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Abstract – It is confirmed that a cone rotating at the liquid surface causes pumping-up of liquid, where the cone is immersed 
by the top upside down. If the rotation rate exceeds a critical threshold, the pumping-up phenomena occur. The flow of the 
pumping-up phenomena is classified into two patterns such as film-wise and filament-wise. The critical threshold of the 
rotation rate and the resultant flow pattern depend on mainly the viscosity and immersed diameter of the cone. So, we 
investigate the critical rotation rate where the pumping-up occurs by changing the concentration of glycerol aqueous solution 
as working fluid and the immersed diameter. It is found that there are three categories depending on the viscosity classified 
as film-wise pumping-up region for the low viscosity, filament-wise pumping-up one for the high viscosity, and 
no pumping-up phenomenon occurs for intermediate viscosity. Eventually, we will try to obtain a correlation of rotation rate, 
viscosity and immersed diameter on the threshold of pumping-up phenomena in order to elucidate the pumping-up 
mechanism. 
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I. INTRODUCTION 
 
A fog cooling is used in a factory involving internal 
heat and a storehouse in which it is necessary to 
maintain a low temperature, it is minute water 
particles and sprayed like mist to takes the heat from 
the air. So it keeps the air lower temperature.For such 
a spray generating device, spray nozzleapparatus has 
been frequently used now. As another spray 
generating device, the melt blowing is one of the 
methods to fabricate a nonwoven which used as a 
mask or an air filter. Both adopt a method of rapidly 
thinning by blowing off with a jet flow using a fan, a 
compressor, etc. 
 
On the other hand, there is a rotary atomization 
device in which liquid is atomized by centrifugal 
force by rotation of a motor. Compared to the others, 
it is easily to control spray characteristics (diameter 
of droplets, flow rate of spray flow etc.). And it 
realizessmaller space and low power consumption. In 
this research, focusing on rotaryatomization device. 
We take up its system using a rotating cone as a 
mechanism for generating atomized flow Adachi et 
al.[1] have discovered a film-wisepumping-up 
phenomenathat liquid comes rising along the outer 
(not the inner) surface of a rotating cone, where the 
tip of cone is immersed in the liquid by turning the 
top upside down.At that time, circulating flow 
accompanied by a vortex system is generated on the 
rotationaxis of the cone in water under the high 
rotation rate. 
However, the film-wisepumping-up and circulation 
flow phenomena are observed for only low 
viscosefluid such as water[1].On the other hand, it is 
expected that there exists different mechanismfor 

high viscous fluid due to the Rayleigh-Taylor 
instability. Two fluids with different densities are in 
contact at the interface in the centrifugal force field, 
and a force is exerted on a fluid with a low density 
from a fluid with a high density. If there is minute 
disturbance at the interface, the disturbance grows 
and pumping-up starts from the position of fast 
growth. Therefore, it is considered that it becomes 
difficult to generate uniform film-wise pumping-up in 
case of high viscosity.In study ofKuriyagawa and 
Adachi [2], it has been shown that the high 
viscousnon-Newtonian fluid pumps through the 
conical outer surface like filament, and it is 
confirmed that there is a section where pumping does 
not occur depending on the viscosity. However, detail 
of this section and the mechanism of transition from 
film-wisepumping-up to filament-wise pumping-up 
are not clear. 
In this research, we focus on pumping phenomenon 
in Newtonian fluid which is easy to infer the 
flow.Glycerin is used as a Newtonian fluid with high 
viscosity. The viscosity of glycerol aqueous solution 
can be adjusted by the concentration of glycerin.In 
order to understandthe pumping-up phenomena for 
high viscous liquid the condition when pumping-up 
occurs, is determined as a function of the rotation rate 
and viscosity of glycerolaqueous solution. 
Furthermore, we will clarify the influence on the 
rotation rate at the start of pumping by changing the 
immersed diameter of cone. 
 
II. EXPERIMENTAL APPARATUS AND 
METHOD 
 
Fig. 1 shows a schematic diagram of an apparatus for 
measuring rotation ratewhen pumping-up is 
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generated.The apparatus is composedof a cone with 
an apex angle θ = 60 ° and a bottom diameter of 60 
mm, two water tank with a diameter L= 100 mm, 
200mm and tank height h = 100 mm, a motor, a 
motor driver, a counter board, a heater, a temperature 
control device and a thermocouple.Motor and cone 
are connected by shaft coupling. The rotation axis of 
the motor is the center of the tank. Immersed 
diameters dare the diameter of the portion where the 
cone is immersed. We conducted the experimentin 
three differenttypes with two water tank.Immersed 
diametersd = 20mm, 30mm, 40mm.A depth of the 
working fluid ish = 55mm. It is the same for both 
tanks.The cone is made of an Acrylonitrile Butadiene 
styrene (ABS) copolymer by a turning process, and a 
special treatment is not given to the conical 
surface.The cone is rotated with a rotation rate which 
is set to a designated value in increments of 100rpm 
with the PI (Proportional Integral) control. A 
temperature of the working fluid is PID (Proportional 
IntegralDifferential) controlled to 25.0± 0.3°C. 
 
Water and glycerol aqueous solution are used as 
working fluids via present study. The water viscosity 
is assumed to be μ = 0.890 mPa∙s, whereas the 
viscosity of glycerol aqueous solution adjusted by the 
concentration of glycerin is measured by a viscosity 
meter (Toki: TVC-7).The viscosityμof the glycerin 
aqueous solution is the average value measured 
before and after the experiment. 
 
First, pour the solution with the required viscosity 
into the tank. And adjust the immersed diameters d 
and a depth of the working fluid h .Second, raise the 
rotation rate by every 100rpmuntil pumping-up 
starts.Thecritical rotation rate when pumping-up 
occursis determined for each working fluid.We 
obtainedthe rotation rateat a certain viscosity when 
pumping-up occurs. And finally, we 
confirmedwhichflow patterns, film-wise or 
filament-wise, then.We clarifycorrelation of rotation 
rate, viscosityμand immersed diameters d. 
 

 
Fig. 1 Experimental apparatus 

III. RESULTS AND DISCUSSION 
 
3-1. Film- and filament-wise instabilities to 
pumping-up 
Liquid is lifted up by a cone rotating on the liquid 
surface along its surface when the rotation rate 
exceeds a critical value ω , and this phenomenon is 
called “pumping-up” by rotating cone. The critical 
rotation rateω , is plotted in Fig. 2 against the 
viscosity of the fluid μ about each immersed 
diameters d.In Fig.2 (a), the film-wise pumping-up 
which is monotonic in the azimuthal direction is 
observed for smaller viscosity, μ ≤ μ (=134mPa⋅s), 
whereas liquid is filament-wise pumping-upped (see 
Fig. 3) for larger viscosity μ ≥ μ (=362 mPa⋅s). No 
pumping-up motion occurs in the middle range 
(μ < μ < μ ). 
Also in Fig.2 (b), the film-wise pumping-up is 
observed for smaller viscosity, μ ≤ μ (=149mPa⋅s), 
whereas liquid is filamentwise pumping-upped for 
larger viscosity μ ≥ μ (=384 mPa ⋅ s). No 
pumping-up motion occurs in the middle range 
(μ < μ < μ ). 

On the smaller viscosity side, for the viscosity 
about 0.890 < μ < 25mPa ⋅ s , the rotation rate 
decreases with an increase in the viscosity, while for 
the viscosity about 25 < μ < 130mPa ⋅ s , the 
rotationrate increases with an increase inthe 
viscosity.On the larger viscosity side, for the viscosity 
about 350 < μ < 910mPa ⋅ s , the rotation rate 
decreases with an increase in the viscosity,This 
tendency is common for tank diametersL = 100, 
200mm. 
In order to comprehend the mechanism of 
pumping-up we herein introduce a small wavy 
disturbance at the conical surface as depicted in Fig. 4 
(a). The disturbance grows entirely over the conical 
surface, when low viscous fluid is selected, because 
the Rayleigh-Taylor instability is dominant in the 
centrifugal force field. In other words viscous 
resistance is too small to decay the disturbance. 
Therefore, the water level of the liquid rises up 
almost equally along the surface as an axisymmetric 
monotonic film in the transient development of the 
flow field. On the other hand high viscous fluid 
( μ ≥ μ ) shows other instability: the viscous 
resistance suppresses the growth of the disturbance, 
so the disturbance can get growth partly, at a certain 
position such as larger radial point, say r(> r′, see 
Fig. 4 (b), on the surface by the larger centrifugal 
force. As the result of the local growth of the 
disturbance filament-wisestructures as sketched in 
Fig. 4 (c) are captured in the pumping-up behaviour. 
It is thought that the influence of viscous resistance 
acts so as to cancel disturbance growth for 
intermediate viscosity ( μ < μ < μ ) where 
pumping-up does not occur. 
The critical rotation rate to generate film-wise 
pumping-up with small μ  is decreased as μ 
increases up to 40 from 0.890 mPa⋅s. Water at 20 oC 
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has a higher surface tension, which is 72.75 mN/m, 
compared to 63.4 mN/m for glycerin. Therefore, the 
surface tension decreases when glycerin is added in 
small amount. The surface tension is a force that 
keeps surface area as small as possible, and it works 
to suppress the disturbance of the water surface due 
to the rotation of the cone. If the surface tension 
decreases, the disturbance tends to grow and it is 
considered that pumping-up occurs at a low rotation 
rate. On the other hand, the influence of viscous 
resistance becomes dominant in the section of 
40 ≤ μ ≤ 134 mPa⋅s. As the viscosity increases, the 
disturbance becomes smaller likely to grow and the 
rotation rate required for pumping-up will also 
increase. 
As the viscosity increases, the rotation rate converges 
to a constant value in the section where filament-wise 
pumping-up occurs. This is because the viscous 
resistance of the solution in contact with the conical 
wall increases as the viscosity increases and the 
solution in the contact portion stops pumping-up. In 
other words, pumping-up occurs only the disturbance 
part which is a little away from the conical wall and 
not affected by viscous resistance. So, it seems that 
the rotation rate converges to a constant value. 

 

 
(a)   L= 100 mm 

 
(b)   L= 200 mm 

Fig. 2 Rotation rate vs. viscosity 

 

 
Fig. 3 Filament-wise pumping-up 

 
 

 
(a)                      (b)           (c) 

 
Fig.4The occurrence of disturbance due to Rayleigh-Taylor 

Instability 
 

3-2.NonDimensionalization 
For practical applications, it is desirable to derive a 
correlation equation that shows the relationship 
between the Froud number and the other operating 
parameters.From the observed trends, a new 
dimensionless correlation was derived in order to 
predict the froud number.Reynolds number Re, 
Froude number Frare defined by the following 
equation.Based on study bySegur et al [3]. The 
density ρ of the glycerol aqueous solutionsis 
converted from the viscosity μ measured.Gravity 
acceleration is defined as g[m s⁄ ]. 

 
     Re

=
ρ 2πω 60⁄ (d × 10 )

μ × 10
， (1) 

 
     Fr

=
(d × 10 ) 2πω 60⁄

g ．  (2) 

Fig. 5 shows the relationship between the Reynolds 
number Re and the Froude number Fr. It obtained by 
using the viscosity μ and the critical rotation 
rateω measured in this experiment.When the solution 
has high viscosity, Reynolds number Reis small. So, 
thesolutionis filament-wise pumping-uppedfor 
smallerReynolds number Re. the film-wise 
pumping-up is observed for lagerReynolds number 
Re. No pumping-up motion occurs in the middle 
range.The same trend can be seen with both ofwater 
tank diameters L=100 mm and 200 mm.On the high 
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viscosity side, the inclination is almost constant 
irrespective of the immersed diameterd. 

 
(a) L= 100 mm 

 
(b)  L= 200 mm 
Fig. 5 Re vs. Fr 

 
Fig.6 show the relationship between the Froude 
number Fr,Reynolds number Re and non-dimensional 
length d L⁄ . The non-dimensional length d L⁄ is the 
ratio of the diameter L and the immersed diameterd. 

We obtain the following a dimensionless correlation 
equation. InL=100 mm 

 
Fr = 56.3 × 10 Re . (d/L) .         (3) 

 
Also in L= 200 mm 
 

Fr = 6.30 × 10 Re . (d/L) .        (4) 
 

In Fig. 6 (a), the Froude number Fr of the experiment 
value falls within the accuracy of 40%. On the other 
hand, in Fig. 6 (b), the Froude numberFr is within 
30% accuracy.In Fig. 6 (a), Frwas not over 100 or 
more higherin d = 40 mm, but in the case of Fig. 6 (b), 
similar to other immersed diameter d, filament-wise 
pumping-upoccurs in the range of about 50 to 400 

 
(a)L= 100 mm 

 
(b)  L= 200 mm 

Fig.6Dimensionless correlation 
 

CONCLUSIONS 
 
 We clarifycorrelation of critical rotation 

rate휔 ,viscosityμand immersed diameters d. No 
pumping-up motion occurs in the middle range 
(149 < 휇 < 384mPa ⋅ s).When the viscosity is 
lower than this range, film-wise pumping-up is 
generated, and at high viscosity, filament-wise 
pumping-up occurs 

 It was revealed that by increasing theimmersed 
diameterof the cone, even a solution of the same 
viscosity, can be pumping-upped at a lower 
critical value 휔  
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