 0.097Ra>. This is for a Prandtl number
of 100, but we asswme its validity for Pr = 670 and esti-
mate the Nusselt number at the sume Rayleigh number
to be much smaller, ~435.

4, Conclusion

In this paper we have described a purely buoyancy
driven turbulent flow in long vertical pipes, with a fully

developed region of turbulence with an unstable linear
denyity gradienf. Using a mixing length theory and
dimensional arpuments, we have developed a relation
for the flux in the present turbulent convection. The
unalysis includes the effocts of the ends. Experimental re-
sults have been used Lo validate the predicted scaling and
to obtain values of the constants in the flux relations.
Eq. (11) with % determined empirically in (15) is the
relation for the flux. The flux is a function of the concen-
tration difference, the pipe length and the aspect ratio.
The scaling relations for the velecily fluctuations are
well predicted by the model (Eq. (5) and Fig. 7{a)). This
is of use in desipn practice, [or example, when air fluses
need to be calculsted across a staircase conmecting
rooms with different temperatures.

The mixing length model implies the Nusselt number
to scale as NRa"°, in conirast to R—B convection for
similar Rayleigh numbers as in the present flow, where
it goos like ~Ra", with 2/7 <n < 1/3. The absence of
the top und bottom horizontal walls und the associated
houndary layers in the present flow mainly accounts for
this large differcnee.
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Convection in a long vertical tube due to unstable
stratification — A new type of turbulent flow?

Jaywant H. Arakeri*®, Fransisco E. Avila', Jorge M. Dada and Ramon O. Tovar

#Department of Mechanical Engineering, Indian Tnstitute of Science, Bangalore 560 012, India

Centro De Investigacion en Energia, Temixco, UNAM, Mexive

We present experimental results of free convection in a
vertical tube due to an unstable density ditference im-
posed between the two (open) ends of the tube. Two
tanks of fluids connect the two ends of the tube with the
top-tank fluid heavier than the bottom-tank fluid. We
use salt mixed with water to create the density differ-
ence. The convection in the tube is in the form of relfa-
tively heavier fluid going down and lighter fluid going
up simublancously; the mean flow at any cross section of
the tube is zero. Depending on the Rayleigh number we
observe different types of flow, with turbulent flow be-
ing ohserved at the higher Raylcigh numbers. We be-

Yieve this is a new type of turbulent flow —a nearly

homogeneous, buoyancy-driven flow with zero mean
shear. :

FLows caused by buoydney, called free or natural convee-
tion, abound in naturc and engineering, The convection
ohserved on a hot road surface in no-wind conditions is an
example. Convection is generally caused by wvostable
stratification (for example, density increasing with height
in a gravilational ficld). Density gradienls are often
caused by a temperature gradient, or a gradient of concen-
tration of some species (e.g. salt in the oceans, water va-
pour in air). The. dynamics in free-convection flows is
mainly delermined by the Rayleigh number —a measure
of the ratio of buoyancy farces to diffusive clfects.

Two simple configurations af free convection have
been extensively studied, viz. Rayleigh—Benard convec-
tion and Rayleigh-Taylor instability. Rayleigh—Benard
(R--B} convection is convection of a fluid between two
horizontal plates, with the bottom plate hotter than the
top plate. Because of the temperalure difference, the
fluid density increases trom the botfom plate to the top
plale. However, befow a critical Rayleigh number, even
though the stratification is unsiable, therc is no flow
(conveetion) and heat transfer is entirely by conduction;
the Rayleigh number increased beyond this critical
value results in laminar convection, often in the form of
rolls, and a further increase in the Rayleigh number
leads (o turbulent convection {see ref. 1.

B correspondenze. (g-mail: jaywant@mecheng.iisc.ernet.in)
iSadly, Fransisco passed uwway during the writing of this paper. We
heve fond memorics of him.
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Rayleigh-Tayior instability occurs when a layer of
heavier fluid (say salt waler) lies on top of a layer of
lighter fluid (say fresh waler). Dalziel ez al.? report re-
cent work on thiz subject. In this configuration the lay-
ers can be in equilibrivm; pressure vacies linearly with
depth in each of the layers. But this ts unstable equilib-
rium: a small perturbation of the interface increases the
pecturbation indefinitely with the heavier {luid trying to
go down and the lighter fluid trying to go up. Some
mixing between the top and bottom fluids oceurs during
the overturning. Fventually motion ceases and a stable
density gradient is obtaincd. For an immiscible pair of
Auids of say waler over air there is negligible mixing
and, eventually, the water and air layers just interchange
places. One common way of doing a Rayleigh—Taylor
stability experiment is to have a thin plate jnitially
separating the two fluids which is then rapidly pulled
awey. : .

In this article we describe preliminary resujts of {ree
convection in a vertical tube. The setup is similar to a

" Rayleigh-Taylor stability setup, except that we have a

long vertical tubce between the tanks containing the
heavier fluid at the top and the lighter fluid at the bol-
tom {Figure ). So essentially we look at the ‘overlurn-
ing’ process of the two {lutds through the tube. We used
sodiuin chloride salt mixed in water to create the den-
sity difference. As in Rayleigh-lenard conveclion. we
find differcnt types of flow depending on the values of
the parameters of the problem: Lhe density difference,
and diameter and length of the tube. In particular, at a
high enough Rayleigh number we observe the flow to
be turbulent, which we believe is a now type of turbu-
lent flow.

Experimental setup

The experimental setup consisted of two lanks con-
necled by a vertical tube, The top tank was open at the
lop and had a tapered hole in the bottom plexiglas wall
to fit a ruhber stopper; an appropriate sized hole was
madsz in the stopper to snugly fit the lube. The bottom
tank was closed an all sides and had a similar rubber
stooper arrangement on the top wall to fit the bottorn
cnd of the tube. The rubber stoppers minimized the load

359



SPEC]A.L SECTION:

B Am—

Ce

Figure 1. Schemalic of the experimental sctup. The pumps in the
two Lanks are marked P,

on the tihes, which were made of glass, and also al-
Towed us to quickly change the (ube for a different ex-
pertment.” The side walls of the tanks were made of
glass. Two small aguarium water pumps were used 1o
continuously ntix the fluids in the two lanks and prevent
stratification. The flow rates in the pumps were small
cnough and the locations of the cxits and ianlets of the
pumps were such as 1o create as small a disturbance as
possible neat the tube ends. '

The volumes of the (wo (anks were approximately
1750 ¢c each. A 1otal of twelve tubes were used in the
experiments, with four diamctlers (4.83, 9.85, 19.85 and
36.85 mm) and three lengths (138, 300 and 450 mm). &
few visualizalion cxperiments were conducted with
2.5 mm diameter tithes.,

Following is the expcrimental procedurc. We cali-
brated the conductivity probes, used to measurc salt
concentration, before and after cach experiment. We
filled the bottom tank and the tube with distilled water,
and the top tank with brise (typically 0.05 g cm™ con-
centration), noting down (he volumes of the distilled
water and brinc added. We swiiched on the pumps prior
to the start’ of each cxperiment. Tnitdally, a stopper
hlocked the top end af the tube; pulling of the stopper
initiated thc cxperiment. Due to the cenvection the salt
cencentration in the lop tank coutinuously decreascd with
time (Figure 2}. Concentration in the lop tank was meas-
ured from the start of the experiment till the convection
had visibly stopped. In the smaliest diameter and longest
tube (4.85 mm dia, 600 mm long) the convection contin-
ned for about 100 b, whereas in the largest diameter
tuhe the convection continued lor about | h.

gad

concantration (grit)
>

1
14
12} —_— . !
{0 . 1 .'. 2 i ' i L 2 1
o 10000 2000 30000 40000 S0000 60000
tiere (3)

Figure 2. A typical variation of concentration of salt in the top tank
fuid with  time. The case shown correspoods to tube  diame-
ter = 9,83 mum and tube length = 890 mo.

Sall concentration was measured with onc or two
micro-conductivity probes (Model 125 MSCTI, Preci-
sion Measurements Fogincering), placed in the top tank.
The concentration versus time data were stored in a
compuicr for further analysis. Two conductivity probes
were vsed to check that mixing by the pump was ade-
guate and therc was no concentralion gradient in the
tank fluid. We mainly visualized the {low using the la-
ser-induced-tuorescence  (LIF) technique. A small
amount of sodium Huorescent dye was initially mixed in
the top tank fluid. A vertical sheet of laser light, created
with a cylindrical lens, passed through the vertical {ube
(in which the convection was taking place). We used a
1530 mW argon-ion laser. In some cases, we also visyal-
ized the flow using the shadowgraph technique.

Parameters

We are looking al free convection in a vertical tuhe
open at the two ends, with an imposged density, or con-
centtration, difference across it. As in Rayleigh-Benard
convection, the non-dimensional parameters of the
problem are:

gﬁC:‘R_
pva

Rayleigh number, Ra, =

’

V
Prandtl number, Pr = —,
174

d

Aspect ratio, AR = T,

where AC is the concenlration (or density) difference
between the {op tank and botlom tank fluids, p, is the
density of the fiuid averaged over the length of the tube,
g is acccleration due to gravity, v (s the kincmatic
viscosily, ¢ is the diffusivity of the species causing
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the density gradient, 4 is tube diameter, and ! is tube
lenglh,

Sometimes it is moerc appropriale to use other dafini-
tions of Rayleigh number: Ra,; Rayleigh number based
on the tube diameter, and Rag, Rayleigh number hased
on the density gradient, instead of density difference,
and diamcier, ' _ _

Some values of the parameters are of interast. The
Prandtl number, or strictly the Schmidt number, is about
670, showing diffusion of salt is negligible in compari-
son 1o that of momentum. At a concentration difference
of 0.025 g/em® and for a tube length = 600 mm, the
Rayleigh nuwmber = 3.5x 10", The AR ranges from
about 0.008 o about (1,25, or comparison, study of
turhulent Rayleigh-Benard thermal convection is usu-
ally with Pr ~ 1 (for aiv Pr = 0.7 and for water Pr = 6.7);
the Rayleigh number is usually of the order of T x 10°,
but the highest value achieved, reported recently’, using
cryogenic heliam is about | x 10'"; and AR is usually
grealer than unity. Thus the present problem pertaing Lo
very large Raylcigh: number, high Prandt number
convection in tall cels. High Prandtl number, high
Ravleigh number convection is generally obtained with
very viscous tluids convecting over a large scale, as in
conveciion in the carth’s mantle.

Basic relations

From the sall concentration (in the {op lank} versus tiine
data we caleulate the flux of salt, and the concentration
difference betwean the two tank iluids as tunctions of
time. This is done using muss congervalion cquations.

We use cvlindrical polar coardinates {r, & and z} with
velocities in the three directions respectively, U,, Us
and W, The z-axis coincides with tube axis and is posi-
tive upwards. An overbar over a quantity denoies the
guantity averaged over the cross-scction of the tube.
The difference betwean a quantity and its average is
written in small case. Thus for concentration

c-= J.(:dn, c=C-T.
A
Iluid volumes in cach ol the two tanks do not change
with time. Thus, at any cross-section of the tube and
any instant of time (assuming water 1o be incompressi-

ble) the volume flow rate of the Muid going down = the
volume flow rate of fluid going up, or

J' WdA = 7 =0,
A

We come to the important conclusion that the mean ve-
locity at any cross-section is zero,
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The mass Mow rale of sall sy going up at any zis

m = jC WdA = EAP \
A

where 4, is the cross-sectional area of the tube, From
mass conservation of salt at any z we have the gradient
of m,,

ac

=
o

The equation slales Lhat in a control volume height dz,
the difference in mass flow rates at two stations dz apart
is equal to the rate at which mass of salt changes in the
control volume. If {(3C/2r)=0, then Mg is constant
aleng the length of the tube; however, m, can still be a
function of time.

AT any time let Cp and Cy be the concentrations of
salt in the top and bottom tanks respectively, and Cyy

‘and Cyy the concentrations at the start of the experi-

ment, Mass comservation of salt gives

I
Vi Gy +ViCo + Ap J' Tz =V;Cry
I

!
+VCpo + Ay J' Code=M,,
6]

Where Vo oand Vy are respectively the Lop and boilom
tank fluid volumes, Ap is the pipe cross section ares,
and M, is the total mass of salt in the system. The inte-
gral on the left-hand side is the mass of the sall in the
tube. Assuming the average salt concentration in the
tube atl any time is (Cp + Cg)/2, we obtain the following
relation for the concentration or density difference in
terms of the concentration in the top lank:

Vg +Ve+Ve) M,
(VY Ve 2y (W +Vei2)

AC =(Cq —Cg)=C o

where ¥, 18 Lhe volume of the tube.
bet mg be mass flow rare of salt at the top end of the
tube and sy, at the botiom end of the tube. Then
dCp

gy = VA0 fdE, myy ==V 5

'

. s il ey
Htgp =~ Higp, = 4 J Cdz.
0

The relations respectively are from salt mass conserya-
tion in the top tank, hottom tank and in the tube In
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our experiments, fe a good approximalion, we can as-
sume

dCy
dr

fitop = Mgy = i1, =V,

Then flux, mass flow rate of saft going down per unir
cross sectional area of the tube is,

Ko —ewm— LT ' (2

Flow visualization pbyervalions

Depending on the concentration differcnce, the lube
diameter and the tube length we observe ppe of Tonr
types of Mow which we term (1) hall-and-half (HAH),
(i1} helical, (iil) pnsteady-laminar and {iv) turbulent.
These are described below. It may be ptéed that the
flow visualization piclurcs given in this paper show jusi
a lew ceniimetras lenglh of the cenwral portion of the
tube.

Herdf-and-half flow

In 5 HAH fAow, in onc half of the cross section of the
tube flow 15 downward, and jn the niher half the flow is
upWard. We observed the INAH flow only in the 2.5 mm
dig tobe and in the 4,85 mmm dia tube at small concentra-
tion differences, essentially meanipg a1 low Rayeivh
" pumpbers. In some cases we obscryved Maving {ronts,
abogt 1—2 lube dlameters long. A downward moving
fronl js heavier and moves faster than He resth of the

Figure 3. Shadowgraph picture showing twg froofs in HAH convee-
dop, Tobe dimneter is 2.5 .
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Figare 4. LIF picture showing helicyl comvecrion. TuRe diame-
Jar = 4.8 tulbe length = 150 mp: COligeniralion diffas-
ence = 1.025 g/cc. Top-tank fluid is dyed. Only the cenitrdd jength of
the mbe I8 ghow

down-going fluid; similarly an upmoving front is lighter
than the rest of the yp-going fluid. Figure 3 is a
shadowgraph picture showing both down-going and up-
going fronts.

Helical flow

We observed helical flow in the 4,85 mry, dig tube (Fig-
ure 47, except ai swall concentralion differences when
the How ywas HAH (Figure 4). As in HAH flow the heli-
val flow is equally dividad between up-going and down-
going fluid, and is steady. Jn HAH flow the interface
belweeq the up-going and down-going Ffows 1§ vertical
and straight: however. in helical flow the interface is
twisted. The intertace looks like what one would get it a
fong strip of paper is leld al one end and the other cnd
is turnee through many furns, going alopg one edge of
the strip ong Would irace an helix, Thus the two flows
(up and dowi) (ake felfcal paths with & common
(twisted) intetface. In most cases we observe S0me mix-
ing betwecn the fluids in the two streams. Apparently
the HAH flow is unsfable above some {yot undeter-
mined) critical Raylcigh number and the instability
leads 1o helical [low.

W

CURRENT SCIANCE. ¥vOI.. 79, NO. 6, 25 SEPTEMBER 2000



INSTABILITIES, TRANSITIONS AND TURBULENCE

Unsteady-laminar flow

In the 9.85 mm and 19.85 diameter tubes (i.e. at still
higher Ravleigh numbers) we observe the (low to be
unsteady and three dimensional, but laminar (Figures 3
and 6). There is no clear detmarcation between the up-
eoing and down-going flows, and there {5 a lot of mix-
ing between the two. A typical mixing event tnvolves
collision of a downward going mass of {Juid with a up-
ward going mass of fluid, often lcading to shear lavers
which go unstable with the formation of vortices. One
alzso sees mushroom type slructures {see Figure 5). The
eddies seem to scale with the diameter of the tube. The
flow is chaolic, but atleast in the 9.85 mm dia tube the
flow is not turbulent: a range of scales, characteristic of
turbulent flows is not present.

Figure 5. LIF picture showing unsteady-laminar convectiun, Nois
the moshrnom  atructire. Tube diameter = 9,85 mm: concentradion
diMference = 0L.025 glec,

Figare 6. LIF peire showing unsteady-Jaminar convection, Tube
diameter = 1985 mae: Tube length = 300 mio; concentration  differ-
2nce = 3.025 glee, ’
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Figure 7. LIF picture showing turbulent convection. Note the smatl
fength scales of mixing. Tuhe diameter =37 mu; concentration
difference = G025 glec.

Turbulent flow

What appears (o be a truly turbulent flow is observed in
the 36.85 mm diameter tube (Figure 7). Like in the
9.85 mm and 19.85 diameter tubes, the flow is chaotic
and hree dimensional. We observe collisions of [luid
masses moving in oppnsing dircetions, and the [orma-
tion and breakup of shear layers. During these interac-
tions large interfacial areas are created greally
enhancing the mixing between the heavier and bighter
fluids. Also becuuse of collisions we can have instances
when heavier masses of fluid move up instcad of down,
and similarly instances when lighier luid masses go
down. Both mixing and flow direction reversal contrib-
ule Lo reduction of flux, or in other words to slowing
down of the experiment,

Flux relations

The tiux times the tube cross seclional area, -rEAP,
delermines how fast the top rank depleles salt, or
equivalently how fast the bottom lank accumulates salt,
A large ltux is obtained if all the down-going fluid .
(w<0) has higher density (c> @) (stmitarly when
w > (ke is < 0y, and in addition i wl and icl are as large
as possible. The maximum possible ¢ is AC, when all
the down-going Muid 1s pure top lank fluld and all the
up-going fluid is pure bottom tank {luid; therc is no
mixing of the twe in the tube. The maximum possible
vefocity is probably what is obtained by assuming hall-
and-hall laminar flow, and whose solution is given be-
low. Flux can be reduced due (o £wo reasons. One, mix-
ing between down-going and up-going Nuids reduces
the values of both ¢ and w; two, heavier fluid moving
down, or vice versa, reduces Lhe correlation.
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A trivial case s when there 18 no flow and the sall
transter is just by molecular diffusion; then flox is given
by F= cAC/L. Stability analysis® shows that when Lhe
tube is thin enndgh or density dificrence smnall snough,
ot more precisely the gradient Rayleigh number
Rag < 1987, there js no flow. (This analysis 1s for a
density (ncrcasing lNuearly with heighl.) We never ob-
setved a no-flow case in any of oUr experiments as the

Rayleigh number was above the critical value, except

perhaps towards the end of an experiment when e dei-
sity differences were too low to he measured by our
instrumentation.

Next we derive expressions tor the flux of saft fu the
vertical tube for two casss: (i) laminar half-and-half
flow of immiscible (fuids and (ii) turbulent convection.

Laminar HAH flow of immiscible fluids

Consider lully developed parallel flow in the vertical
tithe, We assume the heavier fluid {density = po) is go-
ing down in onc half of the wbe, say x> &2 0, and the
lighter fluid (density = o) iz going up in the other half,
2> 02w Fluids jn the two streams have same kine-
matic viscosity and are imimiscible (equivafent oo saying
diffusivity of salt is zero). With [f, Ug=10 (parallel
How) and /dz =0 (fully developed flow), the Navier-
Stokes eguations simplity Lo

o _ . A

a 38

ia the rangd @directions, and
dp Dar
0 .—_-—-_I—‘Ilq._‘gg + WEW,
oz

is the z direction. where ¥* is the Laplacian operator in
the r — @ pianc. The boundary conditions are zero veloc-
ity at the wall (r=d/2) and at the inlecface (&= 0,
&= 7).

From a comfrol-volume momentum  balance,
—dpfdz = ppg, where ge = (py + Pr)/2. Then the equation
in the z direction, 0 = — (- pe)/ 0o + vW'W, which writ-
ten separately for the upward going and downward go-
ing (luids becomes ' '

W e BE g (upward)
205

W = —f'}'— ¢ (downward).

<P

To ensure symmelry we assume (AC/p) < 1 and re-
place gy and or by pg in the denominators on the right
hapd sides of the above eguations.

264

Solution is same s thal of a fully developed [low in
pipe wilth a semi-circular cross section driven by a con.
stant pressure gradienl, but with the pressure yradient
replaced by gAC. The sofution’ gives the average veloe-
ily in each half of (ha tube as

W o= (},03?21(df:1'J3—‘-ﬁ5g ,
pv

The flug (—we)= ACW /2 is given by

AL (A
_—

£ =0.005% 2, {3
oy

where subscript { represents laminar flow, The relation
shows the dependence of lux on various parameters
and interesiingly ne dependence on the tube length,

In an experiment, even when the flow is HAH, be-
cause of diffusion of salt we would expect the tlux to be
lower than the thearctical value; the scaling will also
probably change it diffusion iy included. However eq.
(37 gives a thegratical maximutm value and can be used
io non-dimensionalize experitnental flux valoey,

Tm‘bbtffmfﬂ()‘rv

We make certain assumptions hased on dimensional and
physical arguments Lo arrive at 4 relation for flux when
the flow is turbuient, Clearly other expressions can be
obtained by making different assumplions.

We assume fully developed flow — the flow is identi-
cal (int an average sense) at different Z locations, and we
assume the flow is steady (again in an average sensel.
The lirst assumplion will he valid it the tube iy suffi-
ciently long ((Jd) > 1) and we are far enough away
from the two ends; how long and how far will have to
be deteremined  from cxperiments. A shmilar sitvalion
arises in fully developed, pressure-gradient driven turbu-
lent pipe flow. In that cuse, fully developed flow s
aclifeved about 20-50 digmeters from the entrance, and in
the letigth of the pipe whers the [low is fully developed,
profites of meap velocity and, Tor example, profiles of {he
medd turbufent stesses do not change with axial distance;
and the axial pressure gradient is constant,

From the fully developed flow condition we have
the mean densily (or concentration)  gradient
d{ CYdy = constant. (For the turbulent flow we use { ) o
denote time average, and prime to denote deviation
from the time average.} Like the pressure gradient in the
case of the pipe flow, we have the deagily gradient as
the driving torce in the vertical-tube convection flow,
‘The independent parameters are then &{C)/dz, o g, and
4. Viscosily anel diffusivily are not considerad, an usual
assumplion in mirbulent flow.
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In the verltical-tube convection case we have seen
there is no mean flow, i.e, W =0. From flow visualiza~
tion we have seen that when the flow is turbulent there
are no two clear sireams ol upgoing and downgoing
fluids. Thus the relevant parameters describing the flow
are the tlux —{&/¢”), and means of the squarcs of Nuclu-
ating velocities ({u/%), (uz?) and {w’®}) and of concen-
tration fluctuations ({=?)). Prime denotcs deviation from
the time average.

We assume the flux to be proportional Lo the product
of a velocity scale (say W, ) and a concentration scale
(say Cyuu). These quantitics may be thought of as asso-
clated with a typical fluid mass or an eddy: say a heay-
ier fluid mass wilh an density over the
ambient = Cy,, and moving down with 4 velocity W,
1rom Lhe above list of independent parameters we get

CXCRER

d{Cy
— .
dz

-Clurb =
The velocity scale can be obtained as the vélocily at-
tained by the fluid mass during free fall over some dis-
tance (a mixing iength). We assume the mixing length
scales as the digmelter, Thus

' NV
(9C) g’

\dz,,o

(C,. .od V2
th_b = .i ke o =
o

kS

Then the relation for turbulent flux is-

' . 3;'2 142
FT:KT[%?J [% d®,

where Ky is a constant, Neglecting the end effects we
can write d{CYdz = (Cy — Cg)/l = AC/L Then the above
expression becomes

ACSIZg];'ZdZ

pl.r"?.kf”‘l (4)

Fr=Kq

Note that the dependence on the various parameters is
different from thal obtained in the laminar HAH flow
case {cg. {3)). In contrast to the laminar flow case, in
the turbulent flow a tength dependence (= {7 is pre-
sent and viscosity does not enter the picture.

Experimental flux resniis

We compare the experimentally obtained flux of salt
with the theoretically predicted flux. As mentioned ear-
lier, fram the measured sult concentration in the top
tank fluid we calcutate the density difference (AC) us-
ing relations (1) and the Mux (#F} using relation (2).
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Figure 8. The half-times in the experimants with different diameter
and differant length tubes.

First, to give an idea of the durations of the experi-
ments. Figure § shows the half-times obtained in all the
experiments we have conducted. Faster mixing is ob-
tained as the tube diameter increases, and for a given
diameter the mixing is slower for a longer tube, The
hall timc ranges from ahout 400 % in Lhe case of lhe
36.853 mm diameter, 150 mum long tube to ahout 6 X to?
seconds in the case of the 4.8 mm diameter, 600 mm
long tube.

Figure 9 shows for the 4.85 mm diametcr cases the
flux normalized by F; {the theoretical flux for laminar
HAH flow of immiscible fluids) vs Raylcigh numbher
based on diameter. Recall in this diameter tube the tlow
is laminar helical type. The normalized flux values are
only about .02 to 0.04. Clearly diffusion and mixing
results in flux values much lower than theoretical val-
ues, The normalized flux value is even lower for con-
vection in the larger diameter tubes: about 0.005 for
9.85 o diameler tobes, and 0.001 for 36.85 mm di-
ameter tubes.

At the other extreme is turbulent flow. We had dis-
cussed that the flow in the 36.85 mm diameter tubes
appeared to be turbulent visually. We can check
whether the tlux in these tubes scales as predicted by
the relation {4), which is for turbulent flow, Figure 10
shows, for the 300 mm and 600 mm tube leugths, the
normalized flux (F/F;) data plotted versus the Rayletgh
number based on the diameter (K7 has been taken to be
unity in calculaling Frin the plot). The data for the two
diameters collapse o a reasonable cxlent. The normal-
ized flux appear to be neatly constanl with Rayleigh
number. The constant K, in eq. (1), from the plot is
about 0.5. More experiments covering a wider range of
Rayleizgh numbcers are- needed to validale and extend
these results.
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Conclusions

We have presented preliminary results on natural con-
vection in a vertical tubc. More work is nceded to re-
solve g pumber of issues; (wo main ones arc listed
helow;

(i} We havc given the solution for faminar [{AH flow
of fluids with zero diffusivity (Pr - =), We nuecd
to solve for finite Prandtl numbers to realistically
compars data from experiments.

(i} Wec need to precisely determine the values of the
trunsition Rayleigh numbers, when the flow
switches from one type of flow to the other.

Buy what we think is interesting 1s the lurbylent flow. T
appears to be different [rom the other types of turbulent
flow which we are familiar with: free shear flows like
jets, wekeg, plumes, or wall hounded fAows fike lurbu-
tent flow in 2 pipe, flow on a heated vertical wall, We
have in the verlical-tube convectivn case a buoyancy-
driven turbylent flow with zero mean flow and zero
mean shear. Here mean refers to time average. Thus at
any spatial point in the flow the time averages of the
vertical velocity and of the shear ares zerq, The flow is
homogensous 10 the vestical ditection mnd appears (o be
nearly homogeneous in the horizontal directjon: because
of zero mean fHow the (sidc) wall seemns to just ‘contain’
the flow, and does not have the overwhelming influence
it has, for cxainple, in the pressure-driven turbulent pipe
flow. Besides the fluid properties and gravity, the only
parameters are tihe diameter and the forcing tetm, the
density gradient. :

This flow has relevance (o turbulent R-B convection
and during the later stages of Rayleigh-Taylor instahil-
ity. In R-B convection the flow away from the walls (in
the core) is similar to what is obtained in the vertical-
tuhe convection. 1n R-B convection, it 1s well known
that the wall predominanily determines the dynamics,
but an issue of current interest is the interaction be-
tween the wall and core flows™®. An understanding of
this interaciion Tay belp resolve the coptroversy re-
garding the eXponent in the Nusselt number-Rayleigh
nurnber correlation’. The verlical-tube convection can
shed light on the wrbulent mixing during Rayleigh—
Taylor instability, where, as in the wbe copvection case,
a simultaneous motion of heavy and light Nuids is ob-
tained. Figally, the vertical-tube turbidens couvection
may be similar Lo the decaying homogeneous buovancy-
driven turbulence studied by Baichelor et al.’, using
aumcrical simmutation, except that, in our case fhe turbu-
lence is non-decaying.
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A model for near-wall dynamics in turbulent
Rayleigh—-Bénard convection

By S. ANANDA THEERTHAN
axo JAYWANT H. ARAKERI

Nepartment of Machanical Engineacing, ladian Tnsitute of Science. Rasgalove-360 (12, india

{Re«:eived I Noay 1996 and m revised forrn |8 May 1998,

Esperiments indivate that turbulent free comvertion over a horizonial surfuce {e.g.
Ravleig

Benurd couvectiond consists of essentindly laoe plumes near the wualls, al
feast for modersielv high Rayleigh numbers. Bused on this evidence, we propos
here a twosdimensional model for near-wall dynamics in Rayleigh- Bénard convection
amd in general for conveotion over heated horizontal surfuces. The model proposes
periodic array of steady laminar two-dimensional plumes. A plame s ted on either
side by boundary lavers on the wall The results from the model are obtained in two
ways (Oue of the mcthm.-s uses the srmilactty soluton of Rotem & Classen | 14697 for
the boundary Tayer and the simbarity sobution of Fujft {19037 for the plomie, We have
derived expressions for muan lemperature and lemperature and veloaily Ductuations
near the wall. In the second approsch, we compuie the two-dimensicaal flow field
tn u iwo-dimensional regtangular open cavily. The number of plumes in the cavity
depends on the length of the vaviy The plume spacing i determined (rom the ceitival
fenpth al which the nomber of plimes fnereases by ene The results for average plume
spactng aed rhe dswibuton of rmes wmperature and velocity ustuations are shown
b g b accepteble agresment wilh gxpesunental resiits,

Introguction

This paper is concerned with the near-wall dynamics of lmmslanl Froe eonveclion
over horlzental sorfaces, This s taken o inciude stcady-siate conveclion betvween
horivontal plates kepl at constant remperatures {the classizal Rayieigh-Benard con-
vectont unsl ! s with one of the olates

_._m

rady cenvection Between two horizontal
instifated and sonvection over a horizenlal plate kept in a vast expanse of stationary
fuid, We do not distinguish betwesn the near-wall dynamics that ceeny i these
vartous fows, This i3 analogous 10 stating that nenr-we aff flows in torbulent nipe fow
apd 10 the turbulent boundary laver are 3uniiar.

Turbuleat free convection of this | vpe, especially Ruyleigh Bénard convection has
been sivdied extensively (Townsend 1959 Dearderfl & Willis 196%a: Tanuka &
Mivatn T980; Adriwn, Ferreirn & Boberg 1986 Castaing er gl 1989} See Siggw
{1994 lor o recent review, In Lhis type of flow, large thermad gradients exist near the
wall{s) white near bathermal condizinns prevail awoy fronm the wallis). Experimental
evidence suggests the convective heat {ransler newr the wallis) ix cither from thermals
{internittent refease of hot fuidy or essentially Hae plumes {tontinuous release ol hot
1T nd from a lined which move raadomiy, Away from the wall{s) rapid mixing leads
10 neariscthermal comditinng
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The multifractal nature of plume structure
in high-Rayleigh-number convection

By BABURAJ A. PUTHENVEETTIL!,

G, ANANTHAKRISHNA? aND JAYWANT H. ARAKERT
Mepartment of Mechanical Engineering, Indian lstitvie of Soience, Bapgalore, India
Materials Research Center. and Centre for Condensed Matter Theory, [ndian Instilute of Seience,
Banualore. Indiu
garaniamre.liscernctin

{Received Faly 20044

» . The geometrically different planforms of near-wall plume structure in turbulent na-
tural convection, visualized by driving the convection using concentration differences
across a membrane, dre shown to have a connmoen multifractal spectrum of singy-
farities for Raylergh numbers in the range 10'%-10'" at Schmidt number of 602, The
sealing is seen for a length scale range of 2° and is independent of the Rayleigh
number. the flux, the strength and natuce of the large-scale flow, and the aspect ratio.

Similar scaling is observed for the plime structures obtained in the presence of a weak

How across the membrane, This common non-trivial spatial sculing is proposed to be

due to the same underlying generating process for the near-wall phime structures.
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Plume structure in high-Rayieigh-number
convection

By BABURAJ A. PUTHENVEETTIL'
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(Recetved 12 Ggoraboer 2004 and in revised form 20 March 20850

Nearwall structures in turbulent patural convection at Ravleigh numbers of 1019 o
10" a1 a Schmidt number of 602 are visualized by 4 new method of driving the
convection across 2 fine membrane using concentration differences of sodium chloride.
The visualizations show the near-wall flow to consist of sheet phumes. A wide variety ol
e-scale flinw cells, scaling with the eross-secuion dimension, are observed. Multiple

1éll'iT
farge-scale tlow cells are seen ot aspect ratio (AR —=0.65, while only a simgle circulation

"Feell i detected at AR =0.433 The cells (or the mean wind) are driven by plumes
coming together o form columns of rising lighter flurd. The wind i turn aligns the
shaet plumes afong the direetion of shear. The mean wind direction s seen ta change
with time. The near-wall dynaraics show plumes initiated at points, whieh elongale to
form sheets and then nmerge. Increase in Ravleigh number results in a larger mumber of
clogely and regularly spaced plumes. The plume spacings show a common log-normal
probability distribution function. independent of the Rayleigh number and the aspect
ratio. We propose that the near-wall structure is made of laminar natural-convection
boundary layers, which become unstable to give rise To sheet plumes, and show that
the predictions ol a model constructed on this hypothesis match the exPeriments.
Rased on these findings. we conclude that in the presénce of a mean wind. the local
near-wall boundary lavers associated with each sheet plume in bigh-Rayleigh-number
turhulent nutural convection are likely to be faryinar mixed convection type.
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Flanform structure and heat transfer in turbulent free convection
over horizontal surfaces

S. Ananca Theerthan and Jaywant M. Araker

Deparanent of Machowionl Enginesring, Indian Imtine of Svience, Bangalors-360 012, Iudiu
{Recerved 11 Movembsar 1998, seceped 16 Movember 19991

Tliis paper deals with furbuelent free comvection i a horizontal Huid fayer above a hewed surlace.
Experitnents have bean carried ow on o heared sielace o obtain and analyze the plazfonn strucmire
and the hest racater under ditferent conditions. Water is the working fluid and the 1ange of flux
Bayvieigh mnmber: [Rai covered s 3% 1o 2w 0" Tae differera conditions corrempend fo
Reyieigl-Bennrd convestion, conveerion with eithar the rop water surfuce open 1o ahacsphers or
covered witlh an juselating plate. sod with ma fwposed exrernal Hove an the heated bonndary.
Withen! the external flow e planform is one of random:ly orfented die phuues. At large Rayleigh
unber Ba and zmiall aspeot tats {ARIL these line phunes seent in align along the dizgonsh
presumably due to o large seale flow. The side views show ioclined dyvelines. zzoe indicating a
farge seale Bow. When the external flov by ngposad. ihe Hae plunes cleacky slen o ile direeiion
ol exiernal flow. The nosdimensiona] average phone spacing, Rafs - veries between 40 and 90, The

-~ 13

heat transfer rate. for slf the expeiimisnis conducied, represented as Ray 7, where 57 i the
£

conduction laver fhiskness, vargs only betwesn G -

1.2, showing thet i torbulenr convestion the
Qome. L SO00 dmerteon fsitiie of Pinsics,

ransfer rates arve similar under the diTeren cendi
BIUTO-043] E'Ufj‘:J{}{.?E}f}S—X']
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PLANFORM STRUCTURE OF TURBULENT
RAYLEIGH-BENARD CONVECTION

S. Ananda Theerthas and Jaywant H. Arakeri
Pepartment of Mechanical Engineering
Indian Institute of Beience, Bangalore-560 012, INDIA.

{Commaugicated by P.J. Heggs)

ABSTRACT

The planform structure of turbulert Rayleigh-Bénard convection i ohiained
from visualising 2 liquid crvatal sheet stuck to the bottorn hot surface. The
boltom plate of the convection cell is Plexiglas and the top plate iz glass,
Water is the test Bquid and the Ravleigh number is 4 x 107, The planform
paitern reveals randomly moving hot streaks surrounded by cold regions sug-
gesting that turhulant Rayleigh-Bénard convection is dominated by quasi-two-
dimensional randomly moving plumes. Simultaneous temperature traces from
two vertically separated thermocouples indicale that these plimes may be in-
clined forward in the directon of horizontal motion. The periodic eruption of
thermals observed by Sperrow of af [3] and which forne the basis of Howard’s
model s not pheerved.
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Convection in a long vertical tube due to unstable
stratification — A new type of turbulent flow?

Jaywant H. Arakeri*S, Fransisco E. Avila', Jorge M. Dada and Ramon O, Tovar

#Mrepartenent of Moechanizal Engineering, Indian [astitute of Science, Bangalere 560 012, [ndia

Cenlre De [yvestigacion en Erergia, Temixce, UNAM, Mexico

We present experimental results of free convection in «
vertical tube due (o an unstable density difference im-
posed between the two {open} ends of the tube, Two
tanks of fluids connect the two ends of the tube with the
top-tank fluid heavier than the bottom-tank Huid. We
use saft mixed with water {o creafe the density differ-
ence. The convection in the tube is in the form of rcla-
tively heavier fluid going down and lighter fluid going
up simul{aneously; the mean flow at any cross section of
the tithe is zero. Depending on the Rayleigh number we
observe differcnt types of flow, with turbulent flow be-
ing ohserved at the higher Rayleigh numbers. We be-
lieve this is a new type of turbulent Flow - a nearly
homaogeneous, buoyancy-driven flow with zero mean
shear,

FLows caused by buoyaneay, called free or natural convec-
tion, abound in nature and engineering. The convection
observed on a hot road surface in no-wind conditions (s an
example. Cotivéction is generally caused by unstable
stralilication (for example, density increasing with height
in & gravitational ficld). Density gradients are often
caused by a temperalure gradient, or a gradiect of concen-
tration of sorme specizs (e.g. salt in the oceans, waler va-
pour in air). The dynamics in free-convection {lows is
mainly determined by the Rayleigh number — a measure
of the ratio of buoyancy forces fo diffusive effects.

Two simple configuratious of free convection have
beer extensively studied, viz. Rayleigh--Benard convee-
gon and RaylaigheTaylor instabitity. Rayleigh-Bennard
{R-B} convectian is conveciion of a fluid between two
horizontal plates, with the buttem plate hotier than the
wp plate. Because of the temperature difference, the
ltuid density increases from the bottom plate to the top
plate. However, below a critieal Rayleigh number, even
though the stratification is unstable, there is no flow
{convection) and heat transfer is entirely by conduction;
the Ravleigh number increased beyond this critical
value results io laminar convection, often in the form of
rolls, and a further increase in the Rayleigh number
lzads 1o turbulent convection {sec ref. 1)
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Rayleigh-Taylor instability oeccurs when a layer of
heavier {luid (say salt watcr) lies on top of a layer of
lighter fluid (say fresh water]. Dalziel et al.? report re
cent work an this subject. In this configuration the lay-
ers can be in equilibrium; pressure varies Hncarky with
depth in cach ot the layers. But this is unstable equilip-
rium: a small perturbation of the interface increases the
perturbation indefinitely with the heavier fluid trying fo
go down ang the lighter {luid wying to go up. Some
mixing between the top and bottom fiuids oceurs during
the overturning. Bventually motion ccascs and a stable
density gradient is obiained. For an dmmiscible pair of
fluids of say water over ajr there is negligible mixing
and, eventually, the water and air layers just interchange
places. One common way of doing a Rayleigh Taylor
stability experiment is to have a thin plate initially
separating the two fluids which is then rapidiy pulled
away. _

in this article wa deseribe preliminary resubts of free
convection in a vertical tube. The setup is similac to a
Rayleigh-Taylor stabifiLy setup, except that we have a
long vertical tube bhelween the tanks contzining the
heavier {luiel at the top and the lighter (luid at the bot-
o (Figure 1) 8o essentially we ook at the ‘overtura.
ing’ process of the two [luids through (he tube. We used
sodiwn chioride sait mixed in waler 1o create the den-
sity difference. As in-Rayletgh—Benard convection, we
find different types of flow depending on the values of
the parameters of the problenu [he density difference,
and diameter and length of ihe tube. Ip particular, at 2
high enough Rayleigh number we observe the flow fo
be torbulent, which we belisve is a new type of rurho-
lent flow.

Experimental setup

The experimental setup consisted of two tanks con-
pected by a vertical tube, The top tank was open at the
top and had a tapered hole in the bowom plexiglas wall
to fit a rubher sloppet; an appropriate sized hole was
made in fhe stopper to snugly fil the tube. The bottom
tank was closed on all sides znd had a similar rubber
stopper arrangernent os the top wall (o {il the bottom
end of the tube. The rubber stoppers minimized the joad
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Experiments and a model of turbulent exchange flow
m a vertical pipe
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Alstract

In this paper we present experimeniad measurements of huoyancy driven turbulent exchange flow in a vertical pipe
{Lfd tutios o 9-12). The fow is driven by an unsiable density difference across the ends of the pipe, crentad using brine
and distilled water. Away from either end, a fully developed region of turhulence exists with a linear density gradient.
Using a mixing length modai thatl accounts for the end effects, we obtain the rurbulent scales and Alux, The Nusselt num-
ber scalos like the square root of the Ravisigh number (Au ~ Ra""zj, We give an empirical relaiion 1o quantify the end
eflects and hencce caleulate the flux of the salt (N2Cl) giver (he aspect ratio of the pipe and the overall density difference

across it
@ 2005 Elsevier Ltd. All righls rescrved.
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1. Infreduction

This paper is concerued with turbulent natural con-
veolion in a fong vertical pipe subject to an unsrable den-
sity diflerence across the two ends. In the present paper
we maodel the main mechanism that drives the turbulent
fow, validate the model with experimenial measurs-
rents and extend 1 Lo general cases. We discuss the
implications of the model on the behaviour of the fux
described i terms of a Nusselt number,

Fig. | shows the schematic of the flow. The pipe is
connected by two tanks, with the top tank fluid having
higher density than the bottom tank Auid. The two fluids

* Corcesponding auther, Tel: +91 80 293 3228; [ux: -+2) 80
360 D643,
Eomail adiress: jaywant@mechene iiscernelin (.11, Ara-
kes).

are miseible. The incompressibility of the fluids implies
that the creoss section average of the axial welocity at
any instant was zero. This type of flow  where the net
How is zoro—is tenmed ‘exchange Jow' [1,2].

Most of the earlier work on cxchange flow {1,2] has
been in the context of the fire safely of buildings. Twao
ivpes of studics have been done of flow through vent(s}
connecting two enclosures, one above the other, One is
flow due Lo the combingd action of pressure and density
differences across the vent, for example, as discussad in
Tan and Jaluriz [2], and the other type is due 1o density
difference alone, for example as studied i Epstein [1].
The present flow is related to lhe latler type. Epstein L]
cxperimentally studied the buoyancy driven exchange
(connter-carrentd Bow throveh single or muliiple bpen-
ings with both square and cirewlar cross sections in hor-
izontal partitions, using brine above the partition and
fresh water below the partition, The openings were ubes,
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