Heat transfer during bubble formation

J. B. Haynes™ and D. H. T. Gotham+

The flow around a gas bubble forming at a submerged orifice without vaporisation
is analysed both with and without heat transfer taking place from the bubble
surface. The results of experiments are given in which high-speed photography
was used to study air bubbling through four different sizes of orifice into water,
for the isothermal and diabatic case. A numerical solution of the dimensionless
equations using Hamming's modified predictor—corrector method gave excellent
agreement with experimental measurements of the bubble volume-time history
for both stages of growth as well as predicting accurately the transition point
between the two stages. Most of the heat transfer was found to occur almost

immediately after the start of bubble growth
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Gas discharging from an orifice into a liquid to form
bubbles is a common feature in chemical engineer-
ing equipment. This report gives an account of a
project to investigate the rate of heat transfer when
high temperature gas bubbles are discharged into
cold water.

Early attempts'™ to analyse the process of
isothermal bubble formation, when both the gas
and liquid have the same temperature, were based
on a simple force balance on the bubble. More
recently the velocity potential has been used®™® in
an attempt to describe the flow around the forming
bubble. McCann and Prince® assumed that, at any
instant during the bubble formation period, the flow
around the bubble could be described by a velocity
potential which was only true for an expanding,
translating sphere in an unbounded liquid. When
the bubble is forming at an orifice plate, the presence
of the plate affects the low around the bubble and
the velocity potential should be amended accord-
ingly. Witze et al” obtained an approximate solution
for the velocity potential about a growing bubble
which took the presence of the orifice plate into
consideration, although their analysis assumed that
the bubble was completely spherical and rested
tangentially on the plate throughout its entire forma-
tion period. However, when the bubble is connected
to the orifice, initially it forms a truncated sphere.
Kotake® derived the velocity potential for flow
around a growing truncated sphere which allowed
for the presence of the orifice plate.

The thermal behaviour of a vapour bubble
during its formation has been the subject of a large
number of investigations in the field of boiling. In
these cases, heat transfer is accompanied by the mass
transfer resulting from the phase change, so that the
radial growth of the bubble can be related to the rate
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of heat transfer. For simple heat transfer this impor-
tant relationship can no longer be used.

In one of the few publications dealing with
heat transfer in the absence of mass transfer,
L’Ecuyer and Murphy® obtained values for an
average surface heat transfer coeflicient during
bubble formation which were based on the
difference between bubble volume measurements
made with and without heat transfer for the same
experimental conditions.

Experimental studies have shown that there
are four regions of bubble formation. One of these,
the slowly increasing volume region, is the subject
of this investigation.

Analysis

High-speed photography has shown that the bubble
formation process can be divided into three stages
which have been defined® as the growing stage, the
elongating stage and the waiting stage. The analysis
presented here deals with the first two of these stages.

The growing stage

The growing stage commences when the bubble is
a hemisphere of radius equal to that of the orifice,
and terminates when the forces acting on the bubble
are in equilibrium. The motion of the bubble surface
is considered as the superimposition of the radial
velocity, R, and the vertical translational velocity,
S. It can be seen from Fig 1 that for the base of the
bubble to remain in contact with the orifice plate

R

$= " cos 6% (n)
where
_/p2_p 1/2
cos 8* = —%=‘(R RRO ) (2)

By considering a control volume around the
gas ante-chamber up to the edge of the orifice plate,
and to a point in the gas supply where there exists

Int. J. Heat & Fluid Flow 0142-727X/82/010021-09$03.00 © 1982 Butterworth & Co (Publishers) Ltd 21



J. B. Haynes and D. H. T. Gotham

a large pressure drop (eg sonic orifice), an expression
for the mass flow rate through the orifice into the
bubble is given by

dm . _ V. dP,
dar RT. dt
Conservation of energy applied to the bubble for
unsteady flow results in
dm d(me) dV dA
T,—
O+CTigr=C—y, a7 dr

+3uLS?R(G—cos 6*+3cos® 6%) (4)

where the final three terms are associated with the
work transfer due to the normal stress around the
bubble surface, the surface tension, and the viscous
effect.

The bubble volume, area and their respective
rates of change are given by

(3)

+Py -

Differentiation of the equation of state for an ideal
gas yields
dm — dTb dV)

dp,
F (RT"d+R FTRRANT)

Differentiating Eqs (1) and (2) gives

. R R?sin®6*

S=- i e W (10)

cos 8* R cos” 8
The determination of the velocity potential
for a growing bubble resting on a fixed plane boun-
dary using the Laplace equation is complicated since
the location of the plane b0undary is a function of
both r and 6. It has been shown'® that by expressing
Laplace’s equation in terms of a toroidal coordinate
system together with the appropriate boundary con-
ditions gives the velocity potential as
S sin® no ]

(cosh w cos 7o)

9)

¢ = ZR[(R + 8 cos no)+

V =37R*1 —cos 8*—1% cos 6* sin” 8%) (5) - o
+
A =27R%(1—cos 6%) (6) [ (cosh  +cos ”)] (11)
dv o 4R . (cosh w +cos 1)
v_ S FR2— (3 3 co _sin 0* Using Bernoulli’s equation to establish the
dt 3 dt os ¢ pressure along a streamline around the bubble boun-
1sin*o* 1 . " % - dary, the mean pressure in the liquid around the
9 cosg* oo 6" cos § ) (7) bubble boundary is given by
dA -9 Rg (2 9 s1n2 0*) (8) [PL—POO] _ Sz(cos o* _§+cos2 6*)
dt d¢ o cos 6% PL r=R 2 2 2
Nomenclature $§  Instantaneous translational acceleration
A Instantaneous bubble area ; %firl;‘ébble centre
i t
g” Sggz:gg }}:2:: gf g:: 2: ggg:tz; 5;?32:;6 Ty, Instantaneous mean.bubble temperature
Fz Force acting on bubble surface due to T. Temperature of gas in an?e-chambe.zr
liquid inertia and buoyancy T; T?mperature of gas entering the orifice
F, Viscous force acting on the bubble Ti  Liquid temperature .
surface T Bulk tempgrature .of the liquid ' '
F, Surface tension force acting on the bubble T, Lengthoftimeperiod underconsideration
surface V  Instantaneous bubble volume
g  Gravitational acceleration Ve Volume of gas ante-chamber'
k  Thermal conductivity of the liquid W  Mean mass flow rate of gas into the ante-
m  Instantaneous bubble mass %hilr'nll)ilr‘ 1 f bubbl f
py Instantaneous mean pressure of gas y (—ar l_aR)lsp acement from bubble surtace

within the bubble

v. Instantaneous gas ante-chamber pressure

P;,  Liquid pressure

P.  Mean liquid pressure around the bubble
surface

P, Liquid pressure at the orifice in the
absence of motion

Q  Rate of heat transfer from the liquid to the

bubble

Radial distance from centre of bubble

a  Non-dimensional parameter (=R/2S)

a; Thermal diffusivity of liquid

B Similarity variable (y/8,(6, t))

8¢ Thermal boundary layer
(=846, 1))

Ap, Increase in pressure across the bubble
boundary due to viscosity

Ap, Increase in pressure across the bubble
boundary due to surface tension

thickness

r
R Instantaneous bubble radius € =57 )
R, Orifice radius n Toroidal co-ordinate
RO Gas constant no Value of n on bubble surface
R Instantaneous radial velocity of bubble 0 N i?h?r}cal co-;)rdlfn;te . N
R Instantaneous radial acceleration of 6 fm‘t“}g angle of U as shown in Iig
bubble ML Vlsco_sﬁy of .hqgld
S  Instantaneous height of bubble centre L Den51t)_1 of liquid '
above orifice o Coeﬂi'ment of sgrface tension
S Instantaneous translational velocity of ¢ Velo‘?lty POtthl.aI
bubble centre @  Toroidal co-ordinate
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+1?2(2— )+2Rﬁ

2 cos 8*

+ RS (cos 6* + 1)+g§ (cos 8% —1)
(12)

[l P dA
) bubble surface

[1 L.] r=R
JJ s r=
bubble surface R

The mean pressure in the liquid around the
bubble surface from energy considerations, Py, given
by Eq (12) may be used to obtain the instantaneous
mean pressure of the gas in the bubble, P, if the
increase in pressure along the gas-liquid interface
due to surface tension and viscosity of the liquid is
included, ie

P,— P, =AP,+AP, (13)

It has been shown'' that the value of AP, may be
given by

4u R
AP, ==7— (14)
while the value of AP, is given by'?
20
=— 15
AP, 7 (15)

Eqgs (1)-(10) and (12)-(15) enable the mean
pressure of the gas in the bubble to be determined
at every instant for the growing stage. The condition
for the end of the growing stage is given by

(dmS)

-F —-F - =0 16
FIB Fo “ dt ( )
where
o*
Fip= —27r32U Py sin 8 cos 8 da]
0 r=R
/11 1 5
_ 2 of + 4 2 * 4 _Z
2R pL[R (12 cos” 0t 5 s 6% 4)

+ RR(cos® 6* — 1)~&-§R~S':(cos3 #*-1)

17, 5 2
RS<12COS 0 Zoos 8" 2cos @ 3
of3

+52(§ cos* (9"‘+g—cos2 0*) _%5’ (cos® 8*—1)
R Py
—g—(cos3 8 —1)+—=(cos> 0*—1)] (17
3 2oL
and
F,=27Roo (18)
J1- Y2
F, =47TMLBS[+S0] (19)
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Fig 1 Bubble geometry and spherical co-ordinate
system (growing stage)

Eqs (16)-(19) specify the end of the growing stage.

The elongating stage

The elongating stage commences when the net reac-
tive force on the orifice plate becomes zero. During
this stage, the bubble continues to grow and moves
away from the orifice plate although the bubble
remains connected to the orifice by a small neck. The
elongating stage terminates when the neck of the
bubble ruptures.

Assuming that the bubble is a complete sphere
and that the bubble neck has negligible influence on
the flow pattern, it has been shown'*", by use of
the method of images, that the velocity potential for
this case is given by

.(R® R, 2_ & LR , R s
17/ [R( " +Ra+2a +3Ra ) S(2a +2a )}
) H3 3 3 R3a6

+[S(p+—2r2 +ra’+ 5, +m6)

3 2 3.5
- (R— a—2+B—0;+ ra®+ ra5>]P1 (cos 8)

2 r 2r

/9 R* 4 2 2
+[R(——3a3+R—3a6+r—a3+3r 6)
3r r
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—[R(§E;a6+—4 ae)]Ps (cos 8) (20)

where a = R/28S.

It should be noted that as § > and hence
a >0 then Eq (20) reduces to
r 22 cos (21)

&=

which is the velocity potential in the liquid around
a growing bubble moving in an infinite medium, and
has been used by several authors.®®,

In a similar manner to the growing stage
theory, using Bernoulli’s equation to evaluate a mean
pressure in the liquid boundary around the bubble
and superimposing the surface tension and viscous
effects gives the pressure of the gas in the bubble as

A5
PL r=R

~Rﬁ[l+a+£+ga6]—3§[£+£]
2 3 2 2

o3 7 3 21

+ 2[_+ 4L, 6_92 7_21 g o 9

R 5 2a 4a +3a 201 8a Sa
_ga10_2705a12}

20 384

. 1 @ 11 15 3
+S2[——+— s 10 g 9 9

427 4% 4% 2°

_21 4 93

12| pa 2 5 7
5 o 2 @ ] RS[2a +4a°+3a
- ——a

—3a®-==

3 a 5 a 5 ]—gS (22)

Consideration of a force balance on the bubble
surface'® gives after some manipulation

27R*p [RR(a®*+a®)—RS(G+a’+a®)
+8%Ba*+9a" - 122° - 32'° - 302"
+R*Ba’+40°~4a"-5a%-6a’—6a’°-11a'!)
~RS(1+6a°+9a°~14a°*-8a°-27a'°— 122"

d(mS)

-23a'?)+3gR1 - 27wRoo —4ur.wRS = T

(23)

Eqs (22), (23) and (3)-(9) with 8* =7 give a
complete solution to the elongating stage.

24

Heat transfer

The rate of heat transfer between the bubble and the
liquid with no mass transfer is given by

2 o aTL .
0 r=R

Introducing the concept of a thermal boun-
dary layer around the bubble whose thickness is a
function of angular displacement and time and
defining a similarity variable'® defined by

_.n

P 56,0 25)
to permit the solution of the diffusion equation gives

d’Ty dT:.

+2 =0

whose solution is given by

T.-Tw Yy

i ron]
To-T. erfc 56,0 2mn

The rate of change of angular displacement
for a fixed point in space is given by

38 de

W Y (28)
and

de S R

a+(6Ecos (9+4ﬁ)e_4at (29)
where ¢ = 8,(6, t)*. Differentiation of Eq (27) gives

1
[2] -Z(re-m) (30)
dy dy-0 Vrr 8.6, t)

and substituting (30) in (24) gives the rate of heat
transfer between the bubble and the liquid as

O = 4VmR*k(To—T) j sinf 49 (31)

o Ve
Method of solution

In order to simplify the numerical solution and to
avoid the possibility of rounding errors, the govern-
ing equations were expressed in dimensionless
form™.

Several numerical methods were used to
determine their stability, relative accuracies and
speed of execution.

The numerical method eventually chosen was
Hamming’s modified predictor-corrector method. A
CDC 7600 computer was used to solve numerically
the system of differential equations.

In order to obtain a complete solution, the
value of the gas pressure in the ante-chamber, and
its derivative, must be known for all time, ¢, during
the bubble formation period. It was decided to use
experimental values of the gas chamber pressure
rather than employ the concept of an experimental
discharge coeflicient to determine the pressure drop
across the orifice plate.

In order to solve the set of differential
equations it was necessary to use a value for ¢ at
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time ¢ = 0. This initial value was determined by solv-
ing the diffusion equation in conjunction with the
velocity potential for a liquid stream around a bubble
translating through a medium at constant velocity.

Experimental investigation

The experimental equipment (Fig 2) consisted of a
tank with an aluminium frame and ground glass
sides, containing the liquid phase, mounted on top
of a large metal cylinder. Air was injected into the
liquid in the tank through a submerged aluminium
orifice which was screwed into a Tufnel housing.

The orifice was supplied with air from a rela-
tively small reservoir (gas ante-chamber) which fitted
into the orifice housing and was surrounded by the
metal cylinder. The air originated from a small com-
pressor, and after passing through a series of filters,
to dry and clean the air, entered a helical tube which
was connected to the gas ante-chamber, and enclosed
within the metal cylinder. Provision was made for
preheating the air, prior to entry into the orifice, by
immersing the helical tube in water contained in the
cylinder which was kept at a constant temperature
by means of electrical heaters. A controller was used
to maintain a constant air mass flow rate into the
ante-chamber which was measured by a calibrated
rotameter. The temperature of the air entering the
orifice was measured using a series of calibrated
thermocouples.

A pressure transducer, connected to a flush
mounted pressure tapping in the ante-chamber wall,
was used to measure the pressure variation of the air
in the ante-chamber. Because of the temperature
limitation imposed on the pressure transducer, it was
fitted outside the metal cylinder and connected to

Heat transfer during bubble formation

the pressure tapping by a short length of water cooled
copper tubing. A UV (ultra-violet) recorder was used
to obtain a trace of the output from the pressure
transducer.

The bubble formation process was photo-
graphed with a Hycam high-speed camera using rear
lighting to highlight and produce a sharp bubble
outline. Since it was proposed to relate the pressure
variation in the gas ante-chamber to the bubble
photographs, the UV recorder and high-speed
camera were synchronised. Tests were carried out to
establish the frequency response of the pressure
measurement system and the phase shift caused by
the presence of the tube linking the pressure tapping
to the pressure transducer. The total time taken for
the pressure wave to travel from the orifice to the
transducer was found to be two milliseconds.

In order to establish conclusively the point of
bubble departure on the gas ante-chamber pressure
trace, the bubble formation was photographed, with
the oscilloscope trace of the pressure transducer out-
put superimposed on the image, using a twin lens
16 mm Hitachi high-speed camera.

Tests were carried out in which high-speed
photographs and gas ante-chamber pressure traces
were obtained for a range of air mass flow rates
through four different orifice sizes from 1.586 to
3.034 mm diameter. The highest air mass flow rate
for each orifice was dictated by the upper level of
stable bubble formation. The tests were conducted
for temperature differences of 0°C, 30°C and 47 °C
between the air and water. The bubble outline,
enlarged thirty times, was projected onto a graduated
screen. The bubble volume was determined from
this outline, assuming three dimensional symmetry,
by dividing the shape into a series of truncated cones.

Liquid tank

Distilled water

Pressure
monitoring

Orifice plug

system

: :< ?‘Orifice-
I 1

Pressure d Flowmeters 1 t ]'Ori?lce housing———~
regulator 00 0 > 7
§ i [ VNS rrrrrrrrrrd
1
+ Cooli n/ L ot :=D==
j;’;’k',,“ | o+ [~ Pressure tapping Pressure
transducer
t o t
— 1 ~1Gas ante-chamber
—o+t
T Constant mass
1 A Water Mercury Water bath flow controller
both manometer \
Copper coil i
Dryers and Metal drum iImmersion heater N
tilters
N S NS A S SSAANSS A A A A AN AEAARVALA AL ACLA R ALY
Air Insulgtion-~
compressor
ond =
reservoir 1 = thermocouple

Fig 2 Apparatus to study the bubble formation process
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Values for the bubble frequency were obtained from
the trace produced by the UV recorder.

Results and discussion

Isothermal bubble formation

A typical trace of the gas ante-chamber pressure
measured differentially with respect to a fixed datum
is shown in Fig 3, for one test. The related events
during the bubble formation are shown in Fig 4.

As a result of the detailed investigation using
both types of high-speed camera, it was found that
bubble departure from the orifice occurred at the
point of minimum gas ante-chamber pressure for the
majority of the tests. At the highest gas mass flow
rates the point of bubble departure took place about
one or two milliseconds earlier than this. The high-
speed photographs of these cases indicated that
when the bubble departed, the residual bubble left
at the orifice continued to expand due to the existence
of a low pressure region in the wake of the departing
bubble, and thus the pressure in the gas ante-
chamber continued to fall.

The linear increase of gas ante-chamber press-
ure following departure occurred as a result of the
fixed inflow of gas into the ante-chamber, without
any significant displacement of the bubble envelope
taking place. Bubble growth then caused the ante-
chamber pressure to fall once again, the point of
inflexion being associated with the change from the
purely radial movement of the bubble envelope dur-
ing the growing stage to the coupled radial and
translatory movement of the elongating stage.
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The variation of the mass flow rate of gas into
the bubble during the formation period was obtained
from the recorded pressure trace using Eq (3), and
is shown in Fig 5 for one test condition. The point
of transition between the growing stage and elonga-
tion stage, given by the solution of Eq (16), was
found to be in good agreement with the experi-
mentally observed values for all tests, and occurred
at the point of maximum mass flow rate into the
bubble.

The variation of frequency of bubble forma-
tion, obtained directly from the traces of the gas
ante-chamber pressure over a large number of bubble
formation periods, is shown in Fig 6 for two of the
four orifices tested. The three main regimes of stable
bubble formation were observed in which the bubble
formation period remained stable over a long period
of time.

The transition between the regimes for con-
stant volume and slowly increasing volume gave rise
to a regime where two bubbles of different sizes were
alternately formed at the orifice. Once the cyclic
process had settled down, the frequential time for
each of the two types was virtually constant (Fig 7),
and each of the measured frequencies so obtained
is shown joined by a vertical line in Fig 6. It was
observed that during this dual type of bubble forma-
tion, the first bubble grew to a final spherical shape
(type A), and after detachment, the pressure in the
liquid behind the departing bubble was sufficiently
lower than the gas ante-chamber pressure to allow
the rapid formation of a long cylindrical bubble (type
B). After the departure of this bubble there was a
long pause to allow the build up of pressure in the
ante-chamber necessary to form the spherical
bubble.

The measurements of bubble volume, ob-
tained from an analysis of the high-speed films for
the bubble formation period up to the point of depar-
ture, are shown in Fig 8. These gave consistent
results, and the final bubble volumes at departure,
obtained from this procedure, were checked against
the final volumes found by dividing the gas flow rate
by the bubble frequency measured on the UV traces,
in order to substantiate the validity of the photo-
graphic measurements. Agreement was normally
within 1%.
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x 10 2% /N
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= / °s3
3 w
(=3
= / Transition point

1 1

OO 5 10 15 20 25 30 35

Time, ms

Fig 5 Time variation of mass flow rate into bubble
(isothermal)
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The variation of bubble volume with time
obtained from the theoretical analysis is also shown
in Fig 8. The predicted bubble volume was in good
agreement with the measured value over the com-
plete bubble formation period. The maximum
difference between the experimental and predicted
terminal bubble volume was found to be within 7%
for all tests.

Bubble formation with heat transfer

In general, it was found that the effect of heat transfer
caused the bubble formation process to be less regu-
lar and stable than in the isothermal case. In addition,
as the temperature difference was increased, the
range of mean mass flow rates where regular, stable
formation could be maintained was decreased.
Bubble formation was particularly susceptible to any
disturbances occurring during the first few mil-
liseconds of growth. In the case of heat transfer,
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minor variations in the thermal boundary layer were
possible at this early stage which arose from the
disturbance of the liquid caused by the departure of
the preceding bubble. In fact, the system was not
sufficiently stable to consistently reproduce the dual
type of bubble formation which was observed in the
isothermal study. It was found that no regular, stable,
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bubble formation could be maintained for the orifice
of diameter 3.034 mm whatever mean mass flow rate
was used. Curves of bubble frequency are shown in
Fig 9 for a temperature difference of 30°C. Com-
pared with the isothermal case, heat transfer
seriously curtailed stable bubble formation in the
lower mass flow rate region.

Heat transfer appeared to have very little effect
on the gas ante-chamber pressure traces with the
point of transition, and bubble departure remaining
unaltered. This was to be expected since these were
governed by the hydrodynamics of the system.

The variation of bubble volume with time for
the diabatic case is shown in Fig 10, together with
the isothermal results and the theoretical prediction
based on Eq (31). A study of all the experimental
data revealed that there was little difference between
either the shape of the curves or the terminal bubble
volumes for the isothermal and diabatic results. Once
again the experimental and theoretical results were
in very close agreement for both the time variation
of the bubble volume and also the terminal volume
at departure.

The change in temperature of the gas in the
bubble, produced as an intermediate result during
the numerical solution of the set of governing
equations is shown in Fig 11. The temperature of
the gas fell very rapidly during the initial stages of
bubble growth indicating that the majority of the
heat transfer took place within the first millisecond.
These results were used to calculate a time-average
surface heat transfer coeflicient for the bubble forma-
tion period. The values for the experimental test
conditions (0.8-1.8kWm™2K™') were within the
range 0.5-7.5kWm 2K, recorded experimentally
during the formation of superheated steam bubbles

in saturated water at elevated pressures'®. In the case
of heat transfer from the surface of a saturated steam
bubble to a subcooled liquid stream'”, where mass
transfer played a significant role, the measured
values were far higher.

Conclusions

1. This theoretical solution for the bubble for-
mation process was found to give very good agree-
ment with the experimental results for the time vari-
ation of the bubble volume for both stages of the
bubble formation, with and without heat transfer,
over a wide range of gas mass flow rates and orifice
sizes. In addition, the transition point between the
two stages was predicted accurately.

2. From the experimental investigation it was
found that heat transfer had only a minor effect on
the bubble formation process, mainly by reducing
the stability and the range of operation for a given
orifice.

3. From the results of the theoretical solution
of the bubble formation process it was found that
the vast majority of the heat transfer between the
growing bubble and the liquid occurred in the first
few instants of bubble formation.

4. Time-average values for the surface heat
transfer coefficient were predicted in the range 0.8-
1.8kWmZ2K ™
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