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Le p o m p a g e de l 'eau par éo l iennes 

PAR L . V A D O T 

INGÉNIEUR-CONSEIL AUX ETABLISSEMENTS NEYRPIC 

(English text p . B24) 

Un court historique montre que, depuis la plus 
haute antiquité, l'énergie du vent fut utilisée 
pour le pompage de Veau. LEUPOLD et BELIDOR, 
entre autrest donnèrent des descriptions très 
valables de moulins pour pompage. 
Les machines modernes comptent des éoliennes 
tentes pour pompes à piston et des éoliennes 
rapides dont , les caractéristiques s'adaptent 
particulièrement bien à l'entraînement de 
pompes centrifuges et de pompes à hélices. 
Le choix de la vitesse de démarrage, de la 
vitesse nominale et du point de fonctionnement 
de la pompe ont une grande influence sur la 

production et l'économie du groupe de pompage. 
Des calculs faits, avec exemples à l'appui, pour 
une éolienne lente entraînant une pompe à pis
ton ainsi que pour une éolienne rapide avec 
pompe centrifuge, donnent des résultats parti
culièrement intéressants consignés dans des 
graphiques d'utilisation, 

La. comparaison des différents • types de 
pompes qui peuvent être couplés avec une 
éolienne rapide fait ressortir pour tes hauteurs 
de refoulement faibles et moyennes l'avantage 
considérable qu'il y a à utiliser une pompe à 
pales orientables. 

H I S T O R I Q U E 

A b e a u c o u p d ' a u t r e s ti tres, de gloire, H a m m o u -
rab i , f o n d a t e u r de la p u i s s a n c e de Baby lone , 
a u r a i t p u a j o u t e r celui de n o v a t e u r d a n s le 
d o m a i n e de l ' H y d r a u l i q u e agr icole . C'est lu i , 
a s su re - t -on , qu i , vers l 'an 2000 a v a n t J é s u s -
Chr is t se lon les u n s , ou l ' an 1700 su ivan t les 
a u t r e s , a u r a i t conçu u n i m m e n s e p ro je t d 'u t i l i 
sa t ion de l ' énergie du ven t p o u r a s s u r e r l ' i r r i 
ga t ion des p l a ines de Mésopo tamie . N 'y avai t - i l 
là que l ' ambi t i eux dés i r d ' u n souvera in , ou bien 
les audac i euse s m a c h i n e s , c o m m e les célèbres 
j a r d i n s s u s p e n d u s , sont-el les à j a m a i s r e t o u r 
nées au l imon des fleuves, n o u s n ' e n savons r i en . 
Mais si la P e r s e est g é n é r a l e m e n t cons idé rée 
c o m m e le be rceau du m o u l i n à vent , la Mésopo
t amie t ou t e p roche p o u r r a i t b ien ê t r e le pays 
qu i le p r e m i e r u t i l i sa la force du ven t p o u r l 'élé
va t ion de l 'eau. 

Sur ces a n t i q u e s m a c h i n e s , p a s de r ense igne 
m e n t s ; t o u t au p lus p o u v o n s - n o u s i m a g i n e r qu ' i l 

(*) Cet article forme la suite de celui paru sous le 
titre : « Elude synoptique des différents types d'éolien-
n e s » , dans notre numéro 2 de 1957, et sera suivi pro
chainement par un t roisième article sur la production 
de l 'énergie électrique par les éoliennes 

s 'agissai t de m o u l i n s à axe ver t i ca l assez ana lo 
gues à ceux d o n t les vest iges s u b s i s t e n t enco re 
s u r les p l a t e a u x de l ' I r an . L a t r a d i t i o n veu t que 
les m o u l i n s à ven t fussen t i n t r o d u i t s en E u r o p e 
p a r les Croisés. Sans d o u t e est-ce u n p e u s im
plifier les choses que de fa i re r a p p o r t e r p a r 
de g lor ieux cheva l ie r s t ou t e s les merve i l l e s de 
l 'Or ien t m y s t é r i e u x ; il est v r a i que b e a u c o u p de 
c h e m i n s m e n a i e n t en Pa l e s t i ne , et q u ' à cet te 
époque , l ' aven tu re c o m m e n ç a i t dès q u ' é t a i t 
dépassé Fhor izon famil ier . Quo i qu ' i l en soit , 
le m o u l i n à ven t p a r a î t avoir été u t i l i sé d a n s les 
p a y s m é d i t e r r a n é e n s b ien a v a n t les c ro i sades . 
De là, il s 'est r é p a n d u , assez l e n t e m e n t d 'a i l 
l eu r s , j u s q u ' a u n o r d de l ' E u r o p e ; des a rch ives 
de l ' abbaye de Croj^Iand en Ang le t e r r e font é t a t 
de m o u l i n s à ven t dès l 'an 1000. E n F r a n c e , 
d ' anc i ens d o c u m e n t s m e n t i o n n e n t la c o n s t r u c 
tion d ' a u t r e s m o u l i n s vers 1100. Les p r e m i e r s 
m o u l i n s a p p a r a i s s e n t en Ho l l ande a u xn i° siècle, 
en Al l emagne a u x iv e siècle. C o n t r a i r e m e n t à 
leur a n c ê t r e a s i a t ique à axe ver t ica l , les m o u l i n s 
e u r o p é e n s sont tous à axe h o r i z o n t a l et, géné ra 
l emen t , avec la r o u e à 4 pa les en cro ix qu i a 
r e n d u sa s i lhouet te fami l iè re . J u s q u ' a u x iv 6 siè
cle, la t âche confiée à ces m a c h i n e s es t la m o u -
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FIG. 1. — Moulin a t taquant directement une double pompe à chapelet. 
(Extraite de l 'ouvrage «Le diverse e artificiose mach ine» , par Agostino Kamelli, 1588,) 

Windmill driving a double chain pump. 



FIG. 2. — Moulin a t t aquan t une pompe à chapelet par un double t ra in d 'engrenages; 
système d 'orientat ion sur galets. 

(Extraite du « Thea t rum machinarum novum », d'André Bôckler, 1686.) 

Windmill driving a chain pump via a double gear train; yawing mounted on rollers. 



L I N E A S E P T E N T R I O N A L I S . 
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F T G . 3. — Moulin vertical ne nécessitant pas de dispositif d 'orientation et commandant une pompe â chapelet. 
(Extraite du «Théât re des ins t ruments mathémat iques et mécaniques» 

de Jaques Besson, 1578.) 

Vertical windmill, which does not require a yawing mechanism, driving a chain pump. 
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t u r e d u blé, d 'où le n o m de m o u l i n qu i l eu r es t 
r es té a t t a c h é . 

C'est a u x a l e n t o u r s de 1350 q u ' o n eu t l ' idée 
a u x Pays -Bas d ' employe r les m o u l i n s à l 'éléva
t ion de l 'eau en vue d ' a s séche r les t e r r i t o i r e s 
s i tués au -des sous d u n iveau de la m e r . P e u à 
peu se créa u n t ype de m a c h i n e a d a p t é à ce t te 
nouvel le fonct ion . O n cite d a n s la rég ion de 
Schoonhoven , en Ho l l ande mér id iona l e , p l u 
s ieurs m o u l i n s de ce genre d o n t la c o n s t r u c t i o n 
r e m o n t e r a i t à 1430. Les m o u l i n s d ' é p u i s e m e n t 
ne t a r d e n t p a s à se r é p a n d r e d a n s u n p a y s où ils 
von t deven i r u n e nécess i té v i ta le . De Ho l l ande , 
où i l s se son t pe r fec t ionnés , les m o u l i n s d ' épu i 
s e m e n t r e v i e n n e n t d a n s t o u t e l 'Eu rope , p o m p a n t 
de l 'eau ici p o u r les beso ins de l ' ag r i cu l tu re , là 
p o u r a l i m e n t e r les fon ta ines qu i a g r é m e n t e n t le 
p a r c de q u e l q u e c h â t e a u . 

On t r o u v e des desc r ip t ions de ces appa re i l s 
d a n s les ouvrages des i n g é n i e u r s de l ' époque . 
Ramel l i , d a n s son ouv rage : « Le diverse e 
artificiose machine », offre à n o t r e a d m i r a t i o n 
u n m o u l i n de t y p e c lass ique a c t i o n n a n t u n e 
p o m p e à double chape le t s e rvan t à l ' a l imen ta t ion 
d ' u n e f o n t a i n e décora t ive . L ' en semb le d u m é c a 
n i s m e o r i en tab le au m o y e n d ' u n cabes tan , es t 
m o n t é su r u n c h e m i n de r o u l e m e n t à ga le ts 
s i tué à la p a r t i e s u p é r i e u r e d ' u n e t o u r s e r v a n t 
de c h â t e a u d 'eau . 

L a p o m p e à chape le t es t f r é q u e m m e n t u t i l i sée ; 
on la r e n c o n t r e d a n s le dess in d ' u n e m a c h i n e 
p roposée p a r Bôckle r d a n s son Theatrum machi-
narum novum. El le figure su r la t r è s cu r i euse 
m a c h i n e de Besson d o n t la r o u e à axe ver t ica l 
r appe l l e les m o d e r n e s r o t o r s de Savon ius . O n la 
r e t rouve , enfin, d a n s les p l a n c h e s de Y Architec
ture Hydraulique de Bél idor . 

Les figures des ouvrages des x v i e et x v n G siè
cles font p r e u v e d ' u n e i m a g i n a t i o n in sp i r ée p l u s 
p a r l a fan ta i s ie décora t ive q u e p a r les soucis 
de la c o n s t r u c t i o n . Au x v m c siècle p a r con t re , 
la t e c h n i q u e s ' impose , les m é c a n i s m e s devien
n e n t r a i s o n n a b l e s , équ i l ib rés , réa l i sab les . L ' in 
génieur , p l u s que l ' a r t i s te , a p p a r a î t sous le des
s in ; à de n o m b r e u x dé ta i l s dé jà , on sen t l 'évo
lu t ion qu i c o n d u i r a à des r éa l i s a t i ons si d u r a b l e s 
qu 'e l les s u b s i s t e n t encore m a i n t e n a n t d a n s l eu r s 
g r a n d e s l ignes . 

L a p l u s i n t é r e s s a n t e m a c h i n e est s ans con tes te 
celle que p r o p o s e J a c o b L e u p o l d d a n s son 
« Schauplatz der Wasser Kixnste ou Theatrum 
machinarum hydraulicarum i m p r i m é en 1724 à 
Leipzig . Une r o u e à 8 aubes e n t r a î n e p a r u n 
v i l eb requ in et u n e t ige u n e p o m p e à p i s t o n à 
s imp le effet, s u i v a n t u n e d i spos i t ion r e p r i s e 
d e u x siècles p l u s t a r d p a r les éo l iennes di tes 
a m é r i c a i n e s . Bien p lus , m ê m e , la m a c h i n e de 
Leupo ld est a u t o r é g u l a t r i c e . C h a c u n e de ses 
aubes , p o u v a n t p ivo te r a u t o u r d ' u n axe, est 
m a i n t e n u e p a r u n s y s t è m e de r e s so r t te l q u e 

l ' aube s'efface p r o g r e s s i v e m e n t p a r g r a n d vent , 
et a ins i la r o u e n e t o u r n e p a s p l u s vi te lors des 
t e m p ê t e s que p a r ven t m o y e n . D a n s le m ê m e 
ouvrage , son t décr i t s q u a n t i t é de m é c a n i s m e s 
avec v i l ebrequ in , bielle, coul isse p o u r la com
m a n d e des p o m p e s à p i s ton qu i t o u s fon t p r e u v e 
d ' u n e g r a n d e ingén ios i t é . 

Bélidor, lu i auss i , s 'est i n t é r e s sé a u x m a c h i n e s 
p o u r élever l 'eau p a r le m o y e n d u ven t . D a n s 
son Architecture Hydraulique on t rouve , e n t r e 
a u t r e s , la desc r ip t ion d ' u n m o u l i n d o n t l 'axe t r è s 
inc l iné s u p p o r t e d ' u n côté la r o u e éo l ienne , et 
de l ' au t r e u n e r o u e é lévat r ice , so r t e de t y m p a n 
p l o n g e a n t d i r e c t e m e n t d a n s le b a s s i n d ' a l i m e n 
t a t ion . De semblab les m a c h i n e s fonc t i onnen t 
enco re a c t u e l l e m e n t en F r i s e . 

Bél idor d o n n e éga l emen t la de sc r ip t i on d ' u n 
m o u l i n e n t r a î n a n t u n e n o r i a p a r l ' i n t e r m é d i a i r e 
d ' u n e t r a n s m i s s i o n à câble c o n s t i t u a n t u n r é d u c 
t eu r , et don t les ai ïes affectent u n e f o r m e i n u 
si tée p o u r l ' époque , p ré f igura t ion des hél ices 
r a p i d e s de nos j o u r s . Il est peu p robab le , é t a n t 
d o n n é les m o y e n s de l ' époque et la c o n s t r u c t i o n 
r u d i m e n t a i r e des ai les , q u ' u n e tel le m a c h i n e p û t 
fonc t ionne r d ' u n e façon sa t i s f a i san te . Mais on 
sera , n é a n m o i n s , f r appé p a r l ' aspec t m o d e r n e de 
l ' appa re i l avec ses pa les é t ro i tes et convenab le 
m e n t t o r d u e s . 

Vers 1745, E d m u n d Lee fit b r eve t e r la r o u e 
aux i l i a i r e « ro se des ven t s » a s s u r a n t l ' o r ien ta 
t ion a u t o m a t i q u e du m o u l i n d a n s le ven t , d i spo 
sitif excel lent t o u j o u r s u t i l i sé . Cette i n v e n t i o n 
sera i t auss i a t t r i buée à A n d r e w Meikle qu i é ta
bl i t p l u s t a r d les ailes en p e r s i e n n e s . 

E n 1759, S m e a t o n p r é s e n t e à la « Roya l 
Society » u n m é m o i r e : « On the construction 
and effects of windmill sails », m é m o i r e où 
son t r e la tées les r e c h e r c h e s e x p é r i m e n t a l e s de 
l ' au t eu r su r u n disposi t i f de m a n è g e p e r m e t t a n t 
de fa i re su r u n modè le r é d u i t de r o u e s des 
m e s u r e s de couple à différentes v i tesses . Avec 
S m e a t o n l ' é tude du m o u l i n à ven t e n t r e d a n s 
u n e p h a s e scient if ique. 

C'est c e r t a i n e m e n t en H o l l a n d e q u e le m o u l i n 
d ' é p u i s e m e n t sous sa fo rme a n c i e n n e a t t e in t le 
p lus h a u t degré de pe r f ec t ion ; il n ' e s t p a s exa
géré de d i re q u ' u n e b o n n e p a r t i e de ce p a y s doi t 
son ex is tence à ces m e r v e i l l e u x a p p a r e i l s . Mer
vei l leuses, cer tes , elles l ' é ta ien t p o u r l ' époque , 
ces m a c h i n e s e n t i è r e m e n t c o n s t r u i t e s en bois , 
d o n t les q u a t r e ailes en croix, a t t e i g n a n t p r è s 
de 20 m d ' enve rgu re , e n t r a î n e n t , p a r u n méca 
n i s m e ingénieux , des roues é lévat r ices , des t y m 
p a n s ou des vis d ' A r c h i m è d e . De m o u l i n en 
mou l in , l 'eau é ta i t a ins i r e m o n t é e du po lde r à 
la m e r , u n i q u e m e n t grâce à l ' énergie du vent . 
Aux a l e n t o u r s de 1630, le lac de S c h e r m e e r , p r è s 
d ' A l k m a a r en Ho l l ande Sep ten t r iona l e , fut assé
ché p a r ce procédé su ivan t les p l a n s de l ' ingé
n i e u r Leeghvvater. Une superficie de 4.740 hec -



FIG. 4. — Moulin auto-régulateur à pales orientables rappelées par ressorts, commandant 
une pompe à piston à simple effet. 

(Extraite de « Schauplatz der Wasserkünste », de Jacob Leupold, 1724.) 
Self-governing windmill, with rolatable paddles having spring return, driving a single 

acting piston pump. 



FIG, 5. — Moulin en t ra înan t directement un tympan , et moul in act ionnant une pompe à piston. 
(Extrai te de 1' « Architecture h y d r a u l i q u e » , de Belidor, 1739.) 

Windmill driving a treadmill directly and a windmill a piston pump. 



Fio> 6. — Moulin en t ra înan t une pompe à chapelet par une transmission à câble, 

(Extraite de 1'« Architecture h y d r a u l i q u e » , de Bélidor, 1739.) 

Windmill driving a chain pump through a cable transmission. 
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t a r e s fut r écupé rée et d r a i n é e p a r u n ensemble 
de 50 m o u l i n s r e fou l an t l ' eau e n d e u x é tages . 
L e m ê m e Leegl rwater avai t p r é v u l ' a s s èchemen t 
de la m e r de H a a r i e m au m o y e n de 160 m o u l i n s 
à vent . Voilà b ien des e n t r e p r i s e s à l 'échelle de 
n o t r e v ing t i ème siècle! N ' en peu t -on p a s con
c lu re q u e le m o u l i n à ven t de p o m p a g e ava i t 
a t t e in t , dès le xvn* siècle, u n d é v e l o p p e m e n t 
quas i i n d u s t r i e l ? 

Le t r è s g r a n d n o m b r e d e m a c h i n e s u t i l i sées 
p a r les Ho l l anda i s les a condu i t s à u n e vé r i t ab le 
s t a n d a r d i s a t i o n , en sor te que , d a n s c h a q u e 
région, les m o u l i n s se r a m è n e n t à q u e l q u e s types 
s eu lemen t , r épé tés à u n g r a n d n o m b r e d ' exem
p la i res : W i p m o l e n p e r c h é su r sa base p y r a m i 
dale , W e i d e m o l e n d o n t la t o u r oc togonale ser t 
d ' hab i t a t i on , B i n n e n k r u i e r a u x fo rmes t r a p u e s . 
Après des siècles de bons et loyaux services , le 
m o u l i n res te u n e des ca r ac t é r i s t i ques d u p a y s a g e 
h o l l a n d a i s . 

D o n n é e s m é t é o r o l o g i q u e s 

A v a n t t o u t e chose , la c o n n a i s s a n c e de l ' in ten
sité des ven t s a u lieu d 'u t i l i sa t ion est nécessa i r e 
à l ' é t ab l i s sement d ' u n p ro j e t d ' é q u i p e m e n t d e 
p o m p a g e p a r éol ienne. D u r a n t u n e pé r iode suffi
s a m m e n t longue d 'au m o i n s u n e a n n é e , des 
m e s u r e s , ou mieux , des e n r e g i s t r e m e n t s de 
l ' in tens i té du vent d e v r o n t ê t re fai ts a u po in t 
cons idéré . Au cas où, p o u r des ra isons: d 'éco
nomie , il n e sera i t p a s poss ib le d'effectuer l ' en re 
g i s t r e m e n t d ' u n e a n n é e complè te , il convien t 
d 'ob ten i r des e n r e g i s t r e m e n t s t y p i q u e s des dif
fé ren tes pé r iodes de l ' année , p o u r t e n i r c o m p t e 
de l ' influence sa i sonn iè re su r le r é g i m e des 
ven t s . L ' a p p a r e i l de m e s u r e s se ra p lacé a u t a n t 
que possible su r u n s u p p o r t d o n t la h a u t e u r sera 
voisine de celle de l 'éol ienne p r évue . Les re levés 
mé téo ro log iques se font souven t à la h a u t e u r 
s t a n d a r d de 10 m, m a i s g é n é r a l e m e n t Taxe des 
roues sera à u n e h a u t e u r s u p é r i e u r e , de l ' o rd re 
d e 15 m . 11 sera i t p ré fé rab le d ' adop te r p o u r 
l ' appare i l de m e s u r e u n e h a u t e u r de 15 m, ce 
qu i év i te ra la t r a n s p o s i t i o n des r é s u l t a t s de la 
h a u t e u r 10 m à la h a u t e u r 15 m, t r a n s p o s i t i o n 
assez h a s a r d e u s e , d a n s l ' i gnorance où l 'on est 
g é n é r a l e m e n t de la loi locale de v a r i a t i o n de 
l ' in tens i té du ven t avec l ' a l t i tude . Certes , on 
a d m e t g é n é r a l e m e n t q u e la v i tesse du ven t va r i e 
c o m m e H 1 / 5 , m a i s ce n ' e s t l à q u ' u n e loi app rox i 
ma t ive d o n t on p e u t s ' écar te r n o t a b l e m e n t su i 
van t la r ugos i t é m o y e n n e de la rég ion env i ron 
n a n t e . E n ou t r e , ce t te loi n ' e s t guère va lab le si 
on opère d a n s la couche d i r e c t e m e n t p e r t u r b é e 
p a r les obs tac les vois ins , ce qu i se ra t r è s sou
v e n t le cas . ï l est à pe ine beso in de p réc i se r que 
les e n r e g i s t r e m e n t s effectués à t r o p pe t i t e d is 

t a n c e d u sol ou au vois inage d 'obs tac les te ls que 
b â t i m e n t s , a rb r e s , etc., n ' o n t a u c u n sens . 

O n ut i l i se par fo i s c o m m e appa re i l s de m e s u r e 
des a p p a r e i l s d u t ype c o m p t e u r t o t a l i s a t e u r 
d ' énerg ie d o n n a n t d i r e c t e m e n t l ' énergie t h é o r i 
q u e m e n t d i spon ib le p a r m è t r e c a r r é de su r face 
offerte a u ven t p e n d a n t la pé r iode qu i s é p a r e 
d e u x l ec tu res consécu t ives . Ces a p p a r e i l s on t 
l ' avan tage d ' ê t re d ' u n e exp lo i t a t ion é c o n o m i q u e ; 
i l s ne d o n n e n t toutefo is que des r e n s e i g n e m e n t s 
su r l ' i m p o r t a n c e de l ' énergie éo l ienne d i spon ib l e ; 
ils son t p a r c o n t r e incapab les de d o n n e r les 
g r a n d e u r s f o n d a m e n t a l e s nécessa i r e s à la dé te r 
m i n a t i o n d ' u n é q u i p e m e n t . Auss i les c o m p t e u r s 
d ' énerg ie éol ienne ne sont- i l s à u t i l i se r que p o u r 
u n e p rospec t ion gross iè re d ' u n e rég ion . L ' a n é 
m o m è t r e o r d i n a i r e à l ec tu re d i rec te est p r a t i 
q u e m e n t s ans va leur , p a r su i te des g r a n d e s 
va r i a t i ons d ' in t ens i t é d u ven t . F i n a l e m e n t le 
seul a p p a r e i l à consei l ler es t l ' a n é m o m è t r e e n r e 
g i s t r eu r d o n n a n t en fonct ion d u t e m p s les 
v a r i a t i o n s de l ' in tens i té d u ven t . T o u s les r e n 
s e i g n e m e n t s nécessa i res p e u v e n t ê t r e t i r é s de ces 
e n r e g i s t r e m e n t s . Il convient , toutefois , p o u r la 
facil i té de l ' i n t e rp ré t a t i on , de t r a d u i r e les e n r e 
g i s t r e m e n t s en u n l angage s i m p l e se r a m e n a n t 
à la d é t e r m i n a t i o n des é l émen t s c a r a c t é r i s t i q u e s 
su ivan t s : courbe de ven t s c lassés ou c o u r b e 
v i tesse-durée , cou rbe de f r équence des ven t s ou 
des énergies , courbe des déb i t s p o m p é s , etc . 

L a courbe des ven ts c lassés ou cou rbe de 
v i tesse -durée i n d i q u e p o u r u n e pé r iode donnée , 
et p o u r c h a q u e va l eu r de la v i tesse d u vent , le 
n o m b r e d ' h e u r e s p e n d a n t lequel la v i tesse d u 
vent est s u p é r i e u r e ou égale à la v i tesse cons i -

Vitesse du vent en rn/s 

1500 1000 
Nombre d'neures pour 
une rranche de i m / s 

Courbes de fréquence des vents 

5000 \ 7000 
0 0 4 0 0 0 6 0 0 0 8 0 0 0 

Nombre d'heures pour 
une durée de un on 

Courbes v i tesse-durée 

FIG. 7. — Courbes de fréquence des vents et de vitesse-
durée pour différentes valeurs de la vitesse moyenne 

annuelle. 

Wind frequency and Velocity-duration curves 
for different values of annual mean wind speed. 
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dérée . Cette cou rbe es t géné ra l emen t établie p o u r 
une a n n é e , m a i s , d a n s les régions à rég ime sai
sonn ie r t r è s m a r q u é , il est p lus ind iqué de l 'éta
blir s a i son p a r sa i son . L a d é t e r m i n a t i o n es t faite 
à p a r t i r de l ' en r eg i s t r emen t de l ' a n é m o m è t r e ; le 
dépou i l l emen t c o r r e s p o n d a n t est assez fast i
d i e u x ; il p e u t ê t re g r a n d e m e n t facilité p a r l 'em
ploi d ' u n a p p a r e i l l ec teur spécial . 

Les cou rbes v i tesse-durée p r é s e n t e n t à peu 
près t ou t e s la m ê m e a l lu re . Notons que la zone 
re la t ive a u x faibles vi tesses de vent est généra
l e m e n t su je t t e à cau t ion , p a r sui te de l ' insensi 
bil i té des a n é m o m è t r e s , d i sons au-dessous de 
2 m / s ; m a i s cet te zone est de peu d ' i m p o r t a n c e 
au po in t de vue éne rgé t ique . On peut , en gros , 
ca rac t é r i s e r les courbes v i tesse-durée p a r la 
va leur m o y e n n e du vent p o u r la pé r iode consi
dérée, v e n t appelé « ven t m o y e n annue l ». Ce 
chiffre m o y e n ne donne év idemmen t a u c u n e 
ind ica t ion su r 3a régu la r i t é du vent . 

' kWh / r r 2 por a T 

Vite îse moy enne a inuel le 6 m / s , 

Y 

4 r 

3 m / s 

O I 2 3 4 5 6 7 8 9 V m / s 

F id. 8. — Energie totale disponible dans l 'année par 
mètre carré de surface balayée, en fonction de la vitesse 
de vent nominale , pour différentes valeurs de la vitesse 
moyenne annuel le (pour obtenir l 'énergie effectivement 
récupérable, il faut mult ipl ier ces chiffres par le 

coefficient de puissance de l 'appareil) . 
Total available power in one year per square metre of 
swept area in terms of the rated wind speed, for various 
values of the annual mean wind speed (To obtain the 
effectively recoverable power, these figures should be 
multiplied by the power coefficient of the equipment), 

L a cou rbe de f réquence des vents , p a r cont re , 
d o n n e u n e idée de la r é g u l a r i t é des v e n t s ; ce t te 
courbe , q u i se dédu i t t r è s s i m p l e m e n t de la 
courbe v i t esse -durée , i nd ique le n o m b r e d 'heu res , 
p o u r la pé r iode considérée , p e n d a n t lesquel les 
la v i tesse d u ven t r e s t e c o m p r i s e dans une t r a n 

che d o n n é e ; elle r e p r é s e n t e donc s i m p l e m e n t les 
va r i a t i ons de l ' inverse de la pen te de la cou rbe 
p récéden te . Cette courbe p r é s e n t e t o u j o u r s u n 
m a x i m u m p l u s ou m o i n s p r o n o n c é . Généra le 
men t , la vi tesse d u ven t c o r r e s p o n d a n t au m a x i 
m u m de la courbe de f réquence croî t en m ê m e 
t e m p s que la vi tesse m o y e n n e p o u r la pé r iode 
cons idérée . 11 p e u t a r r ive r , d a n s les p a y s à 
rég ime pa r t i cu l i e r , que la courbe de f r équence 
p r é s e n t e d e u x m a x i m u m s . 

La courbe de f réquence , qu i d o n n e des r ense i 
g n e m e n t s su r le r ég ime des ven t s sera u t i l e m e n t 
complé tée p a r la courbe des énerg ies d i spon ib les . 
L a p u i s s a n c e fou rn ie p a r le v e n t é t an t p r o p o r 
t ionnel le au cube de la vi tesse, on o b t i e n d r a u n e 
courbe d o n n a n t , p o u r c h a q u e t r a n c h e de vent , 
u n e q u a n t i t é p ropor t i onne l l e à l ' énergie d i spo
nib le en m u l t i p l i a n t les o r d o n n é e s des courbes 
de f réquence de vent p a r le cube de la vi tesse . 
On obt ien t a ins i encore des courbes p r é s e n t a n t 
u n m a x i m u m , m a i s , a lors que p o u r les fré
quences de vent , la va leur abso lue du m a x i m u m 
d i m i n u e q u a n d le ven t m o y e n a u g m e n t e , p a r 
cont re , l ' énergie c o r r e s p o n d a n t au m a x i m u m 
croît lo r sque le vent m o y e n a u g m e n t e . 

Afin de faci l i ter la d é t e r m i n a t i o n de la p u i s -

Fui. ï). — Energie supplémentaire disponible dans 
Tannée par mètre carré de surface balayée, pour un 
accroissement de la vitesse de vent nominale de 1, m / s , 
en fonction de la vitesse du vent et pour différentes 
valeurs de la vitesse moyenne annuel le (pour obtenir 
l'énergie effectivement récupérable, il faut mult ipl ier 
ces chiffres par le coefficient de puissance de l 'apparei l) . 

Additional power available in one year per square metre 
of swept area, for an increase of J metre/second in the 
rated wind speed, in terms of the wind speed and tatdng 
various values for the annual mean wind speed (To 
obtain the effectively recoverable power, these figures 
should be multiplied by the power coefficient of the 

equipment) t 

sance à équiper , il se ra ut i le de t racer les 
courbes d o n n a n t l 'énergie p r o d u i t e p a r t r a n c h e 
de vent , c 'es t -à-dire l ' acc ro i s sement d ' énerg ie 
r écupé rab le l o r sque la vi tesse de vent , p o u r 
laquel le se ra p r é v u e la m a c h i n e , p a s s e r a de 
v à ir-J-A v - T o u t e s ces courbes se d é d u i s e n t 
s ans pe ine de la courbe v i tesse-durée r é s u m a n t 
les r é e n r e g i s t r e m e n t s . 
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L o r s q u e l ' énergie p r o d u i t e p a r Péo l ienne n e 
p e u t p a s ê t re s i m p l e m e n t u t i l i sée a u fil d u vent , 
c o m m e ce se ra i t le cas p o u r u n e m a c h i n e débi 
t a n t de l ' énergie é lec t r ique su r u n r é s e a u de 
g r a n d e capac i té , il f au t fa i re e n t r e r e n l igne de 
c o m p t e les poss ibi l i tés d ' a c c u m u l a t i o n de cet te 
énerg ie , é m i n e m m e n t va r i ab le avec le t e m p s , 
p o u r l ' adap t e r à u n e u t i l i sa t ion régu l i è re . L e 
p r o b l è m e de l ' a c c u m u l a t i o n se pose p o u r les 
éol iennes de p r o d u c t i o n d 'énerg ie é l ec t r ique 
déb i t an t s u r u n r é s e a u i n d é p e n d a n t ; i l se pose 
é g a l e m e n t p o u r les éo l iennes de p o m p a g e des t i 
nées à a l i m e n t e r u n pos t e d ' eau i n d é p e n d a n t de 
t ou t r é s e a u d ' a l imen ta t i on , ce qu i se ra t r è s fré
q u e m m e n t le cas . Le m ê m e p r o b l è m e se p r é 
sen te enfin p o u r les éo l iennes de d r a i n a g e , m a i s 
d a n s ce cas le r é se rvo i r d ' a l i m e n t a t i o n se t r o u v e 
à l ' a sp i r a t i on au lieu d ' ê t r e a u r e f o u l e m e n t . 

L a r é so lu t ion d u p r o b l è m e de l ' a ccumula t i on 
d a n s u n rése rvo i r condu i t à d é t e r m i n e r l 'évo
lu t ion d a n s le t e m p s d u v o l u m e d 'eau p o m p é 
p a r la m a c h i n e et à la c o m p a r e r a u x besoins 
en eau . D a n s le cas s imple où le débi t d e m a n d é 
est cons t an t , l ' é q u i p e m e n t o p t i m u m , du poin t 
de vue éne rgé t ique , se ra i t te l q u e le débi t m o y e n 

FÏG. 10. — Variat ion, dans le temps, des volumes d'eau, 
pompé par l 'éolienne et demandé, pour la dé terminat ion 

du volume du réservoir d 'accumulat ion. 

Variation, with Urne, of the water volumes pnmped bg 
the windmill and demanded, for the détermination of 

the storage réservoir volume. 

p o m p é d a n s u n e pé r iode donnée , d ' u n e a n n é e 
p a r exemple , p a r l ' éol ienne, soi t égal a u débi t 
d e m a n d é . P a r su i te des i r r é g u l a r i t é s de p o m 
page , il f a u d r a p révo i r u n rése rvo i r d o n t la 
capac i t é d é p e n d r a d u degré d ' i r r é g u l a r i t é des 
v e n t s . O n p e u t f ac i l emen t r e p r é s e n t e r les v a r i a 
t i ons de débi t p o m p é d a n s u n g r a p h i q u e débi t 
c u m u l é - t e m p s ; on ob t i en t a ins i u n e cou rbe s a n s 

cesse c ro i s san te , p l u s ou m o i n s t o u r m e n t é e . 
D a n s u n te l g r a p h i q u e , u n débi t d e m a n d é c o n s 
t a n t s e r a r e p r é s e n t é p a r u n e d ro i t e p a s s a n t p a r 
l 'or ig ine . L a différence e n t r e les o r d o n n é e s de 
la cou rbe de l ' éol ienne et de la d ro i t e de débi t 
c o n s o m m é r e p r é s e n t e r a la p a r t d u r é se rvo i r 
d ' a c c u m u l a t i o n . On ob t i en t a ins i la cou rbe 
r e p r é s e n t a n t l ' évolut ion d a n s le t e m p s d u débi t 
f o u r n i ou absorbé p a r le r é se rvo i r Q r . L ' a i r e 
s i tuée sous cet te cou rbe r e p r é s e n t e les v o l u m e s 
d 'eau t o t a u x fou rn i s ou absorbés : 

Si l ' éo l ienne est b ien a d a p t é e a u débi t d e m a n d é , 
la cou rbe du v o l u m e du r é se rvo i r osci l lera p l u s 
ou m o i n s r é g u l i è r e m e n t a u t o u r de la v a l e u r 
nu l l e . Si Féol ienne est t r o p for te p o u r la 
d e m a n d e , la courbe du r é se rvo i r se ra i t déc ro i s 
san te , ce qu i signifie q u e le débi t d ' a p p o r t es t 
p l u s g r a n d q u e le débi t d e m a n d é ; si au c o n t r a i r e 
l 'éol ienne é ta i t insuf f i sante , la cou rbe d u v o l u m e 
d u rése rvo i r se ra i t t o u j o u r s c ro i s san te , a u x i r r é 
gu la r i t é s p r è s , é v i d e m m e n t . 

L ' éo l i enne é t a n t c o n v e n a b l e m e n t chois ie , la 
capac i té d u r é se rvo i r se ra définie p a r le m a x i 
m u m de la courbe : 

v = \ / f <*<dt 

Il est b ien évident que d a n s la p r a t i q u e il 
c o n v i e n d r a d ' a d a p t e r la c o n s o m m a t i o n aux 
i r r égu l a r i t é s s a i sonn iè re s de p r o d u c t i o n , m a i s 
les i r r é g u l a r i t é s j o u r n a l i è r e s ou de q u e l q u e s 
j o u r s d e v r o n t ê t re absorbées p a r le r é se rvo i r . Il 
convien t donc d 'é tab l i r la cou rbe r e p r é s e n t a t i v e 
de l ' évolut ion d a n s le t e m p s d u débi t p o m p é ; 
ce t t e courbe se ra é tabl ie à p a r t i r des e n r e g i s t r e 
m e n t s a n é m o m é t r i q u e s en u t i l i s a n t u n e courbe 
d o n n a n t , en fonc t ion de la v i tesse d u ven t , le 
déb i t p o m p é p o u r u n e m a c h i n e d o n n é e . Cette 
d é t e r m i n a t i o n est f a s t i d i euse ; elle se ra g r a n d e 
m e n t faci l i tée p a r l ' emploi d ' un a p p a r e i l a u t o 
m a t i q u e de dépou i l l emen t , appa re i l p e r m e t t a n t 
d ' a i l l eurs d 'ob ten i r les r é s u l t a t s p o u r p l u s i e u r s 
types de m a c h i n e s , à p a r t i r d ' u n m ê m e enreg i s 
t r e m e n t . 

A p p a r e i l s de d é p o u i l l e m e n t 
d e s e n r e g i s t r e m e n t s a n é m o m é t r i q u e s 

P o u r r e n d r e u t i l i sables les e n r e g i s t r e m e n t s 
a n é m o m é t r i q u e s , il est nécessa i r e de les t r a d u i r e 
en courbes v i tesse-durée ou f réquence-v i tesse . 
Ce t r ava i l de dépou i l l emen t p e u t ê t r e fait m é c a 
n i q u e m e n t au m o y e n d ' un appare i l spécia l . Cet 
appa re i l compor t e u n disposi t i f de d é r o u l e m e n t 
du pap i e r e n r e g i s t r e u r s i tué en face d ' un e n s e m -



SEPTEMBRE 1 9 5 7 . — № 4 L. VADOT 5 0 7 

ble d e c o n t a c t s é l ec t r iques éche lonnés su ivan t 
l 'échelle des v i tesses . Un t r o t t e u r cou l i s san t p e u t 
se dép lace r s u r ces con tac t s , u n s tylet rel ié à ce 
t r o t t e u r p e r m e t , en su ivan t la courbe à la m a i n , 
au fur et à m e s u r e de son avance , d ' a m e n e r le 
f ro t t eu r en p ré sence d u con tac t c o r r e s p o n d a n t 
à la v i tesse i n d i q u é e p a r la courbe . C h a q u e 
con tac t f e r m e le c i rcu i t d ' un c o m p t e u r d ' impu l 
s ions a l i m e n t é p a r u n géné ra t eu r d ' impul s ions , 
cons t i t ué s i m p l e m e n t p a r u n e ba t t e r i e et u n e 
r o u e den tée f o r m a n t r u p t e u r , et don t la v i tesse 
de ro t a t i on eut p ropo r t i onne l l e à la v i tesse de 
d é p l a c e m e n t d u pap i e r . 

D a n s ces condi t ions , tous les c o m p t e u r s élé
m e n t a i r e s c o r r e s p o n d a n t à u n e vi tesse égale ou 
in fé r i eu re à celle i nd iquée p a r le s ty le t su iveur , 
a v a n c e n t d ' u n n o m b r e d 'un i t é s c o r r e s p o n d a n t 
au c h e m i n p a r c o u r u s u r le pap ie r . E n cours de 
dépou i l l emen t , il suffit de re lever les chiffres 
donnés p a r les c o m p t e u r s p o u r obteni r , à u n 
i n s t a n t q u e l c o n q u e , l 'é tat de la courbe vi tesse-
du rée . Il est éga l emen t possible de complé te r cet 
a p p a r e i l p a r u n disposi t i f p e r m e t t a n t d 'ob ten i r 
la c o u r b e des débi t s p o m p é s p o u r u n e éol ienne 
donnée . D a n s ce but , u n e deux ième série de 
con t ac t s es t p lacée à côté de la p récéden te . Cha
c u n de ces con tac t s est relié à u n e r é s i s t ance 
d o n t l a va l eu r est i n v e r s e m e n t p ropor t i onne l l e 
au débi t f o u r n i p a r l 'éol ienne p o u r la vi tesse 
cons idérée . Le con tac t cou l i s san t rel ié a u stylet 
su iveur f e r m e u n c i rcui t c o m p r e n a n t u n e source 
de c o u r a n t et u n c o m p t e u r . L a vi tesse de dérou
l e m e n t é t a n t cons t an te , le c o m p t e u r i n d i q u e à 
c h a q u e i n s t a n t le vo lume d 'eau p o m p é . O n peu t 
n a t u r e l l e m e n t m o n t e r su r la m ê m e série de 
con tac t s u n a u t r e ensemble de rés i s t ances al i
m e n t a n t u n a u t r e c o m p t e u r , et r e p r é s e n t a n t u n e 
a u t r e m a c h i n e ; il est a ins i poss ible au cours 
d ' un m ê m e dépou i l l ement , d 'ob ten i r les débi ts 
p o m p é s p a r des éol iennes de ca rac té r i s t iques dif
férentes . 

Ut i l i sa t i on d e s d o n n é e s m é t é o r o l o g i q u e s 
p o u r la d é t e r m i n a t i o n 

d e s c a r a c t é r i s t i q u e s d e l ' insta l lat ion 

E t a n t en possess ion des différents é l éments 
mé téoro log iques , voyons m a i n t e n a n t c o m m e n t 
les u t i l i se r p o u r définir les ca rac té r i s t iques d 'un 
é q u i p e m e n t . Le f o n c t i o n n e m e n t de l 'éol ienne est 
lié à t ro i s v a l e u r s de la vi tesse du vent : 

1 ° l a v i tesse vl9 d i te « vi tesse d ' amorçage », es t 
la v i tesse p o u r laquel le la m a c h i n e com
m e n c e à f o u r n i r de l 'énergie, c 'est-à-dire , 
d a n s le cas d 'une ins ta l l a t ion de pompage , 
la v i tesse p o u r laquel le la p o m p e com
m e n c e à débi ter . Cette vi tesse ne doit 
p a s ê t r e confondue avec la « vi tesse de 

d é m a r r a g e » v0 p o u r laque l le la m a c h i n e 
c o m m e n c e à t o u r n e r , m a i s s a n s f o u r n i r 
d 'énerg ie u t i l i sab le . D a n s le cas de l 'en
t r a î n e m e n t d ' u n e p o m p e à p i s ton , v0 et vx 

sont confondues , m a i s d a n s le cas de 
l ' e n t r a î n e m e n t d ' u n e p o m p e cen t r i fuge , 
v0 et vx sont n o t a b l e m e n t différentes . 

V.N 

/ -Pu issance-durée 

t rVent maximum \ 

Vitesse-durée \ 
\ \ ^Puissance nominale 

X A V X Y ^ /—Vent nominal 

-Vent d'amorçage 

l É l I l t f c ^ y — V e n t de 
démarrage 

Nombre d'heures 

F ï o . 11. Conditions d'emploi d 'une éolienne. 
Utilization conditions of a windmill. 

2° la vi tesse vm d i te « vitesse n o m i n a l e », es t la 
v i tesse p o u r laquel le la p le ine p u i s s a n c e 
de r é q u i p e m e n t est a t t e in t e . A p a r t i r de 
cet te vi tesse, le disposi t i f de rég lage i n t e r 
vient p o u r l imi te r la p u i s s a n c e fou rn i e 
p a r la m a c h i n e et la m a i n t e n i r c o n s t a n t e . 

3° la vi tesse i? n i J l X ) d i te « vi tesse de mi se h o r s 
service », est la v i tesse à p a r t i r de l aque l le 
la m a c h i n e est é v e n t u e l l e m e n t mi se h o r s 
service sous l ' inf luence du rég lage ou 
d ' un disposi t i f de sécur i té . 

Ces t ro i s vi tesses définissent , s u r le d i a g r a m m e 
de v i tesse-durée ou énerg ie -durée , la zone d ' u t i 
l i sa t ion. Les d é t e r m i n a t i o n s des v i tesses vt et vtt 

sont de la p l u s g r a n d e i m p o r t a n c e . L a vi tesse 
#max dépend u n i q u e m e n t du m o d e de ré 
glage de l ' appare i l , elle est s ans g r a n d e in 
fluence s u r l 'énergie p rodu i t e , c a r la d u r é e 
des vents v io lents est faible. Si on se p lace u n i 
q u e m e n t a u po in t de vue de l 'énergie to ta le 
p rodu i t e , le choix de la v i tesse v-i de dé
m a r r a g e est s ans g r a n d e i m p o r t a n c e , ca r 
l 'énergie p r o d u i t e p a r ven t faible est t o u j o u r s 
t r ès r é d u i t e . P a r con t re , d a n s le cas d ' u n e m a 
ch ine f o n c t i o n n a n t i so lément et c o m p o r t a n t u n 
rése rvo i r d ' a c c u m u l a t i o n , le choix de cet te v i tesse 
est t r è s i m p o r t a n t , c a r c 'est elle qu i , en défini
t ive, d é t e r m i n e la g r a n d e u r du rése rvo i r à 
prévoi r . 

D é t e r m i n a t i o n d e l a v i t e s se d ' a m o r ç a g e 

Tl est év iden t qu ' i l y a in t é rê t à r é d u i r e a u t a n t 
que poss ible la va l eu r de cet te vi tesse afin d'atig-
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m o n t e r le n o m b r e d ' h e u r e s de f o n c t i o n n e m e n t 
de l ' ins ta l la t ion . Toutefo is , la d é t e r m i n a t i o n de 
cet te vi tesse r é su l t e d ' u n c o m p r o m i s e n t r e le p r i x 
du réservoi r et celui de la m a c h i n e . E n effet, si 
l ' impor t ance du rése rvo i r d i m i n u e l o r s q u e la 
vi tesse de d é m a r r a g e baisse , p a r con t re , le dia
m è t r e de l 'éol ienne a u g m e n t e l o r s q u e ce t te 
vitesse d i m i n u e , p u i s q u e , p o u r u n e in s t a l l a t i on 
donnée , le couple absorbé p a r la p o m p e à l ' amor 
çage r e s t e c ons t an t . Le p r o b l è m e de la d é t e r m i -

O î 2 3 4 5 6 7 8 9 10 Vm /S 

Fia. 12. — Variation du diamètre d'une éolienne lente 
avec la vitesse de démarrage, pour en obtenir un môme 
couple de démarrage, en vue de la commande d'une 

pompe à piston. 

Variation of the cliameter of a slow-running windmill 
against the starting wind speed, to ohiain the same 
starting torque, ivhen considering the drive to a 

piston pump. 

na t ion de la vi tesse de d é m a r r a g e se pose de 
façon différente s u i v a n t que Téolienne e n t r a î n e 
u n e p o m p e v o l u m e t r i q u e ou u n e p o m p e du genre 
cent r i fuge . 

D a n s le p r e m i e r cas, il s 'agit d ' u n p r o b l è m e de 
couple de d é m a r r a g e ; on ne p e u t agi r q u e su r 
le d i a m è t r e de l 'éol ienne ou su r le l ' appor t de 
démul t i p l i ca t i on du m é c a n i s m e , car la p o m p e 
est d u type à couple cons t an t . 

D a n s le d e u x i è m e cas , p a r con t re , les choses 
sont p lus complexes , ca r n o n s eu l emen t la 
d i m e n s i o n et la vi tesse de Téol ienne son t à dé te r 
mine r , m a i s encore le po in t de f o n c t i o n n e m e n t 
de la p o m p e p e u t v a r i e r su ivan t le d i a m è t r e de 
la roue de la p o m p e , et sa vi tesse de ro t a t ion . Il 
ne s 'agit p l u s s i m p l e m e n t d 'ob ten i r u n ce r t a in 
couple à vi tesse nu l l e , c o m m e p o u r la p o m p e à 
p is ton, m a i s d ' ob ten i r u n couple à u n e ce r t a ine 
vitesse, ces d e u x g r a n d e u r s d é p e n d a n t des 
c a r a c t é r i s t i q u e s de la p o m p e cen t r i fuge . 

D é t e r m i n a t i o n d e la v i t e s s e n o m i n a l e 

Le choix de cet te v i tesse es t p r i n c i p a l e m e n t 
lié à la p r o d u c t i o n to ta le d ' énerg ie d a n s l ' a n n é e . 
Deux p o i n t s de d é p a r t p e u v e n t ê t re env isagés : 
soit que les c a r a c t é r i s t i q u e s de la p o m p e so ient 
imposées : h a u t e u r , débit , soit que le d i a m è t r e 
et le t ype de l 'éol ienne soient i m p o s é s . Si les 
r e n d e m e n t s de l ' éo l ienne et de la p o m p e r e s 
t a i en t c o n s t a n t s a u x cha rges f r ac t i onna i r e s , il y 
a u r a i t i n t é r ê t à chois i r p o u r vfl u n e va l eu r 
élevée. Mais ce n ' e s t g é n é r a l e m e n t p a s le c a s ; 
c o m p t e t enu des v a r i a t i o n s de r e n d e m e n t de 
Féol ienne et de la p o m p e , on c h e r c h e r a à ob te 
n i r le m a x i m u m de v o l u m e d ' eau d a n s l ' année 
p o u r u n e éo l ienne donnée , ou au c o n t r a i r e à 
ob ten i r l ' éol ienne la p l u s pe t i te p o u r u n v o l u m e 
d ' eau d o n n é . 

D a n s le cas d ' un e n t r a î n e m e n t de p o m p e cen
tr i fuge, le choix de la vi tesse n o m i n a l e ne p e u t 
ê t re fai t i n d é p e n d a m m e n t d u choix de la v i tesse 
d ' a m o r ç a g e , le r a p p o r t de ces v i tesses é t a n t 
imposé p o u r u n e p o m p e donnée . E n effet, sous 
u n e h a u t e u r donnée , l 'écar t de vi tesse de r o t a 
t ion de la p o m p e e n t r e la m a r c h e à r e n d e m e n t 
m a x i m u m et la m a r c h e à débi t n u l ou à l ' a m o r 
çage est faible. On n e p e u t acc ro î t r e cet éca r t 
q u ' e n cho i s i s san t u n po in t de f o n c t i o n n e m e n t 
s ' é ca r t an t n o t a b l e m e n t du r e n d e m e n t m a x i m u m . 
Il f a u d r a donc , p o u r u n e p o m p e donnée , che r 
cher à dép lacer l ' ensemble des p o i n t s vt et vn 

su r la courbe de v i t esse -durée , de façon à r éa 
l iser le me i l l eu r c o m p r o m i s e n t r e v o l u m e d ' eau 
to ta l p o m p é et v o l u m e du r é se rvo i r n é c e s s a i r e 
p o u r t en i r c o m p t e des pé r iodes de ca lme , ou 
b ien chois i r u n e p o m p e tel le qu 'e l l e p e r m e t t e de 
réa l i se r u n r a p p o r t convenab le e n t r e vx et vn; 
on n e p e u t toutefois a d o p t e r p o u r ce r a p p o r t 
u n e va leur t r o p for te s ans s ' écar te r des zones de 
r e n d e m e n t acceptab le . La difficulté qu ' i l y a à 
ob ten i r u n e va l eu r convenab le p o u r le r a p p o r t 
vn s u r vx p o u r r a i t ê t re t ou rnée d a n s u n e c e r t a i n e 
m e s u r e en f a i san t va r i e r le r a p p o r t de m u l t i p l i 
ca t ion e n t r e éol ienne et p o m p e . Mais on se ra i t 
condu i t à des so lu t ions coû teuses , ca r la v a r i a 
t ion d u r a p p o r t de m u l t i p l i c a t i o n dev ra i t ê t r e 
a u t o m a t i q u e p o u r pouvo i r j o u e r à c h a q u e s a u t e 
de v e n t ; il ne semble p a s q u ' u n e telle so lu t ion 
ai t été i n d u s t r i e l l e m e n t réa l i sée j u s q u ' à m a i n t e 
n a n t . 

M a t é r i e l n o r m a l e m e n t u t i l i s é 

D e u x types de g roupe de p o m p a g e s'offrent à 
l ' u t i l i sa teur : les éol iennes len tes avec p o m p e à 
p is ton , ex i s t an t ac tue l l emen t en t r è s g r a n d n o m 
bre , et les éol iennes r a p i d e s accoup lées à des 
p o m p e s à hél ice ou à des p o m p e s cen t r i fuges ; 
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ces d e r n i è r e s m a c h i n e s , de réa l i sa t ion récente , 
c a r a c t é r i s e n t r é v o l u t i o n des t echn iques n o u 
velles. 

À) INSTALLATION DE P E T I T E PUISSANCE AVEC POMPE 
A P I S T O N : 

Au p r e m i e r abord , il ne p a r a î t pas évident , 
et en t ou t e r i g u e u r il n ' e s t p a s obl igatoire , q u ' u n e 
ins t a l l a t ion de p o m p a g e de pe t i te pu i s sance soit 
équ ipée avec u n e p o m p e à p i s ton . Mais , d ' u n e 
pa r t , l ' i m p o r t a n c e des h a u t e u r s de re fou lement , 
d ' a u t r e pa r t , la nécess i té d 'u t i l i ser u n ma té r i e l 
s imple , c o n d u i s e n t géné ra l emen t , p o u r les pe t i 
tes p u i s s a n c e s , à l ' emploi de p o m p e s à p i s ton 
len tes . 

L ' éo l i enne à u t i l i se r d a n s ce cas se ra u n e 
m a c h i n e à faible vi tesse spécifique avec p r e s q u e 
t o u j o u r s u n démul t i p l i ca t eu r . Ce genre de 
m a c h i n e possède u n couple de d é m a r r a g e élevé 
qu i s ' accorde p a r f a i t e m e n t avec les exigences des 
p o m p e s à p i s ton . Les roues à faible vi tesse spé
cifique c o m p o r t a n t u n g r a n d n o m b r e de pa les , 
on ne p e u t env isager que l 'emploi de pa les fixes; 
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KÏG. 13, — Coefficient de couple des éolicnnes lente et 
rapide, en fonction de la vitesse périphérique. 

Torque coefficient for high speed and slow-running 
windmills, in terms of the tip speed ratio. 

le m o d e de rég lage qu i s ' impose a lors p o u r la 
l imi t a t ion de la vitesse, de la p u i s s a n c e et des 
efforts au g r a n d ven t est le réglage p a r écl ipsage. 
Le gen re d ' appa re i l auque l on est a insi condu i t 
ne p e u t ê t re r a i s o n n a b l e m e n t cons t ru i t au-de là 
d ' u n e ce r t a ine d imens ion . P a r sui te de l ' iner t ie 
des r o u e s à g r a n d n o m b r e de pales , le compor 
t e m e n t d ' u n e telle m a c h i n e d a n s les rafa les en 
i n t e rd i t l ' emploi p o u r les g r a n d s d i amè t r e s . P o u r 
fixer les idées , u n d i a m è t r e de 7 à 8 m est u n 
m a x i m u m . 

D ' a u t r e pa r t , la p o m p e à p is ton é t an t t r ès sen
s ib l emen t u n e p o m p e à couple cons tan t , la p u i s 
sance d é l 'éol ienne est m a l ut i l isée au g r a n d 
vent . P o u r de pe t i t es m a c h i n e s ce de rn ie r po in t 
n ' e s t p a s grave , m a i s , p o u r de grosses m a c h i n e s 
où la n o t i o n de r e n d e m e n t a p lus d ' impor tance , 
cet te m a u v a i s e u t i l i sa t ion sera i t inacceptable . On 
a essayé d 'y r e m é d i e r p a r des disposi t i fs mod i 
fiant la c o u r s e de la p o m p e en fonct ion de la 

vi tesse du vent , m a i s r i e n de p r a t i q u e m e n t ut i l i 
sable n ' e s t à r e t e n i r d a n s ce sens . 

b) INSTALLATION DE MOYENNE o u GRANDE P U I S 

SANCE AVEC P O M P E ROTATIVE : 

Les i nconvén ien t s qu i v i e n n e n t d ' ê t r e s ignalés 
c o n d a m n e n t l ' emploi des p o m p e s à p i s t o n p o u r 
le p o m p a g e de g r a n d e p u i s s a n c e , sauf, b ien 
e n t e n d u , si la h a u t e u r de r e f o u l e m e n t l 'exige, 
et a lors des d i spos i t ions pa r t i cu l i è r e s s ' impo
sent . On est a lo r s condu i t , su ivan t les; débi t s et 
les h a u t e u r s , à u t i l i ser des p o m p e s cen t r i fuges 
ou des p o m p e s à hél ice . Ces p o m p e s do ivent 
t o u r n e r vite, d 'où l ' emplo i d 'éo l iennes à g r a n d e 
vi tesse spécifique, g é n é r a l e m e n t avec mu l t i p l i 
ca t eu r . L e faible couple de d é m a r r a g e des 
m a c h i n e s n ' e s t p a s un/ i nconvén i en t grave , p u i s 
que le couple de d é m a r r a g e des p o m p e s ro t a t ives 
est éga l emen t faible. N a t u r e l l e m e n t , le rég lage 
de la vi tesse ne s ' impose p a s ; seul doi t ê t re 
réso lu le p r o b l è m e du c o m p o r t e m e n t au g r a n d 
vent . De te ls g roupes p e r m e t t e n t u n e b o n n e u t i 
l isat ion de l ' énerg ie éo l i enne ; ils on t toutefois 
l ' inconvénien t de n e f o u r n i r q u ' u n e faible h a u 
t e u r de r e fou l emen t au d é m a r r a g e . Si les ven l s 
faibles n ' e n t r e n t q u e p o u r u n e faible p a r t d a n s 
le b i lan éne rgé t ique a n n u e l , cet i n c o n v é n i e n t est 
s ans gravi té . Ces g roupes son t d o n c bien a d a p t é s 
a u x rég ions p r é s e n t a n t des ven t s assez c o n s t a n t s . 

D a n s le cas de faible h a u t e u r de r e fou l emen t , 
on emplo ie ra i t a v a n t a g e u s e m e n t u n e c o m b i n a i 
son de l 'éol ienne r a p i d e avec u n e pompe-hé l i ce 
à pa les a u t o m a t i q u e m e n t o r i en tab les , l ' inc l ina i 
son des pa les d i m i n u a n t p a r ven t faible p o u r 
r é d u i r e la p u i s s a n c e absorbée . Une telle d i spos i 
t ion p e r m e t t r a i t d 'a l l ier l ' amorçage p a r ven t 
faible avec l 'ob tent ion de g rand débi t p a r vent 
fort, le r e n d e m e n t du g roupe r e s t a n t t o u j o u r s 
voisin du m a x i m u m ; cet te so lu t ion est év idem
m e n t u n peu compl iquée , du po in t de vue méca
n ique , m a i s elle doi t ê t re cons idérée s é r i e u s e m e n t 
p o u r des g roupes d ' u n e ce r t a ine p u i s s a n c e à 
faible h a u t e u r de r e fou lemen t . 

P o u r les grosses pu i s sances , enfin, la t r a n s 
miss ion é lec t r ique e n t r e f éo l i enne et la p o m p e 
peu t s ' impose r ; il ne faut pas p e r d r e de vue , en 
effet, que; les zones les p lus favorables p o u r 
l 'énergie éol ienne sont r a r e m e n t celles où se 
t rouven t les sources ou les pu i t s . L a t r a n s m i s 
sion é lec t r ique a le gros a v a n t a g e de s u p p r i m e r 
tou tes les difficultés de l ia ison m é c a n i q u e , qui 
e n t r a î n e n t de grosses dépenses p o u r les g r a n d e s 
p u i s s a n c e s ; elle a en ou t r e l ' avan tage de p e r m e t 
t re , éven tue l l emen t , l 'emploi d i rec t de l ' énergie 
é lec t r ique . 

Eol i ennes l e n t e s pour p o m p e à p i s t o n 

Ces m a c h i n e s c o m p o r t e n t u n e r o u e à g r a n d 
n o m b r e (de 16 à 24) d ' aubes fixes réa l i sées en 
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tôle et n o n profilées. Cette r o u e a t t a q u e p a r 
l ' i n t e rméd ia i r e d ' u n r é d u c t e u r à e n g r e n a g e s u n 
m é c a n i s m e de t r a n s f o r m a t i o n d u m o u v e m e n t de 
r o t a t i o n en m o u v e m e n t de t r a n s l a t i o n : bielles, 
coul isses , excen t r i ques , etc . T o u s ces m é c a -

FIG. 14. -— Eolienne lente pour pompe à piston avec 
roue de 6,10 m de diamètre . Construction Neyrpic. 

Slow-running windmill for reciprocating pump. Wheel 
diameter; 6.1m. Manufactured by Neyrpic. 

n i s m e s son t à peu p r è s équ iva l en t s , le r e n d e 
m e n t d é p e n d a n t p l u s de la qua l i t é de l ' exécut ion 
q u e d u p r i n c i p e u t i l i sé . L a r é d u c t i o n de v i tesse 
en t r e la r o u e et le m é c a n i s m e de c o m m a n d e de 
la p o m p e s ' impose p o u r les g r a n d e s p r o f o n d e u r s 
d ' épu i s emen t , p o u r r é d u i r e d ' u n e p a r t , les efforts 
d ' ine r t i e et évi ter , d ' a u t r e p a r t , les p h é n o m è n e s 
de r é s o n a n c e d a n s l a t ige de m a n œ u v r e qu i , p a r 
su i t e de sa l ongueu r , se c o m p o r t e c o m m e u n 
r e s s o r t de t r a c t i o n . L a c o n s t r u c t i o n en sér ie 
s ' i m p o s a n t p o u r ce m a t é r i e l , le r é d u c t e u r de 

vi tesse es t conse rvé m ê m e p o u r les faibles p r o 
f o n d e u r s d ' é p u i s e m e n t . G é n é r a l e m e n t , u n m ê m e 
m é c a n i s m e p e r m e t d 'ob ten i r d e u x v a l e u r s de la 
cou r se de la p o m p e , p a r s imp le d é m o n t a g e d u 
m a n e t o n . L e rég lage de la p u i s s a n c e a u g r a n d 
ven t s 'ob t ien t t o u j o u r s p a r éc l ipsage de l a r o u e , 
celle-ci se r e p l i a n t d a n s le lit d u ven t en cas de 
t e m p ê t e . D a n s ce bu t , l ' e m p e n n a g e est a r t i cu l é 
et lié a u co rps de l ' appare i l p a r u n r e s s o r t ; le 
m o m e n t d 'éc l ipsage s 'ob t ien t soit p a r u n e pa l e t t e 
l a té ra le , soit, b e a u c o u p plusi f r é q u e m m e n t , en 
e x c e n t r a n t l égè remen t l 'axe de la r o u e p a r r a p 
p o r t à l ' axe d ' o r i en t a t i on . Ce s y s t è m e de rég lage 
est s imp le e t efficace; il a tou te fo is l ' inconvé
n i e n t de p r o v o q u e r des à-coups , des chocs lo r s 
des b r u s q u e s v a r i a t i o n s de v i tesse d e ven t , la 
m a c h i n e , sous l ' ac t ion d u r e s so r t , r e v e n a n t b r u 
t a l e m e n t d a n s sa pos i t ion de m a r c h e face a u 
ven t . O n r e m é d i e t r è s eff icacement à cet i ncon 
vén i en t p a r l ' emploi d ' u n a m o r t i s s e u r , d u t y p e 
a m o r t i s s e u r d ' au tomob i l e , m o n t é s u r l ' a r t i cu la 
t ion de l ' e m p e n n a g e ; l ' emplo i d ' u n te l a m o r t i s 
s eu r es t p a r t i c u l i è r e m e n t r e c o m m a n d é p o u r les 
m a c h i n e s de g r a n d d i a m è t r e . 

Différents types de p o m p e s p e u v e n t ê t r e 
e n t r a î n é s p a r l ' éol ienne len te . E t a n t d o n n é le 
m o d e d ' a t t a q u e p a r u n e t ige d e s c e n d a n t le long 
de la c o n d u i t e de r e fou l emen t , et b i en a d a p t é e 
à des efforts de t r ac t i on , c 'est la p o m p e à s imple 
effet qu i es t la p l u s a v a n t a g e u s e et de b e a u c o u p 
la p l u s ut i l i sée . Le f o n c t i o n n e m e n t de ce t te 
p o m p e , toutefois , a l ' i nconvén ien t de p r é s e n t e r 
u n e g r a n d e i r r é g u l a r i t é d u couple absorbé , p u i s 
qu ' e l l e n e d e m a n d e d ' énerg ie q u e p e n d a n t u n 
d e m i - t o u r de l ' a rb re man ive l l e , la de scen t e d u 
p i s ton se fa i san t sous son p r o p r e po ids . 

L a r é d u c t i o n de cet te i r r é g u l a r i t é se ra i t i n t é 
r e s s a n t e , ca r elle a u n e r é p e r c u s s i o n d i r ec te s u r 
le couple de d é m a r r a g e , donc , en défini t ive, s u r 
le t e m p s de f o n c t i o n n e m e n t de la m a c h i n e . On 
p e u t c h e r c h e r à r é d u i r e l ' i r r égu la r i t é p a r l ' em
ploi de p o m p e à doub le effet, m a i s la t ige de 
c o m m a n d e du p i s t o n se ra a l t e r n a t i v e m e n t sou
mise à des efforts de t r a c t i o n de c o m p r e s s i o n , 
u n gu idage de la t ige s ' impose p o u r évi ter le 
f lambage, et ce t te so lu t ion est r a r e m e n t r e t e n u e . 

U n e a u t r e c o m b i n a i s o n a v a n t a g e u s e cons i s te 
r a i t à u t i l i se r u n e p o m p e à d e u x p i s t o n s d a n s 
u n m ê m e corps , avec d e u x t iges de m a n œ u v r e ; 
ce t te so lu t ion est t r è s i n t é r e s s a n t e d u p o i n t d e 
vue de la r égu la r i t é d u couple abso rbé , a ins i 
n a t u r e l l e m e n t q u e de la r é g u l a r i t é d u débi t , m a i s 
le m é c a n i s m e de c o m m a n d e est b e a u c o u p p l u s 
compl iqué , auss i n 'es t - i l p a s u t i l i sé . El le s e r a i t 
peu t - ê t r e à p r e n d r e en cons idé ra t i on d a n s le c a s 
où la l o n g u e u r des condu i t e s de r e f o u l e m e n t es t 
i m p o r t a n t e . 

L a p o m p e à s imple effet é t a n t adop tée p o u r 
sa rus t i c i t é , o n c h e r c h e r a à r é g u l a r i s e r le couple 
absorbé p a r u n disposi t i f ex t é r i eu r : levier, po ids 
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FIG. 15. — Mécanisme d'une éolienne îente pour la commande d'une pompe à piston. 

Slow-running windmill mechanism driving a reciprocating pump* 

ou r e s so r t . L e sys t ème d u re s so r t p a r a î t ê t re le s u p p l é m e n t a i r e s , il p e r m e t de r é d u i r e les f ro l -
p l u s a v a n t a g e u x car , en év i tan t des a r t i cu la t ions t e m e n t s p a r a s i t e s du m é c a n i s m e . L ' emp lo i du 
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s y s t è m e de c o m p e n s a t i o n a d e u x effets favora 
bles . Il p e r m e t à la m a c h i n e de d é m a r r e r avec 
u n e vi tesse de ven t p l u s fa ib le ; il p e r m e t , en 
ou t r e , de r é d u i r e les efforts d a n s le m é c a n i s m e 
de c o m m a n d e . L ' i r r é g u l a r i t é d u coup le absorbé 
p a r la p o m p e e n t r a î n e des v a r i a t i o n s cycl iques 
de vi tesse de la m a c h i n e . D a n s le c a s d ' u n e 
p o m p e à s imple effet s ans c o m p e n s a t i o n , p e n 
d a n t la m o n t é e de la t ige , l a r o u e fou rn i t de 
l 'énergie et r a l e n t i t ; p a r con t re , lors de la des 
cente , le po ids de l ' équ ipage mob i l e fou rn i t u n 
couple m o t e u r , la r o u e ne p r o d u i s a n t p l u s 
d ' énerg ie accé lè re ; elle e m m a g a s i n e de l ' énergie 
c iné t i que qu 'e l le r e s t i t u e à la c o u r s e su ivan te . 
Les v a r i a t i o n s de vi tesse de r o t a t i o n qu i en 
r é s u l t e n t son t m a l g r é t o u t assez faibles , p a r 
su i te de l ' iner t ie de la r o u e ; cet te m a r c h e i r r é 
gul ière es t d ' a i l l eu r s s ans effet nu i s ib le . 

Pour; r é d u i r e l'effort au d é m a r r a g e et évi ter 
de d é m a r r e r avec la p le ine c h a r g e su r le p i s ton , 
on u t i l i se p a r f o i s u n e fui te p e r m a n e n t e a u 
c lapet de r e fou l emen t . Cette d i spos i t ion p r é s e n t e 
des avan t ages et des i nconvén ien t s , c o m m e on 
va le voir . 

L a fui te p e r m a n e n t e é tabl i t u n e c o m m u n i c a 
t ion e n t r e les d e u x faces du p i s t o n ; s c h é m a t i -
q u e m e n t , on peu t a lors r e p r é s e n t e r la p o m p e 

FIG. 16. — Influence d'une fuite permanente sur le 
fonctionnement d'une pompe à piston. 

Effect of a continuous leak on the operation 
of a reciprocating pump. 

p a r le c roqu i s c i -cont re . Si on appel le Q le débi t 
de d é p l a c e m e n t de la p o m p e (vo lume e n g e n d r é 
p a r le d é p l a c e m e n t d u p i s t o n ) , q le débi t p a s s a n t 
p a r la fui te et QE le débi t effectif p a s s a n t p a r le 
t u y a u de r e fou lemen t , on a : 

~ , ^ c xd2 n 
Q = g + Q . = ( — s . - g Q -

avec tf=diamètre du corps de p o m p e ; 

S = c o u r s e ; 

j i = n o m b r e de cou r se s p a r m i n u t e . 

Si o> est la sec t ion de fuite et H la p r e s s i o n 
e n g e n d r é e p a r la p o m p e , on a : 

q=(Ù V 2 g H 

Si H 0 est la p r e s s ion de r e f o u l e m e n t de r ég ime 
n o r m a l (valeur s ens ib l emen t c o n s t a n t e , a u x 
va r i a t i ons de n iveau d a n s le r é se rvo i r p r è s ) , le 
débi t effectif se ra n u l t a n t que H se ra p l u s pe t i t 
que H 0 , pu i s , l o r sque la va leur H 0 se ra a t t e in t e , 
le débi t de fuite r e s t e r a c o n s t a n t . O n p e u t r e p r é 
sen te r su r u n g r a p h i q u e en fonc t ion d u n o m b r e 
n de cou r se s à la m i n u t e , les v a r i a t i o n s d u débi t 
et de la p r e s s i o n de r e fou l emen t . L e débi t Q 
var ie l i n é a i r e m e n t . La p r e s s i o n H var ie s u i v a n t 
u n e p a r a b o l e j u s q u ' à ce q u e la p r e s s i o n H 0 soit 
a t t e i n t e ; elle r e s t e a lors c o n s t a n t e . L a p r e s s i o n 
H 0 s e ra a t t e in t e p o u r u n n o m b r e de c o u r s e s n0 

à p a r t i r d u q u e l le débi t de fui te r e s t e r a c o n s t a n t 
avec lai va l eu r q0; c 'est à p a r t i r de n0 s e u l e m e n t 
que la p o m p e déb i te ra effect ivement. L a sec t ion 
de fui te d é p e n d du n o m b r e n0 adop t é s u i v a n t la 
r e la t ion : 

V 2 f l r H 0 

Mais du fait de la fui te p e r m a n e n t e , le r e n d e 
m e n t de la p o m p e sera in fé r i eu r à l ' un i t é . I n d é 
p e n d a m m e n t des a u t r e s p e r t e s inév i t ab les (cla
pe t s , pe r t e s de cha rge , etc.) le r e n d e m e n t sera : 

Q 

QE 

QE+qo 

Il s e r a donc n u l p o u r n—n(} e t c r o î t r a ensu i t e 
s u i v a n t la r e l a t i o n i nd iquée . Cette p e r t e de r e n 
d e m e n t est loin d 'ê t re négl igeable , si on n e veu t 
p a s t o m b e r su r u n e sec t ion de fuite si r i d i cu l e 
m e n t pe t i t e qu 'e l l e r i s q u e d ' ê t r e b o u c h é e p a r le 
m o i n d r e g r a in de sab le ; q u e la fui te soit b o u 
chée, la chose n ' e s t p a s très grave , m a i s ce qu i 
l 'est d a v a n t a g e , c 'est de voir la fui te a g r a n d i e 
p a r l ' é ros ion (or cet te fui te est t o u j o u r s p a r 
c o u r u e p a r u n c o u r a n t à g r a n d e v i tesse) , ca r le 
r e n d e m e n t t o m b e a lo rs t r è s r a p i d e m e n t . 

Un exemple n u m é r i q u e fera m i e u x sen t i r la 
difficulté. 

P r e n o n s le cas d ' u n e p o m p e r é p o n d a n t a u x 
c a r a c t é r i s t i q u e s su ivan te s : 

H 0 = 5 0 m tf=120 m m S—385 m m 

Si on p r e n d 7 ? 0 = 3 , la fui te d e v r a avoir u n e 
sectiom de 0,072 c m 2 , soit u n orifice c i r cu l a i r e 
d ' u n d i a m è t r e de 3 m m s e u l e m e n t . 

Si la v i tesse de r ég ime n o r m a l est n = 1 5 , le 
r e n d e m e n t , d u fait de la fui te , s e ra : 

15 

15 
= 8 0 % 
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Donc, en r é g i m e n o r m a l , 20 % de la pu i s sance 
de la m a c h i n e se ron t absorbés pa r la fuite per
m a n e n t e . Certes , la m a c h i n e d é m a r r e pour u n 
vent p lus faible que s'il n 'y avai t pas de fuite, 
mais , t ou t c o m p t e fait, le gain est assez i l lusoire . 
Peu i m p o r t e en effet que la mach ine d é m a r r e 
si elle n e p o m p e pas d 'eau . 

D é t e r m i n a t i o n d e s condi t ions 
d e f o n c t i o n n e m e n t d'une é o l i e n n e l ente 

a v e c p o m p e à p i s ton 

L'éo l ienne est ca rac té r i sée par ses carac tér i s 
t iques d o n n a n t le couple m o t e u r ou la pu i s sance 
en fonct ion de la vi tesse de ro t a t i on p o u r u n 
vent et u n d i a m è t r e d o n n é s ; i l es t éga lement 
i n t é r e s san t , p o u r d é t e r m i n e r la rés i s tance des 
o rganes et p r i n c i p a l e m e n t du pylône , de con
n a î t r e la pous sée axia le en fonct ion de la vi tesse 
du v e n t ; ces g r a n d e u r s son t géné ra l emen t don
nées sous fo rme de coefficient sans d imens ion . 

Compte t e n u des f ro t t emen t s du m é c a n i s m e 
de c o m m a n d e de la p o m p e et du r e n d e m e n t de 
la pompe, à p i s ton ( f ro t tement , fui tes , pe r t e s de 
cha rge ) , on ob t ien t géné ra l emen t u n coefficient 
de p u i s s a n c e p r a t i q u e ou r a p p o r t de l 'énergie 
h y d r a u l i q u e ob t enue à l 'énergie c iné t ique totale 
du vent , d ' u n e va leur m o y e n n e de 0,2. Ce r e n d e 
m e n t assez faible se décompose de la façon sui
vante : 

R e n d e m e n t théo r ique d ' une éol ienne 
pa r fa i t e 0,59 

R e n d e m e n t p r o p r e d ' u n e roue l en t e . 0,55 à 0,60 

R e n d e m e n t de l ' ensemble méca
n i sme , t r a n s m i s s i o n , pompe , per
tes de c h a r g e 0,00 

Il n ' e s t p a s inu t i l e de r appe le r que la not ion de 
r e n d e m e n t éne rgé t ique est d ' u n in té rê t secon
da i re ; ce qu ' i l i m p o r t e de conna î t r e p a r con t re 
est le p r ix de rev ien t de l 'uni té de vo lume de l 'eau 
pompée . 

Nous a l lons , en n o u s a p p u y a n t sur u n exemple 
concret , d é t e r m i n e r la p roduc t ion d ' une éol ienne 
lente à p i s ton , afin de d é t e r m i n e r le p r ix de 
revient du m H d 'eau p o m p é e . Nous p r e n d r o n s 
l 'exemple d ' u n e éol ienne de 6,10 m de d i a m è t r e 
devan t p o m p e r de l 'eau sous u n e h a u t e u r de 
r e fou lemen t to ta le de 40 m. L a p o m p e à p is ton 
é tan t u n e p o m p e à couple c o n s t a n t (aux i r régu
lar i tés p rès , s ignalées p l u s hau t , ma i s en m a r c h e 
n o r m a l e et c o m p t e tenu de l ' inert ie de la roue, 
tout se pas se c o m m e si la m a c h i n e absorba i t 
un couple c o n s t a n t ) , il est c o m m o d e de r ep ré 
senter les ca r ac t é r i s t i ques de Téolienne sur un 
g r a p h i q u e couple-vi tesse avec la vitesse du vent 

c o m m e p a r a m è t r e . Il convien t t ou t d ' abord de 
chois i r l 'a lésage et la cou r se de la p o m p e . On 
cons idé re ra 4 modèles de p o m p e s r é s u l t a n t de la 
combina i son de deux corps de p o m p e avec deux 
calages de manive l les , soit : 

alésage : 1 2 5 m m alésage : 100 mm 

course : 3 8 4 m m course : 3 8 4 mm 

cy l indrée : 4,7 l i tres cy l indrée : 7,7 l itres 

alésage : 1 2 5 m m alésage : 100 mm 

course : 1 9 0 m m course : 4 9 0 m m 

cy l indrée ; 6 l i tres cy l indrée : 9,9 l i tres 

L' in te r sec t ion de l 'hor izonta le de couple cons 
tan t de la p o m p e avec les courbes de couple à 
vi tesse de ven t c o n s t a n t de l 'éol ienne p e r m e t t a i t 
d 'é tabl i r la vi tesse de r o t a t i o n de la m a c h i n e en 
fonct ion de la v i tesse du ven t p o u r les 4 modè les 
de p o m p e . On en dédu i t a i s é m e n t les courbes 
d o n n a n t le débi t en fonc t ion de la v i tesse du 
ven t p o u r les 4 modè les de p o m p e s . On r e m a r 
que ra que les 4 courbes ob tenues on t sens ib le
m e n t pour enveloppe u n e pa rabo le cub ique cor-

10 V r n / S 

FIG. 17. — Choix d'une pompe à piston pour une 
éolienne lente de 6,10 m de diamètre et pour une hau teur 
de refoulement de 40 ni. Courbes (tonnant la vitesse de 
rotation et le débit pompé, en fonction de la vitesse du 

veut, sans l imitation par éelipsage. 

Choice of a reciprocadng pitmp for a (>.f m diameter 
slow-running wtndmili and a discharge head of /¡0 m. 
Curues gioe fhe speed of rotation and the discharge 
pinnped, in tenus of wind speed, ignoring <iny limitation 

due ta eelipsing. 

r e s p o n d a n t au coefficient de p u i s s a n c e 0,2. Les 
zones de t angence à l 'enveloppe sont les zones 
de mei l leur r e n d e m e n t . 

On cons ta te donc que , su ivan t la v i tesse du 
vent à équ iper , il y a u r a lieu d ' adop te r tel ou 

4 
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loi t ype de p o m p e . L a m a c h i n e n ' e s t p a s appelée 
à fonc t ionne r p o u r u n e seule va leur de la vi tesse 
du vent , m a i s p o u r t o u t e u n e g a m m e de vi tesses , 
avec des du rées ca rac té r i sées p a r la cou rbe 
v i tesse-durée de la région cons idérée . P a r t a n t 
de la courbe v i tesse-durée et des courbes de 
débit en fonct ion de la vi tesse d u vent , il sera 
facile de d é t e r m i n e r p o u r c h a q u e t ype de p o m p e 
le vo lume tola l d 'eau p o m p é e d a n s l ' année , a ins i 
que le n o m b r e to ta l d ' h e u r e s de f o n c t i o n n e m e n t . 
On t i endra éga l emen t c o m p t e de la v i tesse du 
vent à p a r t i r de laquel le l 'écl ipsage de la r o u e 
c o m m e n c e à se p r o d u i r e ; on a d m e t t r a q u ' à pa r 
tir de cet te vi tesse, la pu i s sance , d o n c le débit 
de la m a c h i n e , est m a i n t e n u e c o n s t a n t e . Les 
r é s u l t a i s ob t enus sont cons ignés d a n s u n g r a p h i -

LDébtî annuel en m 3 

3 0 0 0 4 0 0 0 5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0 

J;j<i. 18. — Graphique d 'ut i l isat ion 'd'une éolienne lente 
de (î,l() ni avec pompe à piston refoulant à 40 m. 

Utilization graph for a 6.Í m slow-running windmill 
with a reciprocating pump discharging under Win. 

q u e débi t a n n u e l - n o m b r e d ' h e u r e s , ou g r a p h i q u e 
d 'u t i l i sa t ion . Sur le g r a p h i q u e , on a p o r t é les 
ré su l t a t s o b t e n u s en p a r t a n t des courbes vi tesse-
du rée c o r r e s p o n d a n t a u x vi tesses m o y e n n e s 
annue l l e s : 0 m / s et 4 m / s . On cons t a t e ainsi 
(pie, pa r vent m o y e n de 4 m / s , il est poss ible de 
p o m p e r j u s q u ' à 30.000 m 3 p a r an sous u n e h a u 
teur de 40 m avec u n e d u r é e de f o n c t i o n n e m e n t 
de 0.000 h e u r e s , soit p e n d a n t 68 % du t e m p s . 
P a r con t re , avec u n ven t moyen a n n u e l de 6 m / s , 
on a t t e i n d r a 50.000 m 3 p a r an avec u n e d u r é e de 
f o n c t i o n n e m e n t de 7.500 h e u r e s , soit 85 % du 
t emps . 

Enfin, m o y e n n a n t u n e r éduc t ion de la d u r é e 
de f o n c t i o n n e m e n t , il sera poss ible d ' accro î t re 
le débi t p o m p é j u s q u ' à 72.000 nr 1 p a r an . E t a n t 

d o n n é l ' in térê t qu ' i l y a, p o u r ce type d ' ins ta l l a 
tion, à ob ten i r le m a x i m u m de t e m p s de fonc
t i o n n e m e n t , cons idé rons s e u l e m e n t le point cor
r e s p o n d a n t à 50.000 m : i et 7.500 h e u r e s . Le p o m 
page de 50.000 m : i p a r an à 40 m r e p r é s e n t e u n e 
énerg ie h y d r a u l i q u e équ iva len te à 5.500 k W h 
p a r an . Si l 'éol ienne é ta i t r e m p l a c é e p a r un 
g roupe de p o m p a g e é lec t r ique , p o u r lequel il 
f a u d r a i t a d m e t t r e u n r e n d e m e n t total de 0,53, 
soit : 

R e n d e m e n t du m o t e u r 0,80 

P e r t e en ligne 0,05 

R e n d e m e n t total de la p o m p e , t r a n s m i s 
sion c o m p r i s e 0,70 

on sera i t condu i t à u n e c o n s o m m a t i o n au 
c o m p t e u r de 10,400 k W h p a r an . D a n s le cas 
d ' u n p o m p a g e p a r m o t e u r à c o m b u s t i o n i n t e r n e , 
on ob t i endra i t , d a n s les m ô m e s cond i t ions , u n e 
c o n s o m m a t i o n a n n u e l l e de 4.100 1 de c a r b u r a n t . 

Sans t e n i r c o m p t e des frais d ' i n s t a l l a t ion de 
la l igne clans le cas de l ' é q u i p e m e n t é lec t r ique , 
ni des frais de surve i l l ance et d ' en t r e t i en d a n s 
le cas du g r o u p e t h e r m i q u e , u n e telle i n s t a l l a t i on 
éo l ienne se ra i t a m o r t i e en m o i n s de 7 ans , a lors 
qu 'on peu t c o m p t e r su r u n e d u r é e de vie nor 
ma le de 20 a n s en cas d ' e n t r e t i e n convenab le . 
Les f ra is occas ionnés p a r la l igne et p a r la p r é 
sence d ' u n su rve i l l an t p o u r le m o t e u r t h e r m i q u e 
d e v e n a n t cons idé rab les l o r sque le g roupe de 
p o m p a g e est éloigné d ' un cen t r e hab i t é , la r e n 
tabil i té de l 'éol ienne est n o t a b l e m e n t acc rue 
d a n s ces condi t ions , en sor te que cet te so lu t ion 
peu t deveni r de beaucoup la p l u s a v a n t a g e u s e . 

E o l i e n n e s r a p i d e s p o u r p o m p e s c e n t r i f u g e s 
o u à h é l i c e s 

On appe l le « é o l i e n n e r a p i d e » u n e m a c h i n e à 
faible n o m b r e de pales don t la vi tesse de ro t a 
tion co r r e spond à u n r a p p o r t u/v p é r i p h é r i q u e 
de l 'ordre de 3 à 7 ou 8 et m ê m e p lus . Ces 
m a c h i n e s p r é s e n t e n t des c a r a c t é r i s t i q u e s de 
fonc t i onnemen t t r è s différentes de celles des 
eol iennes lentes . L a va r i a t ion du coefficient de 
couple en fonct ion du r a p p o r t u/v est la sui 
van te : au d é m a r r a g e , le couple est t rès faible, 
pu is croî t en m ê m e t emps que le r a p p o r t u/v 
j u s q u ' à a t t e i n d r e u n m a x i m u m qu i se s i tue 
s ens ib l emen t d a n s la zone de r e n d e m e n t max i 
m u m . A p a r t i r de ce m a x i m u m , le couple décroî t 
c o n t i n u e l l e m e n t lorsque le r a p p o r t u/v aug 
m e n t e j u s q u ' à l ' emba l l ement . L a zone de couple 
c ro i s san t e n t r e le d é m a r r a g e et le m a x i m u m 
cor re spond souven t à des ins tab i l i t é s de fonc
t i o n n e m e n t . Le très faible couple de d é m a r r a g e 
de ces m a c h i n e s les r e n d i nap t e s à l ' en t r a îne -
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m e n t d i rec t de p o m p e s à p i s ton . Un tel genre 
de p o m p e ne p e u t ê t re en t r a îné convenab lemen t 
q u ' e n i n t e r p o s a n t , e n t r e Féolienne et la pompe , 
soit u n e t r a n s m i s s i o n é lec t r ique, soit u n accou
p l e m e n t à force cent r i fuge p e r m e t t a n t à 
Féol ienne de p r e n d r e de la vi tesse p o u r a t t e in 
d re u n r é g i m e à couple m o t e u r suffisant. 

P a r con t re , les p o m p e s centr i fuges ou hélices 
s ' adap t e n t r e m a r q u a b l e m e n t b ien à l 'accouple
m e n t à de tel les éol iennes , car leur couple de 
d é m a r r a g e est t r ès faible et l eur ca rac t é r i s t i que 

t h é o r i q u e m e n t poss ib le d 'ob ten i r u n e b o n n e u t i 
l isat ion de Féol ienne lente et u n e b o n n e p r o 
duc t i on d 'énerg ie avec les g roupes à p o m p e à 
pis ton, m a i s ceci e n t r a î n e r a i t des compl i ca t i ons 
mécan iques , c o m m e u n e va r i a t i on a u t o m a t i q u e 
du r a p p o r t de r é d u c t i o n éo l i enne-pompe , com
pl ica t ions qu i ne s ' accorden t p a s avec la r u s t i 
cité exigée de ces m a c h i n e s de pe t i te p u i s s a n c e . 
Il semble donc bien, et ceci p o u r des r a i s o n s 
d ' économie et d ' exp lo i ta t ion , que l 'u t i l i sa t ion de 
Féol ienne lente r e s t e r a l imitée a u x pet i tes p u i s -

p I C l i 19, — Eolienne rapide pour pompe centrifuge avec roue de 8 m de diamètre 
à pales orientables à liaison élastique. Construction Neyrpic. 

S m diumeter, high speed windmiif, milh Hpring tinked adjustable bifides, 
for a centrifugai pump. Manu faci ured by Neyrpic. 

puissance-v i tesse est telle qu ' i l est possible de 
faire co ïnc ider les zones de fonc t ionnement à 
r e n d e m e n t m a x i m u m de Féolienne et de la 
pompe . On ne se ra donc pas é tonné d 'obteni r 
avec ces g r o u p e s u n e p roduc t ion h y d r a u l i q u e 
t o u j o u r s n e t t e m e n t p lus élevée qu 'avec les 
g roupes à p o m p e à p is ton p o u r un m ê m e dia
m è t r e de r o u e et u n m ê m e site. Certes, il est 

sances , c e p e n d a n t que Féol ienne r a p i d e ve r r a 
son c h a m p d ' app l i ca t ion s ' é t endre d a n s Je 
d o m a i n e des m o y e n n e s et g r a n d e s pu i s sances , 
p o u r lesquel les un bon r e n d e m e n t global devient 
nécessa i re . 

Les éol iennes r ap ides p e u v e n t ê t re de deux 
types : soit à pales fixes, soit à pa les o r i en tab les . 
La m a c h i n e a paies fixes ut i l ise pour son réglage 
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Mechanism of a J3 in diameter high speed windmill with spring linked 
adjustable blades. 

Kiev. 2 0 . — Mécanisme d'une col ienne rapide de 1 3 m de diamètre , à palus or ientables 
à l iaisons é las t iques . 
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Vitesse de rotation : 5 0 t r / m n 
Puissance sur lo roue : 12 kW 

Pole en drapeau 

por vent de 7 m / s 

Arbre de la pompe 

Commande demise â l'arrêt 

Cktpef é q u t l i b r e de 7 2 0 

Plateau d'accouplement 

- Transmission à cordon 

Tête de pompe type V G 

Bac À huile 

• • Manchclte tétc coude 
1_ 

Grille de protection 

Coude de sortie d'eau H/720 
. . Corps de pompe M/720 

FIG. 2 1 . — Ko Merme rápido Neyrpic de 13 m de diámetro en train ¡mi une pompe 
a hélice Alta pour l ' i r r igaüon, 

Neyrpic 13 m diameter, high speed windmill driving an Alta propeller pump 
for irrigation purposes. 
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u n e p rop r i é t é r e m a r q u a b l e des profils l ins . 
L o r s q u e l 'angle d ' ine idence du c o u r a n t relat if 
p a r r a p p o r t à la pa l e a t t e in t u n e ce r t a ine va leur , 
le coefficient de p o r t a n c e du profil décro î t b r u s 
q u e m e n t , et la p u i s s a n c e de la m a c h i n e est 
l imi tée au lieu de c ro î t re c o m m e le cube de la 
vi tesse du vent . Ce p h é n o m è n e , b ien c o n n u en 
av ia t ion sous le n o m de p e r t e de vi tesse, p e u t 
ê t re ut i l isé p o u r l imi te r la p u i s s a n c e de 
Féo l i enne ; il nécess i te toutefois l ' emploi de pa les 
t r ès fines, d o n t la t e n u e a u x t empê tes et aux 
b r u s q u e s ra fa les est difficile à a s s u r e r . 

L a m a c h i n e à pa les o r ien tab les p e r m e t u n e 
p l u s g r a n d e souplesse de f o n c t i o n n e m e n t et 
r é sou t h e u r e u s e m e n t le p r o b l è m e de la t e n u e 
p a r g r a n d vent . Le f o n c t i o n n e m e n t de cet te 
m a c h i n e est le s u i v a n t : — p o u r les vi tesses de 
ven t c o m p r i s e s e n t r e la v i tesse de d é m a r r a g e et 
la v i tesse n o m i n a l e , le calage des pa les res te 
c o n s t a n t ; la m a c h i n e se c o m p o r t e c o m m e u n e 
m a c h i n e à pa le s fixes don t le r ég ime est défini 
p a r l ' i n te r sec t ion des c a r a c t é r i s t i q u e s éol ienne 
et p o m p e . L o r s q u e la v i tesse n o m i n a l e est 
dépassée , le m é c a n i s m e de réglage i n t e rv i en t 
p o u r modif ier l ' inc l ina ison des pa les et m a i n 
t en i r c o n s t a n t e s la p u i s s a n c e et la v i tesse . Dif
fé ren ts sys t èmes p e u v e n t ê t re u t i l i sés p o u r com
m a n d e r l ' o r i en ta t ion des pa l e s : force cent r i fuge , 
pous sée a é r o d y n a m i q u e s u r les pa les , e t c . , ou 
m ê m e , p o u r les m a c h i n e s de g r a n d e p u i s s a n c e , 
s e rvo -mo teu r s et r é g l e u r s . Le rég lage u t i l i s an t 
u n s y s t è m e de r e s s o r t é q u i l i b r a n t la pous sée 
a é r o d y n a m i q u e des pa le s p r é s e n t e le g ros a v a n 
tage de se c o m p o r t e r r e m a r q u a b l e m e n t b ien 
a u x ra fa les de vent , car sous Feft'et d ' u n e b r u s 
que a u g m e n t a t i o n de vi tesse d u vent , les pa le s 
cèden t en l i m i t a n t à la fois la v i tesse de r o t a t i o n 
et l'effort subi p a r l ' ensemble de la m a c h i n e . L a 
figure 21 r e p r é s e n t e u n e telle m a c h i n e accou
plée à u n e p o m p e hé l i ce ; d a n s ce t te m a c h i n e , 
l 'axe de t o u r i l l o n n e m e n t des pa les est chois i de 
telle m a n i è r e q u e la r é s u l t a n t e a é r o d y n a m i q u e 
des efforts su r la pa le crée u n couple t o u j o u r s 
de m ê m e s igne ; ce couple , c ro i s san t avec la 
v i tesse d u vent , est équi l ibré p a r u n sys t ème 
é las t ique chois i de tel le façon q u e la vi tesse 
de r o t a t i o n soit a p p r o x i m a t i v e m e n t c o n s t a n t e 
d a n s la zone de réglage et t e n d e à d i m i n u e r p o u r 
les t r è s g r a n d s v e n t s , les pa les se m e t t a n t a lors 
en d r a p e a u . L e m o m e n t d ' ine r t i e de la pa le 
a u t o u r de son axe de t o u r i l l o n n e m e n t é t a n t t rès 
faible, le sys t ème é l a s t ique cède i m m é d i a t e m e n t 
sous l'effet d ' u n e ra fa le et les efforts s u p p o r t é s 
p a r l ' ensemble de la c o n s t r u c t i o n son t r é d u i t s . 
La va l eu r de la vi tesse d u ven t à p a r t i r de 
laquel le le réglage in t e rv ien t , a ins i que celle à 
p a r t i r de laquel le la m a c h i n e se m e t en d r a 
peau , p e u v e n t s ' a jus t e r p a r le rég lage de la ten
sion in i t ia le du r e s so r t . L ' a r b r e de la r o u e 
e n t r a î n e un couple con ique m u l t i p l i c a t e u r a t t a 

q u a n t u n a r b r e ver t ica l s i tué su r Faxe du py lône 
et rel ié a u sol à la p o m p e , e l l e -même à axe ver
t ical , a ins i qu ' i l convien t p o u r u n e p o m p e noyée . 
L ' o r i e n t a t i o n de l ' ensemble d u m é c a n i s m e 
a u t o u r d ' u n axe ver t ica l est a s su rée p a r u n e 
roue aux i l i a i r e ; celle-ci, p a r l ' i n t e rméd ia i r e d 'en
g renages d é m u l t i p l i c a t e u r s , a t t a q u e u n e vis glo-
b ique i r révers ib le . Ce disposi t i f t r è s efficace 
j o u e à la fois le rô le de s e r v o - m o t c u r et de 
l i m i t e u r de vi tesse d 'o r i en ta t ion , p o u r évi ter les 
efforts gyroscop iques t r o p cons idé rab le s . 

D é t e r m i n a t i o n d e s c o n d i t i o n s 
d e f o n c t i o n n e m e n t d 'une é o l i e n n e r a p i d e 

a v e c p o m p e c e n t r i f u g e 

D e u x rég imes de m a r c h e do iven t ê t r e cons i 
dérés p o u r Féol ienne : lors de la m a r c h e p o u r 
vi tesse de ven t s u p é r i e u r e à la v i tesse n o m i n a l e , 
le sy s t ème de rég lage i n t e r v e n a n t , la p u i s s a n c e 
fou rn ie p a r la m a c h i n e est m a i n t e n u e sens ib le
m e n t cons t an t e , et le g roupe fonc t ionne d a n s les 
m ê m e s condi t ions q u ' u n g r o u p e p o m p e n o r m a l 
à m o t e u r é lec t r ique . P a r con t re , p o u r les v i tesses 
de ven t in fé r i eu res à la v i tesse n o m i n a l e , le sys 
tème de rég lage n ' i n t e r v i e n t p a s et la m a c h i n e 
fonc t ionne c o m m e u n e éo l ienne à pa le s fixes. 

i N k W sur i'arbre de f hél ice 
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Fio. 22. — Caractéristiques puissance-vitesse d 'une 
éoHenne rapide de 13 m, pour différentes valeurs de la 

vitesse du vent (ß = 1()«). 

Power-speed characteristics of a IS m high speed 
windmill for various values of wind speed (ß ~ 10°). 
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C'est ce m o d e de f o n c t i o n n e m e n t que nous exa
m i n e r o n s p a r t i c u l i è r e m e n t . 

Alors q u e d a n s le cas des éol iennes pou r 
p o m p e à p i s ton , il é ta i t c o m m o d e de r ep résen 
ter les c a r a c t é r i s t i q u e s de Féol ienne d a n s u n 
d i a g r a m m e couple-vi tesse de ro ta t ion , car la 
p o m p e à p i s ton é ta i t u n e m a c h i n e à couple cons
tant , ici, p a r con t re , é t a n t donné la façon don t 
sont d o n n é e s h a b i t u e l l e m e n t les ca rac té r i s t iques 
des p o m p e s , il s e ra p ré fé rab le de r ep ré sen t e r les 
cond i t ions de f o n c t i o n n e m e n t de Féol ienne dans 
un d i a g r a m m e pu issance-v i t esse de ro ta t ion . 
Dans u n tel d i a g r a m m e , et p o u r u n e vi tesse de 
vent donnée , la v a r i a t i o n de la pu i s sance d ispo
nible s u r l ' a rb re de Féol ienne, en fonct ion de la 
vi tesse de ro ta t ion , est r ep résen tée p a r une 
courbe d ' a l l u r e p a r a b o l i q u e . La p a r t i e gauche de 
cet te cou rbe n ' e s t géné ra l emen t pas ut i l isée et 
c o r r e s p o n d à des ins tab i l i t és de r ég ime s u r t o u t 
p o u r les m a c h i n e s r ap ides . Le s o m m e t de la 
courbe c o r r e s p o n d à la zone de r e n d e m e n t max i 
m u m ; l ' e m b a l l e m e n t s 'obt ient p o u r u n e vitesse 
de r o t a t i o n sens ib l emen t doub le de celle du r en 
d e m e n t m a x i m u m . On p e u t p a s s e r avec une 
b o n n e a p p r o x i m a t i o n d ' u n e courbe cor respon
d a n t à u n e va l eu r vx de la v i tesse du vent à u n e 
courbe c o r r e s p o n d a n t à la va leur v2 en mu l t i 
p l i an t les absc isses p a r le r a p p o r t v2/i)\ et les 
o rdonn é e s p a r le r a p p o r t (v^/v^. L e s po in t s de 
r e n d e m e n t m a x i m u m sont donc sens ib lement 
s i tués s u r u n e p a r a b o l e cub ique N=7c / r \ 

Cette p rop r i é t é , c o m m u n e à tou tes les tu rbo-
m a c h i n e s , a p p a r t i e n t éga lement a u x p o m p e s 
cent r i fuges et hé l ices ; auss i faut- i l s ' a t t end re à 
une h e u r e u s e c o n c o r d a n c e des zones de fonct ion
n e m e n t à bon r e n d e m e n t de Féol ienne et de la 
p o m p e . 

Les c a r a c t é r i s t i q u e s des p o m p e s sont hab i tue l 
l emen t d o n n é e s sous la fo rme de courbe débit-
h a u t e u r de r e fou lemen t , à vi tesse de ro ta t ion 
c o n s t a n t e . P o u r l ' é tude de l ' accouplement à u n e 
éol ienne, il est p l u s c o m m o d e d 'u t i l i ser les 
c a r ac t é r i s t i ques p u i s s a n c e absorbée-vi tesse de 
ro t a t i on à h a u t e u r de r e fou lemen t cons tan te , 
cette d e r n i è r e é tan t , en effet, p r a t i q u e m e n t 
c o n s t a n t e d a n s la p l u p a r t des cas. Si toutefois 
les pe r t e s de c h a r g e du c i rcui t s u r lequel débi te 
la p o m p e n ' é t a i en t pas négligeables, il convien
d ra i t d 'u t i l i se r la courbe puissance-vi tesse de 
r o t a t i o n c o r r e s p o n d a n t à la ca rac té r i s t ique débit-
h a u t e u r d u c i rcu i t d 'u t i l i sa t ion . Le passage des 
c a r a c t é r i s t i q u e s d é b i t - h a u t e u r à vitesse cons
t a n t e a u x ca r ac t é r i s t i ques puissance-v i tesse de 
ro t a t i on à h a u t e u r c o n s t a n t e se fait s ans diffi
cul té p a r les f o rm u le s c lass iques de s imi l i tude, 
soit p o u r u n e m ê m e roue , soit pour des roues 
g é o m é t r i q u e m e n t semblables . Tl sera commode 
enfin de g r a d u e r les courbes puissance-vi tesse a 
h a u t e u r c o n s t a n t e en débi ts . En superposan t 
dans le p l a n pu issance-v i tesse de ro ta t ion les 

ca rac t é r i s t i ques p o m p e et éol ienne, on obt ien
d r a les i n t e r sec t ions d é u n i s s a n t les po in t s de 
fonc t i onnemen t et, p o u r c h a q u e vi tesse de vent , 
sera a ins i définie la vi tesse de ro ta t ion et le 
débi t fou rn i p a r 3a p o m p e sous la h a u t e u r cons i 
dérée . 

Un type de p o m p e é t an t donné , la d é t e r m i n a 
t ion de la courbe pu i s sance-v i t e sse à h a u t e u r 
cons t an t e nécess i te tou t d ' abo rd la c o n n a i s s a n c e 
du po in t de f o n c t i o n n e m e n t n o m i n a l . Sur 
Féol ienne, ce po in t se ra défini p a r la vi tesse de 
vent et la vi tesse de ro t a t ion . On chois i t géné ra 
l emen t le po in t de r e n d e m e n t m a x i m u m su r la 
courbe tfH=Gte. Ce po in t é t a n t choisi , on c o n n a î t 
la p u i s s a n c e d i sponib le et la v i tesse de ro t a t i on . 
Reste à d é t e r m i n e r la p o m p e . Le type de 
m a c h i n e é t an t connu et ca rac té r i sé , p a r exemple 
p a r u n e courbe Q — H à n=^CAE pour u n e 
m a c h i n e de d i a m è t r e D 5 , on chois i ra s u r la 
courbe u n po in t de f o n c t i o n n e m e n t (Q!, HU 

n 1 ? N t ) . On c h e r c h e r a a lors , p a r les fo rmules 
habi tue l les de s imi l i tude , le d i a m è t r e et la v i tesse 
de ro t a t i on qu ' i l convien t de d o n n e r à cel te 
p o m p e p o u r qu 'e l le absorbe la p u i s s a n c e N 2 

sous la h a u t e u r H 2 . 

Soit : A = E L / H j et B = Q O / Q , 

On a N o / N x = A . B . D'où le r a p p o r t B défi
n i s san t le débit de la p o m p e . Le d i a m è t r e et la 
vi tesse sont a lors donnés p a r : 

1 ^ B 1 ^ 

et : 

N . A : Î 1 

" N "
 : B 1 -

La conna i s sance de pe rme t e n t r e a u t r e s de 
définir le r a p p o r t de mul t ip l i ca t ion à p révo i r 
e n t r e l 'hélice et la p o m p e . L a p o m p e est a lors 
dé t e rminée p a r les g r a n d e u r s IX, iu, Q 2 . La 
courbe N — n à H 2 ^=Cte r e c h e r c h é e n ' e s t a u t r e 
que la t r a n s f o r m é e à l 'hor izonta le H ^ - G t e de la 
coll ine de la p o m p e de d i a m è t r e D , . 

Le choix du po in t déf inissant le fonc t ionne
m e n t de la p o m p e est é v i d e m m e n t a r b i t r a i r e . 
P o u r les g roupes à e n t r a î n e m e n t p a r m o t e u r à 
vi tesse cons t an te , on choisi t un po in t d a n s la 
rég ion de mei l l eur r e n d e m e n t de la p o m p e . D a n s 
le cas d ' une p o m p e e n t r a î n é e p a r u n e éol ienne, 
il n ' e s t n u l l e m e n t év ident a priori que le point 
de r e n d e m e n t m a x i m u m de la p o m p e soit le p l u s 
favorable. Il f au t en effet cons idé re r ici que , 
d ' une pa r t , la p roduc t ion totale d ' énerg ie dépend 
de la courbe v i tesse-durée du si te cons idéré et, 
d ' a u t r e par t , que le n o m b r e total d ' h e u r e s de 
fonc t ionnemen t est d ' une g r a n d e i m p o r t a n c e 
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p o u r le ca lcul des d i m e n s i o n s du réservoi r d 'ac
c u m u l a t i o n . 

Inf luence d u c h o i x 
d e s p o i n t s d e f o n c t i o n n e m e n t d e F é o l i e n n e 

et d e la p o m p e sur la p r o d u c t i o n 

P o u r m e t t r e en l umiè re l ' influence considé
rab le d u choix du po in t de f o n c t i o n n e m e n t de la 
p o m p e su r la p r o d u c t i o n du g roupe , n o u s n o u s 
a p p u i e r o n s su r u n exemple concre t . On é tud i e r a 
l ' a ccoup lemen t d ' u n e éol ienne r a p i d e de 13 m de 
d i a m è t r e , don t les ca r ac t é r i s t i ques pu i s s ance -
vi tesse son t données p a r la f igure 22 avec u n e 
p o m p e cen t r i fuge don t les ca r ac t é r i s t i ques débi t -
h a u t e u r son t données p a r la figure 23, la h a u t e u r 
de r e f o u l e m e n t é t a n t de 40 m et les cond i t ions 

0 10 20 30 40 50 60 QI/S 

FIG. 23. — Caractérist ique à vitesse constante d'une 
pompe centrifuge pour éolienne. Les différents points 
de fonctionnement À, B, C, D, E, F se re t rouvent sur 

les figures 24 et 25. 

Constant speed characteristics of a centrifugal pump for 
windmill application. The various operating points A, 

B, C, D, E, F are repeated on Figs. 27r and 25. 

météoro log iques é t a n t définies p a r la courbe 
v i tesse -durée de la figure 7 c o r r e s p o n d a n t à la 
vi tesse m o y e n n e 6 m / s . Le r ég ime de m a r c h e 
est défini p a r le po in t n o m i n a l de l 'éol ienne el 
le p o i n t de f o n c t i o n n e m e n t c o r r e s p o n d a n t de la 
p o m p e . 

— P o u r l 'éol ienne, on e x a m i n e r a succes s ivemen t 
les po in t s su ivan t s : m a r c h e à r e n d e m e n t 
m a x i m u m p o u r les v i tesses de vent : 6, 7, 8 
et 9 m / s ; au-de là de ces vi tesses , le réglage 
m a i n t i e n t la p u i s a n c e c o n s t a n t e . 

P o u r la p o m p e , on e x a m i n e r a les po in t s 
m a r q u é s A, B, C, D, E, F s u r le d i a g r a m m e 
et c o r r e s p o n d a n t r e s p e c t i v e m e n t a u x va l eu r s 

su ivan t e s d u r e n d e m e n t : 72, 80, 76, 66, 54, 
45 %. Au to ta l , 24 r ég imes différents s e ron t 
e x a m i n é s . P o u r c h a c u n d 'eux, on é tab l i ra 
a ins i qu ' i l a été di t p l u s h a u t , u n e cou rbe 
pu i s sance -v i t e s se de r o t a t i o n p o u r H = 4 0 m 
et la courbe c o r r e s p o n d a n t e d o n n a n t le débit 
en fonc t ion de la v i tesse du vent . 

L a figure 24 r e p r é s e n t e les courbes débi t -
vi tesse d u ven t p o u r les différents p o i n t s de 
f o n c t i o n n e m e n t de la p o m p e , et p o u r la v i tesse 
n o m i n a l e v=8 m / s . O n c o n s t a t e r a en t r e a u t r e s 
que l ' amorçage de la p o m p e se fait p o u r u n débi t 
n o n n u l ; ceci est d û au fait q u e la courbe débi t -
h a u t e u r à vi tesse c o n s t a n t e p r é s e n t e u n m a x i 
m u m . Si cet te cou rbe n e p r é s e n t a i t p a s de m a x i 
m u m , l ' amorçage se fe ra i t à débi t nu l , c o m m e 
on le v e r r a p o u r les a u t r e s types de p o m p e s exa
m i n é s p l u s loin. 

AVEC 6 M / S DE VENT MOYEN 

2 3 4 5 6 7 8 9 V EN M / S " 

FIG. 24. — Courbes de débit en fonction de la vitesse du 
vent pour une pompe centrifuge refoulant sous 40 m 
et entraînée pour une éolienne de 13 m ayant une 
vitesse nominale de 8 m / s et pour différents points de 

fonctionnement de la pompe. 

Discharge curves against wind speed for a centrifugal 
pump working under a head of AO m and driven by a 
13 m windmill having a rated wind speed of S mlsec. 
Curves taken for different operating points of the pump. 

L a cou rbe v i tesse-durée déf in issant le r ég ime 
mé téo ro log ique fourn i t , p o u r c h a q u e vi tesse de 
vent , le n o m b r e d ' heu re s de f o n c t i o n n e m e n t , et 
p e r m e t , en s ' a p p u y a n t s u r la cou rbe débi t -v i tesse 
de vent , de calculer , p o u r u n e a n n é e , le v o l u m e 
to t a l d ' eau p o m p é e et le n o m b r e d ' h e u r e s to t a l 
de f o n c t i o n n e m e n t . 

C h a c u n des 24 rég imes de f o n c t i o n n e m e n t 
envisagé condu i t a ins i à u n ensemb le de chiffres 
r é s u m a n t la p r o d u c t i o n a n n u e l l e . Ces r é s u l t a t s 
son t cons ignés d a n s u n d i a g r a m m e débi t t o t a l -
n o m b r e d ' h e u r e s ; les différents p o i n t s sont 
g roupés su ivan t des courbes d 'égales vi tesses de 
vent n o m i n a l e s et d 'égales cond i t ions de fonc-
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i ionnemei i t de la p o m p e . L ' e x a m e n du g r a p h i q u e 
a insi ob t enu fai t p a r f a i t e m e n t ressor t i r Fin-
l luence cons idé rab le du choix des poin ts de fonc
t i o n n e m e n t su r la p r o d u c t i o n . On consta te , en 
par t i cu l ie r , q u e les r ég imes c o r r e s p o n d a n t au 
r e n d e m e n t m a x i m u m de la p o m p e au poin t 
n o m i n a l sont loin de d o n n e r les mei l l eurs résu l 
t a t s ; il convien t , a u con t ra i r e , d ' adop te r p o u r 
la p o m p e u n p o i n t de fonc t ionnemen t au r ég ime 
n o m i n a l s i tué t r è s à dro i te du r e n d e m e n t m a x i 
m u m . C'est a ins i que , d a n s le cas considéré , le 
vo lume p o m p é m a x i m u m est ob tenu p o u r u n 
r e n d e m e n t n o m i n a l de la p o m p e de 66 %, et la 
du rée de f o n c t i o n n e m e n t m a x i m u m p o u r un 
r e n d e m e n t de p o m p e au po in t n o m i n a l de 45 % 
seu lement . L ' é t ab l i s s emen t d ' un p ro je t sér ieux 
de p o m p a g e p a r éol ienne doit compor t e r l 'éta
b l i s sement de tel les courbes , qui seules pe rme t -

Débit annuel en m 3 

7 0 0 0 0 0 

6 0 0 0 0 0 

5 0 0 0 0 0 

3 0 0 0 0 0 

1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 6 0 0 0 7 0 0 0 8 0 0 0 

Fia. 25. — Graphique d 'uti l isation d'une éolienne l'apide 
de 13 m avec pompe centrifuge refoulant sous 40 m, 
pour une vitesse de vent moyenne annuelle de 6 m/ s . 

Utilization graph of a 13 m high speed windmill with 
a centrifugal pump discharging under ?t0 m head, for a 

annual mean wind speed of 6 m f sec. 

lent de chois i r c o r r e c t e m e n t les ca rac té r i s t iques 
de l ' i n s ta l l a t ion p o u r t en i r compte tan t des 
besoins en v o l u m e to ta l q u ' e n n o m b r e d 'heures 
de m a r c h e . 

P a r t a n t des chiffres q u i v iennen t d 'être obte
nus , on p e u t se fa i re u n e idée de la rentabi l i té 
de l ' i n s t a l l a t ion ; cons idé rons le po in t de fonc
t i onnemen t ca rac t é r i s é p a r u n e p roduc t ion 
annue l le de 550.000 m 3 à 40 m et 5.750 h e u r e s 
de m a r c h e . Si le p o m p a g e étai t effectué au 
moyen d ' u n g roupe p o m p e à m o t e u r é lectr ique, 
en a d m e t t a n t les r e n d e m e n t s movens su ivants : 

--— per t e en l igne 5 % 

r e n d e m e n t du m o t e u r 90 % 

— r e n d e m e n t , t r a n s m i s s i o n et 
p o m p e 70 % 

on sera i t condu i t à u n e c o n s o m m a t i o n a n n u e l l e 
de 107.000 k \ V h . Si le p o m p a g e é ta i t effectué au 
moyen d 'un g roupe t h e r m i q u e , la c o n s o m m a t i o n 
annue l l e de c a r b u r a n t se ra i t de 34.000 l i t res . 
D a n s ces cond i t ions , et s a n s teni r c o m p t e des 
frais d ' ins ta l l a t ion de la l igne d ' u n e p a r t , et des 
t ra i s d ' en t r e t i en et de surve i l l ance , d ' a u t r e p a r t 
(frais qu i p e u v e n t ê t r e élevés si la p o m p e est 
éloignée d ' un cen t r e hab i t é ) , l ' a m o r t i s s e m e n t de 
F éol ienne est a s su ré en q u a t r e a n s . L ' i n s t a l l a t i on 
d 'un g roupe de p o m p a g e avec éol ienne est donc 
p a r t i c u l i è r e m e n t i n t é r e s s a n t e . Ces cond i t ions , 
dé jà très favorables , p e u v e n t ê t re encore amé l io 
rées p a r l 'emploi d ' a u t r e s types de p o m p e s , 
c o m m e n o u s a l lons le voir . 

Inf luence d u t y p e de p o m p e 
sur l a p r o d u c t i o n 

Un fac teur essent ie l de la qua l i t é d ' un g roupe 
de p o m p a g e p a r éol ienne est l ' i m p o r t a n c e du 
n o m b r e d ' heu re s de f o n c t i o n n e m e n t . P o u r 
accro î t re ce n o m b r e d ' heu re s , on v ien t de voir 
qu ' i l y avai t in té rê t à chois i r un poin t de fonc
t i o n n e m e n t n o m i n a l de la p o m p e s i tué t rès à 
dro i te des po in t s h a b i t u e l l e m e n t chois is p o u r 
les g roupes à m o t e u r é lec t r ique ou t h e r m i q u e . 
Ceci est d û au fait une la c a r a c t é r i s t i q u e débi t -
h a u t e u r d 'une p o m p e cent r i fuge est 1res p l a t e 
d a n s sa p a r t i e gauche en t r e le débi t nu l et le 
r e n d e m e n t m a x i m u m . Il se ra i t a v a n t a g e u x de 
pouvoir u t i l i ser des p o m p e s don t la ca r ac t é r i s 
t ique déb i t - hau t eu r soit m o n t a n t e , m ê m e a u x fai
bles va leu r s du débit . C'est le cas des pompes à 
g rande vi tesse spécifique et p a r t i c u l i è r e m e n t 
des p o m p e s hél ices . Alors (pic, su r u n e p o m p e 
centr i fuge, la h a u t e u r de r e fou l emen t à débi t 
nul est de l 'o rdre de 1,2 fois la h a u t e u r à r e n 
d e m e n t m a x i m u m su r u n e courbe à vi tesse 
cons t an te , p a r cont re , pour la p o m p e à hél ice, il 
n ' e s t p a s r a r e d 'ob ten i r u n e h a u t e u r de refou
lement à débit nul double de celle du r e n d e m e n t 
m a x i m u m . 

La p o m p e à hélice p a r a î t donc mieux adap t ée 
cpie la p o m p e cent r i fuge à l ' e n t r a î n e m e n t p a r 
éol ienne. Toute fo i s , le gain s u r le n o m b r e 
d ' heu res de fonc t ionnement est m o i n s g r a n d 
q u ' o n ne p o u r r a i t s'y a t t end re , car la p u i s s a n c e 
absorbée à vi tesse c o n s t a n t e croî t l o r sque le 
débi t d i m i n u e . On p e u t r eméd ie r a ce t te diffi
cul té pa r l 'emploi d ' u n e p o m p e à pales o r i en t a 
bles don t le réglage serait tel que l ' incl inaison 
des pales d i m i n u e r a i t p o u r les faibles vitesses 
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de vcnL; c o m m e la p u i s s a n c e absorbée , t o u t e s 
choses égales d 'a i l leurs , décroî t l o r sque l ' incl i 
na i son des pa les d i m i n u e , on p e u t cor r iger re f le t 
r ep roché à la p o m p e - h é lice et a u g m e n t e r d ' au 
t a n t le n o m b r e d ' heu re s de f o n c t i o n n e m e n t . 

Un exemple concre t fera r e s s o r t i r les p a r t i 
cu la r i t é s des t ro i s types de p o m p e . On cons idè re 
une éo l ienne de 13 m p o s s é d a n t les ca rac t é r i s 
t iques de la figure 22 et e n t r a î n a n t u n e p o m p e 
devan t re fouler sous u n e h a u t e u r de 4 m. Le 
poin t n o m i n a l se ra chois i p o u r y = 8 m / s et la 
c o u r b e v i tesse de ven t -du rée co r r e spond à u n e 
vi tesse m o y e n n e a n n u e l l e de 6 m / s . Les p o m p e s 
examinées se ron t les su ivan te s : 

1" P O M P E CENTRIFUGE : 

Dédu i t e p a r s imi l i tude de la p o m p e e x a m i n é e 
p r é c é d e m m e n t et u t i l i sée au po in t n o m i n a l 
avec n = 8 0 %. 

2" P O M P E H É L I C E : 

Angle de ca lage B = 2 1 ° et ca rac t é r i s ée p a r 
les chiffres su ivan t s p o u r m a r c h e à vi tesse 
c o n s t a n t e : 

H = hauteur (en m) ; Q = débit (en 1/s) 
N—puissance absorbée (en k\V) 

H i 2 | 3 ; 4 ] 5 | G | 7 | 8 | 10 12 | 14 

Q 1 390J 370J 340| 3151 2751 150 j 120 1 80 40 | 0 

N ! 12,5| 14 | 17 | 20 |22,5i 25 ! 27 j 32 37 ¡42 

SOIT, POUR MARCHE A HAUTEUR DE REFOULEMENT 

CONSTANTE : 

11 = hauteur (en m); Q ™ débit (en 1/s) 
N = puissance absorbée (en kW) 

H I 4 | 4 | 4 | 4 | 4 | 4 | 4 | 4 4 4 

Q 1 550! 425| 310; 280| 225] 112j 85 | 50 23 0 

N j 35 |21,5| 17 I 14 |12,2jl(),5j 9,6 | 8,2 7 6,3 

3" P O M P I : A PALES ORIENTABLES : 

Angle de calage v a r i a n t de 21° à 6° et c a r ac 
tér i sée p a r les chiffres s u i v a n t s à v i tesse 
c o n s t a n t e : 

H = hauteur (en m) ; Q = débit (en 1/s) 
N=pu i s sance absorbée (en kW) 

H 1 2 3 4 1 5 6 \ i ! 9 j 11 114 

Q ! 390 370 340 | 315 275 150 | 70 | 45 | 0 

12,5 14 .17 | 20 22,5 ! ! 19 | 19,5] 20 

B 1 21° 21 ° 2 1 » | 21° 2V ¡15" | 12U| 9° | 6° 

Soit, à h a u t e u r de r e f o u l e m e n t c o n s t a n t e : 

H = hauteur (en m) ; Q — débit (en 1/s) 
N = puissance absorbée (en kW) 

H j -1 j 4 | 4 | 4 1 4 1 4 | 4 1 4 

Q ! 550 1 425 | 340 I 280 225 | 114 | 47 | 27 1 o 

N 1 35 ¡21,51 17 I 14 12,2! 7,8 ! 5,Gj 4,3 ¡3,1 

Après avoir d é t e r m i n é p o u r c h a q u e t y p e de 
p o m p e les courbes pu i ssance-v i t esse , on ob t i en t 
les courbes débi t -v i tesse de ven t . L ' a l l u r e de ces 
courbes au vois inage de l ' amorçage est t r è s 
différente su ivan t qu ' i l s 'agi t d ' u n e pompe-hé l i ce 
ou d ' u n e p o m p e cent r i fuge . Le ca lcul du v o l u m e 
total p o m p é d a n s l ' année et du n o m b r e d ' h e u r e s 
de f o n c t i o n n e m e n t d o n n e les r é s u l t a t s s u i v a n t s , 
t ou jou r s p o u r u n e p u i s s a n c e n o m i n a l e établ ie 
à 8 m / s . 

Pompe centrifuge : 

Vitesse d ' a m o r ç a g e u ~ 6 , 7 5 m / s ; 

V o l u m e d ' eau a n n u e l V = 4 . 6 8 6 . 0 0 0 m 3 ; 

N o m b r e d ' h e u r e s de m a r c h e = 4 . 1 9 0 h . 

Pompe à hélice : 

Vitesse d ' a m o r ç a g e y = 6 m / s ; 

Vo lume d 'eau a n n u e l V = 4 . 9 5 3 . 0 0 0 m 3 ; 

N o m b r e d ' h e u r e s de m a r c h e = 5 . 2 5 0 h . 

Pompe à pales orientables : 

Vitesse d ' a m o r ç a g e y—4,5 m / s ; 

Vo lume d 'eau a n n u e l V ~ 5 . 4 5 5 . 5 0 0 m"; 

N o m b r e d ' heu re s de m a r c h e = 6 . 8 5 0 h . 

La p o m p e hél ice à pa les fixes p e r m e t d 'accro î 
t re le vo lume p o m p é de 6 % et le t e m p s d e 
m a r c h e de 25 %. L a p o m p e à pa les o r i en t ab l e s 
accro î t le vo lume p o m p é de 17 % et le t e m p s de 
m a r c h e de 63 % p a r r a p p o r t à la p o m p e c e n t r i 
fuge, d a n s les m ê m e s cond i t ions . 

Ces chiffres i l l u s t r en t b i en l ' i n t é rê t de l ' em
ploi d ' u n e pompe-hé l i ce et s u r t o u t d ' u n e p o m p e 
à pa les o r i en tab les . Certes cet te de rn i è r e e n t r a î n e 
u n e p lus g r a n d e compl i ca t ion m é c a n i q u e , m a i s , 
p o u r les m a c h i n e s d ' u n e c e r t a i n e p u i s s a n c e , le 
gain de v o l u m e et s u r t o u t de t e m p s est te l q u e 
cet te compl ica t ion se just i f ie p a r f a i t e m e n t . Si 
l ' emploi de la p o m p e à pa les o r i en tab le s r e s t e 
p r a t i q u e m e n t l imi té à des h a u t e u r s de re fou le 
m e n t de l ' o rd re de 6 à 8 m au m a x i m u m , p a r 
c o n t r e la pompe-hé l ice p e u t ê t re u t i l i sée p o u r 
des h a u t e u r s beaucoup p lus g r a n d e s d a n s u n e 
d ispos i t ion à p lus i eu r s é tages en sér ie . 

http://V~5.455.500
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C O N C L U S I O N 

Disons p o u r t e r m i n e r qu ' i l existe ac tue l l ement 
des types d ' éo l ienne p a r f a i t e m e n t adap té s à 
l ' e n t r a î n e m e n t des p o m p e s : soit éol icnne lente 
pour p o m p e à p i s ton , soit éol ienne r ap ide p o u r 
pompe cen t r i fuge ou hél ice. T o u t e s p e r m e t t e n t , 
d a n s leur d o m a i n e par t i cu l ie r , d 'obteni r une 
p roduc t ion h y d r a u l i q u e i m p o r t a n t e et u n nom
bre d ' h e u r e s de m a r c h e sa t i s fa i sant . P o u r des 
régions m o y e n n e m e n t ventées , ces g roupes sont 
tout à fait r e n t a b l e s et peuven t concur rence r 
très a v a n t a g e u s e m e n t les g roupes de pompage 
é lec t r ique et t h e r m i q u e . L e u r supér io r i t é est 
év idente p o u r les po in t s d 'eau éloignés de cen
tres h a b i t é s ou de r é seau de d i s t r ibu t ion . Si des 

déboires on t été en reg i s t r é s , ils do iven t ê t re 
impu té s p lus à un m a n q u e d ' i n f o r m a t i o n sur la 
va leur des ven ts ou à u n e m a u v a i s e a d a p t a t i o n 
du ma té r i e l q u ' à u n vice p r o p r e au p o m p a g e 
pa r l 'énergie du vent . D a n s tous les cas , et p r i n 
c ipa lemen t p o u r les g roupes r ap ides d ' u n e cer
ta ine i m p o r t a n c e , u n é q u i p e m e n t convenab le 
doit s ' appuyer su r u n e p rospec t i on p r é a l a b l e du 
rég ime des ven ts et su r u n e é lude sé r ieuse d e 
l ' adapta t ion des ca r ac t é r i s t i ques des m a c h i n e s 
ut i l isées . Ces cond i t ions é t a n t r empl i e s , l 'éol ienne 
r é s o u d r a é c o n o m i q u e m e n t de n o m b r e u x p rob lè 
mes de p o m p a g e . 
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W a t e r p u m p i n g by w i n d m i l l s 

r.v L. V A D O T 

CONSULTANT ENGINKKR AT THE ETABLISSEMENTS NEYHPIC 

(Traduction l>y Madge E. THOMPSON) 

(See French text p . 496, for illustration) 

A brief historical review shows that, since 
remote antiquity, wind power has been used 
for pumping water. LEUPOLD and BELIDOR, and 
others, give some very interesting descriptions 
of pumping mills. 
Modern machines include slow-running wind
mills for piston pumps and fast-running 
windmills with particularly suitable characte
ristics for driving centrifugal and propeller 
pumps. 
The choice of the starling wind speed, rated 
speed and operating point of [he pump have a 

great influence on the production and economy 
of the pumping set. Calculations, with sup
porting examples, for a slow-running windmill 
driving a piston pump, and for a high-speed 
windmill with a centrifugal pump, give some 
particularly interesting results, which are 
shown in the utilization graphs. 
A comparison of the different types of pumps 
which may be, coupled to a high-speed windmill 
shows the considerable advantage of using a 
pump with variable-pitch blades for low and 
medium lifts. 

H I S T O R I C A L R E V I E W 

To his many other claims to glory, Hammurabi , 
founder of the Babylonian empire, might have 
added that of introducing hydro-power into the 
realm of agriculture. We are told that it was he 
who, about 2000 B.C., according to some authorities, 
or 1700 B.C., according to others, conceived an 
immense project for using the energy of the wind 
for the irrigation of the plains of. Mesopotamia. 
Whether this was only the ambitious desire of a 
sovereign, or whether the brave machines, like the 
celebrated hanging gardens, have disappeared for 
ever in the silt of the rivers, we do not know. But 
if Persia is generally considered as the cradle of 
the windmill , near-by Mesopotamia might well be 
country which first used the force of the wind for 
pumping water. 

We have no information about these antique 
machines; at the most we can imagine that the> 
were vertical-axis mills ra ther similar to those of 
which traces still remain on the I ranian plateaux. 
Traditionally they are held to have been in
troduced into Europe by the Crusaders. It is 
probably an ovcr-simpliiication of the case to think 
thai all the wonders of the mysterious East were 

brought back by gallant knights; nevertheless, many 
roads led, to Palestine and at that time adventure 
began when the familiar horizon wTas passed. In 
any case, the windmill seems to have been used 
in Mediterranean countries well before the Crusades. 
From there it spread rather slowly to nor thern 
Europe; windmills are mentioned in the archives 
of Croyland Abbey in England from the year 1000. 
In France, ancient documents mention the cons
truction of other mills about 1100. The first mills 
appeared in Holland in the thirteenth century and 
in Germany in the fourteenth century. In contrast 
with their Asiatic ancestor, wi th its vertical axis, 
the European mills all had a horizontal axis, 
generally with a four-bladed rotor in the form of a 
cross, which has made their silhouette familiar. 
Until the fourteenth century, the work of these 
machines was to grind corn, hence the name "mil l" 
which still attaches to them. 

About 1350', in the Low Countries, mills were 
first used for pumping water with the object of 
draining the land situated below sea level. Gra
dually a suitable type of machine was developed 
for this new function and several, dating back to 
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1430, were installed in the region of Schoonhaven 
in South Holland. Pumping mills did not take long 
lо spread in a country where they were to become 
a vital necessity. From Holland, where they were 
developed, they extended all over Europe, some
times pumping water for the needs of agriculture, 
sometimes feeding the fountains adorning the park 
of a castle. 

Descriptions of these machines are found in the 
works of engineers of the period. Ramelli, in "Le 
Diverse e Artificiose Machine", invites us to admire 
a mill of the classic type driving a double chain 
pump for feeding an ornamental fountain. The entire 
mechanism, which can be turned by means of a 
capstan, is mounted on a circular track situated at 
the top of a tower used as a water tower. 

The chain pump was frequently used and is seen 
in the design of a machine proposed by Bockler in 
his Theairum mac lunar um novum. It is a feature 
of Besson's curious machine of which the vertical-
axis rotor recalls the modern Savonius rotors. It 
is found again in the engravings of Belidor's 
Architecture Hydraalique. 

The illustrations in the works of sixteenth and 
seventeenth centuries show evidence of an imagin
ation inspired more by artistic vagary than by 
regard for construction. In the eighteenth century, 
on the other hand, engineering principles assert 
themselves; the machinery becomes rational, 
balanced and practical. The engineer is more in 
evidence than the artist in the drawings; numerous 
details show signs of the evolution which led to 
constructions so durable that they still survive in 
their main outlines. 

The most interesting machine is undoubtedly that 
proposed by Jacob Leupold in his "Schauplalz der 
Wasser Kilns te" or "Theairum machinarum hy-
dranlicarum", pr inted in 1 7 2 4 at Leipzig. An cight-
bladed rotor drives, by a crank shaft and tie rod, 
a single-acting piston pump, according to an 
arrangement adopted two centuries later for the so-
called American windmills. Furthermore, Leopold's 
machine is even self-regulating. Each of the 
blades, which is able to pivot round an axis, is 
maintained by a spring system such that it is 
effaced progressively in a high wind and thus the 
rotor revolves no more rapidly in a gale than in 
a medium wind. The same work describes a number 
of mechanisms with crank shaft, tie-rod and slot for 
the control of piston pumps, which all show great 
ingenuity. 

Belitlor also was interested in machines for 
pumping water by means of the wind. i'n his 
Architecture Hydraulique is a description, among 
others, of a mill of which the axis, very much 
inclined, supports the wind wheel on one side 
and on the other an elevating wheel, a sort >of 
scoop-type water-wheel, plunging directly into the 
feeding basin. Similar machines arc still working 
in Fricsland. 

Belidor also gives a description of a mill driving 
a Persian wheel by means of a rope drive to reduce 
the speed of rotat ion; the sails are of an unusual 
shape for those days and foreshadow the high 
speed propellers of today. It is unlikely, consider
ing the means available at the time and the ru
dimentary construction of the sails, that such a 

machine could have worked satisfactorily. Never
theless, one is struck by the modern appearance 
of the apparatus with its nar row and appropriately 
twisted blades. 

Towards 1 7 4 5 Edmund Lee patented the auxiliary 
wheel, the "fantail", which ensures the automatic 
turning of the mill into wind—an excellent device 
which is still used. This invention could also be 
attributed to Andrew Meiklc, who later constructed 
slatted sails. 

In 1759, Smcaton presented to the Royal Society 
a report "On the construction and effects of wind
mill sails" in which he describes his experimental 
researches with a device enabling torque measur
ements to be made at different speeds on a model 
with a small number of sails. It can he said thai 
with Smcaton the study of the windmill entered 
into a scientific phase. 

It was certainly in Holland that the windmill in 
its ancient form attained the highest degree of per
fection; it is not an exaggeration to say that a large 
part of the country owes its existence to those 
marvellous machines. Marvellous they cert.unly 
were for the period. They were made entirely of 
wood, with their four sails in the form of a cross 
attaining a span of nearly 20 m and driving, through 
an ingenious mechanism, elevating wheels, scoop-
wheels, or Archimedes' screws. From mill to mill, 
the water was thus raised from the polder to the 
sea, solely by wind energy. About 1(530 the Lake 
of Schermeer, near Alkmaar, in North Holland, 
was drained in this way according to the plans of 
Leeghwater. An area of about 11,710 acres was 
recovered and drained by a group of 50 mills 
driving back the water in two stages. The same 
engineer planned the draining of the sea of 
H a a r 1 e m with 1 (5 0 windmills. It e r e w ere enter
prises on the scale of the twentieth century! May 
we not conclude that the pumping windmill 
reached, in the seventeenth century, a stage of 
almost industrial development? 

The very large number of mills used in Holland 
led to standardization, so that, in each region, they 
belonged to a few types only, repealed many times 
over : Wipmolen, perched on its pyramidal base; 
Weidemolen, with its octagonal tower serving as a 
habitation; Binnenkruier, with its squat form. After 
centuries of good and loyal service, the windmill 
remains one of the characteristics of the Dutch 
landscape. 

M e t e o r o l o g i c a l d a t a 

T h e first r e q u i r e m e n t in p l a n n i n g a w i n d m i l l 
p u m p i n g in s t a l l a t i on is a k n o w l e d g e of the i n t e n s i t y 
of the w i n d s in the p l ace w h e r e it w i l l be used . 
F o r a p e r i o d of al leas t a yea r , m e a s u r e m e n t s o r 
— b e l t e r slill- - r e c o r d s of t he i n t e n s i t y of t h e w i n d 
have to be m a d e al the po in t c o n s i d e r e d . W h e n , 
for e c o n o m i c a l r e a s o n s , it is no t p r a c t i c a b l e to 
m a k e a r e c o r d of a c o m p l e t e y e a r , it is a d v i s a b l e 
to ob t a in t y p i c a l r e c o r d s for the d i f fe ren t p e r i o d s 
of t h e y e a r so t h a t a c c o u n t can be t a k e n of the 
seasona l in f luences on the w i n d r e g i m e . T h e 
m e a s u r i n g a p p a r a t u s shou ld be p l a c e d on a s u p p o r t 
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of approximately the same height as the projected 
windmill . Meteorological readings are often made 
at the s tandard height of 10 m, but generally the 
axis of the rotor will be at a greater height—of 
the order of 15 m. It is preferable to adopt a 
height of 15 m for the measuring apparatus thus 
avoiding the necessity of estimating, from the 
results obtained at 10 m, those which might have 
been obtained at 15 in—a rather uncertain estimate 
in any case, as one does not generally know the 
local law of variation of wind intensity with 
altitude. Although it is generally agreed that the 
wind speed varies as H 1 ' 5 , this is only an 
approximate law which may be considerably 
modified by the contours of the surrounding 
district. Also it is hardly valid if the measurements 
are being taken, as i s often the case, in the layer 
of air directly disturbed by the neighbouring 
obstacles. It is scarcely necessary to add that 
records made too near the ground, or in the neigh
bourhood of objects such as buildings, trees, etc., 
are useless. 

Measuring instruments of the counter type are 
sometimes used, giving directly the total energy 
theoretically available per square metre of surface 
offered to the wind during the period which separ
ates two consecutive readings. They have the 
advantage of being economic in operation, but they 
indicate only the total quantity of wind energy 
available without giving the fundamental details— 
which must be taken into account in determining 
the economic value of a project—of how that 
quantity is made up. Also wind energy counters 
should be used only for a broad general survey ol 
a district. The ordinary direct reading ane
mometer is practically useless because of the large 
variations of wind intensity. The only instrument 
which can be recommended is the recording ane
mometer giving the variations of wind intensity as 
a function of time. All the information necessary 
can be obtained from these records. It is con
venient, however, in order to facilitate the inter
pretation, to translate the readings into simple 
language relating to the determination of the follow
ing characteristics : velocity-duration curve, wind-
frequency or power-duration curve, output char
acteristic of the pump, etc. 

The velocity-duration curve indicates, for a given 
period and for each value of the wind speed, the 
number of hours during which the wind speed is 
equal to, or higher than, the speed considered. 
This curve is generally made for a year, but, in 
areas with a very marked seasonal regime, it is 
preferable to make it season by season. It is drawn 
from the anemometer reading; the corresponding 
analysis is rather laborious but can be greatly 
facilitated by the use of a special reading 
instrument. 

Velocity-duration curves nearly all have the same 
shape. The par t relating to the low wind speeds 
is generally unreliable as a result of the lack of 
sensitivity of the anemometers at wind speeds 
below about 2 m/s, but this part is of little import
ance from the point of view of energy. Velocity-
duration curves can, in the main, be characterized 
by the mean value of the wind for the period con
sidered; this is called the "annual mean wind 

speed". This mean iigure obviously gives no in
dication of the regularity of the wind. 

The wind-frequency curve, on the other hand , 
gives an idea of the regularity of the wind. It is 
derived quite simply from the velocity-duration 
curve and shows the number of hours , for the 
period considered, during which the w ind speed 
remains within a given range; it therefore re
presents simply the variations of the inverse of the 
slope of the preceding curve. It always has a 
more or less pronounced maximum. Generally, the 
wind speed corresponding to the maximum of the 
frequency curve increases at the same t ime as the 
mean speed for the period considered. It may 
happen, in countries wi th a par t icular wind regime, 
that the frequency curve has two maxima. 

The frequency curve which gives information on 
the wind regime is usefully complemented by the 
power-duration curve. As the power supplied by 
the wind is proport ional to the cube of the speed, 
a curve giving, for each range of wind, a quantity 
proport ional to the energy available can be obtain
ed by multiplying the ordinates of the wind-
frequency curves by the cube of the speed. Thus 
again curves are obtained wh ich present a 
maximum, but, while for the wind frequencies the 
absolute value of the maximum diminishes when 
the mean wind increases, the energy corresponding 
to the maximum increases when the mean wind 
increases. 
' To facilitate the determination of the capacity 

to be installed, it is useful to trace the curves giving 
the energy produced for a given increment of wind 
speed, i.e., the increase of energy recoverable when 
the wind speed, for which the machine is designed, 
passes from v to u + Au. All these curves can be 
derived without trouble from the velocity-duration 
curve summarizing the information. 

When the energy produced by varying winds 
cannot be directly used, as would be the case with 
a machine feeding its output into a high-capacity 
network, it is necessary to consider the possibilities 
of storing this energy, which is extremely variable 
with time, in order to adapt it to a regular utiliza
tion. The problem of storage arises for windmills 
generating electricity to be fed into an independent 
network; it also frequently arises for pumping 
windmills to give a water supply independent of 
any electricity supply network. There is the same 
problem again for drainage windmills, but in this 
case the reservoir will be at the suction instead of 
at the delivery. 

The resolution of the problem of storage in a 
reservoir makes it necessary to determine the 
development, in time, of the volume of water pump
ed by the machine and to compare it with the 
water requirements. In a simple case where the 
demand is constant, the optimum equipment, from 
the point of view of energy, would be such that the 
average volume pumped in a given period, e.g., a 
year, by the windmill , would be equal to the quan
tity demanded. Because of the irregularit ies of 
pumping, it is necessary to provide a reservoir with 
a capacity depending: on the variabili ty of the 
winds. The variations of delivery of the pump can 
easily be represented on a graph of delivery accu
mulated plotted against t ime; this is a curve which 
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is continuously increasing and is more or less ir
regular. On such a graph, a constant delivery 
demand is represented by a straight line passing 
through the origin. The difference between the or-
dinates of the curve of windmill output and of the 
straight line of water consumed represents the func
tion of the storage reservoir. In this way the curve 
is obtained representing the development in time 
of the delivery supplied, or absorbed, by the reser
voir, Q r . The area situated under this curve repre
sents the total volume of water supplied or absorbed: 

v = = y T Q r d t 

If the windmil l is well adapted to the delivery 
required, the curve of the volume of the reservoir 
will oscillate more or less regularly about zero 
value. If the windmill is too strong for the demand, 
the curve for the reservoir will be diminishing, 
which means that the delivery supplied is greater 
than the demand; if, on the other hand, the wind
mill is inadequate, the curve of the volume of the 
reservoir will be continuously increasing, though 
obviously with a few irregularities. 

When the windmill is suitably chosen, the capa
city of the reservoir will be denned by the maxi
mum value of the curve : 

V - ff Qrdt 
o 

It is obvious that, in practice, it is advisable to 
adapt the consumption to the seasonal irregularities 
of production, but the daily irregularities, or those 
spread over a few days f will be absorbed by the 
reservoir. It is necessary, therefore, to draw the 
curve representing the development in time of the 
quantity pumped ; it will be derived from the ane
mometer recordings, using a curve giving, as a 
function of the wind speed, the quantity pumped 
for a given machine. This determination is labo
rious and would be greatly facilitated by the use 
of automatic analysing apparatus which would, in 
addition, enable the results to be obtained for 
several types of machines from the same recording. 

A p p a r a t u s 
for a n a l y s i n g a n e m o m e t e r r e a d i n g s 

Before the anemometer readings can be used, they 
have to be translated into velocity-duration or velo
city-frequency curves. The work of analysis can 
be done mechanically by means of a special appara
tus, which consists of a device to unroll the record
ing paper, situated in front of a set of electrical 
contacts spaced out according to a scale of speeds. 
A sliding contact can be moved over these contacts 
and a pen, connected to the sliding contact, makes 
it possible, by following the curve by hand as it 
advances, to br ing the sliding contact into touch 
with the contact corresponding to the speed indicat
ed by the curve. Every time such a connection is 
made it closes the circuit of an impulse counter. 

This is supplied by an impulse generator consisting 
simply of a battery and a toothed wheel forming 
a circuit-breaker wi th a speed of rotation propor
tional to the speed of movement of the paper. 

Thus, all the counter elements corresponding to 
a speed equal to, or lower than, that indicated by 
the tracing pen advance by a number of units 
corresponding to the path followed on the paper. 
In the course of analysis, it is sufficient to read 
the figures given by the counters in order to obtain, 
at any instant, the state of the velocity-duration 
curve. It is-also possible to complete this apparatus 
with a device enabling the output characterist ic 
of the pump to be obtained for a given windmill . 
For this purpose, a second series of contacts is 
placed beside the first. Each of the contacts is 
connected to a resistance of which the value is 
inversely proportional to the delivery from the 
windmill for the speed considered. The sliding 
contact connected to the tracing pen closes a cir
cuit consisting of a current source and a counter. 
As the unrolling speed is constant, the counter in
dicates at each instant the volume of water pumped. 
If is, of course, possible to place on the same series 
of contacts another set of resistances supplying 
another counter and representing another machine. 
One can thus obtain, in the course of the same 
analysis, the pumping outputs by windmills of dif
ferent characteristics. 

U t i l i z a t i o n of m e t e o r o l o g i c a l 
d a t a for d e t e r m i n i n g t h e c h a r a c t e r i s t i c s 

of t h e ins ta l la t ion 

Being in possession of the different meteorological 
data, we can now see how to use them to define 
the performance of an installation. The operation 
of the windmill is linked up with three values of 
the wind speed : 

(1) The speed i>,, called the " cut-in speed is 
the speed at which the machine begins to supply 
power, i.e., in the case of a pumping installation, 
the speed at which the pump begins to deliver 
water. This speed must not be confused with 1he 
" starting speed /;0, at which the machine begins 
to turn but without supplying usable power. AVhen 
a piston pump is being driven, v u and v } are con
fused, but with a centrifugal pump, v { ) and v { are 
distinctly different. 

(2) The speed called the " rated speed is 
the speed at which the full output of the machine 
is reached. Above this speed, the regulating device 
comes into operation !o limit I he output and keep 
it constant. 

(3) The speed v m u s , called the " furling speed -\ is 
the speed at and above which the machine is put 
out of operation by a regulator or safety device. 
These three speeds define, on the velocity-duration 
or power-duration diagram, the zone of utilization. 
The choice of the speeds v } and v t f is of the highest 
importance. The speed n m n s depends solely on the 
method of controlling the apparatus; it has little 
influence on the energy produced as very strong 
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winds are of short duration. If we consider only 
the total energy produced, the choice of the cut-in 
speed is not of great importance because the 
energy produced from low winds is always very 
.small. On the other hand, for a machine operating 
independently and having a storage reservoir, the 
choice of this speed is very important , for it will 
finally determine the size of the reservoir If) be 
provided. 

C h o i c e of t h e cut- in s p e e d 

Obviously there is an advantage in making this 
speed as low7 as possible in order to increase the 
number of hours of operation of the installation. 
Nevertheless, its choice is the result of a compro
mise between the cost of the reservoir and that of 
the machine. In fact, if the size of the reservoir 
diminishes wdien the cut-in speed is reduced, on 
the other hand, the diameter of the windmil l in
creases when this speed diminishes, since, for a 
given installation, the torque absorbed by the pump 
at cut-in remains constant. The problem of the 
choice of the cut-in speed occurs in a different 
fashion according to whether the windmil l drives 
a piston pump or a pump of the centrifugal kind. 

In the first case, the problem concerns the starting 
torque; it involves only the diameter of the wind
mill or the reduction ratio of the gearing, for the 
pump is of the constant-torque type. 

The second case is more complex, for not only 
the dimensions and the speed of the windmill have 
to be determined, but also the operating point of 
the pump may vary according to the diameter of 
the rotor and its speed of rotation. It is no longer 
simply a question of obtaining a certain torque at 
zero speed, as for the piston pump, but of obtaining 
a torque at a certain speed, these two values depend
ing on the characteristics of the centrifugal pump. 

C h o i c e of t h e r a t e d s p e e d 

The choice of this speed is chiefly bound up 
with the total production of energy in the year. 
Two start ing points may be envisaged : either the 
characteristics of the pump are considered (lift, 
delivery), or the diameter and type of windmill , 
i'f the efficiency of the windmill and of the pump 
remained constant at fractional loads, there would 
be an advantage in choosing a high value for vn. 
But tills is not generally the case. Taking into 
account the variations of efficiency of the windmill 
and of the pump, one will try to obtain the maxi
mum volume of water in the year for a given 
windmill , or, on the other hand, the smallest wind
mill for a given volume of water. 

When driving a centrifugal pump, the choice of 
the rated speed cannot be made independently of 
the choice of the cut-in speed, the ratio of these 
speeds being laid dowm for a given pump. In fact, 
with a given lift, the difference in speed of rotation 
of the pump between running at maximum efficiency 
and running at zero delivery, or at cut-in, is small. 

This difference can be increased only by choosing 
an operating point considerably distant form the 
point of maximum efficiency. It is therefore neces
sary, for a given pump, to try to move the x>oints 
v] and vH on the velocity-duration curve so as to 
effect the best compromise between the total volume 
of water pumped and the volume of the reservoir 
necessary to take into account calm periods, or 
else to choose a pump which makes it possible to 
have a suitable ratio between vx and vn. One can
not, however, adopt too high a value for this ratio 
without moving away from the zones of reasonable 
efficiency. The difficulty that exists in obtaining 
a suitable value for the ratio u w / y i could be sur
mounted to a certain extent by making the gear 
ratio between windmill and pump vary. But this 
would involve expense, because the variation of this 
ratio would have to be automatic if it w rere to 
come into operation at each change of wind speed; 
an arrangement such as this does not seem to have 
been put into pract ice up to the present. 

E q u i p m e n t n o r m a l l y u s e d 

Two types of pumping set are available to the 
user ; slow-running windmills with piston pumps, 
of which there are at present a very large number, 
and high speed windmil ls coupled to propeller 
pumps or to centrifugal pumps. These last machi
nes, of recent construction, are a modern develop
ment. 

(a) LOW-POWER INSTALLATION WITH PISTON PUMP : 

At first sight it does not seem obvious, and strictly 
speaking it is not essential, that a low-power pump
ing installation should be equipped wi th a piston 
pump. But, on the one hand, the height of the 
lifts, and, on the other hand ,the need for simple 
equipment, generally lead, for low powers, to the 
use of slow-running piston pumps. 

The windmill to use in this case is one of low 
specific speed, nearly always, with a reducing gear. 
This kind of machine has a high starting torque, 
which is perfectly in keeping wi th the requirements 
of piston pumps. As rotors of low specific speed 
have a large number of blades, the use of only fixed 
blades can be envisaged; the method of regulation 
which is then required to limit the speed, the 
power and the stresses in a high wind is by spilling. 
The kind of apparatus which is thus called for 
cannot reasonably be constructed beyond a cer
tain dimension. Because of the inertia of rotors 
with a large number of blades, the behaviour of 
such a machine in gusts prohibi ts its use for large 
diameters. As an indication, a diameter of 7 to 8 m 
is the maximum. 

Then again, as the piston pump is palpably a 
pump with constant torque, the power of the wind
mill is badly used in a high wind. For small ma
chines, this bad utilization is not serious, but, for 
large machines, where efficiency is more important , 
it would not be permissible. An attempt has been 
made to remedy it by devices modifying the stroke 
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of the pump as a function of the wind speed, but 
nothing of practical use has resulted. 

(b) MEDIUM OR HIGH-POWER INSTALLATION WITH 
ROTARY PUMP : 

The disadvantages just mentioned condemn the 
use of piston pumps for high-power pumping un
less, of course, the height of the lift demands it, and 
then special arrangements are necessary. We are 
therefore led, according to the deliveries and lifts, 
to use centrifugal or propeller pumps. These 
pumps must rotate at high speed, hence the use 
of windmills of high specific speed, generally with 
gearing. The low starting torque of the machines 
is not a serious disadvantage, since the starting tor
que of the rotary pumps is also low. Naturally 
speed regulation is not necessary; it is only the 
problem of behaviour in a high wind that has to 
be solved. Such sets permit a good utilization of 
wind energy, but they have the disadvantage of 
providing only a low lift at starting. Although low 
winds account for only a small part of the annual 
production of energy, this it not a serious draw
back. These sets are therefore quite suitable for 
districts where the winds are fairly constant. 

For a low lift it would be advantageous to use 
a combination of the high-speed windmill with a 
propeller pump having blades of automatically-
variable pitch, this pitch diminishing in a low wind 
to reduce the power absorbed. Such an arran
gement would enable the cut-in in a lowr wind to 
be allied with' obtaining a large delivery in a strong 
wind, the efficiency of the set always remaining 
near the maximum. This solution is obviously 
rather complicated from the mechanical point of 
view, but it mut be considered seriously for sets 
of a certain power at low lift. 

Finally, for high powers, electrical transmission 
between the windmill and the pump may be neces
sary; one must not lose sight of the fact that the 
most favourable places for wind energy are seldom 
those where there are springs or wells. Electrical 
transmission has the great advantage of avoiding 
all the difficulties of mechanical connection, which 
involve great expense for high powers; it has the 
further advantage of permitting the direct use 
of electrical energy, should the occasion arise. 

S l o w - r u n n i n g w i n d m i l l s for p i s ton p u m p s 

These machines have a rotor with a large number 
(from 1 6 to 2 4 ) of fixed blades made of sheet metal 
and not profiled. This rotor drives, through a 
speed-reducing gear, a mechanism which converts 
rotational motion into a reciprocating motion by 
means of rods, slots, eccentrics, etc. All these 
mechanisms are nearly equivalent, the efficiency 
depending more on the quality of the performance 
than on the principle used. Speed reduction be
tween the rotor and the mechanism driving the 
pump is necessary for great depths of pumping 
to reduce, on the one hand, the inertia stresses, and 
to avoid, on the other hand, the resonance phe
nomena in the pump-rod, which, as a result of its 

length, behaves like a tension spring. As this equip
ment has to be mass-produced, speed reduction is 
retained even for small depths of pumping. Generally 
the same mechanism enables two values for the 
stroke of the pump to be obtained by simple replac
ing of the crank-pin. The regulation of the power 
in a high wind is always effected by spilling, the 
rotor turning out of wind when there is a gale. 
For this purpose, the tail vane is articulated and 
joined to the body of the machine by a spring; the 
spilling moment is obtained, either by a side vane, 
or, much more often, by placing the axis of the 
rotor slightly off centre in relation to the yawing 
axis. This method of regulation is simple and 
effective. It has, however, the disadvantage of pro
ducing shocks with sudden variations of wind speed, 
the machine, under the action of the spring, return
ing violently to its position of operation facing the 
wind. This is remedied very effectively by the use 
of a shock-absorber, of the automobile type, mounted 
on the joint of the tail vane; such a shock-absorber 
is particularly recommended for machines of large 
diameter. 

Different types of pumps can be driven by the 
slow-running windmill . In view of the method of 
working by a rod descending the whole length of 
the lift pipe, which is therefore best applied to 
handling tensile loads, the single-acting pump is the 
most suitable and much more largely used. It has 
the disadvantage in operation, however, of present
ing great irregularities in the torque absorbed, since 
it demands power only during a half-turn of the 
crank shaft, the descent of the piston being made 
under its own weight. 

The reduction of this irregularity would be of 
advantage because it has a direct effect on the start
ing torque and therefore, finally, on the length of 
time operation of the machine. One may try to 
reduce it by the use of a double-acting pump, but 
the driving rod of the piston will be alternately sub
mitted to tensile and compressive loads; guiding 
of the rod is necessary to avoid buckling and this 
method is rarely used. 

Another possibility would be to use a pump with 
two pistons in the same body, with two driving 
rods; this is very interesting from the point of view 
of the regularity of the torque absorbed, as well as, 
naturally, of the regularity of the delivery, but the 
driving mechanism is much more complicated and 
that is w rhy it is not used. This arrangement could 
perhaps be considered in cases where the lift pipes 
are long. 

As the single-acting pump is adopted for its 
robustness, attempts are made to even out the 
torque which it absorbs by an external device such 
as a lever, weight or spring. The spring system 
seems to be the best, because in avoiding additional 
articulations it reduces the friction losses in the 
mechanism. The use of a compensating system has 
two favourable effects. It enables the machine to 
start at a lower wind speed and it reduces the 
stresses in the driving mechanism. The irreg
ularity of the torque absorbed by the pump pro
duces cyclic variations in the speed of the machine. 
In a single-acting pump without compensation, the 
rotor supplies power at the upstroke of the rod and 
slows down. On the other hand, at the down-

5 
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stroke, the weight of the moving parts provides a 
torque. The rotor, no longer producing power, 
accelerates and accumulates kinetic energy which is 
restored at the following stroke. The variations in 
spoed of rotation which result are nevertheless 
quite small because of the inertia of the rotor and 
this irregular operation has no harmful effect. 

To reduce the starting effort and to avoid starting 
with the full load on the piston, a permanent leak 
is sometimes made at the delivery valve. This ar
rangement has advantages and disadvantages, as 
will be seen. 

The permanent leak establishes a communication 
between the two faces of the juston; diagrammati-
cally the pump can then be represented by the sketch 
of fig. 16. If Q is the delivery of the pump (volume 
swept out by the motion of the piston), q the delivery 
passing through the leak and Qc the effective delivery 
passing up the delivery pipe, we have : 

when d= diameter of the body of the pump; 

S = stroke; 
n = number of strokes per minute. 

If to is the area of the leakage path and H the pres
sure developed by the pump, we have : 

q—a V 2 9 H 

If H 0 is the lift head in normal operation (a value 
which is practically constant except for variations 
of level in the reservoir), the effective delivery will 
be zero as long as H is smaller than H 0 ; then when 
the value of H 0 is reached, the delivery from the 
leak will remain constant. The variations of the 
delivery and of the lift head can be represented on 
a graph as a function of the number of strokes per 
minute. The delivery Q varies linearly. The head 
H varies according to a parabola until the head H 0 

is reached; it then remains constant. The head H 0 

will be reached for a number of strokes per minute 
at which the delivery from the leak will remain 
constant with the value q{]; it is only when starting 
from n 0 *hat the pump will deliver effectively. The 
area of the leakage path depends on the number n0 

adopted according to the equation : 

o ^ — S — 0 — 1 

" 4 * (50 Vig% 

But because of the permanent leak, the efficiency 
of the pump will be reduced. Apart from the other 
inevitable losses (because of valves, pressure drops, 
etc.) the efficiency w rill be : 

Q, _ Q f 

Q ~ Qo+<h 

It will therefore be zero for n = n0 and will then 
increase according to the above equation. This loss 
of efficiency is far from negligible, if we do not 
wish to risk using a cross section for the leak which 

is so ridiculously small that it may be blocked by 
a small grain of sand. If the leak becomes blocked, 
this is not a very serious matter, but it is more 
serious if the leak is enlarged by erosion (a current 
of water at high speed is continuously passing 
through it), for the efficiency then falls very rapidly. 

A numerical example will show the difficulty 
better. 

Take the case of a pump with the following cha
racteristics : 

H o =:50 m; ¿ / -120 mm; S = 3&5 mm 

Tf n0 = 3, the leakage path will have to have an 
area of 0.072 cm 2 , and will be a circular orifice of 
diameter only 3 mm. 

If the speed of normal operation is /? = 15, the 
efficiency, because of the leak, will be : 

1 o 

Therefore, in normal operation, 20 % of the 
power of the machine will be absorbed by the per
manent leak. Certainly the machine starts at a 
low rer wind speed than it would if there were no 
leak, but, all things considered, the gain is ra ther 
illusory. The fact that the machine starts is of little 
im |3ortance if it does not pump any water. 

D e t e r m i n a t i o n of t h e o p e r a t i n g c o n d i t i o n s 
of a s l o w - r u n n i n g w i n d m i l l w i t h 

a p i s t o n p u m p 

The windmil l is distinguished by its characteris
tics giving the torque or the power as a function of 
the speed of rotation for a given wind speed and 
diameter. It is also interesting, in order to deter
mine the strength of the parts and principal ly of 
the tower, to know the axial thrust as a function 
of the wind speed; these values are generally given 
in the form of non-dimensional coefficients. 

Taking into account the friction losses in the 
driving mechanism of the pump and in the piston 
pump itself (due to friction, leaks, pressure drops), 
a practical power coefficient, or ratio of the hy
draulic power output to the total power in the wind, 
has an average value of 0.2. This ra ther low effi
ciency is made up in the following way : 

Theoretical efficiency of a perfect 
windmill 0.59 

True efficiency of a slow-running rotor 
as a fraction of the theoretical effi
ciency 0.55 to 0.G0 

Efficiency of the mechanism - transmis
sion, pump, pressure d rops . 0.60 

It is useful to remember that the efficiency is a 
secondary consideration; what it is important to 
know is the cost per unit volume of pumped water. 

Taking a concrete exemple, let us determine the 
output of a slow-running windmill with a piston 
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pump and then the cost per cubic metre of pumped 
water. The diameter of the windmill is 6.10 m 
and it has to pump water with a total lift of 40 m. 
As the piston pump has a constant torque (except 
for the irregularit ies mentioned above, but in nor
mal operation, and taking into account the inertia 
of the rotor, everything takes place as if the 
machine absorbed a constant torque), it is con
venient to represent the characteristic of the wind
mill as a graph of torque plotted against speed with 
the wind speed as parameter. It is necessary first 
to choose the bore and the stroke of the pump. 
Consider four models of pumps resulting from the 
combination of two pumping installations wi th two 
crank positions : 

bore 125 mm 
stroke 384 mm 
capacity of cylinder 4.7 litres 

bore 125 mm 
stroke 490 mm 
capacity of cylinder 6 litres 

bore 160 mm 
stroke 384 mm 
capacity of cylinder 7.7 litres 

bore 160 mm 
stroke 490 mm 
capacity of cylinder 9.9 litres 

The intersection of the horizontal line of constant 
torque of the pump, wi th the torque curves at 
constant w ind speed of the windmill , enables the 
speed of rotation of the machine as a function of 
the wind speed to be determined for the four models 
of pumps. From this the curves giving the delivery 
as a function of the wind speed are easily obtained. 
It will be noticed that the envelope of the four 
curves is a cubic curve corresponding to the power 
co-efficient of 0.2. The zones of tangcncy to the 
envelope are the zones of higher efficiency. 

It wall be seen therefore that the choice of the 
type of pump depends on the wind speed for which 
it is to be designed. The machine is not called 
upon to function for only one value of wind speed 
but for a whole range of speeds, with durations 
characterized by the velocity-duration curve of the 
district considered. Starting from the velocity-
duration curve and the delivery curves as a function 
of the wind speed, it Is easy to determine for each 
type of pump the total volume of water pumped 
in the year as well as the total number of hours 
of operation. Account can also be taken of the wind 
speed at which wind spilling by the rotor begins to 
come into operat ion; at and above this speed, the 
power, and therefore the delivery, of the machine 
is kept constant. The results obtained, starting from 
the velocity-duration curves corresponding to the 
annual mean wind speeds (6 m/s and 4 m / s ) , are 
shown on a graph of annual delivery plotted against 
number of hours, i.e., a utilisation graph. It can thus 
he seen that, with an average wind of 4 m/s , it is 
possible to pump up to 30,000 m 3 per year, with a 
lift of 40 m, the period of operation being 6,000 
hours, i.e., for 68 % of the time. On the other hand, 

with an annual average wind of 6 m/s , 50,000 m ; { 

per year will be obtained, with a period of opera
tion of 7,500 hours, i.e., 85 % of the time. 

Finally, by a reduction of the period of operation, 
it will be possible to increase the delivery pumped 
up to 72,000 m' ] per year. In view of the advantage 
that there is, for this type of installation, in obtain
ing the maximum time of operation, consider only 
the point corresponding to 50,000 m : i and 7,500 hours . 
The pumping of 50,000 m ; i per year at 40 m repre
sents a quantity of hydraulic energy equivalent to 
5,500 kWh per year. If the windmill were replaced 
by an electrical pumping set, for which it would 
be necessary to allow a total efficiency of 0.53, i.e. : 
efficiency of the motor 0,80 
loss on line 0.05 
total efficiency of the pump, including trans

mission 0,70 
there would be a consumption on the meter of 
10,400 kWh per year. For pumping by an internal 
combustion engine there would be, under the same 
conditions, an annual consumption of 4,100 litres 
of fuel oil. 

Without taking into account the costs of installing 
the supply line for the electrical apparatus, nor the 
costs of supervision and maintenance for the 
thermal set, such a windmill installation could 
be written off in less than seven years, while one 
can count on a normal life of twenty years with 
suitable maintenance. As the costs occasioned by 
the line and by the necessity for supervision of the 
thermal engine become considerable when the pump
ing set is situated at some distance from an inhabit
ed centre, the economy of the windmill is con
siderably increased under these conditions so that 
it may become much more advantageous. 

H i g h - s p e e d w i n d m i l l s for c e n t r i f u g a l 
or p r o p e l l e r p u m p s 

A "high-speed" windmill is a machine with a 
small number of blades of which the speed of 
rotation corresponds to a tip-speed ratio u/v of the 
order of 3 to 7 or 8 and even more. These 
machines have very diiferent operating characte
ristics from those of the slow-running windmills. 
The variation of the torque coefficient as a function 
of the ratio u/v is as follows : 

At starting, the torque is very low, then in
creases with the ratio u/v until it. readies a 
maximum which is situated approximately in the 
zone of maximum efficiency. After this maximum, 
the torque decreases continuously while the ratio 
u/v increases up to the point when the machine 
races. The zone of increasing torque between 
starting and the maximum often corresponds to 
instabilities of operation. The very low starting 
torque of these machines makes them unsuitable 
for the direct drive of piston pumps, which can be 
suitably driven only if, between the windmil l and 
the pump, either an electrical transmission, or a 
centrifugal clutch, enables the windmill to acquire 
speed in order to reach an operating condition with 
sufficient torque. 
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On the other hand, centrifugal or propeller 
pumps are very well adapted for coupling to such 
windmil ls ; their starting torque is very low and 
their speed-power characterist ic is such that it is 
possible to make the zones of operation at maximum 
efficiency of the windmill and of the pump coincide. 
It is therefore not surprising that wi th these sets 
a hydraul ic product ion is obtained which is always 
appreciably higher than wi th piston pump sets for 
the same diameter of rotor and the same site. 
Certainly it is theoretically possible to obtain a 
good utilization of the slow-running windmill and 
a good production of energy wi th the piston pump 
sets, but this would involve mechanical com
plications, such as automatic variation of the pump-
windmill ratio, complications which do not accord 
with the robustness demanded of these low-power 
machines. It therefore seems desirable, for reasons 
of economy and operation, that the utilization of 
the slow-running windmill should be confined to 
low powers . While the high-speed windmil l should 
have its application extended to medium and high 
powers , for wh ich a good overall efficiency is 
necessary. 

High-speed windmills may be of two types : either 
with fixed blades or wi th variable-pitch blades. 
The fixed-bladed machine uses a remarkable 
proper ty of thin profiles for its regulation. When 
the angle of incidence of the relative wind with 
respect to the blade reaches a certain value, the 
lift coefficient of the profile decreases abruptly and 
the power of the machine is limited instead of 
increasing with the cube of the wind speed. This 
phenomenon, which is well known in aviation by 
the name of stall, can be used to limit the power 
of the windmil l ; it necessitates, however, the use 
of very thin blades, which may not always behave 
well in gales and in violent gusts. 

The machine with variable-pitch blades allows 
greater flexibility of operation and fortunately 
solves the problem of behaviour in a high wind. 
The operation of this machine is as follows: 

For wind speeds between the starting speed and 
the rated speed, the pitch of the blades remains 
constant; the machine behaves like a fixed-bladed 
machine the running of which is defined by the 
intersection of the windmill and pump characteris
tics. When the rated speed is exceeded, the reg
ulating mechanism comes into operation to modify 
the pi tch of the blades and to maintain the power 
and the speed constant. 

Different methods may be used to control the 
pitch of the blades—centrifugal force, aerodynamic 
thrust on the blades, etc., or even, for high-power 
machines, servo-motors and governors. Regulation, 
using a spring system balancing the aerodynamic 
thrust of the blades, has the great advantage of 
behaving remarkably well in gusts, for under the 
elfect of a sudden increase of wind speed the blades 
yield, limiting at the same time the speed of rotation 
and the loading to which the whole of the machine 
i s s u b j e ct e d. F igu re 2 1 shows s u ch a m a ch i n e 
coupled to a propeller pump. In this machine, the 
position of the pitch-change axis of the blades is 
chosen so that the resultant of the aerodynamic 
loads on the blade creates a torque which is 
always in the same sense; this torque, increasing 

with the wind speed, is balanced by a flexible 
system such that the speed of rotation is held 
approximately constant in the zone of regulation 
and tends to diminish in very high winds , the 
blades then feathering. As the moment of inertia 
of the blade around its pitch-change axis is very 
small, the flexible system yields immediately under 
the eifeet of a gust and the loading sustained by 
the whole construction is reduced. The value of 
the wind speed at which regulation begins, as 
well as that at which the blades feather, may be 
adjusted by regulating the initial tension of the 
spring. The shaft of the rotor drives a vertical 
shaft, co-axial wi th the tower, though a speed-
increasing level gear. This shaft, extending to 
ground level, is connected to a pump with a vertical 
axis, an arrangement which is also suitable for 
submerged operation. The yawing of the entire 
machine round a vertical axis is effected by an 
auxiliary rotor which drives, through reduction 
gearing, an irreversible worm gear. This very 
effective device, besides being self-correcting, also 
limits the speed of yawing, thus avoiding excessive 
gyroscopic loads. 

D e t e r m i n a t i o n of t h e o p e r a t i n g c o n d i t i o n s 
of a h i g h - s p e e d w i n d m i l l w i t h 

a c e n t r i f u g a l p u m p 

Two sets of operating conditions must be con
sidered for the windmill . When it is running with 
a wind speed higher than the rated speed and the 
regulating device intervenes, the output is kept 
practically constant and the set works under the 
same conditions as a normal pumping set wi th an 
electric motor. On the other hand, wi th wind 
speeds lower than the rated speed, the regulating 
device does not intervene and the machine runs 
like a fixed-bladed windmill . It is this mode of 
operation that wre are going to consider part icularly. 

Whereas, in the case of a windmil l operating 
with, a piston pump, it is convenient to represent 
the characteristics of the windmil l on a graph of 
torque plotted against speed of rotation, because the 
piston pump is a machine with constant torque, 
here, in view of the way in which the characte
ristics of the pump are usually given, it is prefer
able to represent the operating conditions of the 
windmill on a graph of power plotted against speed 
of rotation. On such a graph, and for a given wind 
speed, the variation of the power available on the 
shaft of the windmill , as a function of the speed 
of rotation, is represented by a curve with a single 
maximum. The part on the left of this curve is 
not generally used and corresponds to instabilities 
of operation, especially for high-speed machines. 
The apex of the curve corresponds to the zone of 
maximum efficiency; the machine races at a speed 
of rotation which is practically double that which 
occurs at the maximum efficiency condition. It is 
possible to proceed with fair accuracy from a 
curve corresponding to a value *>r of the wind speed 
to a curve corresponding to the value v2 by mul
tiplying the abscissae by the ratio vjv\ and the 
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ordinates by the ratio {vji^)*. The points of 
maximum efficiency are therefore approximately 
situated on a cubic curve N = This property 
also belongs, as it does to all turbine machines, to 
centrifugal and propeller pumps; thus one may 
expect that the zones of operation at good efficiency 
of the windmill and of the pump will happily 
coincide. 

The characterist ics of pumps arc usually given 
in the form of a curve showing delivery as a 
function of lift, at a constant speed of rotation. To 
study the coupling of a pump to a windmill, it is 
more convenient to use the characteristics of power 
absorbed as a function of speed of rotation at 
constant lift, the latter being, in fact, practically 
constant in most cases. If, however, the pressure 
drop of the circuit on which the pump delivers 
were not insignificant, it would be convenient to 
use the curve of power as a function of speed of 
rotation corresponding to the delivery—lift cha
racteristic of the circuit of utilization. It is easy 
to pass from the delivery-lift characteristics at 
constant speed to the power-speed of rotation 
characteristics at constant lift by the standard laws 
of similarity, either for the same rotor or for geo
metrically similar rotors. It is also convenient to 
plot the power-speed curves at constant lift for a 
range of deliveries. By superposing on the plot of 
power-speed of rotation the pump and windmill 
characteristics, intersections defining the points of 
operation may be obtained and thus will be denned, 
for each wind speed, the speed of rotation and the 
delivery supplied by the pump with the lift 
considered. 

To determine the power-speed curve at constant 
lift for a given type of pump, it is necessary to 
know first of all the operating point at the rated con
dition. On the windmill , this point will be defined 
by the wind speed and the speed of rotation. 
Generally the point of maximum efficiency on the 
curve v)t = Cte is chosen. This point being chosen, 
we know the power available and the speed of 
rotation. It remains to determine the pump. The 
type of machine being known and characterized, 
for example by a curve Q-H for n —.Cte for a 
machine of diameter D 1 5 we shall choose on the 
curve an operating point ( Q p H p n 1 } N ^ ) . We 
shall then find, by the standard laws of similarity, 
the diameter and the speed of rotation that it is 
necessary to give to this pump to make it absorb 
the power N ^ f o r the lift H 2 . 

Suppose A ^ H O / H T and B = Q 2 / Q R 

We have N 2 /N T !=A . B. Hence the ratio B 
defining the delivery of the pump. The diameter 
and the speed are therefore given by : 

D , = B V G 

I) , ' A 1 / 4 

and ; 
N , A 3 / 4 

N~ ~~ Bv-

A knowledge of enables, among other things, 
the gear ratio to be provided between the propeller 
and the pump to be defined. The pump is then 

determined by the values 1 ) 2 , Qo. The curve 
N — n for H 2 —Gtc required is no less than a trans
formation to the horizontal line H 1 =(Ue of the 
hump of the curve of the pump of diameter I> r 

The choice of the point defining the operation of 
the pump is obviously arbitrary. For sets with 
motor drive at constant speed, we shall choose a 
point in the region of best efficiency of the pump. 

For a pump driven by a windmill , it is not at all 
obvious a priori that the point of maximum 
efficiency of the pump is the most favourable, ft 
is necessary, in fact, to consider here that, on the 
one hand, the total production of energy depends 
on the velocity-duration curve of the site considered 
and that, on the other hand, the total number of 
hours of operation is of great importance for the 
calculation of the dimensions of the storage 
reservoir. 

Inf luence of t h e c h o i c e 
of t h e o p e r a t i n g po in t s of t h e w i n d m i l l 

a n d of t h e p u m p o n t h e o u t p u t 

To showT the considerable influence of the choice 
of the operating point of the pump on the output of 
the set, we will take a concrete example, that of 
the coupling of a high-speed windmill of 1 3 m 
diameter, of which the power-speed characteristics 
are given in Figure 2 2 , to a centrifugal pump of 
which the delivery-lift characteristics are given 
in Figure 2 3 , the lift being 40 m and the meteorolo
gical conditions being defined by the velocity-
duration curve in Figure 7 corresponding to an 
average wind speed of 0 m/s. The operating con
ditions are defined by the rated point of the wind
mill and the corresponding operating point of the 
pump. 

For the windmill , the following point will be 
considered : 
operation at maximum efficiency for wind speed;! 

of 6, 7 8 and 9 m/s (above Hi esc speeds the 
regulation keeps the power constant); 

and for the pump : 
the points marked А, В, C, 1), F, F on the diagram 

and corresponding respectively to the values of 
efficiency of 72 , 8 0 <A , 76 0 0 F/<, 5 4 </<, and 
4 5 % . 

In all, 2 4 different sets of operating conditions 
will be considered. For each of them, as has been 
said above, a power-speed of rotation curve will 
be drawn up for H — 4 0 m and the corresponding 
curve giving the delivery as a function of the wind 
speed. 

Fig. 2 4 represents the delivery-wind speed curves 
for the different operating points of the pump and 
for the rated wind speed of 8 m/s . It will be seen, 
among other things, that the cut-in of the pump 
occurs for a delivery which is no zero; this is due 
to the fact that the delivery-lift curve at constant 
speed has a maximum. If this curve did not have a 
maximum, the cut-in would occur at zero delivery, 
as will be seen for the other types of pumps con
sidered later, 
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The velocity-duration curve defining the meteoro
logical regime gives, for each wind speed, the num
ber of hours of operation and enables us to calcu
late, from the delivery-wind speed curve, the total-
volume of water pumped and the total numbers of 
hours of operation, for a year. 

Each of the 2 4 sets of operating conditions en
visaged thus leads to a group of figures summarizing 
the annual output. These results arc given on a 
graph of total delivery plotted against number of 
hours; the different points are grouped according 
to curves of equal rated wind speeds and of equal 
conditions of operation of the pump. The graph 
thus obtained clearly shows the considerable in
fluence of the choice of the operating points on the 
output. It can be seen, in particular, that the 
operating conditions corresponding to the maximum 
efficiency of the pump at the rated point are far 
from giving the best results; it is necessary, on the 
contrary, to select an operating point for the pump, 
at the rated operating condition, situated well to 
the right of the point of maximum efficiency. Thus, 
in the case considered, the maximum volume pump
ed is obtained for a rated efficiency of the pump of 
0 6 % and the maximum duration of operation for a 
pump efficiency at the rated point of only 4 5 %. 
The serious study of a windmil l pumping project 
must include the tracing of such curves because 
they alone make it possible to choose correctly the 
characterist ics of the installation to take into 
account both the requirements in total volume and 
in number of hours of operation. 

From the figures which have just been obtained, 
we can form an idea of the economy of the installa
tion. Consider the operating point characterized by 
an annual output of 5 5 0 , 0 0 0 m ; l at 4 0 m and 5 , 7 5 0 
hours of operation. If the pumping were done by 
a pumping set wi th an electric motor, and allowing 
the following average efficiencies, 

loss on line 5 % 
efficiency of the motor 9 0 % 
efficicnc}' transmission and p u m p . . 7 0 % 

there would be an annual consumption of 1 0 7 , 0 0 0 
kWh. If the pumping were done by a thermal set, 
the annual consumption of fuel oil would be 
3 4 , 0 0 0 litres. Under these conditions, and without 
taking into account the costs of installing the sup
ply line, on the one hand, and the costs of main
tenance and supervision, on the other hand (costs 
which may be high if the pump is situated at some 
distance from an inhabited centre), the windmill 
can be writ ten off in four years. The installation of 
a pumping set with a windmill is therefore part i
cularly interesting. These conditions, which are 
already very favourable, may be still further im
proved by the use of other types of pumps, as we 
shall see. 

Inf luence 
of t h e t y p e of p u m p o n t h e o u t p u t 

An essential measure of the value of a windmill-
driven pumping set is the number of hours of opera
tion. To increase this number of hours, we have just 
seen that there is an advantage in choosing a rated 

operating point of the pump situated well to the 
light of the points usually chosen for electric motor 
or thermal sets. This is due to the fact that the 
delivery-lift characterist ic of a centrifugal pump 
is very flat on the left side between zero delivery 
and maximum, efficiency. It would be an advantage 
to be able to use pumps of wilich the delivery-lift 
characterist ic was rising, even at low values of 
delivery. This is the case with pumps of high spe
cific speed and particularly with propeller pumps. 
While, for a centrifugal pump, the lift at zero 
delivery is of the order of 1.2 times the lift at 
maximum efficiency on a curve at constant speed, 
on the other hand, for a propeller pump, it is not 
unusual to obtain a lift at zero delivery which is 
double that of the maximum efficiency. 

The propeller pump therefore appears to be better 
adapted than the centrifugal pump to be driven by 
a windmill . Nevertheless, the gain on the number 
of hours of operation is less than might be expected, 
for the power absorbed at constant speed increases 
when the delivery diminishes. This difficulty can 
be overcome by the use of a pump with variable-
pitch blades which can be regulated in such a way 
that the pitch of the blades diminishes for low wind 
speeds; as the power absorbed, other things being 
equal, decreases when the pi tch of the blades di
minishes, this fault of the propeller pump may be 
corrected and the number of hours of operation 
increased. 

A concrete example will show the part icular fea
tures of the three types of pump. Consider a wind
mill of 1 3 m diameter possessing the characterist ics 
shown on Fig. 2 2 and driving a pump delivering 
with a lift of 4 m. The rated point is chosen for 
a wind speed of 8 m / s and the velocity-duration 
curve corresponds to an annual mean wind speed 
of 0 m/s . The following pumps will be considered : 

( 1 ) CENTRIFUGAL PUMP ; 

deduced by similarity from the pump previously 
considered and used at the rated point with 
fl = 8 0 % . 

(2 ) PROPELLER PUMP : 

(blade pitch angle B = 2 1 ° ) and characterized by 
the following figures for operation at constant 
speed : 

H = Lift (in m) ; Q = Delivery (in 1/s); 
N = Power absorbed (in kW) 

H 2 1 3 i -J J 5 1 G j 7 1 8 1 10 12 14 

Q I 390| 37()| 3 4 0 | 315} 275| 150j 120 1 80 40 « 
N 1 12.51 14 1 17 J 20 ¡22.5} 25 j 27 1 32 37 42 

Or, for operation at constant l if t . 

H = Lift (in m); Q = Delivery (in 1/s); 
N == Power absorbed (in kW) 

H j 4 1 4 1 4 ; 4 4 j 4 j 4 4 I 4 I 
0. 1 5501 425j 340j 280 225j 112| 85 50 I 23 I o 

N 1 35 j21.5| 17 1 l i 12.2 ¡10.5! 9.6 8.21 7 I 6.3 
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(3) PUMP WITH VARIABLE-PITCH BLADES : 

(blade pi tch angle varying from 21° to 6°) and 
characterized by the following figures, at cons
tant speed : 

H = Lift (in m) ; Q = Delivery (in 1/s); 
N — Power absorbed (in kW) 

H 1 2 1 3 4 i 5 6 1 7 1 9 1 11 i 11 

Q 1 390 J 370 340 ] 315 275 1 150! 70 1 45 1 0 

N 1 12.5] 14 17 1 20 \ 22.5| 18 J 19 19.5 20 

B 1 21° 1 21° 21°| 21° 21° |15° J 12« 9« g o 

Or, at constant lift : 

If = Lift (in m) ; Q = Delivery (in 1/s); 
N = Power absorbed (in kW) 

H I 4 4 1 4 1 4 4 1 4 1 4 1 4 4 

Q 1 550 425 1 340 1 280 225 1 114 1 47 1 27 0 

N 1 35 21.5| 17 1 14 12.2! 7.8 1 5.6| 4.3 3.1 

After determining for each type of pump the 
power-speed curves, wre obtain the delivery-wind 
speed curves. The shape of these curves near cut-
in is very different according to whether the pump 
is a propeller type or a centrifugal. The calcula
tion of the total volume pumped in the year and 
of the number of hours of operation gives the fol
lowing results, still for a rated power established 
at 8 in / s. 

Centrifugal pump : 
Cut-in speed ¡7 = 6,75 m / s . 
Annual volume of water V = 4,686,000 m : \ 
Number of hours of operation = 4,190. 

Propeller pump : 

Cut-in speed u = ()m/s . 
Annual volume of water V = 4,953,000 nv\ 
Number of hours of operation = 5,250. 

Pump with variable - pitch blades : 

Cut-in speed y = 4 .5m/s . 
Annual volume of water V=5,455,500 nv'\ 
Number of hours of operation = (5,850. 

The propeller pump with fixed blades enables 
the volume pumped to be increased by 6 % and the 
time of operation by 25 %. The pump with varia
ble-pitch blades increases the volume pumped by 
17 % and the time of operation by 63 % in com
parison with the centrifugal pump under the same 
conditions. 

These figures show clearly the advantage of using 
a propeller pump and especially a pump with 
variable-pitch blades. The latter certainly necessi
tates greater mechanical complication, but, for ma
chines of a certain power, the gain in volume of 
water pumped and especially in length of time of 
operation is such that this complication is com
pletely justified. Although the use of the pump 
with variable-pitch blades remains practically limit
ed to lifts of the order of 6 to 8 m at the maximum, 
on the other hand, the propeller pump may be used 
for much greater lifts in an arrangement with se
veral stages in series. 

C O N C L U S I O N 

There are, at present, some types of windmills 
which are perfectly suitable for driving pumps, 
either the slow-running windmill for a piston pump, 
or the high-speed windmill for a centrifugal or pro
peller pump. All of them, in their particular field, 
give a large hydraul ic power output and a satis
factory number of hours of operation. For modera
tely windy districts, these sets are quite economic 
and can compete very successfully with electrical 
and thermal pumping sets. Their superiority is 
obvious for use in remote places or where there is 

no distribution network. If there have been failures, 
they must be attributed more to lack of information 
on the winds or to the use of unsuitable equipment 
than to a fault inherent in pumping by wind energy. 
In all cases, and especially for high-speed sets of a 
certain size, the installation must be based on a pre
liminary survey of the wind regime and on a serious 
study of the suitability of the characteristics of the 
machines used. When these conditions are fulfilled, 
the windmill will provide an economic solution to 
many pumping problems. 


