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o study the drag reduction effect of a bubbly fluid, a pin-disk
xperiment is performed on the Universal Micro Tribotester sys-
em. Bubbles are generated by water electrolysis in holes that are
pecially designed on the disk surface. Experiment result shows
hat the drag force experiences a dynamic process, both drag
eduction and drag increment effects appear in the process de-
ending on the bubble behavior. This process is numerically simu-
ated using computational fluid dynamics (CFD), and the expla-
ations for the drag variation are given based on the analysis of
rag forces on each wall of the disk surface. The drag reduction
ccurs when the bubble fills the hole, as the viscous drag on the
ir-liquid surface is small, and the pressure drag is reduced as the
ide wall of the hole is covered by the bubble. The drag increment
s thought to be caused by the increment of the fluid viscosity
hen the bubble leaves the hole and flows in the fluid.
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Introduction
Water and water-based lubricants, such as emulsions, are

idely used in metalworking lubrication and journal bearing lu-
rication �1–5�. The good lubricating properties of water-based
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lubricants have been studied for many years �1�. In most of the
studies, the lubricant is seen as single phase or is treated as a
discontinuous oil phase dispersed in a continuous water phase.
But bubbles cannot be avoided in journal bearing lubrication as a
previous study result �2� has pointed out. It is known that the
effective viscosity of the bubbly mixture may decrease �3�, but at
times, the bubbly mixture show a negative effect on lubrication.
Results in journal bearing lubrication provided by An et al. �2� and
Nikolajsen �6� indicate that the viscosity of the bubbly oil in-
creases and the friction force also increases. Studies on drag re-
duction give the same conclusion: the bubbles do not cause the
drag reduction in laminar flow as they do in a turbulent boundary
layer �7,8�; lubricants are often in laminar flow in journal bearing
lubrication.

However, some conditions of the studies need to be noted here.
First, the surface is considered to be smooth in such studies and
the surface roughness is not included. Nevertheless, the surface
roughness, such as the grooves and holes on the surface, has been
shown to have important effects in journal bearing lubrication
�9,10�. Second, since the bubbles are injected into the water in
most of the drag reduction experiments �11,12�, the condition that
the bubbles are in the holes or grooves is not considered.

The goal of this ongoing study is to explore whether drag re-
duction can occur in laminar flow under the effect of designed
surface roughness and controlled bubbles. A pin-disk friction ex-
periment is designed using water lubricants; the Universal Micro
Tribotester �UMT� system is used to measure the friction force at
the pin-disk interface. Water electrolysis is used to generate
bubbles in the lubrication, which is also adopted in the pioneering
experiment done by McCormich and Bhattacharyya �13�. A board
with holes on the surface is designed as the disk, and the bubbles
are generated in the holes. In the experiment, both the bubbles’
generation speed and the bubble size can be controlled, so the
drag force in laminar flow with different bubble characteristics is
investigated. Four models are established and the bubbly lubrica-
tion process is numerically simulated. The explanation for the
drag variation is also given based on the analysis of the forces on
the different walls. According to the instrument used in this ex-
periment, the results are restricted in the oscillating machinery,
and the laminar flow condition is satisfied as the fluid film thick-
ness is usually considered very small.

2 Experimental

2.1 Bubble Generation. Here, water electrolysis is adopted
to generate bubbles, and the bubble generation speed is controlled
by the supply voltage; a special board is designed to control the
size and position of the bubbles. The specially designed board is a
kind of two-layer printed circuit board. Its structure and shape are
shown in Fig. 1, where the unit of the dimension is millimeter.

The board is made of PTFE �polytetrafluoroethylene�; the com-
pleted board is shown in Fig. 1�c�, which is 37 mm wide and
46 mm long. The structure of the board with holes is shown as the
cross section A-A in Fig. 1�a�. The top surface of the board is

covered by a thin gold layer, whose thickness is �10 �m, and the
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ayer is connected to the positive pole of the power supply; thus,
he whole top layer acts as the positive electrode. In the same way,
he whole bottom layer is connected to the negative pole of the
ower supply.

There is an array of holes through the board. Each hole’s diam-
ter is 500 �m, and the interval between two holes is 1.5 mm.
he inner surface of each hole is also covered by a thin gold layer,
nd the layers inside the holes are connected with each other
hrough the bottom layer. Because there is an insulation layer
utside the bottom layer, all the inner surfaces of the holes act as
he negative electrodes. In the experiment, the board will be
ipped into the electrolyte, and a supply voltage will be added on
he two electrodes to begin the water electrolysis. The water is
lectrolyzed and the bubble is generated in the hole. The position
nd the size of the bubble are controlled by the position and the
iameter of the designed hole, whereas the speed of generation is
ontrolled by the supply voltage.

Fig. 1 Structure of the tw
Fig. 2 Experimental s

384 / Vol. 128, NOVEMBER 2006
2.2 Experimental Schematic. The schematic of the pin-disk
friction force test setup is shown in Fig. 2. The pin is installed on
a UMT system; the friction force and normal force on the pin
surface are tested by the two-dimensional sensor of the system.
The pin’s position can be adjusted in the system, and the load of
the pin on the disk can be controlled from 0 to 500 g. The printed
circuit board is used as the disk; it is installed in the electrolyzing
cell which is fixed on the carriage of the UMT system. As the
carriage performs a reciprocating movement, whose speed is con-
trolled by the UMT system, the top layer of the circuit board is
considered as a moving surface, while the pin can be considered
as the stationary surface in the pin-disk interface lubrication.

The electrolyzing cell is filled with the water lubricant. The
water lubricant is a saturated salt �NaCl� solution. 0.25% HEC
�hydroxyethylcellulose� is added into the solution to increase the
solution’s viscosity, in case that the friction force variation is too

ayer printed circuit board
ystem schematics

Transactions of the ASME
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mall to be tested by the sensor. Two electrodes are connected to
he power supply through two enamel wires. Once the voltage is
upplied to the board, the water electrolysis begins in the cell. The
as in the bubbles are considered to be hydrogen because the
ubbles are observed firstly in the holes with the negative elec-
rode on the wall, then the bubbles are rising from the holes to the
ater surface and form a bubble array according to the positions
f the holes. During this process, the bubbles’ effect on the fric-
ion force in pin-disk interface lubrication is investigated.

2.3 Experimental Results. The air originally remaining in
he holes is driven out using an ultrasonic cleaner before the ex-
eriment. Then the load of the pin is adjusted to 50 g, and the
upply voltage is adjusted to 1.0 V. The carriage of the UMT
ystem performs a reciprocating movement at the speed of
cm/s, as soon as the voltage is supplied on the electrodes of the

isk. The testing lasts 300 s, and a trace of the friction forces on
he pin surface at the beginning of the test is shown in Fig. 3�a�. In
he figure, the time for completing a whole reciprocating move-

ent is called one periodic. Because the friction force is always
pposite to the pin’s moving direction, half of the data have posi-
ive values while the others have negative values in one period.

It should be noted here that the lubricating regime is thought to

ig. 3 Drag forces on the designed surface under difference su
b… average friction forces at 1.0 V voltage under 50 g load in 3
e in hydrodynamic condition because of two reasons. One is the

ournal of Fluids Engineering
friction coefficient. According to the experiment data, the friction
coefficient calculated is lower than 0.2; the other is the position
variation of the pin on direction z �perpendicular to the disk sur-
face�. At the beginning of the test, the pin contacts the disk surface
under the load of 50 g. When the reciprocating movement is per-
formed, the pin is automatically adjusted according to the pressure
on the pin surface. The data of the position shown in Fig. 3�a�
suggest that the pressure on the pin surface increases and the pin
moves upward, which indicates that hydrodynamic lubricating oc-
curs in the pin-disk interface.

The whole process of the friction force variation during the
testing is shown in Fig. 3�b�. In the figure, each point on the curve
represents the average value of the positive friction forces in a
half period; U0 represents the supply voltage for the water elec-
trolysis. It is found from the result that the force variation is not
monotonic, and it can be divided into three stages shown in Fig.
3�b�. In stage 1, the friction forces on the pin surface almost keep
constant, and no bubble is observed on the board surface. It is
considered that the reaction time of the water electrolysis is not
long enough for the bubbles to have an effect on the friction force.
In the next few minutes of stage 2, the friction force on the surface
decreases, and the forces are lower than the drag force at the

ly voltages: „a… Friction forces at 1.0 V voltage under 50 g load,
s, and „c… average friction forces under 50 g load in 60 s
pp
beginning of the electrolysis. It indicates that the drag reduction

NOVEMBER 2006, Vol. 128 / 1385
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ffect occurs under the experimental condition; thus, stage 2 may
e called drag reduction stage. In this stage, a few bubbles appear
n the board surface. In the last minutes of stage 3, the friction
orce increases rapidly as the water electrolysis continues, and it
xceeds the drag force at the beginning of the electrolysis. It is
redicted that the drag force increment cannot be avoided in the
ubrication at last. In this stage, a lot of bubbles are observed to
eave the holes and aggregate in the solution.

The expected drag reduction effect that occurred in the experi-
ent lasts about 100 s under the voltage of 1.0 V. However, the

ontinuous time of the effect depends on the electrolysis supply
oltage. The continuous time of the drag force reduction effect
nder different voltages is shown in Fig. 3�c�. The continuous
ime is shortened obviously when the supply voltage increases to
.5 V. Moreover, when the supply voltage is high enough, for
xample, reaching 2.0 V in this experiment, the continuous time
ecreases, or even disappears as shown in Fig. 3�c�. In such con-
ition, the water electrolysis becomes strenuous, and the bubbles
row so fast that they leave the holes as soon as they are
enerated.

From the results, it is determined that the drag reduction effect
an be realized even in laminar flow under the effect of bubbles,
nd the bubble behavior at different stages plays an important role
n the drag force variation. Numerical analysis is provided as fol-
ows to give the explanations for the bubbly lubrication process.

The experimental error and uncertainty are discussed here. Take
he data shown in Fig. 3�b� for example, each point in Fig. 3�b�
epresents the average value of the positive friction forces in a
alf period shown in Fig. 3�a�. The bias limit is about ±0.364 at
5% confidence, and the uncertainty in the experiment result is
0.217 using the sequential perturbation method �14�. The experi-
ent has been performed three times and the uncertainty is
0.254. Since the UMT is a kind standard tester machine and it is
alibrated before the experiment, it is believed that the system
rror has been compensated already.

Numerical Analysis on Experimental Results

3.1 Models and Method. It is considered that the status of
he bubble in the hole changes at different stages of the experi-

ent. According to the dynamic process of drag force variation in
he experiment, four models are established for calculating the
rag forces at different stages. The schematics of the four models
, B, C, and D are shown in Fig. 4.
For model A, the water electrolysis begins or just lasts for a

hort time; no bubble is generated in the hole and the hole is filled
ith water. For model B, a bubble appears in the hole as the water

lectrolysis continues, and an air-liquid surface is formed. Be-
ause the contact angle of the water on the gold surface is
90 deg, a concave meniscus is formed. Two parameters are used

Fig. 4 Models for the bubbl
o describe the shape of the bubble, one is called the bubble height

386 / Vol. 128, NOVEMBER 2006
h and the other is the curvature radius r of the air-liquid surface.
The bubble height is increasing as the water electrolysis contin-
ues, while the curvature radius remains almost constant when the
bubble is in the hole. In such condition, the hole is small enough
to be seen as a capillary and the surface is considered as a part of
a sphere. The simplified Laplace equation �1� �15� is used to cal-
culated the curvature radius r.

�P =
2�

r
�1�

where �P is the pressure difference in and outside of the bubble,
� is the surface tension force, g is the gravity acceleration. With
the two parameters, the shape of the air-liquid surface is deter-
mined. As the electrolysis continues, the bubble height will
reaches the hole depth, then model C is used. In this model, the
bubble’s height stays constant and equal to the hole’s depth, but
the curvature radius continues to decrease until it reaches the
hole’s radius. This process is shown as the dashed lines in model
C; it is like the traditional maximum bubble pressure testing pro-
cess. The curvature radius of the bubble will continues to increase
after it reaches the hole’s radius. However, such a bubble is un-
stable under shearing force and such status is not considered in
this paper. As the electrolysis continues, the bubble will eventu-
ally leave the hole and go into the water solution. Thus, the bub-
bly lubricant is formed, and model D is adopted to calculate the
drag force on the surface. For model D, the viscosity of the fluid
is changed because there are a lot of bubbles in the solution. Here,
the viscosity is calculated as the modified viscosity equation �2�
provided by Sugden �15�. Where �b is the bubbly lubricant’s vis-
cosity, �0 is the water’s viscosity, and � is the bubble content.

�b = �0�1 + 0.015�� �2�
It should be noted that the four models take effect periodically

and sequentially during the electrolysis. For example, when the
bubble goes into water in model D, the water fills the hole and it
is electrolyzed again. Then, a few bubbles are formed and the
bubble will experience the next three models sequentially again.
As the result, more and more bubbles aggregate in the lubrication.

With these models, the drag force on the surface in different
stages can be calculated. However, the calculation is based on
some conditions and assumptions stated as follows:

1. The fluid is in the laminar flow condition. This condition can
be satisfied because the moving speed is adjusted to be small
enough.

2. The real 3D experiment is represented by the 2D models
shown in Fig. 4 in the calculation. This substitution affects
the model precision, but it makes the calculation easy to be
realized with current computers.

brication in different stages
3. Although some polymer additives are added into the salt

Transactions of the ASME



c
w
t
a
t
F

e
c
t
w
p
i
T

F
„

c

J

water to increase the viscosity, the solution is still treated to
have a constant viscosity because the shear rate is kept con-
stant.

4. It is considered that the hole is a kind of capillary, and the
air-liquid surface is a part of spherical surface. Eq. �1� is
established on the basis of this condition.

5. It is assumed that the curvature of the air-liquid surface
keeps unchanged as the bubble height grows. When the
bubble height is equal to hole depth, the curvature reduces
until it reaches the hole’s radius.

6. It is assumed that the radius of the bubble is equal to the
hole’s radius after it leaves the hole and stays in the solution.
It is a simplification method to make the calculation easy.

Usually, the Reynolds equation is used in hydrodynamic lubri-
ation calculations, but the models provided here have steep-
alled roughness, and the depth of the hole is in the same order of

he fluid thickness, so the traditional Reynolds equation is not
pplicable �16,17�. In this paper, the CFD software FLUENT is used
o calculate the drag force on the surface. As a common method,
LUENT uses a control-volume-based technique to convert the gov-
rning equations to algebraic equations that can be solved numeri-
ally, which is called finite volume method. The continuity equa-
ion and momentum equation are adopted in the calculation,
hich are applicable for any continuous medium. The forces and
ressures on different walls under the effect of bubbles are shown
n Fig. 5�a�. The bottom surface has been divided into five walls.

ig. 5 Preprocessing and residuals for numerical simulation:
a… mesh and walls of model B and „b… residuals of the numeri-
al results
he viscous force Fls exists on solid-liquid surfaces �wall 1 and

ournal of Fluids Engineering
wall 5�, while the viscous force Flb exists on air-liquid surface
�wall 3�; pressure drag appears on the side wall 2 and 4. The total
drag force on the surface consists of forces on different walls of
the bottom surface.

The boundary conditions are defined as follows: the upper sur-
face is a moving wall with the speed of 1 cm/s; the bottom sur-
face consists of five stationary walls; the left side is a pressure
inlet and the right side is a pressure outlet. However, some special
conditions need to be added for different models. For models B
and C, the air-liquid surfaces are treated as a “slip” wall, which
means that there is a tangential velocity component in terms of the
translational motion of the wall boundary. Nevertheless, the shear
stress on the surface is considered to be zero. For model D, the
viscosity of the fluid is calculated according to Eq. �2�. Here, the
lubricant is considered to perform a stable laminar flow, and the
laminar model is adopted here.

Here, the residual definitions are used for judging convergence.
This criterion requires that the residuals decrease to 10−6 for the
continuity equation and velocity equation. The variations of the
residuals are shown in Fig. 5�b�. The residuals both reach the
convergence criteria and almost keep constant after 2500 iteration
steps, which indicate that the numerical process is converged. To
show the pressure and fluid flow near the air-liquid surface more
obviously, the mesh number is increased from the center to the
wall and the grow factor is 1.1, which is also shown in Fig. 5�a�.
The grid size is about 20�20 �m2, which is small enough in
laminar flow compared to the size of hole marked in Fig. 5�a�.

3.2 Lubrication Process Simulation. The calculated drag
force on the pin surface during the whole process is shown in Fig.
6. It is found that the one simulated process is very like the real
drag force variation process in the experiment, but what should be
noted here is that the simulated process consists of three parts
using different models, each part is numbered according to stages
of the drag force variation in experiment that has been described
in Fig. 3.

In Part 1, the drag force variation under different bubble heights
has been shown, it corresponds with the experimental data in
stage 1. When the bubble height is zero, model A is used to cal-
culate the drag force, otherwise, model B is used in this part. It is
found in Part 1 that the bubble’s size does not show obvious effect
on the drag force as the bubble is growing in the hole until the
height is near the hole depth. At the end of Part 1, the bubble’s
height is very close to the hole depth, and model C is adopted.
According to Eq. �1�, the curvature radius is 2.73 mm. As the
electrolysis continues, the curvature radius reduces until it reaches

Fig. 6 Numerical simulation on drag force variation process
the hole radius 0.25 mm. The drag forces under different curva-

NOVEMBER 2006, Vol. 128 / 1387
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ure radius are shown in Part 2. Only in this part, the drag reduc-
ion effect can be obviously observed. However, the drag reduc-
ion does not last the whole part. The drag force is increasing as
he bubble curvature radius reduces, and it gets a correspondingly
igh value when it is equal to the hole’s radius. This result corre-
ponds with the experiment data in stage 2, and it indicates that
nly model C can produce the drag reduction effect in laminar
ow. Model D is adopted in part 3, and the drag force increases as

he bubble content � increases in the bubbly lubrication. The drag
orce seems to have a linear relationship with the bubble content
n Fig. 6. In the calculation, the bubble content changes from 1 to
; but in fact, the bubble content changes in a more complex
anner, because some bubbles are generated in the hole while

ther bubbles are disappearing in the water. Thus, such a result
xists only under a simplified condition.

It should be noted here that, although the process is periodic,
he drag reduction effect only can be observed in the first period,
ecause the water will be filled with bubbles after stage 3 of the
rst period, and the rapidly increased drag force will overcome

he drag reduction effect that occurs in stages 1 and 2, which has
een shown by the experiment results.

3.3 Analysis of Forces on Walls. Forces on different walls
re analyzed to investigate the variation of drag force during the
ifferent stages. As shown in Fig. 5, walls 1, 3, and 5 are parallel
o the x−z wall, and are called parallel walls; wall 2 and wall 4 are
erpendicular to the x−z wall and are called perpendicular walls.
n perpendicular walls, there are pressure drags, whereas on par-

llel walls, there are viscous drags. Here, the force on each wall is
btained using the finite volume method as discussed above, and
he forces on each wall in different stages are compared in Fig. 7.
ecause the drag forces in model A and B are almost the same,
odel A is omitted and model B is used in stage 1. Models C and

with determined parameters are used in stage 2 and 3,
espectively.

It can be seen that the drag force on bottom plane �plane 3� of
he hole in all the three stages are very small because the flow
elocity is rapidly decreased in the hole �i.e., the shear force is
ecreased, which leads to the decrement of viscous drag on the
ottom plane�. Although the loss of the forces on the bottom wall
f the hole is compensated by the pressure drag on the perpen-
icular walls, the loss of the viscous force is higher than the
cquired pressure drag. Compared to a smooth surface, a little
rag reduction is acquired in stage 1 under this surface roughness.

In stage 2, there is small or even no pressure drag on perpen-
icular planes, because the perpendicular planes are almost cov-

Fig. 7 Drag forces on different walls of the surface
red by the bubble. Although the viscous drags on the parallel

388 / Vol. 128, NOVEMBER 2006
planes �walls 1 and 5� in stage 2 are higher than those in stage 1
and 3, the increment of the viscous drag cannot compensate for
the loss of pressure drag, so there is a lower drag force in stage 2
than in stage 1. Compared to a smooth surface, the surface with
holes seems to have less contact area with fluid because the shear
stress on wall 3 is omitted, so there is less viscous drag on the
surface. Also, there is no pressure drag to compensate for the loss
of viscous drag. Thus the drag reduction appears. However, the
arc height of the air-liquid surface increases when the curvature
radius reduces, which causes the increment of the pressure drag
on the surface. As a result, the drag force on the bottom surface
increases, which corresponds with the drag increment part in stage
2 of the experiment.

In stage 3, forces on every wall are higher than those in stage 1,
because the viscosity of the bubbly lubricant is higher than that of
lubricant without bubbles. According to Eq. �2�, the viscosity of
the lubricant increases as the bubble content increases, which
leads to the increment of the drag force. This numerical result also
corresponds with the experimental data in stage 3.

From what has been discussed above, we can conclude that in
stage 1, surface roughness is the reason of a little drag reduction
effect; in stage 2, the bubble’s shape is the dominant factor that
causes an obvious drag reduction; in stage 3, the increment of the
fluid’s viscosity causes the drag increment.

4 Discussion
It is found that the drag reduction effect appears when the

liquid-solid surface is partly substituted by the air-liquid surface.
However, there is the question of whether the air-liquid surface
has enough load capacity to bear the pressure generated in the
hydrodynamic lubrication. In Sec. 3.1, the curvature radius of the
air-liquid surface is calculated under the condition that there is
only the stationary fluid pressure on the surface. In fact, the pres-
sure on the surface will be higher when the hydrodynamic pres-
sure is formed. An iteration process of the pressure and the surface
shape are needed to calculate the curvature radius considering the
hydrodynamic pressure. It is a really complex process, and it is
not realized in this paper. However, we still have a choice to use
the bubbly lubrication technology, even when the air-liquid sur-
face cannot support the hydrodynamic pressure because we can
design a surface with smaller holes. The pressure on one air-liquid
surface will be afforded by more surfaces with smaller radius. It is
an attractive study to investigate the relationship between the lu-
brication and bubble size; but, it is also another problem that is
not discussed here.

5 Conclusions
In this experiment, bubbles are generated by water electrolysis,

and the bubble’s size and position are controlled by the specially
designed surface. The bubbly lubrication is seen as a periodic and
dynamic process, as the bubble changes status from staying in the
hole to staying in the fluid film. During the process, a drag reduc-
tion effect appears even in laminar flow. After the drag reduction
stage, the drag force on the surface increases rapidly. Based on the
calculated forces on the walls, some conclusions are drawn as
follows:

1. The bubbles have little effect on the drag force at the begin-
ning of the water electrolysis, and the surface roughness
causes a little drag reduction.

2. An obvious drag reduction can be acquired when the bubble
height is close to the hole’s depth. The reason is that the
viscous drag on the air-liquid surface is omitted due to the
slip wall effect, while the pressure drag on the side wall is
also avoided because the side wall is almost totally covered
by the bubble. However, the drag force will increase as the
air-liquid surface grows, because the pressure drag appears
and it increases as the surface arc height increases.
3. When the bubble leaves the hole and goes into the lubricat-

Transactions of the ASME
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ing film, the bubbly lubricant is formed. Because the viscos-
ity of the bubbly lubricant is higher than liquid, the drag
force on the surface increases. The increment of the drag
force in this stage will cover the drag reduction effect in the
experiment as the electrolysis continues.
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omenclature
g � gravity acceleration
h � height of the bubble
r � bubble’s curvature radius

U � velocity of the moving wall
U0 � supply voltage

R � radius of the hole on circuit board

reek Letters
� � surface tension force

�b � bubbly lubricant’s viscosity
�0 � water viscosity
� � bubble content in the fluid

�P � pressure difference in and outside of the
bubble
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