SYSTEM OF ENERGY- EFFI Cl ENT AND CONSTANT- PRESSURE PARALLEL- COUPLED
FLUI D- TRANSPORT MACHI NES 5 BACKGROUND OF THE | NVENTION Field of the
I nvention 10 The present invention relates to a parallel-coupled
fluid-transport nachinery, particularly to a system of
energy-efficient and constant-pressure parallel-coupled

f1ui d- t r ans SWSTEM OFENERGREEFFICIENT XND'E€ NS TANTARESSURE

recent years, owng to the advance of technol ogy, the industrial

products are 9PAWRAYPEFCCOUPIEDPLUIBY RANSHORT NPACHINESO! €.
To mass- produce those precise, delicate and mniature products in 20

| ow cost, the current high-tech factories grow in scale continuously,
and the quality requirenents thereof also becone nore and nore
strict, which is a challenge for the building conpanies of the

hi gh-tech factory and the facility engineers who nmaintain the

hi gh-techy factory, and ‘ﬂ‘A@k@k@}JN O‘fﬁf’g?‘ﬁ\w personnel to
new te

zeal ously research sol utions or devel op chnol ogies to
fulfill the requirenents. In the current high-tech factories, it is a
basic requirement for fluid-transport nmachinery to supply the gas and
water of sufficient flow rate and stable pressure to every unit
requiring them Wen the factory is of smaller scale, nerely a

single fluigd-transpoyft chine is enough to supply the required fl ow
rate. \Wen E’rﬁtléozﬁg‘?#b‘fegl%r?&chi ne is used, the 5 pressure stability

can be easily and sinply controll ed according the operational manual
provi ded by the manufacturer. However, in the current high-tech

factories, the scale of the factory.is enl arge cont.i usly, and
e b cat on” St pifsehl TS boBaepies Forabaatlehepapled 1A tandport
machinery, particularly to a system of energy-efficient and

constant-pressure parallel-coupled fluid-transport machines.

15 Description of the Related Art

For recent years, owing to the advance of technology, the
industrial products are growing precise, delicate and miniature more and
more. To mass-produce those precise, delicate and miniature products in

20 low cost, the current high-tech factories grow in scale continuously, and
the quality requirements thereof also become more and more strict, which
is a challenge for the building companies of the high-tech factory and the
facility engineers who maintain the high-tech factory, and which also
drives the related personnel to zealously research solutions or develop

25 new technologies to fulfill the requirements.

In the current high-tech factories, it is a basic requirement for
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flexible, in order to reduce the fabrication cost and to achieve the
product 10 diversification, and therefore, a single-nmachine

fluid-transport systemcan no nore neet the requirenent. In order to
supply the gas and water of sufficient flowrate and stable pressure
to every unit requiring themand to shift the pressure and flow rate

of gas and m‘i&ltra%%éﬂ%a@ﬁn@ﬂﬁﬁi BLgpBNthe FREhnd ReatBe W RUPRSEHT Elow
requi renments when the fabricat’ion proCedures 15 are changed, a system

of mul tipl erparald @hbetetase tb lek/gﬂr ﬁﬁﬁ%@gﬁfirgnrg%&%. r\%epsthe %ﬁé‘l%‘ﬂy i@

the current high-tech flactori es. e oper at paral |l el -coupl ed

fluid-trans g?rstma;}?etfrhéd&?a hﬁr%{:ﬁis‘?ﬁ’ﬁ@;ﬂgﬁf—ﬁ‘ﬂnwt Thitdi isté}g@g}gﬁ on

of a single ftlul ransport ne; J ust “an i nprudent
orovi de 5 SRS e REPire oY Fate, KA nL SRR L p Glin7ls (BRA e
par a1 OBt SHIANR] Ll UL el AP IRRT RGOSR N Gk g .o
opet at t onal °BeaNageE BELHCGT G CHY SGE u B fls T cRARR: uB e
Vorfied  oRPERonEtiefh TadBuity el ol of 4R, THbBRY mine Shlncesl
e et BSIE, BT O AR o B
Feduci ng-t hDCKHERIIER 6 SpiERaRe dRORSHIOMENSAT oreiays Hedpsir
Foal | 2ol vi dreeriniERparAn Eraor o M ElaaRNe THHAPSOr SHURBLCAT om
ic PS: \él ? f:'n Sgéfliel{){:gzgxfﬁ%ﬁég\gﬁ'gqﬁi?gmgﬁg rInpggd%?a}:gessup%lf %ﬂé rgiafs ue?rla(lil water of
sufficient flow rate and stable pressure to every unit requiring them and to
shift the pressure and flow rate of gas and water as soon as possible and
meet the new procedure’s requirements when the fabrication procedures
15 are changed, a system of multiple parallel-coupled fluid-transport
machines is needed in the current high-tech factories. The operation of
parallel-coupled fluid-transport machines is more complicated and crucial
than that of a single fluid-transport machine, and just an imprudent
operation may damage the machines. However, even the manufacturer
20 cannot provide a standard operational procedure for the system of
parallel-coupled  transport-fluid transport machines. Thus, the
factory-building companies and the facility-maintaining personnel can
only depend on the experience accumulated in practical operation. The
operational standard assumed in such a way is not only multitudinous and

25 complicated but also neither analyzed theoretically nor verified

experimentally. Therefore, it is hard to determine whether the assumed
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such as a punp, a blower, or an exhaust fan, the manufacturer wl|
provi de the user with operational data, such as the perfornmance
curves 10 shown in Fig.1. In Fig.1l, the horizontal and vertical axes
respectively represent flow rate and pressure. The performance curve
of maxi mum usable rotation speed begins fromthe vertical axis and

ends in sonepgatiohal sfantiel dardachitve whe aequied eeentity hhé rapidityc d'he
usabl e point. The area |ocated at the right side of the performance

curve of maxysweM of 3Ieipld padlddlicpiiE FHiid SrahspOet AfacHfedi EiNugndO
use. According the Affinity Law of fluid-transport machines, the

rel ationshi @@ns‘fﬂéﬁblﬁﬂ:@% . iheréfotalrie@ncinpand coﬁ%metﬁ'eﬁ@i‘éﬁﬂﬂréé@can
pressure (P), and power P) are shown bel ow. Q N, N2 [J2

bo----- (1) bendf the 28bridfidie cDst ﬁﬁzfgﬁelnelgﬂ. Iéﬂrilbgvé@},@%‘;o Ijl@@tiwgfg F)?gﬁg?@gies

curve of maxi mum usable rotation Vi a oreti

and cal cyl aéﬁé\%ﬁy datgiof B! @MineH 31%%1@%%%@@ Bﬁéﬁ%hhl"é{@ﬁdﬁfdéaw%bg&

pressure (P) h rotation spee efating pressur vmisth
fl t Qﬁlﬂ b =C N +C N+c3 ------ 2 P=c, Q@
+c(2)VQV+(r:g e(gsuggg @8 |ahz\:’qlgg€}|%}r%sefg)£and _(03), t he p(er120r mance curves
of the rotation yjegdgel QWErplAlsd"E CBRHEIER USAR GaifRil FahiRe,

obt ai ned, as the
such as a pump, a blower, or an exhaust fan, the manufacturer will

provide the user with operational data, such as the performance curves
10 shown in Fig.l. In Fig.1, the horizontal and vertical axes respectively
represent flow rate and pressure. The performance curve of maximum
usable rotation speed begins from the vertical axis and ends in some point
of the diagram, which represents the critical usable point. The area
located at the right side of the performance curve of maximum usable
15 rotation speed is a region unsuitable to use. According the Affinity Law of
fluid-transport machines, the relationships with respect to rotation speed

(N), flow rate (@), pressure (P), and power (HP) are shown below.

3
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Based on the data of the performance curve of maximum usable

rotation speed, and via theoretical analysis and calculation, the following



dashed curves shown in Fig.1l. Further, the equal -efficiency curves
and the equal -power curves are also plotted in Fig. |I. There are not
many patents about the systemof nultiple 10 parallel-coupled
fluid-transport machi nes proposed before. The Taiwan Patent

No. 506683 "Paral | el -coupl ed El ectrical Fans" discloses: a system of

I tipl | |.el - | ed electrical f : i | tipl
ol'ect T cal SURES BSPEATY SHaHRE RIS He] (O oVHR gReAT: SRt 4 and
however, it does not nention howto control the parallel-coupled
el ectrical f olling the
It ot r anggmebreRiine (79 4% 1186, fote TB SR tRoaBelT: - et hoa of

Controlling a Punp Sys} ent discloses: a nethod of utilizing
aut omati ¢ cont r ol? afgV op€slatiGonat--(@ar aneters of a centrifugal punp
to punp fluid to an outlet; however, this patent is confined to the

control of a si ng}_l,e c&ntr;éu al p , Wherein punp rotation speed,
769 predst 23h
pr a e

wat er 20 tenper at uTg; BS A inlet and outlet of the punp,

and the pressure difference thereof detected by the sensors are

conpared wi th t h&iapgeatidns €2) dad 43),ahd pgetfitmadnte quods of theirositiod
according to the conparing result. The Tai wan Patent No. M253699

" Devi ces ofspe€aatlowtet ithan ahPunxiBysineiatde Speedasin Be VidWthRie, s the
devices of controlling 4 a single centrifugal punp, which is simlar

to the previmhsd Rairesd shéwn ﬁlhpy%n.i Futthet, the! equml-e bR neY AavES tihaned
pre-stored data is not deduced romthe theories but acqQuired via

ar rangi ng tt_H@eﬁﬁﬁlapgﬂbf‘@ﬁﬁfésfa&@ﬁlso%l@&feﬂ(iﬁh:\%%ﬂ?rati ons; such a met hod
advantages in that the states of a 5 punp, ich are to be the basis

I S T BL T
systemgf BihnAl &RAER G- EAPoEd REMESrdPYsed before. The Taiwan
Patent No.506683 “Parallel-coupled Electrical Fans” discloses: a system
of multiple parallel-coupled electrical fans, wherein multiple electrical
fans are installed in parallel to a one-piece frame; however, it does not
mention how to control the parallel-coupled electrical fans at all. As to the
15 method of controlling the fluid-transport machine, the Taiwan Patent
No.I225908 “Method of Controlling a Pump System” discloses: a method
of utilizing automatic control and operational parameters of a centrifugal
pump to pump fluid to an outlet; however, this patent is confined to the
control of a single centrifugal pump, wherein pump rotation speed, water
20 temperature, pressures at the inlet and outlet of the pump, and the
pressure difference thereof detected by the sensors are compared with the
pre-stored data, and then, the pump is adjusted according to the

comparing result. The Taiwan Patent No.M253699 “Devices of

Controlling a Pump System” discloses: a variety of devices of controlling



can only apply to a single nmachine; the other is that the control
range is limted by the pre-stored data. About energy efficiency,
whet her energy 10 can be saved thereby is an unknown. Accordingly,
via theoretical analysis and experinmental verification, the present
i nvention proposes a system of energy-efficient and

const ant - pr-@%mgg@ denitaflgRl pesp! ehiéh 4é célﬁﬁlam@onhte pREMONepattnd e

oper ati onal od theréof, which not oniy can achieve the secure,

rapi d, 15 aggeRne! theilhhi eife AMRREAnPdNRE dr % t@%t ¥atem af nayaéduw

parallel coupl ed fluid-transport machines a SO can unify an

tshglr)lalo; yc;nhﬁ% o) %tth?ower@%&%ﬁ/%ﬁn{gﬁylﬂr}ggcrl]%{?:)hgﬂgequentﬂsm] |y

via the fO'é}ﬁw iCd Bﬁéﬁﬁshéc@uc r&ahye?héd a?ﬂﬂﬁfa;ggl d eﬁ%‘fcthgoélate@ngf a

enbodi ment ‘di scussi em of “energy-e

?EQ;EE?‘: gggﬁﬁﬁé{@ﬁﬁﬁ it o, 68 e Hasis, ﬁi ??:éff’?;??ﬁ h efﬁ”g;&ﬁi#%%f {aﬁéﬁﬁm e
system of raEIS 2%@%%%&211%% 15 el SRR oh Bubd R tidl: Angal That
23% Eﬁns.ri d gﬁeﬁefi%éﬂﬁ;% % Fyssemy S sltpledbRs By sPirieBnRhRisHhy. -
IS (6] e use a

of mur 11 pi FUESB UL Sl BB S e Wk i beniral BAGRR |
ig.2 h 1
oi pe_Sect | JABFATG li%%?%a%iedg R rARSHotey HORPTRY, WIREhGAIFREEY

fluid inlets, fluid .o ts. and _confluence points, i.e. the ends of
al | thé-plﬁ@négbﬁﬁﬁﬁéﬁﬁr degnunksiovdl. 6 are the inlets of branch
pi pes, and nodes 1 e the total outlets. Pipe

Accor 1ng y, via theoretical analysis and experimental verification,
the present invention proposes a system of energy-efficient and
constant-pressure parallel-coupled fluid-transport machines and the
operational method thereof, which not only can achieve the secure, rapid,

15 and energy-efficient operation of the system of multiple parallel-coupled
fluid-transport machines but also can unify and simplify the operational

standard thereof, and the building cost thereof can also be lowered.

20 Summary of the invention

Sequentially via the following theoretical analysis, equation
deduction, and embodiment discussion, the system of energy-efficient and
constant-pressure parallel-coupled fluid-transport machines of the present

25 invention will be described in detail below. The flow rate in the load

piping system is very important in the study of the system of multiple
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10 sections 8, 9 respectively have fluid-transport machi nes, and the
arrows thereof are not necessarily the real flow direction but the
assunptive direction used in the calculation by prograns. In the
system the value to be calculated is the flowrate Q in each pipe
section, wherein the subscript n denotes the serial nunber of the

pi pe secti C}ﬁ&ga%l—é@lﬂﬂ@%g %@tﬁtir%ﬁspﬂrpgnﬁﬁﬁéé? Ntherd fORE SR BisHiP&HSRKFOWN

values Q, @, ------- nee ni ne i ndependent [1 near

equations e FRIW FarcARGAE %a{wgfﬁ%% SEStERR R0 R CAIaRMd fifdely! | oW rate

at the nodes, the continuity ns can be establis for

exampl e, at “nodeghe hgild ostahe hBwh AR 3561 °R_ dq' eeTidl LR e

sum of the flowrat plI“pe secti ons it can be

e LSS S, e B e

Simlarly, _ _herea soth .
25 o, et o wies EHUREGBE) Mbivihe Asciionr i KR % % iar &
1 ow 1 at o- SORR e SoRbegssPas (PG RREHGrionsh S PR it Phrad 105
the conser VIS aRERGl 1o oo dripel Ripk i iften TRl ang
From node. SEBIHRGE PPIN | elifsCidiart £MA0E BiRA SGh-TSr DOGES dode 3615
g; ga£ 22pef:'2&8 éﬁhqltﬂe?st OP %921%0%1; p}prég, Eu? allllodgg 99? Sllbr a?rsé t te tr(])%a e()sut etg.nlgiplel:

10 sections 8, 9 respectively have fluid-transport machines, and the arrows
thereof are not necessarily the real flow direction but the assumptive
direction used in the calculation by programs. In the system, the value to
be calculated is the flow rate @, in each pipe section, wherein the
subscript n denotes the serial number of the pipe section. As there arc 9

15 pipe sections, there are nine unknown values Q, 0y, -~----- o, which need
nine independent linear equations to solve. According to the conservation
of the flow rate at the nodes, the continuity equations can be established;
for example, at node 3, the flow rate in pipe section 3 is equal to the sum

of the flow rates in pipe sections 1 and 2, and it can be mathematically

20 expressed as equation (4):
Q1+Q2_Q3=0 (4)

Similarly, at nodes 4, 7, §, there are also three flow-rate-conservation

equations (5), (6), (7):

0, +0,—0=0 (5)

25 0.+0,-0Q,=0 (6)



10 denoted by P3 and P4; owing to friction and the piping structure,
there is a loss of total pressure when the fluid flows from node 3
to node 4; the total pressure loss is denoted by A P3, and then, p
AP3=P3-P4 (8) The total pressure loss in pipe section 3 can al so be
mat hematically 15 expressed as K38 (it will be explained later),
wherein K3 is the coefficient of the total pressure loss in pipe
section 3; then, ‘%q T 9n" ? can be witten as: K2 K3@ =P3- ﬁz)(Q)
As each pipe section has its own structure and devi ces, each pipe

section 20 Aashéicbhssreation of flowpraesdoss ﬂl(ﬁIS@{ISIOﬂfIiOdBSehQ 15,,6,\hedndi n
the subscript is wused to denote the serial nunber of the pipe

section. ThE,lthéte BaId flow-gite-ceavaishtion €8haties t@ imphiinensdingaflewt he
right portion has two unknowns P3 and P4; thus, increasing one

equati on i sragds.t he cost of adding two 7 redundant unknowns. The
total pressures of all the inlets and outlets (i.e. nodes 1, 2, 5,

6, 9 and 10) canR éﬂfé?q%@éjeﬂﬁat@&ﬂ(m*"@ol Klgrﬂddﬂ%afe'suézﬁl b@rﬁ&fu%se'dngo

the load piping fromnode 1 and flows thro pi pe sections 1,

7 and 9 anohbﬂlethe%ﬁs%ntz&m HPEger : FBfE éﬂfpw 1etSE€t88§ '3”HzisPh§d@f3 5

ener gy conservatlon whi ch has be use I n“eguat 1 on

P10 (10) g&e Aﬁ ré eEﬂ@e%“Hﬂ Aot st HeBdofP 2% ﬁsﬁg‘énltﬁésﬂﬂuﬂ ﬂ\SWsy

pl pe section an ot al ressure ange C(’iUS

fluid-tr a”;f%’ﬁ{[n(ﬁéé@ tﬁ"?lo h—ﬂ"?t mighné tha ?ﬁang%f(ﬁﬁggg éﬁrga z?[trﬁﬁ%g?) fst Heateh?

wherein AP tota ressure
fluid-transpor that at node 4; the total pressures at nodes 3 and 4 are respectively

10 denoted by P; and Py4; owing to friction and the piping structure, there is a

loss of total pressure when the fluid flows from node 3 to node 4; the total

pressure loss 1s denoted by A P, and then,
AR =F-F, 8)
The total pressure loss in pipe section 3 can also be mathematically
15 expressed as K,Q7 (it will be explained later), wherein K, is the

coefficient of the total pressure loss in pipe section 3; then, equation (8)

can be written as:
K.Qi =P -P, 9)
As each pipe section has its own structure and devices, each pipe section

20 has different total pressure loss coefficient K;,, wherein the subscript is

used to denote the serial number of the pipe section. The left portion of

equation (9) has an unknown (,, and the right portion has two unknowns

P, and F;; thus, increasing one equation is at the cost of adding two



machi ne when the fluid flows through pipe section 9, and how to deal

with AP59 will be discussed later. Substitute the expression of AP in
equation (11) for4P in equation (10), and rearrange the terns as

foll ows: AP59-4P9- OP7 - AP5- AP3-4P, =P, O P, =C, (12) 15 P10 and P, are
known and usually the pressures of the exterior environnents;

ovcan” SR RPN Rl St e bl ol 1,
:6%5 ° Kg""' egglegi 'é)g)g)g’é’%ﬁ‘b?gaﬂ?%f%ﬁbﬁkgﬁgto 58 Kdowh. widine dth’2-

2P0 o 2 r@%@i‘%‘ asipiid g n&i& LA igone) e fectiqn T,
are total ?i,“ﬁq‘ﬁ ﬂ%&@&ﬁﬁﬁ%&%&ﬁﬁﬁ @%?ﬁ%ﬁé&’é‘ﬁﬁ%ﬁ%m hrclpRiale °

unknown flow rates r two unkno APS, and MPS9
existin arﬁ%g%CPH%%&%%MUSH?‘WSMCBHJS&F|11P eguauQg W@ fromthe
performance curves of the fluid-transport machines. The

abovenent i oned qudtF &+ &, pol ynoni al equation (3) can match thé€l0)
reality very well; therefore, the performance curve of the

fluid-tr ans\gﬁéﬁelﬁmﬁp i fheAurR oF'tHE TothPhAE QR BREGHFaY HiBe section and

mat hemat i cal

the total pressure change caused by the fluid-transport machine. Thus,

AP =AP, + AP, + AP, + AP, + AP, - AP, (11)
10 wherein AR, is the total pressure change induced by the fluid-transport

machine when the fluid flows through pipe section 9, and how to deal

with AP, will be discussed later. Substitute the expression of AP in -
equation (11) for A P in equation (10), and rearrange the terms as follows:
AP,y AP, ~ AP~ AP, ~AP,—~AR =Py~ F =, (12)

15 Py and P; are known and usually the pressures of the exterior

environments; therefore, C, is a constant. Transform A P into the form of
KQ*? to obtain:

AP, — K0} ~K.QF - K07 - K07 - K0 =C, (13)
Similarly, the following equations can also be obtained:

20 AP, — K9Q92 - K7Q72 _K5Q52 = K3Q32 - K2Q22 =F,-F=C, (14)
K9Q92"K7Q72_K5Q52_K4Q§ =R, —-F =G (15)

K9Q92 - K'/Q?Z - Kerz =R, -F=C, (16)



10 expressed as: 2 Asa =CslQa +CS2B+CS3 (18) APS9=CSI @2 +CSs2
Q@+CS3 (19) wherein Csi, Cs2 , CS3, CSl, Cs2, and C S3 are all
constants, and the subscript S denotes the fluid-transport machi ne.
Except APS8 and APS9, 15 each termin left sides of the equal signs
of equations (13)-(17) is the total pressure |oss coefficient

mul tiplied by the flow rat qu In order to add APS8 and 89
into the cal cul at®on—&8% T éq %tﬁ%&on&“\?i a%ormula net hod, eq(J1 ti ons
(18) and (19) are rewitten as: APSa - CS1GE2 +CS4 (20) 20 OPS9 =Csl
@ +CS4 (2130 Zamifessi syuabions @) 7¢aadGrénre@itions13) €0 $1D), Sthereaﬁfé
2Cs1 2CS1 4Cs1 9 eﬂ] CS3 - . gsitltute t% expression of APs.9 in

equation ( th)aliyomneélmar&ﬂ&;@peﬂaegﬂ aqﬁat%hs( Iﬁhddﬁﬂﬁl troeﬁheaﬁﬂ@low}% of
ternms as follows: Csl @2 K, Q

Csa (22) s AP d APSQ
(20) " and ?@ﬁtéé&h&%‘?@é%@t f‘%ﬁr‘aﬁﬂ? lﬁp@ G %Xﬁs"fﬁfﬁmﬁr
(14)-(17). It can be found: in addition to the unknowns of flow
rates, therthost equgfidns, twinchovitinbsweslves fam 130 pexfoxtriamge icmrvéseof et
sides of the equal signs, and therefore, further two equations are
needed, i . dluidrtrapsirtgnachinesf | ui d-transport machine will increase
one unknown al so. Fromthe process
The abovementioned quadratic polynomial equation (3) can match
the reality very well; therefore, the performance curve of the
fluid-transport machine at a given rotation speed can be mathematically

10  expressed as:

AP, = 51st2 +C 0 + G5 (18)

APy =Cy, ng +Cy Oy +Cy (19)
wherein Cs;, Csp , Cg3 , C’s1, C’s2 , and C’s3 are all constants, and the

subscript S denotes the fluid-transport machine. Except AP, and AP,

15 each term in left sides of the equal signs of equations (13)~(17) is the

total pressure loss coefficient multiplied by the flow rate squared. In order

to add AP;and AP, into the calculation of the equations, via formula

method, equations (18) and (19) are rewritten as:

APSS = CSJGE2 + Gy, (20)
20 APy =Cy, G; +Cyy 21
’ 2
wherein Gy=0+ Cs2 » G9 = Q9 +&‘ s Coq=Cg3— Cs2 s and
2G5 2C 4Cy,

51



10 of the fornula nethod, the relationships of G and &® versus the
flow rates of the correspondi ng pi pe sections can be derived and
mat hematical ly expressed as: B - = Cs2 (23) 2CS1 B @ = CS2 (24)
2Csl1l 15 So far, the system of equations has 11 equations and 11
unknowns, and thus, the flow rates of all the pipe sections can be
sol ved. The Kn (n:1,622, ..., 9) in equations (13)-(17) are all
known val ueg, “and 't h€y ar fficl f \tLhe; t .
| 0ss, Wwhi ch@f"nc%?jesﬁpcthe btggglt%ggge‘#p%ﬁﬁrﬁg?f%%&tllnoﬁélgéet%c\;/}{\e?nffﬁgr
fluid and the pipe, afd the minor |oss caused by 20 the devices and
parts installed to the pi %; therefore, the K valuyes can be obtained
via referri Afst Hl?%‘@tﬁlfb@%l o peramigsithe teymsgefollaves:f | ui d- t ransport
machi nes of the sane specification are 10 coupled in parallel, the
flowrate in the fo nc urye.w || .al so, increase as man LJres
Qv il o digd Sel g 248

I
as the fluid-trahefert Qe‘cf&@s.‘lﬁgg.'SKIQth%_QShe per f or ma

curves of the systens having different nunbers of parallel-coupled

fluid-transport mRehiafERSt ! f ee h@@) I
Fig.3, at an identi ca%r%ﬁ%?ﬂ?ﬂ?ﬂ I?A(I)stfil ?gfdeggs?og} 8@%3t§§/lﬁt Wo and
paral | el -coupl ed fluid-transport machines is the double of that

provi ded by21a cehradscestithatitutet foandpgr andradAj ni;. eq@iationar(lly)~@7)akt can

i dentical pressure, the flow rate provided by three parallel-coupled

[ oty anapostuia Afdibh ol (18 LAkRNnSbr Al RIS HGE B¢ QiP'he) ©
unknowns Gg and Gy existing in the left sides of the equal signs, and
therefore, further two equations are needed, ie. increasing one
fluid-transport machine will increase one unknown also. From the process

10 of the formula method, the relationships of Gg and Gy versus the flow

rates of the corresponding pipe sections can be derived and

mathematically expressed as:
CS2

G.~0 =

0= 23)

G,—0,=Ss2, (24)
2C31

15  So far, the system of equations has 11 equations and 11 unknowns, and

thus, the flow rates of all the pipe sections can be solved. The K, (n=1,

2, ...., 9) m equations (13)~(17) are all known values, and they are the
coefficients of the total pressure loss, which includes: the loss caused by
the friction between the fluid and the pipe, and the minor loss caused by

20 the devices and parts installed to the pipe; therefore, the K values can be
obtained via referring to the pipe loss coefficients,

When the fluid-transport machines of the same specification are

10



10 words, the perfornmance curves change with the quantities of

paral |l el -coupl ed fluid-transport machines. |If the performance curve
of a single fluid-transport machine is mathematically expressed as:
P=CSI Q2+CS2Q +Cs3 (25) wherein Csl, Cs2, and Cs3 are constants. Let
Q (n=1, 2, 3, ..., n) denote 15 the integrated flow rate of the

System of - dinfen ah hrRUPhE oty s SANABCHLRAAS e B atso
machi nes. Pedde dsUntnt (ANSPRL the FRERIAGIp A GnsAHRE Gfek"FRAS Anbbls
the fluid rate Réted _ | NnCrea oy ] ,zo.l.lé._— h@
substitute i iRl LR o AR hSind bRk b of
the. 232?ZnfE%aﬁ%—%%q‘é&Stiqiﬁ?&%fsp@%ﬁg?a%&fﬁef@?éﬁqaﬁﬂg%%Lﬁ%%”%%?h@ $"os
. o i H ) : 11
inchangel, eV op J1Epr aucitt ifisicel areHEs o [‘dw‘i’fmtt@ %é@%ﬁ?a‘; il
d. i
Formed vi 5 PRRBEFHRPIER dTHIg: 0B ST ?n%égp&e:@&mé tof ﬁ@z&gpé{ideﬂzow
[ |1 X 4 = K ) 7
Wher e K B3 & siizls TRRAFPONARACENG, STETEIS At AMeKchiion PTAbEs! Tehe

t
SYStem flow rate provided by three parallel-coupled fluid-transport machines is

the triple of that provided by a single fluid-transport machine. In other
10 words, the performance curves change with the quantities of
parallel-coupled fluid-transport machines. If the performance curve of a

single fluid-transport machine is mathematically expressed as:

pP= CSIQZ +C,Q +Cy;s (25)

wherein Cs;, Cs,, and Cgs are constants. Let O, (n=1, 2, 3, ..., n) denote
15 the integrated flow rate of the system of the parallel-coupled
fluid-transport machines with n denoting the number of the
parallel-coupled fluid-transport machines. When n fluid-transport

machines are coupled in parallel, the fluid rate thereof will increase by n

times, l.e. Q,=n-Q ; substitute it into equation (25) to obtain the

20 following equation:
P=S302+529 e, (26)

which mathematically expresses the performance curve of the single
equivalent machine of the system of multiple parallel-coupled
fluid-transport machines.

25 For a complicated piping system, if the setting of the system is
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and AP,, is the total pressure |loss of the system Therefore, with
the system conditions unchanged, if the pressures at sonme flow rates
are known, the systeminpedance curve can be acquired thereby. 10
Fig.4 shows a system i npedance curve and a performance curve of a
single fluid-transport machine and an intercept point of them The

pressur e angn e kliothd A1 HRLARPAILI StHOs L e BPHECBlolRliBha Pl

exactly the tot bressure 0SS an oW rat

system respgpt oYzﬁl ﬂm{v 1‘3'39 cﬁ]h%qgﬂgssrgtem? lyp@%igﬁcce v@gc%a%l?éefoﬁﬁé& &tk

t he operati ona poi n Img-s emo

equal 1o thE %@@%x&g 8@4@38%6"@&? aSTRAY fhe PR R AR S

t he total ro rate the systemis equal to the flowrate of the
fluid- trans’ﬁ%l eCXRIPS eﬁleasrrat hemati c expressions of the

per formance curve of the fluid-transport machine and the system 20

i npedanc® curve atB, En’f}mﬂm substitute equation (27) into the eq(xzﬂ)l on
of the performance curve to obtain: fj CS1Qys + CS2Qy, + CS3 = Krys

, (28 bt | yt the fl te at
the i nt o coBrelinker (EALCoaTs Rbilalopar ks Tt f Filpedl Fghedth,
curves-via the fornmula nethod: 12 CS2 CS2 - 4 Csl- Kg Cs3 (29) 2

CS, - K-, Fgidanp| UisdtHer ﬁﬁﬁp?&éssﬁ?@%ﬁeof Qﬁéaéyls?eqn' Th %reﬁ?bﬁé ngu?lyg{eem
and operating at”a fixed rofation speed, the flow rate théreof can

be solved 5 fromequation (29). If the solved flowrate is not the
expect ed vaiXFEEmt ¢GRS reichapged.hi the psessuresi at spaegifleyy tiates are
rotation speed of the fluid-transport machi ne. Wien the rotation
speed of t higngwn, etsystespampedance curve can be acquired thereby.

10 Fig.4 shows a system impedance curve and a performance curve
of a single fluid-transport machine and an intercept point of them. The
pressure and the flow rate corresponding to the intercept point are exactly
the total pressure loss and the total flow rate of the system respectively,
and therefore, the intercept point is called-the operational point. In the

15 piping system of a single fluid-transport machine, the total pressure loss
of the system is equal to the pressure provided by the fluid-transport
machine, and the total flow rate of the system is equal to the flow rate of
the fluid-transport machine. If the mathematic expressions of the
performance curve of the fluid-transport machine and the system

20 impedance curve are known, substitute equation (27) into the equation of

the performance curve to obtain:
Sleys + CSZ SyS + CS3 KsysQ.rys (28)

and then, obtain the solutions of Q

SYS

—the flow rate at the intercept point
(the operational point) of the those two curves—via the formula method:

12



machi ne i s changed, the performance curve thereof also changes, and
the operational point too. The performance curve of the
fluid-transport 10 machi ne can be worked out via the cal cul ation
according to the Affinity Law, and the relationships of flowrate
versus rotation speed, pressure versus rotation speed, and power
versus rotation speed have been shown in equation (1). Fig.5 shows
the performance curves of a fluid-transport nmachine 15 when it

operates at the rotati &nm pm and 2275rpm  wherein
Poi nt A and Poi nt, B_ar es? pperat i spoints for different (29)
rotation speeds ‘Fthe fi xez{csyskein From equation (27), the

followng relationship can be obt ai ned: 2 2 PA - KsysA 2 z (30)
Pe K, ysQB Qa 20 cording .to equation.(1 the, r.el ati.onshi p betweegn
poi nt A n the. BOF rbo i kasERYE R Rides oy bt o8 bt s Bl 4R

performance_curve o

N2275 13 P, A)_pﬁ‘f@tn}g g’lfé H( \%}1%%3 r@%ﬁo%m%g‘éeféﬁwthte tf?(?W al'?’:li:e %\BIEO%\”C-ZHSI QDC( :s)’c])'fvedQC

5 from equation (29). If the solved flow rate is not the expected value, the

flow rate can be adjusted via changing the rotation speed of the
fluid-transport machine. When the rotation speed of the fluid-transport
machine is changed, the performance curve thereof also changes, and the
operational point too. The performance curve of the fluid-transport
10 machine can be worked out via the calculation according to the Affinity
Law, and the relationships of flow rate versus rotation speed, pressure
versus rotation speed, and power versus rotation speed have been shown

n equation (1).
Fig.5 shows the performance curves of a fluid-transport machine
15 when it operates at the rotation speeds of 1750 rpm and 2275rpm,
wherein Point A and Point B are the operational points for different
rotation speeds in the fixed system. From equation (27), the following

relationship can be obtained:

B _K.0i_0) (30)
PB KsysQé Q.;

20 According to equation (1), the relationship between Point A in the

performance curve of 1750rpm and Point C in the performance curve of

2275rpm can be written as:

0, N
A _ tNs0 3D
Oc  Noys

13



Substituting equation (31) into equation (32) can obtain: 2 PA =QA
(33) 2 Pc QC Via conparing equation (30) and equation (33), it is
found: that Point Bis 5 exactly Point C. Therefore, when
Qperational Point Ais known, Operational Point B, i.e. the

i ntercept point of another performance curve and the system

i npedance curve, £an Mg, worked out with the Affinity Law V\henéﬁ;e
pressure and the ployrate of Point Bis the target 10 pressur nd
the target flow rate of°the systemyet with the rotation speed of

the fluid-tfabsiatihgseohiion (BE) o eqtungym (32)heanr shitald:on speed can be
worked out as follows: Firstly, according to equation (27), the
paranmeter K, is oBtaided by: K Y nB (34) = @ 15 Suppose thag fhe
performance curvepof g’he fluid-transport machine operating at %1e)
rotation speed of 1750rpm can be mathematically expressed as _
equat i on (2¥ja coupstingwqeatioe (30kddd cqeation @3)eifusfowmd:(ths) Pornd is
equation (34) into equation (29) to obtain the flowrate of the
system XA eXdetly, RPmobrdi nfhtrefeguathen Qperatibiealr dtoani oA $peletbwan
be obtained 20 by: Ns,s = N1750Q) (35) Thus, the target flowrate
can be obt aDperhtidmal FdjintsBj he thbdntepteyiti prins pLadothef peifermance curve
fluid-transport machine to Ny,. According to equation (1), the
and the system impedance curve, can be worked out with the Affinity
Law.
When the pressure and the flow rate of Point B is the target
10 pressure and the target flow rate of the system yet with the rotation speed
of the fluid-transport machine being unknown, the rotation speed can be

worked out as follows:

Firstly, according to equation (27), the parameter K, is obtained by:

P,

K= (34)

15 Suppose that the performance curve of the fluid-transport machine
operating at the rotation speed of 1750rpm can be mathematically
expressed as equation (25). Substitute the coefficients of equation (25)

and equation (34) into equation (29) to obtain the flow rate of the system
Q, . Then, according to equation (1), the rotation speed can be obtained
20 Dby:
N, =N 1750% (35)

5ys
A
Thus, the target flow rate can be obtained via adjusting the rotation speed

of the fluid-transport machine to N, . According to equation (1), the

14



14 performance curve of the adjusted rotation speed can be
mat hematically expressed as: N 12 Nzsn~P=C51(1" Q z+Csz(1l Q +Cs3
(36) rys rys 3)1 Rearrange it to obtain: z +Csz Nrys Q+ NZys Cs3
(37) 5 P = C5, @@ N1750 Nnso According to the principles nmentioned
above, and based on the data shown in Fig.6 and Fig.7, the

per f or manc Y, : =
0. sesoce PEMLERYEE Al braRR PR RN G o B AT eally
fluid-t ran%g{gﬁ_és ga%@l nes of the sanme specification are coupled in
parall el |ng to equation (26), the performance curve of the
singl e equivalent fluid- transport machi ne can be mathematically
expressed as: P Vs pQ9838 750|' %2@ mg% 39) 15 Via equatdg@j
(27), K,,, is othFned NKv 52 ((20) Substitute th
coefficients of the equatlon (39) and the constant of equation (40)

I nto equati ain: Q -2.2222- 2.2222-4(-0.0988-0.352) 700
41.9 (cfs)I? %&,ﬂr@%&\ﬁo Pﬁ%ané( 0. 0988- 0. 352)

2

N N
5 P=C,0 +C,,—2-0+—2-C,, (37)

2 S
NIT5U N] 750

According to the principles mentioned above, and based on the
data shown in Fig.6 and Fig.7, the performance curve of Fig.8 can be

mathematically expressed as:
P =-0.88890" + 6.6667Q + 700 (38)

10 In this exemplification, three fluid-transport machines of the same
specification are coupled in parallel. According to equation (26), the
performance curve of the single equivalent fluid-transport machine can be

mathematically expressed as:

P =-0.09880Q% +2.22220 + 700 (39)
15 Viaequation (27), K, is obtained by:

563
Substitute the coefficients of the equation (39) and the constant of
equation (40) into equation (29) to obtain:

—2.2222—{2.2222 - 4(—0.0988 - 0.352)700
2(-0.0988 — 0.352)

20  Fig.9, the worked-out total flow rate of the system is 41.9¢fs; however,

=419 (cfs). As shown in

sts =

the total flow rate required by the system is only 40c¢fs; therefore, the

rotation speed of the fluid-transport machine should be lowered. Suppose

15



20 Fig.9, the worked-out total flow rate of the systemis 41.9cfs;
however, the total flow rate required by the systemis only 40cfs;
therefore, the rotation speed of the fluid-transport machi ne should
be | owered. Suppose 15 equation (38) is of the performance curve of
the rotation speed of 1750rpm The desired rotation speed can be

igggi ? ?gmaf: gir?rh? ﬁ%@)r g?g#fgh@g%%rg |éé:}yc.reegﬁlé‘?dwé%%4%ﬁyl[5gp§%dig?fpm
i hormt | cal |3 Bb doscqesiéd BRARIGP BRERoEeh B8 ey 50y

Adopt the p urve mat hematical ly expressed by equation
(41); the r%idgl?fomﬁzggtotal flowrate will be 40 cfs, and the flow

10 rates of all outbhets_areoal most identical ., and the pressure
ther eof _ar eMai §6Vnw§igfdﬁq4—“éﬁmirﬁ- Pt i TosatinB P g reduced
par al | el - coupl ed mathi nes o Fig. 10. According to the same nethod,

the rotafiop nd, §H&! bEFBridné\Bur A lB@blt:)%‘i’ﬁHH g&gggﬂg RESqEA{dn

al so be worked out, "and"the rotation speed ereo d be rail sed

to 1850r pm(ggﬁgﬁﬁcl%gthiteﬂgtdf@?g&%;x Y&s@eﬁ?&: two 15 parallel-coupled

machi nes of tes of all outlets are also al nost
identical, and the errors of the pressures are within only 2% to
the equal -effi ci e‘ﬁiyoégé s+§-ﬁ6ﬁggf%’,‘74é1ey cannot be deduced ¢
theoretically but are obtained experinentally form practical
operation by thadepiufthet pegformance t bese dahthensatieallyorekprelstieby

anal yzed but will be 20 used directly. BRI EF DESCRI PTI ON OF THE
DRAW NGS  equation (41); the recalculated total flow rate will be 40 ¢fs, and the flow
10  rates of all outlets are almost identical, and the pressures thereof are also
uniform, as shown in the portion for three parallel-coupled machines of
Fig.10. According to the same method, the rotation speed required by two
parallel-coupled machines can also be worked out, and the rotation speed
thereof should be raised to 1850rpm. As shown in the portion for two
15  parallel-coupled machines of Fig.10, the flow rates of all outlets are also

almost identical, and the errors of the pressures are within only 2%.

As to the equal-efficiency curves in Fig.1, they cannot be deduced
theoretically but are obtained experimentally form practical operation by

the manufacturer, and those data is no more further analyzed but will be

20  used directly.

BRIEF DESCRIPTION OF THE DRAWINGS

25 Fig.1l is a diagram showing the data of a centrifugal fluid-transport

16



25 Fig.1l is a diagram showi ng the data of a centrifugal
fluid-transport 16 machine. Fig.2 is a diagramshow ng the system
of nmultiple parallel-coupled fluid-transport machines and the | oad

pi ping system Fig.3 is a diagram show ng the performance curves of a
single 5 fluid-transport machine, the systemof two parallel-coupled
fluid-transport paehinges, and the system of three parallel-coupled
fluid-transport machines. Fig.4 is a diagram show ng the performnce

curve of a isgge' digt a2 AR sﬁaﬁf}gﬁg%@n%@ﬁ %\fsfrﬁﬂﬁééfégﬁqgﬂfe‘f—c%‘ﬁﬁé‘d

10 Fig.5 is iagra oW ng perf ot mance curv

fluid-transport ﬂﬁﬁglqlf‘éﬁ@ogfﬁfa@hjdég agh_thgq?éfgb@ﬁlggyagﬁpds of 1750r pm

and 2275rpm  Fi Q. agram show ng ure 'of a load

pi pi ng syst Ftog. 7 i i agr hgwi n ta of king fluid

and thedat BiB3 3P | %ﬁgg@ggﬁfﬁﬁé @*@-t Fr?ed‘.fﬁﬁ?%ﬁs cﬁuggfsaﬁﬁé hatomf‘ﬂﬁgiq he
per f or ce CcurVvges 0 id- nspor chi ne. operatin

(rj ot ?t! gﬁf speed oﬁﬁlfzgﬁf%ﬁ:y Fﬁhﬁgffles ghé;'fj}l t%m fsI n&]“f;% Pﬁ’éaq']‘q%?iﬁupque
istribution in gagh o outlets n -t ransppr,

machi nes oper at (ﬁlélfi—ttrq%sppgf RS p B g‘? Syf%%r"g e PRI cl-foupled,

diagramshowingflthgﬁflowr te distribution in each of the outlets

when the fluid- tHYHSEHAPOHERCARESoperate at the rotation speed of

roqui Fod byFia 15 SR ananoNEIE Y DEHEREEICE BKE ot 1 HUGy SEEReSY
two machine and the system impedance curve.

10 Fig.5 1s a diagram showing the performance curves of a fluid-transport
machine operating at the rotation speeds of 1750rpm and 2275rpm.

Fig.6 1s a diagram showing the structure of a load piping system.

Fig.7 is a diagram showing the data of a working fluid and the data of all
pipe sections.

15 Fig.8 is a diagram showing the performance curves of a fluid-transport
machine operating at the rotation speed of 175_0rpm.

Fig.9 is a diagram showing the flow rate distribution in each of the outlets
when the fluid-transport machines operate at the rotation speed of
1750rpm.

20 Fig.10 is a diagram showing the flow rate distribution in each of the
outlets when the fluid-transport machines operate at the rotation
speed of 1670rpm.

Fig.11 is a diagram showing the flow rate and the pressure required by the
system and the performance curves of the system of two

25 parallel-coupled fluid-transport machines and the system of three

parallel-coupled fluid-transport machines.
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25 parallel-coupled fluid-transport nmachines and the system of three
paral |l el -coupl ed fluid-transport machines. 17 Fig. 12 is a di agram
showi ng the performance curves of the systemof two parallel-coupled
fluid-transport machi nes and the systemof three parallel-coupled
fluid-transport machines. Fig. 13 is a diagram show ng the data

relating t i PR aiaag%nfélwm%ttﬁe perfdRfhafes batveisne 188 %?&reﬁfl brgwsncy

curves Fig. T4 is a diragram shoWi ng't he convention operational nethod

dth ti . S X ¢ 1o |
G gt am showi g PARAIGHEERMR Phuid-HarBbGR SchiieHndothe, Syflom'Sf el

i tion. 10 Fi j i i architecture of the
oyt om cont ol - Pargikacpfedadl- AThSRH BRI, B A (RTIE T

Cical Lo, . ; . . .y

Do o BTt B Ap U Y KGR T e BRR AL DRy e
Chen aopy the- A PR EIRE S APLRSR Y SOl ol ' The shetem thus
th i tJ. I t ked t bef hand, d
then the e idiaham, SRORIEE B R entiin Shedondl it My Ben,
Th nbodi ts d i bed elow.are to exenpl.ify that the results
vvo(rakgd gu!t WS?aspﬁgga%M“ Q?'?éﬁ‘?‘illB\ﬁNg&e BESSRS %‘r’fggéﬁl”éydi rectly appl iued to
th tical . ,Th di. tp be discussed bel ow su ses
e PR Bl 5 S lbnr O REr e oo S SR e BSG
of the systemis a 25 constant pressure P, , and the maxi num fl ow

rate a singl e pRApseEhHIVengoN.

10  Fig.16 is a diagram showing the architecture of the system control.

DETAILED DESCRIPTION OF THE INVENTION

15 In practical operation, the time allowed to determine operational
parameters 18 very short; therefore, it is hard to utilize the equations
deduced above to calculate the operational parameters and then apply the
worked-out parameters to control the system; thus, the required
operational parameters are worked out beforehand, and then, the work-out

20 parameters are directly applied to the system. The embodiments described
below are to exemplify that the results worked out via the
abovementioned equations are directly applied to the practical cases.

The embodiment to be discussed below supposes that the flow

rate required by the system is @,, and the pressure of the system is a

25 constant pressure PB., and the maximum flow rate a single pump can

18



provides is Q and the maxi mum pressure a single punp can provide is
P,. Wien the systemuses nmultiple punps, the enbodi nent al so supposes
that those punps are of the sane specification of the sane

manuf acturer in principle. Fromthe abovenentioned basic data, it is
known: if QI > Q 5 a single punp cannot neet the requirenent of flow
rate, and if P..> PT  it. .can neet the re uirenﬁnt of RrLEssUr e In
the convent?8NHCSISe e FSH I FAMIZHM PH%SSE%S{‘ ST ALURfE8 RGNIC%E
calculated fromthe piping layout and the flow rate of each pipe

section, apdyhen SSERRmRRY ffﬂ?ﬁlgﬂ%’ P\ﬁﬁqfs? &@&gfg?ﬁ?ﬁ@nﬁ’é@o @h?#)ééé%g

the system 10 i npedance agai ns ow'rat e, e conventt onal

operational nethod conprises the follow ng procedures: (1) Turn on a
first punp;thAbiaserburBRs aroen the,samg spegificatien o thersaane BanagiEret
the single punp (the solid curve) cannot intercept the system

i npedance curpténdpleObeoat ihendoveaignitiodedbalic=ddta, s kQownIIf ; 0 150(,2)
Turn on a second punp wth the operational conditions the sane as
that of the first punp; the performance curve of two parallel-coupled
punps (5--)a pmigls puppscaiwt Juestdheirapeidement efiflpsv satepandhif X >vhi gh
exceeds the systemrequirenent; then, the rotation speeds of those

two punps ﬁn%ggm@nguﬁggm hY8 prdslreper f or mance curve of two 20
paral | el -coupl ed punps *(- - caﬁ I ntercept the system i npedance

curve at Operatigp gﬁe EQh¥¥ntfinal épellaftiloiaf Higiﬁjocp, YHP s% efl ﬁﬁ%édﬂﬂ%%%aﬁm

as shown in Fig. 1 via approprtately adjusting e rotation speed

of each purg, ?Algﬁfa?erd I:I'BIIE ﬂﬁet %gfrfglrah@ui Bfd tl‘f@ﬂS“Plfatté]\rfYZ gach pipe section,

paral | el -coupl ed punps, nce curve of

paral l el - coupf Bl WUIBR GAPRE LRVE'GEPhe FOnsY SAE PIOARBIBACEy StV e
10 1mpedance against the flow rate, and the conventional operational method
comprises the following procedures:
(1) Turn on a first pump; however, as shown in Fig.11, the performance

curve of the single pump (the solid curve) cannot intercept the system
impedance curve at Operational Point O of P=F and 0=0,;

15 (2) Turn on a second pump with the operational conditions the same as
that of the first pump; the performance curve of two parallel-coupled
pumps (---) intercepts the system impedance curve at Point X, which
exceeds the system requirement; then, the rotation speeds of those two

pumps are lowered, and thus, the performance curve of two

20 parallel-coupled pumps (- * -) can intercept the system impedance

curve at Operational Point O;
(3) If a third pump is also turned on, as shown in Fig.12, via appropriately
adjusting the rotation speed of each pump similar to that used in the

case of two parallel-coupled pumps, the performance curve of three

19



at Operational Point 0; (4) Keep on increasing the nunber of
operating punps, via appropriately adjusting the rotation speed of
each punp simlarly, the performance 5 curve of nultiple

paral | el -coupl ed punps can also intercept the systeminpedance curve
at Operational Point 0; (5) Thus, the systemrequirenent can be

satisfied wt l.el. - I v t he
conventi onal z’ﬁg% T@\r@ﬁeﬂéﬁaq{%zﬁ\%{ghﬁ%@@ ﬂqgﬁfsg{sféﬁmlﬁf eg?‘ ﬁ%"r gl:lrl;sveto
be sol ved: ho ld be parallel coupled so that the
system can be%%@%ﬁ@ﬁéj)@ef ficient, and how to adjust the
nunber of paragllel-coupl ed S . to achieve the optimal. state .when
The syst e Ehpterh ol THrGun AR v ) SRttt RIS e AP FuialFFog
flowrate, which are al so.the subjgects the present inventio 15
desires to ovdBEHEE oo st Oh8ar PURtD OoNkinihe, prRHTRNCe
output flow rate of .each pu i he sane, ener saving is nor
likely to achi®¥¥ %rmu@iﬁgﬁ@?ﬁ?fﬁ%m&é%geBFm@S gg@zgléo tﬁgc%rﬁ"e
energy-efficient that the case of Q :t ~. . Therefore, naking
the flow rateSBﬁtPHh%mB“yE@&é’W%‘(ﬁrﬁt Q@CWZ@&@’QFI%@H be the first task
i ntended to q . To enable the flow rate of each punp.to _be equal,
power neter@ ’rg%‘, rg?pédfﬁ‘ie‘&'él equERaEte §afo bl |satiplicd umith y two

according to the values detected by the power neters, the flow rate
of each punp ®atalisd-complgdhpampswr moreHP= FxQ constant (42)

However, the conventional operational method leaves the
10 following problems to be solved: how many pumps should be parallel
coupled so that the system can be the most energy-efficient, and how to
adjust the number of parallel-coupled pumps to achieve the optimal state
when the system impedance curve is changed by the change of the
required flow rate, which are also the subjects the present invention

15  desires to overcome.
From the pump theory, it is known: when the output flow rate of

each pump is the same, energy saving is more likely to achieve. For

example, the case of Q,=Q, =0, is more energy-efficient that the case of

Q, # 0, # 0,. Therefore, making the flow rate output by each pump be

20 equal will be the first task intended to do.
To enable the flow rate of each pump to be equal, power meters
are respectively installed to all the pumps, and according to the values

detected by the power meters, the flow rate of each pump can be obtained

by:

20



wherein P is the system pressure and nai ntai ned unchanged; the
constant is the product of the punp efficiency and the unit
conversion factor. The efficiency should be identical when the
states of all the punps are the 5 sane. Once the power is known, the
flowrate will be known also. In other words, if the power of each

punmp is identical, i.e.SI;ngEl] = HP2 = HP3, Q =@ =@ . Flowneters
can also be instsfpe punps, and the flow rate can be
directly detected; howemnsefantthe error of the flow neter is greg&m
and the response thereof is also slow therefore, using power ters

i 10 41 tabl t 1 oned ,net had ,can achi.eve
o ey B ReToRRYS P O, 1P HEERLA T SRR B2 G

llel, but,it t,. det i h hould b ar al,l e
Poupl ed 1o BehF ARG BER BRI Rary AR 1R sBiVefsfor gkt The

le, it & t t i ne, whi c 15 gne of Q .= = and =

e b 1 cotTiERRy S50 Red Saghbical pyiish, RS sl bt 2l thep Mot e The

Il el - | ed dth f of ft t
Dol 1 615 COuBIeOnBRTBS Batar B Khova: thodiamears will e dronn gidhanar o
adjusted so that Q = Q@ = QI and P, = P, = P.. The dashed curve is
t he per f or mather wardseif2theopowen op saghl mimp aspldentigalnps, HErdHP, = HP,,

appropriately adjusting the rotation speed of each punp can enabl e

t he performance curve of two aral l el -coupl ed pynps to intercept the
syst em i npedan€e=6kr thet@b%g%n ?dﬁﬁ e w@rﬁ{eddo DWEPS Ad hgcllow

the performance curve of one of 21 those two parallel-coupled punps,

and Poi nt Gatd &atf o Uirkadydeeeditdvihdwd rer, e deraisk theerldw aRcter ¢ pfeal) - -
Fig. 12 al so shows the performance curve of three parallel-coupled
punps and thel aRS fFRpHRICtRHIVE Abo QMW Otherefore, using power meters is a
10 more suitable measure.
The abovementioned method can achieve a better energy-efficient
effect when multiple pumps are coupled in parallel, but it cannot

determine how many pumps should be parallel coupled to achieve the

best energy-efficient effect yet; for example, it cannot determine which

15 oneof 9 =0,=0Q, and Q =, is better.

Fig.12 shows the performance curve of two parallel-coupled
pumps and the performance curve of one of those two parallel-coupled

pumps, wherein via flow meters, those two pumps are adjusted so that

Q,=0, =% and B =P =F.. The dashed curve is the performance curve

20 of two parallel-coupled pumps, and appropriately adjusting the rotation
speed of each pump can enable the performance curve of two
parallel-coupled pumps to intercept the system impedance curve at

Operational Point O. The solid curve is the performance curve of one of
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those three parallel-coupled punps, wherein via flow neters, those
three 5 are adjusted so that 1 punps Q =Qz=Q =3QT and P, =Pz=P3=PT.
The dot-dashed curve is the perfornmance curve of three

paral |l el -coupled punps, and simlarly, appropriately adjusting the
rotati on speed of each punp can enable the performance curve of

three paral}el - le Q.inter 1t tem,i dance curve
2t Cper at 1 o Shp BRI Bulrbof HCo ot By e e g aite
three parallel-coupled punps is denoted by the other solid curve,
and Poi nt Ogf t4er gof tHeAPrels el dOVE I L1 Dfalso3s fdhwa Mt pBFoPhaRSS ERrvf
PT . Both the fieasure of two parafliel®coupled punps and the neasure
of three parallel-coupled punps can achjeve the pressure PT and the
flowrate Qﬁa T P@aﬁéytﬁ@%@eéy@mﬁﬁ arik thy PSERBRNCE GHYG| Qfc@NBYOE he
punps of both the neasures are all equal to PT ; however, the flow
rates providege shreerparplieleounled gumpsh ovirrauvissflawemetess pthasevtbrag Qr
and QI , and Point O, is different fromPoint 03 . As nentioned
above, tse pmmpf; am*bua@jmwdogbdﬁ@ttge: Qﬁﬂ@E-_@Tf ia@lﬁer;?gé fgurpg/espr_f Ohe
each specification of punp. Plotting the 2@ equal-effiCiency curves

on Fig.12 wll .obtgin Fig.13, The hyperbolic dashed curve n Fig.13
are respec}t,\‘%l‘?/té‘il%ﬁ%?aec‘é]a’&alls- &P B?l‘efﬂﬁﬁa%‘iﬁ VEEVGO %@%eef’f”failei'ﬁeypgfl?),
60% ef fi ci enc 77) ,and. 50% effi ci.ency (J(7), ich are plotte
directly frB‘h‘%llegea%%tSHnﬂﬁlg% BRRFOBYA{oI A iptatign dbesd Gheach
bottom points thereof are int efrconnect ed to . forma dﬁ)t-dasq@e’g curve.
As there iRUPREAASRablethe perlopmanes surys: et tuee parallddsaupled pupmisnt
03, and Point 0 are all on the sanme horizontal linpe. In Fig.13

Poi nt 02 i slOOHMUERED! dBe a1y Stm; ian ce FWEe it Blpsratianadi Beigy Qqilheand

Point 0, is on the .
10 performance curve of one of those three parallel-coupled pumps is

denoted by the other solid curve, and PointO, thereof has the flow rate of

%Q,. and the pressure of P.. Both the measure of two parallel-coupled

pumps and the measure of three parallel-coupled pumps can achieve the

pressure P and the flow rate @, required by the system. The pressures

15 provided by the pumps of both the measures are all equal to 2, ; however,

the flow rates provided by the pumps of both the measures are

respectively %1 and % and Pointo, is different from Pointo,.

As mentioned above, the manufacturer provides the
equal-efficiency curves for each specification of pump. Plotting the
20 equal-efficiency curves on Fig.12 will obtain Fig.13. The hyperbolic

dashed curves on Fig.13 are respectively the equal-efficiency curves of
70% efficiency (77), 60% efficiency (7) and 50% efficiency (#), which

are plotted directly from the data provided by the manufacturer, and the
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5 equal -efficiency curve of about 65%efficiency (77). The total

out put power of the parallel-coupled punps (HP)T is the product of
(HP) SINGLE PUWP and the nunber n of parallel-coupled punps: (HP)T =
HPs>r4CLE ru'r x the nunber of punps (n) (43) wherein (Hp)SI NGLEPUWP
Pr xQ 10 - constailtxT]N) (44) Thus, 1 PPxQP Pr X@ (HP) a

const ant x( 60iom FIRR! ﬂi&i‘éﬁ%mﬁﬂ'&nn&?&ﬁ 5ot Bot-fhdhed curve, As

const ant x(65% x3 constantx(650 Fromequatlons (45) and (4 )

pover of 1 nPSEE pafts ?8?S%B§F’EE9%§%EP%%SS%| PPty zuP b0k

paral | el -coupl ed punps; in other words, the systemof three

par al | el - copgineeh HfoHH dﬁth@%a%@ﬁ@ﬁﬂdntﬁi fihe! K O,c%N!l@”Péﬂﬁ @%/Sifsedﬂ gfe

two parallel-coupled punps. he system fl rate |'s cthanged to
nmeet the requirenment of 20 fabr| catlon t he system i npedance curve
will al so cpnieffiviteoythevel Vo023 elfﬁd:ienbjnc(rrp)asz&ﬁi Polet ¥} siseon the

| npedance curve will shift right, and when the flow rat e decreases,

the system i npedance curve will shift left., Wen th
equal-efficiency curve of about 65% efficiency (1;) The total output

power of the parallel-coupled pumps (HP)r is the product of (HP)smwcLE

rump and the number n of parallel-coupled pumps:

(HP)r = HPsioie pump X the number of pumps (n) (43)

wherein
;D XQ
(HPjsmeLEPUMP = d
10 constant (%) (44)
Thus,
Hx— Qj’
(HP)p, = %D = Xy
con&.tant x{60%0) constant x(60%)
(45)
X EQ
(HPp =3 x3= — 1%
constantx (65%) constantx (55%4)
(46)

From equations (45) and (46), it is known: (HP),, is smaller than (HP),

15 i.e. the total output power of three parallel-coupled pumps is smaller than
that of two parallel-coupled pumps; in other words, the system of three
parallel-coupled pumps is more energy-efficient than the system of two
parallel-coupled pumps.

When the system flow rate is changed to meet the requirement of

20 fabrication, the system impedance curve will also change. When the flow
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flow rate increases, there are two neasures to deal with it: (1) do
not increase the nunber of punps but raise the rotation speed of the
existing 5 punps, (2) do not raise the rotation speed of the punps
but increase the nunber of punps (In this case, the rotation speed
may even need to decrease). According to the abovenentioned

princi pl es,ratdéndredses, fRVefstemdinpdianee twbvdRal Whe ki, Bed when the
respectively worked out to determ ne which neasure has snaller power

consunpt i orflgRcatd 8ecrégier! @hé‘@ys‘ﬁ&'ncﬂﬂnﬂ&laﬂ@@%ﬁf\% hﬁlltsﬂlfl?%ﬁd“m&fjthe
Wien the flow rate decreases, there are also two measures to deal

with it: (moﬂ%ﬂ@tlngﬁﬁﬁc%a%ﬁefehﬁré“%ﬂ’@%ﬁe@iur@él rfBSdealT%lthﬂg‘E(l)t B8 not

rotation speed of the existing punps, (2) do not | ower rotation

speed of thﬁcf&é@@ﬁh@%nﬁﬁ?r& by Buf HIRE ttol TR Speed of the exfsfing:

the rotation speed nay even need to I ncrease

dot or i e WhERS2) AP nOT AN B, FARGDE (pECRTE i R Bh@ﬁ“@ﬁ*”‘e
whon 1 he oyLfhf: BIIRERRETREOD ?és%%ged&% cPead r}ﬁggeg‘,g%;g

change t he 1% eﬁﬁinﬁggé’@ _ ?Q’E’%‘éﬁsoﬁﬁgﬁtﬁ?‘i REEIE e topfic Cr%'?%
it m ngoerE et s s B taﬁlghy

I nappropri ate change of Feratlonal enV|ronnent

d t
fabri cat{ nd FRIECPS Smdli Bpri e wqdlhﬁ‘h Imigt Erfrﬁgr?%
bi | f 25 t
and caufes MEEHER dE‘%“‘EﬁF H&E@% h&‘@ Fahneies e d ‘é&ﬁ"‘eﬁaqsmtﬁe%? afe3iso
performance curve, e {%téon speed of tﬁ C an ed
the pressur gfoome,apmea tg yw1 1) do not decrease the number 0

but lower the rotation speed of the existing pumps, (2) do not lower the

rotation speed of the pumps but decrease the number of pumps (In this
case, the rotation speed may even need to increase). Similarly, the total

15 powers of those two measures can be respectively worked out to
determine which measure has smaller power consumption, and which
measure is to be chosen depends on which measure consumes less power.
When the system impedance curve is changed, decreasing,

increasing, or maintaining the number of pumps needs an operation

20 action to change the rotation speeds of the pumps, which is very critical
to the high-tech factory. It is well known: high-tech factories take
maintaining the stability of operational environment very seriously;
inappropriate change of operational environment will endanger the
fabricating products. It is often reported by the news: a short instability of

25 power supply instantly harms local manufacturers and causes

considerable loss. According to the principle of the performance curve,

24



woul d be changed also. Simlar to the change of power supply voltage,
t he change of pressure also has a profound influence. Just a slight
| nprudence nmay cause a serious danage. For the current system the
time 5 allowed to adjust the systemis very short; further, after the
pressure is changed, the systemrequires response tinme to resune the

stability of essure. In the.conventional rat.i onal t hod en
he syst om HsRLR fifhfion sBeed B POMARD: 5RaRerd REt SRR pEBY Somstycr
firstly raise st eepl t hgt. t.he pressure i s found excegdi ng the
et " pr osourtouish e SaREed mite. Simil S, BRSiideecpiBives SHBRGcaaate.
steeply that the pressure is found, lower than .the set pressure.very
soon agai n. hereftien T BiestFisn oliPebas | & MataR! JHEBSRor Ltaf  SiSly
peri od of repeating the abovenenti oned process, the system finally
assumes a SIHBPECHTCEIAY GAUSE Af GFIoNA camAge: Ker §ag cirealstistemy e time
rel ati onship of pressure (P) versus tinme (T) of the abovenentioned
15 procéss ﬁ@"éfhfg\m aﬁkyu&tﬁgeosa@m 18 ey shprig-ifyrthen aftsrethe pressuret e
driving force of fluid. The inappropriate change of pressure wll
cause the sihdagedcHithgsstein raguireovesRnse diippl ip sesupp the rtakiligy of
which wll certainly bring about damage on the products and al ways
beset s t he prassrachuthsr eonvicnslonpkpperationahmethed, rihen digapysdemoneeds
personnel. In the conventional technol ogi es, when the requirenment of
flow rate ite derrasadtaiv rataythe romton speedristelténfirsthesaised spustpeplyr
how many punps is to be turned off is an unknown; therefore, the
measur e t o thaietlle piessurehs fohndgacesdingttba sebprassucheenyesodn; ehen,hibe
operational conditions is nmintained unchanged, but the surplus
fluid il® r acyaticedspded issedbegd s isteepbb tiqichdipresspredss fmmdeleveyythian
vain. Accordingly, the present invention proposes a schene to rapidly
25 the set pressure very soon again; then, the rotation speed is raised once
more. After a period of repeating the abovementioned process, the system
finally assumes a stable pressure performance at the set pressure. The
relationship of pressure (P) versus time (T) of the abovementioned
15  process is shown by the dashed curve of Fig.14.

Pressure is the driving force of fluid. The inappropriate change of
pressure will cause the sudden change of the flow rate supply at the
outlets, which will certainly bring about damage on the products and
always besets the manufacturers, the operators and the maintenance

20 personnel. In the conventional technologies, when the requirement of
flow rate is decreased, how to lower the rotation speed of pumps or how
many pumps is to be turned off is an unknown; therefore, the measure to
deal with the change is often not to change, i.e. the operational conditions
1s maintained unchanged, but the surplus fluid is recycled. It is obviously

25  spending precious energy in vain.

Accordingly, the present invention proposes a scheme to rapidly
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and energy-efficiently deal with the abovenentioned flow rate change.
From t hose di scussed above, it is known: when the system i npedance
curve is changed (i.e., the required flow rate is changed), the
system and nethod proposed by the present invention can quickly work
out the 5 optinmal nunber of operating punps and the optinmal rotation

d th h j A ' t

ool i gnt |y SuetHeterfud B Sier BGE AR B TBAn il e HRES,
h [ [ d,..th i]l. | i ght,l dj ust ed

o oper at e SOM thERS dischirdt BBt ispEndivh Ttk R PN FRGRadR"
A I A A e A
the systemw .l not ris nd,fall repeatedly, and t flo SulelkP/ at
the outl ot SoRiad REORRSES PHciteapiesshll IUERISI Sananickin wpYk ot the
Ther ef , th i i d h | i .abi |
oy e SR%RLERE B eoh BaRCHeeRrshet e BB R8st

the system of energy-efficient and constant-pressure )
par al | el - cdbpresd. Thig, Geirotatipbspeedaehpuads ovilt he adiustechto bavwdighilyn
conprises: multiple_ variable-frequency centrifugal fluid-transport
machi nes (6eys thant thel eptiseale rotationr sp¢wh) When tthe| pressuess ghangaulses
(63), multiple flow neters 20 (64), nultiple controllers (65) and a
| oad pi pi ncafmead, (the)pumaps sribvpe ishightty pdissted mnceumers ¢a opstatehdls e
constituent parts, the interactions thereof and the control
procedur es the ®pttaalrotaiicr speed. dhdiralatiomskipood prgssure (Pg omtsusitime (T)
architecture of the systemof the present invention. In conclusion,
t he predentofi theeabdvementopuesic pracesy sis eshosn b¥stheneoliyy -calrvé cifehitg. bhd
constant-pressure parallel-coupled fluid-transport nachines, wherein
t he dat a r€bhareby, thy flwid prasaire @f-thespstech will not rise and fall repeatedly,
and the flow supply at the outlets will no more increase and decrease
alternately. Therefore, the present invention advantages the quality
stability very much.

15 According to the embodiments of the present invention, the
system of energy-efficient and constant-pressure parallel-coupled
fluid-transport machines of the present invention comprises: multiple
variable-frequency centrifugal fluid-transport machines (61), multiple
power meters (62), multiple pressure gauges (63), multiple flow meters

20 (64), multiple controllers (65) and a load piping system (66), as shown in
Fig.15. The functions of those constituent parts, the interactions thereof
and the control procedures are shown in Fig.16 a diagram showing the
control architecture of the system of the present invention.

In conclusion, the present invention proposes a system of

25 energy-efficient and constant-pressure parallel-coupled fluid-transport

machines, wherein the data required by the parallel-coupled
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26 fluid-transport machines is worked out via theoretical analysis
and equation deduction; the worked-out data is used to control the
system of parallel-coupled fluid-transport machi nes so that the
system operation can be secure and quick. Further, the present

i nvention can work out the 5 output powers of the system of different

nurber s of MEGAhNPURLCHNeS | K1 GidrkBSBRE tviTPHHRSRANdABRR. G

determ ne t'he nu rof opéerating Fansport machi nes,

ut put  poves b RPRBr B ERBR I Hlork} ' gBRE CHIEROG GRAL Berhslite
Pon- obui ougEeutsroumes ShBEARI By aRestifes s Wi he FelBi onerRAR
o oo e RS L AR o RaEl S i SPe e
S N O A A R e
LT, AR et i e e CPrersing
performance_curve of said fluid-transport machine is deterniq&g_eb a

. y
flow rate dhdidpirarspere sachiney whighy-canaachisve hec heste ene@ypeiticdent
plurality of said fluid-transport machines in parallel to calculate a
per f or mncePeslprmanse sgcardingi tp t hgnspoput mevesedhergobarlhe epresent
wherein said performance curve of said fluid-transport machines in
paral | el i nnEeREdpa s issadigtiagst Fam nfhed atayvesangionedi tprabdisheg e patenssial
poi nt, and said operational point is corresponding to said pressure
and sdliod fthewefers, ethef newilty laoddnon-obviousness of the present invention is

doubtless.
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conparing a plurality of total output powers to acquire a nunber of
fluid-transport machines in parallel according to said pressure of
said load, said flowrate of said |oad and said perfornmance curves
of said fluid-transport machi nes, wherein said total output power
corresponding to said nunber of fluid-transport machines in parall el
is mninmum in said total output powers; determning a flow rate of
quid-traQ§§?r§dﬁﬁfgkges in parallel by dividing said flow rate of
said | oad WtH Sard funber of fluid-transport machines in parallel;
and adjusting a rotation speed of each of said fluid-transport
machi nes in parallel to nake s?id flow.rate of fluid-transport

machi nes iln paf® PReration,@gthod of tepereyrdficient sndneqnstsat-presure fiidttransport
further comRhingd QfipleH ipAN QD LoRlprishAEt ti ng down said fluid-transport
machines in parallel. 3. An operation nmethod of energy-efficient and
const ant - pr essproaviding) dytterarngpedance pawt of @ Joaslo wdiersdn said sasterh|impedance
conprising. proyidjr Vi, i nce curve 0f,a | oad, wherein
sai d systgwwgﬁﬁﬁ%%%%%d%gég§§$¥%3%@ﬁgﬁﬁﬁﬁgﬁ&%vm&8?¥om/rate and

i npedance of spgfodidimas per?fmaney i ghdbarpejuhbeifieitae, aive ef afididatiansport
equal -efficiency curve of a fluid-transport_  machine, wherein said
per f or e G RPN S8 PeFIOTPARSE RS S rfUITARSPPE TERet it gigrmiggd
flow rat epaRadioR) RS Prburs 8f shid fiMtidrahiRSRANIneMaChi ne; coupling a
plurality of said fluid-transport machines in parallel to calculate a
per f or mance cufswplisg asplueplity of gaid rdnidpronsporrampdhines inrpapalehite eplculate a
wherei n sai - - I | .yt d- rt. i i
par al | ol - PedREhtOLIROG ol LA oooR bl A AR PR 9B Beltfidl
poi nt, anduryaiofl s @naltiraspdrt pachibesiis paatleldapmapks Rgidisgstamiishppdanss tiree

and said flowrate of said |oad; co ring.a plurality of. total
Ut ponietopBh it pant Snd SR br SRR poithif et ing fa Shi sty and

paral | el 848 8di @ of ©ai8 &Jad; Pressure of said load, said flowrate of

sai d | oad
comparing a plurality of total output powers to acquire a number of fluid-transport

machines in parallel according to said pressure of said load, said flow rate of said load
and said performance curves of said fluid-transport machines, wherein said total output
power corresponding to said number of fluid-transport machines in parallel is minimum
in said total output powers;
determining a flow rate of fluid-transport machines in parallel by dividing said
flow rate of said load with said number of fluid-transport machines in parallel; and
adjusting a rotation speed of each of said fluid-transport machines in parallel to

make said flow rate of fluid-transport machines in parallel fixed.

2. The operation method of claim 1, further comprising turming on or shutting down

said fluid-transport machines in parallel.

3. An operation method of energy-efficient and constant-pressure fluid-transport
machines coupled in parallel, comprising:
providing a system impedance curve of a load, wherein said system impedance

curve is determined by a flow rate and impedance of said load;
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and sai d performance curves of said fluid-transport nachi nes, wherein
said total output power corresponding to said nunber of
fluid-transport machines in parallel is mninum in said total output
powers; determning a flowrate of fluid-transport nachines in
parallel by dividing said flowrate of said |load with said nunber of
fluid-transport machines in parallel; and turning on or shutting

down said fluid-transport. machi nes in, paral]el. accordi ng.tqQ saj d
ronber or 11 i B GRERBHoBER fETe hit REFGRl-EREE Sk e Ruiflpovor
met hod of nedching) Wherkidrshideperoaiiice SuR@ cTdhidSldidgradspoftAidhai? i§ PeRen®bd

each of said fluid-transport nmachines in parallel to nmake said flow
rate of ff%éﬁ W late @A grassurp At e ditigngpertanachinet | xed. 29

coupling a plurality of said fluid-transport machines in parallel to calculate a
performance curve of said fluid-transport machines in parallel, wherein said performance
curve of said fluid-transport machines in parallel intercepts said system impedance curve
with an operational point, and said operational point is corresponding to said pressure and
said flow rate of said load;

comparing a plurality of total output powers to acquire a number of fluid-transport
machines in parallel according to said pressure of said load, said flow rate of said load
and said performance curves of said fluid-transport machines, wherein said total output
power corresponding to said number of fluid-transport machines in parallel is minimum
in said total output powers;

determining a flow rate of fluid-transport machines in parallel by dividing said
flow rate of said load with said number of fluid-transport machines in parallel; and

turning on or shutting down said fluid-transport machines in parallel according to

said number of fluid-transport machines in parallel.
4. The operation method of claim 3, further comprising adjusting a rotation speed of

each of said fluid-transport machines in parallel to make said flow rate of fluid-transport

machines in paralle] fixed.
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