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Experirnental investigation, has been done ta determine the drag ca'fficient oJ' uir bubbles and study their be'

hayiour in an inclined tuhe conteining fiowing v,ater. h was found that drag coe.fficient depends on the bubble diameter

ttndthe inclination of the tube. The behaviour af thc bubble changes at tube cngle around thirty degree above rvhich

the bubble oscillates, dreg cofficient increases end bubble equilibrium Reynolds number decreases.
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Cross-sectional area of the bubble.
Drag coefficient.
Diameter of the bubble"
Drarneter of the tube.

Buoyancy fores.
Drag force.
Acceleration due 1o gravity.
Veolcitr'.
Average velocity irr ihe tube.

Average r,elocity of liquid frr"rnn the bottom to
the top of the bubble.
Maximum velocity of liquid at tire center of the

tube.
V'1 Volume of the bubble.
y Aoy distanee from the tube.
0 Angle of inclination of the tube:
p Viscosity of the liquid.

?t Density of the liquid.

Introduction
In many inclusrjal appliances cluster oi' bubbles

could be found rising in a liquid column. The rnotion
of these bubbles and ths resulting dynamics and other

';imilar flow situatioRs are being studied in t$,o phase

llow problems, but very little is knowrr ;rbolit the

behaviour of an individual bubble or a sirtgle bubble.
In the preserrt rvork au csperimental model r.lfl a.

single air bubble in an iuclined tube corrtaining
flowing water has been taken up for visual and
photographic study and experimental investigation.
The main airns are to find the effect of different tube
inclination on tlre lrehaviour of the bubble of different
diameter and to deterrnine the respective drag co-
efficient.
Description and theory of the Problem

When an air bubble is inserted in an inclined tube
filled with water, it climbs up the tube under the
inffuence of the buoyancy force. If the water is rnade
to fforv down the tube, at a certain Reynolds num.-
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ber, depending on the inclination of the tube, the

drag force aeting on the bubble will balanee the axial
cornponent of tlre buoyancy f"ore* aqd from the
condition of equilibriurn the drag coellicient could be
determined. Figure 1.1 gives a description of the problem'

Assumptions

{a) It is evicieirt from the photograph of the bubbles
in the irclined tuire (Fig" l,la), the larger bubbles
are to',vlrere nL'ar spherical. They have an oblate
shape. In the irresent itillly, the bubbles have

beeu consi,.iered sperical in shape to rninimize
the complexitv of thi mathematical analysis.

(b) The bubbles are found to be separated from the
glass tube b1' a thio laJ'er of \yater. Fronn a

iop vien' ol the bubble it u'3s lound that there

was s circular srea of corttact betu'een the

bubble and the thin laler of writer. The contact
is not a poinr c,r;1tact. tliis contact perineter ol'
the bubble rnal' tioduce scimc rort of surface
tension ibr.-e dep'+nding on the gcornetry ol the

bubble ur the contact pcrinlet*r. it has l:eetr

rssumed thai. ibr the equilibrium conelitiaa +i'tirt
bubble, this suri-:1ce tetrsiult ftrree rvill be zero.
'fo {ourtoract lillJ- error :rrising fiom this

assumplion. t.he flotr' co:ldi-tion was varied after
rhe rhe di'st ;'elriieg *irieh *.ltereil the equilibrium
ol the bubble: nc\1. tire hubble rvas again brought

to equilibrium tr1' crnfrolling the florv and il

second readirrg rvas taken and plotted independently.

1]or the cordition of equililirium of the bubble, the

ibllov,'ing eq*ation ean be writtea
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= 1./ l t.l't "tJ L

wliere .lt'B ., ir g \' 6 is ih* i:uoyancy force, and v5 is

the avera;: r'elocit]' fron tha bottcrm to the top sf
the bubbls. Hencc- the tlrag coefficient Cd rnn he

written es

Dit eclion
a( woler

Arr Stsl$h

ol fh* irbe

on an Air Su0blr ifi En e
Fig. ,. I i Fotccs oe':ittg

Incllned fqbt

o q z 5;e/ t - l-::-:--'
.,- , -.:'Fi
- - -1, i

t2u

.lnaiysis has bcen dorrc ,-'rr the basis af lLllly dert-

ltpeci lamirrar flow situation, the velceity distribution

has been assumed to be Parabolic

u: [' ;ji]u^"'
l{ech. Engg. Res. Bull.. Va{. }. {197B). :\io. .r

Figure I "la



From the above considcration thc
f'tyl Jan be writteu : ,

rrerage vclocity across the bubblc

- - \i ., 1",'>] {'* Ptr'>}

following cqua-

height

Cn6rti, ,rard' lb{

Fr.tlrr tbti-:tt urto ry *r.o# =oqi'*] l,-r{]

Reynolds number based on tbe average velocity in
*": 9Jfn

Thc dimensional analysis can be made of the drag on:r: bubble. It is hcld that evaluating the drag fnrce
-:r'olves a relationship among the lollorving variables:

Fp = ?Lti' , /"'. l"r - D:, ,.,7
-.- /-/^z-*;a, ?*i.^' ;;&'r-A .c*+*z.at --

Flimiqating &2, &3 &od a5 and collecting the like fcrms, it
;ar be shown that the drag coefficicnt is given bv

:rrt tube

{+-ry" *.!iffi!

(q= I [*"rl&J9J

{pparatus and Procedure

The experimental apparatus is shown schematically
rl Fig. 1.2" A glass tube 5 ft 6 in long and 0.406
Lr inside diameter was fitted to a base the inclination
of which could be adjusted. The glass tube was con_
nected to a constant head water supply system through
"r flexible coupling. The water rate could be adjusted
b1' a needle valve. In order that the flow in the
rsr section of the tube be fully developed laminar
t,)\r', the test section was located at a distance
irom the inlet of the tube determined by the equation
_:.r'en b1' Boussinesq

Le:0.065 ReD
nvhere Lc is the entrance length of the tubc.
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_. 1ft", passing through the glass tube, the watcr wardischarged into the atmosphere. To find the massflow.rate of water, the quantity of water was collcc_ted in a bucket over & fixed period of time.
Initially, the tube was filled with water and allthe vahrs were elosed. Then * nypoCrrrnir--i..jf"

was inserted at the bottom of the gias toU". Befora
insertion, a bubblc was formed in a syringc filledwith rvater. This bubblc was pushcd ii;ou"gh ;;hypodermic needle into thc glass tube. A trial anderror method was adopted to obtain a bubblc of* particular diameter. A photographic metbod was
cmployed to determinc thc volume of ths bubblc.
However, the lens effect was very prominent in thephotograph due fo the cylindrical iounOary of thcglass tube. To calibrate the system, solid sphcrcr ofsiandard diameter were intr-oJuced in thc test sectionend photographed. tt was--lou;A- fi"; thc photo-graphs 

-tha-t the average 
-vatue 

-of 
tni'ilorizontal andperpendicular diameteri CUown ii -fri. " r.g ) war

rlr-l I

_ L1tL2 -,
Ub'T V

Ftg: ,.t : llcthot ol Cal.t,nintnl ,h.
. tu'lle {$n PhalogrcFh. X

Dtom.t.t cl th
at lhc Hagntltcartoa Fd/jrl/..

I



fairly close to the aetual diamster. For the air bubbles,

an average value of the bubble's horizontal and perpea'

dicular diameters has been used for ealculation'

Results auil Discussion

The information obtained from the visual and $o-
tographic study ancl from the experimental measufements

of the bubbles in an inclined tube is discussed here

in two parts.

(a) Visual Observation

The behaviour of an air bubble in an ioclined tubc

is quite interesting. The inclination sf thc glass tube was

varied frorn 100 to 87o with the horizontal and the

flow of water was adjusted to ensure the equilibrium

condition of the bubble. It was found that at low

inclinations of the glass tube (below nearly 30o) thc

bubble, when in equilibriunr with the flowing water,

was stationary. Aboveabout 30" inclination of the tubc

(depending on DbrD) bubbie began to oscillate' F ryl'
i.A shows:the direction of oscillation of the bubble'

In this condition it lviie very difficult to stabilize the
:air bubble at any sec{ion of the tube and the bubble

tended to move up or down 'the tube over a short

'length. Fine adjustment of the flow of water had 
- 
to

bo made'continuously to keep the air bubble within

the test section. The frequency of oscillation of the

bubble was measured by a strobotac and the ampli-

tude of oscillation of the bubble was rneasured by a

cathetorneter fitted with a special eye piece' By adjus-

ting the micrometer built in tho eye piece the vertical

hair line of the eyepiece could be traversed in a hori-

zontal direction.

Figure 1.5 shows tha frequency of oscillation and

tmplitude,of oscillation of the bubble as a function of

ine' inctination of the tube. At about ani 800 inclina-

tion the bubble seemed to be very restless and fre-

quency of oscillation seemed, to be very irregular' The

bubble was occasionally pulted away from the wall

of the tube due to the lift force acting oa it' Above

84o (depencting on the diameter of the bubble) the

bubble behaviour becarne very interesting' The bubble

moves restlessly all over the test section, jumping from

one wall to the other, coming to the centre of the

stream and again rushing to the wall' This behavi'

our cqn

'live fly'

10

best be described as sirnilar to that of a
enclbsed in a bottle' During this time, the

diameter of the bubble rwas .fourd to dccreasc' This

reduction erf the diameter is most probably due to
tho vigorous agitation of the bubble wticlr forces air

to dissolve in the flowing wator.
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fb) Stndy of Experimental Measurements

'fhe values of the drag coefficients obtaincetr from
Eqn. 2 arc plotted as a function of thc tube Reynolds
number and the bubblc Re,vnolds number in Fig. 1.6

! !r.ti(si d !*3r. 'n 4 lg#t k

and Fig. 1.7 respcctively. In the rcgion oi' low R.ey-

nolds numbers, the drag coeflieieut increases and at
about 30" tube arrgle the bubble bcgins to oscillate.
Afterwards, as the inclination of thc tube is incrcased,

the amplitude of oscillatiou of the bubble incrsases and
the tube Reynolds number decrcases. Consequently, the

rirlue of Cd increases. This decrease of Re rvith increac-

ed amplitude of oscillation of the bubble is duc to
rhe increased amourrt of vortices generated due to the
o*illation of the bubble. Figure l.? " which shows

Cd as a function of Re5 o reveals that for higher
'."alues of Ds/D oreillation bega4 at higher values of Res.

rhe osc*at-' 
'ff:i'"1iry;'jffi;; 

'tob,'i. 

:'
complex problem ol gravity, lift and, surl"ace tension
forces, and vortices that are generated due to flow past
a sphere. But why the cisciilatiorr begins at abovc
30" (when its gravity i"orer is 50 percent in the direc-
tion of the fluid flow ) neerls m.ore intensive investi-
gation though an attempt ir,as been made to explain
the phenomerrorr in the follcwing way.

The condition responsible for oscillation of the
bubble existed even at the low inalination ofthe tubc
but the normal component of the buoyancy force and
thc friction at the area of contact of the bubble and
the tube resisted the motion of the bubble. As the
tube inclination increases, this norrnal force decreases
and thc oscillation of the bubble sets in. More intensive
study specially using flow visualization technique is very
necessary to arrive at a definit* eonclusion about the
oscillation of the bubble and to write a mathematical
modcl of the problern.
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