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Rotary Sloshing and Resonance Phenomena
in Stirred Vessel

Masaki DEGUCHI

Abstract

The conditions for generating rotary sloshing of liquid, and
the influence of operational conditions, such as the size of
equipment, liquid height and impeller speed in a stirred vessel
with a flat paddle impeller on the rotary sloshing frequency and
resonance phenomenon were examined.

It was found that the rotary sloshing of liquid occurred
immediately after the liquid surface touched the lower end of the
impeller, and that it was generated when the impeller speed was
greater than the rotary sloshing frequency. Moreover, based on
the equation for sloshing frequency in the tank without an
impeller, the equation of rotary sloshing frequency was derived
considering the influence of the impeller’s diameter.
Furthermore, in the mixing machine, when rotary sloshing of
liquid occurred, the vibration was induced by both impeller
speed and rotary sloshing.

It was found that the resonance phenomena occurred when
the vibration induced by rotary sloshing of liquid was in
agreement with the natural frequency of the mixing machine.

From the above, we suggested a safe operation indicator at
the time of mixing.
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1.1

(Abstract)

(Abstract)

2)

1)



3)

1.2 (The basis of mixing)

1.2.1
Solid Mixing
Agitation
Kneading
Agitator
— — — 4

or

(A classification and a use of mixing)

Mixer

Fig.1-1

6)

5)

Mixing

Kneader

4)

Mixer
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Fig.1-1 mixing flow chart®

-3-




1.2.2 (stirred vessel)

Fig.1-2 56

Fig.1-2 Components of mixing machine



1.2.3
(Shape of impeller and the action of mixing)

2
3
1 (Tangential flow)
2 (Axial flow)
3 (Radial flow)
Fig.1-3
2

(Fig.1-4)®






1.3
13.1

(The basis of vibration)

(Resonance phenomenon)
)
Fig2 n
Fig.2(a)
(Fig.2(b))
« )
n=1
)
(

Fig.2(b)
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(a) Composed mode spectrum
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(b) Elements of mode spectrum

Fig.2 each dimension mode spectrum



1.3.2

(Sloshing)
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1.4

(Purpose)
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(Fundamental researches)
2.1 (Introduction)

2.1.1
(Free surface phenomena of stirred vessel)

(Fig.2-1)

(Fig.2-2)
(1.2.2)
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Fig.2-1 Vortex phenomenon

Fig.2-2 Rotary sloshing phenomenon



2.1.2
(A definition of rotary sloshing frequency)
(1.2.2)

(Fig.2-3)

T (9

fo=1T (1)

f(Hz)

Fig.2-3 Measurement techniques of sloshing frequency
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2.2 (Stirred vessel)
Fig.2-4

8mm

Table 2-1

Fig.2-5,2-6

Accelerometer(1,2) 1 Vibration testing
(PCB PIETRONICS) 2.Modal analysis

] -
Motor
(HEIDON CAT system
1200G) AN (CATEC)
Shaft — d. Stand
(A1070) o .
1 Welght
Stirred LA eh
vessel H X

Tack\ o \\

Fig.2-4 Schematic diagram of Stirred vessel
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Table 2-1 Experimental conditions
A) Condition no.1

D [mm] 100 150 180 200 240
dp  [mm] 50 75 100 120
He  [mm] 10 - 144
n [s*(rpm)] 3.33 - 8.33 (200-500)
Np [] 6
B) Condition no.2
D [mm] 200
dp [mm] 100
He [mm] 60 100
n [s*(rpm)] 1.67 - 8.33 (100-500)
np [-] 2 4 6

@120

13

(a) dp=120mm
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11

13

=100mm

(b)d,

11

13

=75mm

(c) dp
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| 11

50

(d) dp=50mm
Fig. 2-5 Schematic diagram of 6-flat paddle (Condition no.1)

(a) 6-blade paddle
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(b) 4-blade paddle

20

| — |

- ————

r—_———

(c) 2-blade paddle
Fig. 2-6 Schematic diagram of flat paddle (Condition no.2)

-18 -



2.3 (Measurement devices )

2.3.1 (Impact hammer)
PCB PIEZOTRONICS (086C03)
Fig.2-7(a) Fig2-7(b)
2

ﬂDm{H] KHEE
I A

aIETFeT DEIRE | A

(a) Schematic diagram of impact hammer (b) Picture of impact hammer
Fig.2-7 Schematic diagram of impact hammer
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2.3.2 (Accelerometer)
PCB PIEZOTORONICS

Fig2-8(b)

(a) Schematic diagram of accelerometer

356A32/NC
Fig.2-8(a)

a f=ma

Caibration - Data Card

SRERA T ELEA M ETER

(b) Picture of accelerometer

Fig.2-8 Schematic diagram of accelerometer
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2.3.3 AD

(Measurement device and Analog to digital conversion)
AD CAT SYSTEM SA-01

Fig2-9

16 216
(+-1 32768 1 )

Hz

SA-07
B mon SIGMNAL AMNALYZER

Fig. 2-9 Schematic diagram of measurement device
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2.3.4
(Fourier transform and Fast Fourier Transform)

AD
2.3.5 (Frequency response function)
) ( )
/
1
2.3.6 (Coherence function)
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2.4
(At the time of liquid injection, free surface phenomena)

2.4.1 (Experimental Purpose)
2.4.2 (Experimental Methods and Conditions)
Fig2-10 Table 2-2
2
1 50ml
2
2
2
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Table 2-2 Experimental conditions

a) 6-blade impeller
D [mm] 200
dp [mm] 100
Hy [mm] 85-
Hp [mm] 90
n [s*(rpm)] 3.33 (200)
Np [-] 6
Qx 10°[m® s 0.50,1.09,1.70,3.34,6.17
b) 4-blade impeller
D [mm] 200
dp [mm] 100
Hy [mm] 85-
Hp [mm] 90
n [s*(rpm)] 3.33 (200)
Np [-] 4
Qx 10'[m® s 060,1.07,1.47,3.62,6.97
c) 2-blade impeller
D [mm] 200
dp [mm] 100
Hy [mm] 85-
Hp [mm] 90
n [s*(rpm)] 3.33(200)
Np [-] 2
Qx 10°[m® s 0.93,1.40,4.49,8.78
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2.4.2 (Experimental Results and Considerations)

Fig.2-11
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3.1

29

Rotary sloshing frequency, 7;[Hz]
-3
Lad

o 0.7x10°

A 1.6%10°

0 2.98x10°

& 6.23%10°

x 12.3x10°

A Fixing height

1§§

00 05 100
Liquid height, H; [mm]

a) 6-blade impeller
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o 1.07x10°
N 29T a1.47x10°
= . || ©3.62x10°
:;EE ' o 6.97x10°
=
u 25 F &
= aBeBE’
H 23 g o
& i
= 21
S
E‘ 1.9 |
5
~Mo1.7 b
15 | | |
85 Q0 Q5 100
Liquid height, H{[mm]

b) 4-blade impeller
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3.1
N o 1.40x107°
T 29 0 4 449x10°
A 0 8.78x10°
- 2.7
o
5 2.5
= 23 Dﬂﬂﬁﬁ 2]
oh ]
=
£ 21
©
% 1.9 |
2 17 F
]
15 | | |
g5 90 05 100 105
Liquid Height, H{[mm]

c) 2-blade impeller
Fig2-11 Effect of liquid mass flow on rotary sloshing frequency
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2.5
(The influence of operational conditions on the rotary sloshing frequency)

2.5.1 (Experimental Purpose)
2.4
2.5.2 (Experimental Methods and Conditions)
2.2 Fig.2-3 2.2  Table2-1A)
D dp He n
fs
HL 1mm
JS
1 30 0.83s*(50rps)
0 30 30~60
60~90
10~20
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2.5.3

(Experimental Results and Considerations)
Figure.2-12

HL
b)

d)
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o o o o

Rotary sloshing frequency, f.[HZ]

O
o

o D240
X X % A D200
. 0 D180
¢ D150
X x D100
X o © O
<
% O - A . AD " A
A
o DA © ° °
(|
A
50 100 150 200

Liquid height, H [mm]

a) Effect of liquid height on rotary sloshing frequency
(d,=75, n=8.33s™)
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Rotary doshing frequency, f.[HZ]

o H18
40 | AH36
0 H54
o H72
30 +  ©H90
A H108
cHi26 8 B 5 B 8§
20 i A A A A A A A
o O O O O o o
1.0
0.0
0.00 2.00 4.00 6.00 8.00

Rotational speed of impeller, n [s7]

b) Effect of Rotational speed of impeller on rotary sloshing frequency
(D=180, d,=100)
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o H30
= oH90 | ©
=
o 3.0 |
S .
8 o O
_"é 20 | A
T
o
9
> |
g 1.0
(@)
nd
0.0
0 100 200

Diameter of stirred vessel, D [mm]

c) Effect of diameter of stirred vessel on rotary sloshing frequency
(d,=75, n=6.67s™)
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10 o H15
N 44U | AH30
= 0 H45 4
“— < HBO
= | 0 H75 R
2 30 1 L hoo ; :
= 0 H105 g A
3 A
Y= @)
2 20 | .
T
(@)
°
g‘ 1.0 |
(@)
'

0.0

0 50 100

Diameter of impeller d , [mm]

d) Effect of diameter of impeller on rotary sloshing frequency
(D=150, n=8.33s™)

Fig.2-12 Effect of operational conditions
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2.6 (Natural frequency of stirred vessel)

2.6.1 (Experimental Purpose)
2.6.2 (Experimental Methods and Conditions)
231 232 233
Fig.2-13
CATSYSTEM
( )
2 4 6
6 (Fig.2-14) (Table2-3)
- 45
A1060) (Fig.2-15)
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Motor
(HEIDON
1200G)

Impact
hammar

Shaft
A1070)

CAT system
(CATEC)

Fig.2-14 Schematic diagram of Stirred vessel

Table2-3 Impact point

Fig.2-15 Impact point

Direction

Impact X y Z
point
1 0 0
2 0 160
3 0 300
4 0 190 | 300
5 0 280 | 250
6 0 280 | 100
7 0 280 | -150
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2.6.3 (Experimental Results and Considerations)

Table 2-4
Fig.2-16
2 (
Fig 2-3 ) 594y z) 6.25(x) 17.34(x z) 19.37(y)Hz 4
578(x 'y z) 6.25(x) 16.71(x) 18.75(y)Hz 6 578x 'y 2

6.25(x) 159(x y 2z) 17.6(2)Hz

Table 2-4 Natural frequency, [Hz]

Np mode 1 2 3 4
2 5.94 6.25 17.34 19.37
5.78 6.25 16.71 18.75
6 5.78 6.25 15.9 17.6
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10000
1000
W
£ 100
c
9O
5
T 10
a]
<
— Direction of x
1t .
— Direction of y
— Direction of z
0.1 ‘ ‘

0 5 10 15 20 25 30
Frequency [HZ]

a) 2-blade impeller
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10000

1000
W
£ 100
-
ke
g
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3
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— Direction of x
— Direction of y
— Direction of z

10 15 20 25
Frequency [HZ]

b) 4-blade impeller
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10000

1000 |
Y
E 100 |
-
O
5
T 10
8
<
1 | — Direction of X
— Direction of y
— Direction of z
0.1 ‘ ‘

0 5 10 15 20 25
Frequency [HZ]

c) 6-blade impeller
Fig.2-16 Natural frequency of stirred vessel
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2.7

(Vibration phenomena of stirred vessel)
2.7.1 (Experimental Purpose)

2.7.2 (Experimental Methods and Conditions)
Fig2-1 Table 2-1 A)

(2.3.2 )
(233 )
1 30 0. 83s *(5r pm)
1 1 30
2.5.2
Fig.2-17
5
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2.7.3 (Experimental Results and Considerations)

Fig.2-17
2.3Hz
2.3Hz
Fig2-18
( )
Fig.2-19
( ) ( )
Fig 2-18
f(=2.3H2)
m
f,=—(n—f)+f,
N
P (2-1)

m
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b
tn

Rotary sloshing frequency, f[Hz]
b
)

1.7

o 2-blade
& 4-blade
0 6-blade

0.0 2.0

Rotational speed of impeller, » [s7']

Fig.2-17 Relation of rotary sloshing frequency
and rotational speed of impeller

4.0
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Peak value of vibration, /,[Hz]

35
< Peak no.1, ~ Peak no.2, O Peak no.3, - Peak no.4
% Peak no.5, * Peak no.6, + Peak no.7, < Peak no.8
30 1 F g gt
J A0 byt
4 A g
£ i
Th ¥ |..I'
25 B & 4 J#
X JF
A0 [
A A
20
15
10
D ¢ | | | |

0 2.00 4.00 6.00 8.00  10.00
Rotational speed of impeller, # [s']

Fig.2-18 Relation of peak value of vibration
and rotational speed of impeller
(no-liquid)
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Peak value of vibration, f,[Hz]
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a) 2-blade impeller
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Peak value of vibration, /| Hz]
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15
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Peak value of vibration, f;[Hz]

35

30

25

20

15

10

o Peakno.l, A Peakno.2, O Peakno.3
® Peak no.4, 4 Peakno.5, < Peakno.6

e
R i

Slope=1.0

0 2.00 400 600 &00 10.00

Rotational speed of impeller, » [s™]

c) 6-blade impeller
Fig.2-19 Relation of peak value of vibration
and rotational speed of impeller
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(The equation of rotary sloshing frequency)
3.1 (Introduction)

3.2
(The conditions for generating rotary sloshing)
6
99mm
Fig.3-1
1mm
Fig.3-2

3.3

(The influence of operational conditions on the rotary sloshing frequency)

fs H./D Fig.3-3 fs
H./D H./D 0.5

HL
f dy/D Fig.3-4 fs dy/D

=49 -



150

140 t

|
V)
-

Liquid high, H. [mm]

0

2.00 4.00 6.00 8.00  10.00

Rotational speed of impeller, n [ s

Fig.3-1 Rotary sloshing area in stirred vessel
(D=200mm,d,=100mm,n,=6,b,=11mm)
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5.0
_ Rotational speed of impeller
N
T, —
Q{.-:J; 40 B y w # - w e
o
O
5
S 30 . ¢ ¢ ¢ o
< * A A l A A4
H Ak A A A 4 a4 4
of
- o o 0 o o o o
520 | °
'55 key| D ]| p i
— | 240 120
2 I 5| 180|120
g 1o A| 180100
s ¢ | 150|100

H./D=05|x]100| 75
0 ] ] ] ]

0 2.0 4.0 6.0 8.0 10.0
Rotational speed of impeller, # [s"]

Fig.3-2 Relation of rotary sloshing frequency and rotational
speed of impeller to generate rotary sloshing
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40

20

1.0 o do/D=0.75, — —Eq.(3-1), —Eq.(3-2)
s de/D =050, — —Eq.(3-1), —Eq.(3-2)
0 do/D =0.38, — —Eq.(3-1), —Eq.(3-2)

Rotary sloshing frequency, /< [Hz]

0.0

0.0 0.2 0.4 0.6 0.8
Hi/D [-]

Fig.3-3 Effect of liquid height on rotary sloshing frequency
(np=6,by,=11mm)
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o H. /D =05 —Eq.(3-2)
40 | A HL /D :0.4, - Eq.(3-2)
0 H./D=03, —Eq.(3-2)

20 1

Rotary sloshing frequency, 7. [Hz]

1.0

0.2 0.4 0.6 0.8
d /D [-]

Fig.3-4 Effect of diameter of impeller on rotary sloshing frequency
(np=6,by,=11mm)

-53-



3.4
(Deriving the equation of rotary sloshing frequency)

f = %[(3.689 / D )tanh (3.68H, /D)|*°
T

(3-1)
Fig.3-3 f fof
fs dy/D f
fs Eq.(3-1)
Figs3-3 34 dy/D fs  Eq.(3-1) H./D
dy/D Eq.(3-1)
0.31
dy/D 0.75 0.1 H/D 07 fs
1 05
f, =2—[(3.68g/D)tanh(3.68HL /D)P*x|0.7(d,/D)+0.8
7T
(3-2)
Eq.(3-2) fs Fig.3-3 Fig.3-4
Eq.(3-2) Fig.3-5
+8
Eq.(3-2)
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f s exp [Hz]

5.0

4.0

3.0

2.0

1.0

7
rd
+8% 7 d
/’ e
7/ 7’
= 7 e
rd
% Djﬁ ~8%
“ rd
>
B rd
p &
7
7~
) S0
Ve
Fd
7,
1.0 2.0 3.0 4.0 5.0
fscal [HZ]

Fig.3-5 Comparison with calculated and experimental results
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(Resonance phenomena in a stirred vessel)
4.1 (Introduction)

4.2
(Resonance phenomena in a stirred vessel)
Eq.(2-1)
fp fn
6 (Fig4-1a)) 17.7Hz z
4 (Fig.4-1b)) 188Hz z
2 (Fig.4-1c)) 173Hz 1z
fo
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1

0.1

0.01

0.001

Acceleration [m/sz]

0.0001

0.00001

0.000001

— Direction of x

[| — Direction of y

— Direction of z

*Wl mﬂw

4.92s

M\W i (‘l‘"

—*

0 10

20 30

Frequency [Hz]

a) 6-blade impeller

(f, 17.7Hz f=23Hz n,=6 mM=36 n=4.92sY)
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0.001

Acceleration [m/s']

0.0001

0.00001

0.000001

— Direction of x

1 — Direction of y

— Direction of z

0.1

" 'fl' '“{f % ﬂu 'm \l\ W \u ”J

4.365!

10

Frequency [Hz]

b) 4-blade impeller

(f, 18.8Hz f=23Hz n,=4 m=32 n=4.36s))
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10

— Direction of x 6 068_1
1 ||— Direction of y (D )
— Direction of z
& 0.1
=]
o 0.01
8
=
B 0.001
L
3
< 0.0001
0.00001 |
0.000001 :
0 10 20

Frequency [Hz]

) 2-blade impeller
(f, 17.3Hz f=2.3Hz n,=2 m=8 n=4.92s")
Fig.4-1 Spectrum distribution of stirred vessdl

- 50 -

30



(Conclusion)

5.1 (Conclusion)

1.
(The conditions for generating rotary sloshing)

2.
(The influence of operational conditions on the rotary sloshing frequency)

fs

f, = % [(3.68y/D)tanh(3.68H, /D)P* x[0.7(d,, /D)+ 0.8

(1)

3.
(The vibration induced by rotary sloshing)

m
fo=—(n-f)+f,
n

P )

60



5.2

1)

2)

@O @

61
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bw = width of impeller blade
D = diameter of stirred vessel
dp = diameter of impeller
f = sloshing frequency
fn = natural frequency of stirred vessel
f, = peak value of vibration for stirred vessel
fs = rotary sloshing frequency
g = gravity
H. = liquid high
m = integral number
n = rotational speed of impeller

np = number of impeller blade

-62 -
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[m]
[s7]
[s7]
[s7]
[s7]
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[m]
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