
-C
- 4~SAO6II 706 PENNSYLVANIA STATE UNIV UNIVERSITY PARK APPLIED RESE ETC F/G 20/ b -

SECONDARF$LOW RELATED VORTEX CAVITATION. (U)
JUL 78 N L BILLET NOOO2 b—79-C~ 60bi3 I

LINCLASSIFIF £RL/PSU/TM 7S..IIQ ML

iE~~

_
_

_ _ _

_ 8 _
_ _  _ _  

__ __I

_ _
_  

_ _

I

b’~lflfl ~i__
1 g

P flF 1EBIf~ _
_ _



i17P ii ó~

1.0 ~28 ~~~~

______ 

2.2L

I • 

~~~~ OIO~°
I l(III~11111’ .25 IIOI~. IIIO~.o .

MICROCOPY RESOLUTION TEST CH~~ T
NAT ~~N4~ BURLAU 01 S1ANDARDS - I91 3-~



SECONDARY-VLOW-RELATED VORTEX CAVITATION

N. L. Billet

Technical Memorandum
File No. TM 78—189
Jul y 5, 1978
Contract No. N00024—79--C.-604 3

Copy No. 35

The Pennsylvania State University
> Institute for Science and Engineering

C) APPLIED RESEARCH LABORATORY
Post Office Box 30
State College , PA 16801 ID ID (

~

IU) FEB 16 197 ’NAVY DEPARTMENT

NAVAL SEA SYSTEMS COMMAND

Approved for  Public Release
Dis tribution Unlimi ted

79 02 12 010[ 4

-~~ -~~~~~— -.— - -  - - -  ----~~~~~ - 
-
~~~~~~~~~~~~~



i r -

UNCLASSIFIED
S E C U R I T Y  C L A S S I F I C A T I O N  OF TH IS  PAGE OTher. Deta Fnte,,~dI

REPORT DOC” E ITATIOLI PAGE READ I N S 1 R I .JCTI ONS
uM N I BEFORE COMPLETING FORM

I REPORT NUMBER / 
- 2. GOVT ACCESSION NO. 3 REC l P IENT ~S C A T A ~ 00 NUMBER

TM 78—1 89 
__________________________—

4. TITLE (an d SubIi~~ ,) ._~~ .. _.
~~~~

... __. . - - . - ~ T Y P E  OF REPORT & PERIOD CO~( E R [  I

~~ ECO RY~~~~OW-,~ ELATED V9RTEX QAVITAT ION, // ~~~~~~Techni~~~l ~~ m~r n 4~st~ (
~~~~— — ~ ———.-—-—-— --—- ‘- -- 6 FO~ .MI~~~ ORG. ..t

,_

1. A U T H~~R(.. ) 8 C O N T R A C T  OR ( R A N  N L I M I 4 F  R ( 1

c~_____ 
________  

~~~~~~~~~24~ 7 9 c ~~~
4.;

f,

9 PER rIRMING OHGAN I~~A T I O N  NAME’ AND A D O R E S S  ¶ 0 PROGRAM E L E M E N T . P R O J E C T , 1 A ’ ,.’
A R E A  & WO R K UNI1 NUM RE RS

Ap plied Research Laboratory v

P. 0. Box 30
State College , PA 16801 _____________________

I I .  C O N T R O L L I N G  OFFICE N A M E  A N D  ADDRESS ¶2 REPORT DATE
J u ly  5 , 1978Naval Sea Systems Command -

Wash ing ton , Dc 20362 I s  NU P. ~B
6
E
0
R O F P A G E S

[4. MO NITORING AGENCY N A M E  & ADDRESS (II dIfferent from C~ ntro Iiing Oiii -e ) IS SEC URITY  CL ASS . (oi h ,~~~r, ’p r t

UNCLASSIFIED
55 . D E C L A S S I F I C A T I O N  D O W N G R A O I N ( ~SCHEDULE

6. DI STR1BU TION STATEMENT (oF this Report)

Approved for Public Release. Distribution Unlimited .
Per NAVSEA — August 18, 1978 . .._~—_----— - - - - 

@)II~~
3-

~~~o’ 1g
_  —~~

Ii. DISTRIBUTION STATEM E NT ( i the~~~h.str ad entered in Block 20, ii diui., ~nI from Rep , r? )  
—— —

~~ 
—

~~~~~~~~~~~~~~~ 
/

1$. SUPP L E M E N TA R Y  NOTES __
/ t, ~~~~~~~~~~

19. I<EY WOR DS (Contin ue on reverse side if necessary and Identify by bG’~k number)

vrt r’t i rity secondary f l o w
on

LioU ri ~~. i r y  1-/er

r ior

2O~~~~~ 3 T RA C T  ( Cr . . t i nue on reve rse .,Ide If necessary and Id. r n t ~ fy by block nomhrr) —

‘A stud y is presented of .1 vortex formed near the inner wall of a rotor
operating wi thin a boundary layer . Experimental critical cavitation da t o  1111
Laser Doppler Anomometer measurement~ ob tained down~ tream of the rotor plato’
are given for many flow conFigurations. In addition , rotor inlet and o I I t l ’t
velocity profiles wt re measured . Experimental results show an influenec’ of in-
let vel oc’fty gradient near the inner wall on the critical cavitation number t , f

the vortex. Secondary flow vortlcity equations are developed and employed t o
calculate the vortleity in the b l ade  passage near the inner wall of .1 rotor.

DD I JAN 73 1473 EDITION OF I NOV 65 IS OQS O LE TE L~~CT.ASSIF IED
.
~~~ li. O O’J S E C U R I T Y  C L A S S I F I C A T I O N  OF T H I S  ‘n F~~~v,v 



Fr’ r-’- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~

SEC~~~~~~~ CLASSI FICATION OF THIS PAGE(WIt .n Data Enter.d)

20. In order to calculate the streamwlse vorticitv , an approximate method was
developed to calculate the streamlines through a rotor . Cavitation data
are correlated with the calculated exit passage streamwise vorticity
using a simple vortex model. Results show the importance of the additiona
secondary vorticity on the exit streamwlse vorticity near the inner wall
of a rotor. The secondary vorticity induces an additional component of 

- -~
tangential velocity which was found to increase the flow turning near t he
inner wall . This increased tangential velocity profile compared favorably
with the measured vortex profile outside of the vortex core region .

c

L~ , LL.
UNCLASSIFIED

SECURI TY C L A S S I F I C A T I O N  OF TInS PAGE (W hvn ~~~~~~~~~~~



~ 

i i i

ABSTRACT

A stud y is presented of a vortex formed near the inner wall of a

rotor operating w ithin a boundary layer. Experimental crit i al cavi ta—

tion data and Laser Dopp ler Anemometer measurements  obta ined  down t r eam

of the rotor p lane are given for many f low c o n f i gura t ions . In addition ,

ro tor inlet and outlet velocity profiles were measured . Experimental

results show an influence of inlet velocity gradient near the Inner wall

on the critical cavitation number of the vortex. Secondary flow

vorticity equations are developed and emp loyed to calculate the vorticity

in the blade passage near the inner wall of a rotor. In order to

calculate the streamwise vorticity, an approximate method was developed

to calc ulate the streamlines through a rotor. Cavitation data are

correlated wi th the calculated exit passage streamwise vorticity using a

simple vortex model. Results show the Importance of the additional

secondary vorticity on the exit streanwise vorticity near the inner wall

of a rotor . The secondary vorticity induces an addit ional componen t of

tangential velocity which was found to increase the flow turning near tb

inner wall. This increased tangential velocity profile compared favor-

ably with the measured vortex profile outside of the vortex core region.
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1. INTRODUCTiON

1.1 Orf of Inves~~~~ t ion

Secondary f lows generate add i t i ona l  s t r, i:r.’a t s t ’  ~o r t 1 r t t y  nedr  the

Inner wall when a boundary layer flow is turned by a rotor. The a pp r r e n~

etfec t of this additional vorticity is e vi d e n c e d  b y the  h igh  c a v i t ; t l o

numbers of the vortex formed along the inner c ii of ,i rotor. Diii examp i ~

of the cavitation associated with a vortex in he found in the drift tube

of a Francis turbine operating in the  part loa~ range. The c a v i tat i o n

number is propor t iona l  to the square  of the  streanwise  v o r t ic i t y  associa-

ted with the vor tex . In most cases , c r it i c a l  c av i t a t i o n  numbers t v p ~~: l

of this vortex are o f t e n  hi gher than  those associated with any other tm

of ro tor  cav i ta t ion .

This vor tex  is formed in the complicated f low along the inner  w a l l .

The net vorticity in the vortex core is a combination of the primary f1o~

v o r t i c i ty  and the  secondary flow v o r t i c i t v .  The p r i m a r y  v o r t l c l t v  I s

related to the gradient of circulation along the blade  span . This v o r t i —

c i ty  can be calculated by app ly ing s tandard axisytnmetr ic  flow theories .

However , the secondary vorticity is due to blade to blade pressure

grad ients and turning of the flow with entering vorticity and can be

calculated from a set of vorticity transport equations app lied along a

streamline.

Experience has shown that a cavi tation in ’eption prediction of thi~

vortex is a very difficult problem . All rotors operating with a botindar

layer have a vortex along the Inner wall. The appearance of this

cavitating vortex varies from r ol- r to rotor , as shown in Figure 1. The

rritica l cavitatio n number can vary an much as an. order to magnitude .



Figure 1. Cavi ta t ing  Vor t ices
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snaI l  v a r i a t i o n s  in  the  inlet velocity gradient to the rotor can cause a

significant change in tie critical cavitation number.

1 . 2  PrevIous i n v e st i g a t i o n s

T h er e  has been no s y s t e m a t i c  work on th~ crit ical cav ~ ~a t io n

chia rneter istics of the secondary flow generated vortex. Cearhart ! I I

i n v e s t i g a ted  th e secondary flow generated alon- ’ the Inner wall of a

rotor; however , no attemp t was rade to correlat - caloulations v i t h  t (-

structure of the vortex or with the c r it i n : i l  c a v i t a t i o n  iiunber c f  t H ~

vortex. Nevertheless , Cearhart was one ot thr first to show the ~ t: t-

Lance of secondary flows in a r o t o r  op~~i - ~t ir1~ w i t h i n  a boundary  l o v e r .

Work has been pubi  I sth d on the s u b jec t s  of von ~s co~- I t a t i o n , t he-

s t r u c t u r e  of a vor tex , and secondary  f lows in  a r o t o r .

The most extensive previous work on thc’ subject of vortex c a v i ta t i o n

— was conducted by McCormick / 2 /  at the App lied R e s t - ar c h  Labor ,- t t o r , ’

employing various families of finite hydrof oils vh i c h  produced t i p  von :-:

cavitation. It was found tha t  the critical cavitation number denended

upon the boundary layer thickness on the pressure surface of the wing tip

and that the thickness of the vortex core is apparently not determined by

the induced drag of the wing. For a given wing shape , the critical cav i-

tation number increased with Reynolds number and angle of attack and was

nea r ly  independent  of aspect r a t i o .  Al thoug h MrC ormi ch ’s i n v est i g a t i o n

indicated the importance of the boundary layer , the minimum pressure

coefficient and the structure of the vortex were not measured . Further-

more , although some exploratory investigations of the apparent flonVaporous

cavitation were conducted , the observed cavitation was not related to

measured val- te s o~ free gas content.

- -
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More recently, Hashimoto L3J has investigated developed vortex
cavitation produced by a set of stationary vanes. This investigation was

devo ted primarily to the study of the oscillatory nature of the cavity

surface and a theory was developed to predict this behavior.

There is a large volume of literature on the subject of vortex

structure. Vortices have been investigated in wakes , over the leading

edge of highly—swep t wings, in the wake of any wing of finite span , in

pipe flows, and in nature as hurricanes and tornadoes. A major result is

that these vortices are all similar to the Rankine combined vortex model

having a rotational region, whi ch is assumed to be of f in ite size ,

outside of which the motion is irrotational.

No general method for calculating the comp lete vortex structure

exists, partly because the conditions in which they occur are varied and

because the governing differen tial equations are nonlinear. On the otner

hand , all vortices possess a roughly axisymxnetric core and the structure

of such cores can be analyzed . Most investigators , such as Hall / 4 / ,

Gartshore [5_7, and Bossel L 6_/ deal with the development of a vortex

core using boundary layer type equations given the initial vortex

structure.

A considerable amount of vortex information has been obtained from

experimental observations. Sarpkaya / 7 7 ,  Harvey / 8 / ,  and Kirkpa trick

.LT~J have found that under certain flow conditions the vortex can
abruptly change its structure. In studying swept wings , Peckham and

Atkinson L10_7 observed that the core of a leading edge vortex expanded

at some distance downstream from the apex of the wing . Other investi-

gators , such as McCormick Lll_/ , observed this expansion of the vortex

core in the vortex of a straight wing. This phenomenon of vortex

_ _  _ _ _ _ _ __ _  _  -~~~~~~~~~ -J
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breakdown r e su l t s  i n  an a b r u p t  change in the vorticity d i s t i i h i t  ion of

th e  vor tex  and  a sudden expansion of the  v o r t i x  core .

— 
Breakdown has been observed itt v a r i o u s  for r :  - t i n  i~-r quite d ii fe r t-i t

cond It ion s .  There  are several f a c t o r s  w h i c h  influence vortex breakdown .

The i m p o r t a n t  f a c t o r s  are (1) swir l  ang le d e f i n e  as t h e  ang le c

the axial velocity vector and the maximum tangential veIi- ~ i t y  v ec to r  and

(2) an adverse pressure gradient. In 1972 , H a l l  1 2 /  publish ed a survey

article on this phenomenon.

The importance of the secondary  f l o w s  itt i rotor have been discuo~ e ’

by many investigators , such as h a wt h o r n e  L l~~I ,  the  stai f of NASA Lewis

Research Center L 14 I , Smith L 15 1 , and Lakshr:inac~~yana and Horic k

/ 16 /. Experimental results show that the s e c o nd a ry  flow created 1:1 t i C

blade passage can significantly effect the outlet ang le of the blade ro-~ .

A secondary flow is formed when a flew w i t h  a s p a n v i s e  v e l o c i t y

g r a d i e n t  or boundary layer is turned by a blade row . Tt is simp ly the-

cross—flow component of the skewed boundary layer which form s in the bi ale

passage . This resultant cross—flow contains vorticity aligned in the

streanwise direction.

There are no simple techniques tha’ accuratel y pri. -~ Iict these inner

wall veloc ity gradient effects for rot~~LLona1 flows . Theoretical under-

standing of secondary flows through a rotor i~ - aided by approximate

solutions of the fluid flow equations that govern the flow process . There

are many different approaches to the derivation of secondary flow equa-

tions; however , Horlock L 17J , in a d iscuss ion of a paper on secondary

vorticity in axial compressor blade rows , shows that the different

approach es all lead to essenLia~~ly  the same result . A review of secondary

flow t i i e o r ie : ;  can be found In the papers of Lakshniinarayana and Honlock

I 
—_--— . - ——-—
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L 1 6 , 18 7, the staff of NASA Lewis Research Center  L 14 _i,  Hawthor n e and

Novak L19_/, and Salvage I 20 /.

1.3 General Scope of Problem

The vortex formed near the inner wall of a rotor operating within a

boundary layer is studied to determine the major factors which influence

the minimum pressure coefficient associated with the vortex . This vortex

exists in the low pressure region near the inner wall of the complicated

flow behind a rotor. In this region, there are many factors which can

influence the minimum pressure coefficient. However , previous experi-

mental results indicate that the vor t ic i ty  that exists in the blade

passage controls the behavior of the vortex. This distr ibuted passage

vorticity appears to organize the surrounding low momentum fluid into a

vortex.

This investigation of vortex cavitation is both experimental and

theoretical. An inviscid secondary flow analysis is developed which is

employed to assess the effect of passage streanwise vorticity on the

circulation and core size of the vortex. This analysis does not give the

absolute value of C . However, a correlation is made between the

~min
passage vorticity and vortex cavitation data.

The experimental part of this investigation is presented before the

theoretical development because a picture defines the vortex problem

better than words. An understanding of the flow field is necessary in

order to follow many of the assumptions used in the theoretical develop—

ment.
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2 .  BASIC CONCEPTS

— 2.1 Var lot i s  Re~~!mes of C a v i t at  on

Cay i t at  ion f l o w s  are  del  i t t e a t e d  by the  cj v l  t a t  ion  n umb er , -
~ , det i t t

as

P —P
~‘ v

(3 ( 1)
1 / 2p V 2

where P , V , P , and p are the  p re s su re  at ir~~i n i r - ~ , the veloc i t ’ - ’ a t
~ V -

i n f i n i t y ,  the vapor pressure , and the  mass d e nsi ty  of t h e  l iquid , r ee;~~c—

t ively.  The f l u id  proper t ies  cor re spond to the  bulk temperature of the

liquid .

The f low regime of p a r t i c u l a r  concern is l i m i t e d  c a v i t a t i o n , i . e . ,

the extent of cavitation is minimized. The prob lem of l i mit e d  c a v i t a t i o n

has been rev iewed in recen t years  by Boll / 2 1 / and Boll , Arnd t , and

Billet /22 7.

The particular value of o corresponding to limit ed cavitation is tho

limited cavitation number , a~ , or critical cavitation number given by

P —P
~
, V

(2 )
“ l/2pV 2

In this investigation , o
~ 

is determined by a desineace t~ t so ~~
- t

( - f - i

.
~~~
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where °d 
is the desinent cavitation number L23_ / .  The limited cavita-

t ion number can also be determined by an inception test , provided

hysteresis effects are not involved L 24_7.
There are two general types of limited cavitation , na mel y, vaporouH

and nonvaporous cavitation. To visualize the various types of limi ted

cavitation , it is useful to imagine that one is observing the growth of a

single bubble as the pressure is suddenl y reduc -’d. Vaporous cavitation

occurs at pressures less than vapor pressures and is characterized by the

explosive growth of a bubble due to the rapid conversion of l i qu id  to

vapor at the bubble wall. There are two types  of nonvaporous cavitation ,

namely,  pseudo and gaseous cavitation. Pseudo cavitation occurs w r e n  a

bubble mer ely expands due to a reduction in pressure w i t h  the mass of gas

in the bubble essentially remaining constant. Caseous cavitation occurs

when a bubble grows in an oversaturated liquid due to the transport of

gas across the interface. In contrast to vaporous cavitation , nonvapo ron- -.

cavitation can occur at pressures greater than vapor pressure.

Of par ticular impor tance in the stud y of limited cavitation is tho

minimum pressure coefficient , C , given by
~min

P —P
C mm (4)

~min l/2pV
2

where P . is the minimum pressure.nun

In general, results indicate for vaporous limited cavitation that

(5)
~min
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In princip le , nonvaporous cavitation can occur below or above v a j o r

pressure L 21J. However , from a practical point o~ view , it Is the

lat ter type which is the most interesting because of t h e  large valees

cavitation numbers which are often typical of these cases /2 1  I. Thus ,

for nonvaporous limited cavitation occurring at pressures above .- . t p or

pressure ,

o > — C  . (6)9, pmm

In 1960 , Boll / 2 3 / emp ioy in~ an e q u i l i b r i u m  t h e o ry  wh ich  ignored

surface tension effects predicted for nonvaporous cavitation that

cJ —c + C 
(7 )

9, p 
l/2pV

2

where C is a charac te r i s t ic  pressure c o e f f i c i e n t  and P~ is a press ure

typical of the noncondensable gas in the bubbles . Holl indicated tha t

there was an upper limit to the gas pressure , namel y, the equilibrium

value given by Henry ’s Law which may be expressed in the form

(8)
max

where a is the dissolved gas content and ~ is the Henry ’s Law cons t an t .

Several general implications come from Equation (7). Firstly, the

equ-~tion predicts that o~ is a monoton ica l ly  decreasing function of

velocity for constant values of P~, and C .  Secondly , the equation

predicts excensively large values of 3
9, 

Ot low veloci ties. These r e s u l t s

sugges t that i f one is to avoid confusing nonvaporous for vaporous

cavitation , it is advisable to conduct tests at hi gh vel ocities. ‘the
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aforementioned tendency for to decrease w i t h  ve loc i ty  fo r  n on v ap o r ou s

cavitation is characteristic of data reported by several authors , namely,

Hamm itt et al. L 25 _7, Lindgren and Johnson L 26J , McCormick L 11 7, and

Ripken and Killen /2 7 /.

Thus, it is very important to understand the differences between

vaporous and nonvaporous cavitation in order to interpret test data. It

is also apparent in view of Equations (5) and (6) that it is very impor-

tant to know C in order to differentiate between various flow states.

~min
However , in many flows C data are not available so that other means

~ min
for differen tiating between flow states are needed.

2.2 Minimum Pressure Coefficient of a Vortex

It is appropr iate to find a simple description of a vortex before

making a calculation of its minimum pressure coefficient. U n f o r t u n a t e l y ,

vortices are composed of a finite number of vortex filaments and a dif-

ficulty arises in specifying this number. The effect of streanwise

filaments is to induce a swirl velocity distribution (V
0
). As a result

of this swirl velocity, a radial static pressure gradient developes.

Therefore, the direct method for obtaining the minimum pressure is to

numerically integrate the velocity distribution from infinity to the

vortex axis. The minimum pressure occurs at the center of a vortex.

The equation used in the calculation of the pressure in a vortex for

axisymnietric flow is the radial momentum equation ,

v 2 I ~v )
= + v 2 I - .

p 3r r m R v ~m I (9)
m j 

-~~~~~~~~~~~~ -- -~~~~~~~ - --  ~~1
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For t h i s  equa t i on , the pressure Is a function of the componen ts  of

velocity in two planes . The component of v e l o c f t ”  wh ich  is tangen t  to

— the streamline and Is projected onto the meridional p la n e Is called t h e

mer id iona l v e l o c i t y  (V
m

) This component of t o t a l  v e l c t t l t  - ,- -~s r~’ l , a ~

the axial component b y the cosine of the streamline angle (
~- ) .  The

second component of ve loc i ty  is known as t h e  t a n ~ ee t ia 1  velocit” (V ).

!t is located in the c i r cumfe ren t i a l  d i r ec t i on  ; t t r~~-~r I I c u l a r  to  th e

meridional plane .

As shown in Equat ion ( 9 ) ,  there r r o  three c- ’ntribut irc factors in

the development of a pressure gradient in a v~- rt ~~x. The first term is

directly related to the  centrifuga l force which - ro t a t ing fluid el ~~~~

experiences. The second term is due to a m oving  fluid eletent being

subjected to the streamline curvature in the  meridional p lane. The

n.~g n i t u d e  of t h i s  term depends g r e a t l y on t he rodlu ’ o~ curvatur e

s t r e a m l i n e .  The t h i rd  term is due to the  convec t ive  acce l e r a t i on  as the

area of the v o r t e x  e i ther  converges or diverges.

If the Rankine combined vortex model is employed , namely, a simp le

rotational core combined with an irrotational outer flow , the pressure in

the center can be calculated by integrating Equation (9). For this case ,

t he  vo r t ex  is .-~x isv imne 1ric w i t h  an i n f i n i t e  r a d i u s  of cu rva tu re  in t h e

m e r id ion a l  plane and a small gradient of mcridior .ai velocity. ‘li e r e s u l t

is

2
p —p

C = ‘—
~~~

--——- = — 2 ——i’—- ‘ 
( 10)

p .  2’ir V
m m l / 2p V ~~ c

I
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where , in the ro ta t ional  core ( r < r ) ,  the tangential velocity is given

by V
8 

= ~r and , in the irrotational region (r>r ), the tangential

velocity is V
0 

= -
~~~

—- . In these relationships , ~ is the rotational

velocity, F is the circulation , and r is the core radius.

The circulation can also be related to the vorticity in th~ v o r t e x

as

r

F =  2r o r d r  , (11)
x

0

where u is now the vor t i c i ty  in the  d i rec t ion  of the axis of the vor tex .
x

The vorticity in the axial direction can be expressed as

1 ~~~~~~ , 
~ 

(cos~.-)= 

~ L 3r 
— sin -~ ~~~~~~~ 

- V~ v

where , for  ax isyimnetric flow , the derivat ives wi th  respect to the

8—direction are zero .

2.3 Characteristics of Vortex Cavitation

Vortex cavitation is one of the least understood form s of cav i ta t ion .

i t  is f e l t  that this lack of unders tanding is due to an inadequate knowl-

edge of the flow field and due to a confusion on types of cavitation ,

i.e., vaporous versus nonvaporous cavitation . The flow field can be

drastically altered by vortex breakdown and , thus , influence the cavita-

tion number describing the observed state of cavitation . Vortex flows

tend to be good collectors of gas bubbles which can cause nonvaporous

cavitation. This often leads to confusing nonvaporous for vaporous

cav itation giving high cavitation numbers.

_ _ _ _  ‘4



3. EXPVRIMEN’IAL lN V E ST I G A T I e ’~ OF lHh FLOW F I E L L

3.1 Introduc t ion

l’ r cv l o u s  ex p e r i men t a l  r e su l t s  i n d i cat e  t h ’ a t  s:~~.j ~ 1 ch-tn dea in he

i u ~ et ve l o c i t ’.’ g r a d i en t  near  the  inner  wal l  of the  r o t o r  CL~~ J Le - i  r a t h - ~r

l a r g e  d i f f e r &  a res  in t h e  c a v i t a t i o n  number of the vortex, li t a~Li:ion ,

on i ’.’ small changes in the thrust or tor q -i of the r u l  r w e r e  f e u n  i or

most c~t1ndc~ in inlet  ve loc i ty  g rad ien t .  These expcrk~ n t - ~1 resul is

showing a dependence on inlet velocity erad ient l~ d to this inve

of secouJary  f lows .

Secondary  f l o w s  genera ted  in a rotor for inrorr rcssil l c- fi cr~ are

pr im ar ily a function of the inlet velocity gradient. In order to

tr ixiri zc t h e  scale of the inlet velocity gradient for measurement , a

su r : : ce  h a v i n i t  an unfavorable pressure gradient in front of the rotor

p ] ine was used in the experimental program. Th~ rotor was locat eO n c ; ,r

th e  end of th  a s u r f a c e .

Thus , t i c  i nf t t  veloci ty  gradient  to t h e  ro to r  was due in a lar~~’

p a r t  to the boundary  layer on a s u r f a c e .  This  boundary  layer  th ickneos

in  the  ro tor  p lane w i t h o u t  the rotor  was the same order  of m a g n i t u d c  ,is

t h e  r o to r  r ad iu s . Also , the boundary layer thickness near the end of th~ a

su r f ace  was the same order of magnitude as the s u r f a c e  c u r v a t u r e .

The expe r imen ta l  program used several flow facilities in the

Garfl el,l TLc~t.e; Water Tunnel Building of the App lied Research Labora tor.

at The Pern. ~’lvar.ia State University. In all , there were four different

test s&’ ri l - i ; which were needed to es tabl ish  th e  c h a r a c t e r  of the f low f i e l d

near the rotor p l an e .  Three of inc test  se r ies  were c o niu ct o d  in t i

4~ — m d i  water tunnel. An additional test w.~~ ( ‘- -nJu,:te.~ in the ~6- m r ,ch
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wind tunnel. A description of these flow facilLties is given in

Reference L 28 /.

To minimize any effects produced by tunnel wall interference , liners

were used In the water tunnel test section and in the wind tunnel test

section . The resulting inner contour in the test section was detorm ft,ed

by a potential flow solution for an expanded surface. Therefore , the

liner was a stream surface where the surface is in a flow to infinite

extent.

Each test series will not be dis ussciI individually because in most

cases parts of several tests were neened to establish one data curve . An

error analysis of the experimental data is given In Appendix A. The

experimental results of the flow field measurements were divided into two

main groups. The first group consists of measurements of the primary

flow field , such as rotor inlet and outlet velocity profiles. Data

obtained to establish the character of the vortex are the second group.

This includes vortex velocity measurements , pressure measurements along

the surface , and vortex cavitation data.

3.2 Basic Flow Configurations

There were several ways to vary the inlet velocity gradient to the

rotor. The easiest one was to change the free stream velocity (V) for a

specified rotor flow coefficient defined as

V
(13)

TIP

where is the rotor tip velocity. This gives the influence of

Reynolds number on the secondary flow generated vortex.

-‘S
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More important than the aforementioned cases are Inlet velocity

gradient variations for the same Reynolds number based on free stream

veloc ity and rotor diameter. These variations were accomp lished by

adding a screen to the surface upstream of the rotor , operating the rot r

at different flow coefficients , and adding struts to the surface. Adding

a screen to the surface increased the thickness of the boundary layer

entering the rotor . The upstream struts consisto~ )f four struts placed

at the 0
0
, 90°, 180

0
, and 270

0 
points on the surface which made the inlet

veloc ity profile nonaxisynimetric .

Each variation in inlet velocity ~r . - 1lt’nt at a constant Reynolds

number was a basic flow configuratien. A list o 1 the basic flow configu—

rations is given in Table 1. In many cases, the free stream velocity was

also varied for a basic flow configuration . These thirteen basic flow

configurations formed the test matrix for the experimental program .

3.3 Primary Flow Field Measurements

3.3.1 Surface Velocity Profile Measurements. Several velocity

prof lies were measured in the plane of the rotor without the rotor

installed . In the wind tunnel at a Reynolds number of 3.0 x 10~ based on

rotor diameter and free stream velocity, measurements were obtained for

(1) Basic Flow No. 11 (without upstream struts , without upstream screen ,

and without rotor), (2) Basic Flow No. 12 (without upstream struts , w i t h

upstream screen , and without rotor), and (3) Basic Flow No. 13 (with

upstream struts, without upstream screen, and without roter). In the

water tunnel at a Reynolds number of 8.8 x iø~ , measurements were again

obtained for Basic Flow No. 11. Only Basic Flow No. 11 is amenable to

theoretical boundary layer analysis.
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TABLE 1

BASIC FLOW CONFIGURATIONS

Basic Upstream Upstream Flow Rotor
Flow Nos. Struts** Screen Coefficient Cap

1 Without Without Design Conical

2 Without Without 0.9 Deuign Conical

3 Without With Design Conical

4 With Without Design Conical

5 With Without 1.1 Design Conical

6 With Without 0.9 Design Conical

7 With With Design Conical

8 With With 0.9 Design Conical

9 Without With 0.9 Design Conical

10 With Without Design Truncated

11 Without Without No Rotor Conical

12 Without With No Rotor Conical

13 With Without No Rotor Conical

14* Without Without Design at Re Conicalref

15* Without Without Design at 3 Re Conical
ref

16* Without Without 0.9 Design at Re Conical
ref

17* Without Without 0.9 Design at 3 Re Conicalref

*These are special cases for theoretical calculations only.

**The upstream struts consisted of four struts placed at 0
0
, g~~

O 1800,
and 270

0 
on the surface.

V
***The flow coefficient is defined as ~

TIP

— _ - ---

~ 
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For the wind tunnel measurements , the local velocity was calculated

from total pressure measurements after the  s t a t i c  pressure  d i s t r ib u t i c - n

through the b o u n d a r y  layer was established . The accuracy of these

r uia ;uremeut s Is discussed in Appendix A. In mi ll , th ree total pressur :

r ikes au-I one static pressure rake were used . As the rakes were r o t a t e d ,

pressures were recorded at 20 increments for a total of 360°. in

add it  . ,~u , s t . m t i c  p ressures  were obta ined  fr o m  p r e s s u r e  taps l o c a t e d  on

t~ie sur~ ace to insure the true static pressure near the inner wall.

Further details of these measurements are given in Reference L 29J.

Thie velocity profiles are shown in Lgure 2 for Basic Flow N c .  11 ,

in Figure 3 for Basic Fluw No. 12, and in Figure 4 for Basic Flow Nc . IL

The mean velocity profiles shown in the figures were obtained by curve

f itting the data points. Also , the data points represent the circumfer --

ential average of 180 experimental points. Tables listing the nc-on

velocity profiles are given on pages 26, 27, and 28 of Referet~~c L 2q /.

The effect of adding an upstream screen can be seen by comparing

Figure 2 to Figure 3. The screen essentially thickens the momentum

def icit near the inner wall. The effect of adding upstream struts can be

seem by comparing Figure 2 to Figure 4. This comparison shows that the

up stream struts add momentum to the deficit near the inner wall and

increase the local velocity. This resulting deficit is controlled by the

secondary flows created at the intersection of the struts and the inner

wail. A more detailed description of the circumferential velocity varia-

tion due to the struts is given in the next section.

3.3.2 Rotor Inlet Veiocity  Measurements. Several Inlet velocity

p r o f i l e s  were mea su red  approxImate~ v one—half chord length in f ront of

the rotor. These measurements were done in the 48—inch wind tunnel at a

~~~~~~~~~~ —- -- -- -~~-~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ---~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 2. Meridional Velocity Profile for Basic Flow No, 11 
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Figure ~~. Merid ional Velocity Profile for Basic Flow No , 13
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Reynolds number of 3 .0  x l0~ u sing several p uessuie rakes m ud 0cc stat i

pressure rake . A schematic showing the olane  of the  mea s ’Ire~ne ,mts  Of l ( 1  t h c

location of the rotor is shown In Figure 5. The ac c u r a c y  of these

‘m easurements  i~ d i scus sed  in Appendix

The mean inconing velocity profiles obtained by curve ritt iri g ude

data po in t s  are shown in Figures 6 t h r o u ~~ 10. Also, each data point

represents the circumferential average ot 180 ex ;o-rivcrital points. Th~

f o l l o w i n g  is the  l i s t  of f l ow cent  igu r a t i o n s  f o r  w h i c h  t he  IU1OL vc-~ -~~: i t  V

p r o f i l e s  were obtained :

Figure 6 — Basic Flow No. 1

Figure 7 — I3an ic Flow No. 2

Figure 8 — Basic Flow No . 3

Figure 9 — Basic Flow No.  4

Figure 10 — Basic Flow No. 7

A comparIson of the circumferent~ al1y averag ed ve~ nc Itv measurenents

obtained with the ro to r  (F igure  6) and w i t h o u t  t h e  ro to r  ( F i g u r e  2)  shc 

that the mean v e l o c i t i e s  are hig her fo r  the case w i t h  the r o t o r .  This  is

particularly true near the inner wall. It is probable t h at  the  i i i g d e r

mean velocities found with the rotor are caused by streamline convergence .

This effect i5 produced by the favorable pressure gradient generated by

the rotor .

The effect of an upstream screen on the rotor inlet velocity prrf~~le

can be seen by comparing Figure 6 to Figure 8. The screen essentially

thickens the momentum deficit near the inner wail of the rotor inflow

region.

The effect ot upstream struts can be seen by compar ing  t” ig m lre  ( t o

Figure 7. The results are similar to those previousl y discussed for 

~~~-~~~~- - _ - -  
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Figure 6. Rotor Inlet Veloci ty  P r o f i l e  for  Basic Flow No.  1
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velocity a c a s m L r e ~~ .u m t  obta ~m t ~-d Wj t  mu -et th~ ret or and vi t h / w  t hou t

upst r camm m ;t cute . i1oeev~ r , t h e  mean velocitIes are Ii i h ~.r for the cases

i t h  t he retor . —

~1ore detmu j s of the effect. of the  strat s a te  shown i n  - e r u-- 11

t h r o u g h  16. These figures show the c i r c u m f e L e n r i a l  v a r i a t i o n  of v i - l o c i t y

at v a r i o u s  radia l  pos i t ions . Even at re lat ivt-i -~ larce distances f rcr~ the

s u r f a c e , Shari) depressions in the  ve loc i ty  p r o f i ~~e are  produced . Near

the s u r f a c e  and s t r u t  in tersec t ion, v o m t i c e s  are formed which entratn

f r esh  f l u i d  into the immediate r~~~-ed.,ochoei of the  : u r f ac e  and d i e r l a c e

slugg ish f l ui d  f ro n  t h e  boundary  l ay er . As a re:- mlm i t , l ar ge  peaks en d

va l ley s  are c r ea ted  in tee  c i r c um f e re nt i a l  v a r i at i o n  of v e l o c i t y .

For the  rn -m v f low c o nfi g u r a t i o n s  cons idered  in this inveet !gatier .

the in le t  ve l oc it  p r o f i l e  to the  ro to r  is b a s i c a l l y  a s u r f a c e  b e e n c . m r ’.-

laye r  p r o f i l e  w i t h  a p er t u b a t i o n  imposed oy the rotoi . Therefore ,

*s tandard b o u a d a r v  layer  paramete rs  such as disp lacement  t h i c kn e s s  (~ )

and mornentun .hickness (d) might be m na n in g f u l  pa rame te r s  fo r  desc ’~ir~~

the inlet velocity profile . However , the exact boundary layer t h i d n e s s

( 5 )  defined as the  d i s t ance  f rom the s u r f a c e  when V~ is 99% of V cannc - t

be a c c u r a t e ly  determined for the cases wi th  the ro to r .  This is due  to

the inf luence of the ro tor  on the inlet ve loc i ty  p r o f i l e .  Thus , the  da ta

were anal yzed to obt a in  the bounda ry  l e v e r  parameters .  The resu l t s  are

shown in Table 2 using planar two—dimensional definitions and in Table 3

using axisynimetric d e f i n i t i o n s.

The t w o — d i m en s i o n a l  r e s u l ts  (Table  d )  were obta ined  b y in t e g r a t i uy ~

the following relation ships
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a) a)

6~~~= J ~~i — - ~~~~)dY , 

~~~

= (1 —~~~
1)dY , (14)

where Y is the normal distance from the inner wall.

On the other hand , the incoming velocity gradient is axisyinmetric so

the appropriate axisymmetric definitions for disp lacement and momentum

thickness are

* 
= J — 

m
) ~~~

— dY , ~ = J -~~~ (1 — 
~~) ~~

— dY . (15)

Patel L~°_7 has shown that there is a relationship be tween planar defini-

tions and the axisymonetric definitions so that the calculation of only one

set of parameters is necessary. The calculations were done using the t - -.-o-

dimensional relationships.

The results of using boundary layer definitions parallel the

conclusions from the figures, i.e., (1) the screen increases the momentum

thickness, (2) the average effect of the upstream struts increases the

momentum thickness, and (3) operating the rotor at less than design flow

coefficient decreases the momentum thickness. In all configurations , the

rotor operated within the estimated inlet boundary layer.

The slope of the inlet velocity profile to the rotor determines the

amount of vorticity entering the rotor for the axisynunetric case. The

nondimensional normal vorticity is defined as

— 
d(V /V )

U
n d (Y/R

R
) (16)

I

is-

~ 

- -
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re V /V j’; a riond I aCu:  L O l l  ri:: i Id lanai v:- i~’c i t ‘.- pro il ’ - 1 1
m ‘ 

-

norma l J i s r ; ,n c o  f r o m  t h e  lnne i  wai l  and R
R 

is L~~! r ad iu s  of th . - :u t r

The r:sdiu:; of the rotor was chosen a~: the r o r m - l l  I u; ::srumetcr b -c:iu ::

o~ the :incertj int v of the boundary layer t ickri- -~ r-~

The norio d v o rt i c i t y  data obtained from the - .‘t- i o c i ty  p r o f i l ~~. are

- hown In Figure s  6 t h r ou g h  10 and a re  lst c-d  in T~ b i  es 4 th r~-u;;i 8 In

R e f e r e n c e  f 29 . l i r e  i m p o r t a n t  conc lusi  on I ~ t h a t  f o r  the a v e r a ge  in

profile to the rotor the upstream struts reduce r1:~ amount  of normal

vorticity entering the rotor as compared to t he  no strut cases.

3.3.3 Rotor Outlet Veloc itv Neasur :nents. The velocity profiles

behind the r o t o r  were measured fo r  several rotor operating flow coef-

ficients and several upstream surface configurations . The location of

these measurements was approximately one—half chord length downstream of

the  ro to r  ex i t  p lane as sho~.-n is-i Figure 5. The results were obtained :1L

a Reynolds  number of 8 .5  x 1O~ based on rotor di-rrno ter in the  Aol - . 8 — i n c h

d iameter  w-iter t u n n e l .  Nost of the  ve loc i ty  component  data were o b t a in e d

by us ing a 5 — h o l e  p r i o r :  probe ( l-;C ~~ R e fer e n c e  / 31 I); however , a Laser

Dopp ler Anemometer was used to v e r i f y  some of the  ro to r  ou t l e t  5 — h o l e

probe measurements. The calibration of the 5—bole prism probe used in

the measurements and a more detailed description of the experimental

program is given in Reference /32 /. in add i t i on , t he  accuracy of these

measurements is discussed in Appendix A.

The mean ve loc i t y  p ro f i l e s  are shown in F i g u re s  17 t I r r o u c i l  25 anc

are l i s ted  in Tables 2 th roug h 10 in R et e r e n c c  L~ -~ 
7 . The f o l l o w i n g  in

the  l i s t  of f l o w  c o n f i gurat ions  for  which p r o f i l e s  wer e  ob ta ined :

Figure 17 — Basic Flow X c .  I

Figure 18 — Diru c Elm. Nc’. 2 



39

I

WITHOUT UPSTREAM STRUTS
o WITHOUT SCREEN
-) DES I GN F1.OW COEFF IC I ENT

(BASIC FLOW No. 1)
-) 

0

o

3 0  0a
0 - 0

5-HOLE a
- PROBE

c Q

•

• a
~ IDA SURVEY •0

O~2 O ~4’ O~6 9 ~8 1 0  it2 1. 4
VELOC I TY RATIOS V0/V , V

~
/V

~
Figure 17. Rotor Outlet Velocity Profiles for Basic Flow No. 1
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Fi gure 18. Rotor Outlet Velocity Profiles f o r  Basic Flow No.  2
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Figure 19 — Basic Flow No. 3

Figure 20 — Basic Flow No. 4

Figure 21 — Basic Flow No. 5

Figure 22 — Basic Flow No. 6

Figure 23 — Basic Flow No. 7

Figure 24 — Basic Flow No. S

Figure 25 — Basic Flow No. 9

The Basic Flow Nos. are defined in Table 1.

These figures show both data obtained using a 5—hole prism probe anu

a LDA . The LDA was used primar ily to determine how close measurements of

the tangential velocity (V0
) could be made to the rotating surface before

measuring the effect of rotation on the flow. Measurements were made

without the rotor but with the rotating cap . The tangential velocity

ratio (V
8
/V ) was found to increase dramatically to a value of 0.61 for

design flow coefficient within a distance of 0.20 inch from the surface.

Measurements of the tangential velocity profile with the rotor were not

made within a distance of 0.20 inch from the surface. The tangential

velocity profile near the inner wall is a result of the secondary flows

and rotor loading. In all cases, the normalized axial velocity ratio

(V /V) has a parabolic profile downstream of the rotor as a result of the

loading of the rotor. This outlet axial profile is compared to the

profile that would exist without the rotor and the inlet velocity profile

to the rotor in Figure 26 for Basic Flow No. 1. In this figure , the

velocity profile without the rotor and the inlet velocity profile were

corrected from the meridional velocity to the axial velocity. The change

in velocity was small because the streamline angles were less than S

degrees.
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Figure 19. Rotor Outlet Velocity Profiles for Basic Flow No. 3
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Figure 20. Rotor Outlet Velocity Profiles for Basic Flow No. 4
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Figure 22. Rotor Outlet Velocity Profiles for Basic Flow No. 6
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Figure 24. Rotor Outlet Velocity Profiles for Basic Flow No. 8
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Figure 25. Rotor Outlet Velocity Profiles for Basic Flow No. 9
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A comparison of tangential vc-1oc1t~’ ratios (~~ /V ) obtained with the

rotor operating at 1O~/. high in design flow coefficient (Figure 21), desi.4n

f low c o e f f i c i e n t  (Fi gure 20) , and 10% low in ~t s i g n  dow c o e f f i c i e n t

V i g u r e  22)  shows that , as the (low coeffici ent Incucases , t~~e amount  ot

turning decreases. Also , the axial velocity ratio (V T V )  decreases w i t h

increasing flow coefficient. This is particularly true near the inner

wall .

The influence of upstream struts on the measured profiles c.-i n L~e

noted b y comparing Figure 17 with ~i~ ure () 5acc Figure 22 wi th  Figure iS .

It shows that adding upstream struts causes an increase  in both  V p /V and

V IT near the inner wall of the r o t o r .
x

3.4 Vortex Flow Field Neasurements

3.4.1 Vortex Profile Measurements on Rotor l~~~. So far , only the

f l o w  measurements  near the ro tor  p lane have been presented . As c m be

noted from t~- e measurements obtained near the rotor exit plane (Figures 1/

through 25) , the tangential velocity profile does not show a well defined

vortex near the rotor inner wall in this pl ane.

As shown in Figure 5, downstream of the rotor is a cap. A conical

cap was used because it does not cause flow separation and therefore the

flow can be calculated along the conical boundary .

The cavitation associated with the vortex occurred near the end of

this cap. Therefore, flow measurements were obtained at the end of the

cap. In addition , static pressure taps were located along the cap and

these resul ts  wi l l  be discussed in the next  sec t ion .

The behavior of the vortex when subjected to basic flow changes can

be seen from measurements made at the end of the cap . These measurements 
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were made using a Laser Dopp ler Anemometer (LDA). Preliminary flow f ield

observations using dye showed that a probe could not be used to measure

the vortex structure near the end of the cap . Introduction of any probe

into the vortex core caused vortex breakdown which resulted In the vortex

core diffusing rapidly in front of the probe. This led to the development

of the LDA for the 48—inch water tunnel .

A picture of the LDA setup for the 48—inch water tunnel is shown in

Figure 27. The dual beam—backscatter mode was used for the measurements

because optics could not be mounted on both sides of the water tunnel.

In the dual beam mode , the laser beam is separated into two parallel

beams of equal intensity. These two beams cross and focus at the focal

point of a lens. The scattered light o r i g i n a t i n g  f rom the focal point  is

collected through the focusing lens and is d irected to a photoinultip lier

tube. A Spectra Physics Model 164 Argon—Ion laser was used as ftc

coherent li ght source. A Thermo—Systems Model 1090 Tracker was used to

process the signal.

The measurements of the flow structure at the end of the cap for

several basic flows are shown in Figures 28 through 3~ . A discussion of

the accuracy of these measurements is given in Appendix A. These figures

show the complexity of the vortex . First of all , the vortex is not stead y

so that the measurements represent the mean value at a given radial

position. In addition, the laser light probe volume is of finite size

which w~.l1 also contribute to the averaging process. Secondly, there were

extremely large variations in the tangential velocity for some bas ic flows

which are not shown in the figures. Variations as large as twice the mean

tangential velocity were measured . - 
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Figure 28. Velocity Profiles on Rotor Cap for Basic Flow No. 1
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FIgure 29. Velocity Profiles on Rotor Cap for Basic Flow No. 2
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Figure 30. Velocity Profiles on Rotor Cap for Basic Flow No. 3 

-—— —~~~~~— - -~~~~~~~~
-. ---—

~~
- — -  ——

~~~~~~~~~~-



-

~~~

56

4. 0—  —T I T~~~~ 1

WITH UPSTR EAM STRUTS
W ITHOUT SCREEN 0

3.6 - 

DESIGN FLOW COEFFICIENT -

( BASIC FLOW NO. 4) 0

3.2 - -

~~oo 0
2.8 -

2. 4 -  

:~ 

-

~ 2.0 - -

0 IDA
SURVEY

0 O
’

2~~~~~ 4~~~~~~~~~O~ 1~0 1
’
.2 1.4

VELOCITY RAT IOS ,—
~~

- and
00 00

Figure 31. Velocity Profiles on Rotor Cap for Basic Flow No. 4
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Figure 32. Velocity Profiles on Rotor Cap for Basic Flow No. 5
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FIgure 33. Velocity Profiles on Rotor Cap for Basic Flow No. 6
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Figure 34. Velocity Profiles on Rotor Cap for Basic Flow No. 9

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

- - - —

~~~~~
~-



- - ,. -,-- 

~~- . - --- - - - 
‘—I’

60

The axial velocity profile at the end of the cap shown in rlgures 28

through 34 has a simi lar shape as the axial veloc ity profile meas ured

near the rotor exit plane as shown in Figures 17 t h r o u g h  25 .  However ,

the tangential velocity profile at the end of the rotor cap ~hows a well

defined vortex which measurements near the rotor exit plane do not show.

3.4.2 Surface Pressure Measurements Near the Rotor Plane. Static

pressures were measured along the surface including upstream of the rotor

plane and downstream of the rotor along the rotor cap. In all , f ive

pressure taps were in front of the rotor , two were in the blade passage

of the rotor , and five were on the rotor cap . The axial location of the

pressure taps forward of the end of the rotor cap is given in Table 4.

The first seven pressure taps from the end of the cap were located

on a rotating surface. These pressure measurements were obtained by

using a rotating scani—valve mounted at the end of the drive shaft on the

center line . This device as shown in Figure 35 consis ts of 24 pressure

ports which can be internally connected to the outlet pressure port. In

turn, this outlet pressure port rotates within a stationary pressure

cavity . This cavity is finally connected to a pressure transducer .

Because the cap pressure taps are located off the axis of rotation ,

the measured pressures in the rotating frame will include an additional

pressure. Therefore, the pressure measured on the axis of rotation is

= 

~T 
— l/2P(rT

w) , (17)

where ~ is the angular velocity and tT 
is the distance from the axis of

rotation to the tap location. The static pressure coefficient for the

surface pressure tap becomes

t .

.

~ ,
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TABLE 4

LO cAr loN OF SURFACE PRESSURE TAPS

Tap No. Distanc~- 1-~~rward of End of i (otor Cap

______ ______ _____ 
(Inches)

On Stationary Surface

15 .50

9.50
2

7 .90
3

5.03

3.60
5

On Rotor

3.34

2 .71
7

On Ro tor Cap

0.66
S

0.50
9

0.34
10

0.17
11

0.00
12

--- - . - . --- --- ~~~~ -— - ~~. 
- --- - - - —- ---- - ——-“ -—----- -~~~~~~
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~T~~s 
S 

, (18)
= 

l /2 pV 2 
= 

l/ 2 oV 2 
÷

where ~ is the rotor flow coefficient and RR 
is the rotor radius.

The static pressure coefficients measured on the body surface

without the rotor are shown in Figure 36. The accuracy of these measure-

ments is discussed in Appendix A. The effect of a rotating cap on the

flow field can be seen by the decrease in static pressure coefficient

near the end of the rotor cap .

The effect of adding the rotor to the surface is shown in Figure 37.

In this figure, the pressure coefficients along the surface are compared

for Basic Flow No. 11 without a rotor but with cap and Basic Flow No. 1

with a rotor . The rotor causes a pressure rise at the exit plane 
~~ 7

and this pressure progressively decreases downstream . An apparent

pressure minimum occurs at the end of the cap . In addition , the pressure

coefficients upstream of the rotor plane are decreased . This indicates

an increase in velocity to the rotor. The influence of the rotor on the

surface pressure coefficient becomes small approximately two rotor

diameters upstream .

A more detailed picture of the pressure coefficients on the cap

downstream of the rotor is given in Figures 38 and 39. In all cases, the

pressure coefficient decreased along the cap with the measured minimum at

the end of the cap and the pressure coefficient decreased at each tap

location as the velocity increased . The most interesting result is the

effect of adding upstream struts (Figure 39) on the pressure coefficients

along the cap. In comparing Figure 38 to Figure 39, the pressure

coefficients are lover along the cap without upstream struts with a

~

-• —- - --- -

~ 
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notable exception near the end of the rotor cap . Near the end , the

pressure coefficient is lower with added upstream struts.

3.4.3 Vort ex Cavitation Data. Desinent cavitation number data were

obtained for different inlet velocity profiles to the rotor , i .c., for

the various Basic Flows. In all cases, cavitation ~n the vortex system

occurred on the end of the cap located downstream of the rotor. The

occurrence of the cavitation was sporadic .

The air content was approximately 3.1 ppm for all of the experiments

except for one experiment which had a range of .iir contents. The air

content of 3.1 ppm was chosen because gas effects are reduced and the

relative saturation level was always much less than unity. The abbrevia—

tion ppm denotes moles of air per million moles of water. A more

detailed description of the cavitation experiments is gi~en in

Reference 
~~~~

The desinent cavitation number data are shown in Figures 40 throu :~1:

46 where the effects of the following factors are displayed :

Figure 40 — Effect of Air Content

Figure 41 — Effect of Cap Design

Figure 42 — Effect of Flow Coefficient

Figure 43 — Effect of Upstream Struts

Figu re 44  — Effect of Upstream Struts and Screens

Figure 45 - Effec t of Screen and Flow Coefficient with Struts

Figure 46 — Effect of Screens and Flow Coefficient without Struts

Thus, Figures 40 through 46 show the effects on the desinent cavitation

number due to air content level and cap design in addition to basic flow

configurations.
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Figure 41. Cavitation Data — Effect of Cap Design
(Basic Flow Nos. 4 and 10)
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In general , an increase in gas content , the addition of uDstrca~

s t r u t s , or a l0~ decrease  in f l o w  cwf ficleot uat~s the c~ v~ tatic.i

number to increase for a constant Reynolds number .  In  c o n t r a s t  to t~1ese

results , the add it ion of an ups t ream s c re en  or a l0~ inc~ - a~ o in flow

c o e f f i c i e n t  causes the  c av i t a t i on  number to d e c re a s e  fo r i c u n a r a n t

Reynolds number.

Data  in Figure  42 shows t ha t  a decrease  in the  f l o w  c o e f f i c i e n t  by

10% causes a dramatic increase in the c a v i t a t i o n  number , whereas a

increase in the flow coefficient causes rho opposite trend . The cavita-

tion number at the design flow coefficient increases slowly with velc~ ity,

whereas at 10% below the  design f low c o e f f i c i u n t , i t  increases r a p i d l y

wi th  v e l o c i ty .  In c o n t r a s t  to these t rends , at a flow coefficient lO~

above the de sign value , the cavitation number decreases wi th  v e l o c i ty .

The effect of upstream struts is shown by the data in Figures 43 and

44 , where the struts are in the form of four struts upstream of the rotor .

It is seen that the addition of the struts increases the cavitation n u t h e r

by 50 to 70%.

The e f f ec t of cap design is shown by the da ta in Figure 41. The

average of the data indicates that the conical cap causes cavitation

numbers whiqh increase with velocity and range between 4.5 and 5.1. In

contrast to this trend a truncated cap causes much higher cavitation

numbers which tend to decrease with an increase in velocity. This

velocity tr~ nd is in agreemen t with the eq ui l ibrium th eory discussed in

Chapter 2. Assuming that C and are essentially constant , then

~min
Equa tion (7) can be expressed as

cons tan t
a = constant + — . (19)
a 

V 2 

~~-~~~~- - - - - - - -
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The data for the truncated cap approximate this trend . Apparently, the

separa ted flow Inc reases the residence time of bubbles in the low

pressure region which accentuates the gas effects predicted by the

equilibrium theory.

The data in Figure 40 for a conical cap also show gas effects on th~

cavitation number. As the gas content increases , the cavitation number

tends to increase.

As discussed in Chapter 2, previous experimental results indicate

for vaporous cavitation that

- C , (20)
mi n

assuming that air content effects are small . Therefore, a comparison can

be made between the measured pressure coefficients at the end of the cap

(C ) and the average cavitation data

~min
Comparisons are given in Figure 47 for basic flows without struts and

in Figure 48 for basic flows with struts. A closer agreement is found for

the cases without struts than with struts. However , the correla tion

between the measured pressure coefficients at the end of the ro tor cap and

average cavitation data is at best poor. As the free stream velocity is

increased , the correlation becomes increasingly worse.

3.5 Summary of Experimental Results

Most of this chapter is comprised of figures showing the flow field

measurements and vortex cavitation data for the many basic flows. These

measurements defin~ the flow field from the rotor inlet to the end of the

rotor cap. The following is a surrunary of measurements that were made:

~~~~~~~ 
_ _ _ _ _  _ _ _  

_ _  
_ _ _ _

--- ~~~~~~~~~~~~~~~ u. ir
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48— Inch Wind Tunnel

(1) Rotor inlet velocity profiles were measured with separaLe

total and static probes.

(2) Static pressures were measured on the  t a t  lonary rf~ c~

upstream of the rotor plane.

48—Inch Water Tunnel

(1) Rotor outlet velocity profiles were measured with a

5—hole prism probe.

(2) Static pressures were measur~ d on the stationary surface

upstream of rotor plane and on ~he rotatIng cap downstream

of rotor plane.

(3) Desinent cavitation numbers for the vortex were obtained

for many basic flow configurations .

(4) Velocity profiles were measured at the end of the rotor

cap using a LDA.

(5) Several rotor inlet and outlet velocity profiles were

measured using a LDA as a check on previous probe

measurements.

A discussion of the accuracy of these measurement instruments is given in

Appendix A.

Desinent cavitation numbers for the vortex were found to vary

significantly as the inlet velocity profile to the rotor was changed .

Changes to the inlet velocity profile were accomp lished by (1) adding a

screen to the upstream surface, (2) adding upstream struts to the surface ,

(3) operating the rotor at different flow coefficients , and (4) varying

the free stream velocity for constant flow coefficient. Each variation in

_ _ _ _ _ _ _ _ _ _ _ _  
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inlet velocity profile at a constant Reynolds number was given a Basic

Flow Number.

An analysis of the inlet velocity profile data shown in Figures 6

through 10 shows that the largest changes in velocity occur near the

rotor inner wall. At a position of Y/R.~ = 0.04 near the rotor inner wall,

operating 10% low in flow coefficient (Basic Flow No. 2) gives an increase

of 12% in velocity from Basic Flow No. 1, adding a screen (Basic Flow No.

3) gives a decrease of 5% in velocity from Basic Flow No. 1, and adding

struts (Basic Flow No. 4) gives an increase of 10% in velocity from Basic

Flow No. 1. At a position of Y/R
R 

= 0.40 near the rotor mid—radius , Basic

Flow No. 2 shows a 4% increase, Basic Flow No. 3 shows a 1% decrease , and

Basic Flow No. 4 shows a 2% decrease in velocity from that for Basic Flow

No. 1.

A comparison between the inlet velocity data and the critical

cavitation data given in Figures 42 through 46 shows large changes in

cavitation number for small inlet velocity changes. After taking the

average of the cavitation data at each flow condition, an average cavita-

tion number change per configuration can be made. This change gives the

mean effect of variation in inlet flow. The mean effect of operating 10%

low in flow coefficient is to increase the cavitation number by 46%, the

mean effect of adding a screen is to decrease the cavitation index by 10%,

and the mean effect of adding struts is to increase the cavitation number

by 61%. The changes in inlet velocity near the inner wall are less than

12% as discussed in the previous paragraph.

The measurements made near the end of the rotor cap show that the

structure of the vortex is formed along the inner wall. No single

experimental curve clearly defines how this vortex developes. However ,

a
- --* —*
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compariscns of experimental data do give insight into the formation of

the vortex.

If one assumes that all of the vorticity associated with the vortex

is in the vortex core , the C associated with this vortex is propor—
1
~min

tional to the square of the maximum tangential velocity located at the

core radius (r
c
) of the vortex. A comparison of Basic Flow No. 3 shown

in Figure 30 to Basic Flow No. 1 shown in Figure 28 gives a decrease of

12% in absolute pressure coefficient . This compares favorably to a

decrease of 10% in cavitation number. However , this comparison is the

only one which correlates with cavitation number . As an example , a

comparison between Basic Flow No. 4 shown in Figure 31 and Basic Flow No.

1 shown in Figure 28 shows a decrease in velocity at the core radii but

the corresponding cavitation data give a 61% increase. In addition , the

comparisons between the measured pressure coefficients at the end of the

cap and the average cavitation data were poor. This is shown in Figur ,~s

47 and 48. The lack of direct correlation of cavitation data with

measured velocity profiles and pressure coefficients implies that the

minimum pressure of the vortex does not occur on the surface of the rotor

cap .

A correlation between the change in inlet velocity profile and

cavitation data and a lack of correlation between the measured vortex

tangential velocity and cavitation data does Indicate that secondary

flows are important. Secondary flows generate additional streamwise

vorticity near the inner wall when a boundary layer flow is turned by a

rotor. This vorticity will induce an additional component of tangential

velocity downstream of the rotor plane . Whether or not the influence of

this additional streamwise vorticity on the tangential velocity is 

~~~ —-~~—~~ —~~~~~ -~~~~~~~~~~~~~~~~ - -~~~~~~~~ - —
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completed at the end of the rotor cap is not important. The important

fact is that this vorticity will change the net circulation near the

Inner wall.

If this secondary vorticity is an Important part of the net circu]a—

tion associated with the vortex, then the vortex core measured at the end

of the rotor cap should be proportional to the distance in the normal

direction from the surface over which the inlet velocity profile is

important. In addition , the vortex core should be inversely proportional

to the minimum pressure coefficient. The average measured vortex size

can be obtained from Figures 28 through 34. Operating 10% low in flow

coefficient (Basic Flow No. 2) gives a decrease of 28% in core radius

from Basic Flow No. 1, adding a screen (Basic Flow No. 3) gives an

increase of 5% in core radius from Basic Flow No. 1, and adding strut~;

(Basic Flow No. 4) gives a decrease of 42% in core radius from Basic Flow

No. 1. These results correlate the trends in cavitation data.

There are two possible flow parameters which control the core radius

of the vortex . The first of these is a boundary layer parameter , such as

momentum thickness. The other one I: ~.he amount of passage vorticity

which exists near the inner wail of the rotor .

The boundary layer results for the rotor inlet velocity data are

given In Table 2. These calculations show that operating 10% low in flow

coefficient gives a decrease of 8% in momentum thickness from Basic Flow

No. 1, adding a screen gives an increase of 15% momentum thickness , and

adding struts gives an increase of 8% in momentum thickness. These

results do not correlate the trends in cavitation data.

___ ~~ —-~~~~—~~~~~~~~~~——-— 
_ _ _ _ _ _
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4. THEORETICAL ANALYSIS OF FLOW FIELD

4.1 Introduction

The experimental investigation shows that the structure of the

vortex is formed along the inner wall. Two major conclusions can be made

about the vortex . Firstly, the critical cavitation number of the vortex

depends on the inlet velocity gradient near the inner wall. Secondly,

the vortex core radius does not directl y correlate with any boundary layer

parameter of the inlet velocity profile.

In addition , the lack of corre1atio~ between the measured minimum

pressure coefficients on the surfaci: of the rotor cap and the cavitation

data indicates that either the true minimum pressure associated with the

vortex is not on the rotor cap or vortex breakdown occurred before the

end of the rotor cap . In either case , it appears that the flow at the

rotor exit is a better indicator of the vortex behavior than at the enJ

of the rotor cap .

The calculation of the flow field near the inner wall of the rotor

is a difficult problem. Assuming that the flow does not separate along

the inner wall, the flow field near the inner wall depends upon the

potential flow effects and viscous flow effects with the addition of the

blade to blade secondary vorticity effects. For simplicity in the calcu—

lation of the flow field , the potential flow effects are the axisymxnetric

flow analysis obtained from the streamline curvature equations . This is

referred to as the primary flow. The blade to blade secondary vorticitv

analysis is referred to as the secondary flow . Although viscous effect - ;

generate the inlet velocity profile to the rotor , no viscous effects are

included in the calculation of the primary or secondary flow through the
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rotor . The final flow field analysis through the rotor requires a

coupling of the primary and secondary flows.

In order to calculate the secondary flow, a reasonable estimate of

the streamlines near the inner wall is necessary. An approximate method

has been developed to calculate these mean streamlines. This flow field

is assumed to be axlsymxnetric , inviscid , and incompressible. The bounda ry

conditions for the primary flow calculation are: (1) the flow outlet

angles, (2) the velocity profile far upstream of the rotor plane , and (3)

the bounding streamlines of the flow. The flow outlet angles are obtained

from the blade angles of the rotor and a deviation angle. A schematic ’of

the boundary conditions is shown in Figure 49.

This last boundary condition is the most difficult to define . The

open rotor is unique because of the uncertainty of the bounding stream

surface of the flow field . The flow field lacks a well—defined boundary,

such as the walls of a turbine or compressor. For this reason, the flow

field for the open rotor is considered to be a region constrained within

a potential flow stream tube. The bounding stream surface of this stream

tube is actually located infinitely far from the rotor ; however, it is

assumed that there is a finite distance beyond which the flow field is

relatively unaffected by the presence of the rotor . This distance is

assumed to be at least eight times the rotor radius. This s’ream surface

located by this distance will serve as a flow boundary. In this manner ,

the bounding stream tube becomes analogous to the compressor and turbine

walls.

It is important to realize that these boundary conditions imply a

solution of the direct turbomachinery problem and not the indirect or

design turbomachinery problem . For the direct problem , a rotor
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configuration is specified and the performance for any given initial

condition is to be calculated . Thus , the flow outlet angles are specified

instead of the tangential velocity (V
8
).

The equations which are commonly applied to calculate the flow field

in an axisyinmetric turbomachine are solved by use of the so—called stream-

line curvature method. This method has been used for some time for the

design and analysis of various types of turbomachines. As described by

Novak L 34j, Frost L~~
_/
~ 

and Davis L36_7, this system of equations has

been successfully applied for the indirect analysis of compressors and

turbines . Also, McBride I 37_I has applied this streamline curvature

method to the indirect problem of an open hydrodynaniic rotor.

In this chapter , a method to calculate the final mean streamlines for

the direct problem is discussed . The method uses the streamline curvature

equations to establish the flow field from the boundary conditions . The

equations used for secondary flow calculations are discussed .

4.2 Primary Flow Field

4.2.1 Discussion of Calculation Procedure. A schematic of the

calculation procedure for the final flow field is given in Figure 50.

This outlines the iterative procedure for the calculation of the final

flow field and indicates where secondary flow calculations are employed .

The initial conditions (Step 1) to the solution of the direct problem

are (1) bounding stream tube and (2) velocity profile in rotor plane with-

out rotor. With this information , the initial streamlines without rotor

can be calculated (Step 2). The result of this calculation is the

boundary condition of an initial velocity—energy profile at a station far

upstream of the rotor plane.
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STEP 1 [IINITIAL CONDITIONS_J

STEP 2 [cALcu~~TIoN OF FLOW WIT HOUT ROTOR

STEP 3 FIRST EST IMATE OF FLOW OUTLET ANGLE~

STEP 4 r CALCU~ TION OF FLOW FIELD WITH R~~OR]

STEP 5 [ SECOND EST IMATE OF FLOW OUTLET ANG~~j

STEP 6 rCALCULATION OF FLOW FIELD WIT H ROTO~]

STEP 7 [~~
ONDARY FLOW CALCUL~T~~~J

STEP 8 FTHIR D ESTIMATE OF FLOW OUTLET ANG~~

STEP 9— [~~
AL CALCULATION OF FLOW FIELD WITH ROTOR]

Figure 50. Outline of Calculation Procedure

A
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Knowing the blade angles , the first estimate of the flow outlot

angles (S tep  3) can be calculated. These flow outlet ang les depend on

the blade angles (
~ 

) and deviation angle (6). The dev ia t ion  an g le
2

correlation developed by Howell /38 / i~ initially a p p l i ed . T h i s  r & - J J -

tionship consid ers only thin blade sections and assumes t h a t  each blade

section operates near design incidence. As shown in F igu re  49 , all  of

the boundary conditions are now known and the flow field can be solved

with the rotor included (Step 4).

Once a convergen t solution is obtained for the flow field using

Howell’s deviation rule (Step 4), the axial velocity distributions are

known whereby the inlet angles can be estimated in addition to the accel-

eration through the rotor. Now a second estimate of the flow O U t i t ~t

angles (Step 5) can be made. For this deviation angle , the effects of

acceleration (As’), blade camber (s ), and bl ade thickness (:;~~ ) ~~~

calculated separately. For the calculation of the deviation term due t~

axial acceleration through the rotor , an equation developed b y

Lakshminarayana f 39J is applied. For the calculation of deviation terms

due to camber and thickness effects , the data collected by Lieblein L40_/

are used. The result is an improved outlet flow angle profile which can

be used to again calculate the flow field (Step 6).

The convergent solution of the flow field (Step 6) is then used to

solve the secondary vorticity equations (Step 7) and to determine a

deviation term (E~5 )  which is due to blade to blade secondary flows . Ihe

details of the secondary flow calculations are described in Section 4.3.

An improved outlet flow angle profile (Step 8) Is obtained by adding this

secondary flow term to the deviation terms previously calculated to obt~.1n 

~~~~~~~~~~~~ — - - - — - — -- . - — - - 
—
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* *~ 5 ’  + 
.
~~~ + -~ + L~ , (2 1)

2 0 S

*whore f is the outlet flow angle and ~ Is the blad e outlet angle.

T h i s  outlet flow angle profile is then used as a boundary condition In

the  calculat ion of the f ina l  f low f ie ld  (Step 9 ) .

Finally , all of the deviation angle calculations are checked based

on the flow field calculated in Step 9. If the angles did not change

significantly, then the results obtained in Step 9 are the final flow

field. If the angles were different , th~~ t h es~ new ang les are used to

again calculate the final flow field (Step 9).

4.2.2 Streamline Curvature Metn od.  The major equations used in the

streamline curvature method of anal’ ~~ are derived f ro m the princ ip les

of conservation of mass , momentum , aad total energy. In this analysis ,

the fl uid is assumed to be incompressible , inviscid , and stead y. Bec iu~~&

the f low f ie ld  is axisvnznetr ic , it is necessary to use only two components

of velocity. One component of velocity (the meridional velocity (V )) ~~

tangent to the streamline and is projected onto the meridional plane .

This component is related to the axial velocity by the cosine of the

streamline angle (4~). The second component of velocity is called the

tangential velocity (V0
) and is in the circumferential direction which is

perpendicular to the meridional p lane.

The resultant equations allow for streamline curvature and for

vor ticity in the flow. However , it is Important t~’ realize that the

solution to the flow field does not contain all of the vorticity. In

par ticular , only the circumferential vorticit’, is totally included . The

other components of vorticity contain derivatives with respect to the

circumferential direction which are assumed tc be zero with an
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axisymmetric flow analysis. As discussed by Hawthorne and Novak L l9 j ,

the neglected vorticity terms can be related to the secondary flows that

occur in the blade passage.

The set of equations used for this s t reamline curva ture  method are

as follows:

r—tnomen tum equation ——

v 2
~~ = ~ v 2 £2!i - 

m~ , ( 2 2)
p~~r r m R V ~mm in

0—momentum equation ——

~(rV0)
= 0  , (23)

energy equation ——

= 0 (except across rotor plane) , (24)

and continuity equation ——

r
12

2ir V cos4, r dr = constant . (2 5)
in

• r
1

In these equations, R is the radius of curvature of the streamlines in

the meridional plane and 4, is the streamline angle with respect to the

axial direction.

In Equation (22), there are three contributing factors in the

development of the radial pressure gradient. The first term is directl y

related to the centrifugal force which the fluid experiences upon passing

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _  __ _ _ _ _ _ _ _ _ _ _  
j
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through the rotor. The second term is due to a moving fluid particle

being subjected to the streamline curvature in the meridional plane. Ti5

magnitude of this term depends directly on the radius of curvature of tb

streamline. The third term is due to the convective acceleration as the

flow area either converges or diverges. The combination of these three

terms defines the radial pressure gradient .

The computat ional procedure using the four equations is an iterative

one. Initially, the velocity distribution at the reference station far

upstream of rotor is transferred to the downst ream f low by using the

continuity equation . At the rotor exit plane , the tangential velocity

profile is related to the axial velocity by

*
— V tanf , (26)

*
where ~ is the  flow outlet angle. Now, the principle of constant

2

angular momentum allows for the transfer of tangential velocity downstre ..

of the ro tor .  Finally ,  the static pressure can be calculated along the

streamlines using the radial pressure equation and a new meridional

velocity profile is calculated by using this pressure . This velocity—

pressure coupling is repeated until the streamlines are located such that

the flow simultaneously satisfies continuity , conservation of momentum ,

and conservation of total energy .

4.2.3 Estimation of Rotor Outlet Angles. The accuracy of the

calculated velocity profiles to experimental data depends primarily upon

the prediction of the flow outlet angles (~~ *) used in Equation (26).

The flow outlet angle (8 ) is shown in Figure 51. This angle is a

combination of blade geometry and a deviation angle. The blade ang le
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(‘4 ) is def ined  as the ang le between the tangent to the blade section
• 2

camber lime at the trailing edge and the  exit axial dlrt ’ction .

The correct determination of the deviation angle presents a problem.

In p.-irticular , for the case of a rotor having a low hub— ti p ratio and

twisted blades , the deviation angle is more difficult to correlate with

blade geometry even though the flow is turned through a small angle.

However , the flow turning is still an expression of the guidance of the

passage formed by adjacent blade sections, and it is expected that the

geometry , such as blade camber (e ), thickness (t), solidity (c/s), and

stagger angle (A), be the principle influencing factors. Thus , deviation

angles can be estimated for each rotor radius based on the geometry of

the blade. It can be expected that the largest errors will occur at the

blade tip where three—dimensional factors dominate and at the inner wall

where viscous effects dominate.

- 
From extensive cascade potential—flow theories , it was found that

the deviation angle increases with blade camber &nd chord angle and

decreases with solidity. Using this result , many experimentors have

correlated data to determine a deviation rule. In particular , Howell

L 3 8 _/ has developed a correlation on the basis of nominal operating

conditions. This condition pertains to a deflection of the flow which

is 80% of its maximum stalling deflection . The deviation angle is defined

for each blade section as

0.23(0 )(s/c)u/2 (2afc)2 276 = 
c

H 1.0 — (0.l/50)(8 )(s/c)t/2
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where 0 is the section turning angle , s/c is the space—to—chord ratio ,

and a/c is the distance from the section leading edge to the point of

maximum camber divided by the section chord length.

Equation (27) is used in the first estimate of flow outlet angles

(Step 4) in the calculation of the flow field . It is important to note

that this deviation correlation assumes thin blades and that each blade

section operates near design incidence. Once a converged solution is

obtained for the flow field using Howell’s deviation (Step 5), the inlet

and outlet axial velocity distributions are estimated . Now, the deviation

angle can be recalculated based on the effects of axial acceleration

(L~6’), camber (6 ), blade thickness (A6 *), and secondary flows (A6 ).

Therefore, a second order deviation angle can be expressed as

*
= ~ + P~f — t~5’ + M . (28)

0 S

The deviation term due to acceleration in the blade passage is given

by Lakshminarayana L~ 9J as

*

*G ~ 1 2

2 
)((AVR+l)~’—4)

= 
AVR —l. 0  AV R—l .0

AVR *

8 + ~k(c/s)(~~ + ~ )cos( ~2_)((A~~+l)tan8 *+2tan~~*)

211k(c/s)tane

*

2
AVRcos(— 2 )sec28

*

* ~ 
+8

c 1 2 *8 + irk(c/s)(~.— + —)cos( ~, ) ( (A VR+l) t ant3  +2tan $ )
~ C L 2 1 

-—, - - -
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* *
+ tanB cos’ 13 , (29)

2 2

where AVR is the axial velocity ratio (V /V ), k is the cascade

influence coefficient , C/c is the ratio of the ( l i s ta n c e  f rom the chord

li:e to the maximum camber point of the section to chord length , and

2 
are the inlet and outlet flow angles, respectively , and a is defin ed

as the difference between the inlet flow angle (B) and the section

stagger angle (A). This relationship is val id fo r small changes in AVR

and for small turning angles. Perhaps most important , the deviation angle

due to axial acceleration in the flow always reduces the total deviation .

The deviation due to thickness and camber is given by emp i r ical  da ta

which have been collected by Lieblein L~ °_ / •  The th ickness  dev ia t ion  Is

calculated from

* 0
= 0

~,5~ sh 
. ( K )  . (

~~) 
‘ 

(30)

where (6~) represents the basic variation for the 10% thick 65—series

thickness distribution , (Ko
)
h 

represents any correction necessary for a

blade shape with a thickness distribution different from that of the

65—series blade , and (K6)~ 
represents any correction necessary for maximum

blade thickness other thai~ 10%. The value of (K6)1 
can range from 1.1 to

0.7; therefore , an average value of 0.9 is used for the rotor. Also , the

other coefficients are determined from graphs of experimental data In

Reference L 40_/ knowing solidity and inlet flow angles.
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The effect of camber on deviation is calculated by using

6 =in 0 , (31)
0 C

where m is the slope of the deviation angle variation with camber angle

Values of m can be determined from the figures given in Lieblein

/40_7 by knowing the flow inlet angle and solidity. This slope is given

for either circular—arc or parabolic—arc mean camber lines.

Equations (29), (30), and (31) are used for the second estimate of

rotor outlet angles (Step 5). In order to use these deviation relation-

ships the axial velocity through the rotor had to be estimated . This

velocity estimation was accomplished by using Howell’s correlation in the

first calculation of the flow field .

The last deviation term to be considered is due to secondary flows .

The effects of secondary flows are most dramatic near the rotor inner wall

where the inlet velocity gradients are largest. Secondary flows prod uce

a streamwise component of vorticity which is not taken into consideration

by axisymnietric analysis.

The solution for the streamwise secondary vorticity involves the

numerical solution of two equations which are discussed in the next

section . After solving for the streamwise vorticity at the rotor exit

plane, a secondary stream function is defined in this plane . The solution

for the stream function gives perturbation velocities which are used to

find a deviation angle (~ 6 ) .

4.3 Secondary Flow Field

4.3.1 Seconda~y Vorticity . In order to accomp lish work in a rotor ,

angular momentum must be imparted to the fluid. The lifting act~~o c( 
‘
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rotor blades produces tangential pressure ~rodients. For the case of th~

rotor operating within a boundary layer , the pressure grad~~~its are

balanced by streamline curvature at a suff~ c~ ent distance from the inner

wall. Close to the inner wall, the velocities are much less than at t h e

rotor tip. The fluid near the inner wall does not have sufficient

momentum to balance the pressure gradients i oposed by the flow - The

result is a tangential component containing vortici rv aligned in the

streamwise direction. This additional strea~wise vorticity causes a

deviation in the outlet angles.

There are no simple techniques that accurately predict these inner

wall velocity gradient effects for rotationa . flows. It is important to

recognize that a satisfactory description oi this boundary layer flow

cannot come from refinements of the two—dimensional boundary layer theory ,

bu t rather from three—dimensional analysis. The reason is that boundary

layer behavior in a rotor exhibits variations in its tangential direction .

The occurrence of these secondary flows which are boundary layer flows

having a component normal to the mainstream direction arise nrincipaliy

from blade to blade and radial pressure gradients. Similarity between tic

results of secondary flow analysis and the cross—flow in the outer part of

a three—dimensional boundary 1ay~ r has been established by Horlock L 4 1.J .
The distributed passage secondary vorticity generated by turning a

boundary layer flow is one of three possible types of secondary streamwise

vorticity, which can occur near the inner wall of a rotor . As discussed

by Hawthorne L 42 7, three components of secondary vorticity are identi-

fied in the direction of flow at the exit of a blade row . These secondary

sources of vorticity arc usually regarded as a perturbation on the prI~~orv

flow . They are (1) a distributed passage vorcicitv in the blade passage

~~—-- --—--- _____- — —--
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which may result in the formation of the so—called pas sage vortex , (2)

the trailing shed vorticity, and (3) the trailing filament vorticity.

The latter two types of vorticity are due to the passage vortex and occur

in the vortex sheet leaving the blade trailing edge. They lead to the

formation of another vortex which is opposite in rotation to that of the

passage vortex as shown in Figure 52. The trailing filament vorticit is

caused by the stretching of the vortex filaments as they move over the

surface of the blades. The last component of vorticity is the trailing

shed vorticity which is caused by a change in circulation along the span

of the blades.

Each of these vorticity components could be attributed to the exist-

ence of the wall boundary layer and not the change of the boundary layer

due to viscous effects as flow passes through the rotor. Therefore , the

primary assumption leading to the existing theoretical descriptions of

secondary flows is that viscous effects produce a boundary layer on the

inner wall upstream of the rotor. Whereas within che rotor , the imposed

pressure gradients play the major role and viscosity has little effect in

the resulting secondary flows. This assumption is characteristic of what

is generally termed inviscid secondary flow analysis.

As shown in an analysis of secondary flows by Came and Marsh 
~~~~~

the total strength of these three secondary components of streamwise

vorticity is zero in the flow downstream of a many bladed cascade.

However, this vorticity does have an effect on the flow field. The

primary effect of this secondary vorticity is to cause a deviation in the

flow outlet angle. This is due to the induced velocity field from the

passage secondary vorticity. This deviation can be quite large when the

inlet velocity gradient to the rotor is large or when the flow Is turned
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through a large angle. The solution for this deviation must be consiste~ t

with the trailing vortex sheet , but the strength of this sheet does not

need to be known.

Theoretical development of secondary flow equations begin with the

fluid flow equations that govern the flow process. The equation of motio n

for incompressible flow with reference to axis rotating at constant

angular velocity (
~

) is given in Greenspan [44 _i as

j~c~~+ 2~xi~~= — V’(~-) — V~~W
2 /2 — l/2(~1xr)

(fxr)] — (~ /p )V ’x~~’xW (32)

where the prime denotes differentiation with respect to the rotating frame

(~1), W is the relative velocity , and~~ is the relative vorticity giver, by

= V’xW =~~~~ 
— 2c~. Taking the curl of Equation (32) gives the vortic~ ty

eouation

(W.V ’)~ = (~~ V ’ )W - 2V ’x(flxW) + (~ /~ )V ’2
~ . (33)

Expressions for the absolute secondary vorticity (u) defined along a

rel~’, ~ve streamline valid for a rotor are obtained from Equation (33) by

Lakshminarayana and Horlock [16_i. The resultant equations are

~ 
[0s~1 = ~°n’ 

+ ~~b~
0n~ — 

2
~n t W b? 

+ (u/o)~~
’ (34)

~~ 
L

W
] ~~ W2 W2

and

Wu , Wu ~a ,

~~ T j~e ,w = —.~-- — —fl-— ‘
~
j—
~
-— + (u/oi~

’ V ’~~ (35)
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where  as shown in figure 53, s’ , 11’ , b ’ represent the n a t u r a l  co o r d in ar e a

for the relative flow , ~ is the r e l a t ive  v e l oc i t y ,  w , and w , are

absolute vort i- it’ resolved along the relative streamline direction (i~’)

and the principal normal direction (~ ‘) ,  is the rotation vector , and R

is the radius of curvature of the relative streamline . ln this relative

coordinate system indicated by the primes , the streamwise direction (s’)

is defined along the flow direction , the principal normal direction (n ’)

is defined toward the center of curvature of the streamlines , and the

bi—normal direction (b’) is defined as~~
’xi~’ =~~~~~

‘ . Additional definicion~

of the flow in the relative coordinate svster’i are given in Reference

/ 16 1.

The means by which the streanwise component of vorticity is produced

in a relative flow are similar to those in a stationary system. However ,

it is important to note that additional secondary vorticity is generated

when Tx~ has a component in the relative streaniwise direction. 
Rotation

has no effect when the absolute vorticity vector lies in the s’—n ’ plane

and the rotation (fl) has no component in the bi—normal direction

The equations for secondary vorticity created in the passage, namely ,

Equations (34) and (35), are extremely difficult to apply because they ar~

nonlinear partial differential equations. Therefore , some simplifying

assumptions and specifications of the flow field must be made for this

application . The basic flow parameters for this vortex problem are a

thick boundary layer entering the rotor and the rotor operating at a flow

coefficient less than 0.5. It is also in portant to note that the primary

flow th..~ough the rotor is rotational.

In order to evaluate the relative importance of the terms that

describe the passage secondary vorticity , the vorticity equations were
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first nondimensionalized . Then an order to magnitude evaluation was

app lied . The details of this process are given in Reference / 45 /.

• The resulting normal relative vorticity equation is

Ww , 3a
n b , (36)

—i- (w ,W) = - —— .

3s n a
b , ~s

where •1
b ’ 

is the dis tance between neighboring streamlines in ‘fl” dir ec-

tion . Two assumptions applied in develop ing Equation (36) are (1) the

ratio of boundary layer thickness to rotor tip raJius is of order one and

(2) the blade chord (c) is an order of magnitude less than tie camber

radius .

Equation (36) can be integrated along a relative streamline by

combining the two terms into one differential . The result is

W a b ;

, =~~ , . (37~n n W a b ,

where the subscript I refers to the rotor inlet and unnumbered subscripts

refer to any position along a streamline in the rotor. This simp litied

equation shows a dependence of the relative componen t of the normal

F vorticity on the variation of relative velocity (W) along a relative

streamline, on the relative component of the absolute inlet normal

vorticity (w ,), and on the flow convergence—divergence in the bi—normal

direction (ab,).

Equat ion  (37)  can be evaluated along a re la t ive  streamline if the

streamline spacing (a
b ,) in the bi-riormal direction and the relative

velocity along a relative streamline are known . These quantities can be

L
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obtained from the primary flow analysis using the streamline curvature

equations .

For some rotors having a high hub—to—ti p ratio , the streamline

spacing in the radial direction (a.b
,) remains constant , so that Equation

(37) becomes

W

(38)
n a V

This result relates the change in the relative component of the absolute

normal vorticity (w~~) to changes in the relative velocity -(W). Also ,

assuming a weak shear flow so that the axial velocity remains constant

gives

co s6

(39)
a a cosB

These last two relationships are commonly used for secondary flow cascade

theory.

The resulting streamwise vorticity equation is

2u 20 ,u , 20 ,w
~ S 

— 
n b n  n b  . (40)

~s’ W 
— 

* 
—

wI~. w2

The second term on the right—hand side of Equation (40) is due to curva—

ture induced secondary vorticity. The third term is due to rotation

induced secondary vorticity. The last term is important because , is

large because the flow coefficient is less than one . Integrating

Equation (40) in the relative streamwise direction yields 

-_ i- _ _ ___• • _ _ _ ~~_ __ _ ~~~~~~~~
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2 2
2~ ,w

Ui , = W  —~‘-- ds ’ + W  —~------~-- ds ’
S - * -~

2 
2 ‘~R Wi

1 1

2 

2~ ,~ , 1w 9
— V n b ds ’ + w , —i--- . (41)

w 2 
I

1

It is important to note tha t the boundary layer thickness is the

same order as the rotor tip radius and much larger than the blade chord .

The velocity gradients for these conditions are not as large as wou~~i ic

the case if the boundary layer thickness would be niuch less than the

rotor tip radius. Therefore , stream surfaces in the blade passage wIll

not be significantly distorted so that Bernoulli’s surface rotation (see

Reference / 46 /) is not important.

If the relative streamlines and the absolute vortex lines lie on

cylindrical surfaces 
~~b

’ 
= 0) and the ro ta t ion  vector  R) is parai1e~ to

the axis of the cylindrical surfaces , then Equation (41) would become

w , ~~, 2
S 5

2 1 2w ,
— — — = —fl--- d
W W * 

.

2 1
1

This relationship is commonly used in most cascade flow calculations and

is the equivalent of an equation developed by Squire and Winter /47J

but with a relative reference frame .

More comparisons between the equations for t h e secondary vortic ity in

a rotating reference frame and cascade secondary vorticity are discu s~cd

in Reference /45 7.
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The solution for the absolute streamwise vorticity defined al ong a

relative streamline can be calculated using Equations (37) and (41).

However , the primary flow field must be initially calculated .

From the solution of the primary flow field , the relative velocit-

(14), the streamline spacing in the b’—direction (a
b
,)
~ 

the rotation ( ) ,

the f low tu rning ang le (~ ~~~ ),  and the inlet absolute norma’ velo cit .

(w ) are known for a mean relative streamline .

As shown in Figure 54, these quantities can be divided into their

components and used in the secondary flow equations . A mean radius of

*curva ture (R ) for the blade sections de f i ned by a mean relative stream-

line is calculated from

* cR = 
* 

(43)
(~ —

~~1 2

*for small turning angles (~ —
~~ 

) .  Also , the component of ae so lu t e
1 2

vorticity defined in the relative bi—normal direction (ub,) is assumed ~~

be proportional to

Uib t a ~L. (44)

for the rotor considered.

4.3.2 Secondary Velocities. Secondary motions are induced by the

distributed secondary vorticity in the flow between the blades . With

large blade turning angles, the secondary motions in the blade passage

are masked by large spanwise flows associated with changes in axial

velocity profile referred to as disp lacement effects. Hawthorne and

Armstrong L 48_7 have developed an analysis for predicting these 



108

I-

/ 8
I S

o Ui
z
—

0
C..) S

1c~ 
4

o

~~~ ~

iii 

~~~- -



--

109

disp lacement effects which reduce the secondary motions. With small

blade turning angles, the secondary motion largely determ ines the varia-

t ion In outlet angle downstream. For most rotor design , the turning near

the inner wall is small where secondary motions are the l a rges t .

Formulas for calculating the two—dimensional solution for the

secondary motion in blade passages have been given by Hawthorne 
~~~~~

Hawthorne and Novak Ll9_7, and Dixon [50 _7. The secondary motion in

terms of velocities (u, v, and w) is ass umed to be induced by the stream- —
I

wise secondary vorticity (~~ ,—w ,) at the trailing edge plane of the

rotor. This streamwise secondary vorticity was calculated along a mean

streamline and is a func t i on  of radius only.  It is impor tan t  to note

that the normal component of vorticity (~~,) is accounted fo r  in the

axisymmetric flow analysis.

The e f f ec t  of the streamwise component of secondary vorticity

(w ,—w ,) within the blade passage is similar to that obtained in the
2 1 — —

f low through a duct bend (Hawthorne L 5 1/ , Eichenberger L 52 /, Detra

L 53 /); however, there is the difficulty of devising a reasonable

approximate method of satisfying the Kutta—Joukowski condition at the

trailing edge.

The method developed by Hawthorne and Novak L 19J assumes that the

flow is contained in a duct defined by the blades and streamlines of the

primary flow leaving the trailing edge of each blade. In this trailing

edge plane, the secondary streamw±se vorticity is divided into a

tangential and axial component. The former term , namely, (w ,—w ,)sin2
S S 2

causes a radial gradient of axial velocity and the latter leads to an

equation for a stream function describing the radial and tangential

velocities in the trailing edge plane (r,O).

_ _  

4
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Referring to Figure 55 , the velocity perturbations induced by

~~~~~~~~~~~~~~~ 

have components u, v, w in the r, 0, x directions , respec tively .
2 1

The secondary streamwise vorticity as calculated from Equations (37) and

(41) and the relative velocity (W) are only a function of radius. The

components of the streamwise vorticity are

• * dw

• 
~~st s;’)5it

~~2 
— (45)

and

(w 5 1 _0
5 ,)c ose * w = 

~~ ____ - , (46)

where w is only a function of radius and u is not a function of x.

Equation (45) can be integrated to

RR

w — (w ,—w ,)sine 
* dr , (47)

S S 22 1

where the constant of integration is obtained from continuity. The net

mass flow through the exit plane due to the secondary velocity (w) must

be zero. Therefore, the boundary condition for Equation (47) is

2~T J  
wr d r = 0  . (48)

Ri
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Defining a secondary stream function (‘Y) as

1 ~‘i’ and v — ~~-- , (4’))

the continuity equation and the x—direction vorticity equation can be

combined into a stream function equation. The result is

32~ 1 ~ Y 1 ~~~ *
— + — — + — — = — (w ,—w ,)cos~ . (50)

2 r~~r - -) s S 2r~ 30~
- 2 1

Equation (50) describes the radial and tangential velocities in the

trailing ed ge plane (r ,e). The boundary conditions are

{ ‘ O  at r = R
~
,RR 

(51)

and at the blade trailing edge,

* *w sine = v cosf3
2 2

or

*
— = — w tanB f ( r )  (52)

2

at

0 = 0  , 2ii/N , 4ir/N ...

Hawthorne and Novak .C19_/ redefine a new stream function which

includes the boundary condition of Equation (52). The result is that the

stream function will now be zero everywhere on the boundary. The stream

function is defined as

- —
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*a t (r , i) + ~ ( r )  , ( 53)

where = 0 at r = R .,RR 
and at C = 0 , 2~~!N , 6: ~I~~, ..

F.q~ ~tion (50) becomes

* *
~~~~ 1 )‘~ 1 ~ w d *
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ )

-
~ r 3r 2 - - - r drr •iU

* dw
+ t a ng —

2 dr

- ~~~~~~~~~~~~~~~~~~~~ . ( 5 .~

Finally , Equation (45) can be used in Equation (54) giving

= 
~~~~~

— (r tanO *) — (~ ,—
~~ ,)secg 

* 
. (55 )

r d r  2 S S
2 1

The right—hand side of Equation (55) is a function of r only. E~ u a t i ü ~

(55) is identical to that obtained by Hawthorne and Novak L 19J except

the equation is for a relative reference frame .

In a discussion of a paper , Hawthorne L 54/ gives the transforma-

tion of Stoke ’s equation from r ,0 coordinates to z,y coordinates. The

transformation is

(~J~)
r / R

1 
= e N (56 a)

and

9 = -
~

-
~
-- . ( 5 6 h )

—- •~~~~~-- - ~~~~-—-~~~~~~~~~~~ ~~ - -- - -- ~~~~~~~~~~ -——--- --~~~- -  _ _ _ _
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i~~~;t  itut in~ Equat
ion (56) Into  the ~;t re~mn1 function equation giVec

+ ~~~~~ 
= (2~~~~~~

)
~~~ F ( r~ = ;(z) , (57

with the boundary conditions of 0 at y = 0 and y 1 and at = ( and

z = 9.. The quantity 9. is defined as

R .
= (-

~~
— )  Qn ( ~~~)

The solution of Equation (57) must be periodic so that

0(z) = 0(z) ~ 
sin mry (5~ )

1,3,5 
fl•l~

and is in the for m

1, 3 , 5 ~~~~~ 
sin n’~~ . (~ 9)

A general solution of Equation (57) in the form of 
Equation (59) h,-u~

been obtained by Hawthorne L~~J 
using the method of variation of

parameters. The solution for ‘Y (z) is
a

= - 

~~~~~~~~~~~~~~~~~~ 

[sin~~nirz) J C(t)sinh(n~(~~ t))dt
+ sinhn~(9.-z) J G(t)sinh(n~ t)dt] , (60)
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in .~ 1 )r 
‘ (z )  is
n

= - -
.~~~~~~~~

—
~~~~~~

- 
~~~~~~~~~ -:j) G (t)sinh(r~ ~ ~dts l . f l t .  ~~~~ .

0

- cosh(a z) C(t )s i n~~(n (i-t) )dt] . (61)

z

A :~~c- i n  dcv~ ati~-~n a n l i  (.~A ) d~ -~ ~~ -.~~~~nJ rv lows COO bt - -C 3 i L : : . :1~~ t J
S

for an’- radius. The m i s  d~ viaticc angle i~ cit : m e d  as

* *
V cOs~ — w s in~

= 
* 

- 
‘ 

(€2)
S -V sec:~2

where-

2~ /N

v = v do . ((~3)

0

Us ing Equations (49), (52 ., -~r.d (53), Equation ~~2) becomes

* 2ir/NN cos ’d I - - - *
— —~~~~ -—~~—— - -

~~
- --- d .

In t-r -m ~ of the transfor~ ed z,v coordisare:;, Eo:oirion (64 can be sri Iten

.11 ~5 
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5. ALC I A ~~~~ : OF I- (-N F i ,- : b  ;- ::t :o~~~’ : : : - ...4p i~~p~

‘3 .1 Ca~~-u ~ at  ~~ ~ Final Flow I- 10111

5.~~. I  f ’o w  F i e l d  f o r  Basic Fl. d No . :. ! i i ~~- ~~~~~~~~~
- Y’ r u t ~~r

o p e ra t i n g  near  d e s f ; t i  (Basic Flow No .  1) ~~~ C a l c U l a t  ‘r~~ ir . li

order  to obta in  00:-ic general  r e su l t s  abo :~ ~~~ ; -  l r t i : c : A c o  ot  I t o  ~~1.’ i 0  i C : ;

ang le on the f l o w  f i e l d .  For t h ~ s case , th~ r - c : ~~~ i t i : s

ox i s~m~~e t r i c  boundary layer cr ~~,: 11 0’; an :~~s tr e~ o ~:ir ~ ~Ce . ~ fle ~ t OpS ’fl

the calculation procedure are llst~ d mu Fic - i r ~- 50.

The : ne a O u r L d  velocity profi Lo in the- rot -r pi::r~ 
-
~~~ t :~c-i t :t i €  r o t o r

was extended upstroo :-.: Nv too strea:r~ ioe curvatci . :rc:hcd ( ° t  2)  in

order  to ob ta in  a v e l o c i t y  p r o f i l e  f a r  u p s t r e - i ri of the  r 0 t : - r .  Th~ .

upstream profile is needed as a houi darv  c on d i t i o n  ot the flow I iel-d . A

compa r i  -~nn he t w e~-o the rreasurec prof i~ e i i i  th~ r o t o r  a n :  a p r o t  i

obtained by nrojectin~ the upstream ptDf~~lir to  :ho  rotc- r p iao  u s in .c t h e

s t r e am l in e  c o r : a t i i r e  method is shown in Fi~ ure iô.

The t h e o r e t i ca l  design c i r cu l a t ion  distributio n for the  r o t o r  is

shown in Figure 57. N o st  of the loading  o c cu r s  near  t h e  m i d — r a d i u s  whe r e

the camber angles are the l a r g e s t .  The s t a~~eer ang le s  a rc  h i :lt  ao a

r e su lt  of the design f low c o ef fi c i e~tt be i ’~~ Less  th an  one . The blaJe

sect ions are th in  except near the j O e  -- ~~i 1 l .  ~ho b l ade  ou t l e t  angles

w er e  de termined  from the blade geometry  by c~~if lg

8 ~~~~~~ (66)
2

w u er e  A is t 0~ st ag g e r  an~:le an d ~ is t h e  outlet ci ~A- .- r in:-li . A

description ot ~~~e v ar i o u s  g c o m c - t r i c in 1- J e s 1- - olown in T -1 nir
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j h ~~ first oCt i.:nite of t he f l ow out i t anol es (S tep  3) n’ .ìc c a l L - u i  ~ t o

using the blade outlet angles (~~ ) and a deviat  too a : ig le  based en

Howel l t S c o r r e l a t i o n  given by Equa t ion  ( 2 7 ) .  The h o w  o u t l e t  au c i o s  ore

:ive ’n in Table 5 for Basic Flow No. 1.

Using the estimated flow outlet ang les and th e d e s i g n  f l o~ c e - f —

ficient. the f low field wa~ calcuiated uni~lO rho stream1in~ C ’ : r ; ~~~ : A r e

equations (Step 4). There were fort y— cLo t ctr 2 1  ; u o — ;  c a l c u l a t e d  in L I e

f low field otT which twenty—eight were through tHu rotor p lane , the L i ra t

streamline being at the inner wall atia toe t~ e n tv ~~ei~~h t h  s t r e a c H i n -  ~-o~ n~

through the rotor tip. The strua:olines t h r u u ~zh the rotor 0-ore s~~ c~ d

more closely roar the inner wall b~ ~a ise seconcary f l O w n  a re  - :st i r:;i r

tant near thu inner wall. Some of the  resu l t s  at  ac’; r a i  radii are gi:-n

in Table 5. The streamline curvature equations arc inviscid so that

t h e r e  is a f in i te  pos i t ive  v e l o c i t y  at  the inner  wal l .  Here d e i a i l ~ o t

the  f low f i e l d  fo r  au the streamlir-~ - ;  are g iven in R e f e r e n c e  / 55 I .

The ve loc i ty  components  g iven in Table 5 are for radii iis .-d in to

f low out le t  angle ca lcula t ions . A comp ar ison shows a large acce l e r a t ion

of the axial  veloci ty throug h the rotor with the except ion  of the rot- or

tip where the flow is most difficult to define .

A second estim0te of the flow outlet angles (Step 5) for this rotor

was made using the flow field calculated in Step 4. The inlet flow

ang les (8) and the axial velocity ratios (AVR) were computed so that a

method developed by Lieblein L 40/ was app lied to estir ~re the dev iation

ang le fo r  any blade incidence ang le. 111 1 effects of axial acceleration

~~3’), blade tht ckncss (~~*), and camber U )  g ivers by E q u a t i o n s  ( 2 9 ) ,

(30), and (31) ,  respectively , were - -:,ilculated for the primary bla~ e radii.
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TABLE 5

OUTLET ANGLES USING HOWELL ’ S CORRELATION
(STEP 4) FOR BASIC FLOW No . 1

8 6 8
2 H 2

0 .26  49.0  3.0 52 .0

0.30 49.8 4.0 53.8

0.40 52.7 4.6 57.3

0.50 55.9 5.1 61.0

0.6 0 59.6 5.8 6 5 .4

0 .70 63.5 5.3 6~~.8

0.80 67 .2  4 . 5  71.7

0.9 0 70.2 3.1 73.3

0.95 73.3  1.9 75.2

Inlet Outlet
Veloci ty  Prof i le  Velocity P r o f i l e

*R/R.. V /V 8 V /V V /V 8 AVR
K X x 0 2

0.26 0.401 65.8 0.489 0.260 52 .3  1.217

0.30 0.509 63.7 0.569 0.254 53.8 1.117

0.40 0.631 65.3 0.719 0.249 57.4 1.139

0.50 0.706 67 .7  0.828 0 .229  60.9 1.172

0.60 0.764 69.7 0.861 0.175 65.5 1.127

0.70 0.812 71.4 0.886 0.129 68.8 1.091

0. 80 0.841 73.0 0.895 0.087 71.4 1.064

0.9 0 0.864 74.4  0.916 0.055 73 .2  1.061

0.95 0.872 75.1 0.854 0.021 75.2 0.979

4
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flie d e v i a t i o n  angles  for Basic Flow ~H . 1 ;ire ti-;en in Tab~ o b where t h

t o t a l  deviation angle (6) was determined from

6 = ~ A -~ 
* 

— ~~; ‘ . (~~/ )

These new deviation angles were used to calculate a se-COOC o Ct  l : :. I te-

of flow outlet angles. A second calcul ation of h0 fLew field (Stop ()

was then conducted . The result i-g inlet and outlet v~ I-~city cooponc!;z.s

are given in Table 6 fo r  the pr i t aarv  r o t or  r a d i i .  I t  is i mp o r t a n t  to

note that the major differences in the SOOOOJ calculation of the flow

field as compared to the first calculation n - i t O  h o w e l l ’ s c or r e l at i en  arc.

due to the effects of acceleration near tee mid—radius and the effects o;

blade thickness neir the inner wall. The tar centia l volocity near thu

inner wall was reduced primarily by the effect of thickness and the Ox f  A L l

v e l o c i ty  near the n i d — r a d i u s  was iacreased by in l~~d ins; the AVR ~ff~ c t

An estit uite of the rotor streamlines was calculated from the fllw

analysis using the second estimate of flow cutlet an~ 1es. The effect of

secondary flows can now be calculated along the twenty-eig ht rotor

streamlines. Equations (37) and (41) were used to cal- :ulate o , and

respect ively. 
-

- These secondary flow equations give the cI;~ nge in v or t i c i tv  due to

the presence of the blades. The difference in the streamuise vort jolt’-

between the rotor exit (u ,) and the inlet (n ,) is the passage secondoc’:

2 1
vorticity. The effect of this additional vorticity was found by ini LialJ’

solving for a secondary stream function (Equation 55)) in the rotor exit

plane . The solution of Equation (55) was then used in Equation (64) to

o b t a i n  a do ’- istion angle due to t h e  passage secondary vort~~c i t v C

~~~~~~~~- 
- - — - -- ---- --~~~~---.--~~~~~~~

-- -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ --
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TABLE 6

OUTLET ANGLES USING NASA ’S CORRELATION
(STEP 5) FOR BASIC FLOW NO. 1

* *R/R . 8 6 ~6 ~~~~

K 2 2

0.26 49.0 2.6 10.1 4.5 57.2

0.30 49.8 3.5 6.9 2 . 2  58.0

0.40 52.7  4 .6  4 . 2  2 . 5  59.0

0.50 55.9 5.4 2.5 2.9 60.9

0.60 59.6 5.7  1.7 2 .0  65. 0

• 0.70 63.5 5.1 1.3 1.4 68.5

0.8 0 6 7 . 2  4 .4 0 .7 0 .9  71.4

0.90 70 .2  3 .2  0.6 0.8 7 3 . 2

0.95 73 .3  1.5 0.3 0 .0 75.1

Inlet Outlet
Velocity Profile Velocity Profile

R/R V /V 8 V /V V /V 8 
* AVR

R X 1 X 0 2

0.26 0.370 67.5 0.432 0.215 57.5 1.167

0.30 0.483 64.9 0.516 0.209 57.9 1.069

0.40 0.618 65.8 0.692 0.244 58.9 1.120

0.50 0.704 67.8 0.831 0.229 60.9 1.181

0.60 0.768 69.6 0.877 0.185 64.9 1.148

0.70 0.818 71.3 0.905 0.139 68.3 1.107

0. 80 0.845 72 .9  0.899 0.090 71.3 1.063

0.90 0.867 74.4 0.921 0.058 73.1 1.063

0.95 0.874 75.0 0.860 0.024 75.1 0.984



_ _

~~~~

• . _

~~~~~~~~~~~

-

~~~~~

l2~

1Ii ~ e f f e c t  of t h e  pass t gt-  ~e e o n d i r v  voL t icit v can he set-n in  T a b l e

7 which l i s t s  the  final flow outlet i;4es used in the calculation ,f

tli~ f i n a l  f l o w  f i e l d  for Basic Flow No . 1. :Hu i n d a r -  flows are oni

significant near the inner  wa l l  where the inlet veloc ity ~iradien ts are

the l a rges t .  The r e su l t  is an o v e r t u r n i n g  of t h e  f l o w  f i e l d  near  the

inner wall where the inlet velocity g r a d i en t s  ar e  the largest. The

result is an overturning of the flow field noai t i ie  I nn e r  wall g i v i n g  a

larger tangential velocity (V.) than expected. Outside this small region

near the inner wall , the secondary T - ~s~~:e v o r t i c i ty  does not have a

significant effec t on the deviation angle. The calculations gave a devia-

tion angle change of less than 0.2
0 

in this outer region.

A third calculation of the flow field (Step 9) was done by inc luding

• the secondary flow effects with the previous N\S-\ deviation ang l 2 .

Because each deviation angle was calculated for a slightl y different Ll ~~.

f i e l d , a check was made on the eifectl; of axial acceleration , camber , and

blade thickness on the deviation angles using the flow field calculated

in Step 9. The results showed changes less than 0.2° in the final dcvii—

tion angle (6). Therefore , the flow field calculated in Step 9 was the

final flow field . The final deviation angles for Basic Flow No . 1 ar e

given in Table 7.

A correlation can now be made between the i-alculated flow field

(Step 9) and the measured rotor inlet and outlet profiles which were

discussed in Section 3.3. A comparison between the calculated and

measured inlet velocity profiles to t h e  rotor is shown in F i g u r e  59. In

this figure , the measured meridional velocit y profile was corrected to

the axial velocit ’ profile using the ;treaml ine angles which were less

t han t1
0
. This figure shows quite good correlation exc - -pt near the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~ -~~~~--—--~~~~~~~~~~~~~~~~ ---——— •~~~~~~~~~~~~~ • - _ 
- —-•---_ • _ • _ _
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TABLE 7

FINAL OUTLET ANGLES FOR BASIC FLOW NO . 1

* *R/ R.. 8 6 A6 8
K 2 0 S 2

0.26 49.0 2.5 12.2 3.3 —5.3 55.1

0.30 49.8 3.6 7.2 2.1 —2.9 55.6

0.40 52 .7  4 . 7  4.0 2 .3 — 0 . 9  58 .2

0.50 55.9 5.4 2 .4  2 .9  0.0 60.8

0.60 59.6 5.8 1.7 2 . 2  0.0 64.9

0.70 63.5 5 .2  1.2 1.6 0 .0  68 .3

0.80 67.2 4.5 0.8 0.8 0.0 71.7

0. 90 70 .2  3 .2 0.6 1.0 0.0 73.0

0.95 73.3 1.8 0.0 0.0 0.0 75.1 
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Figure 59. Rotor Inlet Velocity Comparison for
Basic Flow No. 1
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inner wall where the inviscid theory over rredicts the axial velociLy .

A comparison between the calculated and measured rotor outlet profile is

shown in Figure 60. The agreement in the axial vt-1ocIt ~’ profil e - Ia

good including the effect of the rotor~ t ip shown by ti e dip in the axia l

veloc ity. The tangential velocity profiles are also in good agrecr~ent .

The differences near the ro tor tip are due to nonaxisy-Tnmetric effects.

Near the inner wall , the calculated profile over predicts the measured

prof ile. This difference can be either attributed to the iriviscid second-

ary flow theory or to the measurements being made too close to the rotor

exi t plane . This second point is most important. The secondary f low

theory assumes tha t the ind uced veloc ity field occurs in the rotor exit

plane when , in fact , the secondary vorticity filaments extend downstream.

5.1.2 Other Basic Flows. The calculation procedure shown in Figure

50 for determining the flow field for a rotor was app lIed to other basic

flow configurations. Most of the Basic Flow Nos. given in Table 1 were

calculated . However , the results for Basic Flow Nos. 1, 2, 3, and 4 are

presen ted because comp lete experimen tal veloc ity data were only available

for these flows.

The velocity profiles in the plane of the rotor without the rotor

used in the initial calculation of each basic flow were ob tained f r o m

experimental data presented in Section 3.3.1. All of the basic flows had

an axisyrmnetric velocity profile with the exception of Basic Flow No. 4.

For this  case which had upstream s t rut s , a c i rcumfe ren t i a l ly averaged

profile was used .

*The flow outlet angles (8 ) were determined for each basic flow by
2

tie method previously outlined . The final angles are given in Table 7

for Basic Flow No. 1, in Table 8 for ilasic Flow No.  2 , in Table 9 for

_________________________ -
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TABLE 8

F I N A L  OUTLET ANGLES FOR BASIC FLOW NO . 2

* *R/R 8 1~.R - 0 S

0. 26 49.0 2.6  9.6 3. 4 — 5 . 9  51.9

0.30 49.8 3.4 7.0 1.1 —3.2 55.9

0. 40 52~~7 4 . 7  4 .0  2 . 2  — 1 . 1  58.1

0.50 55.9 5. 4 2 . 3  2 . 9  — — — —  60.7

0.60 59.6 5.8 1.7 :.3 — — — — 6 4 . 8

0.70 63.5 5.2 1.2 1.7 — — — —  6 8 . 2

0.80 67.2 4.5 O.F 1.4 ——— — 71.1

0.90 70.2 3.2 0.6 1.1 — — — —  7 2 . 9

0.95 73.3 1.9 0.3 0.0 —— — — 7 5 . 5

Inlet Outlet
Veloc ity Profile Velocity P r o f i l e

V /V 8 V /V V /V 8 
*

R X 
~~
‘ x 0 2

0.26 0.465 64.9 0.543 0.301 51.8

0.30 0 .569 63.6 0.594 0 .269  55.9

0.40 0.693 65.6 0 .774 0.280 58.2

0.50 0 .779 67.8 0.917 0 .279  60.7

0.60 0.843 69.8 0 .966 0.231 64.9

0.70 0.891 71.6 0.998 0.184 68.2

0.80 0.912 73.4 1.000 0. 132 71.1

0.90 0.9 14 75.1 1.034 0.095 72 .8

0.95 0.913 75.9 0 .927 0.043 75 .5
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TABI F 9

F L  N . J.  R ESU T .TS FOR ilA~ IC F1. oN t a ) . 3

* *R/ P~. ~• -
. 

- - - -
2

0 . 2 6  4 9 . 0  2~~5 9 .0  2 . 9  — 5 . 5

0 . 3 0  4 9 . 8  3. /. 6 . 8  1.~~ — 2 . 9  5~~~.3

0 . 4 0  5 2 . 7  4 .6 4 . 0  2 . 2 — 1 . 1  5 8 . 0

0.50 55.9 5.4 2.7 2.9 — — — —  61.1

0.60 59.6 5J1 1.7 2 .2 — — — —  6 4 . 9

0.70 63.5 5.2 1.4  1.~~ — — — —  6 8 . 5

0.80 67.2 4.5 0.8 O.~ — — — —  7 1 . 6

0.90 70.2 3.2 0.6 1.0 ---- 7 2 . 9

0.95 73.3 1.9 0.3 0.0 — — — —  7 5 . 5

Outl~ t

1~~10Ci t Y _ Pro~~I~ Velocity Profile

R/ i~ V !V 8 V /V V — ‘v 
*

R x 1 X ‘-~ 2

0.26 0.442 63.7 0.495 0.258 52 .1
0.30 0.515 63.5 0.557 0.227 55.3

0.40 0.636 65.1 0.707 0.239 58.1

0. 50 0.708 6 7 . 7  0.821 0 .236  61.1
0.60 0.758 69.8 0.871 0.197 65.0

0.70 0.804 71.6 0.892 0.149 68.5

0.30 0.830 73.2 O.3S2 0.099 71.6

0.90 0.8 44 7 4 . 7  0 .9 3 4  0 .0 7 5  72.8

0.9 5 0.847 75.5 0.83 1 0 .027  75 .6  

~~~~~~-. ••---~~~~~~•~~---~~ -• - - r n• •-- •
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Basic F low No.  3 , and in Table 10 for Basic Flow No. 4. A comparison

between basic flows shows large differences in outler angles near the

inner wall. Additiona l streamline data are given in Reference / 5 3  / .

A comparison between the calculated and experirnonial rotor Inlet and

outlet profiles is given in Figures  59 and 60 for Basic Flow N o .  I , in

Figures 61 and 62 for Basic Flow No. 2 , in F igu res  63 and ( 4  for Basic

Flow No. 3 , and in Figures 65 and 66 for  Bas i c Fl ow No. 4 . In general ,

the calculat ions  are in good agreement with the experimental results.

The calculated axial velocity near the inner wall is gr~ ater for the

inlet profiles and for most outlet profiles. The tangential velocity

prof ile is over predicted for all basi.c flows near the inner wall. ThL-~

is due to the secondary vorticitv model which assumes t~~nt  the inf1uenc~

of the vorticity on the velocity field occurs in the trailing edge p lane

of the rotor. Comparisons between basic flows show that the tangcstLi~

velocity increased significantly by operating at a low flow c o e f f i c i e n t

and by addIng upstream struts.

The torque coefficient is a measure of the magnitude of the t .cn-

tial velocity. It is defined as

1 v V

C
Q 

= J (~~-)(~~i) ( ~~ ) d ( ~~~~) . (68)

R . /R -
1 R

This coe f f i c i en t  was calculated from the f low f ie ld  fo r  each basic f l o w

and was normalized by the coeff icient obtained from a reference which wds

Basic Flow No. 1.

These torque results obtained from the calculated flow field are

compared to experimental data as z ;hown in Figure 67. The changes in
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TAbLE 10

FINAL LESIJI,TS FOR BASIC FLOW NO . 4

* *R/ R 8 5 -~~ 2.~~’R .
- o s

0 .26  4 9 . 0  2 . 5  8 .7  1 . 2  — 5 . 0  34 J)

0.30 49.8 3.4 6.6 0.1 —~~.2 5

0.40 52. 7 4.6 4.1 2.o —1 .3 5 1 . 2

0.50 55.9 5.4 2.5 2. 9 — - — —  6 0 . 9

0.60 59.6 5 .7  1.7 2.3 ---- 64.7

0.70 63.5  5.1 1.3 1.6 — — — — 68 .3

0. 80 67.2 4.5 0.8 1.0 ---- 71.5

0.90 70.2 3.2 0.6 1.5 — — — —  72.5

0.95 73 .3  1.8 0 .3  0 .0  — — — —  7 5 . 4

Inlet
V e l o c i ty  P r o f i l e  V e l o c i t y  P r o f  t i e

*
Rftt... V fv v /v v / v

K X -
, - 2

0.26 0.459 62.8 0.436 0.229 53.9

0.30 0 .542 6 2 . 3  0.53 1 0 .230 56.5

0.40 0.608 66.1 0. 709 0 .2 7 0  57.3

0.50 0.704 67 .8  0J3l9 0.251 60 .9

0.60 0 .759 69.8 0 . 3 7 3  0 .209 64. 8

0.70 0 .802 71.6 0 .896 0.162 68 .3

0.80 0 .827  7 3 . 3  0.883 0.111 71.5

0.90 0.834 74.9 0.952 0.091 72.4

0.95 0.834 75.7 0.835 0.037 75 .5

--
_
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Figure 61, Rotor Inlet Velocity Comparison for
Basic Flow No. 2
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Figure 62. Rotor Outlet Velocity Comparison for
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Figure 63. Rotor Inlet Velocity Comparison for
Basic Flow No. 3
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Figure 65. Rotor Inlet Velocity Comparison for
Basic Flow No. 4
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torque due to add in ~’ st r u t s  or o~~- r a t  ing o f f — d ~~si gn are predicted very

well.

5.1 .3  Cc~r ipar l s ons  Between CaIcu 1a t~~d and M a~,u r c ~d Flow FIel1ls ai

th e End of t}w Rotor ç~p. So f a r , only c om p a r l ~ t n s  b etween  f l o w  f i e l d

calculations and f low measurements near  the ro tor  plane have been ~re—

sented . The measured tangential velocity pr~ 1 lie near the rotor plane

does not show a well defined vortex near the inr.er wall. However ,

measurements of the tangential velority profile at the end of the ca~ do

show a vortex.

Figure  68 shows a comparison at the ~-nd of the rotor cap between th e

final flow field calculation (Step 9) and cxperi::~~nta1 data for Bas~-

Flow N o.  1. The tangent ia l  velocity profiles are in very good agreement

outside of the vortex core: however , the axial velocity profiles do not

agree near the vortex core. This is opposite to the correlation trends

obtained at the rotor outlet between the calculated flow field and

experimental data.

The end of the rotor cap is located several chord lengths down~~ ream

of the rotor exit plane. Therefore , it is not surpri~ ing that the agree-

ment between the calculated flow field including secondary flows and

measured tangential velocity profile agreement is better at the end of

the rotor cap . The tangential velocity profile calculated by the stream-

line curvature equations using a secondary flow deviation angle compares

well with the tangential velocity profile data outside of the rotational

region of the vortex . A poor agrcement is found inside the vortex core

because of the assumptions used in the development of the streamline

curvature equation.

- -
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In addition to the ! nf luenc. of ‘ he pa -; a~~k - st  r~• -~i ’--~-1sc secondary

vorticity on the tangential velocity nr~ fi 1e , ti • - -~econdi r ’.’ vort icity

also changes the axial velocity profile. }Iowt - s - r , t he  net  mass f h ’ .~

change to the axial velocity profile due tu - - :~~nd.irv vort ici ty must be

zero.

The calculation of the change i: axi l ve~ oc n• uccurring downstream

of a rotor p lane due to the secondary vortic ir- .’ i~; a d ifficult problem .

Even assuming that downstream of the blade row the vorticity become

distributed circunferentiall)’, fc~ ~o -d &— r: -- ’~aHu n- - - w i th axial v~ 1oc1tv

exists and , in most cases , axial v u lo c i t ’.- c h a n c ’e -~ -i r e ignored .

Hawthorne L 42J has shown t1ui ! there are thr& e c vnponents of ~ ;-~~~~~i~~

vorticity downstream of the blade exit plane . One is the passage sec-

ondary vorticity; the other two are the trailing shed ~‘articitv and the

trailing filament vorticity which lie along the blade wake. The tra~ 1 ir ~r

shed vortici ty is caused by a grad1e~-t in circulation along the blade

span and the contributions of both the primary and secondary parts are

included in the final flow field analysis (Step 9). The secondary part

of the trailing shed vor ticity is the change in blade turning due to the

passage secondary vorticity.

Tra iling filament vorticity arises from the cel lular motion induced

in the blade passage by the secondary strcamwise vorticity. Dixon L~ °J
derives an expression for the axial component of the combined passag e and

trailing filament vorticities. The results are

* N
w = (w , — u ,)cos: — u , (f~Q)X

A 
S s

~ 
2 o~~ r 

-~~~~~~~~~~~- - ~--~~~~~ --— —~~~~~~~~~~~~~~~ --—-~~~~~ - - -- -~~~ -~~— - -~~~
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where u is the radial perturbation velocity due to the secondary pausare

vorticity evaluated at 0 0, 2ii /N The radial velocity is given

by Equation (49), knowing the soLution of the stream function given

Equa tIon (55).

The axial component of vorticity can he integrated over the radial

direc tion to give an axial velocity variation. The constant of integra-

tion is obtained from continuity. Again , the net mass flow through a

downstream plane induced by the axial component of vorticity must be zero .

Calculation of w for Basic Flow No. 1 us ing  Equation (69) shows t h a t

the axial secondary vorticity is approximately zero over the blade span .

Thus, the axial component of passage secondary vorticitv and the axial

component of trailing filament vorticity are approximately equal and

• opposite at each streamline. Therefore , for Basic Flow No. 1 where the

rotor operates within the inlet velocity gradient , no variation in axial

veloci ty profile due to axial vorticity would be anticipated . This r -b u lt

was also show-n by Smith L5 6_i.

However , the aforementioned result does not explain the large dif—

ferences between measured and calculated axial velocity near the vortex

core. The measured axial velocity profile correlated well with measure-

ments made near the rotor plane. One possible hypothesis for this

discrepancy is that the secondary flow field does not become distributed

downstream of ‘-he rotor plane. Although the net axial secondary vortici~ y

remains approximately zero , the passage vorticitv remains concentrated and

dominates the flow field near the rotor inner wall.

For this flow field , the axial velocity variation calculated by

Equations (47) and (48) used in the solution of the secondary stream

func tion was applied to the calculated prof ile at the end of the rotor 
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cap. The variation calculated for each of the twenty—eight streamlines

in the rotor exit p lane was added to the corre :~ponding  s t r e a m l i n e  in the

rotor cap p lane.  Tu e results are shown in Figure b’) for Baui~- Flow ~ -

The correlation between measured and calculat d axial ve lc -cl tv profiles 1s

very good using only the passage secondary vort icit y.

Additional comparisons between the f i n a l  f l o w  f i e l d  c a l c u la t i o n s

(Step 9) and experimental data obtained •~~ the rc-~ or cap are given in

Figures 70 , 71, and 72. Comparisons between measured and calc~:1~~ted

velocity profiles for Basic Flows g0. 2 , 3 , ar.d 4 arc shown in Figures ?C ,

71, and 72 , respec tively. In all of th ,~ .? f i~~•res , an axial velocity

variation due to secondary axial ‘.-c rticity ~ is : - o r  i n c l u d e d .

5.2 Calculation of Secondary Vorticitv and Vort ex Parameters

5.2.1 Secondary Vorticity for Basic Flow No . 1. In the schematic

for the calculation of the final flow field shown in Figure 50, the ~ecLn- -

dary flow calculation is shown in Step 7. This calculation not oni y adds

thi’ blade to blade flow effects due to secondary vort icity to the final

flow field but also gives the vortex parameters. The substeps of Step 7

are show-n in Figure 73.

For Step 7B, the vorticity was numerically calculated along a rein-

tive streamline (s’) using Equation (34) for the relative norma l c omp oncnt

of the absolute vor tici ty (w ,) and Equat ion (41) for the relative st:ren” —

wise component of the absolute vorticity (~~~, ) .  The flow parameter s

necessary for the vorticity calculation were defined along a relati •’

streamline from the flow field calcul-i ri -n in Step 6. In all , the

vorticit” for twenty—eight relative streamli~ -s was calculated for the

rotor. The initial vorticity components (-
~ ,, ~ , )  were calculat -d f r - .
s n

I
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STEP 7 SECONDARY FLOW CALCULATION

STEP 7A — 
CALCULATION OF FLOW FIELD THROUGH ROTOR
IN RELAT IVE COORDIN ATE SYSTEM

STEP 7B [~~~CULAT ION OF NORMAL (u~) AND STREAMW I SE
(es ) VORTICI TY ALONG RELATIVE STRE AMLINE

STEP 7C _______ 
CALCULATION OF BOUNDARY CONDITION
FOR SECONDARY STREAMFUNCT ION

STEP 7D— SOLUT ION FOR SECONDARY STREAMFUNCTION:
THE EFFECT OF u~ ON PRIMARY ROTOR OUTLET ANGLES

INTEGRATION OF EXIT VORT ICITY IN THE
STEP 7E— STREAMWISE DIRECTION TO OBTAIN

CIRCULATION (r) AND CORE PARAMETER (L c)

Figure 73. Outline of Secondary Flow Calculations
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the inlet velocity ~r;iiJient to t he rotor as shown in Figure 54. The

rotor inlet flow was axis metric and the ‘~elocitv wa~ nearly axial.

Therefo r e~ tl:e normal comOonent of absolute vorti i ~tv (o ) is th e gradient
• - n

of the meridional velocity profile. The norr i :tlized norma l cor ~p cn e n t  of

vorticitv (e ) is shown in Figure 6 for Basic F1o~ No . 1.

As shown in Equation ( 3 4 ) ,  the relative componen t of the normal

vorticity depends on the variation of relative veiocity (W) along a rel:~—

tive streamline , on the relative component of the absolute inlet normal

vortici ty (u ,) , and on the flow renver~ enee—-~ivergencc in the b i—norril

direc tion (a
b
f). The results for Basi Flew ‘~e. 1. arc given in Figure 7 4 .

The exit normal v or t ic i t y  (~~,) ~a not very different from the inlet

normal vorticity (~~~, ) .

The normal vorticity calculations were used in Fquation (41) for tu-

ca lcu la t ion  of the relative streanwise vorticity. Th e results for Basic

Flow No. 1 are given in Figure 75. The exit relative streamwise vortic it ’.-

is very d i f f e r e n t  f rom the  inlet  re la t ive  s t reamwise v or t i c l tv

The terms of Equation (41) are show-n in Figure 76. The first term is

simply the turning of a normal component of vorticity and is small wh en

compared to the other terms. The second term is also small and is the

curvature induced vorticity . The third term is large and is due to

rotation—induced vorticity. This result can be anticipated because the

rotor operates at a low flow coefficient and hence 2 , is large. The last

term is simply the stretching of the vortic itv by the flow and is large

because of the high stagger angles at which the rotor operates.

The s -condary passage vorticity is the difference between the i~1l e t

and outle t vorticities and is used in Step 7C and 7D for the c ilculatien
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of the deviation angle (~ -~~) due to seccndar’ flows . The vorticity

results are shown in Figure 77 for Basic Flow No. 1. The normal secondary

vorttcity (w ,—~~ ,) is very small and is neg lected. This result has been

2 1
shown by many secondary flow investigations. The streain~ ise secondary

vorticitv is large and positive. This positive vorticity causes an

overturning of the flow near the inner wall for this rotor. The vortici ty

is concentrated near the inner wall which correlates with the large devia-

tion angles calculated near the inner wall and the very small deviation

ang les calculated over the remainder of the b~~i~ e span .

The most interesting result from the calculation of the streanwise

vorticity is the shape of the exit vorticitv curve (-~~,) shown in Figure
2

75. There is a large amount of negative vorticity near the inner wall

and very little vorticity in the mid—radius region of the rotor.

5.2.2 Calculation of Vortex Parameters. The passage streariwise

vorcic ity (Step 7B) was calculated from Basic Flow Nos . 1, 2, 3, and 4.

The shapes of the curves (w ,) were all similar except that the region ci

2
negative vorticity near the inner wall was different in size and

magnitude.

This vorticity near the inner wall can coalesce in the blade passage

to form a vortex—type flow as shown by Reference L~~
_/

~ 
In this case ,

the vorticity downstream of the rotor will be nonaxisymmetric . However ,

the vorticity can also remain distributed in the passage to form down-

stream a vortex with axisymmetric vorticitv. In either case , there will

be a characteristic length (L) and circulation (F) associated with the

passage vorticity which controls the minimum pressure of the resulting

vortex system . The vorticity will still induce a tangential velocity

d i s t r i b u t i o n  s imilar  to tha t  measur -~ ~-a the r~ Lu r cap. However , large

~

• - - -—-

~

—• - - - -  -- -- -•- - -- -~- . — ~~~~~~~~~~~- - -~~ ••~~~ -- ~~~~---••- •-
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fluctuations in the tangential velocity waui~1 be expected if the vort icIt~’

remains nonaxisyuunetric .

As can be seen in Figure 75 , the streanwise vort icitv (c ,) near the

inner wall has a characteristic length (L) associated with it. This

length is defined as the difference between the radius where the vorticity

changes sign and the inner wall radius.

A measure of the circulation assocIa~ ed with this vorticity was found

by integrating the vorticity (Step 7E) from the Inner wall to the radius

where the vorticity changes sign. Tha equation is

R . c 
*

F = 2~r 
J ~S

’ cos s rdr , (7 0)

R. 2
1

*where rcosB is normal to the vorticity . The calculated circulation is
2

per blade passage.

The vortex parameters (Step 7E) for the four basic flow configura-

tions are given in Table 11. Also , the nondimensiona]. ratio (r/ L V ))

which is a measure of the minimum pressure coefficient of a Rankine vortex

is given. In addition , the planar momentum thickness of the mean velocity

profile entering the rotor is given as an indication of the velocity

deficit.

5.3 Correlation of Vortex Parameters with Cavitation Data

Becuase of the uncertainty of the final vortex structure at the end

of the rotor cap , an absolute calculation of C in this region would be
‘~TflIflvery difficult. However , the vorticity calculated in the blade passage

eventually organizes the low momentum fluid near the inner wall into the

final vortex structure. In addition , the vortex exists near the inner

_ _ _ _ _ _  _ _ _ _ _  
. • .
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wall where the pressure in this region is not only controlled by the

local vortex but also by the rotor velocity field outside of the Vortex.

The vort-icltv does , however , dominat e the flow field near the inner

wall when a rotor Is designed to be unloaded in thiC~ region . In this

case , changes in this vorticity will directly influence the resulting

minimum pressure of the vortex . Therefore , Equation (10) can be written

as

c
1
~min ~L V

= ~~~~c - ~~A I  , (71)

nun ——
B ~L V j

c~~~ B

where F and L are the characteristic vortex parameters of the passage

streamwise vorticitv. The letters A and B refer to flow states. Also ,

it is assumed that

R a L  , (7~~)C C

In order to relate the C of the vortex to the cavitation number ,
~min

several criteria must apply. First of all , the cavitation data must be

free of gas effects as discussed in Section 3.4.3. This is to insure

4 that

—c . (20)
d p .mm

Secondly, the minimum pressure in the final vortex structure must be

controlled by the streamwise vorticity associated with the vortex and not

by the pressure drop in the radial plane created by the primary flow

_ _ _ _ _ _ _
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outside of the vortex. Also , variations in inlet velocity gracient must

be small enough not to significantl y atfect the mean rotor loading . All

of these criteria seem very restrictive ; however , pt’rformance ul most

rotors operating within a velocity gradient meets these rc~quLrerneiit~

A correlation between calculated minimum pressure coeffici ents and

cavitation data can be made using Equation (71) gIven a reference point

and knowing the effect of Reynolds number on the passage vorticiC.y. A

reference point for Basic Flow No. 1 of a = 2.-i at a ve loc i ty  of l~ f t / c ’ � c

was chosen . The influence of Reynoldo 1h::’5cr on the passage v o r t i c i t — ~

(u ,) had to be solved .

As noted in Table 1, Basic Flow Nos . 14 , 15 , 16 , and 17 are S~~~ C~~3i

theoretical cases which were used in the calculation o~ Reynolds nu ’~bcr

effect s on the passage vorticity (u ,). For Basic Flow No. 14, the

2
calculation procedure given In Figure 50 was followed . A measured

velocity prof ile in the rotor plane without the rotor obtained at a

Reynolds number of 3 x l0~ was used in Step 2 of the calculation. For

Basic Flow No. 15, the calculation proc edure was aga in f ollowed , but us i :c

a measured velocity profile in the rotor plane without the rotor obtained

at a Reynolds number of 8.8 x iO~ in Step 2. The two velocity profiles

are shown in Figure 78.

• One point should be made of these additional calculations . The

normal componen t of absolute vorticity (u ) used in the vorticity calcula-

tions for Basic Flow Nos. 14 and 15 was obtained by taking the derivativi

of the theoretical inlet velocity profile from Step 6. As can be notc’d in

Figure 59 , the measured inlet velocity profile does not always agree with

the theoretical calculations. Therefore , Basic Flow No. 1 is diffirent

from Basic Flow No. 14 because the normal vorticity for Basic Flow No. 1

- —--—~~~~~- ---—- --
~~~~~~

- _ _J— --•
~
_

~~~
•- - -  - —~~ ---——- -— —- -- ---4— —- -~~~ ------ —•---- •—•~~~-—--———-—--—-•------•---- -



161

3 I I I 1

WITHOUT UPSTREAM STRUTS II
WITHOUT UPSTR EAM SCREEN 1/
WITHOUT ROTOR

2 - PROFILE FOR -

Re= 3~Q x  iü~

/1 PROFILE FOR
II Re = 8.8x 10 5

LLJ J -

z

o - 

/~ 0~6 0 8  1.0
VELOC ITY RATIO , V~/V ~

Figure 78. Axial Velocity Profiles for Different
Reynolds Numbers

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



r 

-_-- - - - --- - - - ---

~~~

- -

~~~~~~~~~~~~~

162

Wa:; ob ta ined  f r o m  a measured v e l o c i ty  profile in I runt of the rotor.

Both  basic flows used the same measured velocity profi 1~ in the rotor

p lane without the rotor for Step 2. Ihi r I s u l L i c c , v o r t e x  p a r c m et er s  01

F and L were slightl y different for Basic Flaw No. I as compared to

Basic Flow No. 14.

Basic Flow Nos. 16 and 17 were calculated in order to show tha t thc-

vor ticity calculation based on a theoretical ~~~
-;~ ity profile will not

influence the ratios of vor tex  parameters  ob ta ined  from Equ at ion  ( 7 1 ) .

Basic Flow No. 16 is similar to Basic Flow No. 2. Using the vortex

parameters in Equation (71), th e C rct~ a c~ Basic Flow No. 2 to :-~a~~~c

mm
Flow No. 1. was found to be within 2N of the C r a t i o  of Basic F1o~’ N a .

16 to Basic Flow No. 14. In all cases, the vortex parameters of and L

were smaller using the theoretic -i normal vcrticity (~ ) as compared to

using normal vorticitv (~ ) obtained from experimental data.

Now using Equation (71) with a reference point for Basic Flaw No. 1 ,

comparisons between cavitation data and a calculated C were made.
1’min

Some of the correlations are shown in Figures 79 , 80 , and 31.

Referr ing to Figure 79 , a correlation of Basic Flow No. 1, Basic Flow

No. 4 , and Reynolds number with cavitation data is given . For this cor-

rela t ion, the ratio of

C

~min
~15 

= 1.30 (73)

~TflIfly414

was used to calc u late a point of ~ = 3.64 for a velocity of 45 ft/sec . -‘

line was drawn between these two points for the correlation of data

obt ained for Basic Flow No. 1. The ratio of

_ _ _
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C
mm

4 
- -

= 1.62 (74)

~
min

#1

was used to calculate a point of a = 4.54 fer a velccity o~ 15 t/sec .

Again , the results from Equation (73) were used to extend the point

calculated at a ve loci ty  of 15 f t / s e c  to a voice Lv of 45 ft/sec . fe

resulting line was used to correlate the data obtait od for Basic Flow Na .

4. The vortex parameters obtained from the passage vorticity correlate

well with the cavitation data.

In a similar manner , the correlation shown in  Figure 80 was

by using the ratio of

Cp .
- mir..~1

= 0.90 . (75)

~
min j

~3

Equation (75) gives the effect of adding upstream screen. Again , the

correla tion between cavitation data and the calculated vortex parameters

is quite good .

A final correlation between calculated data and cavitation data is

sho~-m in Figure 81. This figure is a composite of the four basic flow

configurations. The calculated effect of struts , a screen , and off—de~ i n

flow coefficient was combined to give the calculated curves. Good agree-

ment was found except for the effect of off—design flow coefficient .

As can be seen in Figures 42 , 45, and 46, the c a v i t a t i o n  data s;iew~

a rapid change in cavitation nunber with velocity for off-desi gn flo~

- ~~~~~~~~~~~~ -- -.- — - ~~~ . - - -- 
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coefficien t. Secondary flow theory alone cannot account for this trend .

Theref ore , these trends must include some additional pr imary flow effects.

A comparison can be now made between the vortex parameters (F, R )

ob tained from flow measurements at the end of the rotor cap and the vortex

parameters calculated from the passage exit vorticity. As shown in Fi :~ure

30 , solid curves can be drawn through the tangential velocity distribution

(V s/ v )  outs ide of the viscous region and Inside the viscous region . The

intercept of these two solid curves is the approximate radius of the

vortex cone. The circulation associated with this core region is

F -R v , (76 )
c C

where V is the tangential velocity at the intercept of the two curves.

The resulting vortex parameters (F, R )  are given in Table 12.

Also shown in Table 12 are two sets of vortex parameters (F , L )

calculated from the exit passage vorticity . The first set given in

Column 2 is the parameters obtained from the -
, calculations which wer .

used in the correlation of cavitation data. T he second set giver in

Column 3 was obtained by integrating the axial passage vorticity given as

* *w = u , cos~~ + w , sIn 8 (77)
X S 2 2

over the characteristic length (L
c
) defined from the calculations.

A comparison shows a good correlation between the parameters estima-

ted from the data and the parameters calculated in Column 3. In par-

ticular , the axial circulation In the measured core region appears to be

the circulation obtained within the characteristic length ~L )  defined aL-

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the rotor exit plane . In addition , the core of the vortex measured at

the end of the cap is approximately one—half of the characteristic length

( L) .
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6. SW’~’fARY AND C0NC L US f ) N ~

Th e critical cavitation number of a vortex formed along the inner

wall of a rotor operating within a boundary Liver has been correlated

with the streamwise vorticity calculated in the blade passage . A method

has been outlined which can be used to calculate the passage streanwis.’

vorticity for a lightly loaded rotor having a 1ev hub—to—ti p ratio . The

method involves a solution to the secoLidary flow equations along a near

streamline in the rotor passage . The streamilues were estimated using

streamline curvature method to solve the equations of motion in the

direct turbomachinery problem.

An outline of the method used to calculate the flow f i e ld  incLudin~

the secondary flow calculations is gIven in Figure 50. The flow field

calculation (Step 6) using the streamline curvature method gives the data

necessary for the calculation of the secondary flows . In particular ,

these data include the inlet velocity profile , the outlet velocity

profile , and the streamline positions . The normal component of absolute

vorticity (w) is calculated from the inlet velocity profile using

Equation (16). These data are in an absolute coordinate system .

The secondary flow calculations are outlined in more detail in

Figure 73. A summary of the equations used in the secondary flow calcu-

lations is as follows :

(1) The initial flow field data are changed into a rotating

coord inate system. Now , the relative velocity (W) and

— -

~

-- - -~ ._
_ _ _
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the streamline angle relative to the axial direction (~~)

arc known at any position along the relative streamline.

(2) A~. shown in Figure 54, the initial relativ componenta

of absolute vorticity (w ,, a ,) are calculated. In
‘

1 1
add it ion , the relative components of the absolute rota-

tion 
~~~ ~~~~~~~~ ~~~~ 

are calculated along the relative

streamlines , the radius of curvature of the relative

streamline (R*) is calculated along the relative stream—

— lines using Equation (43), and the relative bi—normal

component of absolute vorticity 
~~~~ 

is calcula ted along

a relative streamline using Equation (44).

(3) The relative normal component of absolute vorticity

is calc ulated along each relat ive s treamline using

Equation (37)

(4) The relative streamwise component of absolute vorticity

is calculated along each relative streamline using

Equation (41). The secondary vorticity at the rotor

exit plane for each streamline is a ,.
S S

2 1

(5) The boundary conditions for the secondary stream function

defined by Equation (55) are calculated . First , the

secondary velocity perturbation in the axial direction

(w) is calculated using Equations (47) and (48).

Secondl y, the right—hand side of Equation (55) is

calculated .

.

a

-- - - _ _  _ _
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(6) A series solution for the secondary stream function i3

obtained for Equation (59) dfter the c,ilculation of

‘
~‘0

(z) giv en by Equation (60)

(7) The secondary velocity perturb .ic [C C C  n the ta(Cgent

dir ection (v) is calculated using Equation (49) and

Equation (63).

(8) The deviation angle due. to the secondary vorticit”

is calculated using Equation (65).

The results of the secondary flew calculations showed that the exit

streamwise component of vorticity (a ,) for the rotor depended upon

rotation induced secondary vorticitv . In addition , tie direction of t~ -

passage secondary vorticity (a ,—w ,) was opposite to that of the exit

2 1
streamwlse vorticity (a ,). The passage second ary vorticitv for the r et r r

caused an overturning of the flow near tii~ inner wail

Extensive experimental data were obtained not onl y to ver i f y the

calculation procedure but also to help in the analysis of the flow field .

Some conclusions can be made from the experimental data about the flow

field near the rotor and the vortex structure .

For the flow f ield, these are:

(1) As the inlet velocity profile near the inner wall was

increased , the cavitation number also increased.

(2) The momentum thickness of the Inlet velocity profile does

not direc tly correlate with the core size of the vortex .

(3) Changes of less than l2~ in inlet velocity profile near

the inner wall caused changes as much as 61% in cavita—

tb :  number of the vortex.

~
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(~~~
) Tangent ia l  ve loc i t y  mea surements  a t  the rotor cap show a

vortex within a constant tangential velocity field due

to the rotor.

The conclusions related to the vortex structure are:

(1) The maximum tangential velocity measured at t~a- vcrte~:

core radius does not correlate with critical cavitation

data of the vortex assuming that all of the vorcicity is

concentrated in the vortex core.

(2) The minimum pressure of the vortex s’istem does not occer

on the surface of the rotor cap above a critical Reynolds

number .

(3) Changes of inlet velocity profile of less than l2~ cause

the vortex core radius to change by as much as 42%.

(4) The vortex core size was found to be inversely propor-

tional to the cavitation number of the vortex .

Addi tional conclusions can be made about secondary flow generated

vortex cavitation from comparisons of flow field calculations with flow

field measurements. These are:

(1) The vortex parameters obtained from the calculated exit

streamwise vorticity profile do correlate well with

critical cavitation data.

(2) Even though the theory was inviscid , the correlations

between the calculated final flow field and measurements

are qui te good , including those obtained at the rotor

cap .

(3) The critical cavitation number of the vortex increased

with the addition of upstream struts , w it h increas ing
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— Reyno ld s  number , and w i t h  a lU2 ~ r e d u ct i o n  in coefficient

below the design value .

(4 ) The c r~ tical cavitation number of t h e vo-rex. decreased

with the addition of a screen and with a 10~: jncr~~ se in

flow coefficient above the design v.~1ue.

(5) The effects of Reynolds number , ‘;t ruts , scr eens , and

off—design flow coefficients can be ~c~a~ ined to success-

full y correlate cavitation data for any basic flow

considered .

(6) The secondary flow theory wit :A i~ s ca:iy assumptions gives

a good prediction of the tangential ve1~~city profile near

the inner wall.

No single calculation or single piece of experimental data can

exp lain the vo r t ex  st r u ct ur a . However , c o l l e c t i v e l y ,  a model of the vc r—

tex system becomes apparent above a critical Reynolds number. The f:ct

that the calculated passage vorticity and its characteristic length s cat -

correla tes the cavitat ion da ta and that the meas ured vor tex core radius

and maximum tangential velocity do not correlate the cavitation dais

indicates that the net circulation of the vortex is not within the vort~~:-:

cor e. Thus , the complicated flow around the rotor cap appears to be like

that cf several small vortices inside of larger single vortex where

viscous effects do not dominate the flow near the inner wall of the rotor.

Each one of the smaller vortftes is formed within each blade passage .

This flow picture explains the vortex shown in Figure 1..

This investigation of secondary flow generated cavitation is ofl~ v a

beginning. More experimental data are needed of the secondary f1c.~’ ti eld

in th e rotor passage to establish the notion predicted by the Lheoret! c .ii

.~~~~ -- —. -- -
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development .  In addition , the vo r t i cit y  r o l l — u p  phenomenon must be

invest igated in order to predict the t rue  vor tex core size before  an

absolute calculation of C can be made.  F u t u re  p lans are to I n c o r —
~m I n

porate  the secondary f low theory in to  the  des ign  of a ro tor  in order  to

obtain a vortex of specified crit ical cavi ta t ion index.

_ _ _ _ _ _ _ _  _ _  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPENDIX A: ANALYS IS OF EX PERIM ENTAL ERROR

In the experimental part of this vortex study, many diflerent

Instruments were used . The following is a summary of the measurements

that were made and the instruments that were used:

48-Inch Wind Tunnel

(1) Rotor Inlet velocity profiles were calculated from pressure

data obtained from separate total and static pressure

probes.

(2) Static pressure taps on the surf ace were used to calculate

the pressure distribution on the stationary surface up-

stream of the rotor plane.

48—Inch Water Tunnel

(1) Rotor outlet velocity profiles were calculated from data

obtained with a 5—hole prism probe.

(2) StatIc pressure taps on bo th the stat ionary surface and

rotating core were used to calculate the surface pressure

distribution.

(3) Desinent cavitation numbers for the vortex were calculated

from pressures obtained from a pitot—static probe located

in the free—stream.

(4) Velocity profiles were calculated at the end of the rotor

cap prom frequency data of a LDA .

(5) Several rotor Inlet and outlet velocity profiles were

calculated from LDA data.

The determination of accuracy is difficult when , as in most cases ,

only one instrument was used with a limited number of samples. However,
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the rotor outlet tangential velocit:i profi les for several cases were

measured wi th  a 5—hole prism probe and the LDA. These two in s t r u nwn t s

were used during different water tunnel test programs . The results show

an experimental accuracy of 3% of the reading.

The 5—hole prism probe used in this stud y was calibrated in an o; en

jet wind tunnel in an effort to reduce errors. Details of the calibration

procedure are given in Reference L 32J . Treaster and Yocum /58 / con-

ducted a detailed statistical analysis of their data based on a typ ical

probab ility curve which indicated that the 50% error of the mean was less

than 1% of the maximum value of each probe coefficient.

The inlet velocity profiles were important in the calculation pro-

cedure of the seco ndary flows and therefore a large number of data point

were obtained. The profiles were calculated from total pressure tubes

and static pressure probes positioned in front of the rotor. In all ,

three total pressure rakes and one static pr (~.sure rake were used. ~~ l i w

rakes were rota ted , pressures were recorded at 2
0 

increments for a total

of 3600. The static pressure distribution through the boundary layer was

established by matching the static pressure probe data to the static

pressure measurements on the surface. Each inlet velocity data point was

an average of 180 points. The accuracy of the measurements is deiermined

by the accuracy of the United Sensor static pressure probe which is 1% of

the reading.

Desinent cavitation numbers for the vortex were calculated from

pressures obtained from a pitot—sl atic probe. The prc~he was manufactured

by United Sensor and the accuracy was 1% of the reading . Uow1 vcr , there

is always data scatter for cavitation data because a desinent cavitation
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point is visually determined and Is influenced by fluid proper ty

variations. The maximum scatter of the cavitation data is 10% of mean

value.

1

_ _ _ _ _ _ _ _ _ _  ~, ITj
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