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Abstract

" The foliowing calculation procedure originated from the necesaity
of determining waterjet pump performance requirements for waterjet
propelled s=a vessels. The waterjet pump sizing procedure is basically
in two parts. The purpese of the first part is to determine the
requirements of flow rate and head required of any pump to produce the
necessary thrust to achieve design speed. Secondly, where the pump
requirement.s ere known, studies to determine pump rpm, cavitation
limitation, impeller diamstsr, case volume and wet weight can be maile
to estimate some detailed aspects of various pump types which might
be applied. A computer program has been developed from this procedure
vhich agtreamlines studying veriatlona in dssign. The procedures and
the computer program can also be used in evaluating weterjet systems
preaented in studies and proposals.
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Area

Elevation deviation
Impsller diameter
Efficiency

Inlet velocity ratio
Gravitational conctant
Flow rate per pump stage
Head

Head loss

Differential head lose
Net positive suction head
Pump specific apeed
Atmospreric pressure
Vaporization pressurs of water
Flow rate

Jdet Veloeity Ratio
Reynolds nuzber
Revolutionz per minute
Submergence

Suction specific 3psed
Thrust

Impeller tip speed
Yeloeity

Ideal horsepcwer (water horsepower)
Impeller biade discharge angle
Density ’
Flow coefficient

3.14159

Specitic density
Cavitgtion factor

Si
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Subscripts

Symbol Units

et ok o

Definiticn

Availeble at the eye of the pump
At the pump exit
Free stream
inlet

Iatake

Jet

Craft

Rozzle

Puap

Stage

Total
Tranamission

Ao oupret Ll ¥ i W




VizZ,

VIII,

. T AR R, oy R Ry

TABLE OF CCSTENTS

Abstrect

Notation

bevelopment of Relationships
Basic Approach

Inlet Velocity Ratio
Intske and Nozzle Losses
Totel Thrust Required
Pump RPM and Cavitation Determinations
Impeller Pump Diameter
Computer Program
Conclusions
Acknowledgements
References

Appendix A

Sampls Run

Terms

Calculetion Procedure
Program Print-Out
Appendix B
Iniet Area Sizing Guide
Sensitvity Trends

Figursea

3 mwr

*T&

H

RN SR AT ST AT G e -

Page

ii

A N - BENEN S NEEY

21

e ool - |
- =

PG LU U S A Y BPan)

PSR e B LIRS EDT S P AP TR ISR

AT L 8 G e

23y bk




R AT S

The Basic Approach

The flow rate and the head differential required of the waterjet
pump are based on thrae inter-related equatione. The flow rate is a
function of the velocity of flow across the inlet area (equ. 1). The
thrust required is dependent on the flow rate, the jet velocity and
craft velocity (equ. 2), The head differential the pump must provide is
a function of the head of the jet stream, ths head of the free strean,

and system losses (equ. 6).

The head differential the pump must produce is simplified by
aquation 3 as the absolute head at the pump exit (equ. 4) minus the
abaolute head available at the eye of the. pump (equ. 5). Head of the
jet and head of the free stream are Jefined by equations 7 and 8.

Inlet Velocity Ratio

The inlet velocity ratio is the ratio of the inlet velocity Vi
to the free stream velocity Vk at the point the inlet area is measured
(equ. 9). Inlet velocity is calculated from the inlet velocity ratio at
design speeds. Flow rate 1s calculated from the inlet, velocity at the
location along the inlet where the inlet area is measured (equ. 10).
Inlet velocity ratio 1s usually smaller than one at cruising speeds but
can be greater than one at take-off or when accelerating.

Intake and Nozzle Losses

Intake losses include all friction and elevation effects by the
inlet and ducting system which reduces the free stream head to the
head available at the pump. Intake efficiency is essentially the ratio
of the absolute head available at the pump to the free stream head in
absolute pressure (equ. 1l1)." From equation 5 and intake efficiency,
an expression defining head loss of the intsks can be written (equ. 12}.
The intake efficiency is a unique physical characteristic of each inlet
and ducting system. Figures 4 and 3 show intake sfficiency characteristics
for two typical inlet-ducting systems.

Figure 5 shows intake efficiency versus craft speed for various inlet
velocity ratios. Speeds at which cavitatlion sccure in the intake system
can be indicated on the intake performance curves. The example curves
tend to suggeat that inlet velocity ratios greater than one have high
intake efficiencies. However, intake efficiercy will reflect heead loss
due to friction and elevatlion effects only. When the inlet velocity is
greater than the free stream velocity the heed at the inlet has to be
greater than the free stream head. That head differential will be & head
lcszs to the pump. So, when the inlet velocity is greater then the free
gtream velocity, &n sxtra head luss factor for the iniet differential
must be included in the head in determining pump head (equ. 13).
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The nozzle efi'iciency term, Enz, expresses the ratio of the
head of the jet absolvte to the head at the exit of the pump where
the nczzie is at a conatant elevation only (equ. 14). Nozzle loss
calculated from squation 16 will reflect frictional loss in the
nozzle only, Equation 16 was developed from equation 4 and nozzle
sfficiency (equ. 1.5}, Normally nozzles are short to minimize lcsses
and do not significantly change in elevation with respect to the eys
of the pump., The eye of the pump coincides with the maximun elevation
of the ducting system. Since all intake lczses are accounted for
nt that maximum duct elevation point, any further elevation losses
must be measured with respect to that datum point, A4s shown in
figure 8, elevatior deviation of the nozzle can be measured {rom the
eye of the pump. This method of compensating for elevation deviation
does not reflect the internal frictional losses exactly since the
elevation deviation will cause intermal flow in piping to be fagter
or slower than at constant elevation. But slevation deviation will
normally be very smail with respect to jet head anyway, so the dis-
cropancy will be insignificant. HNozzle efficiencies of .995 are typical
for short nozzles (nozzle length is no longer than twice the throat
diameter) where Reynclds number is freater than 400,000.

The basic pump head equation (equ. 6) can be modified to accept
the ahbove special losses.

Mppp = Wy - HDpg + Hlpy + HLypg + Hlg + Dg (17)
Total Thrust Required

The total thrust required shoudd be equal to the total drag
effect at design craft speed. The total drag of the craft will include
external drag effects cof the strut and pod of a ram type inlet or
the drag of a semiflush lip. An inlet area on a plening surface may
effect planing charactsristics which may affect trim and drag. The
internal drag of the ducting is compensated for in the intake loss
calculations. Where a study may include various inlet and duct sizes
and shapes, the effect on drag should be inlcuded in determining the
oversll thrust required at design speed (figure 9). A check should
be made on displacement and drag effect of reaction forces due to
turns in ducting systems (figure 10). The drag or displacement effect
of ducting turns may be sigrificant in some ecraft at certain spe«ds.
Also, where thrust is vectored, the total thrust required will be the
same as the resction resultant necessary to mset the 1lift and drag
components.
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Pump RPM and Cavitation Determinations

Figure 12 shows how head per stage and flow rate per stage are
determined for the verious pump types. Centrifugal pumps can be banked
with several stages tov give a lower flow rate per stage for a givea
pump head. Mixed-flow and axial pumps have the advantage of dascreasing
the head per stage at & given flow rate per pump. The pump performance
curves of figure 13 were taken from pump technology (ref. 1, page 34)
and indicate performance per stage. The performance curves indicate
gspecific speeds at which the three types of pumps perform the best. Where
a centrifugal pump is belng considered for design at sustained conditions,
the specific speed per stage should be between 5C0 and 2,000, Mixed-flow
pumps should fall in specific speeds of 2,000 to 10,000. Axdal pumps
should operate at gpecific speeds of 10,000 to 15,000. If the pump
type and geometry is fixed, the specific spsed can be egtimated from the
appropriato pump geomstry regicn. Knowing the flow per stage and the
head per stage, the estimated pump rpm can be calculzted from the
estimated specific speed (equ. 19).

The net positive specific speed uvailable at the eye of the pump
is the absolute head available at the eye of the pump from previous
calculations {equi. 5) minus the vaporization pressure of water (equ. 20).
The cavitation factor sigma (6°) is calculated from the net positive
suction head and the head psr stage of the pump (equ. 21) (see ref 1, page
35). With centrifugal pumps, sigma applies for each stage since each
stage must produce tre total pump head. However, with axial and mixec-
flow pumps, only the first stage "sees" the NPSH so sigma appliea to the
first stage only. Using NFSH and the rpm estimated from pump specific
gpeed the estimeted suction specific spead per stage can be calculated
(equ. 22). As can be seen from figure 14, where SUCT is less than 8,000,
the pump will be in & ssfe design region. Whers SUCT is between 8,000
and 12,000, the pump will be a special design. Pumps having a suction
specific speed between 12,000 and 20,00C will be in & critical design
region. No conventional pvmps are designed with suction specific speeds
greater than 20,000, SUCT will be an indication of the compiexity of
pump design involved and whether a conventionel design is possible with
the given configuration.

Impeller Diameter Estimation

Impeller diameter is estimated by generalizing conventional pump
design for the various pump types. A typiczl blade discharge angle
for the three types can be ussumed to be between 52 = 20 degrses and
B2 =22.5 degrves (see ref 1, pages 49 and 50). Fizure 15 shows non-
dimensional performance curves used in pump design (see ref. 1, page 61).
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Pump perfourmance curves can be simplified for the two typical blade
discharge arngiez and piotted as the head coefficient versus the pump
specific speed (figure 16). The head coefficient si () is a functicn
of the head per stage and the impsller tip speed (Uz) in feet per
second (equ, 23). By functionalizing si, impeller diamster can be
calculated calculated from the impeller tip speed and the egtimated
impsller rpm (equ. 24). Equations exist where case diamster and caae
length are estimated from impeller diamster (reference 1, page 60).
The caging volume is celculated from the casing dimensions and uging a
weight density fuctor for pump wet weight, the pump wet weight can be
estimated (see Program Pring-out Appendix A.).
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Computer Program

A computer program has been writien which is based on the
rslationchips developed in this paper. Tne computer program is writien
to allow entering a range of input so that cutput will show & trend when
studying variations. The program is a bagic tool; ie, a machanism which
only needs accurate imperical irntake performance data and thrust
requirement data to give accurate head, flow and hcorsepover values.

The computer program also allows for estimating more detailed pump
characteristics for various types of pumps with various stages. RPN,
slgma, suction specific speed and impeller diameter are rough zut
estimates which can serve to find vritical aress, limitations and
generally, the type of pump which may be best suited for a particular
creft at design speeds. Wet estimates for aluminum type pumps are also
part of the output. Wet weight estimates are bzsed orn density factors
which may be outdated, tcvo conservative or over estimated since soms
computational comparisors have shown that the computed wet pump weight
has been twice what an actual on the shelf pump might weigh. The
computer progrem included in this paper hzy the density factors which
nave shown this error. As more realistic wet weight factors become
available, or a better method of estimating the wet weight of the pump
becomes available, that part of the computer program should be revised
and updated. Refer to Appendix A for a sample run, & program print-out
and explanation of terms. The vaiues calculated by the program have
been validated by hand calculations.
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Goncluaion

The reiationships defined in this paper wers develioped to support
the computer program which has been devsloped for analyzing waterjet
gysten performance. Using this computer progrum, ths inlet ares
sizing diagram and the sensiti—~ity chart in Appendix B and intake per-
formance charactsristics as shown in figures 4 and 5, a detailed study
can be conducted which could qetermine the most optimum system for a
given design apeed. Once the inlet ares, ducting configuration aud
pump type are fixed the progiram can be ussd to check for perforimance
characieristics and limitations at bump apeed, fiill speed and other
important craft spsede. The procedure and the prograem are still in
the developmont stage and are being submitted as the basic pattern
to ba improved as design data becomes available.
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Semple Run

The computer program is presently on a time sharing system. As
indicated by the sample run figures Al and A2; or-line input heppens
to be one of the features of the system used. The question marks
indicate readyness for input according to headings as programmed.
Pump efficiency and transmission efficiency are inputs which are
used tc cslculate a pump horsepower end a shaft horsepower, An
eatizated pump efficiency and transmission efficiency is enterad
when the exact value is not known. The program is arranged to
calculate for any combinaticn of inlets, pumps and jets the craft
may use, Most of the headings are self explanatory however,; the
following terms might be clarified: VEL RATIO is jet velocity
ratio,MIL PE/NZL is Reynolds numter st the nozzle throat in
millions, AVLHD FT is the gage pressure available at the eye of
the pump in feet. IDL EF is ideal system efficiency,IMPIR GAL/M
is flow rate per stage in gallons per minuts,WET WT is pump wet
weight for an alumimum type pumpy in thousande of pounds.
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ARINL
ARTET
AVLHD
DC

DIAY
D2, D32

b2,

ED
EFIDL

EFINT
EFNZL
EFPMP
EFTRN
ERP
ELO1,
FLOZ,
F1032,
FLO4
FSHD
HDPMP
HLD
HLINT
HLNZL
ICKTL
MODZ
NTYPE
OPZENS, Cpns
PATM

PC

PHP

GR8E

tist of Terme in Computer Program

131

43

HD avg

Punp case dia
Dimp

Nozzle throat
dia squared

Mean impeller
dia squared

Le

Idesl systen
sfficiency

Eint

Enz

Epmp

Etr

Effective HP
Flow rete £t3/min
Flow rate 1b/sec
Flow rate gel/min
gal/min per stage
HDf's

HDpmp

HLd

HLint

lLnz

conf;rol

sontrel

control

Number of inlets

Patm

Propulsion Coefficient.
Pump HP

PMFHD

PMPS, Pmp(s)
PNPSE
REJET, Rey
RPM

SHP

SHODT, SHPt
SI

S1G

STGS

SUBM
sgcT

TR, 7>
U2

VI
VIOVK
vJ
VJIOVK
K
YOL
We
WRP2
WWAL

XIST, Tst
Xig

XNS
2

HDpmp

Nuarber of pumps
NPSH

Reynolds number
Revolutions ;er min
Shaf't HP per pusp
Total SHP

Number of stages
per pump

Subm

Suction specific
speed

Te¢

Inreller tip speed
vi

i

vj

R

Vk(Kts)

Pump case volume
Cose wet density
WHP

Wet weight of
aluminum type pump
Stutic thruse
Pump case length
Ns

Axial pump length
factor
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Calculation Procedure

Input:
v (Kis) Opre , Pmps, Its,
Subm , Pnoz > De 5 At (area per inlet)
f1 > Eint > Tp 5
Calculations:
1) vy (V3/V) (¥ x 1.688)

fiVy x 1.688, inlet velocity

<3
[
|

\
2) T,

Yy (Vj - V)
Q = AV = AV = ApVpo

T, = p (total inlet ares) Vi (Vj-V)

r
Tr =  Opng = A3 Vi (V3-Wy) (gk)

X
Vj/Vk-l = Tr/ ( V4 Opns A3ViVy x 1.688)
Vi/Vx = 1+ T,/( p Opng A1V3V, x 1.488)

jet velocity ratio

0
T
<
[N
I

(Vj/Vk) (Vg x 1.688), jet velocity

L) By = 2 , jet efficiency
1 + Vj/Vk

5) A3 = QVy = A0pygVy/ (Vs x Jts)

Ay = Ai0png/(Tts x V5/V),
throat aregper nozzle
- 2
Dj = AAj/lT , nozzle dia
Rey = V4D§ s reynolds no.
(13

Wz 12,9x lO"6 ft2/sec @ 59°F szes water

14




8)
9)

10)

11

12)

13)

14)

15}

&
]

60. Ay Opp Vi/Pupes (£t7/nin)
flow rats per pump

Qr = Q1 ¥/60., (1bs/sec)

Qg = Y (7.48), (gal/sec)

Tey = Q (V4=0), ideal static thruss

B
"

s = (Vg x 1.688)%/2g + Spp
free stream HD
MLy, = {1-Enz) (Vj%/2g + Patn)/Ey,
HLng/ Ppp = Hlpg s/ *mps
nozzle head loss per pump
Hbint = (I'Eint) (HDfa + Paim)
HLint/Pmp = Hlint X opnsf'Pmps
inteke head loss per pump
When V3 > V. x 1,688:
Hg = (Vi?/2g - (Vi x 1.688)%/2¢
Hog/Pmp = Hlg X Upns/Ppps
inlet differentiul head loss per pump
HD’avg/Pmp = HDpg - HLgnt/Pmp - HLd/Pmps
head aveilsble (gage) per pumn
De/Pup = DyJte/Pups
elevation deviation head per pump
Hop = Vj2/2g + Hip,/Pps - HDa,V_g/Pmp
+ Dg/Ppp

head differential each pump will have
to provide

15
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16) NPSH = HD,., +Pgep = Pyap
HDgyg + 32.11

net positive suction head

17) WHP = Q; x HD, /550, water - horsepower or the
ideal horsepower per pump
18) EHP = (V) x 1.688)/550

T

effective horsepower or resistance horsepower
19) Ejqy = EHP/(Pppg x WIP), idesl system efficiency
20) pHP

HHP/Epmp, pump horsepower

21) SHP PHP/E¢, shaft horsepower per pump

22) SHPy = SHP x Pppg, total SHP
23) PC = EHP/SHP,

At this point, the type of pump, the pump specific sgpezd and
the number of stages per pump muet be entered. Head and flow rate
per stage is then calculated according to the pump type as shown in
figure 12. RPM is then calculated from equation 19, NPSH is
retrieved from previous calculations and used to celculate sigma
and SUCT as shown in equations 21 and 22. Then using a funciion
for si versus pump specific speed, tip speed can be calculated (Usz)
and used in calculating inpeller diameter as illustrated in figures
15 and 16. From the impeller diemeter, casing diameter and casing
length sre calculated according {o size estimation factors given in
reference 1 {page 60). Refer to the computer program print-out for
the size relationships used. The computer program is simple to read
and is straight-forward in arrangement °,
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a3C
04C
18

20

39

35

42

45

50

55

57

62

65

K

k%]

104
119
12¢
130
140
150
160
185
178
160
159
195
218
215
gza
23e
235
248
245
258
255
260
265
267
270
275
28z
28%
299
255
3ea@
385
31e
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WJPA (WATER=-JET PUMP PART A) CASDAC NO.-~

PREDICTS VWATER JET FPUMP REQUIREMENTS FOR A GIVEN APPLICATION
AND SHOULD BE USED WITH WJPB FOR RPM AND DIA ESTIMATES
DIMENSION ARINL(20), VIOVK(Z2@)>, EFINT (203, TR(20)
DIMENSION VI(208), VJ(28)» ARJET(28), FLO2(28)
DIMENSION FLO3(3G)» FNPSH(20), HOPMP (28, WHP2(26)
D IMENS 106N EFJET (28)
CONV=1 68894
PI=3.14159
VISC=12.9
DENS=64 «842
PATHM=33 9%

Ge32.1 74
RHO=1 .9985
PRINTtze” VK(KTS) INLETS PUMPS JETS SUBM(FT)OY"
INPUT» VXK, OPENS, PMPS, XJTS, SUBM

PRINT ¢ PUMP EFF TRNSMSN EFF NOZELE EFF ELEV DEV(FT"
INPUT 2 EFPMP,» EFTRNs, EFNEZL, ED

1=}

PRINT " MODE =1 - ADDITIONAL ENTRY » =8~ LAST ENTRY"”
PRINT o AREA/INL(FT2) VIgVK INTK EFF TOT THRUST
+ RES'D(LBS? MODE™ '

TANPUT» ARINLCIYS, VIBVKIIYs EFINTCI)Ss TRCI2, MODE

N=I

I=z3+1

IFC(MODE)Y 20, 28, 12

PRINT ¢ AZINL vi VEL Vd JET
+ A/NEL MIt RE/"

PRINT ™ FT2 FT/S RATIQ FT/S EFF
+ FT2 HELY

DO 25 J=l.,N

VICHI=VIBVR(IIVKECONY

VJIBVK=L « +TREII/Z(RHOSARINLCIISCPENS *VICJI®VKACONV)
VJICI IV IBVKeVK*CONY
EFET(JI=2 o /(1 « PV IBVKD
ARJIET CII=ARIMLIIY*OPENS Z7SVIL{II*XITS/VICII)
D2=4:+%ARJET{JI/P1

REJET=VJC(JY*SQRT (D2 /VISC

1

25 PRINT 3 ARINLCJISVIC(JIY» VJIOVKLVICIISEFJIET (JI>ARJET(JILREET

PRIM; ™ PER PUMP VALUES"

PRINT " A/INL FLCG RT FLO RT
+ FLO RT IDEAL STAT®

PRINT Fr2 L85/5 FT3/M
% GAL/M THRUST ~L8"

DO 30 J2=1s N

FLO1=68« *ARINLCJ2I*OPENS#*VI(J2)/PMPS
FLO2(J2)=FLO1 +DENS /68 »

FLO3(J2)=FL01 %7 «48
XIST=FLO2 (J2 ) *VJC(J23/6

320 33 PRINT 4., ARINL(J2), FLOZ(Jé}: FLO1, FLO3¢J23, XIST
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324
326
340
350
369
379
380
390
410
412
41 4
al16
418

422
430
435
453
460
4790
480
499
5¢9
510
520
532
549
55¢
569
570
580
599
600
610
615
623
6392
642
%3
ne
126
139
748

35
37

49

45

48

47

-V -
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FSHD =(VK#*(CONV ) *%2 /7 (2 « xG ) +SUBM
PRINT ** FREE STREAM HEAD (FT-GAGE)>=", FSHD

PRINT ¢* A/ INL NZL INTK AVL HD PMe HD
+ NPSH WHP*
PRINT * FT2 LOS-FT LOS »FY FT FT
+ F‘g }P“

DO 46 K=1sN

HLNZL= (1 o ~EFNZLI®((VICKI %2 /{2« 2GY+PATMIXXJITS 3/ (PMPS*EF NZL)
HLINT=(1 »=EF INT (K) Y& (FSHD+PATM) *0PENS/PMPS

HLD =0 .0

B=VI(K)**2

C=(VK=*CONV ) *32

IF(3-CY» 37, 37, 35

HLD=(B-CI*OPENS /(2. xGIPMPS)

AVLHD=FSHR ~HLINT ~-HLD

HOPMP (K)=VJ(KI**2 /(2 + %G ) ~AVLHKD +HLNZL+ED %X JTS/PHMPS
PNPSH(X)=AVLHD+32.11

WHP2 (K)=HDP MP (K)*F LO2(K)/550 »

PRINT S» ARINLCKI »HLNZLSHLINT »AVLHG »HDPMP (K)»PNPSHIK) »WHP2 CK)
PRINT ¢ A/ZINL-FT2 EHP PHP /P MP SKP TOTL

+ PC 1L EFF

DO 45 L=1.,N

EHP=TR (L ISVK2CONV/558 «

PHP=WHP2 (L)Y /EFPMP

SHP=PHP/EFTRN

SHPT=SHP»PMPS

PC=EHKP/SHPT

EFIDL=ERP/(UHP2 (LY*PMPS)

PRINT 7, ARINL(L:» EHP,» PHP» SHPT,» PC,» EFIDL

PRINT ¢ ©EWTER CONTROL=! FOR RPM AND DIA ESTIMATES. CONTROL=
+ 2 TO SKIpP"

PRINT" HEAD ING» CONTROL= @ TO STOP PROGRAM. CONTROL *
INPUT » ICNTL

IFCICNTL-1) 47, 48, 59

CONT INUE

PRINT *'* DESIGN ESTIMATES BASED ON CONVENTIONAL PUMP PERFORMANCE™
$USE WJPB

STOFP

3 FORMAT(AF 102, F10 ¢4, 2F10+2)

FORMAT (S5F14.2)

FORMAT(TF1@.2)

FORMAT (4F11 «2,2F1 1) 24)

FORMAT(FS «25 FSeQs 6F102)
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ieC
26C
3eC
48C
50

76

100
110
129
130
149
150
160
176
18¢
199
200
205
210
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WJIPB (WATER-~JET PUMP PART B) CASDAC NO.-
MUST BE USED WITH WUPA TO ESTIMATE RPM AND DIA FOR WATER~>

JET PUMPS
A. F
PRINT ¢
PRINT *
+X IMPLR D
PRINT *
PRINT "
PRINT "

BASED ON CALCULATIONS FROM WJPA.
« GARCIA NAVSEC 6144 10 JUNE 1969
CENTRIFUGAL MULTISTAGE PUMFS (TYPE 1)
ASSUMPTIONS : BETA=22.5 DEGS,CASE DIA=! .90
IAL*
CASE VOL BASED -ON DOURLE SUCTION IMPLRS™
MIXED-FLOW PUMPS (TYPE 2)*
ASSUMPTIONSt BETA=22.5 DEGs CASE DIA=] .59

+X IMPLR DIA"

PRINT ¢
PRINT ¢*
PRINT

"ONZ STAGE ONLY"
AXIAL-FLOW PUMPS (TYPE 353"
ASSUMPTIONS: BETA=20 DEG», CASE DIA=1.20X

+ IMPELLER DIA"

PRINT *
PRINT ¢
+ WET WT"™

6 BLADES/ STAGE*
PUMP WET WT WILL BE 167 PER CENT OF THE ALUMINUM

PRINI *FORX STAINLESS STEEL OR GTHER BASIC PUMP 'MATERIALS"

PRINT o
PRINT
PRINT"

VOL AND WT ARE BASED ON THE ESTIMATED DIAMETER"
KLB IS THOUSANDS OF LBS"
NS=@6 STOPS PROGRAMN"

19
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229
236
240
250
269
270
289
299
300
335
310
329
339
340
350
360
379
380
385
390
409
495
418
420
430
440
460
470
480

See
Ste
5e9e
539
S48
556
560
S79
589
598
600

55

60

65

72

75

95

20

PRINT TYPE NS IMPLRS OR STAGES 7/ PumP'
INPUT» NTYPE, XNS» STGS
IF(XNS=580¢) 95, S5+ 55

PRINT t"A/INL SIG IMPLR RPM SucT IMPLR
+ CASE WET Wwr*
PRINT * FT2 GAL/M SP SPD DIA-FT

+ VOL-FT3 ALM~KL 8"
DO 99 M=t N
PMPHD=KOP MP (M)
FLOASFLO3 (M) /STGS
¥ (NTYPE-2) 65, 65, 66
PMPHD=PMPHD/STGS
FLOA=FLO3 (M)
SIG=PNPSH(M)/PMPHD
RPMXNS s (FMPHD %%+75 ) /FL.OA%RE .S
SUCT=zRPM%(FLOAR%.5)/(PNPSH(M)I%%.75)
X=XNS /1008 «
SIzeS883=X%T7 1528E =2 +(X%#2)%3 e8] FRE =3 ={(X*%3 ) %6 ¢ 944E -5
+ 4.1
U2sPMWPHD2G/S 1
D IAMz2SQRT (U2 )%68 « 7{P I *RPM)
IF(NTYPE=2) 70, 725 75
DC=l «S#D JAM
XLOaSTGS #1 «5 D IAM/2 « +2 o 3D IAM
WC=.055
GO TO 85
DC=1 54D 1AM
XLC=2 «7¢D 1AM '
WC=z.841
GO TO 85
D22=2 + %D IAME$2 /1 .25
Zxe364% .88 2P I #SQRT (D22)/6.
OC=} .2 #SQRT (D229
XLC =2 +A*Z2STGS +2 +22SQRT (D22)
WC=.839
VOL=XLOsP I#DC 3274«
WWAL=VOL%2KC =] «728
PRINT 9, ARINL(M), S51G» FLO4, RPMs SUCT, DIAM, VOL, WWAL
CONT INUE
GO TO 5@
CONT INUE
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Inlet Area Sizing

A method of estimating reslistic inlet area for certsin craft
is necessary since an infinite range of inzlet areas and hence flow
rates in combinstion with appropriate jet velocities could exist
to meet the required thrust. From the thrust and flow equstions {1)

and (2):
T, = Vi)
Q = AV, V, = £5W
Tp = p fihiVi (V5-Vy)
T, = p £330 (V3/0-1)

T, /£y = p G AR-1)
If:
Total thrust/f;(Total inlet area) = ,» Vg (R-1)

Then:

Thrust per nozzle/fi(Total inlst area per nozsle) =
7 =pV 2(R-1)

"
Tau ( 7) is then & function cf the inlet area required per jet
nczzle on the craft to meet a particular thrust. Tau is also &
function of jet velocity and jet velocity ratio. By generating
& family of curves of tau versus ship speed and jet velocity ratio,
inlet area can be determined from tau where the design speed and
design jet velocity ratio are known and a certain thrust pe: nozzle
is required (fig. B.1l). Regions of typical design velocities and
design jet velocity ratios for certain waterjet propelled crafi
can be shown on figure B.1. The conventioral design regions can
be used for “first-cut? estimetiors of inlet ares from teu for
specific craft., The design regions for the various craft as show
in figure B.1l are gzneral and based on limited information and should
be revised as more exact design jet velocity ratios are known at design
speeds for tha various craft.
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Sensitivity Trends

The required pump head differe~tial and ficw rate are sensitive
to the ?et velocity ratio. It can be showa that for low jet velocity
ratios (R ~=1) the ideal jet efficiency will be high, but the flow
rate requirad will become very high and the pump head differential
will become unrealistically low. However, as the jet velocity ratio
increases, the ideal jet velocity ratio will drop so az R—-3, £;=,59
An iderl jet efficiency of fifty per cent may be undesireably low
for design cruising speeds for most craft. For most applications
then, R will be between one eand three.

. = 2
£ = T5E
From equations (2) and {4):

Tr =, Q (Vy = W)
Tr = p AfiV? (R-1)

If Ty and Vi are constant,
1

AL~ Fi (R-1)

Andl
Q=TViAi = fiViai
Se
y v FiVk
fi(R-1)

And gince Vk is constant,

Q = _1

R-1
The equation for pump head {equ. S} can be simplified to be:
HDpump = V32/2g + Eint (Vi2/2g) + C
"C" is miscellaneous head loss such as nozzle submergsnce,
and deviation less which tends to be small and constant. If "C"

can be considered insignificeat with respect to the total head
the pump must procduce, let © = O then:

23
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HDpmp = _1

(Vi% + Eint V)
2g

Bl (V%/WP + Eint)
2g

HDpmp == R? = Eint
Now,

WHP = Q x HDpmp

From the specific speed equation for pumps, the RPM can be
ectimated (equ. 19):

o 75
vepn

RPM = Ns

But gpm is just flow rate Q, so if Ns is constant:

ﬁngﬁ‘75

The above equation shows the effect of head and flow rate on
pump RPM where pump specific speed is kept constant {pump geometry,
or ths pump type is kept constant). Suction specific speed can
then be related to the RPM (equ. 22):

SUCT = RPM
QNPSH§.75

o~
—~

RPM

or:
SUCTr = Ns D°75 v ppn
Jepe LiNPSH).75

Then if NPSH is vonstant:

SUCT = HDpmpe 7>
Also frca equation 21:

NPSH
HDpmp

g =

803




The above relationships can be depicted graphically as shown in
figure B.2 as relative change-in magnitude versus change in Jet
velocity ratio. Trends in head, flow, ideal horsepower, pump RPM,
and suction specific cen be seen as the design jet velocity ratio
changes., The thrust required, pump specific speed and net positive
suction speed must be held constant which means that duct configuration
and the pump type (pump geometry) is kept constant. See the following
Sensitivity Table as an example of the effect of chenging & system
from a design velocity ratio of 2 to 3.

Sensitivity Table

% change
R = 2 R = 3 fromR = 2
Ai, fi = 1,0 1 05 50%
Q 1 5 50
HDpmp, Eint = 1.0 3 8 266
WHP 3 4 133
RPM 2.3 6.1 265
SGCT 2.3 L8 207
o 5 «19 38

g

3 25

£

3
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BASIC WATERJET EQUATIONS
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HDpmp = HDex - HDav

HDex = HDj + HLnz + Patm

HDav HDfs - HLint + Patm
HDpmp = HDj + HLnz +Patm ~(HDfs - HLint + Patm
HDpmp = HDj ~ hDfs + HLnz + HLint
i
HDfs = V;z(/Zg + Subm

HD, =vf/2g

FIG. 1
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INLET VELOCITY RATIO A
RAM INLET J
___A_&Ezz WL

I
— R, —/ .

\-.__,_ —/

2 - e f _

%M o Vk

ELUSH OR SEMIFLUSH INLET
o= Vi 9)
Q = AV, (10)
FIG, 2
INTAKE LOSS

Subm HDGV -
41— PUMP

. ELEV

,____.ﬁﬂ

fs
INTAKE EFFICIENCY:
Eint = 00V = HDav an
ka/zg + Subm * Patm HDfs +Patm
(e \
HDav =  Eint (HDfs +Patm )
FROM EQU. (5)
HLint = HDfs +Patm ~ HDav
HUint =  HDFs + Patm = kint  HDfs + Patm)
Huint = (1 - Einf)(HDfs+?otm) (12)

FIG. 3




FLUSH & SEMIFLUSH PERFORMANCE CURVES

1



STRUT INTAKE PERFORMANCE CURVES

f. =
jok 4.5
FULL
2T cav
Br
f; =1.5
CAV
Jr
fi = 1.0
Eint .6 b
fi = ,75
St CAV
4 \
ST NO CAV - =5
2 4 1 1 1 1 £ 1 2 ¥ 1
10 20 30 40 50 &0 70 80 90 100
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HEAD DIFFERENTIAL LOSS AT INLET

[

4

WHEN V. >V,

2 2
V, /2 > Vk/29

HL — | =
YR (v

HL vi ()3-1)/2% (13)

FIG. 6
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LB L4

NOZZLE LOSS

NOZZLE

PUMP %; ———— HDj + Patm

HDex
NOZZLE eFFICIENCY :
HDj + Parm
Enz o ———— (14)
HDex
HDj + Patm
HDex = TTEm (15)
FROM EQU, 4)
HLnz= HDex - (HDj +Patm)
HDi + Patm
Hipz = ——m -~ (HDi +Pofm)
Enz
Hlnz = (HDi + Paim) (l - Enz)/ Enz (16)
riG. 7
ELEVATION DEVIATION OF THE NOZZLE
—-—-——_{__,__
De ! + De
— PUMP
]
— "UMP
De l
L__&"——"'
~ De

FIG. 8
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Tt P -’
o
_ :}_.,_ POD &
- STRUT
DRAG -
4 DRAG
THRUST FOIL DRAG
DESIGN Vk
-
Vk
T4 = TOTAL DRAG AT DESIGN Vk
FIG. ¢
—— FLOW
REACTION
FORCES _~*
— B s

INLET - DUCT REACTION FORCES
FIG. 10

REACTION

UFT

DRAG

"
N Q ey ot I
22 ST N B Ry RO
—_—
él— AL

Tt = REACTION = /LIFT2 + DRAG2
VECTORED THRUST

FIG. 1
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HEAD AND FLOW RATE PER STAGE

AN

PUMPS

A, @ = Q]+Q2+Q3+Q4
B. Qg =Q;/Stgs
C. HDg = HDjy=HDg = HD3 = HD4 = HD;

1. SINGLE-STAGE MIXED FLOW PUMPS

Hi. AXIAL PUMPS

W ] il N l{ (% =~
nuny [,/ — "
/ 7SS A7
Q HD, HD,)
Qy Q,

A, QS = Q‘ = Q2 = Qf
B. HD; = HD] + H02
C. Hbg HDi/SI'gs

FiG. 12
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- SPECIFIC SPEED VS PUMP GEOMETRY

I / 10,000

80 p—

70—

Epmp - 100 gpm
6C —
i 1

A A -4 1 l il

500 100G 2000 3000 4000 10,000
Ns

CENTRIFUGAL MIXED-FLOW AXIAL
N, = RPM Jgpm/ HD;75 (18)

75,
RPM = N, HD, "/ /gpm~ (19)

1.c0
.80

0.60 -

0.40 -

0.80

0.10 —
0.08

0.04 |-

0.02

NPSH = HDav - Pvop (20)
@ = NPSH/HD, @n

SUCT = RPM i gpm/NPSH:7> @2)
CAVITATION
FIG. 14
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EXES &

20°< g2 <22,5°

B2=22.5°
B2 = 20°

15,000

¥~ Ns

82 =22.5°

500 15,00C

Sk @3)

Uz /g

2 2 , .
3 U2 =g HDS/‘%', v a runction of Ns

] Dimp = U2 x 60/ nxRPM (24)

.. FIG. 16




WATERJET INLET

_ SIZING GUIDE
r 4.0
- T o= Thrust/nozzle
fi x Inlet area/nozzle 3.0
5
10 —
8~ =M
[ i Vk
6 p— 2.0
4—
1.5
2 }—e 1.3
1.5+
1.2
104 —
8 SN
- 1.1
N
S 4
o _— 1,015
2
1.5
103
8
é R=1.010
4
2
1.5
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RATIO

RATIO

12

N

10

1

THE RELATIVE EFFECT /

OF R

- HDpmp
Eint = 50% Eint = 100%
L 100%
2 .
- HDpmp ~ R™-Eint
P
- WHP = HDpmp x Q
]
Q T
- R-1
!
Ai

i ~R-1)fi
i Jfi=.5

/ ~ AL, fi=1.0

_§ L i $

2 3 4
-Q-——-R-—-—»
-
i o, SUCT & RPM
AT o CONSTANT N,

I & a CONSTANT NPSH




