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Nomenclature

a angle between a streamline and a reference line

dummy variable of in tegra tion in i~ direc t ion

r~ ordina te parallel to reference line

k streamline curvature (radius of curvature Rk) 1

n ordina te normal to a streamline

P s ta t ic  pressure

angle between streamline and axis of rotation

2 2 1/2
Vm meridional velocity (u + v )

p f l uid density

r ordina te along a radial l ine

s ordinate parallel to a streamline

U rotor rotational velocity

u velocity parallel to axis of rotation

v velocity normal to axis of ro ta t ion

R radius

V0 tangential velocity

V~ total velocity at reference conditions

X ordinate parallel to axis of rotation

Y ordina te normal to axis of rotation

coordina te loca tion on Ti axis

Subs c rip~~

x deno tes partial differentiation W.N.T. X

y denotes partia l differentiation W .R.T. Y

I denotes inner  boundary

o denotes outot i ’ u h I ’ I I l  I V

-~~~~~~~~~~~~~~~~~~~~~~~
.-- _ -~~~~~~~~~~-~~~~~~~ - -~~~~~~~~~~~~~~~
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denotes a f u n c t i o n  of r~

denotes a property of a particular streamline corresponding to
a value of ~ on fl

1 blade row inle t

2 blade row ex it

~
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l nt r o d t t c  t ion

The S t r e a m l i n e  Curva tu re  M cthod (SC~~) has been developed over many
years to solve va r ious  classes of axisynmc ’ t r i  c and q u a s i — t h r e e  d imensional

• turh omachino  th rough  f l o w  problems . T u e  method relies on the  ab i l i ty  to
de f ine  a c c u r a t e ly  t i m e  s t r eam l i n e s  on a m e r i d i o n a l  p lane and to determine
radial  and convect ive a c c e l e r a t i o n s  based on the i r  geome t ry .  In ti le past ,
the SCM has been succes s fu l ly app l i e d  to axial  flow pumps and compressor!
turbines , th is  being p e r f o rm e d  w i t h  t i m e  e q uat i o n s  w r i t t e n  in o r t i m c : g o na l  o~
intrinsic coordinate  sys tems .  Except  fo r  the cumbersome q u a s i — t h r e e  d i m e o : ; i o m t a l
analysis ( the  d i rec t  problem) , ap p r o x i mat i on s  are o f t e n  made which l imi t  t i m e
accuracy of the anal ysis , p a r t i c u l a r ly w i t h  regard to t ime  b l a d e  rows . Blade
Tows arc usual ly  t r ea ted  as t h i c k  a c t u a t o r  disks w i t h  chordw ise  load ing ,
blockage , and rad ia l  bod y forces  ignored .

Computa t iona lly ,  many of these program s are i n e f f i c i e n t  and l imited
in the types  of cases they can h a n d l e .  T h i s  paper  d o c u m e n t s  a computer
analysis which addresses the problem s d e s c r i b e d .  The program is capable
of modeling axial , mixed and r ad ial  f l o w s  w i t h  mu l t i p le  blade rows and
can sol ve an approx imate l y d i r e c t  as well as the i n d i r e c t  probicia .  Blade
to blade e f f e c t s  are i nco rpo rat e d  as a c i r c umfer e n t ia l l y averaged rad ia l
body for ce .  P a r t i c u l a r  a t t en t : ion  to s t a b i li t y  of convergence i-eihes t h i s
analysis sui table  for  problem s which arc usual ly very  d i f f i c u l t to solve.

In order to improve tile u sefu lness  of tile SCM , equa t ions  were w r i t t e n
such tha t  r e fc rcn rc  s tat ions  I t a y  take an a r b i t r a ry  p a L l :  i i m r o u g h  the  j a c h i m m e .
This allows the comp lete  n i o d e l i r m g  of tile leading and t r a i l i n g  edges of t i l e
blade row;; . The op t ion  of i nt r ab l ade  compu t ing  s t a t i o n s  models  t he  blade
loading and blockage d i s t r i b u t i o n, and r a d i a l  bod y fo rces .  The USC of
spec ia lized  curve f i t t i n g  r o u t i n e s  al lows rad ia l  as wel l  as ln )x cdI f low
and ay i a l  flows to be anal y z e d .  Time s t a b i l i t y  of the program allo’ ’s v e ry
high s ta t i o n  aspect r a t i o s  to be used. Pseudo— st reaa lj n es  and t h e  a b i l i ty
to d e fin e  s t r e a m lin e  loca t ions  i U p r o v e s  the  accuracy and speed of the  pro~~r a:u
and allows concen t ra t ion  of da ta  in reg ions of i n t e r e s t .

To da t e , the program has been used to  analyze  axial  f low and r a d i a l
flow pu alo :  and has p e r f o rm e d  t i m e  d i rec t  ana lys i s  of an open p rope l l e r  in
an i n f i n i t e  mediun , a l l  w i t h  good success.  Examples  of these cases w i l ]
be p r e s e nt e d  in t h i s  1-oport . D o c u m en t at i o n  of tile a c tua l  p rogr am w i l l
appear imi a la ter  r epo r t .

Developmen t of t he  I~~u a t i o n s  of  M o t i o n

In tim e axisyi:i- . ’iric inviac ~d an a ly s i s , Euler ’s m omentum e q u a t i o n  [s
recast into a r adi~~i c q u i l : i b m - i i r ;  e q u a t i o n .  C o n s e r v a t i o n  of mas s, total
c u e  op t i m i d angul ar no: :cim t i l i  en:- 1 etc t i t C  analys  i s . ‘i l i e  equa t i n t :- :  r 0 -
be so lved  by site et s;;jvo appro .: h u n t  i o n s , w t h  OCCC ;IU ; 1i \ ’  d at a  and :1eeiv; :t ~~v e ;
t ak en  f r o m  t i m e  i t e r a t i v e l y approx i m :m a t e d  v , ’l o c l  t v  I i c - i d  and st r c ;t : :  l i n e
geome t ry .

L et  x and v bc ’ r r i - t : : n ~~t m l ; . i  c c )  r.~ I n a t ’ ;  i i ,  fl 1 : 1  i : i i C t l l , l l  p 1 ; :  an
j 1 l t : t m ~~t , ~~ n l ’ i y t i  1. J u i ~ - m ’ ; ;  ( t 1 1 : . - L ,: l - -. h i m  t i . , - : : :  :- i ; l i ; L l m l ; t r  

t c s , 1cm a L::u - d ;  . . ::- , i , : ; a ~ i i  ~~~~~~~~~~~~ ii:; a ’ t :  

~~~~~~~~ . .~~ -~~~~~~. ,  -~~~~
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I ~hP
~lx 2~y p~~ y

(1)

• 
~u ~u 1 ~

p
U -— + V •-—- - —

p~~x

Fi gures (1) and (2) r epre semlt  the  meridional  p lane of the solut ion S
and geotietric quan t i ti e s  used in the fo l low ing equations are showi m on
these f i gur e s .

The pressure g r a d i e n t  between points a and b , Figure  2 , is represen ted
by:

~~ k d sI+~~~dnI  
. (2)

To ti m e pressure grad ien t  al .ong ri re quires the p a r t i a l  deriva-
tives e determined .

1 e -  ;- Lr camwise d i r e c t i o n  one has

- (3 )

Combining (1) and (3) we have -

— -
~~

-
~~~~

-
~~~~~= [u + v }  sin~~ + ~~~~~~~~~ cos ~ . (4)

Note t ha t

v V  sin~~Ta
and (5)

u Vm con

The f o ll  owl np do rivat I ye:-; ni-c de term ned by t i ;c c ha i n  ru 1 ~‘:

- -

~

- - .- -— — - - - -- -

~ -
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= V~ cos 
~ 

+ s iii q

= ~~~ ~~~~~~~~ 

~ ~x 
+ COS 

~
(6)

V cos ~
) + sin

~~~~
= _ V

m
Sff l

~~~~~ y
+ COS

~~
) V ni y 

. 

. .

The quant i t i es  determined in (5) and (6)  arc subs t i tu t ed  into
Equatiorm (4)  and a f t e r  r e d uc t i o n  the  r e su l t  is:

— -~~ = V COS ~ V~1 + V sin ~ V~1 . (7)

Equation (7) reduces to

I -
~~~

-- _.-~~
m
. (8)p~~s m

which is  seen to be tile d i ff e r e n t i a l  form of t he  s tead y Bernou l l i ’s
e q u a t i o n  f o r  an incompress ib le  f low.

Ti m e st r e am wis e  normal  component  of Eq uat i o n  (2)  is developed in a
similar manner  by no t ing  tha t

~P ~iP 211’
= 7~~ cos q) — 

~~~~ Sin q) , (9)

and

— p-’-- [u ~~~~~ + v ~~ cos ~ 
— 

~u + v -
~
-
~~ ] 

sin ~ . (10)
p 21n 21x dy cx dy

A f t e r  comb ining (5) , (6)  and (10) , we obt a in  t i m e  f o i l  Os- I up  r e : ,u l  t.

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ ~~~~~~~~j-~~~ ~~~~~~- - - --~~~~~~~~ --~~~~-~~~~~. - - - - ~~~~---~~~ . -- -~~~~ - -
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— ~~ ~~~~ = v 2 con ~ + v 2 
s i m m  C’) 

q~ (11)
p 2111 11) X f T y

which is e q u i va l e n t  to

_ i~~~~ = V 2{;~~~
)
>: +~~~~~~

} 

. (1-2)

The quan t i t y  in the hr a ch c -t s  in (12) i s  r e c o g n i ze d  to be e q u i v a l e n t  to
21q!~~s , t ime c u r v a t u r e  (k)  of t h e  st r o j :  - l .i no.

Finally , Equation (12) becomes

k v  2 (13)
p 2 1 n  am

Combin ing  E q u a t i o n S  (2) , (8) and (13) , we do t c r m - : i tie the  r ad i al  cqui  l i b;  I
eq uu l_ 10m m f or  no t ’ n;. i i h u g  f i  u~ to be

— 
3P 21s 

+ 
21P 21n

21~~~~~~2 1s 21ri 21n 21r i

and f i n a l l y ,

— I ~~~ = k V 2 sin o~ + V —
~~~ c o s  a . (14)

am am

Time pressure gradient dime to swirl is de te rmined  in a sir ;i ia  r r ; ;mme r  and
leads to the term ,

— ~~ ~~~~~ = 1 2 (15)
p d R  R 0
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where  t h e r e  ar e  no circumfc-ic-ntial d e r i v a t i v e s ,  i .e. , t ime  f low is an: t n .  ci to
be u n i f o r m  Iii t l i c  ci rc u in i~ :ent a a l  di r e uL i o n . Tim e c o m p u t a t ion a l  forum of the
r a d i a l  e q u i l i b r i u m  e q u a t i o n  is

— k V 2 sin a ± 4  v0
2 slfl( - + A )  + v ~~~ cos a . (16)

The three  t er m s  on the  r i g h t  hand side of E q uat i o n  ( 16) opresca t
t i m e  mer id ional  cu rva tu re , the  r adial  and the convec tive  a cce l e r at i ons
r e s pe ct i v e l y . l rmt egra t i on  of the equat ion  will y io ld  the static pressure
d i f f e r e n c e  be tween  any two points  in the  f low f i e l d .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

From Equa t ion  (16) , t h e  s t a t i c  p ressure  d i f f e r e n c e  r e la t i v e  to . on- c:
point , say , in the  f low , to another  poin t , 1 , a long  the r efe renc  l i n e
may he found . To sa t i s f y conserva t ion  of mass and energy acrcm ss  t1 .~
r e f e ren c e  line , an a b s o i t m i e  value of s t a ti c  p ressure  must  be found at t i .t

reference point , q 1. The fo l lowing  d i r e c t  s o l u t i o n  fo r  thi s value is an
improvement over o t h e r  procedures which ar e  i t e r a t i ve  in n a t u r e .

A continuity eqmmat ion may be wr i t t e n  f o r  every s t a t i o n  irm the p r ob i c a :

fl

p V (r i) r ( q )  sin(cc ri ) dm1 coilst . (17)

1l~

In words , the mass f low across a reference line regardless of i t s  p a th
between two stream ] i nes , is cons tan t , assuming an i in oupre ; s I b ] . e f l u i d  .
The energy equa t ion  may be w r i t t e n  for  a p a r t  i cu l a r  po in t , I~, on time
reference h u e  (along a streamline) as

{P~ + 4 P V 2 
- 4 P V

6
2 

- - 1[- ~~

- c- ~~~~ . (18)

The f i r s t  two term s on the  l e f t  hand si de  rc !pre sent the  t o t a l  en e r gy
(sta tic plus d v m s i n t i c )  a v a i l  :ii,l a t i e  p o in t  , The t ci rm a ~~~ con ia  I t in a] 1 h e ad
loss and rotc: r ( ‘flc ig’~’ c i ta mi : 5  ho tvec:n the  i-c cr ence  c o n d i t i o n  and t he
S ta t  l o m i  of i n t e r e s t .  The t hj r d  1 : - i .  is derived f t - i::; t i m e  ~~t t t t ; , t t ) ~~~ t ho: ;  n ; ngu i ; i r
mnon ; ci urn amid i L i t h e  r ot  a t  i o n  :11 k i ii I i t  c u r  pv . TI mc- qua n i  i t  ‘. 1 s
a;.t:ui- .~ d cO1i:-Lj i f l t  in t h e  ; mb , ~~ :~~~e of i a - -es o r ns- : ;i t  on; c h : ;mh n - s  d u e  to a
roN~m- or stat or . The stint of I h f o u r  i I ; and f i t  I i i  1 e m :  - .s i t ;  Lb ;  s t a t  j e

at  . ~lin ’  t €~~ ; t l i e  i a t  - ;~rn 1. 1 n Li ‘ ‘ m t  t I’: pro - - -  t i r e  d 11 c - i - - nc ’

I ru n E q u it  i n t i  ( i i )

—- - - - - ~~~ ---- - - __  _ _ _
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Equa tions  (17) and (18) mtmay be combined and i n teg r at e d :

Ti 0 1/2

J 
{P 

+ 4 p v~~~ - 4 p Vo~
2 

- - 

~
{_ 1 ~~Jd~

} 

r sin(a0) dii 
=

4 p V~1 r~~ Sin(a q ) d~ . (1~ )

Because-Pa is a constant , Equation (1.9) umay be rearranged to give

1’flj :
2

dr ~ = 

~: 
{
~ 

+ 4 4 p - {
~ 

~~~ fi}d~

} 

-

-
~ 4 p Vm 2} 

W 2d~ (20)

where,

W = r~ sin (a
n

) 
.

and f inally; -

Ii

= 

J { ~~~+4  ~ (V 2
V

2
: - P

_

Vm 2 J ( 1

_

Q
~J d ~f}

S4 2d 

. (21)

The static ;)rcssimrc: any~ .mere along a r e f e r e n c e  l i n e  is then : 

-- —.~~ - —_ .— —~--.----- —_ —. -~~~~~~~~~
.- - — — —-— - --—- — -. ---—----.----~~ —— . - - ———-‘ -,-=~-.- - - -
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= Pfl1 

~ 
{— 4 -~3-J dii . (22)

The velocity p ro f i l e  wimich s a t i s f i e s  angu lar  momentum , con t inu i ty  and
total  energy is given by rear ranging  (18):

1/2

Vm~ 
= ~ {p 

+ 4 p(V 2 
- v0~

2 ) - P~~. - 
f 

{- 4 ~~J 
d~

} 

. - (23)

The flow f ield is solved by marching  douns t ream to each s ta t ion in t u rn  and
in tegra t ing Equa t ion  (16) . The s t a t i c  pressure is then obtained fAo : Lqt m ; ’t i o r
( 2 2 ) .  The improved veloc i ty  prof i les  are genera ted  by Eq u a t i o n  (23) u n t i l
the changes in time p rof i l es  are small between two successive passes.

Com~ u tat iona l  Pro cc dure

Certain data are necessary to start the iterative computation cycle.
Data specif y ing the des ign , i.e., the geometry, blade loca ti on , loading
and thickness , and referenc e f lu id  cond itions are input . lni t ial  one—
dimensional approximat ions  of all the velocity profi] es and the st r en i - l inc
p a t t e r n  are made.  From the in it i a l  guess  for the  ve l o c ity  p r o f i l e s  and
streamline geometry, deriv atives nece ssary for the terms in Equat ion (16)
can be determined . This equation is in tegra ted  and the pressure  d i f fe r en c e
as a function of r~ is saved. T h i s  in fo rmat ion  is used to solve E q u a t i o n
(21) f or P1k. Once solved , Equa t ion  (23) is used to generate i.mprovcd
velocity p r o f i l e s .  The improved veloci ty p r o f i l e s  are in t eg ra ted  to g ive
the amas s f low as a f unction of n and by specif y i n g  percentages  of the  t o t - al
mass flow , new streamline locations are determined. This data is fed back
into the program and t i m e  cycle is repeated  un t i l  convergence is m e t .

All of the m a j o r  program var iables  such as s t reaml ine  location , r a d i u s
of curva ture a t every poin t , velocities and other derivatives are severlv
damped agains t  thei r  previous  values to prevent  i n s t a b i l i t ie s  from gro~- - i n g
during the computations . As a result of t h i s  t rea tment , problems w i t i m  t I m e
r a t io  of radial distance to axial spacing (station aspect ratio) tha t  al it

large can be so lved .  This  f ea t u r e  is impor tant  when prob lerat  such as
propel lers  in an a p p r o x i : n m t - l y i n f i n i te  m e d ium are to be analyzed .  The
computa t ional  a sp e c t s  of the  SCM anal y s i s  wi l l  he fu l ly r epor ted  in a l a t e r
document , along ~ i th a co mi mp let e  problem solut :ion .

— 
E f f e c t s  of R o t o r s  and . St a t o r s

In an i nvisc id  s o l u t i o n , t h e  e f fe c t  of a rot - or or u t  - i t m : r  i t ;  to r lm : t ; , ’c-
the angu ]  ar rnomc n turn of t im e f 1 ui d p ans  i n  t i m r o m i p li a h i  ad - a,:s’ and  in  t i to
casc- of a ro to r  t o  e b m ; m : 1 c h a  t o t a l  p 1- - a - t i r e , i b m ’  t o m e  (P 

- 
+ [ / b -  I’ ~

) i t
L 9 I I C t i o n  ( 2 1 ) .  In  i n :  c a - - - t i m e  t : ~ 1/ 2 ”  -

, 

co - t b ,- 1 .

-- -

~
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A rotor chaimg es  the t o t a l  iierm d i i i  p ropor t ion  to the change in angular
momen tum of the f l ui d passing through the rotor. The total pressure is
increased (or in the case of a tu rb ine , decreased)  in accordance wi th ti m e
equa t ion ,

= 4 p (U ~ V 0 2 
- U1 V01

) , ( 2 4 )

where V0 is positive in time direction of rotation.

Fr ic t iona l  and secon dary f low lo~~~es p lay an importan t role i.n deter-
mining the per formance  of any fluid imandling machine . Our a b i l i t y  to predict
these l- sses t heo re t i c a l l y  f o r  a gene ra l i zed  tu rbomach ine  in nonex i . st an t ,
theref ~ rc cor re lat iona l  da t a  must  i c  used i f  the  e f f e c t s  are to be included
in the ana lyn is .  To ob ta in  these  cP~ta , a mach ine  m u s t  he a n a l y z e d  for
inviscid flow . Compar ison wi th  e x p e r i m en t a l  r esu l t s  then ind icates  Li me
magni tude  and d i s t r i b u t i o n  of the losses encountered . These data can be
incorportated into the analysis as a distribut :ed total pressure loss and
the pu-ogram ‘tuned’ for a particular machine. It must then 1)0 assumed
that the losses are similar for other machines of time same general t y p e .
Da ta exist for a varie ty of pumpjet comi figurati am ;- ; arid have been used
successf ull y in predi ct ing the p e r f o r m a n c e  of new m ach i n e s .

Exam

In this section we presen t several examples of the uses of the Streamline
Curva ture Method as described in th is  r e p o r t .  The f irs t examp le .  is of a
counterrotating set of open propellers on a bod y of revolution. The outer
bo u ndary streaml ine is def ined by a potential flow around tile body shag-.- .
The e f f e c t  of t he  rotors  on th is  s t reaml ine  are small enough to be negle cted.

The p lo t t ed  s t reaml ines  fo r  th is  c o n f i g u r a t i o n  are simown in Fi gmi r m-s (3) and
(4) demonstrate t h e  more ; i gnificant results. First , there is a strea ;11r;e
con trac t ion throug h the  rotors as the flow is accelerated near the body.
The velocity profiles exhibit the  char ac tesi s t i . c bul ge or j e t  behind the
rotor and in th is  case t i m e  a ve rage  jet velocity is about 1.6 times the  f i  cc
s t ream v e l o c i t y .  The p lot  also d em o n s t r a t e s  the a b i l i t y  of the  p m o g r t ; m
to use curved reference stations and to solve prob lems  wit!1 h i g h  s t a t  i — n
aspect r at i o s  ( in th i s  case , A~=2 5)  . The anal ysi s  is able 10 deterrni mm c
ei timer the ti p r ad i us of I 1 m m. propeil c-rn for a 

~
‘, i \ e m ~ i-ni ct ;  f l  (1W rate , or

g i v e n  t h e  t i p  r ad i  us as h i m  the (1].recl solution , to determine t h e  mass f l ow
and powering r o q i m i  r e m - - e m i t s  fo r  t ime corm f i p m m u  a t  i o n .

The second examp le  is of a F r a n c i s— t y p e  I ur l inc .- wi iii t-~i sk i - I  i~a te;; a n d
a s i ; m m l a t c d  m u - I  \ O l i m t O .  i i l L s ; ’ :m r t i c u l . i r  p : u l - i r - t ;  m ! ; n r n t r : : t ; - :: t i m e  : ;b i  l i v
of t b -  ; m : : . : 1 ” ; ;j : ;  t e -  I- en - r ;g .  a s i~~l , ; - . d  i d  i y  . ; d i ; i l  f h m ; ~: .  A
S t m c -  : : - I  h o c  i - l o t  i S  pr- -: - m-mmi & d in  I ~~, m mr ; -

_ _ _ _ _ _ _ _ _ _ _
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Ti m e t h i rd  exnr p ie is time direct solution of time flow through an oi~en
p ropell e r .  In t h i s  case onl y the ang ular i ty d istr i b u t ion in time rotor
exit  p l a n e  is sp c - c i f i e c i , r a t her  than  thic usual tangential velocity distribution .
A tangential velocity distribution is it e r a t i v e ly d e t e r m i n e d  tha t  s a t i s fi e s
the an gu l a r i t y  while at the  5mm t ime all other equa tions of mo t ion are
s a t i s f i e d .  Figure  (6) shows t i m e  theore t ical veloci t- y p r o f i l e  obta ined  f rom
this procedure  and correspond-hug oxper i im ental  da ta  for  one typ ica l  case.

Sununary - 
- .

A method of th rough—flow anal ysis fo r  turhorn achinery  has been developed
which h a s  proven successful  for  a va r i e ty  of types , including ax ia l , r a d ia l
and mixed flow machin es . The eq ua tions of motion are solved by a d i f f eren t
approach than is commonl y used , in  t ha t  a d i f f e r e n t i a l  equa t ion  for  the
pres~ ure g rad ien t  r a t i m e r  than  the ve loc i ty  g rad ien t  is used.  A d d i t i o n a l l y ,
the energy and continuity equations are satisfied by a direct integration
rather than by i t e ra t ive  appr o :daat ions .

Re f inemen t s  to the  numerica l  method r em it more accu ra t e  model ing of
the s t reaml ines , a l l o w i n g  mixed and r ad i a l  f lows to be ana lyzed .  Nim i t lp lc-
blade rows wi t h  in t r ab l a d e  c oi- tg1m t : i. n~ s t a t i o ns  al lows m o d e l i n g  of t i m e  b J ;md ~-
spanwise and chord~~iae loading d i st r ib u t i o m ; s  and the  b la d e  t h i c k ne s s
d i s t r i b u t i o n. Se lec t ion  of s t r e a m lin e  l o c a tio n  and dens i ty  i i : g r O V m t s  accui  a sy
in regions of i n tere s t .

P a r t i c u l a r  a t t e n ti o n  to t ime s t a b i l i t y  of t ime n um e r i c a l  p rocedure  n i l e - -a-
very h igh  s t a t i o n  aspect rat ios  to be used and allows problems ;,u ii as
propel lers  in an unb ounded medium to be ana l yzed , as ~ceil as the  st :andard
in ternal  flow probi emns.

Frict ion losses and secondary flow e f f e c ts  may be included in an
emp irical fashion when a p a r t i c u l a r  m a c h i n e  type is p resc r ibed .

_ __ _ _ _   
_
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