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Centrifugal Pumps

« Commonly employed in rocket engines
— high flowrate pumps can be axial

— liquid enters axially,
leaves radially

 General Euler relation sutionaly ™ diffuser
St|” hOIdS irggg)llgr
y . )
W= m[(Uce )2 _(Uce )1] —— 16/ t
— for no input swirl l
W, =mU ¢,

. ) __t ¢__liguid tangential
impeller tip speed velocity at tip
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VeIOC|ty Change and Pump Work

* Changing ref. frame _

m

-, Cr = =27Z'rb
C02=U2+W02=U2—)16:2 tan 3, LA, & ’

m m Ai

. . if incomp. liquid, ——
=W, =muU (1— tan ,BZJ p~constant  pA, /OA1 A,
U2 (small Tchange) c
7 3 note: LH o="2"1
W; = mUzz(l_CDtan 132) compressmzle U, A

CD_

u,
flow coeff

for centrifugal
machine

s

Radlal blades Backward-leaning
= blades §,>0
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Forward-leaning
From Hill and Peterson blades B, <0

Pump Work and Pressure Rise

» Work also related to enthalpy change
W, =mah, = Ah, =UZ{1-®tan 3,)
* From Gibb’s eq’'n (s state eqgn.)

T.ds, =dh, —dpo/p if isentropic dho =dp0/,0

if ~incomp. Aho = Apo/p
- Soifisen. AP, /P

(and incomp.) U2 :(1—CDtan '82)
» Toinclude irrev. - use adiabatic efficiency
Ah, - Ap,/p  Ap, Ap Ap
= ideal — 0 — 0 __ 0 013 _
T ="an, T TAn,  pan,  Ap, EYER (1-®tan 3,)

Ioadlng coeff.
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W or Ap,

fimg)

Pump Characteristics

Mo oy
=1, 3, constant U2 =y =n,\d-
R p 2 200
5 me(<1), Byconst. e
Th = 180
N i
design_~ % 160k
point g
actual ~ 3 ol
82} Y
@ or Flow rate %
Efficiency losses E‘ 8-
— boundary layers -
— stall: B, not set by blade g
when (y,®) too far from 4 ;
deSIgn (\Vdesign! @design) 706 8 IIO lll |:1 |16 llﬂ 20
— secondary flows... From Hill and Peterson Flo% e GPM x 1072

AF6450 Rocket Propitision

i
—Georgia \'H X o
g

Tech|| =

Nondimensional Parameters

* For axial turbine, we saw turbine
characteristics often shown normalized as

— flowrate myRT, /(p,D?) to account for
choking effects
— rot. speed or blade Mach number QD/,//RT,

Vol. Flowrate— )
- Similarly for pumps ¢ -2 , Q/D° _ Q o
. . U
(not just centrifugal)  ~z NP NDT N o
dimensionless
Typically 0.4-0.7 at _Ap,/p  Hg, _ . IINSO

design condition v u? (ND)2 -
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Specific Speed

* From dimensional analysis, can combine these to
produce dimensionless (?) parameter with no size
dependence

L3/2t73/2

«1/2
@ Q" (ND)™ 7

1/1*3/4 (NN’)W (Hg0)3/4 N
+ Call this Specific Speed N = NQ
— scaling: e.qg., for fixed N * (Hg,)* Hg,=ap,/p
and .head, Iarger_ thrust often specified
= higher Q = higher N at max n point

inU.S.also *NinRPM RPM /gpm ) .
dimensional * Q in gpmM sometimes ft4 + 2131 — dimensionless
version * Drop Y% s %ﬁsﬂza.gadimensionless
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_Pump Types

» Based on required p rise (head), flowrate and RPM
limits (max ~200-700m/s impeller tip speed) = N

weaker steels titanium

— can choose best pump type

TABLE 10-2. Pump Types Adapted from Sutton

Impeller type

Francis Mixed flow Near axial Axial

Basic shape
(half section)

Impeller

Specific speed N, Centrifugal/radial flow pumps Mixed flow pumps700 Axial flow pumps
U.S. nomenclatuie 500-1000 10002000 2000-3000 300()—-6(-)9% Above 8660  to be

SI consistent unitf 62—63 O+ 0-6—6-8 +=0—2-6 bove25 consistent
0.18-0.37 0.37-0.73 0.73-1.1 1.1-222.6 >2:9-2.6 with US
Efficiency % 50-80 60-90 70-92 7688 75-82 ranges
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Specific Diameter

» Already defined normalized rotational speed
NQY?
N =—<
" (Hg, "

» Can also combine y* and ®* to remove N

dependence
* 2
p _(Hg,)* (ND*) L(L/t)?
q)*J/z (ND)2/4 Qj/z La/z/tj/z
— call this Specific Diameter D(Hg,
d, = —ot
o 2010201 by dy W, S, A s s AF6450 Rockel Propulsion
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Centrifugal Pump Slzmg Example n Contours

0

» Each point is single
point design (dg,N,)
* Narrow high
efficiency region
—givend can’t  d,
change N, much
or nd
— high n = high N

and low d,
maximum efficiency

near Ns:l 6 008 0.1 ! N

s From Hill and Peterson
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Cavitation Prevention

+ |f static p at inlet too low vs. fluid’s vapor pressure,
then as p drops over suction side

of blades get vaporization (bubbles) oressure

vape side
collapsing
\] bubbles

* Recall Net Pos. Suction Head ot
NPSH = m min NPSH gives inlet
suction
side

29, p to prevent cavitation
» Convert to Suction Specific Speed

12
s = Lﬂ low flow rates lead to
(NPSH . go) 4 vibrations and excessive
heating
* Typically S,~3.7-9.1 best designs with Semin~1.8 H,
nearly no cavitation ~1.2 RP

~10-15 with controlled cav.
even up to 30 with modern inducer designs

AF6450 Rockel Propulsion
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Cavitation Prevention

* What if we want to operate at RPM that gives NPSH
H

i ? —
< avallable head' Havail - Htank + ngav. head ~ ' 'line losses

from Turbocam Intl.

1. raise tank storage pressure
— weight issue

2. add inducer

— typically helical (screwlike)
inducer to raise pressure
before impeller

— also used on axial/mixed pumps

3. separate booster pump 4 4 —

— like having separate inducer on
its own (low speed) shaft

— could require extra turbine or more gearing

(=
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Inducer Cavitation

isfo

NPSH = 38.2 ft
S5 =23,060

5=10 ~ ,
pump discharge o i
pressure dropping NPSH =30.2 ft

by few % S = 27,500
bubbles impacting /f
impeller
NPSH = 29 ft
Sg=128,350
large reduction in
discharge pressure .
(“head loss”) 4 s
NPSH = 26.7 ft
S5=30,160

— Ss:].l

FIGURE 13.15 Experimental inducer cavitation characteristics. (Courtesy Rockwell International, Rocketdyne

cavitation bubbles,
but collapsing by end

o i
o A P of inducer
e K/ b 2
NPSH = 69 ft NPSH =72.4 ft NPSH =137 ft -
S5 =14,800 §5=14,270 S;=8850 <« 85—3-2

Inception can successfully

/ operate with more
than 2% head loss
due to cavitation,

BUT

Aligrnating

Tip vortex

Head, ft

cavitation damage
is larger concern
for reusable
turbopumps (less
damage for short
lifetime operation)

NPSH. ft

Hha) From Hill and Peterson
S o sy sy . e s e AF6450 Rockel Propulsion
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Inducer

Development History

‘ >25

1 60,000 -22.0 Shrouded swept forward
[ ] wept forward —»-e
M aXI m u m o '::‘E Mic:t9 \ Experimental inducers
SUCtIOﬂ it é’ 50,000 -18.3 MK-10 with prewhirl \.
g - Fenced free vortex High solidity
_S p ee d . & 40,000 F14.6 MK-4 MOD Q: .\_Mm? Rch
] MK-9 Canted indu
|ncreaS|ng g MK~|4\\:O inducers
Wlth é 30,000 F11.0 th(r:a iim\ .\MK-w
1 . Cylindrical inducers
improved s xwl73 S
. E M (a VK3 MK-7
inducers . e
10,000 —_3-1-———.—‘—No inducer
Note: Water data
1 1 1 1
1940 1950 1960 1970
Development history
Rocketdyne
Propulsion and Power (ooewe

Pumps -14
Copyright ©2010, 2019 by Jerry M. Seitzman. Al rghts reserved.
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SSME Low P H, Pump Inducer

LH, is compressible

= temperature also drops
as p reduced during flow
acceleration

= Pygp Arops

= reduced cavitation

= higher pump specific
speed or RPM for LH,

axial flow
impeller

inducer

FIGURE 10-8. Fuel pump inducer impeller of the Space Shuttle main engine low-
pressure fuel turbopump. It has a diameter about 10 in., a nominal hydrogen flow of
148.6 Ibm/sec, a suction pressure of 30 psi, a discharge pressure of 280 psi at [15,765
pi, an efficiency of 77%, and a suction specific speed of 39,000 when tested with water,
(Courtesy of Pratt & Whitney Rocketdyne.) 85:14-3 From Sutton
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Pump Design Example

« Consider preliminary design requirements for

liquid oxygen pump

— fluid properties: 1150 kg/m3

— flow: 257 kg/s (0.2235 m3/s)

—inlet: 85K, 1 bar

—outlet: 120 bar (Head = 1055m)
 Constraints

— stage loading coeff. 0.4-0.7

— assume zero swirl at inlet, incompressible

om0, 2018 dry .St 4 g s AF6450 Rocket Propulsion




» Estimate blade speed (single-stage pump)
— pick maximum w for minimum blade speed

5 2
U, - Ap, _ [119x10 l\i/m _122m)s
py | 1150kg/m*(0.7)
What if LH,?
2° 70 kg/m3 490 m/ reasonable (<200-400)
« Pump type mis = feasible with

standard alloys.

— can we use centrifugal, N .., ~ 0.4-0.7
—for 0.4  _ Na(Hg,)/* _ 0.4(1055m 9.8077m/s? "

Q¥ (0.2235m?/s)}”
_870"9 _ 8300 rpm
S
e o sy s . et s e AF6450 Rockel Propulsion
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Pump Design Example
« With N;=0.4, good “r
effic. for d,~ 6.5 (~86%) |

D=

12

d.Q 7 =0.30m 20}
(Hgo)]/ not too big

U, =(D/2)=(0.15870m/s =131m/s |
=y=0.68 |

Canmake smallerby % o ‘

reducing n; small effect |

Can also increase N, i

— NS:O.G, ds:4 4}777 g o [T
(7>90%7?) [ — e e R

= 12,500 rpm, 0.18m, IR P ‘

U=118 m/s, 506 008 0.1 53
w=0.75too high? N,

e AEo450 Rockel Propulsion




* Check to see if need booster pump or inducer
Po, ~ Po,, (1-0.567)10° Pa

NPSH = _
29, 1150kg/m*(9.81m/s?)
. = =3.8m a5 25675 _
For NS—O.6 NQ]/Z pvap(bar):103.8 s
= =41 : .
(NPSH -g, " et

— WILL NEED booster pump or higher storage
pressure (too high for inducer)

— or will need to reduce rpm to level where we
can use inducer (e.g., 5;<25 = N.<0.36, close
to our 15t choice, but slightly larger pump)
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