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ABSTRACT: A manipulator is operated for the motion of mechanical hands or arms. When
a cup including liquid inside is shifted by a manipulator, it is important to know how a free
surface of the liquid moves. In this study, non dimensional parameters have been found that
affect the rise of the free surface in a cup moving with constant acceleration. The non-
dimensional parameters are the dimensionless time, the ratio of inertia effect to viscous effect
(the Reynolds number), the aspect ratio of the liquid inside the cup and the acceleration ratio
(the Froude number). Through this study, the height of the free surface rise in a cup has
been predicted and the detailed velocities in the liquid have been examined. Generally, the
maximum rise of the free surface is dependent on the Reynolds number and Froude number
strongly, but on the aspect ratio weakly. However, the influence of the aspect ratio on the
maximum rise of the free surface is not negligible in the range of 10 <Re < 100.
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Fig. 1 Schematic diagram of the free surface
of a liquid in the cup.
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Fig. 2 Computational grid system for the liquid

and air in the cup.
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Table 1 The Reynolds numbers with different
kinematic viscosities of the engine oil(e,
=1m/s? R,=0035m)

v(m?/s) Reynods
2 5.452> 107 ¢ 1200
Vs 8.029 x 10~ ¢ 790
vy 1.241x 1073 528
vy 2.046 x107° 319
Vs 3.794% 107 ° 173
Vg 8.565 > 107 ° 76
Vq 2.485x 1071 26
vy 9.429 %1074 7
Vg 1.31%x1073 5

Table 2 The aspect ratios with different initial
heights of the engine oil(a, =1 m/s?,

R, =0.035m)
H(m) Aspect ratio
H, 0.01 0.29
H, 0.02 0.57
H; 0.03 0.86
H, 0.04 1.14
H, 0.05 1.43

Table 3 The Froude numbers with different

gravity accelerations(a, = 1 m/s?, R, =

0.035 m)

g(m/s?) Froude number

91 20 0.05

92 9.81 0.10

g3 6.67 0.15

94 5 0.20
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Fig. 3 Variation of the height of the free surface at the left wall(Fr = 0.20, Aspect ratio = 0.86).

Aol #A7]i= A AFEHUT o) L A
el Re 771 #4% A8 o2 22 Re
of Hlg|l Fe Ao B2 Wit dojuy)
wolrh. FHol HA AeolAN zHFoE UA
e o2 230l dof wE 7 kg dz o
2ol Kol HdAdee Ao mdstd g wel A
Ake] FnE Ao

“‘3} B drdMe FA84E 98 48§ CFD
38l CFD~ACE2006°] AH&-H9ith 5% 44
Ao e #X3 Helid A second order
upwind scheme¢] AF&HA, GHA L A7) 9
34 SIMPLEC ¢tire]%o] A18-5 it}

orﬁ:;‘;%.ﬁ

3.1 TR AlZio] mE ARl 2o FESH

o) step function FEHIE AL E(a=1m/s?)
7b ozl oA B Azl mE Al
e} Ao he #4 54l ME thE Re 7
o tisted Fig. 3o #AAjEo] v} 1EjzZef 7}
2Ee B9 N Vat/ VRS e g2
%2 7 A% WAy HESE AF ZHY KA
Y 2 ¥ A< (normalized level rise(W/R))&
HET Re #7F A&FE /RO 2 Zo] o}
A g FAg] A7kl /Rl UA #rell nd
iz S e o8 Eo Re = 79080 A%
7V it WAEFEL 7EAY, Re = 791 A% 71 #
= AEE AR o w2 A/Rel 4 el =
etk Akl Aol whiE p/Re] WSk A%

of Algtel w2t AgHoz FashE H AF

3 A}

% o
o} 4] o

7F A&

3,
7)ol A, Re = 79091
 RE

o] Ao tr7} wj$- 2L
ok 037744 Aroich wrad ofx &
AsA o) EAF) 7] Ys)H = o)% AAY
A B Eolrrl £7] Aol zo
8 04R AX © ¥Folel st} wtek Re

F7b 7908 atkd Sl AFH T weld]

Zo]s=

04RHTE ofz o AAk @i

Aspect ratio’} 0.86°]laL Fr 7} 02091 A3+
A4 Re 47} 26, 7904 ] F-x¢d A|7te] wh &

A
2
sl

f=
3 %

A olo] WMalE Alztol mlel R &H o
Fh(Fig. 4). o= Az o] 3 wieha
oA mpEE de7]7] gEolr Re 7t

0.35 4

0.30 -

0.25 4

h/iR

0.15 4

0.10

0.05

0.00 4

Fig. 4

0.20 -

7 —A— Res790

// \\ A \

00 05 10 15 20 26 30 35 40 45 50
¢

Variation of the height of the free surface

at the left wall for the first two periods

with non dimensional time(+* — Vat/VR)

in the cup(Fr = 0.20, Aspect ratio = 0.86).




398

o
o
x

[

7909 wWlE Re 71 269 wWEth W Fole
FU A FAXY Aoj7t ¢ AW, ® A &%
7t A T RA F719) 3 Fol(time point
e A F7]19 3 Fol(time point 3)HT o
7 ZE Boltl olE Resl 790¢ W HAH)
Hjste] #HAd o] wlp A7 wfF otk Re = 26 Y
W A|zbell @& /R WA= Re = 790Y
o] vlsle] $4H(phase)o] EolXE EAo]
Elibi=d o] Re = 26¢ do)] &E&des &
e wFo|r,

Re 47} 269 |, Z} time pointo] thate] Ho]
+&ole w3k FPstu He FHE A
T2 g A g &5 22X} Fig. 59 A A o
2tk time point 1(Fig. 4 & X)L %7] AHol=
& £y §% £xE glerw Iy
] ekttt time point 201X E= A A A
Lol AFo = o|Fsted 9% +H
A FHE et Ak He
HOEAHNA 2 St 2

1l

aJL
Bt} #Z, time point 32 A

1o £ = Ed

o A% Zo wo|7t A1 =& WE U

Atk A7lolA HAHow o= wfe o}
AR ZHY EZ J99 ofudA AlA W
o} £x7 dA3 veya sled ol o &1t
of AfF EWe LEZ M AE RN 9
o st7sly A THY FZb FEANA AW
At g2 ue}. time point 44 4l
A ode AAHeE QEZOZ o|F3ed o
He 9% AdeA sz 2L2F JddA
A53. £33 time point 49A & AWEHo R

time point 29 H|$lY &£X7F A EAENE
t oy FAHo| ZA HEste AFeA t =0
o) 7} 7] AlFASIAE Tt Ee] FEgFo] A7k
Ao m} FASH7] wFelty o9 e o
2 239 time point 79149 AH HTHe F
A}E time point 3olA19] AH FEH HALRUY
ol o,

Re <27} 790¥ o, Z} time pointel A Zo] &
Aol W Bty He FAE Ave F
F gyeye X FIJ Fig. 6 AAH
9}t time point 2914 ¥ Re 7} 269 uj¢
time point 291 Bt} £=7F o] Atk E£3 time

CEHE -

o

-

4
ok
4

e

L7777 S
S A S e

]

R

P //,/,,‘;z’;;,;;%

- R
i R g

A
;

[T Y

(d) time point 5

Fig. 5 Velocity vectors in the central vertical
plane parallel to the cup motion with
Re = 26.
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plane parallel to the cup motion with
Re = 790.
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Fig. 7 Effect of the Reynolds number and the
aspect ratio on the maximum normalized
level rise with Fr = 0.10.
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Fig. 8 Effect of the aspect ratio and the Froude
number on the maximum normalized level
rise with Re = 528.
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