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Abstract—A high speed film of boiling outside tubes near the top of a horizontal reboiler tube bundle reveals
a multitude of small bubbles which grow rapidly while sliding up the side of the tube. These bubbles originate
from both the main stream and from nucleation sites at the base of the tube. The measured growth rate
correlates well with theory based on an evaporating microlayer under the bubble. It is shown that sliding
bubbles can account for the enhancement of heat transfer observed at the upper tubes of bundles.

NOMENCLATURE

a, mean diameter of contact area;

b, length of liquid layer;

Cy drag coefficient of sphere;

D, mean bubble diameter;

F,, buoyancy force;

Fa, drag force;

F, surface tension force;

g, acceleration due to gravity;

h, heat transfer coefficient ;

e enthalpy of vaporisation;

ke, thermal conductivity of liquid;

M, function of 6,,;

n, mass flow rate;

N, function of 8,;

Fgps mean number of bubbles per unit area at
any one time;

Hgps mean number of sliding bubbles per unit
time and area;

P, mean proportion of the tube circumference
occupied by sliding bubbles;

0, heat flow rate;

q, heat flow rate per unit total area;

Qs heat flux due to sliding bubbles;
Re, Reynolds number for sphere, pU,D/u¢;

r, radius (defined in Fig. 7);

t, time;

Taan saturation temperature;

Te wall temperature;

Uy, velocity of sliding bubble;

U, velocity of liquid in main stream;
X, distance normal to flow direction;
z, distance in flow direction;

Greek symbols

AT, wall superheat, T, — T,,,;

AU, velocity difference, U, — U,;

d, liquid layer thickness;

8, local liquid contact angle;

8, advancing liquid contact angle;

[ mean liquid contact angle [ defined in Fig. 7

and equation (10)];

Ui, liquid viscosity ;

O liquid density;

a, surface tension;

Topr time period bubble slides on surface;
@, angle defined in Fig. &

1. INTRODUCTION

THE work described in this paper arose from the need
to determine the mechanism which causes an anom-
alous increase in the boiling heat transfer coefficient in
the upper tubes of a bundle. The experimental work is
based on the same reboiler slice described in Leong
and Cornwall [1]. The bundle contains 241 electrically
heated, 25.4 mm long tubes of 19 mm dia and 254 mm
square pitch, and the test fluid is R113 at | atm. and
48°C. Lines of constant heat transfer coefficient within
the section, drawn by interpolation between the mea-
sured values at each tube, are given for a uniform heat
flux of 20kWm ™ 2 in Fig. 1 and for other heat fluxes in
ref. [ 1]. It is shown in Cornwell et al. [2] that the high h
values at the top of the bundle cannot be entirely
accredited to the influence of fluid velocity on the flow
boiling and that some additional heat transfer
mechanism is responsible.

Figure 2 shows the type of flow occurring near the
top of the bundle at a heat flux of 20 kWm ~? (this flux
yields a vapour production rate per unit area for R113
which is typical of the conditions in industrial bun-
dles). Ciné films show a large number of bubbles that
grow while sliding around the side of the tube. These
bubbles either impinge on the side from the main
stream or slide up from nucleation sites near the base
of the tube.

Figure 3 shows the comparatively low bubble
density occurring around a similar tube under pool
boiling conditions at a heat flux greater by a factor of
2.5. Here also ciné films reveal the importance of
sliding bubbles, and their influence on heat transfer is
at present under study. This paper is restricted to the
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Fic. 1. Iso-h lines (kW m? K ') at a heat flux of 20kW m™?
in the reboiler tube bundle.

observation and initial analysis of sliding bubbles in
the upper tubes of the tube bundle.

Since the observation of sliding bubbles by Gunther
[3] in 1951, a number of studies have been made of
growing, sliding and collapsing bubbles under sub-
cooled flow boiling conditions e.g. ref. [10]. The
existence of a liquid microlayer which dries out under
the bubble, similar to that sometimes observed in pool
boiling, was shown by Anderson and Minns [4]. Very
recently Mori [12] has reported thin layers under
sliding bubbles growing in uniform superheat at zero
gravity. There was no indication of the layers drying
out under the experimental conditions used.

For the case of tube bundles, both Nakajima [5] and
Niels [6] observed large bubbles about the size of the
tube clearance and analysed the heat transfer in a
similar way to the evaporation of a liquid layer under
bubbles in slug flow. These large bubbles were not
observed in our experiments using R113 in much larger
tube bundles and the photographic study indicated a
strong resemblance to the sliding bubbles reported by
Anderson and Minns [4].

F1G. 2. Boiling between the upper tubes of a bundle at
20kWm~? (R113, L atm,, 19 mm dia).
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F16. 3. Pool boiling on a tube at 50kW m~
19 mm dia).

2 (R113, 1 atm.,,

2. THE SLIDING BUBBLE MICROLAYER

The object of the following analysis is to find the
magnitude of the liquid layer thickness under a
growing bubble sliding up a vertical surface at constant
velocity U, The observed high contact angle at the
advancing (lower) edge of the bubble suggests a dry
spot on the surface. Similar bubble shapes and contact
angles were observed by Williams and Mesler [11] for
bubbles sliding up a vertical surface due to buoyancy.
The contact area of the bubble is roughly ellipsoidal as
shown in Fig. 4 and the area of the microlayer is taken
as the product of the mean contact diameter of approx.
a and a layer length b, to be determined.

Consider the control volume ¢, dz, 4 moving along
the surface a distance z from the moving reference
frame z,. The difference in mass flow rate into and out
of the control volume is equal to the mass evaporated.
Thus

dQ
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Fi16. 4. Arrangement of sliding bubble with microlayer.
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where dQ is the incremental heat flow rate. The heat
flow through the control volume is a function of time.
Calculation shows that for the mean thickness (2 um)
of R113 involved here, the steady-state distribution is
approached within 0.1 ms and it is therefore con-
sidered a reasonable approximation to assume linear
conduction across the layer. (In contrast the micro-
layer existing under some conditions of pool boiling
is thicker and, at a mean thickness of, say, 10 um, the
transients do not fade for several milliseconds. It may
then be more reasonable to approximate to the case of
transient heat flow into an infinite extent of liquid). For
linear conduction, assuming the effects of bubble
pressure on T, and local surface cooling on T,, are
ignored

dQ=—kfadzﬁgﬂl. (1)

Assuming that the very thin layer under the bubble is
stationary with respect to the surface the nominal mass
flow into the moving control volume is

= pU,aé. (2)

Rearrangement and substitution of appropriate
boundary condition gives

& z AT
f 0dd = J LL“‘dz.
S0 0 prhhfg

2k AT,
52 — 62 _ ( f sal>z
° prbhfg

That is

andatz=b6=0,

2k:A
52 - f sat _ . 3
PrUbhfg =2 ©)

Substitution for § in equation (1) and integration to
give the total heat flow rate to the bubble from the
microlayer yields

Q (] 1 12
J 4Q = albk, AT, prheyUy )12 f (b_——z> &z,

0 0
Q = za(%kaTsalpfhngbb)lrz' (4)

For the purposes of this analysis it is assumed that
the bubble of mean diameter D grows owing to
evaporation of the microlayer only. The assumption
means that the transient cooling of the surface during
growth, the consideration of vapour at the outer parts
of the bubble and the sensible heat content of the layer
are all ignored. Examination of pool-boiling mic-
rolayer studies (such as Cooper and Lloyd [7]) show
that this is not unreasonable under saturated liquid
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conditions. (This assumption must of course not be
confused with the microlayer evaporation proportion
of the total heat flux in pool boiling, as the total value
includes a large part due to transient conduction
during the waiting period.) The expression for the heat
flow to the bubble then becomes

Qdt = pyhe, (n/6) A(D)* (5)
Elimination of Q between equations (4) and (5) and

rearrangement gives
2he, 2 [1 d(D3)T ©

b = (n/12)? !
) A Tp Uy @t

where the term in the square brackets may be esti-
mated from bubble photographs. The inital microlayer
thickness is given by

2k AT, b\' 72
6 — f sat . 7
o ( prUgheg ) )

The heat flow rate due to the sliding bubble is simply
the product of the mass flow rate to the layer and the
latent heat

Q= (m)z=0hfg = prba‘Sohfg-

If n, is the average number of sliding bubbles per unit
area at any one time, the heat flux g, (based on total
area) due to sliding bubbles is

g6 = NguPhgUvado. 8)

3. PHOTOGRAPHIC STUDY

The photographic study involved still shots of the
flow boiling using short duration electronic flash and a
high speed ciné study using a Hadland “Hyspeed”
rotating prism camera. The film analysed here shows
bubbly-flow boiling of R113 similar to that shown in
Fig. 2 at ¢ = 20kWm~? and nominal h =
6kWm™ 2K ~! between the third and fourth rows from
the top of the bundle described earlier. Although many
thousand frames were available for analysis, only parts
of the film showed a clear view into the boiling region
owing to visual disturbance by bubbles in the fore-
ground and large light intensity changes caused by the
flow. In this section the path of various bubbles over a
clear period of 10 ms is examined. The mean film speed
over this period is 3600 frames s ' and the mean liquid
velocity in the vertical gap between the tubes is 1.2+
30% m s~ '. (This value is the average of 10 measure-
ments of the movement of small pieces of paper or
bubbles, and the accuracy is adversely affected by the
general turbulence and the rapid acceleration and
deceleration as the fluid flows through the gap between
the tubes.)
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FiG. 5. Sketch showing changes occurring over a period of
3.3ms {Frames 13-25, Table 1}.

Figure 5 is a tracing from the ciné film showing the
movement of various bubbles. (The scale may be
Jjudged from the 19.05 mm dia and pitch of 24.1 mm.)
Bubbles A and B are typical of those that slide along
the surface and grow simultaneously and these two are
analysed in detail later. C slides along the surface with
very little growth and is swept into the main stream. D
is similar to C, but smaller (0.5mm dia) and is not
transferred to the main flow in the period studied. E is
initially fairly clear and appears almost hemispheri-
cal suggesting growth under inertial restraint. In the
latter part of the period it seems to collapse or be
destroyed by the surrounding turbulent flow. F follows
the opposite process to C, D and E, originating in the
main stream, impinging on the surface and forming a
distinct sliding bubble before moving out of focus. The
various bubbles labelled G are stationary and merely
grow or change shape over the period involved.
Vapour (H) trapped between the end gasket and the
glass is very noticeable in the film but has an in-
significant effect on the overall flow.

Returning to bubbles A and B, these can be analysed
in more detail as their growth rate can be roughly
estimated from enlargements of the film. Values of the
mean diameter D and the bubble height x from the
surface are given in Table 1. The contact area diameter
a is estimated from D and x by assuming the bubble
surface is spherical (Fig. 7). The contact area diameter
can only be estimated from x and the assumption for
this purpose that the bubble has a spherical surface of
diameter D. This is a major factor in limiting the
accuracy of the analysis. The mean velocities of the
bubbles are found from the position—time plot in Fig.
6. {The overall accuracy does not warrant consider-

K. CornwrrL and R. B. ScHULLER

ation of the velocity distribution or the tube curva-
ture). Substitution of the bubble growth parameter
obtained from Fig. 6 and a AT, value of 3.33°C (from
q/h) into equations (6) and (7) allows calculation of
the mean b and &, values given in Fig. 6.

The length b of the microlayer is similar to the
contact area diameter over the latter stages of growth
and, in view of the assumptions in the analysis, this
may be viewed as collaborative evidence that a mi-
crolayer under a sliding bubble can account for the
observed rapid growth rate. The initial thickness d, of
the layer (a few micrometres) is less than the mi-
crolayer thickness under some conditions of pool
boiling, but similar to that reported under the sliding
bubbles analysed by Anderson and Minns [4]. Over
part of the contact area, the microlayer thickness isof a
similar magnitude to the surface roughness. Over this
part, evaporation effectively occurs from remnants of
the receding Jayer remaining in surface indentations
and is therefore affected by the complications of the

microsurface and the liquid contact angle (see Corn-
well, [8]).

4. VELOCITY OF THE SLIDING BUBBLE

The velocity of the bubble may be estimated from a
pseudostatic force balance for the case when both the
bubble and the liquid velocities are constant and
the bubble growth rate is small compared to the
translational velocity. Forces acting on the bubble,
other than buoyancy, drag and surface tension are
ignored. The buoyancy and drag forces may be easily
calculated if the bubble is approximated to a segmen-
ted sphere as shown in the plan view in Fig. 7. The
surface tension force arises owing to the difference
between the advancing and retarding contact angles as
the bubble slides up the surface. This force is obviously
a complicated function of surface effects but may be
estimated as follows.

Figure 8 shows the contact area (of mean diameter
a) and the contact angle at identified points on the
circumference. At the forward edge, 0 is taken as zero
and is assumed to increase smoothly to the rear where
6 = 6, Winterton [9] has studied a similar situation
for a static gas bubble and recommends a sinusoidal
relationship for 8 at intermediate points. For our case
the expression which fits the conditions is given by

Table 1. Data on bubbles A and B used for Fig. 6

Frame number 1 8 13 17 21 25 29 37
Time (ms) 0 194 333 4.44 556 667 7178 10.00
Bubble A (U = 0.58ms 1)

Diameter D (mm) 15 7 19 2.1 22 23 ~25

Height x {mm) 1.1 1 1.2 1.2 13 14 ~16
Bubble B (Uy=0.55ms ")

Diameter D (mm) 19 22 24 27 out of view

Height x (mm) 12 13 1.5 ~17
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F1G. 6. Parameters for equations (6) and (7) bubbles A and B
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FiG. 7. Forces acting on a sliding bubble, U, > U,.

8=0

T Flow

M

6 -8,
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Fic. 8. Surface tension force on bubble base.

cos 0 = (cos 02“ + 1>+ <cos 02“ — 1)cos ¢. 9)

The surface tension force is given by

2n
F,= — [ 16 a cosO cos¢ do

which yields
F,=(n/4)ga(l —cos 8,).

At ¢ ==/2, 8 =0, (Fig. 7) and equation (9) gives
cos 8, = 1/2(cos 8, + 1). (10)

Also

Thus

a=2rsinf,
F.=mnorsinf,(1 —cosf,)
The other forces may be written as

F, = (nr*/3) (1 + cos 0,,)* (2 — cos 0,,) pig (11)

F, =S

;p; r}(U, — Up)* (r — 8, + sin 6, cos 8,,)
(12)
where C, is the drag coefficient of a sphere under the

same conditions.

From
Fy=F,— F,

it follows that, for U, > U,,

2_27t N/fo M
a0 ‘ciHa)‘ 3 ]

where AU = U, — Uy and M and N are both functions
of 8, only

(13)

_ (L ¥cos 0,)*(2 —cos 6,,)

M
n—0,+sinf, cost,

N = sin 8, (1 — cos 0,)
n—0,+sinf, cosb,’
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When U, < U,, F, acts in the opposite direction to
that shown and

; 2n|{Mgr N/ o
wr 22

The balance is only strictly allowable under conditions
when the bubble is moving (U, > 0) as, under static
conditions, the retarding contact angle (at the leading
edge) is not approximately zero.

Reynolds number for bubbles in the millimetre
range in normal liquids is between 10° and 10° and
over this range C; = 045 % 0.08. The only fluid
dependent group is the ratio (¢/p;) which is equal to
122 x 107°*Nm2kg~! for R113 and 619 x
10" *Nm? kg ! for water at their atmospheric boiling
points. The variation of velocity difference (between
the bubble and free stream) with r for each liquid, from
equations (13) and (14) is shown in Fig. 9. The curves
are drawn for various values of contact angle 8, and it
is assumed that contact is continuously maintained
with the vertical wall. When the liquid is stagnant the
U, > U, curves give the rise velocity of the bubble at
the wall and although the curves are not applicable
when U, = 0, the steepness as U,, —» 0 means that the
intersection at AU = 0 is effectively the bubble radius
at the initial point of sliding. As the vertical liquid
velocity is increased the radius at the initial point of
sliding decreases.

Attempts to draw practical conclusions from the
graph are somewhat hampered by the sensitivity to
surface tension effects. Our photographic studies in
R113 (and also those of Williams and Mesler [11] in
water) indicate an angle 6, behind the bubble of
around 90°, implying 8,, ~ 60°. Both Gunther [3] and
Akiyama and Tachibana [10] report sliding bubbles of
around 1 mm radius in subcooled flowing water. The
bubbles studied by Williams and Mesler [11] start to
move upwardsin the stationary water at a mean radius

(14)
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of 1.5-2.0mm which may be compared to the pre-
diction of 1.56 mmat ,, = 60° from Fig. 9. Bubble A in
this study has a mean velocity difference AU of 1.2 (+
30%) minus 0.58 (+ 10%) ms™! in other words
somewhere in the range 0.20-1.04 ms ™~ !. For thisrange
Fig. 9 indicates a radius of less than half the experimen-
tally observed radius (~ 1mm). The difference is
presumably due to the neglect of inertia effects (for
bubble A, R = 0.22 U, from Fig. 6) and geometrical
complications caused by the curved surface. Finally it
is interesting to note the prediction of generally larger
bubbles in water than R113 and this may partiaily
account for the large sliding bubbles observed by Niels
{6]. (Very recently Al-Hayes and Winterton [13] have
found C4 = 1.22 for attached air bubbles at Re > 20.
This C4 value would affect the AU scale of Fig. 9 by a
factor of 0.61.)

5. THE EFFECT OF SLIDING BUBBLES ON HEAT FLUX

The part of the total heat flux due to sliding bubbles
may be estimated by using equation (8). The average
number ngy, of sliding bubbles per unit sliding area on
the surface at any one time may be expressed as the
product of the number #, of sliding bubbles (from the
main flow and nucleation) arising per unit time and
area and the mean time 1, for which they slide on the
surface,

Agp = Hsp Tsb-

If P is the mean proportion of the tube circumference
over which the bubbles slide at mean velocity U, on
each side

. _PaD
* 30,

and substitution into equation (8) gives

D
Pehggado. (15)

s = n'Sb

An order of magnitude estimation (only) of the heat
flux, based on the total area, which is due to sliding
bubbles may now be made from the film. The film
indicates that, for the width of tube in focus (~ 5 mm),
sliding bubbles appeared with a frequency of about
100s ! each side of the tube. For bubble A, with P =
0.5 (in S.I. units),

N 100 x 2 057 x 00191
70.005 x 0.0191 (n/2) 2

4sp

x 1509 x 145.7 x 0.0015 x 3.0 x 107 ~20kWm™?

This order of magnitude estimation shows that it is
feasible for the sliding bubble mechanism to account
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for most of the total measured heat flux (of
20kW m~2) at the upper tubes. In other words the
increase in h (or decrease in AT,,,) by a factor of about
four over that for the lower tubes at the same heat flux
is mainly due to the large number of sliding bubbles
around the upper tubes.

Now that sliding bubbles have been observed, a long
term programme aimed specifically at the study of this
phenomenon has been commenced. It is hoped that
this will lead to more precise data on the sliding
mechanism and the conditions under which it occurs.

6. CONCLUSIONS

(1). Examination by high speed photography of the
flow between the upper tubes of a horizontal reboiler
tube bundle reveals the presence of a large number of
small bubbles in a turbulent bubbly flow.

(2). Bubbles were observed to slide up the sides of
the tubes and to grow at a high rate. These sliding
bubbles either originate from nucleation sites at the
base of the tubes or by impact on the tubes from the
main stream.

(3). Analysis based on the observed growth rates of
the sliding bubbles correlates with the concept of a
microlayer under the bubble. This microlayer has a
thickness of a few micrometers and is less than that
observed under some conditions of pool boiling.

(4). A force balance on the sliding bubble indicates
that the bubble velocity is very sensitive to the property
group (g/p;) and the contact angle.

(5). The feasibility of the sliding bubble mechanism
accounting for the reported enhancement in heat
transfer at the upper tubes has been shown.

(6). The results reported here apply to the small-
bubbled foamy flow observed (and believed to occur in
industrial reboilers). They are not applicable to large
bubble or slug flow between the tubes nor to high
voidage flow.
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ETUDE PAR PHOTOGRAPHIE ULTRARAPIDE DE L’ EBULLITION EXTERNE POUR UNE
GRAPPE DE TUBES

Résumé—Un film 4 grande vitesse de I'ébullition 4 I'extérieur de tubes prés du sommet d’un faisceau de tubes
horizontaux révéle une multitude de petites bulles qui croissent rapidement tandis qu'elles montent en
glissant contre les flancs du tube. Ces bulles proviennent 4 la fois de I'écoulement principal et de sites de
nucléation 4 la base du tube. La vitesse de croissance mesurée s’accorde bien avec la théorie basée sur une
microcouche en évaporation sous la bulle. On montre que les bulles glissantes sont responsables de
Paccroissement du transfert de chaleur qui est observé sur les tubes supérieurs de la grappe.
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UNTERSUCHUNG DER VERDAMPFUNG AN EINEM ROHRBUNDEL MITTELS
HOCHGESCHWINDIGKEITS-FOTOGRAFIE

Zusammenfassung—Ein Hochgeschwindigkeitsfilm vom Sieden an den obersten Rohren eines horizontalen

Verdampfer-Rohrbiindels zeigt eine Vielzahl kleiner Blasen, die wihrend des Emporgleitens an den

Rohrflanken schnell wachsen. Diese Blasen stammen sowohl aus dem Hauptstrom wie auch von Keimstellen

an der Unterseite des Rohres. Die gemessene Wachstumsgeschwindigkeit stimmt gut mit der nach der

Theorie einer verdampfenden Mikroschicht unter der Blase iiberein. Es wird gezeigt, dal3 diese gleitenden

Blasen die beobachtete Vergrofierung des Wirmetibergangs an den oberen Rohren des Biindels erkliren
konnen.

WUCCIEJOBAHUE KUMEHUA HA BHEIUHEW CTOPOHE MYYKA TPYE METOAOM
BbICOKOCKOPOCTHO KMHOCHLEMKH

Annotauus — BbICOKOCKOPOCTHASI KHHOCBhEMKA NPOLIECCA KMIEHHS HAa BHELIHEH CTOPOHE BEpPXHEH 4acTH

rOPU3OHTAJILHOIO Ny4kKa TpyO KHNATHIbHMKA OOHapYXHMBAa€T MHOXECTBO HEDOJBIINX My3bIPHKOB,

KOTOpble OBICTPO PACTYT M CKOJIB3SAT BBEPX IO CTE€HKaM TPyObl. Ily3bIpbKH 3apOXIaloTcs KaK B

OCHOBHOM IOTOKE, TaK U B LIEHTpax o0pa3oBaHHs My3bIPbKOB Ha HHXHEH creHke TpyObl. M3MepeHHble

3HAYEHUS CKOPOCTH POCTA MY3bIPHKOB XOPOILO COrJIACYIOTCS C PAaCCYHTAHHBIMH MO METOMY HMCmaps-

JOLIErocsk MUKPOCIOA MO My3bIpbKaMHK. [TOKa3aHO, YTO CKOJIbXEHHEM MYy3bIPbKOB MOXHO OOBACHHTH
HHTEHCH(PHUKALMIO Te...IONEPEHOCAa B BEPXHEH YaCTH My4Ka.



