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Equipment for Artificially Upwelling Deep Seawater for Fertilization
of The Sea., A Study on Venturi-type Upwelling Tubes
using Ocean Current-induced Energy

Takayoshi Toyota**, Toshimitsu Nakashima** ,
Toshiaki Nakayama#*°®

Venturi-type equipment was studied for upwelling nutrient-rich deep
seawater into the euphotic layer artificially to fertilize the sea using the
energy induced by ocean currents. Several Venturi tube models in different
configurations were made for water tank testing. As a result of this study, a
Venturi tube developed here was found to perform better in the maximum
upwelling depth and in the upwelling water volume than previously reported
equipment. In addition, the upwelling water volume expected in the practical
application of large-scale artificial upwelling equipment incorporating the

Venturi tube developed in this study was estimated.
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— —a— VNN F 2 —, new single Venturi, (No 6 )

K14 BRXVF2)—EROFEIC T 5EZFILARRORE (£D1)

Comparison of Us— @ property of Venturi tubes (part 1)
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m #E, flow rate (Uw) (m/sec)

- = - :VV;?UL’-N':':/'?;U‘_ (?ﬁyyﬁ‘):
~=@ - - FTNWRYF Y~ (75 VIR,

—— L=V VIR Fa = (75 VT,
~- Q- Y UTWRYF )= (753 VL)

single Venturi, with ring, (No 1 )
double Venturi with riﬁg, (No. 2)
new single Venturi with ring, (No. 6 )
single Venturi without ring, (No. 7 )

—_—— ==V VIR YF = (T 5T b)_, new single Venturi without ring, (No.8 )

— 8 SV VIRV F L= (TS5 YT,

NERr — 2 )

—A— L =YV INRYF )= (T 5T,

IR — RIS L)

—— ==V VINRYF = (75 I,

w794 YA

new single Venturi without ring and with

case, (No.9)

new single Venturi without ring and case,

(No.10)

new single Venturi with ring and tripping

wire, (No.11)

K15 BAYF 2 —ERIOFERICHT 22 FIEAROEME (2D 2)
Comparison of U=—a property of Venturi tubes (part 2)

vy g4¥, V2745 —0DFKR, BLUH
Y — 2 DFREPZEELERRICK T THRICOV
TOEEFHABEREZXI5ICRT,

EFEER T, EREARR =2 - Y I
RXyFal)— (75 VvIRK, No6) TiE5.2, [E
NyFal)— (75 vV10L, 8) TiE3.6T.
b, £l virnv RXRvFa)— (735 VI,
Nol) TRR3T7, ARNYFalYy— (75 /7Vi5L,
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No.7) TE2.7THD, LId->T, 75 Vi3
ZREIERREN LAESDEIHBEEE ST &05b
D1z,

Yo EYT TAPYDHRERNDL D, =
a—YVITN RUYF Y= (7579, Nb)
ERINYF )= (ZF7VIFF, MYwEVS
74¥4r, Noll) OFREAHESTBE, PY 5
BV 7 94 Y IIEREEE (0.4 m /sec) T
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0 0.5

V4 2 v X,

~0-= YVITNRYFa) = (77 VIR,
-o= TRV F )= (T VIR),
—— =, — YT NRYF )~ (7F VIF)), new single Venturi,

1.0

(Rep) (X 10°

single Venturi with ring, (No.1)
double Venturi with ring, (No, 2)
(No.6 )

16 BNV Faol) —HBEOLA ) VIHREES ; ERINR)

i3 B 25 FEAE AR D etk

Comparison of ReD-a property between single Venturi
(No.1), double Venturi (No.2), and new single Venturi
(No.6). (Rep denotes Reynolds Number non-dimensio-
nalized by the-outer diameter of Venturi tube)

EFIAREDDAMBEN H 505, B T & wH I

(1.0~ 1.7Tm/sec) THEFIEAREEISHE
L EMDIp T,

IV 2045 —DEDHRETRRBDIC
— VTN RyFaaY— (7597 L, N8)
LRIV Fa)— (75 vV L, AR — 24,
No.O) OERAZHKT L, =a—Y VI X
YFal)— (773 IKL, 8) DTV 7%
—DEDBEFEAREEZOIMEDH S T B0
Mmoo,

RYF al) —OAFRARDHR 2R/ XS 12D,
Za Y VTV RYFa)— (77 V8L,
AE A — 2 fF, No.9) LRIEXVFaY— (77
v oI, A —xtil, Nol0) OFER % HE

’ — 2
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45&, ZERIEARRFZEFIBERIETHD, A —
ZDFMBEFEBZEAERL T E30 - T,
BEREOSRT, BbBENTVWA= o — Y VT
) — (No.6) &, Liang®® (1978,
1979) BEF L1287 RvFa)— (N2)
BLUOYy T XRyFa)— Nol) iI220WT,
BRI DT & EEAMRICHERER LRI 5 720, BE
2ERTILLTRD T REBRESZNYFal -
BRIANRICE > T BAED VA 2 WXBLTK T A%
EiKEER16, T/, RRESZNVYFal)—
BRIOLEIE >IBED VA / VZBITHT 5
EREHARARITICRT,
IRSDMD S, EEARE, BEOEHKT
T3, —=a2a—YVIw XyFa29)— (No6) D
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EELRE (a)

-0~ YV UTNWRUF o) —,

- A TIWRVF 2] —,

3 4 4 6
L4 2 v X (ReL)(x10%

single Venturi, (No. 1)
double Venturi, (No.2)

—8— =LV NNRYFLY— new single Venturi, (No 6 )

K17 &XvF =

U—ﬁﬂ®u4/wﬁﬁ(ﬁﬁéé;ﬁ

Bek) eXd 32 EI KRR

Comparison of ReL-@ property between single
Venturi (No.1), double Venturi (No. 2), and single
Venturi (No.6). (ReL denotes Reynolds Number
non-dimensionalized by the length of Venturi tube)

HBENTWBZ ENbh -7,
4.2 NVF o) —KER OB AR ER S
en
VI RyFay)y—MNol), F7u Ry
Fa2y—MNo2), bYW XRryFa)— N 3),
BEAEHEE AN F 2 — MNed), ZIRIERVF a
J—(No5), BEUP=a—vvIinw RXyF,l
— (No.6 ) ICDWT, /KFEFHRE 0. 76 m /sec T B
FAHNVF o) —FRICHT L EAEFEAKI18
ICRT
ERZRELICAKBEXYF 2 ) — B L TE,
LA VAEHBHERICRE OWHRTGEHAT AL
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Icisbd, 2T, FEREZDTFITRR3 Ak &
STREERYF ) —OBEAIBE LT, 8
NV/F 2 —DOHEEANE TR EiTT 5,

MDD NV F 2 ) —FFEZFE 0. 76 m /sec I

BOAHETKRLT, EFEARE LTRT, %
I OBREZXVF ) —D7 5 v VOMHE

BEAERTAIFHETRLT, BRELELTET,
Z 2=V NXyFa)— (N.6) IgHNT
3, K14icBWT, LA /2 IVXEBREIWVER (B
ﬁﬁﬁﬁ)@%ﬁwk$i5zf% 12D, K
IBDEAENODEXDRVF 4 U“ﬁElBA
m Aq TS G BEFEAE 4.0% 5.2 ICHE L,
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B OB B (Qu) (ml/sec)

rdh - Ry F o) —8E, static pressure generated in -the\[
L Venturi tube | )

—— =~V VITNRYF Y- (7T /A, new single Venturi with ring, (No 6)

——— VU NRYF 2 ) — (T 5T, single Venturi with ring, (No. 1)
——— FTNVRYF ) — (75O, double Venturi with ring, (No, 2)
—e— FFNRUFL)— (TFIF), tripple Venturi with ring, (No 3)

A— EREHHEXVF 29— (77 V1), boundary layer controlled Venturi
with ring, (No. 4)

e TR RYF A= (75 V:Z:}ﬁ"), two-dimensional Venturi with ring,
(No. 5)

RIS BNUF ) —BEONYF ) —E - BRREE (20 1)

Comparison of upwelling rate (Qu) — 4h property of
Venturi tubes (U-= 0.76m/sec)
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EFRIAKE (a)

D i i i i i PRy 1 A "0 T i ]
0 0.005 0.010 0.015

B 5 H:, upwelling rate (Q*)

—Q— = . —VVTIRVF2Y—, new single Venturi, (No 6)

Q== U UTINRYF o) —, single Venturi, (No. 1)

——@- BTNV F 4 i ‘double Venturi, (N& 2)

—e— FYFWRyFLY—, tripple Venturi, (No 3)

—a— BREBHIBARVF Y —, b{jundaryllayer controlled
Venturi, (No. 4 )

..... B “RIERF -, two-dimensional Venturi,
(No 5)

K19 ABENVF 2) —OBEAICBRELEZENYF 2 ) —4
B D ZE L KR — BA

Comparison of calculated Q* — d property of large scale
Venturi tubes. (Q is defined to be upwelling rate (Qu)/
water volume passing through the cross section of Venturi

tube in unit time)

[ ICBEREA 0 TV & & OEFEIRARIC 1.3 CORERDE, NvF oY) —EBOBERGH
ARUBLEICEST, VA IVZEBKRXNE 3, 2BEOI v-T it ohb, TEbE,
ZOERIMARICBE L1z, thoRVF 21) —IC g N K P )= (] ) Eg sl
DT HERICBE 2TV, F0ERAXI19iC TN NYFa)— N6) itBnTld, BRH
NN ZHEMIE 5 &, ZRIKRIR LI T 516
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5, BABRAEZ(MVE LT HERICIZ, RIEEZEE
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L&, BRIESROIKREZVHDOE, =a—-Vv VT
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AERENLE UBeaE, XvF 2 ) —WHEFESLD
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Fall— (N6) THBAIL Db -7,
RICV VTN RyFal)—, BIXUO=a-—

YIW RYFa)—KOWT, 77 Y IOHE,

b)) wEYS 9AYDOFEE, V74 —0DF
R, BLUARr —2OBFEMSNVF 2 ) —FHE
X A EABRRE ICRIZ IR IC OV TORER
R AX20iITRT,

DR LIz v T RyF2) LU

— VYV RYF L —KD2WVTIE, 77
YYDERE, Py EVST TAYDOEE, TV
=7 9 —DIEIR, BIRUAET — 2 DFEITHH
HHT, BREEZHEMILEEXRVF L) —FE
BIRAICHHD T AERIBED B b7, L
1T, 77 VIVEIHOWTE, VFal)—
HEZESO5FERELT, BLEOZFATH
it &tk s,

“4.1 NvF L) —EHOFHRFEARER”
THREILED, GRERBICBIANYF 2l
—#EEm ExEsicid, 77 v VERSTG, T
P18 —DRAEN 6 DEEIDEDE L, Y

w VT TAXYERVIENT EBHRTD 5,

PULDT &5, SHEEBICBT 3NV T a
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L1 T RyvFay— N2) BLOVY
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E&ﬁQQC%ﬁém&ﬁétﬁ 113 T
fELTEDT,
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A ) WEEDIER ICKRE VIR TER TS EE R
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REESZRVTF 2 ) —BRARICE S 1BA
OFEZR2], ¥FREBEERIEXNVTF ) —2E

w&ﬂt%Awﬁﬁ%xmwTﬂa
CNoDRP 5, ZREILKEDE CHE OB
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ARELEDORZER I ESHZ 50T, INEW
HHEE L,
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m/sec ICBWTITE - EBRERAZE 1 ITRT,

7o, BEAMEEEZERI UK LIGADKNS v 7
PERICKX > TKY, b TERIIKCR L, &
B, F7 o7 BKERENRE U THE5EI1TII,
BRAMrEmAE A 5 & LTH]RE L,

NS o Ziedd 575 VIYDOHRERNS 129,
=1 DRIEEEZHET B L, Y7 RUF o
)= (759, Nol) TIRH150¢, LNV
Fal)— (72574 L, T7) Tid82% TH-
170 Flz, =a—Y VW XVFaY— (75
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“4.1 NUF 2 ) —EHBOFHTRFRBRER”
KBWT, 773 93XV F a) —DEFEEAR
1LABEESDBAMBEBH A EBOL>THBED
T, Koo 7/A2208NxEsLLThd, BTG
AXRXTHBLEEZ 5,
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B 5 & upwelling rate (Qul (ml/sec)

—)— =N RYFN— (77 VM), new single Venturi with ring, (No 6)

—— ETNRUF 2 ) — (75 VIF), double Venturi with ring, (No.2)
——O= UUITNRYF L) = (7T VIF), single Venturi with ring, (Na 1)

e =V T NARYF = (75 V15 L), new single Venturi without ring, (No. 8)

—h— = =S NRYF N = (77 I, new single Venturi without ring and

A — 213 L), case, (No.10)

—8— =LV YITWRYFa) = (77 /Y18,  new single Venturi without ring and
AL —ZFr), with ring, (No 9)

O P YTNRYF )= (75 /9180), single Venturi without ring, (No 7)

—Q@— ==V VITNRYF)— (T 57 VI, new single Venturi with ring and
) w VT T4 YA, tripping wire, (No11)

90 BNYF o) RO VT o) —BF - BREHHE (Z02)

Comparison of upwelling rate (Qu) —4h property of Venturi
tubes (U= 0.76 m/sec)
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EZEHLAR (]

ol 1 e L

0 0.005
& 5 H., upwelling rate (QF)

Rep = 4. 56 X 10*

0= YUYW ARYF o)) —, single Venturi, (No 1)
—@ = ATNRUF N — double Venturi, (No 2)

—o— ——VUIIRYFal)— new single Venturi, (No 6)

21 —EL A /R (REES ; BEINR KB L8NV Ta
) — DEFETLAR — B

Comparison of Q*—«a property between single Venturi (No. 1),
double Venturi (No. 2), and new single Venturi (No.6) at con-
stant Reynolds Number (Rep) which is no-dimensionalized
by the outer diameter of Venturi tube.
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0 NS, DI, “SSOUSSSN. (S SOV
0 0.005 0.010 0.015

B 5 I, upwelling rate (Q™)

ReL = 1.74 x 105

—— T NRF o)) —, single Venturi, (No.1)
= TN F o 1) —, double Venturi, (No 2)
- Q= Za— Y YTNWRFal)—, new single Venturi, (No 6)

{22 —ELA4 VT (REES  BHAE) LB 38N F A
) — DA — 55 o b

Comparison of Q*—a property between single Venturi (No. 1),
double Venturi (No.2), and new single Venturi (Na 6) at con-
stant Reynolds Number (Revr) which is non-dimensionalized
by the length of Venturi tube.
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(£861) 0T HLDILSWVI
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* F7o/OBERBRBMERICHAT 2 LIRE L TTREY, WEEN283c OEEDEE LTRLL,

Drag force was given as the area of Venturi tube cross section was 28.3cfl. Calculation was carried
out as the drag force of Venturi tube was proportioned to the area of Venturi tube cross section.

BENYF 2) —DF35 v /7/HAEBER

Comparison of Venturi tube drag force

new single Venturi (without ring and case)

NvFa2l)—EHEOEHE B NS w70l EHE NV F 2 ) — BB OMEE BERERDOF I v 7
type of Venturi tube No. measured drag force cross section of Venturi calculated drag force
(g)| tube (cif) ()"
YATNWRIF 2 Y= (T 7)) 1 150 32.2 132
single Venturi (with ring)
ST RFa)— (5 TIEL) 7 82 12:6 184
single Venturi ( without ring )
A TNRYFal)— 2 105 21.2 140
double Venturi
)TN Fal— 3 119 28.3 119
triple Venturi
EREGHIENF o) — 4 97 19.6 140
boundary layer controlled Venturi
2RIV F 2 — 5 303 55.0 156
two-dimensional Venturi
Za=VYTNRYF )= (77 VD)) 6 119 28.3 119
new single Venturi (with ring)
e VYT NN YF 2= (FFVIEL) 8 70 12.6 157
new single Venturi (without ring)
Za—=Y VTN F Y — (7 I, AFr—244) 9 121 12.6 271
new single Venturi (without ring and with case)
Za— VTN NRF 2= (T VT, A& r—27EL) 10 96 12.6 218




#£2 ~NvFa)-RAALBREEORBBICE T 5RERH

Setting conditions of Venturi-type artificial upwelling equipment

FERKERAFEHEE 910 kn X 10 kn)

stagnant waters on the east of Oshima Island

(1) AR RARE #pisk

model waters for fertilization

FIAREILE & L < (3 FmL ik

waters on the north or south of Oshima Island

(2) ATERZKIERIE BN

waters mooring equipment

(8) ~NvFal) —EHREBEE

10 m (#BEF, undersea)
the depth of Venturi tube
4) &£ B K B BFEDOEE KB

operating season summer (stratified waters)

() RRIE DR 1.5 kt
flow rate
6) BXE TFIREEE 40m (ZEE, depth)

lower limit of euphotic layer

1396 ¢ THotzo LT, Ay —xi3 K35
v 7% 1.3MEHEMESE R Edbho T,
ERLZTEE L KBERVF 2 ) —DEAIC
(X, ATy —ZAPBBBEICREEBHDEBEDT,
ZDEXICIFI NS v T OIRDANEE 7 — =
=T HAUEND 5,
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4.4 FE@BBICBIAKEEXVYF ) —
DEF-B’OHEE

RV F 2 ) —RALBEFEEOMUREICEEL L

Z ABHEHZSEEE LTI, BEREORE, BLU

WK DB A IC R 3 BB E 2K (AL

BRAITAHIDICHERGE) WEETH S, T1H
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current rip

o 1.5 kt

current ﬁ

(A) B B K

deep sea water

(A)

(B) FXE EXEE EEHIOn
euphotic layer (oligotrophic layer ) depth approx. 40m

(C) iEE#E 10kn X 10kn

stagnaut waters

023 NYF o) —RATHEREEOEER COEHEEEAR

Illustration of Venturi-type artificial upwelling equipment in

projected practical use.
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#/kHBE, seawater density (ot)
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Vertical profile of seawater density
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BEXIKEE, water head (mmAq)
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Calculated upwelling volume of deep seawater influencing
the friction loss in an upwelling pipe line of large-scale
new single Venturi and double Venturi for projected practi-
cal use.
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#3 EBEBORERBPTRBUIARBE =2 -V v IR Fa )= F TR F o) —
DEABOHE (NVF 2 ) —DOFBKE: 10m)
Comparison of upwelling water volume expected in practical use between large-scal
new single Venturi and double Venturi (the depth of Venturi tube : 10 m)

B &5 B B & #

~N v P A

) ~RALIBER%E O KR

5

=

conditions scale of Venturi tube upwelling water volume
(FRE, flow rate, U,.=0.75m/sec) (BEARER, diameter of upwelling pipe line, d=2m? ) ( Qug) (mi/sec)
RVFal)—2&K
length of Venturi tube o .

. _ NYFal)—- : Sa=Y TN 4 7 %
BEwRE | EEEkE | )04 L () BRwR| L
upwelling water head diameter of ] length of upwell-] new singie :

depth ring Ta—=Y TN 5 7 V| ing pipe line Venturi double ventur)

N g Y — 5 & . U
A D p '
2 {m) 4 5 fmg ) (P Hew su%gle . | double Venturi (£ (m)
enturi
80 56 10 38. 7 40, 4 70 0. 49 0. 25
100 70 10 38. 7 40. 4 90 0. 41 0.20
150 120 10 38. 7 40. 4 140 0.18 0.09
100 70 20 763 80. 8 90 1. 31 0.78
150 120 20 11.3 80. 8 140 0. 66 0.33
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Vertical profile of the concentration of nutrients at St. A—5 (Aug.15.1979)
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61C

x4 EBBOBREFBTIRBOAARBE . — VIRV F )= TARYF ) —ick B
FKEIE (NOs-N) OHBEDOHE (NVF 2 —DFEBEKE: 10m)

Comparison of nutrient upwelled into euphotic layer (10 m) between new single Venturi
and double Venturi

B OB om m & #& B B ¥ EE OB &
(Fis#®, U= 0.75 m/sec) Qug (m/sec) NOs—-N (mg/ sec)
KBS v F conditions upwelling water volume nutrient upm;eﬂed intoh .
2 ) —D ayer euphotic
: ' " B’ ETERE D \ . .
size of REFRE | BEEXZKE| xgrpapg | sa-vyiv | ¥ 7T | za-vvrn | ¥ T o
Venturi tube Ny Fal) = | Ny Fal)— | NyvFa)—- | ~yvFay -
X (m) (4H) (mAgq) | NOs-N (ug-at./1)
concentration of : : -
upwelling water head nutrient at the new 8135111?“ 1 double Venturi | "V Sl‘fr]eg;uri- double Venturi
depth upwelling depth
80 56 11. 65 0. 49 0. 25 80. 0 40. 8
A* 100 70 12. 29 0. 41 0. 20 7026 34. 4
150 120 15. 68 0. 18 0. 09 39. 5 19. 8
100 70 12. 29 1. 37 0. 78 235. 9 134. 3
B**
150 120 15. 68 0. 66 0. 33 145. 0 12 .o
*A f=a—Y VYT NVRYF 2 ) —, new single Venturi, D=10m, L=387m
g TNV F 2 1)—, double Venturi, D=10m, L=40.4m
MR o=V YINNYF o) —, new single Venturi, D=20m, L=177.3m
A\ TwXrF a2l —, double Venturi, D=20m, L=88.8m

D ; 737 v Y%, diameter of ring,

L ; X"vFal) -2k, length of Venturi tube
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