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ABSTRACT 

A procedure i s  presented for t h e  aerod.ynamic and thermodynamic design 

of c e n t r i f u g a l  compressors. Design equations a r e  der ived from bas i c  laws 

of thermodynamics and f l u i d  flow where possible .  The experimental  da t a  

and much of t h e  mathematical t reatment  comes from t h e  ex-tensive l i t e r a t u r e  

on c e n t r i f u g a l  compressors. An attempt has been made t o  assemble t h e  b i t s  

of information which were availa.ble i n t o  a l o g i c a l  design method. The 

ava i l ab le  information has been supplemented with mathematical developmerxts 

and explanat ions which seemed necessary t o  complete t h e  genera l  view of 

centr i fugal-  compressor design. O f  p a r t i c u l a r  i n t e r e s t  is t h e  der iva t ion ,  

using t h e  work of S t m i t z  and E l l i s  (NACA Report 954)  a s  a s t a r t i n g  point ,  

of equations which provide f o r  es t imat ing  the  ve loc i ty  d i s t r i b u t i o n  on the  

lead ing  edge of an impel ler  vane. Also includ-ed i s  an exa.rnple of an aero- 

dynamic-thermodynamic d.es ign of an impel ler  and. 8 volu.te-conical d i f f u s e r  

combination. A l l  t h e  necessary s t e p s  a r e  demonstrated, beginning with a 

set of bas i c  compressor requirements and r e s u l t i n g  i n  a layout  of  t h e  i m -  

p e l l e r  and casing. 
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1. IWTRODUCTIOI\J 

F 

A procedxre has beec developed f o r  aerodynamic-thermodynamic design 

of ceri-tr ifugal compressors based on recent  advances i n  f l u i d  flow and aero- 

dynamic technology. Only those  p a r t s  of a compressor t h a t  guide or add 

energy t o  t h e  working f l u i d  a r e  discussed. Only a sho r t  d i scuss ion  of 

t r a n s i e n t  operat ions i s  presented t o  introduce problems of surge and system 

response of which t h e  designer  should be aware. 

The procedures out l ined  a r e  intended t o  be su f f i c i en - t ly  genera l  t o  

hold f o r  most gases at a wide range of s p e c i f i c  speeds. The equations 

presented a r e  appl icable  t o  compressible f l u i d s  i n  t h e  sense t h a t  they  

devia te  from an i d e a l  gas and. t h a t  they  can support  L i t t l e  shear.  No ac- 

count i s  taken i n  t h e  ana lys i s  of Mach number e f f e c t s ,  s ince  most coin- 

pressors  operate  i n  flow regimes where Mach number e f f e c t s  a r e  unimportant 

( i n l e t  Mach number less than  0.8). 

methods discussed could be used f o r  t h e  d.esign of cen t r l fuga l  pumps. 

With some modifications,  however, t h e  

S tep  by s t e p  procedures a r e  given for t h e  design of an impelller and 

volute .  Also included i s  a design t h a t  i s  intended t o  i l l u s t r a t e  t h e  use 

of t h e  methods presented. An e f f o r t  has been made t o  u t i l i z e  t h e  research 

of a g rea t  many inves t iga to r s  t o  provide a sound b a s i s  f o r  t h e  ideas  pre-  

sented. 
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2. W E L L E R  DESIGN 

Norrmal.1.y when an impel ler  f o r  a cent r i fuga l  compressor i s  t o  be de- 

signed, some o r  all of  t h e  followi.ng condi t ions are known: (1.) type of 

gas,  ( 2 )  i n l e t  tempera-Lure and pressure,  (3)  flow r a t e  ( e i t h e r  mass o r  

volume rr,te), ( 4 )  pressure r ise  o r  head, and (5 )  impelUer ro t ab iona l  speed. 

The prohl.em then  i s  t o  design a wheel- t h a t  w i l l  produce t h e  required. p res -  

su re  r i s e  and flow r a t e  ai; t h e  given speed and with t h e  spec i f i ed  condi t ions 

a t  t h e  inl-e.L. A matiiernati.ca3. ana lys i s  must f i r s t  be made t o  deLerinine t h e  

var ious dimensions of t h e  impeller.  With t h e s e  dimensions a Ihyout i s  made, 

and t h e  necessary modif icat ions are made -Lo f a c i l i t a t e  machining and as- 

semb1.y of -the complete compressor. The s t eps  i n  t h e  design procedure a r e  

discussed below i n  the order  i n  which they  should be d~one. 

Impeller Analysis 

:lead. Corresnondinc t o  Pressure Rise 

The equation f o r  Lhe head corresponding t o  t h e  pressure  r i s e  must; be 

se l ec t ed  and appl ied carefu l ly ,  p a r t i c u l a r l y  when t h e  r a t i o  of t h e  vane 

e x i t  pressure t o  t h e  vane i.nl.et pressure (p2/p1.) i s  small, i . e . ,  s l i g h t l y  

g r e a t e r  than  one. The equation used here  i s  der ived from t h e  f i r s t  law of 

thermodynamics. 

For s-Leady f l o w  p2r u m i t  of mass flowing, t h e  f i r s t  l a w  can be wri-ttea 

as  follows: 

(1) Ag = Ah + AkE + AZ + AW . 

The gas i s  in t h e  compressor only a very sho r t  t i m e ,  and the re fo re  t h e  com- 

press ion  can be considered a d i a b a t k .  If it i s  assumed a l s o  t h a t  t h e  proc- 

e s s  i s  revevsible  and tha t  t h e r e  are no changes i n  po- ten t ia l  energy and no 

changes i n  k i n e t i c  energy, 



3 

r 

Assuming t h e  gas t o  be i d e a l  permits Eq. (3) to be w r i t t e n  as  a t o t a l  

d i f f e r e n t i a l ,  s ince  enthalpy is  a f lmct ion  only of temperature f o r  an 

i d e a l  gas: 

dh = C dT . 
P 

Assuming that C i s  a constant,  o r  using a mean value,  
P 

hz - h i  = Cp(T2 - Ti) . (4 

With t h e s e  assumptions, t h e  gas nust obey t h e  i d e a l  gas e q u a t i m  of ska te  

and also Lhe i sen t rop ic  process equations : 

and 

Then 

RT v = -  
P .  

I< 
pvk = plvl = constant.  

-Aw = JTlC (2 - 1) , 
T1 

(3) 

and 



Bu-t 

where H i s  the  head r ise  corresponding t o  tfle pi-essure r i se .  Then 

where 

H = head. rise, f t ,  

J = conversion f ac to r ,  f t * lb f /Htu ,  

TI. = inlet temperature, OR, 

C = s p e c i f i c  heat ,  Btu/lb ' O R ,  m 
gc = dimensional constant,  f t .  1b,/lbf. sec , 2 

P 

= local.. a cce l e ra t ion  of gravi ty ,  f t / s e c 2 ,  FL 
p1 = i n l e t  pressure,  p s i a ,  

p 2  = e x i t  pressure,  psia ,  

k = s p e c i f i c  hea t  r a t i o .  

The term g /P i.n most cases  i s  eqiral. t o  one. Tn a i r c r a f t ,  mi s s i l e s ,  
c "L 

o r  s a t e l l i t e s ,  where  acce le ra t ion  forces  a r e  Li.kely t o  change with pos i t i on  

o r  time or both, g i s  a l s o  likely t o  chsnge, Since g i s  a dimensional L C 

conskant, it never changes. For t h i s  reason, the r a t i o  i s  included i.n the 

genera l  equation. 

I n l e t  Spec i f  i c  Speed _-_._I. 

Spec i f i c  speed i s  a s i m i l a r i t y  parameter khat, can be d.erived with t h e  

a i d  of dimensional. ana lys i s  (21~) .* It; i.s one of t h e  f i r s t  paramebers whi-ch 
1___ 

*?Timbers i n  parentheses r e f e r  t o  en ty i e s  i-n t h e  Bibliography. 
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i s  computed, s ince  it gives  a good ind ica t ion  of e f f i c i ency  and compressor 

geometry: 

vhere 

N = r o t a t i o n a l  speed, rpm, 

Q = flow r a t e ,  fpm, 

H = head, f t .  

I sen t rop ic  Work Rat e Required 

The i s en t rop ic  work r a t e  required i s  given by t h e  expression 

p = - - ,  mH bL 

550 gc 

where 

P = work r a t e ,  lip, 

m = mass flow r a t e ,  lb /sec,  

H = head, ft. 
m 

I n l e t  V e l  o c i. t y  Triangle  

The in l e - t  pipe diameter may or may not be known. 1 : Y  it i s  not known, 

it must be chosen. 

i s  considered good p rac t i ce  (10). - 
a reasonable i n l e t  veloci- ty  t r i a n g l e .  The i n l e t  ve loc i ty  should be chosen 

so t h a t  t h e  height  of t h e  impeller passages a r e  not too  small  o r  t o o  g rea t  

and the  i n l e t  Mach numbers a r e  not too Large (<O. 8 ) .  

In general ,  an i n l e t  v e l o c i t y  of between 7 5  and 200 fps 

Vel.ocit ies i n  th-is range normally give 

The irile-t pipe v e l o c i t y  i s  given by 
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where 
P1 

P l = = =  i n l e t  d-ensity, lbll]ft3, 

pl- := i n l e t  pressure,  ps ia ,  

TI = i n l e t  temperature, OR, 

R I= gas constank, ft. I.bY/lb; O R ,  

Z = compressibil.i.ty f a c t o r  ( s e e  Fig. 1). 

The impel ler  i n l e t  veloci-ty i s  given by 

v = XV 
0 ’  

where 

V impel ler  i n l e t  ve loc i ty ,  Pps, 

X = leakage factor r e s u l t i n g  from leakzge  from volu ie  back to  impel ler  
i n l e t  [ coriservatjve es t imate :  X = 1.03, i. e., 3% leakage (10)  - 1 .  

Speed of Vanes a t  Inlet 

It i s  des i r ab le  t o  make a c ross -sec t ion  sketch of t h e  t r a n s i t i o n  from 

pipe ’io bl-ede i n l e t  so  t h a t  a reasonable i n l e t  rad ius  can be chosen. The 

assumed i n l e t  rad-i.iis may have t o  be changed when t h e  layout  i s  made i f  t h e  

passage t u r n s  t o o  sharply,  s ince  l a r g e  lo s ses  could occur. ‘The tangen’ij.al. 

i n l e t  t i p  ve loc i ty  i s  gi-ven by 

where 

rl = vane i n l e t  radius ,  f t ,  

(*i = angular vel.ocity, i-ad/sec. 

The i n l e t  r e l a t i v e  v e l o c i t y  i s  i.l.l.ustrated i n  Fig. 2, I n  which 

and 
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where 

v1 = i n l e t  r e l a t i v e  velocity, fps ,  

s1 = i n l e t  blade angle: deg., 

Val.ue f o r  Ex i t  Blade Angle, p2 -I.-.̂.._ 

The exi~t; blade ans l e  i s  probably t h e  most i-mportarlt s i n g l e  va r i ab le  

i n  a ce rk r i fuga l  compressor. It determines t o  a large ex ten t  t h e  head r i s e  

through t h e  machine. This i s  i l l u s t r a t e d  i n  Fig. 3.  The e f f i c i ency  of a 

c e n t r i f u g a l  compressor a l s o  depends s t rongly  on t h e  e x i t  b1ad.e ang1.e. This 

i s  i l l u s t r a t e d  i n  Fi.g. 4.  'The bes t  e f f i c i ency  i s  usua l ly  obtained when t h e  

e x i t  angle i s  about 60". However, for a given diameter t h e  head r i s e  w i l l  

be a maximum foi- an e x i t  angle of 90". The change i n  t h e  blower charac- 

t e r i s t i c  curve must a l s o  be considered f o r  changes i n  e x i t  angle. A t y p i c a l  

head versus f l o w  curve is  shown i_n Fig. 5. 

Outside Di-meter of the Impeller ...__.I -- 
The approximate diarrieter versus  head equat ion i s  used t o  es t imate  t h e  

diameter required f o r  a given head r i s e .  L3y use 01 t h e  following equation, 

which i s  der ived l a t e r ,  

an3 t h e  law of cosines,  w i t h  t h e  r e l a t i o n s  shown i n  Fig. 6, 

v p  = u 2  2 I vi2 - 2u2v: cos 75 , 

v1" = u; + vf - 2u1v1 cos y1 , 

it can be seen t h a t  
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F i g ,  6.  Fl-uid Velocity Triangle  e 

But 

and 

t h e n  

Assuming t h a t  flow i s  fully r a d i a l  a-l; vane inlet 

= o  , 
vUl 



1.3 

Then 

Assuming t h a t  vi i s  r a d i a l  

V h 2  = u2 . 
T'nen 

Let 

H = H $  I . 

Then 

But  

D2 
U z = - - w .  

2 

Theref ore  

( 29) 

which, upon rearrangement, gives  t h e  t i p  diameter:  



where 

w = angular vel.ocity, rad/sec,  

h = head, flt, 

j~ I= head. coe f f i c i en t ,  dimension1.ess: 

= acce le ra t ion  due t o  g rav i ty  = 32.2 f t / s e c 2 .  

Equation (34) involves only t h e  angular speed-, bead r i s e ,  and experi.- 

mental. head coe f f i c i en t .  Thus, t h e  outs ide  diameter of an i r p e l l e r  can be 

estima-Led before  the  ve loc i ty  t r i a n g l e s  a r e  known. If such an equation 

were not availahl-e, t h e  sol-ution f o r  the e x i t  diarileter would involve a ti-i.al 

and e r r o r  s o l u t i o n  'ha- t  would be Lime-consuming ;it bes t .  

gL 

The head c o e f f i - c k n t  can be ec-timated from Fig. 3. It should be em- 

phasized, however, t h a t  Eq. (34) i s  used merely t o  estimat,e the outs ide  

diameker. A detai.l.ed ana lys i s  of t h e  flow throueh t h e  impel ler  w i l . 1  be 

made i n  succeedin.g s e c t  ions.  T h i s  ana lys i s  w i l l  show whether t h e  estimated 

diameter i s  sdeipate .  

Number of Blades Needed. 

It i s  f a r  be-L'ier t o  have t o o  -many blades than  t o  have t o o  few (34). - 

T f  t h e r e  a r e  not  enough blades,  l a rge  lo s ses  occur because of poor guidance 

of the fl-uid. I€ t h e r e  are t o o  many blzdes, f r i c b i o n  losses increase  

s l i g h t l y .  P f l e i d e r e r  (23)  - gives Eq. (35), v-liich i s  a convenient w a y  t o  

compute t h e  number of vanes required:  

where 

L 

z = nurn'oer of blades,  

D2 = outs ide  diameter, 
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D1 = i n s ide  diameter, 

el = i n l e t  vane angle, 

p2 = o u t l e t  vane angle.  

Normally a machine w i l l  have from 10 to 30 blades,  depending on i t s  

s i z e .  I n  some designs,  it is  advisable  t o  use secondary vanes, which a r e  

sometimes c a l l e d  s p l i t t e r  vanes, i n  add i t ion  t o  t h e  s tandard vanes. This 

subjec t  will be covered i n  the l a t t e r  p a r t  o f  t h i s  chapter ,  

S l i p  Between Flu id  and Impeller a t  Outlet  

Nichols, McPherson, and Bal j6  (21) - give  Eq. (36) with which t o  compute 

t h e  s l i p  between impel ler  and f l u i d :  

1 + 0.6 s i n  p2 
S = l +  J 

O.Tz(L - 0.28336) 

where 

S = s l i p  f a c t o r  = r a t i o  of t h e o r e t i c a l l y  poss ib le  per iphera l  component 

z = number of blades,  

p2 = e x i t  blade angle, 

of  absolu te  ve loc i ty  to a c t u a l  value, 

8 = r a t i o  of impel ler  eye diameter t o  outer  diameter. 

Out  l e t  Veloci ty  TT iangle  

The r a d i a l  component of t h e  e x i t  r e l a t i v e  v e l o c i t y  should be somewhat 

smaller  than  t h e  i n l e t  v e l o c i t y  (V,) so  t h a t  some pressure  r i s e  w i l l  occur 

due to t h i s  component. The impel ler  guides t h e  f l u i d  somewhat b e t t e r  than  

does t h e  co l l ec to r .  

v e l o c i t y  of t h e  impel ler :  

The followlng equat ion is  used t o  c a l c u l a t e  t h e  t i p  

U2 = r2w , 

where 1-2 i s  -the ou te r  rad ius  of t h e  impeller,  f t .  The t h e o r e t i c a l  e x i t  

r e l a t i v e  v e l o c i t y  i s  ind ica ted  i n  Fig. 7, where 
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F i g .  ‘7. Theore t ica l  Exit Velocity- Triangle. 

and 

The a c t u a l  flo?’.d absolu te  veloci. t ies a t  t h e  exit a r e  ind ica ted  by t h e  

pyimed l e t t e r s  i n  Fig. 8. 

Si~nce U 2  i s  known, Vu2 i s  e a s i l y  found. 

I n  the preceding sec t ion ,  U, - Vu2 was calculated-. 

Thus, 

vU2 
V h 2  = - , 

s 
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?------ 
I 

Fig .  8 .  Actual Ex i t  Veloci ty  Triangle .  

and 

3 3 2  

v: 
y :  = a r c s i n  - . ( 4 3 )  

Check of Outer Diameter Calculat ion 

The i n l e t  and o u t l e t  ve loc i ty  t r i a -ng le s  ha.ve a t  t h i s  po in t  been com- 

p l e t e l y  described. The approximate outs ide  diameter was computed. from 

Eq. ( 3 4 ) ,  and now it i s  important t h a t  t h e  v e l o c i t y  -t;riangles be used t o  

check t h i s  diameter. I f  t h e  head produced i s  inadequate, a new diameter 

i s  assumed and t h e  e x i t  v e l o c i t y  t r i a n g l e  i s  reca lcu la ted .  

This der iva t ion  is  extremely important i n  t h a t  it poin ts  out t h e  t h r e e  

components of press-ure r ise i n  a c e n t r i f u g a l  compressor. The bas i c  equation 

ri.s t h e  f i r s t  law of thermodynamics for steady flow. 

The f i rs t  law of thermodynamics ( s t eady  f low),  

i s  used t o  es'iabl-ish t h e  enerey b d a n c e .  Since t h e  f l u i d  i s  i n  the i m -  

p e l l e r  only a short time and there a r e  only s l i g h t  changes i n  e leva t ion ,  

5. t  is  reasonable t o  assume no t r a n s f e r  of' heat  and no change i n  p o t e n t i a l  

energy; t h a t  is, 
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AQ = 0, APE = 0 , 

t he re f  ore  

The pressure rise due t o  a chanze i n  kineti.c energy i.s 

where Apk i s  t h e  pressure r ise  due t o  Chane;f? i n  k i n e t i c  energy. 

sure  r i s e  due t o  change i n  enthalpy i s  

The pres-  

I n  some instances t h e  temperature r i s e  through t h e  compressor w i l l  be qu i t e  

smal.1.. The change i n  i n t e r n a l  energy should also be smaI.1.; t h a t  is, 

There is  o f t en  l i t t l e  change i n  dens i iy  during t h e  compression ( i f  t h e r e  is 

a s i g n i f j c a n t  change, a mean value should be used) : 

'Then 

The y e s s u r e  r ise  through t h e  cornpressor i s  du.e t o  t h e  centr i fugal .  f i e l d  

and a l s o  due t o  t h e  change j.n re1a"iive v e l o c i t y  through the vanes ( s e e  

Fig. 9 f o r  no ta t ion ) .  For cen-t;rifugal. r ise ,  t h e  mass i n  t h e  el-ement i s  
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. 
F-g. 9. Flu Element in Impeller. 

1 dm = r dB dr dZ p - , 
gc 

and the centrifugal- force on -the element ris 

(49) 
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where 

r 2  - - e x i t  radius ,  

rl I= entrance radius .  

The cent r i€ugal  force  on t h e  element must be balanced by r a d i a l  pressure 

on t h e  element: 

dF = P r de dZ - pr r de dZ , 
r r-bdr 

r dO d% - p- r dO dZ , 
'r+dr r 

and 

If p i s  assumed t o  be constant ,  f o r  c e n t r i f u g a l  r i s e  

where Ap i s  Lhe pressure r i s e  due t o  a c e n t r i f u g a l  f i e l d .  

For a r ise  du.e t o  a change iii r e l a t i v e  ve loc i ty ,  
c 

The tol;al. power absorbed by t h e  fluid i s  obtained by adding t h e  t h r e e  

components o f  power: 
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Equation (56) gives the  power input t o  t h e  f l u i d  i n  t h e  impeller.  

t r i f u g a l  impel lers  a r e  usua l ly  designed s o  t h a t  t he  f i r s t  and secoiid terms 

i n  Eq. (56) a r e  l a r g e r  thaii t he  t h i r d  term: 

Cen- 

This i d e a l  head r ise i s  then  mul t ip l ied  by an appropriate  over-all. hydraul ic  

e f f ic iency ,  which is  about 80% f o r  a s p e c i f i c  speed of 800. 

actual head rise which can be expected from the  machine: 

T h i s  i s  the  

H = l H  0 1  ' 

where 7 i s  t h e  o v e r - a l l  hydraulic e f f i c i ency .  
0 

Impeller Outlet S t a t i c  Pressure Head and Outlet  S t a t i c  Pressure 

The impeller e x i t  s t a t i c  pressure head i s  ca lcu la ted  with t h e  use of 

Eq. (59). It may be seen tinat Eq. (59) cons i s t s  of t h e  l a s t  t w o  ternis of 

Eq. (5tl) .  The fi.rst term i n  Eq. ( 5 7 )  i s  t h e  s t a t i c  head rFse i n  t h e  vol-ute: 

= - 1. (TJ2 - U: -t- v1 2 - v$2) . s 2g 2 
C 

The corresponding pressure r a t i o  i s  

(59) 

Hence 

c 
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Irnpe l l e  r Ex i.t Temperature 

The Lerflperature r ise  thrcough t h e  impeller may be ca lcu la ted  i n  any 

of several- ways. Two methods will be given below whri.ch are commonly used 

by compressor designers .  The impel ler  e x l t  temperatlure can be ca lcu la ted  

Crom i s en t rop ic  r e l a t ionsh ips  based on Fig. l o  and t h e  following equation: 

(k-1) ,/k 

'p2 r_ (62) 

The approximate f l u i d  temperaiure r i s e  can a l s o  be coinputed from t h e  

work of Keenan and Kaye (18). 

a s  wel l  as ihe impel ler  e x i t  pressure r a t i o .  Therefore, ihe following 

r e l a t i o n s h i p  can be used: 

The i n l e t  temperature and pressure  a r e  known, - 

where p* i s  t h e  re ference  pressure,  and 

UNCLASS I FIE0 
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Fig. 1.0- Compression Process. 
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Correspondi-ng t o  T1 and p1, t h e  quant i ty  P i s  found i n  Lhe Gas Tables 

(18) (use  t a b l e  with co r rec t  k val-ue) . 
ca lcu la ted  from Eq. (64) and, corresponding t o  P 

table (18). 

Ri 
The pressure r a t i o  P i s  then 

R 2 s  - 
T2 i s  read from the 

R2S' 

- 
The dens i ty  a t  t h e  impel ler  e x i t  i s  determined from 

where 

p 2  = impeller e x i t  densi ty ,  lbm/f t3 ,  

R = gas cons-tant, f t*1bf/ lbm."R,  

T2 = absolute  e x i t  temperature, O R ,  

Z = compress ib i l i ty  f ac to r ,  

according t o  the r e l a t i o n s  given i n  Fig. 1. 

Vane Height a t  I n l e t  and Outlet 

I n l e t .  Volume f l o w  through the bladed sec t ion  includes t h e  leakage 

shown i n  Fig. 11. The t o t a l  mass f l o w  through the  impeller i s  

where 

X = leakage f ac to r ,  

m = through flow mass, 

The f l o w  a rea  required is 

(67) 

Par t  of the i n l e t  c ross -sec t iona l  a rea  i s  unavai lable  f o r  flow because of 

t h e  vanes. The ava i l ab le  a rea  can be calcul.ated as follows: 
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..... 

i 
Fig .  11. Impel le r  Notation. 

where 

z 7 2  number of blades, 

tl = blade tlii.ckness at inl-et. 

Thcref ore  

Outlet. The required f l o w  area a t  the e x i t  from t h e  impeller i s  

The available a rea  i s  ca lcu la ted  froi-n t h e  f ollow-ing equation: 
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where t2  is  t h e  blade th ickness  a t  t h e  e x i t .  Therefore 

A2 
1.12 = 

Bt 2 

s i n  i;2 
'rrD2 - 

If s p l i t t e r  vanes a r e  added, h2 must be changed, s ince  t h e r e  will be more 

vanes a t  the e x i t  t h a t  tend t o  reduce t h e  flow area.  

Veloci ty  Di s t r ibu t ion  Along Driving Face of Vanes 

I n  this sec t ion  a method will be der ived t o  compute t h e  f l u i d  ve loc i ty  

a t  any p o i n t  on t h e  leading edge or an impeller vane. In some cases it is  

w i s e  t o  add a s e t  of secondary vanes t o  t h e  impel ler  when adverse ve loc i ty  

grad ien ts  a-re expected, t h a t  is, when the ve loc i ty  on dr iv ing  f ace  goes t o  

zero. 

f i c iency  drops. 

When the d r iv ing  face ve loc i ty  goes t o  zero, eddies appear and e f -  

The bas i c  equat ion is  given by S t a n i t z  and Ellis (29) - : 

where 

r = t i p  radius ,  
t 
T = absolu te  s t a t i c  temperature, 

T = absolu te  s tagnat ion  temperature, 
0 

k = s p e c i f i c  head r a t i o ,  

a 
art sin - 

U 2 

% ! = - - =  c cO 

? 

0 
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Co = s t agna t ion  speed of sound upstream of' impeller,  

w = angular  speed, 

Q = A ,  
cO 

q = ( u 2  + v2) ' I2  = ve loc i ty  of f l u i d  r e l a t i v e  t o  blades, 

u -- t a n g e n t i a l  component of q, 

v = r ad ia l  component of q, 

a = cone angle  ( s e e  Fig. 1 2 ) .  

By l i m i t i n g  t h e  arguinent t o  rad-ial-flow impel lers  only, t h e  following 

cquati.ons can be wr i i t en :  

a 
2 a = ~ - + s i n - = l  . 

UNCLASSIFIED 
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CAS1 NG ---, 

Fig.  12. Impel.ler Cone Angle. 
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Theref ore 

t ur %=r ’ 

t r wr 

r C  
T=--  Y 

t o  

- = ? I  

0 

or 

U 

Then 

k - 1  T 
- =  

0 
TO 2 

Replacing Q ’QY q / C  and factoring out I / C 2  then  gives 
0 0 

T k - 1  
-=I+- (u* - q2) . 
TO 0 

2c 

Solving foi- q, 

k - 1  

but  

(74) 

( 77) 



2% 

where 

p = s t a t i c  pressure,  

= s tagnat ion  pressure upstream of impel.ler. 
PO 

Theref ore 

and 

where 

pd = driving face  pressure at, any r a d i a l  I-ocation, 

a = f1iii.d r e l a t i v e  v e l o c i t y  on driving face  a t  any rad.ital. loca t ion .  -d 

Iiltroducing 

= average lJY'<%;SUlne i n  flow channel between two vanes a t  any r a d i a l  
1 o c a t  io n, 

(d r iv ing  Pace pressure minus t r a i l i n g  face  pressure) ,  

'a 

Ap = pressure d i f f e rence  across  f l o w  chaanel  a t  any r a d f a l  loca-t,ion 

then  gives  

- AP 
PCl - Pa + 

a. nd 

Subst i tut i -ng Eq. (83) i n t o  Eq. (81) gi-ves 

( 84) 
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I n  o lder  t o  use Eq. (%), it i s  necessaq-  t o  es t imate  p and Ap along 
a 

any rad ius  i n  t h e  impeller,  The Pollowing method is  approxiniate, but  it 

i s  f e l t  that f o r  t h e  problem being inves t iga ted  s u f f i c i e n t  accuracy i s  ob- 

ta ined .  If it i s  assumed t h a t  p varies i n  a l i n e a r  fashion w i t p i  r ad ius  

between p a t  t he  impeller i n l e t  and p a t  t h e  impeller ou t l e t ,  t h e  d.ata 

of Hamrick (14) show that t h e  assumption i s  v a l i d  at  maximum e f f i c i ency  

which i s ,  of course, t h e  design poin t .  Then 

a 

a a 

- 

where 

= average pressure i n  channel a t  i n l e t ,  

= average pressure i n  channel a t  o u t l e t ,  pa 2 
r1 = i n l e t  radius ,  

r2  = o u t l e t  radius.  

Pressure p and rad ius  r a r e  the  dependent and independent var iab les ,  

res pe e t  ive1.y. 
a 

From t h e  see-Lion on impeller design, i s en t rop ic  and actual- power in-  

pwt t o  t h e  f l u i d .  a r e  known. Thus, 

where 

P = a c t u a l  power input $0 f l u i d ,  

7 = torque on inpe l l e r ,  

w = irtipeI.l.er angular speed, 

and 

where F i s  t h e  r e s u l t a n t  equivalent  force ac t ing  on ri.uipeller and 

1- = (rl 5- r 2 ) / 2  is t h e  a-verage vane radius .  
a 

I 

Then 



30 

where z i s  t h e  numbe1- of vanes. 

The approximate r a d i a l  a rea  component f o r  one blade can be found. from 

t h e  r e l a t i o n  

where 

A. = radi.al  component of blade area,  

hl = 'ol-ade height  a t  entrance,  

h2 = blade height  a t  e x i t .  

I- 

The pressure  d i f fe rence  across  t h e  fl.ow channel- i s  then  found by use 

of t h e  foll.owing equation: 

wliljch i s  used i n  Eq. 84. This method implies t h a t  t h e  pressure d i f f e rence  

across  t h e  flow channel is  t h e  same a t  a i y  rad ius .  ?-%is i s  approximately 

t rue  for design flow condi t ions (14). 
._I 

Impeller Lavout 

The most tedious and time-consuming t a s k  i.s t h a t  of using t h e  r e s u l t s  

of -tile previous computations a s  a guide - to  dksign of the impeller.  A s  t h e  

impel ler  begins t o  t ake  shape, changes will probably have t o  be made i n  

t h e  design var iab les .  It i s  imperative t h a t  t h e r e  be a smooth t r a n s i t i o n  

from axial. t o  radial. f 3 . 0 ~  ai; the  i.nl.et, t h a t  the blade entrance diame.ter 

be i n  co r rec t  proporti-on t o  t h e  i .nlet  pipe diameter, and t h a t  t h e  impeller 

hub be l a r g e  enough -to acconmodate t h e  sha f t .  If these condi t ions are no-t 

met, add i t iona l  l o s ses  w i l l  occur a t  t h e  i n l e t .  

A layout  of an irnpel.l.er i s  shobn i.n Fig. 13. No attempt wi1.l be ma& 

t o  show dei;ali.l.ed drawings of t h e  impeller,  s ince  -Lo do so  would be t o  
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Fig. 13. Impeller Ssyout . 
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devia te  froin t h e  goal- of t h i s  work which i s  t o  design t h e  impel.l.er flow 

channels. "he impell-er shown has both primary and secondary vanes. Also, 

it i s  apparent t h a t  t h e  dr iv ing  f ace  01" t h e  blade i s  made oil one rad ius  and 

t h e  t r a i l i n g  face  i s  dl-awn on a d i f f e r e n t  yadi.us. 

The -followiilg s t eps  a r e  taken t o  def ine  a blade: 

1. From poin t  (1) on D1 s e t  of€ angles D~ and 3 2 .  They a r e  measured 

as shown i n  Fige 13. 

2. Mark o f f  d i s tance  between poin ts  (1) and ( 2 )  equal  Lo rad ius  r 2 .  

3. Draw l i n e  between C and (3)  b i s e c t i n g  l i n e  between (2)  and (0) a t  

righ'i, angl-es . 
4. Point  C i s  loca ted  a t  t h e  i n t e r s e c t i o n  of t h e  l i n e  between (1) and 

C and Lhe l i n e  between ( 3 )  ai113 C. 

5. The dr iv ing  face  of t h e  blade i s  t h e n  drawn with radi.us r3 and 

cen te r  C. 

6. The blade thicknesses  at t h e  i n l e t  and t h e  o u t l e t  a r e  then  chosen 

( t l  and t2). 

7. Center C' i s  located by t r i a l .  acd e r ro r .  

8. Once C' and 1-4 aye d.eLzrmi.ned, t h e  t r a i l i n g  face  of the blades i.s 

d-rawn. 

9. The i n l e t  t i p  of Lhe blade i s  rounded o f f .  

When one blade bas been completely defined, cLrcles  ar2 drawn through 

c and C' with r a d i i  r5 and i-6, r espec t ive ly .  

l o c a t e  t h e  centers  of a1.1. of  t h e  o the r  blades,  s ince  they  iiius-L f a l l  on 

t hese  c i r c l e s .  

It i s  then  qu i t e  simple t o  
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3. CASING DESIGN 

’- 

The casing of a compressor normally provides a transi-Lion from an 

i n l e t  pipe t o  an impell-er i n l e t ,  some type of c o l l e c t o r ,  a diff-user ,  bear-  

ing  supports,  bear ing- lubr icant  passages, mid any number of o the r  neces- 

sa ry  se rv ices .  Since t h i s  paper i s  intended t o  d e a l  s t r i c t l y  wi th  aero-  

dynamic and thermodynamic design of c e n t r i f u g a l  compressors, the  word 

cas ing  will be iused t o  denote those p a r t s  of t he  compressor which d i r e c t  

t h e  working f l u i d  before  and a f t e r  it passes  through t h e  impel ler .  

The i n l e t  sec t ion  of t h e  casing has t he  important job of preparing 

t h e  f l u i d  t o  en-Ler t h e  impel le r ,  This  may involve s t ra ighten ing  the  flow 

o r  .increasing o r  decreasing the  f l u i d  v e l o c i t y  or bo.th. Af-ter t h e  f l u i d  

has passed through the  impel ler ,  it must be co l l ec t ed  by a volu te  ( a l s o  

c a l l e d  s c r o l l )  and f i n a l l y  passe& through a d i f f u s e r  where i t s  v e l o c i t y  

i s  decreased send i t s  pressure increased.  It i s  most important, t o  keep i n  

mind throughout t h i s  d i scuss ion  t h a t  energy i s  added t o  f l u i d  only i n  the  

impel ler .  The casing can only change v e l o c i t y  energy i n t o  pressure energy 

or vice  versa .  

The following pages give s t e p s  t o  be taken i n  designing a volu te  and 

a d i f f u s e r ,  and Fig.  14 e q l a i n s  the  no ta t ion  used. 

Volute Desiwn 

Volute Tongue Diameter 

Stepanoff (32) - has given an empir ica l  equat ion f o r  es t imat ing the  

volu-Le tongue diameter:  

D3 = 1.15 D, , 

where D3 i s  the  diameter of the c i r c l e  through the  volute  tongue and D2 

i s  the outer  impel ler  d i a m e k r .  
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Fig .  14. Casing Notation. 

Average Casing Velo- 

T h e  average castng v e l o c i t y  i s  given by 

(32) / 
V = N 2 ,  v 

where V 

f a c t o r  tha t  depends upori t he  f l u i d  discharge angle,  and Vi i-s t h e  absolute  

f l u i d  ve7.ocity at the  impel ler  ex i t .  

i s  determined experimenial ly  and i s  p l o t t e d  v e r s  IS impelle-e cii scharge 

angle  y 2 ,  as i n  Fig.  15. it i s  a un ive r sa l  curve that can be used f o r  

any gas e 

i s  the  averrge casing vel-ocity, (5 i s  t h e  v e l o c i t y  d i s i r i b u t i o n  
v 

The ve loc i ty  d i s t r i b u t i o n  f a c t o r  ci 

/ 
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Volute Out le t  Area and Dif fuser  I n l e t  Ares 

Because t h e  average volu te  veloci ty-  i s  smaller than  the  average i m -  

p e l l e r  exi.t ve loc i ty ,  volune flow through the  .vol.iite w i l l  be somewhat 

smaller than t h a t  a t  impel ler  e x i t .  The change i.n veloci-ty i s  due p r i -  

marily t o  t he  f a c t  t h a t  (1) the  leakage flow rust go tlrrough the  impel ler  

but it does not go through t h e  volute ,  and ( 2 )  t h e r e  i s  a change i n  den- 

s i t y  as the fluid. leaves t h e  impel.l.er and e n t e r s  t h e  vol.ute, that i s ,  i’i 

i s  diffused.. Before t h e  volu te  outle-i; a r e a  can be computed, t h e  voluiiie 

flow through tile o u t l e t  a r ea  must be determined. 

vo lu te  e x i t  i s ,  of course, t h e  same as t h e  mass flow a . t  t h e  entrance Lo 

t h e  cornpressor. 

The mass flow a t  t h e  

S t a t i c  Pressure and Temperature i n  t h e  Vol-Jte 

The s t a t i c  pressure head can be ca lcu la ted  fj-om the  s t a t i c  pressure 

ai t h e  impel le r  e x i t  by the  fol lowing cquaLion, which i s  a form of Ey. 

(57) : 

The pressure and temperature in the volute  can then be foimd frotn R q s .  

(94) and (95 ) .  Equation (94) coines from r:q. ( 1 2 )  w i t h  p and H i n  place 

of H antl p7: 

v V 

The average dens i ty  i n  the volu te  i s  given by 



37 

and the  volume flow at  volu te  o u t l e t  i s  

m 
& 4 = -  

p, 
( 9 7 )  

The requ-ired volu te  ou%le t  area, t h a t  is, the a rea  nor-ml t o  the  

f l u i d  flow, i s  

Q4 
A 4 = -  . 

vv 

The c ross - sec t iona l  a r ea  required a t  several intermediate  angles  be- 

tween t h e  tongue (A 

mined from t h e  r e l a t i o n  

= 0)  and t h e  volu te  o u t l e t  (Av = 2 ~ )  i s  %hen d e t e r -  
V 

A A = A  - A 4.2n ’ (99) 

where A i s  the ayeirt reqii ired ai; angle A, and. A i s  the  angle  PLeasured 

from the volu te  tongue. The volvte tongue angle  i s  
A -  v 

1 
where B 

between t h e  f l u i d  and the  tangent  t o  t h e  impeller at  t h e  exit from the  

impel le r .  

i s  t h e  volu te  tongue angle shown i n  F ig .  14, and y2 i s  Lhe ang le  
V 

The design procedure given above should ensure t h a t  t h e  average 

v e l o c i t y  i s  approxrimat,ely the same i n  all. c ros s  sec t ions  of t‘ne volu-Le. 

The s t a t i c  pressure should a l s o  be approximately constant  around the 

periphery of t h e  impel ler .  It has been f o u n d  experimentally t h a t  such 

a v e l o c i t y  and pressure d i s t r i b u t i o n  gives t h e  bes t  e f f i c i e n c y  (32) .  

These condi t ions hold only a t  the  design po in t .  O f f  -design condi-Lions 

will be discussect i n  t h e  sec t ion  on LransFent operat ion of compressors. 

- 
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A t  no poi.nt i n  t h i s  ana lys i s  has the  shape of  he volute  c ros s  sec- 

t i o n  been f i x e d ,  Changes i n  volute geomeiry and s u r f a c e  conditrions i n  

general prod.uce only s l i g h t  e f f e c t s  on compressor performance, A thorough 

d iscuss ion  of volute geometry i s  gl.ven by Brown and Brad- shaw ( 7 ) .  - 

Dif fuse r  Desi.gn 

Di f fuse r  Angle 

The t o t a l  jncluded angle,  OD, should be between 8 and 10 degrees 

This g ives  v ~ q  good efyiciency, as shown i n  Fig. 1.7. ( see  F ig .  1 6 ) .  

I n l e t  and. Outl.et Axeas f o r  Di f fuser  

The i n l e t  a r ea  is ,  of course, tlie same as t he  vol?_rte exil; a rea  (&).  
Tihe exit area depends on seve ra l  I 'actors. I n  some cases  it i s  desiralble  

to have t h e  same s i z e  piping throughout the system. To meet t h i s  requi re -  

men: t h e  a rea ,  As, should be t h e  same 8,s the piping in s ide  a r e a e  Sn o the r  

ihs tances ,  t he  e x i t  v e l o c i t y  i s  the important fac-Lor. For example, high 

v e l o c i t i e s  m i & t  be required. i n  order t o  achieve good heat t r a n s f e r  when 

UNCLASSIFIED 
ORNL-LR-DWG 71575 
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Fig.  16. Diffuser Notation. 
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t h e  corpressor  exhaust gas i s  t o  be cooled. The e x i i  are2 would then  be 

chose:] fo give The desired ve loc i ty .  

Length of t he  Diffuser (Ln) 

Once t h e  divergence ang1.e and i n l e t  and o u t l e t  areas have been f ixed ,  

t he  d i f f u s e r  i s  conple te ly  d e f h e d .  The length i s  e a s i l y  feu-nd from these  

c h a r a c t e r i s t i c s  and the  fol.l_owinf: equa-ti.on: 

D5 - 134 

% =  2 tan(?) ' 
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4. PREDICTION OF HXAD-FTIO'CJ CURVES 

A-t the present  time the re  i s  considerabic lack of knowled-ge concern- 

ing boundary-- l a y e r  hehavi o r  wi thi. n t'ne pas sages of ce n t  r i  P uga 1- c ompue s s (xes . 
It i s  the re fo re  d i f f i c u l t  t o  p red ic t  with any d-egree of accuracy the  a c t u a l  

0utpu.t head and flow c h a r a c t e r i s t i c s  of  a parti.mlar machine. 

t i g a t o r s  h.ave worked. on t h i s  subjec t ,  bu t  a t  present  it appears t h a t  none 

of t he  e x i s t i n g  me-thods can be used with complete s a t i s f a c t i o n  over t h e  

range of app l i ca t ion  of c e n t r i f u g a l  conpressors. It is  hope6 tha t ,  i n  

the  fiiture, as more -Ls l earned  of the f l o w  wi th in  c e n t r i f u g a l  compressors, 

a method. can be developed for pred tc t ing  the  output head and flow behavior 

of a proposed design. 

Marly- inves - 

Al.though t h e r e  i s  no exac t  means wjth  which t o  p r e d i c t  compressor per-  

formance, it i s  imperative i n  some cases  t o  kmve a t  l e a s t  an e s - t i m t e  be- 

f o r e  a machine i s  bu i l t .  Severa l  reports of est imat ing niethods have been 

reviewed. Kovats (19) repor ted  the i n t e r e s t l n g  and informative t reatment  

of t h e  subject t h a t  i s  t h e  basis f o r  the following vork. 

t raked below i s  not  the same as tha-t given by Kovats, the  d i f f e rence  being 

pr imar i ly  the s u b s t i t u t i o n  of S tepanoff ' s  II, - 4 curve f o r  the input  head 

curve. 

+ = H /Uz, t h e  head c o e f f i c i e n t .  
g 

mental data were taken from Kovats' work. 

A t y p i c a l  head-flow curve vas shown above i n  Fig. 5, with a l l  the 

- 
The method i l l u s -  

In Stepanoff ' s  curve 6 = V r 2 / U 2 ,  t h e  flow coef f ic ien- t ,  and 
2 

A l l  l o s s  c o e f f i c i e n t s  and. other exper i -  

l o s ses  shown, as w e l l  as t he  input  h e a d - f l m  curve. A s  rmy be seen, the 

var ious losses charge with charge i n  flow r a t e .  The methods for es t imat -  

ing t hose  losses  a r e  descri-bed bel-ow. 

Outl ine of Met'nod 

An input  head-flow curve i s  assumed and t h e  var ious lo s ses  a r e  sub- 

t r a c t e d  from it. These losses are termed.: f r i c t i o n  l o s s ,  loss of conver- 

s ion  from v e l o c i t y  t o  pressure, volu te  loss, and entrance loss .  Equations 

a r e  given t h a t  cam be used. t o  (2s-timate these  lo s ses .  
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( 1-01 ) 

where 

= vec'ioral- average between r e l a t i v e  veloci'iy a t  i n l e t  and out le- t ,  

= per iphe ra l  component of r e l a t i v e  velocity-, 

= normal component of r e l a t i v e  ve loc i ty ,  

v 

v 
0 

r 

-..". hf - friction a t  design poi.nt, 
H i  

hf = f r r i c t iona l  head l o s s  a t  design point, 

H.  = j.npuL head a t  design point, 
1 

UNCLASSIFIED 
ORNL-LR-DWG 71579 
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F i g -  18. Impeller I n l e t  Veloc i ty  Components i n  Polar Coordinates e 
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c 

= input; head coeff i .c ient  3.t any poin-t on input  cha rac t e r i s  t i c  curve, 
'ix 
t r- i npu t  head coeff j -c ient  a t  design f l o w .  
i 

The head l o s s  from f:ri.cti.on i s  p o p o r t i o n a l  t o  t h e  square of veI.oci.ty 

This i s  immedia-Lely apparent, from 

Computing t i m e  can be considerably red-uced i f  (-kLx/W,)2 i n  Ey. 

This s-ubstiLwtion i n  most s i t u a t i o n s  should 

hcad of average r e l a t i v e  v e l o c i t y  (FJ,). 

Eq. (101). 

(101) i s  repl-aced by ( 4  /4)2, 
int roduce only s l i g h t  errors, s ince  3.s S1.o~ i s  changed in a centri.fugal 

compressor the ?:.nl.et, r e l a t i -ve  v e l o c i t y  chapges ahoi2:f; t h e  same percentage 

as does t h e  exit, r e l a t i v e  vel-ocity. 

X 

The f r i c t i o n  head loss r a t i o  ( h  /H.) ranges from 0.04 t o  0.10. The f I f  

lower t h e  value oi" K t h e  h igher  t h e  value of B /K 
f f -t' where 

whlch i s  t h e  Rateau flow c o e f f i c i e n t ,  and Q i s  t h e  VOIUTE f l o w  rate. 

Loss of Conversion froin VeI.oci.ty to Pressure 

la determining the  l o s s  of conversioa a t  the  design po in t  fs-om ve- 

loci'iy t o  pressure, it js assumed t h a t  

in 
c - _  - constant ,  

Hi 

where h i s  the conversion head l o s s .  I n  mcst a l l  machines with a v u l u t e ,  

t he  conversion l o s s  i s  near ly  zero i n  the impel ler ,  s ince  it i s  drsigned 

s o  that very l i t t l - e  conversion occurs i n  the  impel ler .  I n  the volu te ,  t h e  

C 

r a t i o  h /8. i.s between 0.02 and 0.03. 

can be as h igh  as 0.05. 

as f o l . 1 0 ~ ~  : 

If a vaned .  d . i f f i s e r  i s  used, hc/Ili 
c TI. 

When a volute is used- h /He can be approximated 
c I. 

'h 

H. - 0.025 . C 

1. 

- _  
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Addit ional  Loss i n  the  Voluic 

There i s  an  a d d i t i o n a l  conversioL1 1-oss i n  t'ne volu te  a t  o€i-design con- 

d i t i o n s .  

one ?low condi t ion ( t h e  design p o i n t ) .  

following a d d i t i o n a l  l o s ses  a r e  encountered: 

Volutes can be designed t o  perform a t  maximum e f f i c i e n c y  only €or 

For any o the r  f l o w  condi t ions t h e  

( 104 ) 

where E i s  t he  r a t i o  of t h e  radius  a t  the o u t l e t  of t h e  impel ler  t o  t h e  

rad ius  t o  tliz cen ter  of t he  360" volu te  sec t ion ,  and hd i s  t h e  addi t iona l  

head l o s s  i n  t h e  volu te  a i  off-design flows. 

Entrance Tloss 

An entraiiee l o s s  occurs a t  off-design condi t ions because tine f l u i d  

does not e n t e r  t hc  impel ler  vanes i n  'che direc-tion of t he  Inlade angle ( see  

Fig.  1 9 ) .  This l o s s  may be expressed b y  

where 

Aplx = angle  between and pix, 
p1 = vane i n l e t  angle,  

p l X  = f l u i d  i n l e t  angle.  

Frorn da t a  given by Hamrick (g), Aplx can bc es t imates  t o  vary  i n  a l i n e a r  

fashioli  from t15" (low flow near s h u t o f f )  t o  -15" (high flow near maximum 

capac i ty) .  

Output Head Coeff i ci  e n t  

I f  t h e  losses a r e  now subtracted f r o m  t h e  input  head c o e f f i c i e n t  a t  

corresponding flows, t he  a c t u a l  $ - q!~ c h a r a c t e r i s t i c  cixve w i l l  be obtained. 
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Fig. 19. Change in Rela t ive  I n l e t  -4ngle ai; Off-Design Flows. 

Ti. is then  quite easy to find t he  head-flow curve f o r  the  cornprec-m i.Dor i n  

question. The head coefficient is 

2 
-1r = 
Y X 'ix H. 

1. 

. (106) 
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As Inentioned e a r l i e r ,  an  input  y - 4 curve must be assumed. If t h e  

reasoning of Stepanoff (32 )  - i s  followed, t he  input  curve i s  a func t ion  0nl.y 

of t h e  blade e x i t  angl~e f32. Since (32 i s  known from t h e  impel ler  aerodynami-c 

analysi-s,  t h e  input  $ - 4 c w v e  i s  found from da ta  presented i n  Sec t ion  7, 

Fig. 23. Corresponding values  of i#ix and 4 
several poin ts  (both  l e f t  and r i g h t  of t he  design p o i n t ) .  

+ ' ix X 

then  made of I) versus 4 Making use of t h e  fol-].owing e q m t i o n s ,  one can 

readi. ly use t h e  $ 

charac te r i - s t ic  curve f o r  the compressor being designed: 

a r e  read from t h i s  curve at 

A t  each point 
X 

and $x a r e  subs t i t u t ed  i n t o  Eq. (106) and I) i s  found. A new p l o t  i s  

X X '  

- 4, curve t o  determine -the actual predic ted  head-flow 
X 

where 

A2 = ava i l ab le  flow area a t  impel ler  e x i t ,  

D2 outer  impel ler  diameter, 

z = number of vanes, 

t2 = blade th ickness  as e x i i ,  

p2 = vane angle  a t  cxi-t, 

h;! = vane he ight  a t  exit. 

(107) 
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5 .  SURGIPTG IN CENTRIFUGAL COMEW3SSOI<S 

The term surging .is nommlly used -to inem a period.ic (not  necesssri1.y 

It edxists when tine head-capacity curve s inuso ida l )  pu lsa t ion  i n  pressure.  

begins t o  move toward t h e  zero-ca.pacity poin t  a f t e r  having reached a 

maximum head. I n  Fig.  5, t h e  maximum head. occurs where t h e  flow c o e f f i -  

c i e n t  i s  about 0.06. When- t h e  flow c o e f f i c i e n t  i s  l e s s  than 0.06, t he  

curve has a pos i t i ve  slope, which i s  not des i r ab le .  It i s  undesirable 

because, i f  flow were t o  momentari1.y increase f o r  any reason, t h e  p r e s s m e  

rise of .the compressor would a l so  increase  and. would tend t o  increase the 

flow s t i l l  more. 

any reason, t he  presslire r i s e  of t h e  compressor would a l s o  decrease, which 

would tend t o  decrease t h e  flow s t i l l  f u r t h e r .  

Conversely, i f  flow were t o  momentarily decrease for 

If t h e  compressor were operat ing i n  t he  flow regime t o  -the r i g h t  of 

t he  maxirnwn head i n  F tg .  5 ,  t h i s  would mean a f l o w  c o e f f i c i e n t  g rea t e r  than 

0.06, and t h e  slope of t h e  constant-speed c h a r a c t e r i s t i c  curve would be 

nega-Live. This  would be des i r ab le  because, i f  flow were t o  momentarily 

increase,  the  pressure r i s e  of -Hie compressor woulrl decrease and force  

t h e  flow t o  decrease.  

t h e  pressure r i s e  of t h e  compressor wou-ld increase and tend. t o  increase 

the f l o w .  Thus, vhen t h e  compressor ch.aracteris. t ic curve has a negative 

slope, r e s to r ing  fo rces  are present  tha-t tend t o  dampen per turba t ions .  

When - the c h a r a c t e r i s t i c  c u x e  has a pos i t i ve  sl.ope, t h e  compressor Lends 

b o  n;rfpl.ri.fy per turba t ions .  The designer  should make c e r t a i n  t h a t  t h e  com- 

pressor  wj-11 operate i n  a region where t h e  c h a r a c t e r i s t i c  curve has a 

negative s lope.  

Conversel.y, i f  flow were t o  momentarily decrease, 

L 
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6. EXAMPLE OF AN IWlCLZXR DESIGN 

I n  t h i s  s ec t ion  the  design of ai1 impel le r  w i l l  be descr ibed com- 

p l e t e ly ,  s ince  it i s  ihought -khat a numerica,L example explains  t h e  pro-  

cedu.res outlj-ned i n  t h e  previous sec t ions  bet-Ler Ynan lengthy Wri-LTen 

d iscuss ions .  The condi t ions  assumed are l i s t e d  below: 

G a s  Helium 
Mass flow rate, my lb,/hr 22,400 

Inle'i. pressure,  p1, p s i a  500 

Rotationa.1. speed, TJ, rpm 4570 

Pressure r i s e ,  Ap, PSI. 2 

I n l e t  temperature, T1, "R 1010 

Rat io  of g r a v i t a t i o n a l  c o n s t a i t  t o  loca.1. acce lera-  1 

' gc/% t i o n  of g r a v i t y  

The head r i s e  was determined from Eq. (12), g-iven previously,  

and t h e  following r e l a t i o n s :  

C = l"24 Btu/lb,*"K , 
P 

k = 1.67 , 

T1 = 550 + 460 = 1010"R , 

P1~ m 0  

P2 502 
- 0.996 , _ -  

3 = (778 ~t~l~/B~~~)(1010°~~)(l..24 Btu/lb,'"E) X 

(1-1.67)/1.67 - ll 
x [(0.996) Y 

H = 1.560 ft . 
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The i n l e - t  specific speed w a s  determined from Eq. (13), given previ -  

G U S l Y ,  

and the fol.l.owing r e l a i i o n s  : 

= 33.8 ps i  , pc 

'I' = 9.5"R , c 

500 
%l = 7 = 14.% 33 8 , 

1010 
9.5 irR1 = - = 106 , 

vhelz ml = 14.8 and Tsl = 1-06, from charts  similar t o  F ig .  1, 

(500 p s i )  (144 psE) 
P1 = 

(386 fi;-lbf/?.b ~"R)(101O0R) 
m 

p1 = 0.185 Ill /ft3 , m 
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Then 

22,400 1b /hr 

(0.1.85 lb / f t 3 ) ( 6 0  min/hr) 

m & =  = 2020 cfm , 
rn 

(4570)(2020)1/2 

(1560 ) 3 / 4  

- 
Ns - 

Ns = 823 . 

The i s en t rop ic  f l u i d  power requi red  sias then, from Eq. (14), 

(22,400 1b /hr)(1560 ft) 

(60 hr/mi.n) (33,000 ft . lbf/ lbm*min) 

rn P =  

P = 18 hp . 
The i n l e t  pipe ve1ociL-y was based on a 6- in . ,  sched-40 (6.065 in .  I D ) ,  

i n l e t  pipe and Eq.  ( M ) ,  

(3 .142) (6. 065)2 
A =  

( 4 )  (144) 0 

A. = 0.206 ft2 , 

(2020 ft3/min) 

(0.2006 ft2)(60 sec/min) 
v =  

0 

V = 163 P t / s e c  . 
0 
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The impel ler  inlet v e l o c i t y  was based on h = l.03, that is ,  leakage 

from the  d i f f u s e r  back to t he  impel ler  i n l e t  of 3$ of the  through flow, 

and Eq. (16) ,  

Vi = (1 .03)(163)  

V1 = 168 f- t /sec . 

The va le  speed at  the inlet  was based- on a. vane i n l e t  radius of 3.5 

i n .  and Eq. (17), 

w = 4.79 rad/sec , 

r1 = 3.5  in. , 

(3.5) (479) 
ui  = 9 

12 

U1 = 126 f t / s ec  . 
T h e  r e l a t i v e  v e l o c i t y  a t  the i n l e t  was based on radial flow at, the 

i n l e t ,  Fig. 2, and Eq. (Ig), 

T h e  i n l e t  blade angle was based on Eq. (191, 
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168 p1 = arctan - 126 

= 53.1" . 

An e x i t  angle  62 of 65" was chosen i o  give approximaiely m a x i m u m  e f -  

ficiency and 3 high head c o e f f i c i e n t  ( s e e  Figs .  3 and l ) .  

The outs ide  diameter of t h e  impel le r  w a s  obiaincd from Eq. ( 3 4 ) :  

and the following values:  

Ji = 0.50 (from Fig .  3) , 

2 (1560)(32.2) 

D2 = -- 497 [ 0.50 3 
D2 = 1.28 ft = 15.4 i n .  

Therefore, l e t  

D2 == 15 1/2 in. 

The number of vanes i n  the i.mpeller w a s  ob-Lained from Eq. (35), 

amd the following values  : 

P1 + 92 

2 
5 10 sin 
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53.1 + 65 
2 

E = LO sin 

6 = 8.58 , 

z = 19.5 

or 

z = 20 vanes . 
For the slip factor, Eq. (36)  vas used: 

1 -t 0.6 sin p2 

9 
s = 1 +  

0.5Z(l- 0.28358) 

7 & = -  
15.5 

1 -t 0.6 s i n  65" 

(0.5)(20)[1 - (0.2835 x O.452)] 
S = I +  

s = 1.1'1'7 , 

Por the radial compoiieiit of the exi t  ve loc i ty ,  it was assumed t h a t  
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and the  impel ler  t i p  speed w a s  taken from Eq. (37):  

U2 = r2u 

U2 = (0.646) (479) 

U2 = 309 f t / s e c  . 
Then, w i t h  the use of Eqs. (38) and (39) aid Fig. 7, the  e x i t  ve loc i ty  

w a s  deterrnrined : 

U2 - V u 2  = 65.3 ft/sec , 

v2 :: [ ( 140 )2  + (65.3)2]1/2 

v2 = 154 ft /sec,  . 
The f l u i d .  absolute v e l o c i t y  a t  the  exit w a s  then determined based. on 

F ig .  8, Eqs .  (40) through (43) ,  and t h e  fo l lowing  values:  

vu2 = u2 - (u, - vu2) 

VU2 = 309 - 65.3 

V u 2  = 24-4. f t / s ec  , 
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/ vu2 
vu;! = - 

S 

vg = [(140)2 + (207)2]1/2 

V,' = 250 f t / sec  , 

/ 
v2 = 173 f t / s e c  , 

vR2 
72' = arcs in  - 

v: 

14.0 y l  = a r c s i n  - 
250 

yz' = 34," . 
The liead produced by the  impeller was estirna-ted w i t h  the  use o f  

Eq. (57), 

2 2 2 2 (vi2 - v, + u, - u, + 'VI - v i 2 )  , 1 IS = - 
1 2gc 
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and the fol.lowing values:  

1 

(2)(32.2) 
I€ = [(250)2 - (168)2 + ( 3 0 9 ) 2  - (126)2 + I 

+ (21-0)~ - (173)~] , 

€$ = 1990 f t  ( i d e a l  rise) 

since 

Ns = 823 

H =- (0.80)(1990) 

H = 1590 f t  ( a c t u a l  pred ic ted  head r i s e )  . 

The impel ler  outlet s t a t i c  pressure head and pressure were obtained 

using Eqs .  (59)  and (61)  and the r e l a t e d  values: 

1 

2 (32.2) 
H =  [(309)2 - (1.2i?1)~ + (21.0)2 - (1-71)2] 
S 

1-1 = 1460 P t  (isentropic head) , s 
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1460 ft 

(778 ft-lb/Btu) (1010'R) (1.24 B t u / l b ;  "R) 
pZs = 500 psi 

pzs = 501.85 psi . 
The impeller exit tenpxaLure was determined from -the isentropic 

pressure r a t i o  [Eq. (62) 1 : 

(k-1 ) /k 
T2 = TI (2) 
T2 -= 1010(1.0037)0*40 

The Lerperature rise w a s  determined from the Gas Tables (18) and Eqs .  

and (64): 
( 6 3 )  I 

PI 

P* 
LPR, = - ? 

gi, = 58.85 at 1010"R fro-m Gas Tables (18) - 

= (58.85) (1.0037) %2 s 

%2, = 59.07 

(100) from G a s  Tables (13) at gp2 = 59.07 T2 = 1000 + - 
1.5.43 - 
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The impell-er exi.t dens i ty  w a s  obtained from Eq. 65: 

and 

hence 

Then  

(501.85)(1U+) 

(386) (1.01-1.4) 

- 
p2 - 

p2 = 0.185 l b d f t 3  . 
The vane heights a t  t h e  i n l e t  and the  o u t l e t  were de te rmhed from 

E q s .  (69) and (72 ) .  Since the  dens i ty  changes very l i t t l e  through t h e  

impel ler ,  the  volume f l o w  w i l l  a l s o  be constant .  

a t  i n l e t  ris t h e  same as t,he i n l e t  pipe a rea :  

The flow area requ-ired 

Al = A = 28.89 i n . 2  ,, 
0 

and the re fo re  
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If tl = 1/8 in . ,  Lhen 

28.89 
Ill. = 

(20) (0.125) 

s i n  (53.1') 
(3 .14 ) (7 )  - 

hl = 1.53 in. 

A t  t he  e x i t ,  

XQ 
'R2 

A2 = - 

(1.03) (2020 f L3/mrin) 

(140 f t / sec)  (60 seclmin) 
A2 = = 0.243-8 f t 2  = 35.7 i n . 2  . 

If t2 = 1/4 i n . ,  then  

35.7 
h2 = 

(20)  (0.25) 

s i n  65" 
(3.14)(15.5) - 

h2 = 0.83 i n .  

The v e l o c i t y  d i s t r i b u t i o n  along t h e  d:riving face of the impeller 

vanes w a s  determined frollj Eqs. ( 8 4 )  through (89):  
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501.85 500 (. - 3.5) 
= 500 -!- pa 7.75 - 3.5 

= 498.48 + 0.435 r , pa 

P = 22.5 hp , 

P = -  
w 

(22.5 hp)(550 ft-lb/sec*hp) 
T =  

479/sec 

T = 25.8 f-i;*lb 

- 7.75 + 3.5 r =  2 

- 
r := 5.625 in. = 0.469 ft , 

FQ = 55.0 lb , 
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FeN = 2.75 1% per blade , 

(0.83 + 1.53) 

2 
A =  (7.75 - 3 . 5 )  r 

A = 5.015 in.2 , r 

2.75 Ap = - 
5.015 

Ap = 0.548 p s i  , 

C 0 = (g,E;RTo)1/2 , 

k = 1.67 , 

C = [ (32.2)(1.67)(3S6)(~010)11/2 
0 

P , = P + -  PV2 

2% 

Po = 500 + (0.5)(0.185)(163)2 (&) (A) 

p, = 500.53 psia , 
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r2 (229,440) 

144 
u2 = Y 

(2) (2 .098  x i o 7 )  
= 0.016 x i o 5  r2 + X f (1.67 - 1.) 

(I. 67-1 )/1.67 
498.48 + 0.435r -+ 0.274 (, 500.53 

qd = {0.0016r2 + 62.6 [l. - (0.9965 + 0.0008691r)0*401 ]}'-I2 x 103 , 

r = r2 max 

r = 7.75 , 
max 

(0.9965 -4- 0.0008691r)0*401 = [0.995 + (0.000t369l.)(7.75) 3 

0.401 loglo 1.0032 = (0.d01)(0.0013875) 0.000556 , 

4 n t i l o g  (0.000556) = 1.0013 . 
Then 

= 103[(0.0016)(60.1) + 62.6 (1 - 1.0013)11/2 
'd 

gd = 1.22 f p s  . 
These ca lcu lx t ions  give a r e l a t i v e  ve loc i ty  along the dri-ving face 

of the exi-t vanes of 1-22 f p s .  Since the relative v e l o c i t y  i s  pos i t i ve  

a t  the exit, it  m u s t  be pos i t i ve  a t  any rad ius .  Therefore, secondary 

vanes are not necessary i n  this  impel ler .  The impel ler  layout  i s  shown 

i n  Fig.  20. 
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Fig. 20. Exarriple of an Impeller Layout. 
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7. EXAMPLE OF A C A S I N G  DESIGN 

I n  the previous sec t ion  an impel ler  w a s  d-esigned f o r  c e r t a i n  assumed. 

req~uirements. 

from t h e  impel ler .  Si.nce a combination of constant-veloci ty  volu te  and 

conica l  d.i.ffuser' are qu i t e  o f t en  u.sed, it would seem l o g i c a l  t o  use such 

a cornbination f o r  an  example of a design. There are ,  of course, s eve ra l  

o ther  types o f  co l l ec to r -d i f fuse r  combinations (va.neless d i f f u s e r  and vo- 

lute, etc.) which cou.1.d perfect l -y  w e l l  be used f o r  such a compressor, bu t  

only t h e  volute-conical  d-iffuser type w i l l  be discussed~ here .  For t he  

o ther  types of co l l ec to r -d i f fuse r  combinations, the  goals a r e  exac-Liy t h e  

same. T'ne collector-diffuser shoul-d~ take  flow from the  inipeller and ef- 

f i c i - en t ly  change i t s  d.i.rectlion and speed t o  tha-i; of the  e x i t  pipe.  

A casing w i l l  now be designed t o  ca.rry t h e  f l u i d  t o  and 

Volute Design 

The volu te  tongue diameter was deteriiiined from Eq. (31): 

1)3 = 1.15 Dz 

D2 = 15.5 i n ,  

ill3 = (15.5)(1. .15) 

U3 = 17.8 in .  , 

The average casing velocitry was ca lcu la ted  wit'? t h e  use of Eq. (92):  

1 V = "V2 , 

r ;  = 34," , 
V 

Vi = 250 f t / s e c  , 

0 = 0.52 from Fis. 12 at, y i  = 34," , 
= (0.52)(250) , vv 

Vv = 1 3 C  fp s  . 
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. 

'The vol.iJ.te oirkl e t  area parameters were d.etei-mir?ed from Eqs. (94 ) 
-Lhr.ough (98). The s t a t i c  pressure and temperature ca lcu la t ions  follow: 

H, - - To [.. +- e ($2 - v 9 -  

1 

(2) (32.2 ) 
[(250)2 - (130j2]} 

V 

H, = 1.735 ft , 

1735 

( 778) ( 1010) ( 1.24) 
= 500 

PV 

p, = 502.23 ps ia  , 

(k-1)  /k 

0.40 

= 1010(1.00d5)0*'t0 502.23 
= 1010 ( 500 ) 

TV 

T', = 1011.S"R , 

The average d-ensity in t'ne volute i s  
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and 

Z = l  , 

s ince  p p1 and T ? T,; - therefore  v v 

( 502.23 ) ( 144 ) 

pv (386) ( 1 C ) l l .  8) 
- c 

= 0.185 lb /ft3 . 
pv m 

The volute fl.ow ai; the volube o u t l e t  i s  

22,400 

(0.185 ) (60) 
Q A  = - 

Q4 = 2020 f L 3 / m i n  . 

The v o l u t e  o u t l e t  area i s  

Q4 
A4 = - V v 

A& 0.259 f t 2  

or 

The cross-sec t iona l  area required at various angles i n  t'ne vo lu te  i a ,  from 

Eq. (99L 
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If the cross  scct i .on of t h e  volu te  i s  circular a t  any angle,  then 

Dn = 0.364 (A) , 
where D 

A 
tongue angle i s  

i s  t h e  diameter of the c ros s  sec t ion  a t  angle A.  The  vo lu te  

Di f fuser  Design 

The d i f f u s e r  angle,  QD, w a s  taken as 8' and the  i n l e t  a r ea  

~ r ,  = 37.3 i n . 2  . 
The e x i t  from the diffuser va,s assumed t o  be an 8- in . ,  sched. -L+O (7.981- 

in . - ID)  pipe, with an o u t l e t  a r ea  

3.l42 
L& A5 = - (7 .981)* 
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The diffuser length was calcul.ated from Eq. (100): 

% = .  OD 2 tan - 2 

7.981 - 6.92 

8" 2 tan - 2 

L D =  

= 7.59 in. 

'The results of the volute design are summariLed in Table 1, and Pig. 

2 1  gives a layout of the casing as an example of the design. The pre- 

dicted head-flow characteristics f o r  the design are gi-vcn in Figs. 22 and 

23 and in Table 2. 

Table 1. Volute Design Data 

Angle Measured Diameter of Cross-sectional 
from Tongue Cross Section A r e s  
(degrees ) (in. ) (in.2) 

0 
30 
60 
90 
12 0 
150 
180 
213 
240 
2 70 
303 
330 
3 60 

0 
1.99 
2. €42 
3. it6 
3.99 
4.46 
4. 88 
5.28 
5.64 
5. 9'7 
6.30 
6.62 
6.92 

0 
3. 1. 
6.3 
9.4 

12.5 
15.6 
18.7 
21.90 
25.0 
2%. 0 
31.2 
34.4 
37.3 
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Table 2 .  Head Losses for Volute Design 

~~ 

E O W  Input Head Loss of r'r iction Addi c iona l  Loss Entrance Output I-Ieaci 
C o e C  lcient Coef I"i c i c n t  Convers ior, Loss in V o l u t e  Loss Coefficient 

0 .  I 
G.2 
(2.3 
0.4 
e.  453& 
0.5 
0.6 
0.7 
0.8 

0 .65  
0 .  62 
c:. 59 
0.56 
0.54 
c. 52 
0.49 
0.46 
0.43 

3.02 
0. 02 
0.02 
0. c.2 
0.02 
0.02 
0.02 
0 .  32 
(3.02 

0.00098 
0.0039 
0.0088 
0.0156 
0 .  c20 
0.024 
0.035 
c:. 048 
0.  062 

0.099 
0.054 
c. 019 
0.002 
0 
0.002 
0.019 
0.054 
0.099 

~ _ _ _ _ _ _  

3.306 
0.016 
3.c21 
3.013 
0 

-0.007 
-0. 0188 
-0.043 
-0.079 

0.524 
0.526 
0.521 
0.508 
0.50 
3.481 
3.435 
0.381 
0.328 

~~ 

a Design flow coefficient. 
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Pig .  22. Predicted- Coefficients for Design. 
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Fig. 23 .  Input  Characteristics for Design. 
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8. SUMMARY 

Procedures have be en g i ve n for t he  a e  r o d  y-nami  c - the  rmodyriami c des j.gn 

of cen-LrTfugal compressors. A complete example of a design has a , lso been 

gi.ven t h a t  i l lust ra tes  use of -Lhe equat ions.  Each design w i l l ,  no doiiht, 

b r ing  up problems thaL a r e  unique. It i s  i n  t h i s  a-rea t h a t  t h e  designer  

must learn t o  a l t e r  cer ta i -n  steps i n  t'ne design procedures. The designer  

must, of course, a l s o  decide,  before  a design i s  s tar ted,  what i s  t o  he 

t h e  most important fac-Lor i n  hris design phiI.osophy; t'nat i.s, he must se- 

l e c t  f r o m  f a c t o r s  such as economy of operat ion,  O OW i n i t i a l  cap i ta l .  out,- 

l ay ,  e f f i c i e n c y  of operat ion,  niaximuni oukput, a.rd ease of  mamufacture and. 

as s embly . 
Most of t h e  important equat ions have been developed froin the bastc 

l a w s  of fluid flow and themod.ynami.cs. All assumptions and approximations 

have been l i s t e d  i n  the d.erivatj.ons s o  t h a t  t he  equations wi1.1 be a p p l i -  

cab le  i n  o-ther s i t u a t i o n s .  The compress ib i l i ty  f a c t o r  used in con junc t ion  

with the j.dea,l gas equat ion i s  probably %he most accura te  method p resen t ly  

known. f o r  r e k i t i n g  p rope r t i e s  of a gas. Althovgh some o f  t he  steps i n  

the design procedure may seem t o  be unnecessary, they are ine l ided  i n  order  

for t h e  procedures t o  be general .  

The most obvious app1icati.o-n of this  work can be made by the compres- 

sor designer .  An a p p l i c a t i o n  t h a t  i s  perhaps not s o  obvious can be made 

by t h e  development engineer.  He mus-L wrj.te spec i f  icatioris and eva lua te  

proposals  f o r  c e n t r i f u g a l  compressors. It i s  i.n t h i s  a r e a  t h a t  the design 

procedures given should be of p a r t i c u l a r  usefulness .  
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