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Study on Hydraulic Conveying by Water Power

Relation between terminal velocities of a sphere in a
conduit and mean flow velocities of water
for suspending a sphere in a tube

Kyokai Okuda

Abstract

As the first step of studying the mechanism of hydraulic transportation with water, the terminal
velocities of spheres and the other related items are examined in the present paper.

The terminal velocities of spheres in unbounded fluid that might be named as “theoretical ter-
minal velocities, v:” are well known, but “the terminal velocities of spheres in a tube, v;,” which
is essentially subjected to the interference of the boundary, have not jet been sufficiently clarified.
The experiments were performed by changing the diameter of sphere d, the diameter D and the
inclination ¢ of the tube. As it was expected, the magnitude of “the mean flow velocity in a tube to
maintain the suspension of a sphere, v,” showed a noticeable difference from the interfered terminal
volocity v;. The spheres used for the experiments were made of vinylchloride-, polystyrol- and
polycarbonate-plastics, and the pipes, of clear methacryl-plastics.

The results obtained in the present experimental investigation can be summarized as follows:

a) the relation between v; and v; can be expressed by

Vg/Ue = ay—B1 (d/D),
where «; and §, are constants to be determined by experiments. Further, it can also be formulated
as a function of Froude number ;

VaofVr = g+ B2 Fp1,
where F,; is particle Froude number, v,/¥gd, a; and 8, are constants again to be determined by
experiments.

b) the F,2~Re: relation is parabolic, and the Fy.i~Re: relation is hyperbolic, where F is vy//gd
and Re: is particle Reynolds number, v,d/v.

c) the Fr2—d/D relation is parabolic, and F,: attains a maximum at a certain d/D value.

d) Increments of v, with respect to @ are always larger than those of vi.
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FTHBICERZ CTHEMAL, EHRECELTE, Z20EZOEREE 5V EERIEOLRHE
EERD LY, ERMGICMKYT 2, FAREMELOMBECBNT, HEESTIHEELL,
ZOEBRIEFEPEOHAL Y L, HABEORL 3EBIUAELEDE IOV T KRE
ER-PR

ITHIRDIEBD 2 DIRANICB T 5ROMBEEE >0 T, 3%, R (V4 /X
)<l l2% LT Stokes DybBEEE LT

A’Tw [ 7s
Vs = 18 <Tw —1> «e e (D)

R.>25%10° izt L C Newton Db EE & LT

d_ [ Ts
o B EY

TR 2HBEDIFERMED R, TbH 8<CR<25X10* izt L TR, 01 5 OFMEEEE
LT '

S S 1 (3

v vy (Stokes) v (Newton)
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Thd, UTCNOOERE TG EE) PR LT D,

L LBBLEBOFAREMEDEACE, AHOREIZEOMAEILRF 7 PAAVS
NBEOT, ZOXHIBEOLONMEE R, THOEE, BRNRNOREOEROEER U
T T, BRI &, z@ombﬁmotméﬁsc&ﬁﬁﬁémé PITC o#ES

BTk ) LR EitT 5,

FREEFERCBOTENTHRREE &S U 0REFHEEL S 2HEm L& oz
RizGz i, REENCEBEEIZRELTSEEI0NTOERY, HBEIENEED
D, HBCEBBROFTRNS XS WAL EREBRYONS, REENICFEEEIEL L
DIHSET FRERNOBENTETEL, MU (845 heis) R LT 3,

ERENBIOKEENTREELROERDOH 20T R EFLLDDT, HEHE
BEE DEBBIRMNBA- TRT, LEOENTHIRFEE, $96heilsEBAkomaz s d

, EBRBMAEL, EEEOBSLFARICBIR LT3, oA, BKPEEDT
RS EEEHT2DT, COEEOBRTHREREZSEBEE I SIFOCRI D EIRT 5,

AEETE, BRTIERICLD, LROBENED LS BT shERY, Th5 3
RORE O LBRTZTE> T 5,

II. RBREHESIUHE

1. HEBREKUE

FEEOBAIAWVIRED, ENICET 2%RONEEELZTHRT 50l 2) K20 LT
FHOBERETLY, ROBER, ROREELHNS, ERBELETEST B30R%E
515) MEE BN TELNS XS I L QR B LREERE T 30 cm/sec BEDIT), £E
MRS OB BV THREENENELE, 012~045 BEICHEL, BHABREED T, HO
LWERR, ARODHERDEEZEL, KOTNLDEDLREDOLOERED, MELLT
Bl =—VEE, RIRT A0~ VEEBIUORY h—Kx4 MEBEBERLR, BN
OROEHNICEBETESLIT, BRABHE AT 7V VBREEL UL, oM EHOA
F, ShEoBRELEL DY, BEZ CIRER L DR B-1, £-210RT, SO

®&—1 OME, LEERE HE

® o M B B OE OB | WHRER | HErHEf E O % R &7
(gr/cm?) (mm) (mm) (mm) (gr}
8 8.04 0.10 0.389
6 6.33 0.15 0.186
Hite=—riEHE 1.413 5 4.79 A 0.18 0.081
4 3.96 0.11 0.046
3 2.92 0.16 0.019
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® 0 M OB H B B  IHER | MeVEERE | B B = = =
‘ (grfem?) | (mm) (mm) (mm) (gr)
10 9.89 0.06 0.607
12 11.95 0.03 1.072
14 13.97 0.07 1.711
EYH—E R4 bR 1.197 16 16.05 0.11 2.587
18 17.99 0.05 3.651
20 20.10 0.04 5.083
22 22.09 0.06 6.751
10 9,49 0.22 0.469
12 12.73 0.19 1.129
14 14.31 0.21 1.611
EY RF 40— VR 1.047 16 16.05 0.22 2,256
18 17.84 0.19 3.109
20 19.02 0.20 3.792
99 22.03 0.12 5.854
) 1) BEEE om) JHELABEREREIBNEREOHETH D,
2) b#ER, Hfte=—rBIERTESBEOYY, RV H~Fia4 b, #Y 2T 40— VEERT
2 HoEBEERT,
£2 2277 ) vEBEEORRE, X
BHRER | BNEETE | SNERER | SHASETHR | SHEYR | BRZETE | BBIERS
D (mm) (mm) D (mm) {mm) D (mm) (mm) (m)
19 19.00 28 27.80 50 51.44 2
22 22.25 40 40.73
Fz3 ERIFTHEE
“_ D {mm)
® H . 19 22 28 40 50
d (mm) ™
3 0.158 0.135
4 0.211 0.180 0.144
5 0.263 0.225 0.180 0.215
6 0.316 0.270 0.216 0.120
8 0.421 0.359 0.288 0.200
4D 10 0.450 0.360 0.200
12 0.432 0.300
14 0.280
16 0.400
18 0.450 0.360
20
22 0.440
9° \ l ERO DK LT, 0, 225, 45°, 67.5°, 90° & 5 BeBE
%R | =~ RY A=A BN, RY AT 48— w0 3T
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HEEdT s, COFHBHRIMHKBEHBLY 7 CHEL, TOHERTE> TRD S, [

BROBEEFR—KIC DS DR E S SETRL, TOVHELE 5, BATHREEED,
OB LUK P I BRETREE 0 TET Y, —EOMREHEIC
ZOBBEMNA vy oy FCREL, B TE S TR 3 (BN TR E I

K Py
ELTHOLROETHEZE, 2
b=y

BIEENT, WIBICEVWRERN TOROLBRICHET 2O B EBOTROLEEZSZEILT
B Lt hd, BRIEBOCEVKETH S I ERB@ES DT, HEREROTH I cm

ORME TRIEZTIE>7c,) COBEOR—KIH L TAE &b 5 B
EREOBSIE, Ro®D, BEEOEA R

Bk, EREEORLI DR, BBRORTHEFTOBRELFIHAT I CEET S,

4. FEICHOCERE

g4 KOBHMEGE v (m¥sec)

ELEDFHEL S,
CEBAETIL S,

= 8 ™

Bl v B v o v o v
1 1.731x10-¢ 6 1.473X10-° 11 1.275x10-¢ 16 1.116X 106
2 1.673x10-° 7 1.430 X 10~ 12 1.242X10-¢ 17 1088106
3 1.618x10-¢ 8 1.389x10-° 13 1.209x 10-° 18 1.062x 10~
4 1.566 10~ 9 1.348x 10~ 14 1.177 X 10-° 19 1.036x10-5
5 1.519x10-¢ 10 1.310x10-° 15 1.146 X 10-° 20 1.010x10-¢

(BB TFEEC X 3)
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=5 RoFHEECo Re: v 4/ vxE)

R, Cp Re Cp R. Co Re Cp

10— 240 4 %107 0.60 4% 10° 0.40 4x104 0.49

1 24 6 X102 0.53 6 X 10° 0.40 6x10* 0.50

10 44 8 X102 0.48 8x10° 0.405 8x10* 0.50
102 : 1.10 103 0.45 104 0.41 108 0.495

2% 102 0.78 2X103 0.42 2104 0.45 2% 108 0.45

(B T2r %, Eck, B: Technische Stromungslehre &z & 2)
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L5, EABENOKOBEIE, BENFR, cOo P LREIFLAFHRE R bDE
L, NEROREIDERG D, BRIEEENLSNEZLZ LTS, TROLE

Frgd]:-Gcosd - e - (10)

L 0. FogEa, M-258
TH b,
LD FEZBCANTHOHUEVORENLTAHEXRDE LN B,
L $e5bEDE4&s
D= Gsint+F = Gsint+-2 Geoso

7%v':=Zld3ﬁy¥hQﬁn0»kf%%dzﬁy—nacosﬁ
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Thd, BIEEBIAEZHFELT
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IWMEBROIT Db DETHIE, d—v,, d—v, DEBIREBICL>TRHLNE 25 (11), (12)
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S8 P . 3 Pw 2
CDS - 8 Ts—Tw 89 05— Oy
S o_ 3 .. .
Cps  8ga v ' o
= w 1 1 1

7272 L - = =

Og—0w  PofPu—1 = T ffw—1  a THB.
TRHBELDESE, EBILI->Tov 2 ETNE W) R LD f/Cos M2 AEKRD S C &8
T& 5,
2. BOENLEEICEYT 3 RTEF
HROENMRICES T 2ERELT

vy BROFRImILREEEE, v $9GhE T,

v, 1 WROBEN T LR, d: HoOERE,

0s: ERDOEE, Ow: KO,

D: BoWiE, g: EHONHEE,

ur KOREERE, [ BB, 8) B,

Cos: HOBEWICHY BHAME, 0 EOEMBE, M2 58,
D12 BEZLNE, Kbs—BEE '

fid, D, 0,, 0, 1, Vs, vy, Vs g, f» Cps, ) =0 . .o (15)
LB, BOELERE LT, 00 v 2RO T HARD S E, RO IMMELNS, THDE
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v, d
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BICHESE L TOTRCHRBICHVERTHCLEOMIEH 5, > TRIBR—ORETHAD
5 EFHELRETH B,

BERBCBOTRHROBREBIEBRHNEEL TS, LEALEORETHROBESIT, &
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61 HEEOH
6 D d ds i d/D v vy -
() (mm) (mm) (mm) ¥s (X10-%m?/sec)| [cm/sec) (cm/sec)
292 0.131 1.0412 15.28 14.85
2.90 0.130 1.0360 15.63 15.05
90 22 3 291 0.131 1.0438 15,43 15.18
294 0.132 1.0386 15.94 15.25
292 0.131 1.0360 15.64 15.44
3.93 0.177 1.0412 16.86 18.87
3.97 0.178 1.0412 16.97 18.75
90 22 4 3.96 0.178 1.0386 16.85 18.99
3.99 i 0.179 1.0360 17.09 18.52
3.95 i 0.178 1.0360 16.92 18.48
481 » 0.216 1.0438 18.46 21.63
4.78 0.215 1.0308 18.38 21.03
90 22 5 4.82 = 0.217 1.0308 18.32 20.93
477 ] 0.214 1.0282 18.33 20.98
4,76 v 0.214 1.0256 13.21 21.13
6.36 0.286 1.0360 20.60 23.81
, 6.33 1413 0.284 1.0360 20.65 24.19
90 22 6 6.29 0.283 1.0308 20.65 23.08
6.37 0.286 1.0334 20.74 23.32
6.28 0.282 1.0308 20.82 24.59
8.04 0.361 1.0438 22.44 25.86
8.03 0.361 1.0412 22.41 26.32
90 22 8 8.03 0.361 1.0360 22.50 26.09
8.05 0.362 1.0308 22.20 26.09
8.05 0.362 1.0360 ' 22.66 26.09
#&—6-2 W EMEOHM
[/ D d ds A ¥ & ds/D v e Uy
(BE) (mm) | (mm) (mm) 7s (X10-¢m?/sec)| (cm/sec) {cm/sec)
9.515 0.185 7.99 517
10 1.2820
9.472 ® 0.184 7.66 5.12
)
14.359 2z 0.279 8.90 5.86
14 = 1.2820
14.269 7 0.277 8.71 5.83
45 50 o
17.842 ] 0.347 8.96 6.01
18 v 1.2820
17.836 0.347 8.93 6.01
22.022 1.047 0.428 9.09 6.05
22 1.2820
22.037 0.428 9.10 6.03

(228)
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%63 WEHoH
9 D d \ d; r B | g l o ( o -
(BE) {mm) | (mm) (mm) Ts (cm/sec) (cm/sec) (cm/sec)
9.890 0.447 1.90 1.06 1.34
22 10
9.896 0.445 1.92 1.23 1.46
9.890 0.356 2.28 1.59 1.82
28 10
9.896 0.356 1.86 1.31 1.49
11.919 0.293 3.00 1.73 215
40 12
11.985 X 0.294 2.66 145 1.85
Yy
16.010 0.393 2.37 1.34 1.68
40 16 7
16.101 1 0.395 1.86 141 1.56
18.119 ® 0.445 2.75 1.24 1.74
0 40 18 2
17.866 p 0.439 2.60 1.15 1.97
9.890 r 0.192 2.64 197 2.19
50 10
9.896 0.192 2.56 1.84 2.08
50 14 13.920 1.197 0.271 217 1.64 1.82
14.026 0.273 2.49 1.46 1.80
18.119 0.352 2.00 1.30 1.53
50 18
17.866 0.347 212 151 1.71
22.025 0.428 2.54 1.64 1.94
50 22
22.160 0.431 2.58 1.53 1.88

|

U, em/sec

~di=804
633

- 479
39

Bl—4

EHREBO v iy =— 1))

(229)
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