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Abstract

In this paper authors would like to present the results of experimental investigations and modelling of repulsive force 
acting on the rigid sphere (representing the bubble) in its flow along the vertical wall. It has been found that such force 
has a periodical character and depends on the flow Reynolds number. Comparison between measured and calculated 
values has been made, which gives satisfactory agreement. 

1. Introduction 

From the point of view of thermodynamics and heat 
transfer the two-phase flows introduce into the processes 
an important feature that they intensify the heat transfer. 
The boiling process, particularly at a small content of 
vapour phase, enhances heat transfer in channels which is 
depicted in a significantly higher, compared to single 
phase flows, heat transfer coefficient. In the era of 
reduction of technical appliances sizes the idea of 
implementation of two-phase flows in the systems of 
semiconductor laser cooling, or microprocessors in 
electronics seem inevitable. Hence investigations of 
boiling in small diameter channels or microchannels as 
well as extended microsurfaces are conducted in several 
research centers in the world [1, 2]. Similar investigations 
have also commenced at the Heat Technology 
Department at Gdansk University of Technology. Also 
the two-phase flows without bubble generation, i.e. flows 
where bubbles coexists within liquid fins numerous 
practical applications. Here also the mathematical 
modeling presents serious shortcomings. 

Issues connected with the presence of a vertical wall 
and bubble movement around it are important in two-
phase flows analysis. Additionally, there is no sufficient 
experimental data on the flow resistance of gas bubbles 
near vertical walls as well as mathematical description of 
that problem is incomplete. According to experimental 
data [3], characteristic feature of two-phase flow is wall 
peaking and core peaking (Fig. 1), which means bubbles 
grouping near the wall or core of the flow, respectively. 
Such phenomenon still strikes difficulties and there is no 
unanimous explanation to that fact. Mikielewicz [4], for 

example, postulated that some additional angular velocity 
causes that phenomenon. He devised a model, which 
allows to determine the flow with void fraction 
distribution. Unfortunately, there is no experimental data 
confirming the details of that hypothesis apart from 
integral characteristics of the flow, i.e. velocity profile 
and void fraction distribution. Analysis of Eq. (1), a 
typical bubble diffusion equation, shows that in case of 
presence of void fraction maximum, , the sign change of 
its derivative d /dx is expected. The diffusion equation 
of bubbles in the transverse direction, mentioned earlier, 
yields: 

xd
dDbb (1)

where b is transverse bubble velocity and Db – bubble 
diffusion coefficient. In the case when the void fraction 
derivative changes its sign there is only one other 
remaining quantity, which can also alter its sign. That is 
the transverse velocity b. It is associated with the change 
of the direction of action of the force acting on the 
bubble. Concluding, when the void fraction gradient is 
positive then the transverse velocity is directed to the 
wall. When the gradient is negative the transverse 
velocity is aimed to the core. The model due to 
Mikielewicz allows to model, at least qualitatively, such 
behaviour of the bubble. The model requires however 
some tuning to transverse velocity and flow around the 
groups of bubbles, where experimental data is yet 
available in the literature. One of other suggestions was 
that the presence of the wall influences the bubble 
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Nomenclature

 – angle, void fraction 
A – projection area 
cD – drag coefficient 
Db – bubble diffusion coefficient 
FD – drag force 
F  – repulsive force 
h – maximum deviation 
m – mass 

N – string force 
 – density 

Re – Reynolds number 
t – time 
tc – time of maximum deflection 

 – transverse velocity 
x – Cartesian coordinate 
x0 – initial distance between sphere and wall 

motion. More details about hypothesis explaining that 
phenomenon have been presented in [4]. 

Fig. 1.  A schematic depicting wall peaking and core peaking 
phenomenon

It is also expected, that the presence of the wall has a 
strong influence on the flow around a bubble, which 
becomes asymmetric. It leads to changes in drag force 
and appearance of transverse components of velocity. 
The aim of this work is investigation focused on accurate, 
experimental verification of forces effect on bubble 
flowing along the wall. The bubble is represented by a 
solid sphere suspended on a thin string. It is 
acknowledged that bubbles in such motion exhibit some 
specific patterns of motion, however, the authors are 
convinced that the model of a bubble considered in the 
present approach captures at least a qualitative behaviour 
of a bubble in the flow and will allow to determine the 
transverse force acting on the bubble. 

2. Experimental rig 

In order to measure the forces acting on the bubble an 
experimental rig, shown in Fig. 2, was designed and 
assembled at the Heat Technology Department of the 
Gdansk University of Technology. The rig consists of: 1 
– vessel, 2 – sphere (the bubble model), 3 – steel string, 4 
– velocity adaptor, 5 – frame, 6 – wheel, 7 – tensometric 
beam, 8 – mass, 9 – digital camera, 10– linear scale 
attached to vessel wall, 11– data acquisition set, 12– drain 
valve. Experimental rig is positioned in air-conditioned 
room with temperature 20  1 C. The vessel (0,5 x 0,5 x 
1m), containing distilled water, is made of Plexiglas 8 
mm thick. It is assumed that water properties are: density 

 = 998,2 kg/m3, viscosity  = 1,006 x 10–6 m2/s, surface 
tension  = 726,9 x 10–4 N/m, i.e. they correspond to 
temperature 20 C. The wheel with negligible mass was 
located on stiff frame. The small mass of the wheel was 
obtained by selection of a special aluminium hoop with 
thin spokes and a light nave. The wheel is placed in two 
ball bearings with dimensions 6/10 mm, which results 
in insignificant movement resistance. The aluminium 
wheel was cut with 130 000 notches in order to determine 
the acceleration of the wheel and its angular velocity. The 
vessel has positioning system which gives the 
opportunity for measurements with varying distance from 
the wall. The sphere used in experiment is a physical 
model of gas bubble moving in vertical direction along 
the wall. The sphere movement was forced by the mass m
falling down due to gravity on the opposite side of the 
wheel. The drag force was measured by means of 
tensometric force adapters of SCAIME type, measuring 
the tension in a steel string with the diameter of 0.35 mm. 
Tension on the perimeter of string is not taken into 
account, because of water environment (in author’s 
opinion the viscous effect is negligible). The adapters 
were placed in the wheel bearing support. The sphere 
movement was also recorded by digital camera enabling 
taking 25 frames per second. This enables to observe a 
wall effect, it means deviation of the sphere trajectory. 

Fig. 2.  Experimental rig
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D Re15.01
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24c (5)

3. Model of wall forces acting on single bubble 

Observations during experiments showed, that the 
sphere trajectory (the bubble model) depends on the 
bubble initial position, that is the distance in x direction 
(Fig. 3). If the sphere, in the initial time, is located very 
close to the wall, then the trajectory has significant 
deviation during the rising (Fig. 3). It is an evidence of 
repelling force from the wall. This effect lessens with 
increasing distance between the sphere and the wall and 
finally disappears. 

The Eq. (2) should be solved, with different initial 
sphere and wall distance values to predict F  values. In 
the first approximation it has been assumed that both 
forces F  and N are independent of time and the angle 
is a mean value of deviation from the vertical direction. 

First integration of Eq. (2) leads to:

1D Ct)FsinNF(
td
xdm (6)

and another integration yields: 

21

2

D CtC
2
t)FsinNF(mx (7)

Constants C1 and C2 in equations (6) and (7) are 
estimated from the boundary conditions:  

t = 0    x = x0 (8)

t = tc   x = h (9)

Thus constants in Eq. (6) and Eq. (7) are: 

2
t)FsinNF(

t
xhmC C

D
C

0
1 (10)

02 xmC  (11)
Fig. 3.  A part of the sphere trajectory 

Taking to account constants (10) and (11) Eq. (7) can 
be expressed: The analysis range is placed between the moment 

when the repulsive force arises and when the repulsive 
force reaches its minimum. The drag force (FD) and the 
horizontal component of the string force (Nx) is 
compensated by the repulsion force at each location. The 
largest repulsion force acts near the wall, F  and our aim 
was to correlate it. 

t
2
tt)FsinNF()xt

t
xhx(m C

D0
c

0 (12)

The quantities appearing in Eq. (12), i.e. displacement 
x, force N(t), maximum sphere trajectory deviation h, and 
time required to reach the maximum deflection tc and 
finally angle  between the steel string and vertical 
direction are measured directly in the experimental rig. 
The sphere mass m is also known. The force F , related to 
initial sphere and wall position, is the one and only 
unknown value. 

There is a possibility to determine values of F
experimentally. The sphere motion equation in the 
direction perpendicular to the wall can be expressed in 
the form: 

)t(F)t(N)x(F
td

dm DX (2)

4. Experimental verification of the theoretical model 
where  2

2

td
xd

td
d   and , (3))t(sin)t(N)t(NX

The sphere movement trajectory can be predicted by 
solving Eq. (12). The experiments where carried out with 
two spheres of different diameters: D = 40 mm and D = 
30 mm. The experimental results showing the trajectories 
of spheres are presented in Fig. 4 and Fig. 5. In the 
presented cases the mass causing the sphere movement is 
m=2g. The experiments where also carried out with other 
loads, i.e. m=5g and m=10g. The repulsive force 
decreases when the initial distance from the wall 
increases, according to a schematic presented in Fig. 6. 
Experiments show that the effect connected with presence 
of the wall disappears when the initial distance between 

The drag form can be expressed as: 

A
2

cF
2

DD (4)

where  is the lateral velocity,  - liquid density, A – 
projection area of a sphere. Drag coefficient (cD) depends 
on the Reynolds number and in the range 0.5<Re<800 
should be calculated from the expression: 
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the sphere and the wall exceeds about 1,5 sphere diameter 
in the case of excitation of m=2g. The comparison of 
proposed model predictions with experimental data are 
shown in Fig. 4. In Fig. 7 and Fig. 8 presented are mean 
values of the repelling force. Value of the force was 
determined for varying values of x and t in Eq. (12). Such 
force has an exponential character, however authors were 
yet unable to devise a general correlation describing such 
repelling force. Satisfactory consistency between 
measurements and the model has been obtained. 
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Fig. 4.  Comparison between 
experimental and calculated 

values of repelling force 
(D=40mm, m=2g, xo=8mm) 

Fig. 5.  Photograph of the 
sphere trajectory (D=30mm, 

m=2g, x0=1mm) 

Fig. 7.   Repelling force calculated for various values of 
distance between the sphere and the wall  

(D=40mm, m=2g, x0=0,8cm) 

0,03

0,06

0,09

0,12

0,15

0,18

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

distance  [cm]

fo
rc

e 
 [m

N
]

Fig. 8.   Repelling force calculated for various values of 
distance between the sphere and the wall  

(D=30mm, m=2g, x0=0,1cm). 

Fig. 6.  Sphere trajectories for different 
initial distance between sphere and wall.

5. Conclusion 

The flow of a rigid sphere along the wall encounters 
deflection of its motion. This may be attributed to the 
non-uniform velocity distribution around the sphere. 
Authors own simple model explaining such behaviour 
has been presented to explain that phenomenon. Further 
analysis of experimental data will be conducted using the 
flow pattern recognition methods [5]. Analysed will be 
video recordings presenting the sphere trajectory of 
motion recorded with a digital camera during the 
experiment. Calculated time period, separating particular 
frames, as well as the decompression of the recording 
combined with the dimensional analysis of recorded 
space will enable authors calculation of velocities and 
acceleration of a sphere in the direction transverse to the 
wall. In effect, consideration of the equation of motion 
(2) in the direction vertical to the wall will become easier. 
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