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NOTATION

Symbo l Definition Units of MeasurernL-n

C Vane chord length feet (meters )

(
~ Momentum or blowing coeff icient:

r i iV (h \ ~ (V~ s~2

)A ui , S - 

~ 
) 

~
1_ ift coe f f i c i e n t

Vane span at outside diameter of impeller feet (meters)

1) u t ” 4
Specific dia meter: D5 =

I) , lm pcllt’i di.inic’t c r  feet (meters )

H h ead rise feet meters )

II Signi f ica nt Wave Height feet (meter s )

Slot height of jet feet (meters )

Fan speed ( rpm )  revolutions minute

N Spec t~~ speed. N = ________

— I ‘‘— I’resst ire pounds toot Pas~ a Is I

- I inpeller e x i t  re ter u .’nce dynamic pressure pou n ds It i ul

= 1 2 p I ) ~~~ , u lu I

I) I loss rate cubic feet  st ’~ und

I cubic meters  si’c unit I

Rele ren5e are a , 5 = / h., ( ( f e e t (  ) f l letc rs i

U, Fan tip speed feet secon d
(meters second )

i t  s eli _ i t ’  at  slof feet second
( met e rs secon d )

/ Number i it vanes in impeller
P()

• i- un e f t i ~~ii’ i hs  ~ 
- 

cc i i  lIP

Flow co e f f i c i en t . 0 = () rI) , h , U2

tIe id ua ie f f u  t n t  .

1 
2

/C
ii Soli,lit~ ra f t ’  a = —

ir E) ,

—— ~ 
• - • -



ABSTRACT

The static characte ristics of a circulation control (CC ) fan
were determined to demonstrate the feasibi lity of the CC concept
as a means of meeting the lift system requirements of a large .
open ocean capab le, surface effect ship (SES) These requirements
being variable performance , at constant RPM, of sufficient range
to provide for heave allev iation when operating at high speeds in
advanced sea-states. The scope of the program included two
solidity ratios wit hin the model centrifugal impeller and, in effect ,
two vo lutes. The better performing combination of these
variations was the low solidity (a = 0.65) impeller mated with a
reduced internal volume vo lute. This fan demonstrated a flow
rate increase of 100 percent over that achieved at the design
point, through increasing the f low of control air , while
maintaining a constant head rise. The peak efficiency of this
combination was 83 percent From this peak efficiency, achieved
with a moderate amount of control air , the efficiency dropped to
a low of 6 5 percent when operating with a maximum flow of
control air It is shown that the most likely demands of the heave
alleviation system would allow for the fan to operate at the
highest efficiency possible for the flow rate required.

The high solidity (a 1 3 )  impeller was found to produce an
increase in flow rate of 50 percent over that achieved at the
design point , through increased control air , and did not achieve
as high an efficiency as that of the lower solidity configuration

ADMINISTRATIVE INFORMATION

The work reported here was authorized by the Surface Effect Ship Project Office
( PMS-304 ) of the Naval Sea Systems (‘ommand Funding was provided under Task -~rea

5-46 29 , Program Element i3S34N . Work Unit 1-1630.028.

INTRODUCTION

lhe concept ol a circulation control ( ‘( ) f an  is under development to meet the lift and

habitability requirement s of a lar ge , open ocean capable . surface effect ship ( SES 1. (‘irculatton

control tec hnology has been underway at the David W . Taylor Naval Ship Research and

Development (‘enter  I DI NSRDC) for suu mt ’ years now and recently culminated in the awarding

of a contract to utili ze t h is con cept in constructing the full—scale prototype of a helicopter.

The features that make this approach promising for helicopter application , ic . , simp licity of
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oper .u tu i u l ’  m d  rapid response , a p pe ur  equally promis ing for meet ing the l i f t  sv sf en l  re i f u i i r u ’ -

mcn l t s  u t i t~ 51. 5

I he h,ms u~ (
‘
( .m ir to i l* employs a ct of air blowing tangent ia l ly  t iu  the .iirf oil s u i r t ac  c’ n e u r

the i t u u h i n i g  It’ - \ \ u th i  .m properly shaped ,uid rounded trailing edge , this el will s f . u \ , u t f ,mch ic ’tI

Ii’ t i le ~ u n l , a . e lut ’~ ,uust ’ u t  l l te (o ,au d a  e t t c ’~ t \ j r ~ ing ( lie flow of t h i s  ct ss i! I p r o d u c t ’ l O t
.imp l u l i c iion . us s huu uss n iii Figure I .  I lIe ( ( t a n  s t t i d i c ’uJ here us simpI~ a c e n t r i t u q ~ a t fan

ern plo~ tie . u t , is i  u k ’  of su ch ;ui r fo i ls , the concept  is i l lus t ra ted in F igure 2. ~ ot c ’ l h t u t  the

L u i n t rui l  ,iir passes through the hollow s h a l t , t h rou gh p,uss uges cut in t he impeller base , into

in dis ,Iui ,il pleiiuiiis in each blade , and oul through a slot in the blade trai l ing edge .\ luudt i l ;mt i i iu i

the hi ss ot ontro l air to these blades will , in turn , v ,ur~ t he tan output such t h u ; i l  a nearl~
Li ui’ i nt he iu I  l ist ’ c iii he ma uuf ,uined in ,i~ lu,il SI S .upp h i c , u l i u ’ n  t u r  .u large ra luec ’ t u b  ( h iss r i t e s

it h o t  a t c hl , u ilL! i ut ~ rpm. I his wou ld make it possible a i  m a t  ii t a t  ii l ie , a5c ’ u c c ’ler,il i u u i t  ss it li ii

limil ti ssouuld ‘ ‘ u i  detra c t  I ruuni the pe r luu rma nc c’ oh ic ’ss ,und et itupillent

the i u li ,’ r u l i u u i l a l  environment o f t h e  51.5 us s u ic hi ( h t m l  prov is iuuns must he m mdc to mcc i

hab it .mhi I i t ~ hi niits during hlig ll_ s~iec’ul ope ra t i ons  osc ’i rough se ts I he LOilVCit t IOil,uI long—

duar , u iu  t i  lu,ihit _ ah i l i (~ himif in te a se  acce ler :m t i u in  is (( .1  (( e. lint th a t  level ca nt be ex c eed ed for

s hort peri’ ’ ,i— In current Si S-f ~ pc’ ve hic les . t h ic ’ . u ecc ’lc ’ r , i l i u nn i  niagn itui de s arc ’ contro lled hi~
t ic - u s c  at lenu , u tu rs ss hiell siinpl~ ex pe l ovc’rhu, ,ur d ,u i l ~ exc ess a ir in ilk’ cushion. t - igu i r e 3 ,

s li iusss .i i~ ; i uc , a l cu u nd i t i u m for a large scale ~sI.S ,mncl ind icates f lue  0. h O— and ( ( . 20— g opcr:mt ion.uI

h in l i t— ,us a flai l , lion ut sea s ta f e  and ~r u I f  s c ’Io c t hv  In order to meet t hlese l imi ts the tani

k u  k rrc ’ssi a re LUt is t  he maint a ined in a ranc’c’ f r o m 0 t i  20 percent oh t ti c ’ uiuumiii ,i I

( i i ’C i , i l i l i t ’  ri ’ S u ur i ’ f t  j - , R l u e c - ,f iii it i t t  se u lc ’ t ’ i _ u ! l u h ’, ~ u i t  il i t it i ’ c ’ t I k l , ’ l lt l\ s t u t h i  a l u l l

s\ s tc’ ri i sshu ic hm Ri u m p i t i -s t i l t ’ I ( I , u un I he lest in~l dal .u to  he d u scua ssc ’ ct l ic ’ i c ’ reprc ’sc’nt lilt’

f i rs t  ~i c ps in d e m u u n s t r a t m n g  f h u . i l  c , i p u h i i l i t \  I h uts  f i r s t  phi_ sc ’ is nnc’,unl tu il l\ I’’ dc’ i l I i ’ i lst r ,mtc ’
tc ’ , usu l i l u t  ant i  - t u b  thuc ’  u i l t u i i u t c ’ pc ’ i t u ri ii ,miicc ’ fh ,ul  c m  t i c ’ , mc l uuc ’ s c ’,l f r u ni a ( ( f _ a l l  s \ s t c ’ill

FAN DESIGN

l iii ’ pr i m ,u i \  ~io isudc r ,u f i uu i i  ( u O  thu s f i r s f —ge i ie ra f i u in , cc ’ i lt r ifuig , i I — l s p e , ( (  f _ u i  ss . i s  s i i l l p l ic i t \

(‘ I u ( t ~~ui’ ui I ca s e  ut l.ihii u t u , t i l .  h ail diiiit’ i is i uui ls \ s c ’ i c ’ gu s t - r u ed Ii’~ ( lit’ kurt test  h , i c ’ i l i t \  t o  hi:

use d .u iut l  t h e  ms , i t l , i b u u h i t s  u ul  in e x i s t i n g  s u n l i i f u _ ’ Wh i c h  h i d  hic’eii eIl1Iu lu i~ c d iii a r e c en t  t es t  u I

Si It ’ in nht ’l ‘I Ilk’ I () t t l ~ “i f S  l i f t  f _ mn

• I-( ‘
~~
‘ u - I  u , i t uun in imI I ~ h~ R J l-ng lar in NSRIX’ l e c ( u l u i at S i c  A l .-20 t  (May l~)72) .
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rhe specific speed range for a centrifugal fan suitable for application to a large size S F 5
is considered to be ISO 

~ 
N~ ~ 200 A specific diameter range of 0.95 

~ 
D~ ~ I - I is found

to offe r the best efficiency for a specific speed of I 70. The head rise required at the design
point for a large size SES would he on the order of 300 psf ( 1 4 7  K Pa). These restrict ions ,

.m long with those associated with (‘C requirements — such as suitable ratios for trailing edge
radius-tn-blade chord and slot height-to-trailing edge radius were provided to Dr. G. Wislicenus
who subsequent ly produced the design shown in Figure 4 . Some modifications , pertinent to

t he needs ot circulation control , were made to this design.
Since the CC concept depends on boundary-layer contro l, it is extremely important for

s,mt isf ;mcto ry and efficient performance that the flow remain attached on the impeller blades
The geometrical requirements for the centrifugal fan application leads to a blade section
profile dissimi lar to those that form the experimental technology base of the concept. It)

ensure that the present blade design would perform as expected , it was decided to investig ate
th e t ,mn flow field by uising the best theoretical tools available. A group of computer programs
ssas obta ined from NASA 1,ewis Researc h Center for this purpose When used collectively ,

these programs can predict the fan internal flow field for a given set of fan operating
conditions within tile assumptions of an inviscid ideal fluid. Blade surface velocity profiles

similar to those shown in Figure 5 can he obtained as part of the problem solution.

Several blade section modifications were made based on the results of this theoretical
s tuu d~ ( I f  the heading edge radius of the blade w as increased to reduce veIocit~ gradients in
this are,u ,and lessen the poss ibility of leading edge floss sep arati o n , ( 2 ) the suction side

t hickness distr ihuliun n was modified slig ht ly to red tu cc ’ un ,udvc ’rsc ’ vc ’ ho c i t v  gr .mdient in the

vicinity of the slot location , and (3) the location (it the slot was based on the theor et iealh~
predi cted velocit y profiles. The modifications made to the blade design are shown iii
F igure ( as (lashed lines . ‘Tu e most effective jet turning for minimum power was obtained

ss- ith t he s b :  located just aft of the minimum press ure point on the al l  suction side of the

blade. The slot was located at 97-percent chord based (in the theoretical predictions discussed
,ihos’e. With these modifications , the kin of Figure 4 was subtec t ed to detailed design and
t ,m hr uc ,ution a t  DTNSRD(’ . Figure 7 shows the finished product mounted in the l)TNSRI)( ’

f , mn t c’st facilit y prior to  being encased in the vo lute.

kecently reti red is Head of the Department of Aeronautic a l Engineering and the Water Tunnel u ut the
A pp lied Research lahanatory at the Pennsylvania State Uiuive usu us
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PROCEDURES AND RESULTS

TEST FACILITY

The basic features of the DTNSRDC fan test facility arc illustrated in Figure 8. The

XhU-ft 3 plenum is positioned above the test section of the 8- x h O-ft subsonic wind tunnel

The ~.an i ts e l f  is enclosed within the plenum, anti t he fan inlet is open to the tunnel below
f-’Iow rate m d  head rise .a rc’ determined through pressure and temperature measurements .u t

the ta n inlet and the exhaust portion of the volute (Stations 3 and 4. respect ively) .

The orif ice plate , located downstream of the 30-in -diameter disc harge valve , was used
only ms a ch eck on the mass flow calculations as determined at the fan inlet and exhaust.
( F-o r most of the test program. the orifice plates were not in place. t Under normal operation
the supplement.ir~ ,mir supply valve is closed and fan hack pressure is varied by sequencing the
discharge v .u lse in small inerc’ments from I’ully open to fully closed. The stm ppkmentary air
supply is used only to simulate hack flow through the fan. ( ontrol air for the individual tan

blades us provided through a hollow shaft , rotating ss- it h its base protruding into the control

air plenum (Figure 7h). and passages drilled in the impeller base leading to cacti of the blades.

The usual test sequence called tor esta blis hing fan rpm and control air flow rate and for

monitoi ing both s f , m t i c  anti total pressure and temperature at the fan inlet and exhau st , along

with fan torque. ~mt each of tt ’e exhaust valve settings .

DESIGN CONSI DERATIO NS

Ihe origin mh design point for the ( ( t ,mn ss ,ms aimed .m t meeting the foll oss ing requirements

a head rise (if 300 psI ( 14  4 KPa I and , at this scale , a flow rate oh 2 ( u ( )  efs ( ~
‘ S in~ s t  at

5300 rpm I he Cost b r  design and fabr icat ion of ~u fan capa ble of operating at tha t  speed

was so 111gb that it was considered t ua st i f iah le to c’stahl ish ,m lc ’ss sc’sc ’re performan ce goal

inasmuch as the test objective w ,ms merely to demonstrate concept fea s ib i l i ty . With operating

speed restr icted to 4000 rpm. the tat - a could he fab r i c a ted  by using conventional machining
methods and without the need for composite material s as required I or ,u higher pert ornlancc’

machine Other ci)tlsi d i ’ rat if rns , suc h as the ’ available floss r , u t c ’ of coru t m l  a ir and s ihratuon

in t ime drive belt at high torque . led to conducting most i t t  the test ~m f 22U () rptli

4
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CC FAN WITH OR IG I N A L  VOL U TE

Figure 1)a shows the tiead t loss chara c ter is t ic s  obta ined at 2200 rpm ( I he head

c o e f f i cu e n t  an d efiic ienc~ o f Figure ~ and all subsequent figures ,mre based on tot ,d press ure. )

It indi~ ~m t c ’ s t he significant range in pe rt m ’ r n m u n c c  th,it is possible throug h increased control air

hbvss i i te  I tic’ st irre d symbol represent s the ct&’s ign point to he at ta ined without blowing \~
ind i c , u t ’ ’d. the ac tua l  performance w uthout  blowing sv ,as List under this point I he J ut tc ’rt’ nc c ’

he i st c c i  goah and , uef i te vc ’rnent r~ a s be , u t t r i h ut ,ut i hu.’ to t h e  t . u i i  s m h t a i c  used in th is tes t  I hc’

original vo lute was too large for the s i/C and specifi c speed m i t  the t ( impeller , hut th is

h,mndic up ss ,u s fe l t  to ku. ,uc ~c’ t ’ t , m hhe ‘~nice t he ut t i ie ~ t i s c ’ it t h is  pt t , us ’ s s m ~ simn p h~ a

a,’onec l I ( m u m  the ( (  .uppro ,mJi hj os se v u.’r , a nuirnhcr of  t e , m t t i r ’ s in the d , u ia  c a n  he . a t t r t f ’ i i c d

to th us m i s m a t c h . First m it ch t t ’ u . c i i i , m s t  t ’, th , ut  re lated to tan u.~ll i i  u c ’ r u c \  I he n,usinit iui i  t i l i c t i c

.uj iuesc d ~u t 22 ( 11) rpm ss , us less thu ,ui ‘) )  pc ’ rc nt I t ’  check whether  i l t e  i s c r s u i c d  i t i i i c  s s m u u a h d

contr i b ute to consi derable re c ire u lat uon sv it hi n it , t u t t s  weie l ,upecf along t h :  m ns u c hc ’ ss , a h h s ml

v m u l u i t c ’ and t isc ’ rvu ’d duarung tan operation - see F ugi urc ’ I 0. 1 ~ s l i St in h ig ua r e I (Ia is looking

u.s n i bi r uuuiL ’ h i (lie c’x h ,mus( opening of the obu te  with no lIon J lie nnpeiber us i the upper

hef t  ‘i th u.’ opennig an d the inside ‘ t i t u l a r  of i t  he h hn n uia th i . hc ’_ u dung i th e  inlet  is ‘.eeit to

t hu.’ rig mt.  I u t t s  ssc’ r c ’ , m t t , u e h e d  m i  t h e  hellmouth , _ a lon g t h e  s tal l s ‘‘I the so l u te . ,and ust ,ibosc ’

t iuc ’ c t s s ,atc ’ r ’’ ‘r ton ciuc ’ of h ut’ so lute.  F ’ mguu rc ’ lOb sh ios s u. t h e  ,urr . ingc ’nient ss hilc ’ operating

at h i ) ) ) rpm R um ~m m n t m o h  a ir u (  = ( ( D L  ~m ui d b , mc k pressure s ua c hi th .u l  the ( i i i  o perated ut i t s

po int tuf best e f f i c i m ’uics \ , i m  that  t u f t s  u t t , u  Ic ul t i m  the be l l n iom a t l i  m d  _ ulu’ii ~ t hu.’ c ia i s s .at e r

• ihl s t rm  u mc’ m t t u ms v ,u r t i  ft m it ~ iu t : i th u.’ so hu m t e 1 ‘ u m  t i ’  lUt ist p a r t  host ’ , u t t . u j uc ’d to t hu .’ st _ a l l .

_ mt ~thui it t i m ’ s m  im e ;‘[ mit ’ .u t i c’ ‘c tat  u.s it c m  ,
‘‘ , m h s uu st i t t  u m i e d i t  m i d t he insidc ’ of the s i l t  a t e

- \h l  m t t ins i i t ti i c .i tt ’ S an c’s t ’~~~t u.i ’ amount c i i  r e e l i c l a l a i l m u n  s t u t h u m i  t hu .’ u. ohitc’ ,un d ihc ’ reh i~
rt ’ m h m u c i  t e f t m u . u m ’ i~~v , c’ \ c ’t i  .ut s s } t , u t  ss,u~ Ihic ’ mn ui st  ‘ i i i ,  i - n t  o~~~i iii~~ pm ’ in l  u’ l  liii,’ s~~s t c ’I11

u u u t b u m ’ r  t m ~ 1 m m  st i m ic  it u,’ t u n ( r i huu tu ’d t iu the l u i s s  c’ b t i c i c ’ i c \  st , us l~c u. m i ,n l c ls ntaniber e f t e u . t s

I I slit iu.t ’, t ,tt i  pc i  to r i ) t ,un u.’ d a t a  a t t S % m m  s iic ’u.’ its I tic ’ itl , t\ u i m l i t i l l  m l t  iu,’ncu. .a _ hmm c ’~ ed _ a t

h S ( ( ( (  pm st- us about ui2  percent  s sh i t ’ mc ’ ,us t h at  a t  ,~‘~O)t rpm st a s umn (lit’ ordc’r (it 1 percent

I h ic ’ hi hi s m ) ’ r , i t i o i l  m n e m t t m o u t e d  e u r h i c ’ m l m i e \ c ’ ntc ’tf opu.’ i _ a t a u t u i  ut  t m ig h ic ’i h i lu us s i m ig  m u tes  t h u _ m i t  sh ioss n

m u 2~~
m (( 1 rpm. I he t rend t u b  t h ) e s t ’ I m g i u m c ’s eil p lu is if c ’ cl f i a t  soiilc’ ;‘t ’ ii . m h t s  ss ,as i i t v i t l sc ’tl in t h u . ’

i c ’s t r n  mmi i i  u ,~,‘t I ( (  r pn im ss lien m u b t . m m n i m m g  t hu.’ f u J I  l unge  m m l  pc ’ it u ur man cc ’ t h i r m n a m i h m h u l u u ssu m t g  I t ie

rn ,u\Iri ‘mill e l t i c i e n c ’, u I  t ime t . i ui  in t i t u s  o m it  i g t m r m t i o i l  is u t hc’,ust ( t ic ’ ~~ Fmi ’ i i c ’ l m t  mmhs c’is c’d ui

‘ cu (( pm

i’m ’ , ~t c i e r t f l ined for I ug ia res ‘i  i ntl I I - t au i  et ( i i  R ’ i i c  u. ur i i , humcfe s  t i me c ’f tc ’c t s  of the corui pressiu l

t~~uss e r iu. ’ ) m u i r e ( l  I ’ m  t h e  c m u i i t n u f  air h i o s s e c c i  . i t s f i um ~a hJ hi,’ minted t h , m h t h u . ’ m c ’ e m m ’ ii’ , of lm ’ss

e t h i c i c uc s ire t u r  t im e  m mU us (  ~ia t t  o m i t  of  f l i t ’ r _ u ngu.’ of i u i t t ’ r e s t  to t  Sf S oiuc ’ i , m t i u u m i

c
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The requirement of a nearly constant head rise thr u u ua g h t he f mill range of f lm w rate l imits the

area of interest A meaningful load line would hc’ one p. mss m ng t hroiigh the design point .m i

near-constant head rise , as shown in Figure 9a. The shaded svmiihols in (lie efficiency dat , i  m u b

Figure Qh indic,ite the corresponding load line in terms of e f f i c u c ’ n e v  The operating effic iencs
is seen to he at om s c ry near the ma~ imum eff icient -v for that  p,mri n m a h , ar  f low rate throug h ou t

t he range of Opc’ration.

A t’eat ure of the (‘(‘ fan in this contiguration s that  peak ci f ic ienc v is maintained over

co m isi derahle range of flow rate and through moderate levels m i t  blowing. This sIig~es ts t hat

the design or nor mal operating point can he met at d i f ferent speed and blowing rates without

s~mcrif ic m ng effic iency The asterisk on Figure ~ta represents a point at which -a the requirement

if 300 psI u 4 2 Pal and 2~0 cfs ( ~,8 m3 st can he met w ith an operating speed of 5100 rpm

and ( = 0 005 The load line through this point s h u i w s  t h at the fan us capable of increasing

its flow rate by ht ’tter than 50 percent of normal operating c;mnni c ’ i t\  and of maintaining its

he~md rise all the wa \ to cutoff. The flagged symbols ~if Figure 9h represent the corresponding

c’ t f i c ien c i c ’s and indicate there is little penalty for operating in this manner Operating along
this toad fine . r a t  her than throug h the original design point , al lows more p os r t i s e  control in

t hat the flow ‘‘I u.i) iltr Ol air can be reduced when at tempt ing t i  rect iac u.’ fan outflow. Its s tat ic
character is t ic s imi( iicate that the (‘C tan has a s u f f i c i e n t  r ,mng e of operat ion to cope with the
demands imposed h~ high-speed SES operations in rough se,ms

Tsto a dditional poi nts  need to be made regarding t hu.’ t t , mt , m of Figure t1 u It has been

s hown th ,ut the compressor powe r required to ma in ta in  hlt ’st ing has l i t t le ef fect  on ef t iu . ien c v

with im i  the range ( m t  m n t u .’rest for SF5 operatm u mm is Nt ’ sc ’ri uc ’ lc ’ss ii is , u p h u ,mrc ’nt t hat .u considerable

reduction is ;ms s m ei ;a ted with the higher blowing r ; i t u . ’s  I his us cniismdered part l  due to llos~
separation wit hin tht’ impeller and enhancement of the separ it  m u un liv hhnw i r ig. -\ t ufted wand

st . i s  usc ’d t u m  e x a m ine  t h e  flow at  the pen phier~ of t he mut t  mt  ing impeller It ~~~ note d that

when the tu f t  u.s .ms brou ght close to  t lie shroud ti m m nh ’ ’t si dc of t he impeller , it was sucked into

the impeller. 1 his was attributed to local se pa ra t i o n  m u f  the f low from the shroud is it

negotiate d the turn from the axi ,i l direction at the m u lct to the radial (lm rt ’ct ion in t b - a c impeller.
The ( oanda jet of t he contro l air, at t hu.’ outside trai l ing e tge of the hlade . w ,ms discharging

into t his separated region: and at higher blowing m u t t ’ s . I h a t  c , m m ,ised t urthem su ’p. irat ion iii ( hi ts

a re ,a - and reduc- u.’d (hi’ eff iciency. (The lower soh idit~ cOil I i g m a m . a ( i o r i  combined with . m v ui lute

modification . to he (list usse d later , elimina ted ( b um s regi u m of f h uu  w sc ’p ;m rat ion. I

Au i u ) t her point of interest is the liuuifing et led of mnc rc ’ ,use d hlu uw mi ig l b- at’ minimum

cr (uss -seet io na l ure a in the control air circuit occurr ed at f l it ’ 0. “ S— in -diam eter throat ol the

vent t in meter ‘[‘here w ,ms a choked flow condif i t  in at f in  is pm ‘in f when .i m uss flow raft ’ of

(1
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about 0.25 lb/sec was reached, At 2200 rpm, this occurred at a hit-aw ing coe fficient of
C~4 = 0.05. Beyond this point , shock losses occurred within the system and the increment in

performance improvement with blowing decreased. At the highest blowing rate . 0,06
corresponding to a control air mass flow of 0.31 lb/sec. sonic conditions were reached at the
trailing edge slots and performance did not appear to he enhanced beyond this point.

The trailing edge Coanda surface can he so designed t h a t  a supersonic jet will stay
attached and not shock down until well around to the pressure side of the blade : however ,
t his was not attempted in the current design. Although more mass flow can he pushed
through the system after sonic flow has been reached at the trailing edge slots , this appea rs
to be a limiting point for increased blade circulation in the cu rrent design.

Figure I 2 shows the performance range for no blowing and maxmmum blowing in terms

of actua l head rise and flow rate. Note that in the region (if the best efficiency point , between
90 to 140 cfs, the use of trailing edge blowing more than dou bled the head rise.

CC FAN WITH MODIFIED VOLUTE

Since the first phase of this program was intended merely to demonstrate the feasibilit y

of the (‘C’centnifugal fan concept , some shortcuts were taken in assembling the demonstration

model. Foremost among these was the utilization of an available c .a sm ri g f ( u r  the (‘C impeller.

This casing, or volute , was oversized for the impeller and although head flow characteristics
proved sufficient , the associated efficiency reached onl y ,m moderate level (near 70 percent ),

as shown in Figure I lb.

The significant-c of an efficiently operating f, mn pru ummip t c’d . m modi f i c  ,ution to t lie original
volute to bring it more in keeping with the specifi c speed and si,e of the (‘(‘ impeller. These

modifications consisted simply of inserting a plywood panel to decme .mse vobute volume and

mahogany sections to reduce the exhaust opening and bring t b ic ’ tongue of the volute closer
to the impeller. Additionally, it was necessary to make a new hellmouth for the volute
exhaust. rhe ori~~nal heilmouth and volute have already been shown iii Figure 10. Figure I 3

presents various aspects of the modified version.
1-igure 14 compares fan performance at 2200 rpm ss i t h i  the two volutes . Note from

Figure I 4a that the flow rate , proceeding horizontally from the design point represented by

the starred symbol, can be increased by better than 50 percent of that atlained at  design , as

was the case with the ori~~nal volute. Figure 14 enables a direct comparison of the

characteristics of the two configurations. TI-at’ impelleu was designed to deliver design
conditions with no blowing and should therefore op ermte ef f i c ic ’nt lv ft - a r  t hat  condition.
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The asterisk indicates the design points to be attained without blowing. With the modified

volute , the fan was able to meet this point whereas the original vohute undershot it. Moreover ,

the stall was more gradual with the modified volute Both of these conditions are indiu:ative

of a more efficient mating of impeller and casing The remaining characteristics of Figure 14

are those concerned with maximum control air for the respect iv e configurations : Figure l4h

shows the efficiencies associated with these character i st ics . For no-control air , fan efficiency

with the modified volute peaked about five points biigh er (about “ 2 percent ) and this peak

efficiency was maintained over a somewhat greater range. Di f ference s in maximum blowing

rate for the two configurations also favored the modified vo luitc.

The data discussed to this point were all obtained at 2200 rpm. It had been intended

to repeat a numbe r of these runs at a higher speed in order to determine any Reynolds

number e ffects That was not possible , howeve r , because (lie teflon seal between the

stat ionar y in let and the rotating impeller was lost near the end of the first run at 2S00 rpm.

The single run completed at 2800 rpm did however produce some s mgnif ’icant results . Figure

15 shows the head-flow characteristic and the associated c’f ficiencv tot the no control air case

= O W  rh~ head-flow behavior was much the same ,as t h a t  achieved at 2200 rpm, hut

t he peak efficiency wa s improved about 4 percent m m v u.’r t hat .uchmeved at the lower speed and

was a bout 8 percent higher than reached with the origitial vo bute .

The aforementioned modifications made it neccss ,mr~ to  remove tb - a c entire volute in order

to rep lace the seal , rat her than simply removing only the inlet , as eriulcl hiave been done prior

to t b- ac modification. Because of the time entailed in u~ utmp hm s h umn g th us , i t u.s .us considered t i -a

he opportune t u m  configure a lower so lidity impeller ( c i  0 (i5  r u t  h m u. ’r t han I .~ and half as many

impeller blades at this time ).

The low sm u l i t l i t v  conf iguration was subjected to t h e  same su.’nics of t e s t s  Figure h -a

indicates the performance range achieved. Note that the nio’hhuust tr ig c , asc ’ fe l l  below the design

point and, as would he expected. did not develop as muu. Ii ol a heath r isc ’ ‘is obtained with the

higher solidity configuration. The flow rate , however , w a s  s ligbuf ~ gr e.m ten than obtained with

higher solidit ,mnd t ine efficiency reached a level of ‘ (u pet u.’ u l t I lostu.’s c’r . t he b c ’ p.) shifted

to a higher flow r a t e , as can he observed h~ noting t he locat i u u rm mit the design point ( st ,arrt ’d

symhol ( the h.e.p for t he high soIid it~ Ia I .31 impeller u u t cu r re t l .ut approximatel y that

location.
liii’ range iii flow ratt ’ through hlowm uig a t ta ined Ion th e l uu u.u. c’ m solidi ty  conf igur at ion

is muu.-h more suitable for SES requirements . It can he mncr e ,ist ’d by nearly 100 Perce nt

over that achieved ,a t the design condition while m m m . mi nfa m ri in g tIlt’ rt’u~uired ht’ad risl’ Ih m ’ .

is nearly double t hi’ range that was possible with - a flit’ higher solidity ton figuration

S
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The penalty for increased performance through blowing, as measured in terms of efficiency,

was less for this low solidity case than for the original high solidity version. Figure lób

shows that the eff iciency remained above 70 percent for blowing coefficients up to C~ = 0.03.

A des irable mode of SES operation which could capitalize on this condition is depicted in

Figure l6a , the asterisk represents a point at which the requirements of 300 psI and 260 cfs

can be ac hieved at a flow coefficient of = 0.02 and 5100 rpm The characteristic

represented by this blowing coefficient attained a peak efficiency of 74 percent just two

percentage points less than that achieved in the no-blowing case. The cross-hatched area of

Figure I 6a represents the ± 10 percent of the nominal operating pressure that must be

maintained in order to achieve the 0.1 -g limit in heave acceleration required as a habitability

constraint. The flow rate can be double that required at the nominal operating point and

still remain within t he cross-hatched acceptable pressure range Operating from this point

al lows , at least theoretically, the possibility of going to zero flow through the fan while

remaining within the prescribed pressure limits. ( Dynamic evaluation of the fan is required

to estab lish its behavior in this region.)
Figure I 7 indicates the performance characteristic s for the low solidity configuration at

higher speed 2800 rpm) and no control air. As was noted with the high solidity impeller , a

Reynolds number effect was present. The peak efficiency of 83 percent is t he measured

value with no corrections to account for losses in the belt drive. (The torque meter is located

on the same shaft as the drive motor. (‘ontrol air passage required in the fan shaft precluded

locating the torque mefer w here belt losses could he hyp. issecl ~~ power required for the

low solidity configuration is indicated in i:igure 1 8

FEASIBILITY OF THE CONCEPT FOR A
LARGE SCALE OPEN OCEAN CAPABLE SES

The head/flow character ist ic s of a (‘( fan for a large scale SI -S can he determined from

results of the present model test s the lower solidity to  = 0 ( iS ( configuration is considered

more promising for this application. ‘1 he peak cfficien t.~ of 83 perce nt - as measured , mt

2800 rpm, and (
~ = 0.0 , can conservatively he projected to S~ percent f u r  the ful l - ’  cale

version on the basis u t  t es t  observations . Figure I ~ indicate s f haf the peak et f ic le n L \ would

he expected to occur at some m oderate level (If control air blowing ra t he r  than with no

control air. (The loss associated with the belt drive was included in f lu e measuied value of 83

percentJ This obse rvation , coupled with the usual expected improvements resulting fro m

Reynolds number effects in going to full scale , suggest that MS percent is a moderate

projection of ef ficiency for the full-scale ( (‘  fan,

9
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CONCLUSIONS

The static evaluation of a circulation control centrifugal fan has demonstrated the unique
capability of this concept in meeting the heave alleviation needs of a large open ocean capable

SES. A low solidity (o = 0.6Sf seven bladed, two foot dia meter , impeller model demonstrated
the ability to increase its flow rate by 100 percent over that ach ueved at the design point, while
maintaining head rise and RPM, by increasing tb - a c flo w- of contr o l air. The peak efficiency of

this configuration was 83 percent with a drop to 65 percent w- bien utiliz ing maximum control

air. The most likely operating mode when used in a heave alleviation system ts shown to
deliver the highest efficiency attainable for the flow - rate requ ired.

A high solidity (a = 1.3) version of the fan demonstrated the abi l i ty to increase its flow

rate by 50 percent over that achieved at the design point . while maintaining head rise and
RPM , through the increased flow of ’ control air. Ihe peak c’ l ta j enc y  of this configuration
was 78 percent.
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CC FAN BLADE SECTION

ORIG. BLADE SECTION
— — — MOD. BLADE SECTION

I.E. SUCTION
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Figure 6 — Origina l and Modified (‘C Fan Blade Sections
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I’ igu re I I  — I’.f ’ t ecI of Reynolds Nu m ber on I an  Performance
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Figure II (Cont inued )
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F”igiire 1 3  — Modified Version of the VoIuIe
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Figure I 3a — Reduced Exhaust Opening and Kelim outh
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I’ igure I 3 (( aint,nuicul

Figure 13b — Reduced Interna l Volume

Figure I.k — Malehing Kell mouth

24

— . , ‘ . ,~~~~ —. - — .- - ~~~~~~~~~~~~~~~~~~~~~~~~ ‘,-‘.~~~— - - - -- •  - . - . .  - - -  —--—---- - —i-



Figure 14 — Comparison of CC Fan Performance with
the Original and the Modified Vo lute at 2200 RPM
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Figure 14 1 (‘on tinned
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Figure 15 — Improved Performance of CC Fan
with Modified Vo lute at 2800 RPM
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I’ iguire lb — Impro v ed Perf o rmance of ( ( I~ an with I osser
SoIidi t~ and Modi f ied ~ o ltik ’ .ul 2200 RPM
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Figure 16 (Continued )
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Figure 17 — Improved Performance of CC Fan with Lower
Solidity and Modified Vo lute at 2800 RPM
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