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Effects of Repulsion and Attraction between Rotating Cylinders in Fluids
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Abstract

Relevance. From the theory of hydrodynamics, it is known about the interaction of a pair of vortices in inviscid fluids.
The relevance of the study is conditioned upon the presence of many studies of numerical simulations of the interactions
of two vortices or two cylinders, but the lack of research of practical installations for observing the effects of attraction
and repulsion in fluid media may slow down research in this area for practical application.

Purpose. The purpose of this study is a practical demonstration of the possibility of the effect of double interaction in
the air, with the calculation of the approximate magnitude of the force tending to attract or repel each of the cylinders.

Methods. In a practical experiment, a pair of plastic cylinders are used, which are driven by engines and rotate next
to each other in the air at atmospheric pressure. Numerical simulation of the effect shows the nature of the effect and
allows predicting the magnitude of the force generated by rotating cylinders on each other. The relationship between
the directions of rotation of the cylinders and the observed effects was verified by numerical simulation using numerical
simulation of finite volumes of OpenFOAM version 9.

Results. In a practical experiment, a pair of rotating cylinders started interacting at 5-7 cm in the experiment, which
at a smaller distance of 2-3 cm created sufficient force to stabilise the vibrations of one of the cylinders around the
thread for which it is suspended. Numerical simulation shows that a zone of high or low pressure is formed in the space
between the cylinders, depending on the direction of rotation. The rotation of adjacent disks with opposite directions
of rotation helps the circulation of the other cylinder to maintain the flow velocity in the gap, which reduces the fluid
pressure between the rotating disks and attracts them. Conversely, rotating disks with the same direction extinguish
and compress fluid flows in the gap, which increases the air pressure between rotating objects above the stationary
pressure and repels them.

Conclusions. The results of the study provide a better understanding of the processes of fluid interaction, link the
dependence of the interaction force on the parameters of the medium and cylinders, and demonstrate the practical
possibility of applying the effects of interaction in fluid media
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Introduction

Inspired by the similarity of the effects of electromag-
netism and rotating vortices [1; 2], and the presence of
studies of vortices for water and air environments in the
19-20 centuries [3; 4], the author found most studies using
only numerical simulations to describe vortices [5-7]. This
paper describes a practical experiment of controlled at-
traction and repulsion of rotating objects in the air, shows
the possibility of practical use of these interactions, and
applies numerical simulation to determine the interaction
forces using kinetic pressure values. The practical experi-
ment was performed in an air stationary environment at
atmospheric pressure. This effect can be a solution for the
engineering problem of contactless interaction between
objects, when electric or magnetic fields can adversely affect
the engineering mission.

Materials and Methods

The equipment for the experiment (Fig. 1) involved two
smooth plastic cylinders with a diameter of 50 mm and a
length of 100 mm. They were driven by two independent
motors from used hard drives, powered by a 12-volt DC
source via controllers for brushless motors designed to
consume no more than 1.5 amperes. One of the cylinders
was suspended on a thin wire to the frame, and the second
was in a free position for manipulating it with a hand. The
suspended position of one of the cylinders was chosen
to capture a weak effect. The wire was used instead of a
thread to reduce the unwinding of the cylinder due to the
properties of the thread to unwinding under tension. The
air around the installation played the role of a viscous me-
dium through which the cylinders interacted. The air was
stationary with an atmospheric pressure of 769 mmHg and
a temperature of 25°C. The geometric dimensions of the
cylinders, the rotation speed, and the air conditions were
used to calculate the Reynolds number (1) for practical
experiment. When both engines were turned on, the cyl-
inders were unwound to a stable speed of approximately
revolutions per minute, which is equal to 26.2 m/s. The
rotation speed was measured by a digital tachometer with
an accuracy of 0.05%.

Figure 1. Experimental equipment
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where R, is the radius of the cylinder = 0.025 m; L.is the
cylinder length = 0.1 m; () is the cylinder rotation speed =
= 10* RPM=167 RPS= 1,047 rad’; p,, is the air density at
25°C = 1.185 kg/m’; u__is the kinematic viscosity [8] of air
at 25°C =15.6x10° m%; n__is the dynamic viscosity of air =
=p,, Xu,, =18.3x10° kg(mXs).

Having put each cylinder into rotation (Fig. 2), a
boundary layer of air would form on the rotating body of
rotation due to the condition of adhesion to the surface
of the body with the effect of “no slip condition”, which
means that at the boundary of a solid object, a viscous
liquid flows at zero velocity relative to this boundary (Fig. 3).
When each cylinder rotates, this creates a very thin “bound-
ary layer” around the cylinder, the air next to the cylinder
simply rotates with it at the same speed (Fig. 4). The cylin-
der literally drags air with it. And in the next layers, rota-
tion in a viscous medium creates a vortex-free circulation
of the flow in a circle around the cylinder.

ol

Figure 2. Geometry of the rotating cylinder
Source: [9]

Figure 3. Boundary layer above the rotating disk

Source: [9]

Figure 4. Circulation around the cylinder
Source: [9]

To confirm the causes of the observed effects,
OpenFOAM version 9 numerical simulation software with
the PISO algorithm was used. The results of calculations
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and graphs were obtained after a simulation lasting this paper. The difference between simulations is presented
40 seconds. The results of 4 simulations are presented in  in Table 1.

Table 1. Boundary layer and environment parameters for different simulations in OpenFOAM?9

Boundary layer conditions in simulation Parameters of kinematic viscosity
of one of two cylinders and medium pressure
(file 0.orig/U) (transportProperties file)
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Attraction in the air vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100007]1.56e-05;
rot = -10000.0/60%6.28*vector(0,0,1)™(Cf-vector(0.075,0.0, rhorho[1-300000]1.185;
0.0));
operator==(rot);
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Repulsion in the air vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100007]1.56e-05;
rot = 10000.0/60%6.28*vector(0,0,1)~(Cf-vector(0.075,0.0, rhorho[1-300000]1.185;
0.0));
operator==(rot);
#1};
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Attraction in water vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-100001]0.903e-06;
rot = -10000.0,/60%*6.28*vector(0,0,1)"(Cf-vector(0.075,0.0, rhorho[1-3000001]997.3;
0.0));
operator==(rot);
#1};
code
#{
const fvPatch& boundaryPatch = patch();
const vectorField& Cf = boundaryPatch.Cf(); transportModel Newtonian;
Repulsion in water vectorField rot(Cf.size(), vector(0,0,0)); nunu[02-10000170.903e-06;
rot = 10000.0/60%6.28*vector(0,0,1)~(Cf-vector(0.075,0.0, rhorho[1-3000001]997.3;
0.0));
operator==(rot);

Results and Discussion cylinder approached, the more the hanging cylinder was

At the first start, the cylinder motors rotated in one direc- repelled, and the force generated by the flows was suffi-
tion, the manual cylinder was brought to the hanging cyl-  cient to keep the hanging cylinder from meeting the hand
inder and at about 7 cm or less, the hanging cylinder was  cylinder, and not allow the hanging one to return to the
repelled from the manual cylinder. The closer the hand  equilibrium position of the stretched wire (Fig. 5).

Figure 5. Demonstration of repulsion

Source: [9]



Changing the experimental conditions and rotating
the cylinders in opposite directions, the manual cylinder
was also brought to the hanging cylinder. Therewith, the
attraction of the hanging cylinder to the manual cylinder
was observed at a distance of 5 cm or less (Fig. 6). Not
removing the manual cylinder in time often led to contact
and unbalancing of the hanging cylinder.

Figure 6. Demonstration of attraction

When the hanging cylinder was unbalanced, to per-
form several experiments in a row, it was necessary ei-
ther to stop the hanging cylinder to balance it and start
it slowly, or to slow down its rotation on the thread by
repulsion or attraction in the air. This was achieved faster
with mutual repulsion than with mutual attraction. The
force of mutual attraction increased with the approach-
ing, and without prompt removal of the manual cylinder,
their collision led to an imbalance of the hanging cylin-
der. The high speed of rotation and the lack of support
points did not allow reducing the distance between the
cylinders less than 3 mm.

The vortices created by the cylinders are similar to
vortices generated under the water column in streams with
a negative longitudinal velocity gradient near the solid
boundary [10]. A pair of natural vortices were unstable [11]
and tended to unite with unidirectional rotation [12], and
with the opposite rotation, destruction caused the devel-
opment of the Crow instability, which leads to multiple
curvatures of the vortices [13]. Similar processes and re-
sults were demonstrated by E. Dormy and H.K. Moffatt [14].
They describe the behaviour of medium flows in conditions
of short distance, contact, and negative distance between
two cylinders. At the point of contact, the total interaction
force F, comprising viscosity forces, pressure forces and
contact forces, is F, zero.

Simulation of a single cylinder

As the velocity of the boundary layers increased, the vis-
cous airflow flowed around the cylinder, forming separate
vortex-free airflow circulations in the form of concentric
circles [15; 16] (Fig. 7). With a sharp start of rotation of the
cylinder, vortex flows may be observed at first, but after
a few seconds the circulation became vortex-free. Viscous
friction considerably affects the behaviour of the medium.
Due to the forces of viscous friction, the circulation of
fluid flows occurred around a rotating cylinder. In the
boundary zone of the air and the cylinder, the pressure
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was the lowest due to the high flow velocity (2), which is
consistent with the Bernoulli equation for viscous fluids:

0,2 2
P1+Pgh1+p71=

pY;
P, + pgh, +T+hL 2

Figure 7. Circulation of one cylinder in a simulation
with a rotation speed of 10*rpm

The velocity of fluid circulation around the cylinder
is inversely proportional to the distance from the cylinder
r* (3) (Fig. 8).

U_M itude

Figure 8. Distribution of the circulation velocity around
one cylinder in the simulation at a speed of 10* rpm
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When rotating, the cylinder carries away the ad-
jacent layers of air, causing its circulation. Vortex-free
circulations of a viscous medium cover the entire space
outside the cylinder, provided that the space around is
boundless. But if the space is limited, e.g., by walls, then
swirls occur near the walls. But the flow velocity in these
vortices was much less than the main flow near the cylin-
der, so they were not considered in the observations of
effects. The greater the viscous friction, the more stable
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the circulation, and the slower the circulation rate de-
creases, moving away from the cylinder. The velocity of
the fluid flow was different at the walls and away from
them. If one enters the transverse (perpendicular to the
velocity vector) coordinate of the distance from the cyl-
inder surface r, then the fluid velocity is a function of this
distance v(r) (Fig. 6). This dependence is determined by
the transmission of momentum in the transverse direc-
tion or otherwise by the velocity gradient, as in the case
of a viscous gas (4):

dv
]p =-nX E €]

The interaction force of adjacent layers touching
on the surface S is equal to (5):
dv

F = —
nxdxxS 5)

Moving away from the cylinders, the circulation
rate decreases, keeping the pressure close to stationary,
which is higher relative to the cylinder (Fig. 9).
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Figure 9. Distribution of kinematic pressure of one
cylinder in the simulation

Preparation of the grid for simulation

In the area near the cylinder surface where higher accuracy

is required, a fine mesh is used. Moving away from the
surface, the mesh becomes rougher (Fig. 10).

Figure 10. Computational grid

The effect of fluid attraction in the simulation

Two cylinders with a diameter of 0.05 meters at 0.025 meters
from each other were configured to rotate in opposite di-
rections, e.g., one cylinder was configured to rotate coun-
terclockwise and the other one — clockwise. The flows
converged between the cylinders, maintaining a circula-
tion velocity greater than zero, and lowering the pressure
between them (Fig. 11). The circulation rate of the fluid
flow between the cylinders did not decrease to zero, it
was maintained by the circulation of the adjacent cylin-
der (Fig. 12). The pressure difference P, . =P, outside the
cylinders and P, =P, between the cylinders created an
attractive force acting on each cylinder separately, directed
from the outside of each cylinder into the interior of the
space between the cylinders (Fig. 13).

Figure 11. Tracing of airflow circulation in simulation
with multidirectional rotation of the boundary
layer of air

Figure 12. Distribution of airflow velocities in
simulation with multidirectional rotation of the
boundary layer of air

Figure 13. Distribution of air pressure in simulation
with multidirectional rotation of the boundary
layer of air



The force arising from the difference between ex-
ternal P, and internal pressure P, was calculated using the
formula from the definition of pressure (6), and the pres-
sure difference as (7) [12]:
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Then the force F is equal to the product of the pres-
sure difference by the area of the surface experiencing
pressure (8):

F F =A P,A (8)
P = " (6)
The simulation results (Fig. 14b) demonstrate that
where P =P, — P, =AP,, (7)  the minimum pressure between the cylinders is (9):
E——17 mz/ - P __17m2/ x 1.185 kg/m3 = — 20.145 P ©
o 52 2= 52 . g/m- = . a
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Figure 14a. Graph of airflow parameters near and
between cylinders with multidirectional rotation of the
boundary layer of air: Flow velocity

If one sets the pressure outside the cylinders to at-
mospheric stationary as P,=0 Pa because numerical sim-
ulation sets the stationary pressure as 0 m%s?, where the
velocity of the fluids is minuscule compared to the veloc-
ity of the cylinder itself, then the pressure difference (7)

relative to atmospheric is (10):
AP, =0—(—20.145) = 20.145 Pa (10)

The contact area A of the external pressure towards
the space between the cylinders is equal to half of the sur-
face of the cylinder (11-12):

27R

*

Lyt (an

Ao 2 %X 3.1415 x 0.025

> x 0.1 = 0.00785375 m2(12)

Using the pressure difference AP,, (10) and the
contact area A (12), the force F is calculated as (13):

air_attract

Fair aterace = 20.145 X 0.00785375 = 0.158 H (13)

Using the values (12; 18), the force F,  _is calcu-
lated. For this, the authors of this study set P,=0 Pa for
water as well as for air, and the main characteristics of

water at 25 as (14; 15; 16):
Pwater = 997.3 kg/m? 14

Upater = 0.903 X 1076 m?2 /s (15)

o [=¢]

5

Figure 14b. Graph of airflow parameters near and
between cylinders with multidirectional rotation of the
boundary layer of air: Kinematic pressure

Nwater— Pwater X Mwater = 0.901 X 1073 kg/(m xs) (16)

The kinematic pressure between the cylinders was
given from the graph (Fig. 15) and was reduced to a change
in dynamic pressure (17; 18; 19).

P

~=-95 m a7

P,=-95M/ ,x9973 %9/ . = _94744Pa ()

AP, =0-(-9474.4) =9,474.4 Pa 19

Figure 15. A graph of the kinematic pressure
of the water flow near and between the cylinders
in a simulation with a multidirectional rotation
of the boundary layer of air
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Using the dynamic pressure difference AP, and
the contact A area, the force F is calculated as (20):

water_attract

Frvater attrace = 9,474.4 X 0.00785375 = 74.4 H (20)

4

\

A graph is given for a visual analysis of the difference
in the rate of change of kinematic pressure for water and
air in the interval between the cylinders with multidirec-
tional rotation, from 0 to 3 seconds (Fig. 16).

35

—@— Air —®— Water

Figure 16. A graph of the pressure drop between the cylinders over time in a simulation with a multidirectional
rotation of the boundary layer of air and water

The effect of fluid repulsion in the simulation

Both cylinders are configured to rotate in the same directions,
e.g., one cylinder was configured to rotate counterclockwise,
and the other one — clockwise. As the velocity increased,
their boundary layers accelerated the airflow around each
of them, forming separate airflows in the form of concen-
tric circles. Bringing the cylinders closer as the velocity
of the boundary layer increases, the airflows around the
cylinders combine to form a single flow (Fig. 17). But not
all the flow moved in a laminar fashion around the cylin-
ders. The airflows at the boundary layer of the cylinder,
pressed down by the external atmospheric pressure, were
still trying to move around each of the cylinders. But try-
ing to move between the cylinders, they met an oncom-
ing flow from the neighbouring cylinder. This collision of
flows stopped circulation in the centre and created ex-
cess pressure between the cylinders (Fig. 18). This excess
pressure was greater than atmospheric pressure, and it
enabled both cylinders to tend to push off from the zone
between the cylinders. In addition, due to the collision of
oncoming circulation flows, the flow velocity between the
cylinder tended to zero (Fig. 19).

Figure 17. Tracing of airflow circulation in simulation
with unidirectional rotation of the boundary layer of air

Figure 18. Distribution of airflow velocities
in simulation with unidirectional rotation
of the boundary layer of air

Figure 19. Distribution of air pressure in the simulation
with unidirectional rotation of the boundary layer of air

Using formulas (7; 8; 11) and data from the graph
(Fig. 20a, 20b), the dynamic pressure difference AP
AP

12water

sive forces were F F

air_repel ~ water_repel

12air

was calculated as (21; 22; 24; 25), and the repul-
calculated as (23; 26):
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P. .

2;‘” = =55 ™"/ 35 Py oy = —55™/ ;X 1.185 kg/m® = — 6.5 Pa @D
APy qir =0 — (—6.5) = 6.5 Pa (22)
Fair repet = 6.5 X 0.00785375 = 0.051 H 23)

P
water 65 M/, Py = —65™/ , X 9973 kg/m? = - 6,482.5 Pa (24)
APy, =0—(—64825) = 64825 Pa 25)
Fater repet = 6,482.5 X 0.00785375 = 51 H 26)

Figure 20a. A graph of the kinematic pressure of the
flow near and between the cylinders in a simulation with
unidirectional rotation of the boundary layer for air

Conclusions

The results obtained using numerical methods confirmed
the presence of a pressure difference that causes the ef-
fects of attraction and repulsion in a fluid medium of two
or more rotating cylinders. This study has proven that the
effects are more pronounced in water compared to air.
There is also a direct dependence of the force of interac-
tion on the density of the medium, on the speed of rotation
of the cylinders and the distance between the cylinders,
which directly affect the difference between the pres-
sure generated outside and inside between the cylinders.
Kinetic viscosity affects the speed of pressure change.
The lower the kinetic viscosity, the slower the mole-
cules of the medium transmit momentum further away
from the cylinders, and it will take longer to achieve the
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EdexTu BiAIIITOBXYyBaHHA i IPUTATHEHHS MiK 00€pTOBUMHU HWIiHAPaMH Y Giroigax

Baaum OsekcitioBnd OcTaHiH

AHoranig

AKTyasibHiCTB. 3 Teopii ri[poguHaMiK¥ BiZJOMO ITPO B3a€EMO/IiI0 MTapy BUXOPIB Yy HEBI3KUX (IIroiZiax. AKTyalbHICTh
JOCTiMKeHHs 06yMOBIeHA HAsIBHICTIO JOCTIIKEHb YNCIEHHUX CUMYJIAIIHM B3aEMOZii IBOX BUXOPiB ab0 ABOX LWIIHAPIB,
SIKi He IOCTDKYIOTh IIPaKTUYHI yCTaHOBKY JIA CIIOCTEPeKeHHs e(peKTiB IPUTATHEHHS Ta BiIITOBXyBaHHA Y QIIOIAHUX
cepeoBHINAX, 0 MOXKe raJbMyaTH JOCTIZPKEHHS B I1ili 06J1aCTi IS TPaKTUYHOT'O 3aCTOCYBaHHS.

MeTa. MeTor0 1IHOTO AOCTKEHHS € MPAKTUYHA JEMOHCTPALlis MOXJIUBOCTI eeKTy MoABiiHOI B3aeMOZil B TOBITPi 3
BUpaxyBaHHAM MPUOIU3HOI BETUUUHU CUJIH, IKA HAMAara€TbCs MPUTATHYTH ab0 BiAIITOBXHYTH Wi HAPH.

MeTtozu. Y npakTUYHOMY €KCIIepUMEHTiI BUKOPHUCTOBYEThCA Tapa IUIACTUKOBUX IWIIH/APIB, SKi IPUBOAATHCA B PyX
JBUTYHAMHU i 00epTarOThCsI OJMH ITOPYY 3 iHIIIMM Yy IIOBITpPi IIpH aTMOchepHOMY THUCKY. YHMCIOBe MO/IeIIOBaHHS epeKTy
MoKasye mpupoay ebeKTy i Z03BoJsiE mepeA0adnT BEIUYUHY CHUJIM, CTBOPIOBAHOI IWIIHAPAMHU, 1[0 06epTaloThCs
OJIMH /IO OJTHOTO. 3B’sI30K MK HaIIpIMKaMy obepTaHHs HMIWIIHAPIB i criocTepexxyBaHUMU edeKTaMu OyJI0 TepeBipeHo
YHUCIEHHUM PO3PaxXyHKOM 3a ZIOIIOMOT0I0 YMCIEHHOTO MOZIEIIOBaHHS KOHEYHUX 00>eMiB ¥ OpenFOAM Bepcii 9.

Pe3ysnbTaTu. Y npakTUYHOMY EKCIIEPUMEHTI ITapa IWIiHAPIB, 110 00epTaroThCs IIOYMHAIA B3AEMO/iI0 Ha BiIcTaHi 5—7 cM,
Ta 3a BiZIcTaHi 2—3 CM CTBOPIOBAJIO IOCTATHIO CIUTY, abU CTabiTi3yBaTH KOJMBaHHS OZHOI'O 3 IIWIIHAPIB HABKOJIO HUTKH,
3a Ky BiH HigBimeHu#. YncieHHa CUMYJIALA TOKa3ye, 110 B IIPOCTOPI IMJIIHAPaMH YTBOPIOETHCA 30HA BUCOKOTO abo
HU3BKOTO THCKY B 3aJIeXKHOCTI Biff HApsAMKY obepTanHsa. O6epTaHHsA CyCifHIX AUCKIB 3 IPOTHIEKHUMU HalPAMKaMU
PyXy ZoIoMarae NMPKYJALii iHIIoro yIiHgpa NiATPUMYyBaTH MIBUAKICTb IIOTOKY B 3a30pi, 10 3HIKYE TUCK PiAUHU
MDX IWIIHAPaMU i NPUTATYE iX. | HaBmaKy, NWIiHAPH, 110 00epTaIOThCA B OAHOMY HAIPSIMKY TacAThb i CTUCKAIOTh
PIAVIHHI MOTOKM B INMapWHI, 0 361IbIIye TUCK MOBITPS MiXK ITWIiHAPAaMHU, 110 06€pTAIOThCSA, BUIIE CTalliOHAPHOTO
THUCKY i BiAIITOBXYE iX.

BuCHOBKHU. Pe3ynbTaTy Jal0Th MOXKIUBICTH JeTalbHIille po3yMiTH mpolecu GI0iZHOI B3aeEMOZil, ZOCTiKyBaTh
3aJIeXKHICTh CUIY BiJ] BIUIUBY CepeZloBHUIIA Ta IWIIHAPIB i TOKa3yl0Th IapaMeTpy IPaKTUYHOI MOXJINBOCTI 32CTOCYBaHHA
edekTiB B3aeMoZii B piIUHHIX cepeOBUIIAX

KirrouoBi cj1oBa: B3aeMozist IUPKYJIsALiii, GJIroiZiHI BUXOpH, 06epTaHHA IWIIHAPIB, YMCTEHHA CUMYJIALSA



