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FORWORD

T h e in t e rn a l co m b u st io n en g in e is st ill an  im p o r t an t  research t o p ic d u e t o it s in d isp en sab le  ro le in  

m o dern  so cie t y  t o  m eet  it s t ran sp or t a t io n  an d  en erg y  n eed s. I n d eed , t h e  im p rov em en t  in  t h e  q u a lit y  o f  

l if e an d  w o rk t h an k s t o  t h e  t h erm al en g in e  is co n sid erab le , b u t  so  are t h e u n p leasan t ef fect s w e f ace  

t o d ay :  p o llu t io n  o r  g lo b a l w arm in g . T h ere fo re , car  m an u fact u rers  are  in t e rest ed  in  lau n ch in g  v eh icles w it h  

p ro p u lsio n  sy st em s t h at  u se m o re  en v iro n m en t  " f r ien d ly "  f u e ls, o r  h y b r id  o r  e lect r ic m o d els. Leg isla t ed  

st an d ard s o n  em issio n s f o rce m an u factu rers t o  im p lem en t  n ew , ef f ic ien t  t ech n o lo g ies,  t h u s, t h ese  n ew ,  

im p ro v ed p o w er t ra in s w ill requ ire n ew  au xu liary eq u ip m en t t o in crease o r m ain t ain t h e o v erall  

p er fo rm an ce o f  en g in es w h o se p ro d u ct io n  is b eco m in g  l im it ed . SUPerch arg in g  is o n e o f  t h e  m et h o d s o f  

in creasin g en g in e p er fo rm an ce an d red u cin g em issio n s, a t ech n o log y t h at req u ires co n st an t  

im p rov em en ts an d recon f ig u rat io n s. A 1 0 0-y ear -o ld  SUPerch arg in g  t ech n o lo g y is t h e p ressu re w ave  

t ech n o lo g y . T h e o p era t io n  o f  t h e p ressu re w av e SUPerch arg er  ( PW S)  is b ased  o n t h e t r an sfe r o f  t h e  

en erg y  co n t a in ed  in  t h e  exh au st  g ases t o  t h e  in t ak e  a ir , u sin g  t h e  p ro p er t ies  o f  p ressu re  w aves  t o  ch an g e  

t h e p aram et ers o f  t h e f lu id  t h ro u g h  w h ich  t h ey  p ro p ag at e . T h e o b j ect iv es o f t h is t h esis re fe r  t o t h e  

o p t im iza t io n  o f  t h e  PW S co n f ig u rat io n  b y :  im p ro v in g  t h e  g eo m et r ic sh ap es an d  sizes o f  t h e  ro t o r  st ar t in g  

f r o m  t h e co n v en t ion a l PW S CX-9 3 , d esig n in g  a n ew  SUPerch arg er  w it h  m o d if ied g eo m et ry , red u ced  

d im en sio n s an d  n o ise ,  w it h  t h e  a im  o f  exp an d in g  t h e  ran g e  o f  ap p licab ilit y  o f  t h e  n ew  PW S t o  en g in es  t h a t  

resp o n d  t o  cu r ren t  p er fo rm an ce  an d  em ission s t r en d s.

I n acco m p lish in g  o f  t h is t h esis an d  in  m y  p ro fessio n al d ev e lo p m en t , I h ad  t h e  h o n o r  o f  b e in g  h e lp ed  

an d  g u id ed  b y  p erso n a lit ies in  t h e  f ie ld  an d ,  at  t h e  sam e  t im e, p eo p le  o f  a  sp ecia l h u m an  q u a lit y ,  t o  w h o m  

I t h an k  w it h  d eep  g rat it u d e .  I w o u ld  l ike  t o  t h an k ,  f ir st  o f  a ll, Pro f . An g h e l Ch iru , m y  scien t if ic SUPerv iso r ,  

w h o  o f fe red  m e v a lu ab le su g g est io n s an d  p recio u s m et h o d o log ica l g u id e lin es. I a lso  w an t  t o  t h an k  t h e  

g u id in g p ro fesso rs: Pro f . Gh eo rg h e-Alexan d ru Rad u , Pro f . Co rn e liu  Co faru , Pro f .N ico lae I sp as, f o r t h e  

p er t in en t  ad v ice  an d  h e lp  o f fe red , as w ell as t o  m y  co lleag u es f r o m  t h e  D ep ar tm en t  o f  Au t o m ot ive an d  

T ran sp o r t  En g in eer in g  w h o co n stan t ly  en co u rag ed m e in  t h is en d eav o r . I a lso  t h an k  t h e  st u d en t s w h o  

co n stan t ly  ch a llen ged  m e  t o  at  least  l ive  u p  t o  t h e ir  en t h u siasm  an d  j o y  w h en  p ro ceed in g  o n  a n ew  l ife  

p ath .  I a lso  t h an k  t h e  Vlah ia  f am ily ,  w h o  o f fe red  m e  a  p ar t icu lar ly  b eau t if u l sp ace  t o  create ,  w r it e  o r  reg a in  

m y  en erg y  an d  co u rag e. I w o u ld l ike  t o t h an k  m y  p aren t s an d  m y  b ro th er  an d , last  b u t  n o t  least , m y  

d au g h ter lu lia , w h o en co u rag ed m e w it h u n w av er in g co n f id en ce, an d m y h u sb an d , Liv iu , w h o a lw ay s 

k n o w s h o w  t o  creat e  t h e  p er fect  sp ace  in  w h ich  I can  exp ress m y  w h o le  p o t en t ia l.

Braș o v ,  2 0 22 lu lian a  Co st iu c
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CHAPTER 1| THE ACTUALITY OF THE TOPIC. THESIS OBJECTIVES

1.1 INTERNAL COMBUSTION ENGINES. THEIR ROLE IN TODAY'S WORLD.

T h e d ep en d en ce o f m o dern so cie t y o n t r an sp o r t an d en erg y p laces t h e in t ern a l co m b u st ion  

en g in es st ill u n d er t h e at ten t io n o f research ers, w h o are m ain ly t a rg e t in g t h e im p rov em en t o f  

p er fo rm an ce an d  d esig n ,  as w ell as t h e  o p t im iza t io n  o f  t h e ir  en erg y  an d  eco lo g ical m an ag em en t ,  t o g e t h er  

w it h  t h e  sig n if ican t  d ecrease  o f  p o llu t in g  em issio n s o f  g ases w it h  g reen h o u se ef fect . I n d eed ,  w it h o u t  t h e  

in t e rn a l co m b u st io n en g in e , t h e w o r ld as w e k n o w  it t o d ay w o u ld f u n ct ion q u it e d if f e ren t ly ! T h e 

im p ro v em en t  in  t h e  q u a lit y  o f  l if e  an d  w o rk  d u e  t o  t h e  ex ist en ce  o f  t h e  t h erm al en g in e  is co n sid erab le , as 

are  t h e  u n p leasan t  ef fect s w e  are  f acin g  t o day ,  w it h  lo n g - t e rm  co n seq u en ces o n  o u r  p lan et :  p o llu t io n  o r  

g lo b a l w arm in g . T h ere fo re , car m an u fact u rers are in t e rest ed in lau n ch in g v eh icles w it h p ro p u lsio n  

sy st em s  w it h  im p ro v ed  p er fo rm an ce b u t  w it h  red u ced  em issio n s, in t ro d u cin g  in  recen t  y ears n ew  m o d els 

t h at  u se  a lt e rn at ive  o r  lo w -carb o n  f u e ls,  h y b r id  o r  e lect r ic m o d els.

T h e t h erm al en g in e h as a h ist o ry o f m o re t h an t h ree cen t u r ies, ev o lv in g f r o m  it s p r im it ive  

" re la t iv e" - t h e in t e rn a l co m b u st io n p ist on en g in e u sin g g u n p ow d er as f u e l, su g g est ed b y Jean d e  

H au t e feu ille in 1 6 78 [ 1 ] an d p ro to t yp ed b y Ch r ist iaan H u y g en s in 1 6 80 [ 2 ] - u p t o t h e h ig h ly  

co m p u t er ized  an d  t ech n o lo g ically  ad v an ced  co n t em p o rary  en g in es. T h e  f ir st  in t e rn a l co m b u st io n  en g in es 

as w e  k n o w  t h em  t o day  w ere  d ev e lo p ed  b eg in n in g  in  t h e  seco n d  h a lf  o f  t h e  1 9 th  cen t u ry  an d  w ere  so o n  

u sed  f o r  t r an sp or t at io n ;  la t e r  t h ey  m ade  p o ssib le  t h e  d ev e lo p m en t  o f  t h e  au t om o t iv e , m ar in e  an d  av ia t io n  

in d u st r ies o r  t h e  p ro d u ct io n  o f  e lect r ic it y . Cu r ren t ly , t h e  d ev e lo p m en t  o f  t h e  f ie ld  o f  t r an sp o r t  h as led  t o  

an  exp lo siv e  in crease in  t h e n u m b er o f  v eh icles t h at  u se t h e  f o ssil f u e l b u rn in g  en g in e as a p ro p u lsio n  

sy st em  an d , im p lic it ly ,  in  p o llu t an t  an d  g reen h o u se  g as em issio n s. On e  o f  t h e  m ain  co n cern s o f  m an k in d  

re fers t o t h e in crease in t h e av erag e g lo b a l t em p erat u re o n t h e p lan et  an d t h e lo n g - t erm  n eg at iv e  

co n seq u en ces o f  t h is p h en o m en o n . T h ere fo re , t h e Eu ro p ean  Un io n  h as ad op t ed  rest r ict ive leg isla t io n  in  

t h e f ie ld o f p rop u lsio n  sy stem s -  f o r exam p le , t h e EU h as se t  as a p r io r it y o b j ect iv e  f o r 2 0 3 0  a 5 5 %  

red u ct io n in g reen h ou se g as em issio n s co m p ared  t o 1 9 90 [ 5 ] . T h e m o st  t arg e t ed  g reen h o u se  g as is 

carb o n d io x id e , t h e m ain so u rce o f it s p ro d u ct io n  b e in g t h e ro ad t r an sp o r t sect o r [ 6 ] , so in t e rn a l 

co m b u st io n  en g in es h ave b eco m e t h e p o in t  o f  in t e rest  in  t e rm s o f  red u cin g  em issio n s, as w ell as t h e  

ef f ic ien t  u se  o f  en erg y .

T h e g lo b a l v eh icle  f lee t  cu r ren t ly  exceed s 1 b illio n  u n it s [ 7 ] , w it h  a co n st an t  rap id  g ro w th  t h at  

p red ict s t h at  b y 2 03 6  t h e n u m b er o f v eh icles w o r ld w id e w ill reach  ap p ro x . 2 .8 b illio n u n it s. Elect r ic 

v eh icles h ave  g a in ed  m o re  an d  m o re  g ro u n d  in  t h e  last  d ecad e,  t h e ir  n u m b er  in creasin g  f r o m  a lm o st  zero  

in  2 0 1 0  t o  o v er  1 0 .2  m illion  in  2 02 0  [ 7 ] ,  w it h  e lect r ic  o r  p lu g - in  h y b r id  v eh icles reach in g  4 .6%  o f  t h e  t o t al 

car  sa les in  2 0 20 .
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T h e ev o lu t ion  o f t h e car m an u factu r in g in d u st r y [ 7 ]  is p resen t ed  in Fig u re 1 .1 , o b serv in g  a  

co n sid erab le d ecrease  d u r in g  t h e  eco n o m ic cr isis o f  2 00 9  an d  in  2 02 0 ,  w h en  au t o m o b ile  p ro d u ct io n  w as 

st ron g ly  af fect ed  b y  t h e  COVI D -1 9  p an d em ic.

Figure 7.7- Evolution of the vehicle manufacturing industry (made according to data from [7])

1.2 EMISSIONS - FORECASTS, TRENDS, SOLUTIONS

T h e  p o lic ies a im in g  f o ssil f u e ls p ro p u lsio n  sy st em s h ave  b eco m e  in creasin g ly  rest r ict ive , b o t h  f o r  

h eavy  an d  l ig h t  v eh icles.  T h e  h arm fu l ef fect s o f  p o llu t in g  ag en ts o n  t h e  en v iro n m en t  an d  o n  t h e  h ealt h  o f  

t h e p o p u lat io n  h ave  at t racted  a  t ig h t en in g  o f  Eu ro p ean  leg isla t io n  reg ard in g  t h e p erm it t ed  am o u n t s o f  

g reen h ou se ef fect  e lem en t s o r  a ir  p o llu t io n .  Also , t h e  ch an g e  in  t h e  m et h o d  o f  t est in g  an d  m easu r in g  t h e  

em issio n s o f  l ig h t  v eh icles f ro m  NED C ( New  Eu ro p ean  D r iv in g  Cy cle )  t o W LT P ( W o r ldw id e h arm o n ized  

Lig h t  v eh icles T est  Cy cle ) , im p lem en ted  sin ce  Sep t em b er  2 01 7 ,  ch an g ed  t h e reco rd ed  v a lu es o f  en erg y  

co n su m p t io n an d v eh icle em issio n s, w h ich h ad a cer t a in  im p act  o n t h e d ev e lo p m en t  st ra teg y o f car  

m an u fact u rers,  w h o  st op p ed  t h e  p ro d u ct io n  o f  so m e  m o dels an d  p ro m o t ed  o r  im p lem en t ed  m o d els w ith  

red u ced  em ission s [ 1 1 ] , m o re  " f r ien d ly "  eco lo g ica lly  an d  en erg e t ica lly . I n  2 02 5-20 30 ,  sig n if ican t  ch an g es 

are  ab o u t  t o  b e m ade  in  t h e EU leg isla t io n  reg ard in g  CO 2 , w it h  a 1 5%  . . . 3 0 %  red u ct io n  in  CO 2 em issio n s 

[ 1 3 ] . T h u s, car m an u fact u rers h ave  t o  m ak e im p ro vem en t s t o  b o th  t h e  v eh icle ( t h rou g h  aero d y n am ics,  

ro llin g resist an ce , m ater ia ls u sed , et c. ) an d t h e p ro p u lsio n sy stem  [ 1 4 ] , Also , au x ilia r y eq u ip m en t  

Su p p lie rs  w ill b e  f o rced  t o  ra ise  it s p er fo rm an ce  t o  h e lp  im p ro v e  v eh icle  p o w er t ra in  ef f ic ien cy .

I n co n clu sio n , m easu res are n eed ed in  o rd er  t o  red u ce  em issio n s, in clu d in g :  t h e in t rod u ct io n  o f  

a lt e rn at iv e p ro p u lsio n t ech n o lo g ies - h y b r id o r f u ll-e lect r ic; eco - in n o v at io n  - red esig n , u se o f n ew  

m at er ia ls an d  o p t im iza t io n  o f  t h e  d esig n  o f  au x iliar y  eq u ip m en t  an d  sy stem s;  im p ro v in g  t h e  ef f ic ien cy  o f  
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co n v en t io n a l en g in es;  t h e im p lem en t a t io n  o f n ew  ef f ic ien t  t ech n o lo g ies f o r t h e exh au st  g as f i lt r a t io n  

sy stem , et c. I m p rov ed sy st em s b ased o n t h e in t e rn a l co m b u st io n en g in e t h ere fo re req u ire n ew  

eq u ip m en t  o r t ech n o log ies t o in crease o r m ain t a in o v erall p er fo rm an ce  co m p ared t o en g in es w h o se  

p ro d u ct io n  is b eco m in g  l im it ed  o r  e lim in at ed .

1.3 THE PURPOSE OF THE WORK

Am o n g  t h e m et h o d s o f  ach iev in g  t h e d esired  g o a ls d escr ib ed  ab o v e are t h e n ew  t ech n o lo g ies  

in t ro d u ced in t h e f ie ld o f in t e rn a l co m b u st io n en g in es ( I CE) , b u t  a lso t h e m et h od s o f im p ro v in g  an d  

in creasin g  t h e p er fo rm an ce o f  t h e ex ist in g o n es. SUPerch arg in g  is o n e o f  t h e m et h o d s t h at  o f fe rs t h e  

p o ssib ilit y  o f  im p ro v in g t h e o p era t io n  o f I CEs, b u t  a lso  o f  red u cin g em ission s an d p o llu t in g  f act o rs. A  

t ech n o log y  w it h  a  m ax im u m  p o t en t ia l y e t  u n t ap p ed  in  SUPerch arg in g  is t h e  p ressu re  w av e t ech n o lo gy ,  

an d t h e eq u ip m en t t h a t im p lem en ts t h is t ech n o lo g y f o r I CE is t h e p ressu re w av e co m p resso r  

( su p erch arg er )  ( PW S) .

T h e  n eed  f o r  co n t in u ou s st u d y  an d  o p t im iza t io n  o f  t h e  eq u ip m en t  t h a t  f acilit a t es t h e  in crease  in  

en g in e  p er fo rm an ce is a lso  su p p o r ted  b y  t h e  cu r ren t  req u irem en t s reg ard in g  t h e  em issio n s o f  g reen h o u se 

g ases an d p o llu tan t s o f ex ist in g o r f u t u re t h erm al en g in es. Alt h o u g h t h e cu r ren t  leg isla t io n t en d s t o  

co m p le te ly  e lim in a te d iese l en g in es, an id ea j u st if ied b y t h e sp ecif ic p o llu tan t em issio n s, it s h ig h  

p er fo rm an ces w ill n o t  b e easily  su rp assed . Ob v io u sly , cu r ren t  research m u st  b e d irect ed t o w ard s t h e  

im p lem en t a t io n o f in n o v at iv e id eas f o r less p o llu t in g  sy st em s, b e in g ab le t o co n cre t e ly j u st if y t h e  

e lim in a t io n  o f  d iese l en g in es  f r o m  t h e  w o r ld 's  v eh icle  f lee t .

T h e p resen t  t h esis a im s t o o p t im ize o n e eq u ipm en t  u sed t o in crease t h e p er fo rm an ce  o f  t h e  

t h erm al en g in e , m o re  p recise ly  t h e  d esig n  o f  t h e  SUPu p erch arg er ,  so  t h a t  it  can  b e  u sed  o n  en g in es t h at  

m eet  t h e cu r ren t  en erg e t ic an d  eco lo g ica l req u irem en t s. T h e p ressu re  w av e t ech n o log y  p resen t s so m e  

u n d en iab le ad v an t ag es o v er o t h er PW S su p erch arg in g  m et h o d s, in clu d in g  ro b u st n ess, q u ick resp on se  

o v er t h e en t ire en g in e sp eed ran g e an d lo w er m an u fact u r in g  co st s co m p ared  t o t h e m o re ef f ic ien t  

m et h od s o f  recen t  y ears,  su ch  as t u rb o ch arg in g .

1.4 OBJECTIVES OF THE THESIS

T h e  o b j e ct iv e s o f  t h e  cu r re n t  w o r k  co n cern  b r in g in g  in  f o reg ro u n d  an d  h ig h lig h t in g  t h e  p o t en t ia l  

o f  t h e  p ressu re  w av e  su p erch arg er ,  an  eq u ip m en t  t h at ,  a lt h o u g h  it  aro u sed  t h e  in t e rest  o f  research ers f o r  

sev eral d ecad es, reach ed  t h e  p eak  o f  in t e rest  b efo re  t h e  d ev e lo p m en t  o f  t h e  co m p u t ed  f ast  w o rk , b e in g  

t h u s m arg in a lized d u e t o t h e d if f icu lt y  o f w r it in g  an d so lv in g  t h e eq u at io n s t h at  g o v ern  t h e co m p lex  

p h en o m en a in side it . H o w ev er , b ecau se o f t h e u n d isp u t ed  ad v an t ag es o f su ch  an eq u ip m en t , it  h as 

rem ain ed  p erm an en t ly  in  t h e  at ten t io n  o f  en g in eers in  t h e  aero n au t ica l in d u st r y . Recen t ly  ( 2 0 2 2 ) , t h ere  

h as b een  a rev iv a l o f  t h e p ressu re w av e su p erch arg er t h ro u g h  t h e co n t r ib u t io n  o f  An t ro v a  Gm b H, t h e  
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co m p an y  t h at  cu r ren t ly  h o ld s t h e  Co m p rex p aten t .  T h is p aper  a im s t o  o p t im ize  t h e  co n f ig u ra t io n  o f  t h e  

Co m p rex CX-9 3  p ressu re  w av e su p erch arg er , t h e  m o st  su ccessfu l m o d el m ad e t o  d at e , f it t ed  t o g e t h er  

w it h  t h e  2 .0 - lit e r  en g in e  o n  t h e M azd a  6 26 , so ld  in  o v er  1 50 ,00 0  u n it s. T h ere fo re ,  t h e  o b j ect iv es o f  t h e  

p aper  can  b e  st a ted  as f o llo w s:

1 . im p ro v in g  t h e  d im e n sio n s a n d  g e o m e t r ic sh a p e s o f  t h e  r o t o r  ch a n n e ls o f  co n v en t io n a l PW S 

CX-9 3 ,  b y  creat in g  m at h em at ical ca lcu la t io n  m o d els f o r  t h e  co n st it u t ive  e lem en t s o f  t h e  ro t o r ;

2 .  t h e  d e sig n  o f  a  n e w  su p e rch a rg e r , sy m bo lica lly  n am ed  P W SM G  ( p ressu re  w av e  su p erch arg er  

w it h m o d if ied g eo m et ry )  w it h an o p t im ized co n f ig u rat io n an d red u ced d im en sio n s, w it h  t h e a im  o f  

a llow in g :

3 .  w id e n in g  t h e  r a n g e  o f  a p p lica b ilit y  o f  t h e  n e w  su p e r ch a r g e r t o " m o dern "  en g in es, in  l in e  

w it h  cu r ren t  t r en d s in  t h e au t om o t iv e in d u st r y  ( d o w n sizin g , e lim in at in g d iese l en g in es an d  d ev e lo p in g  

en g in es u sin g  " en v iro n m en t ally  f r ien d ly "  f u e ls) ;

4 .  p r o v id in g  a d d it io n a l e n e r g y  t o  t h e  P W SM G  sh a f t ;

5 .  m a in t a in in g  t h e  e n e rg y  t r a n sf e r  e f f icie n cy  o f  t h e  n ew  su p erch arg er  at  least  at  t h e  lev e l o f  t h e  

co n ven t ion a l o n e;

6 .  n o ise  r e d u ct io n  co m p ared  t o  co n v en t io n a l Co m p rex .

1.5 STRUCTURE OF THE THESIS

I n  o rd er  t o  ach iev e  t h e  p ro p osed  o b j ect iv es,  t h e  w o rk  w as st ru ct u red  in  sev era l ch ap ters,  in clu d in g  

g en era lit ies, h ist o ry , b asic t h eo re t ica l n o t io n s, m ath em at ica l m o d elin g ,  o p erat io n  sim u la t io n , resu lt s an d  

d iscu ssio n s, f in a l co n clu sio n s an d  o r ig in al co n t r ib u t io n s.  T h ere fo re ,  in  t h e  in t ro d u ct o ry  Ch a p t e r  1 , so m e  o f  

t h e  cu r ren t  p ro b lem s sp ecif ic t o  p rop u lsio n  sy stem s b ased  o n  t h e  b u rn in g  o f  f o ssil f u e ls w ere  p resen t ed , 

t h e m ain  «  n erv e p o in t  »  b e in g , w ith o u t  a d o u b t , t h e p o llu t in g  em issio n s o r  t h ose  w it h  a g reen h o u se 

ef fect , w h ich  h ave  a  p ar t icu lar  im p act  o n  n atu re ,  l if e an d  b io d iversit y  o n  t h e  p lan et . I n  ad d it io n ,  t h e  m ain  

so lu t io n s an d  p ersp ect iv es in red u cin g  t h e  v o lu m e o f  em issio n s w ere st a t ed , w it h  an  em p h asis o n  t h e  

leg isla t io n  o f  Eu ro p ean  o r  w o r ld  st an d ard s im p o sed , esp ecially  in  t h e  f ie ld  o f  t r an sp o r t ,  t h e  m ain  so u rce  o f  

g reen h ou se g as em issio n s. T h e n eed t o research sy st em s f o r im p ro vem en t  o f t h e p er fo rm an ce o f  

p ro p u lsio n  sy st em s, w it h  re fe ren ce t o  t h e su p erch arg in g  o f  in t e rn al co m b u st io n  en g in es,  w as j u st if ied ,  

t h u s o u t lin in g  t h e  o b j ect iv es  an d  p u rp o se  o f  t h is w o rk .

Ch a p t e r 2  in t ro d u ces su p erch arg in g  t ech n o lo g y  an d  it s b en ef it s t o  in t e rn a l co m b u st io n  en g in es,  

an d  a lso  h ig h lig h t s p ressu re  w av e  t ech n o log y  as an  a lt e rn a t iv e  t o  classic  su p erch arg in g  sy st em s. At  t h e  

sam e t im e, a b r ie f h ist o ry  o f ap p ro x im ate ly  o n e h u n d red  y ears o f research an d d ev e lo p m en t  o f t h e  

co n cep t  o f a p ressu re exch an g er w it h t h e ro le o f a su p erch arg er is p resen t ed . T h e p r in cip les o f t h e  

o p era t io n  an d  p ecu lia r it ies o f  PW S,  as w ell as t h e  p er fo rm an ce  ch aract e r ist ics  ach ieved  w it h  it s u se  in  t h e  
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au to m o t iv e  in d u st r y  are  p resen ted  in  d et a il in  Ch a p t e r  3 , t h e  p u rp o se  b e in g  t o  h ig h lig h t  t h e  l im it s o f  u se  

an d  p er fo rm an ce  o f  co n ven t ion a l PW S,  as w ell as t h e  b en ef it s an d  sh o r t co m in g s  o f  t h e  im p lem en t at ion  o f  

su ch  a  t ech n o lo gy .

T h e  o b j ect iv es o f  t h is p aper  in clu d e t h e  o p t im iza t io n  o f  t h e  g eo m et r ic co n f ig u ra t io n  o f  t h e  PW S ro t o r  

an d  t h is o b j ect iv e  in vo lv ed  t h e  d ev e lo p m en t  o f  m at h em at ical m o d els f o r  co n f ig u r in g  t h e  d im en sio n s an d  

g eo m et ry  o f  t h e  CX-93  ro to r  an d  t h e  red esig n  o f  so m e  o f  it s e lem en t s,  m o d els p resen t ed  in  Ch a p t e r  4  o f  

t h e t h esis. I t is co n f igu red  as su ch :  t h e sh ape an d sect io n  o f t h e ch an n e ls, ch an g in g t h e n u m b er o f  

ch an n e ls o r t h e n u m b er o f ro w s o f  ch an n e ls, t i lt in g  t h e ax ia l d irect io n  o f  t h e ro t o r ch an n e ls af t e r  an  

e llip t ica l g en era t o r  an d  red u cin g  t h e  len g t h  o f  t h e  ro t o r  acco rd in g ly .  T h e  p re lim in ary  ev a lu at io n  o f  t h e  n ew  

g eo m et ry  w as ach iev ed  b y  d ev e lo p in g  a  ca lcu la t io n  m o d el f o r  t h e  p ressu re  lo sses o f  t h e  classic  CX-9 3  an d  

t h e 3 p ro p o sed  v ar ian t s,  u n d er  sim p lif ied  w o rk in g  assu m p t ion s. T h e ca lcu la t io n s w ere in it ia lly  m ade  f o r  

t h e  su p erch arg er w it h  m o d if ied  g eo m et ry  ( PW SGM )  w it h ou t  t h e  ax ia l in clin a t io n  o f  t h e  ch an n e ls an d  t h e  

len g th  o f  t h e ro to r  eq u a l t o t h a t  o f  t h e CX-9 3 . Later , af t er  t h e co m p le t io n o f  t h e n ew  g eo m et ry , t h e  

p ressu re lo sses w ere ca lcu lat ed af t e r ch an g in g t h e len g t h an d ax ia l d irect io n o f t h e ch an n e ls. T h e  

d escr ip t io n  o f  t h e  f lo w  eq u at io n s an d  t h e  w av e  t h eo ry  w as car r ied  o u t  in  t h e  sam e  ch ap t er , d et ailin g  t h e  

m o dels b o th  f o r  t h e p ressu re w av es p ro p ag at in g  in side  t h e PW S ch an n e ls,  as w ell as f o r  n o rm al sh o ck  

an d  o b liq u e  w av es. T h e  v er if icat io n  o f  t h e  su b so n ic f low  w as ach iev ed  b y  creat in g  a  m at h em at ica l m o del 

f o r  ca lcu lat in g  t h e  cr it ica l sect io n  an d  t h e  m axim u m  f lo w  b y  an alo g y  o f  t h e  f lo w  f r o m  t h e  p o r t s t o w ard s 

t h e ro to r ch an n e ls w it h  t h e f lo w  t h ro u g h  co n v erg en t -d iverg en t n o zzles. T h e m o d elin g o f t h e v ir t u a l 

exp er im en t a l st an d  u sed  f o r  exp er im en ta l research  in  a  v ir t u al en v iron m en t  w as p resen ted  at  t h e  en d  o f  

t h is ch ap t er .

T h e  o p era t io n  sim u lat io n  an d  exp er im en t a l v a lid at io n  o f  t h e  n ew  PW SGM  w as car r ied  o u t  u sin g  

t h e  p rev io u sly  co n f ig u red  AVL v ir t u a l m o d el an d  t h e  m eth o d o lo g y  an d  resu lt s w ere  p resen t ed  in  Ch a p t e r  

5 . T h e  AVL Bo ost  v ir t u a l t est  r ig  u sed  t o  sim u la te  t h e  o p era t io n  o f  t h e  PW SGM  w as in it ia lly  co n f ig u red  t o  

v a lida t e  t h e  m o d el b y  sim u la t in g  t h e  o p era t ion  o f  t h e  rea l CX-9 3 ,  st ar t in g  f r o m  t h e  in p u t  d at a  rep o r t ed  in  

t h e  sp ecialized  l it e rat u re  an d  o b t ain ed  t h ro u g h  rea l exp er im en ta t ion  ( t h e  in p u t  d at a  w ere  p resen t ed  in  t h e  

Ap p e n d ix  1 ) , co m par in g  t h em  w it h  t h e  d at a  f r o m  t h e  l it e ra t u re ,  af t e r  w h ich  t h e  n ew  co n f ig u ra t io n  o f  t h e  

PW SGM  w as se t  o n  t h e  t est  r ig  p rev io u sly  u sed  f o r  t h e  CX-9 3 ,  f o llo w ed  b y  t h e  sim u la t io n  o f  t h e  o p erat ion  

an d  t h e co llect ion  o f  resu lt s. T h e o u t p u t  d at a  w as an a ly zed  in  t h e  sam e ch ap t er , b y  ch eck in g  t h e d at a  

im p osed  b y  t h e  research  h y p o t h eses an d  b y  co m parat iv e  an aly sis w it h  rea l rep o r t ed  d ata .

I n Ch a p t e r  6 , t h e p ro p osed  o b j ect iv es an d  t h e  w ay  in  w h ich  t h ey  w ere ach iev ed  are re it e rat ed .  

Also , t h e  e lem en t s o f  o r ig in a lit y  an d  p erso n a l co n t r ib u t ion s o f  t h e  au th o r  are d eta iled ,  f o llo w ed  b y  f in a l 

co n clu sio n s an d  f u t u re  research  d irect io n s.
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CAPITOLUL 2 | SUPERCHARGING WITH PRESSURE WAVE

| HISTORY. MODE OF OPERATION. PERFORMANCES

2.1 GENERALITIES

Op t im izin g t h e o p era t io n o f t h e in t e rn a l co m b u st io n en g in e m u st re fe r in p ar t icu lar t o it s 

p er fo rm an ce p aram eters:  ef fect iv e p o w er ,  en g in e t o rq u e, f u e l co n su m p t io n  an d  ef f ic ien cy , as w ell as t o  

eco lo g ica l p aram eters:  n o ise an d  em issio n s, an d last  b u t  n o t  least  t o co st s, re liab ilit y  an d d u rab ilit y -  

m ain t en an ce req u irem en t s t h at  in f lu en ce  o p era t in g  co st s. T h e  p ro cesses t h at  ch aract e r ize  t h e  o p era t io n  

o f  an  in t e rn a l co m b u st io n  en g in e  are , in  g en era l, in f lu en ced  b y :  co n st ru ct iv e  f acto rs,  t h e  p aram eters o f  t h e  

g as exch an g e  p ro cesses an d  t h e  ch aract e r ist ic  p aram eters o f  t h e  o p erat in g  an d  ad j u stm en t  reg im e.  T h ese  

m u lt ip le  in f lu en ces o n  t h e  o p era t io n  o f  t h e  in t e rn a l co m b u st io n  en g in e led  t o  as m an y  w ay s t o  im p ro v e  

t h e  en erg y  an d  eco lo g ica l m an ag em en t  o f  t h e  I CE. Am o n g  t h ese ,  su p e r ch a r g in g  is o n e  o f  t h e  m o st  u su a l 

so lu t io n s d ev elo p ed  an d  im p lem en ted  b y  t h e  co n st ru ct o rs o f  p ro p u lsio n  sy stem s f o r  v eh icles.

2.2 SUPERCHARGING

Su p erch arg in g  is o n e  w ay s t o  in crease  t h e  p o w er  an d  ef f ic ien cy  o f  an  en g in e ,  co n sist in g  o f  ra isin g  

t h e  p ressu re  o f  t h e  in t ak e a ir  w it h  t h e  a im  o f  f o rcin g  a la rg er  q u an t it y  co n t a in in g  m o re  o xyg en  av a ilab le  

f o r  co m b u st io n  t o  en t er  t h e  cy lin d ers each  cy cle . I n creasin g  t h e  in t ak e  a ir  p ressu re  can  b e  ach ieved  w it h  a  

m ech an ical co m p resso r  d r iven  f r o m  t h e  cran k sh af t  o r  a  sep ara t e  m o t or  ( m ech an ica l su p erch arg in g )  o r  b y  

u sin g  t h e  en erg y  co n t ain ed  in  t h e  exh au st  g ases w h ich , b y  exp an d in g  in  a t u rb in e , p ro v id es m ech an ica l 

w o rk  t o  t h e  sh af t  o f  a  co m p resso r  ( t u rb o -su p erch arg in g ) . T h e  p r e ssu re  w a v e  su p e r ch a r g e r  ( PW S)  a lso  

exp lo it s t h e en erg y  co n t ain ed  in  t h e exh au st  g ases, b u t  t h e exp an sio n o f  g ases t akes p lace  in sid e t h e  

n arro w  ch an n e ls o f  a ro to r  co n t ain in g  at m o sp h er ic a ir [ 2 2 ] , w h ich  is co m p ressed an d  t h en  sen t  t o  t h e  

en g in e in t ak e m an ifo ld . PW S u ses t h e p h en o m en o n w h ereb y  t w o  f lu id s p laced  in d irect  co n t act  in sid e  

n arro w  ch an n e ls w ill eq u a lize  t h e ir  p ressu res f aste r  t h an  t h ey  w ill m ix. I t  h as m an y  ad van t ag es,  am o n g  

w h ich : it  ab so rb s m in im al p o w er  f o r t r a in in g  an d h as a g o o d resp o n se in t r an sien t  m o d e. T h e m ain  

d isad v an t ag es are  n o ise ,  size  an d  lo w er  f u e l eco n o m y  t h an  w it h  t u rb o ch arg in g  ( f o r  cer t a in  sp eed s) .

2.3 THE TECHNOLOGY OF PRESSURE WAVES. SHORT HISTORY

T h e  id ea o f  su p erch arg in g  ap p eared  m o re t h an  a  cen tu ry  ag o , in it ia lly  ap p lied  an d  t est ed  b y  Sir  

D u g ald  Clark  in 1 87 8  o n  h is t w o -st ro k e  en g in e , co n sid ered  t o b e t h e f ir st  su p erch arg er [ 2 0 ] . I n 1 8 8 5 ,  

Go t t lieb  D aim ler p at en t ed  a t ech n iq u e f o r  f o rcin g  a ir in t o  an  in t e rn al co m b u st io n  en g in e , an d in 1 8 9 6 ,  

Ru d o lf  D iese l t ested  t h e  ef fect  o f  a ir  p re-co m p ressio n  o n  t h e  en g in e p er fo rm an ce [ 1 5 , 2 1 ] , Also , in  1 9 0 2 ,  

Lo u is Ren au lt  p at en t ed  a cen t r if u g al su p erch arg er , a lm o st  sim u lt an eo u sly  w it h  Su lzer , sh o w in g  t h a t  b y  

in creasin g t h e v o lu m e o f a ir in t ro d u ced in t o t h e cy lin d ers, m o re p o w er is p ro d u ced [ 2 2 ] , T h e id ea o f  

t u rb o ch arg in g  w as o n ly  co n sid ered  in 1 9 25 , w h en  D r . A. Biich i ach iev ed  a 4 0%  in crease in p o w er  an d  
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d em o n st ra t ed  t h e ad v an t ag es o f  t u rb o ch arg in g  [ 2 2 ] . St ar t in g  w it h  t h e y ear 1 93 8 , t h e co m p an y Sw iss 

M ach in e  W o rk  Sau rer  ap p lied  t u rb o ch arg in g  t o  t r u ck  en g in es f o r  t h e  f ir st  t im e.  Sin ce  t h en ,  su p erch arg ers 

h ave  b een  in creasin g ly  ap p lied  t o  serv e in t e rn al co m b u st io n  en g in es, b o t h  in  co m m ercia l v eh icles, racin g  

cars an d  in  t h e  n ava l an d  aero n au t ica l in d u st r ies. T h e ir t ech n o lo g ica l co m p lex it y  an d  co st  l im it ed  t h e ir  

w id esp read u se t o exp en siv e an d h ig h -p er fo rm an ce cars u n t il t h e en d o f t h e last cen tu ry . T o d ay ,  

su p erch arg in g  is a lread y  co m m o n  p lace  in  t h e  au t o m o t iv e  in d u st r y .

I n t h e m id d le o f t h e last cen t u ry , research ers' at t en t io n w as d raw n t o a p ar t icu lar  t y p e o f  

" co m p resso r" , m o re  p recise ly  a  p ressu re exch an g er  t h a t  can  in crease  t h e  a ir  p ressu re  sen t  t o  t h e  en g in e  

cy lin d ers u sin g , as in  t h e  case  o f  t u rb o ch arg in g ,  t h e  en erg y  o f  t h e  exh au st  g ases,  w it h  t h e  d if fe ren ce  t h at  

b o t h f lu id s are b ro u g h t in t o d irect  co n t act . I t is k n o w n as " p ressu re w av e su p erch arg er "  ( PW S) . T h e  

p ro cesses o f  g as exp an sio n  -  a ir  co m pressio n  t ak e  p lace  in sid e  n ar row  ch an n e ls a lon g  a  ro t o r . T h e  q u ick  

resp o n se  in  en g in e  p er fo rm an ce  f o r  an y  en g in e  sp eed  m akes PW S a  g o o d  o p t io n  f o r  su p erch arg in g  v eh icle  

en g in es.

T h e o ld est " re lat ive" o f t h e p ressu re w av e co m p resso r w as a ce ll d ru m  ca lled  a " sem i-st a t ic 

p ressu re  exch an g er " , p aten t ed  b y  Kn au f f  in  1 90 6  [ 2 6 ] , f o llo w ed  b y  a  d ev ice  w it h  a  g eo m et ry  o f  lo n g  an d  

n arro w  ch an n e ls p ro p o sed  b y  Leb re  in  1 9 28  [ 2 8 ] . Ap p rox im at iv e ly  in  t h e  sam e y ear , Bu rg h ard  p at en t ed  

[ 2 9 ]  a d ev ice ca lled  a " d y n am ic p ressu re exch an g er "  t o d ist in g u ish  it  f r o m  Kn au f f 's d ev ice . I n sid e t h is 

exch an g er ,  p ressu re  w aves are u sed  in  b o t h  t h e  co m p ressio n  an d  exp an sion  p ro cesses t h a t  o ccu r  in  t h e  

ro to r  ch an n e ls. I n 1 94 0 ,  Clau d e Seip p e l o f  Bro w n  Bo v er i &  Co . , t r y in g  t o  ap p ly  Leb re 's p r in cip le  t o  a  h eat  

p u m p , accred it ed  t h e id ea t h at  p ressu re w av es can  ef f icien t ly t r an sm it  en erg y  b et w een  t w o  f lu id s in  

d irect  co n t act  [ 3 0 ] . T h e  f irst  w av e  m ach in e  w as im p lem en ted  in  Sw it zer lan d  b y  Seipp e l as a  h ig h -p ressu re  

st ag e  f o r  a  g as t u rb in e  lo com o t iv e  en g in e . Seip p e l g ave  t h e  n am e  " COM PREX"  t o  h is d ev ice ,  st ar t in g  f r o m  

t h e  p ro cesses o f  COM PRessio n  -  EXPan sio n  t h a t  t ake  p lace  in  t h e  ro t o r  ch an n e ls. T h e  Seip e l’s ro t o r  h ad  

3 0  ch an n e ls an d  o p era t ed  at  a  ro t at io n a l sp eed  o f  6 0 0 0rp m  [ 3 0 ]  w it h  an  in it ia l p ressu re  ra t io  o f  3 : 1 an d  

an  o v era ll ef f ic ien cy  o f  6 9 % , acco rd in g  t o  t est s car r ied  o u t  in  1 9 41 -19 4 3  b y  Bro w n  Bo v er i &  Co . ( BBC) .  T h e  

f irst  at tem p t  t o  im p lem en t  t h e  n ew  co n cep t  o f  p ressu re  w aves in  su p erch arg in g  w as m ad e  b y  I T E Circu it  

Break er  Co . st ar t in g  in  1 9 49  [ 15 , 3 0 ]  u sin g  Co m p rex as a  su p erch arg er f o r  d iese l en g in es. BBC st ar t ed  

PW S d ev e lo p m en t  in 1 9 55 [ 2 5 ]  an d in 1 97 1 t h e f ir st  Co m p rex®  p ro to t yp e ( p a ten ted b y BBC) w as 

im p lem en ted  b y  Valm et  T ract o rs o n  a  t r u ck  en g in e . Aro u n d  t h e  sam e  y ear , M erced es-Ben z b eg an  t est in g  

Co m p rex f o r d iese l p assen g er cars [ 2 2 ] , f o llo w ed f r o m  1 97 4 b y t h e car m an u fact u rers Op el, M azd a,  

M erced es-Ben z, Peu g eo t  an d  Fer rar i.  T h e  f ir st  su ccess t o  m ater ia lize  in  l im it ed  ser ies p ro d u ct io n  w as t h e  

Op el Sen ato r  m o d el w it h  t h e  2 .3 - lit e r  PW S su p erch arg ed  en g in e [ 1 5 ] ,  an d  t h e  f ir st  ex ten sive  ap p lica t io n  

o f  Co m p rex  o n  v eh icles w as in  1 9 8 7 o n  t h e  M azd a  6 2 6  Cap ella  eq u ip p ed  w it h  a  2 .0 - lit e r  en g in e [ 3 1 , 3 2 ,  

3 5 ] , T h e d ev e lo p m en t  o f Co m p rex®  is d u e t o t h e w o rk o f n u m ero u s en g in eers an d research ers w h o  

d esig n ed ,  reco n f ig u red  an d  t est ed  it s o p era t io n  in  su p erch arg in g  t h e  en g in es o f  m an y  v eh icles [ 3 5 ] ,

A h u g e st ep  in  t h e im p lem en t a t io n  o f  p ressu re  w av e d ev ices w as ach ieved  b y d ev e lo p in g  so f t  

co d es t o  h e lp  so lv e  t h e  eq u at io n s t h a t  d escr ib e  t h e  p ro cesses in sid e  t h ese  d ev ices.  As su ch , co d es h av e  
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b een  d ev elo p ed  f o r  t h e  m o d elin g  o f  n o n -sta t ion ary  o n e-d im en sio n al  f lo w  ra t es, b u t  a lso  t h e  m o d elin g  o f  

ch an n e l w all f r ict io n  an d  h eat  t ran sfe r  p ro cesses [ 3 6 ]  an d  t h e  m o d elin g  o f  t h e  f lo w  an d  t h e  m ain  lo sses,  

m an y  o f  w h ich  are  o f  t w o -  o r  t h ree-d im en sio n a l n atu re  [ 3 7 . . .4 6 ] ,

I n t h e 9 0 s, p ro j ect s w ere d ev e lo p ed  t o im p lem en t  Co m p rex in v ar io u s ap p licat io n s:  Sw issau t o  

W ENKO AG st ar ted  t h e d ev e lo p m en t o f t h e Sw at ch -M o b ile  m o d el, t o d ay ca lled  Sm ar t , f o llow ed b y  

an o th er  p ro j ect  d ev elo p ed  f o r  Green Peace  ca lled  Sm I LE ( Sm all, I n t e llig en t , Lig h t  an d  Ef f ic ien t )  w h ich  h ad  

as it s m ain  o b j ect iv e  t h e  h a lv in g  o f  f u e l co n su m p t io n  co m p ared  t o  t h e Ren au lt  T w in g o  ser ies car , w h ile  

m ain t ain in g  p er fo rm an ce, t r an sp o r t  cap acit y , co m fo r t  an d  safe t y  [ 15 ,  5 2 ] ,  T h e  co n cep t  w as im p ro v ed  o v er  

t im e, an d  in  2 00 8  t h e  Vo lk sw ag en  Go lf  5  d em o n st ra t o r  w as lau n ch ed  w it h  a  1 - lit e r  su p erch arg ed  en g in e  

w it h  t h e  n ew  PW S v ersio n  ca lled  H y p rex® , d r iv en  b y  an  e lect r ic m o t or  an d  ad j u st in g  t h e b o o st  p ressu re  

v ia  a  v a lve  in  t h e  g as p o ck et  co n t ro lled  b y  t h e  ECU  [ 5 2 ,  5 3 ] .

Af te r  y ear  2 00 0 ,  in t e rest  in  t h e  w av e  su p erch arg er w an ed , an d  t h e  m ain  co n cern  rem ain ed  w ith  

t h e u se o f  t h e w av e ro to r  in  ap p lica t io n s su ch  as w av e co m b u st o rs o r in  aero n au t ics. H o w ever ,  so m e  

research ers co n t in u ed t o st u d y t h is p ar t icu lar su p erch arg er . NASA an d t h e Air Fo rce I n st it u t e o f  

T ech n o lo g y  ( AFI T )  co n t in u ed  t o  m ain t ain  an  in t e rest  in  p ressu re  w av e  t ech n o log y  -  so m e  o f  AFI T 's t h esis 

ap p ro ach ed  t h e su b j ect  o f p ressu re w av e su p erch arg in g  o n  v ar io u s t y p es o f  en g in es serv in g  sm all o r  

rem o t e ly  p ilo t ed  a ir craf t  [  5 4 , 5 5 , 5 6 ] . Sin ce  2 0 03  t h e  su b sid ia ry  ANTROVA AG o f  3 p rex  AG Sw it zer lan d  

h as reg ist e red  COM PREX as a  t r ad em ark  an d  in  2 0 1 7 o b t ain ed  t h e  p at en t  f o r  a  n ew  im p ro v ed  Co m p rex  

[ 5 7 ] , t h u s p ro m o t in g  a  n ew  su p erch arg in g  so lu t io n  f o r  h y d ro g en  o r  m et h an e  en g in es as w ell as a k ey  in  

k eep in g  t h e  CO2  p ro b lem  u n d er  co n t ro l [ 5 9 ] . I n  M arch  2 02 2 ,  t h e  n ew  PW S, n am ed  " Co m p rex  2 .0 "  rev ived  

in t e rest  in  p ressu re  w av e su p erch arg in g  w h en , b e in g  m o u n t ed  o n  a n atu ra l g as en g in e , it  p ro v ed  t o  b e  

p er fect ly resp o n sive in a ll o p erat in g co n d it io n s. Un lik e it s t u rb o co u n terp ar t , t h e en g in e d ev e lo p s 

sig n if ican t ly  m o re  t o rq u e  p ract ica lly  f ro m  id le , w h ich  im p ro v es h an d lin g  an d  h e lp s save  f u e l.  At  t h e  sam e  

t im e,  t h e  cat aly st  h eat s u p  six  t im es f ast e r  t h an  in  a  t u rb o  en g in e ,  w h ich  en su res b et t e r  v a lu es in  t e rm s o f  

sp ecies  in  t h e  exh au st  g ases [ 6 0 ] .

I n  co n clu sio n ,  it  can  b e  st at ed  t h at ,  st ar t in g  w it h  t h e  f ir st  p ressu re  exch an g er  p ro p o sed  in  t h e  4 0 's 

u p  u n t il n o w , p ressu re  w av e  t ech n o lo g y  h as est ab lish ed  it se lf  as an  a lt e rn a t iv e  w it h  p ro ven  ad v an t ages in  

t h e su p erch arg in g o f in t e rn a l co m b u st io n  en g in es, w h ich  d eserv es in creased at ten t io n  in t h e cu r ren t  

co n d it io n s in  w h ich  it  is n ecessary  t o in crease  t h e p er fo rm an ce o f  a lread y  ex ist in g en g in es, u sin g  less 

p o llu t in g  a lt e rn at iv e  f u e ls,  o r  d o w n sizin g  w h ile  p reserv in g  t h e  p aram et ers o f  p er fo rm an ce  an d  eco n o m y.

2.4 THE PRESSURE WAVE SUPERCHARGER. DESIGN AND CONSTRUCTION.

Ov er  t h e last  cen t u ry , ef fo r t s t o im p ro v e t h e p er fo rm an ce ch aract e r ist ics an d  g eo m et ry  o f  t h e  

w av e  ro to r  t o  su it  sp ecif ic ap p lica t io n s h av e  b een  su p p o r t ed  b y  t h e  co n t in u ou s p ro g ress m ad e  in  w r it in g  

co d es t o  so lv e  t h e eq u at io n s d escr ib in g  t h e p h en o m en a sp ecif ic t o PW S o p era t io n .  T h e p ressu re  w ave  

su p erch arg er ( Fig .3 .1 ) p resen t s sig n if ican t ad v an t ages co m p ared t o t u rb o m ach in es, su ch as f ast
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resp on se, sim p le g eo m et ry , m in im al ch an n e l ero sion , lo w  

m an u fact u r in g co st s. H o w ever , it ra ised so m e ch a llen g es,  

so m e o f a m ech an ica l n atu re , su ch as sea lin g  an d t h erm al 

st ress, o r o f  a t h eore t ical n atu re -  t h e an aly t ica l d escr ip t io n  

an d  so lv in g  t h e eq u at io n s sp ecif ic t o t h e p h en o m en a in sid e  

t h e  ch an n els [ 2 2 ] .

Figure 3.1 - BBC Brown Bovery & Co. Comprex® Pressure 

wave supercharger.

HPG - high pressure exhaust gases,

HPA - high pressure air, 

LPA - low pressure air 

GPL - low pressure gases

T h e  PW S o p era t io n  is b ased  o n  t h e  t r an sfe r  o f  en erg y  f r o m  t h e  co m b u st io n  g ases t o  t h e  in t ak e  a ir  

b y m ean s o f sh o ck w aves, t h rou g h sh o r t  d irect  co n t act  b et w een  t h e f lu id s, w it h o u t  u sin g  ad d it io n a l 

m ech an ical e lem en t s;  t h u s, t h e in t e ract io n  b et w een h o t  g ases an d  f r esh  a ir in d u ces b o o st . T h e d ev ice  

b asica lly  co n sist s o f  a  ro to r  in  w h ich  n arro w  lo n g it u d in a l ch an n e ls are  m ad e, p o sit io n ed  rad ially  o n  o n e  o r  

t w o  ro w s ( Fig .3 .3 ) . T h e  ro to r  is m o u n ted  in sid e  a  cy lin d r ica l st ee l casin g ,  h av in g  t w o  f ixed  p la tes ( cap s)  at  

t h e  ro to r  en d s, p ro v id ed  w it h  p assag es t h a t  a llo w  t h e  w o rk in g  f lu id s t o  f lo w  t o  o r  f r o m  t h e  m an ifo ld s o f  

t h e  en g in e .  T h e  ro to r  is d r iven  b y  t h e  cran k sh af t  t h ro u g h  a  b e lt  o r  b y  a  sep ara t e  e lect r ic  m o t o r  [ 1 5 ] .

Figure 3.3 - Constructive elements of PWS (simplified presentation)

2.5 PWS OPERATING PRINCIPLES

T h is can  b e  b r ie f ly  d escr ib ed  b y  st ar t in g  f r o m  t h e  f act  t h at ,  as t h e  ro t o r  ro t a tes,  t h e  en d  o f  it s ch an n e ls 

are  a lt e rn a t e ly  exp o sed  t o  t h e  in t ak e o r  exh au st  p o r t s, a llo w in g  f lu id s t o  f lo w  t h rou g h  t h ese „ w in d o w s" .  

Co m p ression  an d exp an sion  w aves are t h u s in it iat ed  in t h e ro t o r ch an n e ls b ecau se o f  t h e ch an g es o f  

sect io n  w h en  t h e  f lu id s p ass t h ro u g h ;  t h e  h ig h -p ressu re  g ases d ev elo p  p ressu re  w aves  t h at  ev o lv e  in sid e  

t h e ch an n e ls an d co m p ress t h e in t ak e ch arg e . T h e PW S, b e in g  a p ressu re  exch an g er , o v erco m es t h e  

sh o r t co m in g s o f  co n v en t io n a l co m p ressors o r  t u rb o -b lo w ers, h av in g  t h e g reat  ad v an t ag e o f  ch an g in g  

p ressu re  v a lu es in  a  v ery  sh o r t  t im e  an d  t h ere fo re  t o le ra t in g  p ressu re  an d  t em p erat u re  p eak s [ 1 5 ] ,
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I n Fig .3 .7 w e h ave rep resen t ed  t h e m o v em en t  o f w o rk in g  f lu id s in sid e a w av e ro t o r , w h en  

o p erat in g  at  an  o p t im a l sp eed . T h e  o p era t io n  o f  t h e  Co m p rex  su p erch arg er , v iew ed  f r o m  t h e  p erspect iv e  

o f  p ressu re  w av e  p ro p ag at io n , w as d escr ib ed  in  d et a il b y  D o er f le r  ( 1 97 5 )  o f  Bro w n , Bo v ery  &  Co . [ 6 2 ] , Fig .  

3 .8  sh o w s t h e  ro to r  u n fo ld ed  in  t h e  p ro j ect io n  p lan e  an d  t h e  d iag ram  o f  t h e  p ressu re  w av es.  T h e  ro t a t io n  

o f  t h e  ce ll d ru m  is t r an slat ed  in t o  a  b o t to m -u p  m o v em en t .

Le g e n d :

H P G  High Pressure Gas

LP A  Low Pressure Air

H P A  High Pressure Air

LP G  Low Pressure Gas

SA Scavenging Air 

—[U— Compression Wave 

--3]— Expansion Wave 

......... Interface

Figure 3.8 - l/l/ave propagation scheme

N o ise is o n e o f t h e sh o r t co m in g s o f t h e p ressu re w av e su p erch arg er , esp ecia lly sin ce t h e  

co n v en t io n a l Co m p rex  o p erat es o v er  a  w id e  ran g e  o f  sp eed s,  w h ich  p ro d u ces a  p en et ra t in g  t y p e  o f  n o ise  

in a f r eq u en cy b an d lo ca ted in t h e au d ib le zo n e. T h e n o ise lev e l d ep en d s m ain ly o n  t h e n u m ber  o f  
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ch an n e ls an d  t h e ir  sect ion s [ 7 2 ] , it s red u ct io n  b e in g  ach iev ed  b y  " b reak in g "  t h e  sy m m et ry  o f  t h e  p o sit ion  

o f  t h e  ro to r  ce lls o r  b y  u sin g  sev eral ro w s o f  ch an n e ls o r  n o n -u n ifo rm  ch an n e l sect io n s [ 2 2 ] , I n  1 9 8 5 ,  Pro f .  

Berch to ld  [ 6 5 ]  ach ieved  a  n o ise red u ct io n  o f  ab o u t  1 0  d B b y  u sin g  v ar iab le  w id th s o f  t h e  ro t o r  ce lls an d  a  

d if fe ren ce  o f  5 .. .15  d B b y  m ak in g  ro to rs w it h  t w o  ro w s o f  ce lls co m p ared  t o  t h e  ro t o r  w it h  a  sin g le  ro w  o f  

id en t ically sized ce lls. T h e m ax im u m  n o ise in t en sit y w as ap p ro x im at e ly 8 5 d B at 5 00 H z, an d t h e  

m in im u m  w as 5 8  d B reco rd ed  at  1 6  k H z  f r eq u en cies [ 6 5 ] ,

T h e m ain  a d v a n t a g e  o f  u sin g  p ressu re  w av es f o r I CE su p erch arg in g , co m p ared  t o  co n v en t io n a l  

t u rb o ch arg in g ,  l ies in  it s d irect  resp o n se t o  t h e  lo ad , d u e  t o  t h e  f act  t h a t  t h e  t r an sfe r  o f  t h e  en erg y  o f  t h e  

co m b u st io n  g ases t o  t h e  in t ak e  a ir  is in st an t an eou s [ 2 5 ] . Also , PW S d o es n o t  p resen t  " t u rb o  lag "  sp ecif ic  

t o  t u rb in es an d  is ef f ic ien t  w h en  o p erat in g  in  t h e  en t ire ran g e o f  sp eed s. T h e l ig h t  w eig h t  an d  co m p act  

co n f ig u rat io n  o f  t h e  PW S in d icat e  a  p o t en t ia l f o r  u se  in  su p erch arg in g  sm all en g in es ( b e lo w  7 5  k W ) ,  w h ere  

t u rb o ch arg ers are  in  sh o r t  su p p ly  [ 2 5 ] . Ot h er  ad v an t ag es rev ea led  af t e r  ro ad  t est in g  w o u ld  b e:  red u ced  

em issio n s,  b et t e r  h an d lin g  w it h  f ew er  g ear  ch an g es an d  red u ced  sen sit iv it y  t o  im b alan ces, im p ro v ed  f u e l 

co n su m p t io n .  PW S a lso  h as it s sh o r t co m in g s, b u t  n ev er th e less p ressu re  w av e  su p erch arg in g  h as reach ed  

p er fo rm an ce f ig u res t h at  j u st if y  f u r t h er  d ev elo p m en t ,  co n f irm ed  b y  t h e  n ew  t y p es o f  Co m p rex ,  ad j u sted  

f o r  u se  o n  " clean er "  en g in es  t h at  u se  f u e ls su ch  as n atu ra l g as o r  h y d rog en .
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CAPITOLUL 3 | MODELING. FLOW EQUATIONS

| EXPERIMENTAL RESEARCH IN THE VIRTUAL 

ENVIRONMENT

| RESULTS

3.1 MODELING OF DIMENSIONS AND GEOMETRIC SHAPES

Op t im izin g  t h e  en erg y  an d  en v iro n m en ta l m an ag em en t  o f  t h e  en g in e  in  a ll o p erat in g  co n d it io n s is 

o f  p ar t icu lar in t e rest  t o  research ers, b u t  is d if f icu lt  d u e t o  d esig n  v ar iab les t h a t  im po se  cer t a in  sp ecif ic  

co n d it io n s ( o p erat in g  p o in t s)  ( co n t ro llab le  d esig n  p aram et ers)  o r  t h at  are  d if f icu lt  t o  ch an g e ( co n st ru ct iv e  

d esig n ) . Research ers h ave d em on st ra ted  t h at , t h ro u g h  t h e o p t im a l d esig n  o f  co n st ru ct ive co m p o n en t s 

an d  t h e  ch o ice  o f  o p t im a l se t s o f  co n t ro lled  p aram et ers, o p t im a l m o dels can  b e  o b ta in ed  t o  f acilit a t e  t h e  

o p t im iza t io n  o f t h e o p era t io n o f an in t e rn al co m b u st io n en g in e [ 91 , 9 2 ] , Am o n g t h e co n t ro llab le  

p aram et ers, w h ich  can  b e m o d if ied  in o rd er  t o o p t im ize  t h e p er fo rm an ce p aram eters o f  an I CE, is t h e  

in t ak e p ressu re  o f  t h e  f r esh  ch arg e.  T h e m o st  co m m o n  w ay  t o  in crease  t h e  p o w er  an d  ef f ic ien cy  o f  an  

en g in e is su p erch arg in g . T h e p ressu re w av e su p erch arg er , as sh o w n  in t h e p rev io u s sect io n , h as t h e  

ab ilit y t o b e d y n am ica lly  t u n ed w it h  t h e en g in e o v er it s en t ire ran g e o f o p era t in g sp eed s. T h u s, t h e  

im p ro v em en t  o f  t h e  d esig n  p aram et ers re la t ed  t o  t h e  co n st ru ct ive  d esig n ,  w it h  t h e en h an cem en t  o f  t h e  

ad v an t ag es o f  t h e PW S an d  t h e red u ct ion  o f  it s sh o r t co m in g s, is a w ay  o f  o p t im izin g  t h e en erg y  an d  

eco lo g ica l m an ag em en t  o f an ex t en d ed ran g e o f I CE b y creat in g  ad d it io n a l o p t io n s f o r act ion o n t h e  

co n t ro llab le  p aram et ers.

T h e p ressu re w av e su p erch arger w it h m o d if ied  g eo m et ry ( h ere in a f t e r re fer red  t o as PW SM G)  

p rop o sed  in  t h is p ap er , is b ased  o n  t h e  id ea  o f  ch an g in g  t h e  g eo m et ry  o f  t h e  ro t o r  ch an n e ls so  t h a t  t h e  

f lu id f lo w  is im p rov ed , t h e n o ise is red u ced , t h e d eg ree o f  su p erch arg in g  can b e in creased u n d er  t h e  

co n d it ion s o f  ex ten d in g  t h e  ap p licab ilit y  o f  t h is su p erch arg in g  m et h o d  t o  less p o llu t in g  en g in es, su ch  as 

co n v en t io n a l SI  o r  n atu ral g as o r  h y d ro g en  en g in es,  o r  t o  b e  ab le  t o  resp o n d  t o  cu r ren t  au to m ot iv e  t r en d s  

( f o r exam p le d o w n sizin g ) . T h e id ea o f im p ro v in g  t h e f lo w  is p r im ar ily  a im ed  at  red u cin g  t h e p ressu re  

lo sses in  t h e  f lo w  o f  w o rk in g  f lu id s t o / f ro m  t h e ro t o r  ch an n e ls,  a im in g  t o  o p t im ize  t h e  cro ss-sect io n  o f  

t h e  ch an n e ls an d  t h e ir  sh ap e.  T h e  d ecrease  in  p ressu re  lo sses u lt im ate ly  f av o rs t h e  in crease  in  t h e  d eg ree  

o f su p erch arg in g an d t h e p er fo rm an ce o f t h e en g in e in t h e o p erat in g  co n d it io n s sp ecif ic t o t h a t  

ap p lica t io n . T h e  ex ten sion  o f  ap p licab ilit y  re fe rs p recise ly  t o  t h e p o ssib ilit y  o f  u se o n  en g in es o p era t in g  

w it h  h ig h  sp eed s o r  lo w  t o t a l cy lin d er  cap acit y  o r  w it h  h ig h  t em p era tu res an d  p ressu res o f  t h e  exh au st  

g ases. No ise red u ct io n  is an  o b j ect iv e  t h at  is ach iev ed  b y  in creasin g  t h e n u m b er  o f  ro t o r  ch an n e ls an d  

b reak in g  t h e  sy m m et ry  o f  t h e ir  sh ap e,  a  m et h od  su ccessfu lly  u sed  in  ex ist in g  Co m p rex  m o d els.

T h e  d esig n  o f  t h e  n ew  PW SM G co r re lat ed  w it h  t h e  rea l p o ssib ilit ies o f  exp er im en t a l research  in  

v ir t u a l m ed iu m  an d  w it h  t h ose  o f  a  t h eo re t ical an d  p ract ica l n atu re , co n sid er in g t h e  f o llo w in g  essen t ia l 

asp ect s:
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 

 

 
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 

 

 

 

 



A  f irst  st ep  in  m ak in g  t h e  g eo m et r ic ch an g es o f  t h e  PW S is t h e  an a ly sis o f  t h e  f r o n t  su r faces o f  

t h e p assag e o f  t h e ro to r , st ar t in g  f r o m  t h e g eo m et ry  an d  t h e  sh ap e o f  t h e co n v en t io n a l su p erch arg er  

ch o sen  f o r  co m p ar iso n .  T h e  CX-93  m o d ellin g  w as m ad e  acco rd in g  t o  t h e  act u a l d im en sio n s ( Fig . 4 .3 ,4 .4 ) .

S2 = 1 0 ,7m m p

S1  =  10 ,4 m m p

Figure 4.3 - Modeling of the passage surfaces of working fluid at the Comprex CX-93 Rotor

= cold stator (right)

Figure 4.4 - CX-93 fixed covers: 

gas passage cover = hot stator (left) and air passage cover

b. Establishing the channel section shape of the new PWSMG

T h e  ch an g e  in  t h e  sh ap e  o f  t h e  ch an n e l sect io n  an d  m o d if ica t io n  o f  t h e  f r o n t a l p assin g  su r faces o f  

t h e  ro to r  are  b ased  o n  o p t im iza t ion  ca lcu la t io n s an d  an a ly sis o f  t h e  d im en sio n s  t h a t  co n fer :

1 )  t h e  la rg est  resu lt in g  f r on t  su r face ,  b y  in creasin g  t h e  ef f ic ien cy  o f  u se  o f  t h e  su r face ;

2 )  t h e  la rg est  cro ss-sect io n al area  o f  t h e  ch an n e ls,  g reat er  t h an  t h a t  o f  CX-9 3 ;

3 )  g reat er  n u m b er  o f  ch an n e ls ( CX-9 3  h as 6 8  ch an n e ls  in  t o t a l)  f o r  n o ise  red u ct io n ;

4 )  sh ap es o f  t h e  ch an n e l sect io n  t h a t  im p ro v e  p ressu re  d ro p s co m p ared  t o  t h e  CX-9 3 ;

5 )  an g le o f  „ t w ist in g "  o f  t h e ch an n e ls in o rd er  t o  a llo w  an  in crease  o f  t h e sp eed  an d  t o  t ak e o v er t h e

su p erch arg in g  o v er -p ressu re ,

Fo r  m o d elin g  o f  t h e  sh ap e  an d  su r faces o f  t h e  w o rk in g  f lu id  p assag e,  a  p aram et er is d ef in ed :  t h e

su r face  u t ilizat io n  ef f ic ien cy ,  g iv en  b y  t h e  re la t io n
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𝜂𝑢𝑆 = 𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ∙ 𝑁𝜋(𝐷𝑚𝑎𝑥2 − 𝐷𝑚𝑖𝑛2 )4                       (4.1)

𝜂𝑢𝑆𝐶𝑋 = 118,5 ∙ 34𝜋(932 − 502)4 = 0,83                      
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𝑛 =  2∙𝜋∙𝑅4∙𝑅∙𝑎𝑟𝑐𝑠𝑖𝑛 𝑐4∙𝑅+𝑓
𝑛′ =  2∙𝜋∙𝑅′4∙𝑅′∙𝑎𝑟𝑐𝑠𝑖𝑛 𝑐4∙𝑅′+𝑓′ 𝑛′′ =  2∙𝜋∙𝑅′′4∙𝑅′′ ∙𝑎𝑟𝑐𝑠𝑖𝑛 𝑐4∙𝑅′′+𝑓′′

𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−1 = (100,65 ∗ 24 + 120 ∗ 12)𝜋(932 − 492)4 = 0,786                      
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 𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−2 = 𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 ∙ 𝑁𝜋(𝐷𝑚𝑎𝑥2 − 𝐷𝑚𝑖𝑛2 )4 = 𝑚𝑖𝑛. 0,87                     (4.9) 
𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−2 = 𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 ∙ 𝑁𝐻𝑃𝐺𝑆𝐻𝑃𝐺 = 𝑚𝑖𝑛. 0,87                     (4.10)

𝑁𝐻𝑃𝐺 = 𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−2 ∙ 𝑆𝐻𝑃𝐺𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠                                                (4.11)
𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 ∙ 𝑁 ≅ 4200𝑚𝑚2
𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 = 𝑚𝑖𝑛. 116,7𝑚𝑚2

𝑁𝐻𝑃𝐺 = 0,87 ∙ 269,74𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠  ≈ 2 𝑐ℎ𝑛𝑛𝑒𝑙𝑠/𝑟𝑜𝑤                                    
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𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−2 = 𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 ∙ 𝑁𝜋(𝐷𝑚𝑎𝑥2 − 𝐷𝑚𝑖𝑛2 )4 = 0,871

𝜂𝑢𝑆𝑆𝑈𝑃𝐺𝑀−3 = 𝑆𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 ∙ 𝑁𝜋(𝐷𝑚𝑎𝑥2 − 𝐷𝑚𝑖𝑛2 )4 = 0,875
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Δ Δ ξ

   Δ Δ  + Δ ξ

 Δ𝑝𝑅 = 𝑅 ∙ 𝐿 = 𝜆∙𝜌∙𝑤𝑖22∙𝑑𝑒 𝐿
λ

𝑑𝑒 = 4 ∙ 𝑆𝑃                                                                  (4.15) 
ρ

 ∆𝑝𝜉 = ∑ 𝜉 ∙ 𝜌 ∙ 𝑤𝑖22𝑛
𝑖=1                                                                        (4.17)

ξ

λ  
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1√𝜆 = −2 ∙ lg ( 𝜀𝑑3,71 + 2,51𝑅𝑒 √𝜆)                                                           (4.19)
ε

λ



I n Fig . 4 .1 8 an d Fig . 4 .19 sch em at ica lly sh o w s t h e f lo w  p at h s o f t h e w o rk in g  f lu id s an d t h e  

p ressu re  lo ss p o in t s. Sim p lif ied , t h ese p o in t s  j o in  areas t h at  rep resen t  t h e  f o llo w in g  t y p es o f  resist an ces 

f o r  t h e  idealized exhaust gas flow circuit  ( Fig . 4 .1 8 )  an d  f o r  the idealized air cir cu it  in side  PW S ( Fig .4 .1 9 ) :

Figure 18 - Diagram of pressure loss points on the exhaust gas circuit

■ a-b  — >  b ran ch  w it h  ch an g e  o f  d irect io n  at  t h e  an g le  ^  ( loca l lo ss co ef f icien t  " csi 1 " ) ;

■ b -c  — >  su d d en  n arro w in g  o f  t h e  sect io n  ( t ran sit ion  f r o m  t h e  p o r t  sect ion  t o  o n e  ch an n e l sect ion ) ;

■ c-d  — >  b ran ch  w it h  " lo ss"  o f  f lo w  ( red u ced  sp eed ) ;

■ d -e  — >  " re t u rn "  o f  t h e  g ases at  t h e  le f t  en d  o f  t h e  ch an n e l ( assim ilat ed  w it h  t w o  9 0°  b en d s) ;

■ e- f  — >  st eep  w id en in g  o f  t h e  sect io n  ( t ran sit ion  f r o m  a  ch an n e l sect io n  t o  t h e  sect io n  o f  t h e  p o r t ) ;

■ f - g  —> b ran ch  w it h  ch an g e  o f  d irect io n  at  an g le  ^ .

Figure 4.19 - Diagram of pressure loss points on the air circuit

■ m -n  — >  b ran ch  w it h  ch an g e  o f  d irect io n  at  t h e  an g le  ^ ;

■ n -o  — >  su d d en  n ar ro w in g  o f  t h e  sect io n  ( t ran sit ion  f r o m  t h e  sect io n  o f  t h e  p o r t  t o  t h e  sect io n  o f  a  

ch an n e l) ;
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o -p  — >  " re t u rn "  o f  t h e  g ases at  t h e  le f t  en d  o f  t h e  ch an n e l ( assim ilat ed  w it h  t w o  9 0 °  b en d s) ;  

p -s — >  st eep  sect ion  w id en in g  ( t ran sit ion  f r o m  ch an n e l sect io n  t o  o u t le t  p o r t  sect io n )  

s- t  — > b ran ch  w it h  ch an g e  o f  d irect io n  at  an g le  9 .

■ 

■ 

■

Fro m  t h e  ca lcu lat ion  su m m ar ized  in  T ab le  4 .1 , it  can  b e  seen  t h a t  o n  t h e  g as " ro u t e"  t h e  p ressu re  

lo ss in  CX-9 3  an d  PW SM G -  v ar ian t s 1 , 2  an d  3 is - 0 .3 1 b ar , t h e  d if f e ren ces co m p ared  t o  CX-93  b e in g  

sm all, in  f av o r  o f  PW SM G.  On  t h e  a ir  p ath ,  t h e  CX-9 3  is seen  t o  h av e  an  est im at ed  lo ss o f  0 .14 6  b ar ,  w h ile  

v ersio n s 1 an d  2  o f  t h e  PW SM G sh o w  0 .13  b ar  an d  v ersio n  3  a  0 .12 2  b ar , 1 6 .5%  less t h an  t h e  CX-9 3 .

I n  T ab le  4 .2  t h e id ea l case  " w it h o u t  EGR"  w as ca lcu la t ed ,  n o t in g  t h a t  t h e  v ar ian t s co n sid ered  f o r  

t h e  n ew  PW SM G p resen t  p ressu re lo sses o n  t h e  g as p ath  ap p ro x im at e ly  eq u a l t o  0 .3 4 . . .0 .3 5  b ar , lo w er  

co m p ared  t o  CX-93  w h ich  reg ist e rs a  p ressu re  lo ss o f  0 .3 7  b ar , an d  in  t h e  a ir  p at h , t h e  PW SM G v ar ian t s 

h ave  p ressu re  lo sses o f  0 .0 84 . . .0 .0 9 6  b ar ,  w h ile  Co m p rex  p resen t s lo sses o f  0 .10  b ar ,  w it h  4 . . .19  %  h ig h er  

co m p ared  t o  t h e  n ew  PW SM G.

I t  sh o u ld  b e  n o t ed  t h a t  t h e  p ressu re  lo ss v a lu es are  ca lcu la t ed  u n d er  t h e  co n d it io n s o f  k eep in g  t h e  

d im en sio n s o f  t h e  p o r t s p ract iced  in  t h e  en d  cap s,  as w ell as t h e  len g t h  o f  t h e  ro t o r  o f  9 3m m .  Acco rd in g  t o  

t h e  o b ta in ed  v a lu es,  it  can  b e  co n clu d ed  t h at :

>  PW SM G -  v ar ian t  1 , f o r  w h ich  t h e  f r o n t  su r face is 9 4%  o f  t h at  o f  t h e  CX-9 3 , p resen t s p ressu re  

lo sses co m parab le  t o  t h e  CX-9 3 , t h e  exp lan at io n  b e in g  f o u n d  in  t h e  f act  t h a t  t h e  " ro u n d "  sh apes 

in d u ce  lo w er  p ressu re lo sses co m p ared  t o  t h e  sh ap es " t rap ezo id a l"  w h ere  t h e  f lo w  in  t h e  " co rn er "  

sect io n s is st ro n g ly  t u rb u len t ;

>  PW SM G -  v ar ian t  3 , resp ect iv e ly  v ar ian t  2  p resen t s t h e  lo w est  p ressu re  lo sses co m p ared  t o  CX­

9 3  an d  v ar ian t  1 , t h e  d if f e ren ces b et w een  v ar ian t s 2  an d  3  can  b e  co n sid ered  n eg lig ib le .
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beta Supraf.trecere in capac Supraf.canale expuse Supraf. P Diam.echiv. Debit intrare Debit iesire Debit/canal Viteza in capac Viteza in capac Vit.intrare in Vit.compusa Debit primit/ Vit.2 in canal      Coef.pierderi locale (csi) Coef.pierd.longit. Lung. max Δp
CX-93 traseu gaze evacuare canal tip x perim.canal [mm] [m3/h] [m3/h] [m3/h] intrare [m/s] iesire [m/s] canal x [m/s] cedat x [m/s] csi 1 csi 2 csi 3 csi 4 R1 [Pa/m] R2 [Pa/m] canal [m] [bar]

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

264,9 1240,07 224,4 957,2 69,2 31,98 8,66 360 300 55,51 188,75 33,60 222,82 194,88 9,25 185,68 0,40 0,36 1,80 0,8 62306,53 56563,01 0,186 0,310666

264,9 1240,07 224,4 957,2 49,2 28,1 7,00 360 300 39,47 188,75 33,60 222,82 194,88 6,58 185,68 0,186

CX-93 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 802,6 178,4 69,2 31,88 8,68 240 300 10,35 32,24 183,11 41,53 36,32 2,59 51,91 0,70 3,12 1,40 1,44 6564,984 13595,82 0,186 0,14672

0 1034 227,55 802,6 178,4 49,2 28,1 7,00 240 300 7,36 32,24 183,11 41,53 36,32 1,84 51,91 0,186

SUPGM varianta 1 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1240,07 217,9 922,3 39,00 22,2 7,03 360 300 32,22 188,75 33,60 229,46 200,69 5,37 191,22 0,186

0 264,9 1240,07 217,9 922,3 68,72 29,7 9,26 360 300 56,77 188,75 33,60 229,46 200,69 9,46 191,22 0,186

0 264,9 1240,07 217,9 922,3 51,27 25,8 7,95 360 300 42,35 188,75 33,60 229,46 200,69 7,06 191,22 0,186

0 264,9 1240,07 217,9 922,3 61,66 28,51 8,65 360 300 50,94 188,75 33,60 229,46 200,69 8,49 191,22 0,40 0,26 1,80 0,8 62388,22 59173,16 0,186 0,311106

SUPGM varianta 1 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 787,9 184,4 39,00 22,93 6,80 240 300 5,94 32,24 183,11 42,31 37,00 1,48 52,88 0,186

0 1034 227,55 787,9 184,4 68,72 29,46 9,33 240 300 10,47 32,24 183,11 42,31 37,00 2,62 52,88 0,186

0 1034 227,55 787,9 184,4 51,27 25,61 8,01 240 300 7,81 32,24 183,11 42,31 37,00 1,95 52,88 0,186  

0 1034 227,55 787,9 184,4 61,66 28,3 8,72 240 300 9,39 32,24 183,11 42,31 37,00 2,35 52,88 0,70 3,12 1,40 1,25 6692,468 13997,29 0,186 0,13522

SUPGM varianta 2 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1240,07 231,4 1002,9 69,39 34,1 8,14 360 300 53,98 188,75 33,60 216,08 188,98 9,00 180,06 0,40 0,26 1,80 0,8 64150 58156,89 0,186 0,306332

0 264,9 1240,07 231,4 1002,9 48,39 30,8 6,28 360 300 37,64 188,75 33,60 216,08 188,98 6,27 180,06 0,186

SUPGM varianta 2 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 844,1 202,5 69,39 34,1 8,14 240 300 9,86 32,24 183,11 39,49 34,54 2,47 49,36 0,70 3,30 1,40 1,3 6419,184 13183,62 0,186 0,135653

0 1034 227,55 844,1 202,5 48,39 30,8 6,28 240 300 6,88 32,24 183,11 39,49 34,54 1,72 49,36 0,186

SUPGM varianta 3 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1248 231,9 1009,8 69,48 33,9 8,20 360 300 53,93 188,75 33,39 215,61 188,58 8,99 179,68 0,40 0,24 1,80 0,8 63156,54 57492,18 0,186 0,30158

0 264,9 1248 231,9 1009,8 48,84 29,8 6,56 360 300 37,91 188,75 33,39 215,61 188,58 6,32 179,68 0,186

SUPGM varianta 3 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1040 240,6 850 201,4 69,48 33,9 8,20 240 300 9,81 32,05 173,18 39,22 34,30 2,45 49,02 0,70 3,30 1,40 1,25 6259,27 12925,82 0,186 0,122404

0 1040 240,6 850 201,4 48,84 29,8 6,56 240 300 6,90 32,05 173,18 39,22 34,30 1,72 49,02 0,186

Reynolds Epsilon/d Lambda R [Pa/m] Reynolds Epsilon/d Lambda R [Pa/m]

CX-93 SUPGM-2

wg1 37483,6197 0,04621387 0,071 62306,5263 wg1 34183,45018 0,049142528 0,0731 64150,00429

wg2 35714,2076 0,04621387 0,071 56563,0122 wg2 32569,82235 0,049142528 0,073 58156,88855

wa1 21025,9372 0,04606936 0,072 6564,98399 wa1 18741,97458 0,049142528 0,073 6419,183907

wa2 19597,9001 0,04621387 0,073 13595,8243 wa2 17469,05941 0,049142528 0,0734 13183,61544

SUPGM-1 SUPGM-2

wg1 38582,0957 0,04623743 0,067 62388,2164 wg1 34355,48656 0,048791019 0,0728 63156,53587

wg2 36760,83 0,04623743 0,07 59173,1648 wg2 32733,73776 0,048791019 0,073 57492,17941

wa1 21498,7258 0,04589685 0,071 6692,46841 wa1 18745,97019 0,048791019 0,0727 6259,270422

wa2 20038,5779 0,04589685 0,0727 13997,2881 wa2 17472,78365 0,048791019 0,0735 12925,82143
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beta Supraf.trecere in capac Supraf.canale expuse Supraf. P Diam.echiv. Debit intrare Debit iesire Debit/canal Viteza in capac Viteza in capac Vit.intrare in Vit. Debit primit/ Vit.2 in canal      Coef.pierderi locale (csi) Coef.pierd.longit. Lung. max Δp
CX-93 traseu gaze evacuare canal tip x perim.canal [mm] [m3/h] [m3/h] [m3/h] intrare [m/s] iesire [m/s] canal x [m/s] compusa cedat x [m/s] csi 1 csi 2 csi 3 csi 4 R1 [Pa/m] R2 [Pa/m] canal [m] [bar]

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

264,9 1240,07 224,4 957,2 69,2 31,88 8,68 360 360 55,51 188,75 40,32 222,82 194,88 0,00 222,82 0,40 0,36 1,80 0,8 62111,7 81196,04 0,186 0,37071

264,9 1240,07 224,4 957,2 49,2 28,01 7,03 360 360 39,47 188,75 40,32 222,82 194,88 0,00 222,82 0,186

CX-93 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 802,6 178,4 69,2 31,88 8,68 240 240 10,35 32,24 146,49 41,53 36,32 0,00 41,53 0,70 3,12 1,40 1,44 6564,984 8939,72 0,186 0,10226

0 1034 227,55 802,6 178,4 49,2 28,01 7,03 240 240 7,36 32,24 146,49 41,53 36,32 0,00 41,53 0,186

SUPGM varianta 1 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1240,07 217,9 922,3 39,00 22,93 6,80 360 360 32,22 188,75 40,32 229,46 200,69 0,00 229,46 0,186

0 264,9 1240,07 217,9 922,3 68,72 29,46 9,33 360 360 56,77 188,75 40,32 229,46 200,69 0,00 229,46 0,186

0 264,9 1240,07 217,9 922,3 51,27 25,61 8,01 360 360 42,35 188,75 40,32 229,46 200,69 0,00 229,46 0,186

0 264,9 1240,07 217,9 922,3 61,66 28,3 8,72 360 360 50,94 188,75 40,32 229,46 200,69 0,00 229,46 0,40 0,26 1,80 0,8 61928,67 72498,62 0,186 0,35046

SUPGM varianta 1 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 787,9 184,4 39,00 22,93 6,80 240 240 5,94 32,24 146,49 42,31 37,00 0,00 42,31 0,186

0 1034 227,55 787,9 184,4 68,72 29,46 9,33 240 240 10,47 32,24 146,49 42,31 37,00 0,00 42,31 0,186

0 1034 227,55 787,9 184,4 51,27 25,61 8,01 240 240 7,81 32,24 146,49 42,31 37,00 0,00 42,31 0,186  

0 1034 227,55 787,9 184,4 61,66 28,3 8,72 240 240 9,39 32,24 146,49 42,31 37,00 0,00 42,31 0,70 3,12 1,40 1,25 6692,468 9118,453 0,186 0,09496

SUPGM varianta 2 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1240,07 231,4 1002,9 69,39 33,93 8,18 360 360 53,98 188,75 40,32 216,08 188,98 0,00 216,08 0,40 0,26 1,80 0,8 63830,19 76479,51 0,186 0,35359

0 264,9 1240,07 231,4 1002,9 48,39 30,66 6,31 360 360 37,64 188,75 40,32 216,08 188,98 0,00 216,08 0,186

SUPGM varianta 2 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1034 227,55 844,1 202,5 69,39 33,93 8,18 240 240 9,86 32,24 146,49 39,49 34,54 0,00 39,49 0,70 3,30 1,40 1,3 6387,182 8692,837 0,186 0,09492

0 1034 227,55 844,1 202,5 48,39 30,66 6,31 240 240 6,88 32,24 146,49 39,49 34,54 0,00 39,49 0,186

SUPGM varianta 3 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

0 264,9 1248 231,9 1009,8 69,48 33,5 8,30 360 360 53,93 188,75 40,06 215,61 188,58 0,00 215,61 0,40 0,24 1,80 0,8 62411,33 75087,62 0,186 0,34663

0 264,9 1248 231,9 1009,8 48,84 29,45 6,63 360 360 37,91 188,75 40,06 215,61 188,58 0,00 215,61 0,186

SUPGM varianta 3 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

0 1040 240,6 850 201,4 69,48 33,5 8,30 240 240 9,81 32,05 138,54 39,22 34,30 0,00 39,22 0,70 3,30 1,40 1,25 6185,415 8452,973 0,186 0,08607

0 1040 240,6 850 201,4 48,84 29,45 6,63 240 240 6,90 32,05 138,54 39,22 34,30 0,00 39,22 0,186

Reynolds Epsilon/d Lambda R [Pa/m] Reynolds Epsilon/d Lambda R [Pa/m]

CX-93 SUPGM-2

wg1 37601,197 0,04606936 0,071 62111,697 wg1 34354,72005 0,0489 0,0731 63830,19488

wg2 42991,481 0,04606936 0,071 81196,045 wg2 39279,60892 0,0489 0,067 76479,5068

wa1 21025,937 0,04606936 0,072 6564,984 wa1 18835,87778 0,0489 0,073 6387,18211

wa2 15678,32 0,04606936 0,075 8939,7201 wa2 14045,26793 0,0489 0,076 8692,836546

SUPGM-1 SUPGM-2

wg1 38868,394 0,04589685 0,067 61928,675 wg1 34765,70132 0,04822 0,0728 62411,32601

wg2 44440,336 0,04589685 0,06 72498,616 wg2 39749,50603 0,04822 0,067 75087,61597

wa1 21498,726 0,04589685 0,071 6692,4684 wa1 18969,80267 0,04822 0,0727 6185,414724

wa2 16030,862 0,04589685 0,074 9118,4534 wa2 14145,13112 0,04822 0,076 8452,973116



 

29 

η

𝑚̇𝑎 = 𝜌𝑎𝑉𝐻 ∙ 𝑛𝑚𝑜𝑡𝑜𝑟30 ∙ 𝜏 ∙ 𝜂𝑣 = 𝑝𝐴𝑅 ∙ 𝑇𝐴 ∙ 𝑉𝐻 ∙ 𝑛𝑚𝑜𝑡𝑜𝑟30 ∙ 𝜏 ∙ 𝜂𝑣                             (4.23) 
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𝑇𝑔−𝑀6000 ≈ 1,2 ∙ 𝑇𝑔−𝑀𝑎𝑧𝑑𝑎
𝑉𝑔𝑀𝐺𝑃𝑊𝑆 ≈ 1,6 𝑉𝑔𝐶𝑋

𝑉𝑇 = 1,6 ∙ 𝑉𝑔𝐶𝑋(𝑠𝑖𝑛𝜑 − 𝑐𝑜𝑠𝜑 ∙ 𝑡𝑔𝛽)𝛽 = 8° 𝑎𝑛𝑑 𝐿 ≈ 58 𝑚𝑚



Figure 4.21 - Velocity vectors in PWSMG

Fig . 4 .2 3  sh o w s t h e  u n fo ld ed  im ag e o f  t h e  ro t o r .  T h e n ew  co n f ig u ra t io n  cau ses t h e  red u ct io n  o f  

t h e  cro ss sect io n  o f  t h e  ch an n e l,  so  t h e  p ressu re  lo sses in crease  in  t h e  n ew  co n f ig u ra t io n  co m p ared  t o  t h e  

p re lim in ary  ca lcu la t io n s. I n  T ab le  4 .6 ,  t h e  p ressu re  lo ss ca lcu la t io n  o f  t h e  PW SM G is p resen t ed ,  u n d er  t h e  

sam e assu m p t io n s as t h ose  in  t h e p re lim in ary ca lcu la t io n , f o r  co m p ar iso n . I t is o b serv ed  t h a t , f o r  t h e  

PW SM G,  t h e  p ressu re  d rop s are  lo w er  b y  3 0 . . .40 %  co m pared  t o  t h e  CX-9 3 .

T ab le  4 .7  p resen t s  t h e  ca lcu la t io n s f o r  t h e  CX-9 3  an d  f o r  t h e  3  PW SM G v ar ian t s,  im p o sin g  a ir  f lo w  

rat es in creased  b y  5 0%  co m p ared  t o  t h e  p re lim in ary  ca lcu la t io n , l im it  f lo w  ra t es f o r  t h e  sy m b o lic M -6 0 0 0  

en g in e . I t can b e o b serv ed  t h at  p ressu re lo ss in  t h e a ir p ath  is 5 0%  lo w er co m p ared  t o CX-9 3 , w h ich  

co n f irm s t h at  t h e n ew  co n f ig u rat io n  en su res o p erat ion  at  in creased  f lo w  ra t es. I t  sh o u ld  b e n o t ed  t h a t  

v ersio n  3  o f  PW SM G is t h e  m o st  ad v an t ag eo u s,  t h is v ar ian t  b e in g  f u r t h er  research ed  in  t h e  v ir t u a l m ed ia.

Figure 4.23 -Unfolded rotor relative to the circumference of the average diameter of the outer row of channels
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beta Supraf.trecere in capac Supraf.canale expuse Supraf. P Diam.echiv. Debit intrare Debit iesire Debit/canal Viteza in capac Viteza in capac Vit.intrare in Viteza Debit primit/ Vit.2 in canal Coef.pierderi locale (csi)  Coef.pierd.longit. Lung. max Δp
canal tip x perim.canal [mm] [m3/h] [m3/h] [m3/h] intrare [m/s] iesire [m/s] canal x [m/s] compusa cedat x [m/s] csi 1 csi 2 csi 3 csi 4 R1 [Pa/m] R2 [Pa/m] canal [m] [bar]

SUPGM varianta 1 traseu gaze evacuare 2*L/cos(b)

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 264,9 1240,07 217,9 922,3 38,62 22,93 6,74 360 300 31,90 188,75 33,60 229,46 202,67 5,32 191,22 0,11714

8 264,9 1240,07 217,9 922,3 68,05 29,46 9,24 360 300 56,21 188,75 33,60 229,46 202,67 9,37 191,22 0,11714

8 264,9 1240,07 217,9 922,3 50,77 25,61 7,93 360 300 41,94 188,75 33,60 229,46 202,67 6,99 191,22 0,11714

8 264,9 1240,07 217,9 922,3 61,06 28,3 8,63 360 300 50,44 188,75 33,60 229,46 202,67 8,41 191,22 0,04 0,26 1,40 0,8 67579,82 60161,9 0,11714 0,201763

SUPGM varianta 1 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1034 227,55 787,9 184,4 38,62 22,93 6,74 240 300 5,88 32,24 183,11 42,31 37,37 1,47 52,88 0,11714

8 1034 227,55 787,9 184,4 68,05 29,46 9,24 240 300 10,36 32,24 183,11 42,31 37,37 2,59 52,88 0,11714

8 1034 227,55 787,9 184,4 50,77 25,61 7,93 240 300 7,73 32,24 183,11 42,31 37,37 1,93 52,88 0,11714  

8 1034 227,55 787,9 184,4 61,06 28,3 8,63 240 300 9,30 32,24 183,11 42,31 37,37 2,32 52,88 0,10 3,12 1,40 1,25 6988,793 14193,18 0,11714 0,12046

SUPGM varianta 2 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 264,9 1240,07 231,4 1002,9 68,71 33,93 8,10 360 300 53,45 188,75 33,60 216,08 190,84 8,91 180,06 0,04 0,26 1,40 0,8 65640,72 58435,65 0,11714 0,192097

8 264,9 1240,07 231,4 1002,9 47,92 30,66 6,25 360 300 37,27 188,75 33,60 216,08 190,84 6,21 180,06 0,11714

SUPGM varianta 2 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1034 227,55 844,1 202,5 68,71 33,93 8,10 240 300 9,77 32,24 183,11 39,49 34,88 2,44 49,36 0,10 3,30 1,40 1,3 6577,35 13264,86 0,11714 0,121333

8 1034 227,55 844,1 202,5 47,92 30,66 6,25 240 300 6,81 32,24 183,11 39,49 34,88 1,70 49,36 0,11714

SUPGM varianta 3 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 269,74 1253,1 231,9 1009,8 68,80 33,5 8,22 360 300 53,41 185,36 33,25 215,61 190,43 8,90 179,68 0,04 0,24 1,40 0,8 64446,09 57372,15 0,11714 0,187666

8 269,74 1253,1 231,9 1009,8 48,36 29,45 6,57 360 300 37,54 185,36 33,25 215,61 190,43 6,26 179,68 0,11714

SUPGM varianta 3 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1040 240,6 850 201,4 68,80 33,5 8,22 240 300 9,71 32,05 173,18 39,22 34,64 2,43 49,02 0,10 3,30 1,40 1,25 6395,86 12898,83 0,11714 0,108231

8 1040 240,6 850 201,4 48,36 29,45 6,57 240 300 6,83 32,05 173,18 39,22 34,64 1,71 49,02 0,11714

Reynolds Epsilon/d Lambda R [Pa/m]

SUPGM-1

wg1 38868,3939 0,04634791 0,071 67579,8164

wg2 36673,205 0,04634791 0,071 60161,9007

wa1 21498,7258 0,04634791 0,072 6988,79258

wa2 19843,5639 0,04634791 0,073 14193,1756

SUPGM-2

wg1 34354,72 0,04937808 0,073 65640,7187

wg2 32414,4521 0,04937808 0,073 58435,6486

wa1 18835,8778 0,04937808 0,073 6577,3503

wa2 17385,7254 0,04937808 0,0735 13264,8551

SUPGM-3

wg1 34765,7013 0,04868915 0,073 64446,0886

wg2 32802,2221 0,04868915 0,073 57372,1474

wa1 18969,8027 0,04868915 0,073 6395,85997

wa2 17509,3396 0,04868915 0,0735 12898,8349
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beta Supraf.trecere in capac Supraf.canale expuse Supraf. P Diam.echiv. Debit intrare Debit iesire Debit/canal Viteza in capac Viteza in capac Vit.intrare in Vit. Debit primit/ Vit.2 in canal      Coef.pierderi locale (csi) Coef.pierd.longit. Lung. max Δp
0 CX-93 traseu gaze evacuare canal tip x perim.canal [mm] [m3/h] [m3/h] [m3/h] intrare [m/s] iesire [m/s] canal x [m/s] compusa cedat x [m/s] csi 1 csi 2 csi 3 csi 4 R1 [Pa/m] R2 [Pa/m] canal [m] [bar]

0 S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2 L/cos(beta)

0 264,9 1240,07 224,4 957,2 69,2 31,88 8,68 360 360 55,51 188,75 40,32 222,82 194,88 0,00 222,82 0,40 0,36 1,40 0,8 61236,88 74334,41 0,186 0,34629

0 264,9 1240,07 224,4 957,2 49,2 28,01 7,03 360 360 39,47 188,75 40,32 222,82 194,88 0,00 222,82 0,186

CX-93 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1034 227,55 802,6 178,4 69,2 31,88 8,68 360 360 15,52 48,36 219,73 62,30 54,49 0,00 62,30 0,70 3,12 1,40 1,44 14771,21 19712,08 0,186 0,22934

8 1034 227,55 802,6 178,4 49,2 28,01 7,03 360 360 11,03 48,36 219,73 62,30 54,49 0,00 62,30 0,186

SUPGM varianta 1 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 264,9 1240,07 217,9 922,3 38,62 22,93 6,74 360 360 31,90 188,75 40,32 229,46 202,67 0,00 229,46 0,11714

8 264,9 1240,07 217,9 922,3 68,05 29,46 9,24 360 360 56,21 188,75 40,32 229,46 202,67 0,00 229,46 0,11714

8 264,9 1240,07 217,9 922,3 50,77 25,61 7,93 360 360 41,94 188,75 40,32 229,46 202,67 0,00 229,46 0,11714

8 264,9 1240,07 217,9 922,3 61,06 28,3 8,63 360 360 50,44 188,75 40,32 229,46 202,67 0,00 229,46 0,04 0,26 1,40 0,5 64724,33 76871,66 0,11714 0,22918

SUPGM varianta 1 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1034 227,55 787,9 184,4 38,62 22,93 6,74 360 360 8,82 48,36 219,73 63,46 56,05 0,00 63,46 0,11714

8 1034 227,55 787,9 184,4 68,05 29,46 9,24 360 360 15,55 48,36 219,73 63,46 56,05 0,00 63,46 0,11714

8 1034 227,55 787,9 184,4 50,77 25,61 7,93 360 360 11,60 48,36 219,73 63,46 56,05 0,00 63,46 0,11714  

8 1034 227,55 787,9 184,4 61,06 28,3 8,63 360 360 13,95 48,36 219,73 63,46 56,05 0,00 63,46 0,10 3,12 1,40 1 15724,78 20662,15 0,11714 0,16327

SUPGM varianta 2 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 264,9 1240,07 231,4 1002,9 68,71 33,93 8,10 360 360 53,45 188,75 40,32 216,08 190,84 0,00 216,08 0,04 0,26 1,40 0,5 63842,34 78383,82 0,11714 0,22326

8 264,9 1240,07 231,4 1002,9 47,92 30,66 6,25 360 360 37,27 188,75 40,32 216,08 190,84 0,00 216,08 0,11714

SUPGM varianta 2 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1034 227,55 844,1 202,5 68,71 33,93 8,10 360 360 14,65 48,36 219,73 59,23 52,32 0,00 59,23 0,10 3,30 1,40 1 14190,86 18711,57 0,11714 0,15727

8 1034 227,55 844,1 202,5 47,92 30,66 6,25 360 360 10,22 48,36 219,73 59,23 52,32 0,00 59,23 0,11714

SUPGM varianta 3 traseu gaze evacuare

S(HPG)c S(LPG)c S(HPG) S(LPG) S(x) de Dgi Dge Dg1 wgi wge wg1 cedat wg2

8 264,9 1248 231,9 1009,8 68,80 33,5 8,22 360 360 53,41 188,75 40,06 215,61 190,43 0,00 215,61 0,04 0,24 1,40 0,5 62680,44 76957,27 0,11714 0,21852

8 264,9 1248 231,9 1009,8 48,36 29,45 6,57 360 360 37,54 188,75 40,06 215,61 190,43 0,00 215,61 0,11714

SUPGM varianta 3 traseu aer

S(LPA)c S(HPA)c S(LPA) S(HPA) S(x) de Dai Dae Da1 wai wae wa1 primit wa2

8 1040 240,6 850 201,4 68,80 33,5 8,22 360 360 14,57 48,08 207,81 58,82 51,95 0,00 58,82 0,10 3,30 1,40 1 13799,29 18195,25 0,11714 0,14562

8 1040 240,6 850 201,4 48,36 29,45 6,57 360 360 10,24 48,08 207,81 58,82 51,95 0,00 58,82 0,11714

Reynolds Epsilon/d Lambda R [Pa/m] Reynolds Epsilon/d Lambda R [Pa/m]

CX-93 SUPGM-2

wg1 37601,197 0,04606936 0,07 61236,884 wg1 34354,72005 0,04938 0,071 63842,34281

wg2 42991,481 0,04606936 0,065 74334,407 wg2 38897,34246 0,04938 0,068 78383,81791

wa1 31538,906 0,04606936 0,072 14771,214 wa1 28253,81668 0,04938 0,07 14190,85853

wa2 23517,48 0,04606936 0,0735 19712,083 wa2 20862,87052 0,04938 0,072 18711,56706

SUPGM-1 SUPGM-2

wg1 38868,394 0,04634791 0,068 64724,331 wg1 34765,70132 0,04869 0,071 62680,44238

wg2 44007,846 0,04634791 0,063 76871,657 wg2 39362,66657 0,04869 0,068 76957,26951

wa1 32248,089 0,04634791 0,072 15724,783 wa1 28454,70401 0,04869 0,07 13799,28692

wa2 23812,277 0,04634791 0,0738 20662,153 wa2 21011,20752 0,04869 0,072 18195,2545
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𝐷𝜌𝐷𝑡 + 𝜌𝛻 ∙ 𝑉 = 0ρ DVDt = −∇p + ρf + ∇ ∙ τρ DDt (e + 12 𝑽 ∙ 𝑽) = ρq̇gen − ∇ ∙ q̇visc − ∇ ∙ (pV) + ρ(f ∙ V) + ∇ ∙ (𝜏 ∙ 𝑽)𝜏 = μ(∇V +  ∇VT) + λ(∇ ∙ V)I𝒒̇𝑣𝑖𝑠𝑐 = 𝒒̇𝑐𝑜𝑛𝑑 = −𝑘∇𝑻 𝒒̇𝑔𝑒𝑛 = 0𝜇 = 𝜇(𝜌, 𝑻)𝜆 = 𝜆(𝜌, 𝑻)𝑘 = 𝑘(𝜌, 𝑻)𝑝 = 𝑝(𝜌, 𝑻)𝑒 = 𝑒(𝜌, 𝑻)
• 𝜌
• 

• 

• 

• 

• 𝜏
• 

• 𝜇
• 𝜆
• 
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ρ q̇ht
μ ρ λ ρ τ

𝜌1 ∙ 𝑤 = 𝜌2 ∙ [𝑤 ± (𝑢1 − 𝑢2)]                                 (4.96) 𝑝1 + 𝜌1 ∙ 𝑤2 = 𝑝2 + 𝜌2 ∙ [𝑤 ± (𝑢1 − 𝑢2)]2         (4.97)ℎ1 + 𝑤22 = ℎ2 + [𝑤 ± (𝑢1 − 𝑢2)]22                           (4.98) 𝑀 = 𝑤𝑎1
𝑢2 − 𝑢1𝑎1 = ± 2𝑘 + 1 (𝑀 − 1𝑀)                                               (4.99)
𝑜𝑟    𝑢2 − 𝑢1𝑎1 = ± Π𝑠 − 1𝑘 √ 2 ∙ 𝑘Π𝑠(𝑘 + 1) + (𝑘 − 1)         (4.100)
𝑀 = √1 + 𝑘 + 12𝑘 (Π𝑠 − 1)                                                    (4.101)
(𝑎2𝑎1)2 = 1 + 2(𝑘 − 1)(𝑘 + 1)2 [𝑘 ∙ 𝑀2 − 1𝑀2 − 𝑘 + 1]             (4.102)
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𝑝2𝑝1 = 1 + 2𝑘𝑘 + 1 (𝑀2 − 1)                                                    (4.103)
𝑀𝑠 = 𝑤𝑠𝑎1 = √1 + 𝑘 + 12𝑘 (Π𝑠 − 1)                                       (4.104)



su b so n ic. Acco rd in g t o t h e t h eo ry o f co n v erg in g  n o zzles, t h e cr it ica l sect io n - t h e l im it sect io n  f o r  

p ro d u cin g  sh o ck  w aves -  is co n st an t ly  " p o sit io n ed "  in  t h e  area  o f  t h e  m in im u m  sect ion  w h ere  t h e  f lo w  is 

so n ic,  u n t il t h e  f lo w  sect io n  exceed s t h e  v a lu e  at  w h ich  it  can  b e  co n sid ered  a  n o zzle .

I n  Fig . 4 .32  is rep resen t ed  t h e  g rad u al o p en in g  o f  a  ch an n e l t o w ard s t h e  p o r t , co n sid ered  f r o m  t h e  

o u t er row  o f  ch an n e ls, an d  t h e exp o sed  su r face o f  t h e ch an n e l ( co lo red  in g reen )  can b e o b serv ed  at  

d if fe ren t  t im es d en o t ed  t i, st ar t in g  w it h  t o= O, w h en  t h e  ch an n e l is co m p le te ly  clo sed .  T h e  exp osed  su r face  

o f  a  ce ll at  t h e  g rad u al o p en in g  in  f r on t  o f  t h e  H PG p o r t  at  t h e  PW S is sh o w n  f o r  exam p le  in  Fig .4 .3 4 .

Figure 4.33 - Partial channel opening and association with flow in a convergent-divergent nozzle
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𝑇0𝑇 = 1 + (𝑘 − 12 ) 𝑀2                         (4.117)𝑝𝑝0 = [1 + (𝑘 − 12 ) 𝑀2] 𝑘𝑘−1                 (4.118)
𝜌0𝜌 = [1 + (𝑘 − 12 ) 𝑀2] 1𝑘−1                 (4.119)

𝑚̇ = 𝐴 ∙ 𝑀 ∙ 𝑝0√ 𝑘𝑅𝑇0[1 + (𝑘 − 1)2 𝑀2] 𝑘+12(𝑘−1)           (4.120)

𝑇∗𝑇0 = 2𝑘 + 1                                         (4.121)
𝑝∗𝑝0 = ( 2𝑘 + 1) 𝑘𝑘−1                                 (4.122)
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𝜌∗𝜌0 = ( 2𝑘 + 1) 1𝑘−1                                 (4.123)
 

𝑚̇𝑚𝑎𝑥 = 𝐴∗ ∙ 𝑝0 ∙ ( 2𝑘 + 1) 𝑘+12(𝑘−1) √ 𝑘𝑅𝑇0        (4.124)
𝐴𝐴∗ = 1𝑀 ∙ [2 + (𝑘 − 1)𝑀2𝑘 + 1 ] 𝑘+12(𝑘−1)                 (4.125)



Figure 4.37 - Geometric characteristics of the first row of cells

Figure 4.38 - Geometric characteristics of the second row of cells

40



3 .8  V I R T U AL EX P ER I M EN T AL R ESEAR CH  M ET H O D O LO G Y

T h e  sim u lat io n  o f  t h e  o p era t io n  o f  t h e  PW SM G an d  t h e  v alid a t io n  o f  t h e  resu lt s  w ere  car r ied  o u t  in  

t w o  st ag es:  ( 1 )  sim u la t io n  o f  t h e  PW S CX-9 3  o p era t io n  o n  t h e  m o d eled  t est  r ig  an d  co m p ar in g  t h e  resu lt s 

o b ta in ed  w it h  t h ose  rep or t ed  in  t h e l it e rat u re w it h  t h e  a im  o f  v a lid a t in g  t h e  AVL Bo ost  m o d el u sed ;  ( 2 )  

sim u lat io n  o f  t h e  n ew  PW SM G o p era t io n  an d  an a ly sis o f  t h e  o b ta in ed  resu lt s.

3.8.1 VIRTUAL EXPERIMENTAL SIMULATION AND VALIDATION FOR THE CX-93 MODEL

T h e f irst st ag e w as t o sim u la te t h e o p erat io n o f t h e Co m p rex CX-93 u sin g as in p u t d at a:  

at m o sp h er ic a ir p aram eters ( LPA in le t  p o r t ) an d exh au st  g as st a te p aram eters ( H PG in le t  p o r t ) , w ith  

v a lu es rep or t ed  in  l it e ra t u re :  p ressu re, t em p era tu re ,  m ass f lo w  ra tes. T w o  sim u la t io n s w ere  car r ied  o u t ,  

f o r  t w o  se t s o f  in p u t  d at a,  t h e  d at a  o b t ain ed  in  1 5  m easu rem en t  p o in t s b e in g  p resen t ed  in  T ab les 5 .1 an d  

5 .2  f o r  se t  1 an d  se t  2  resp ect iv e ly . T h e  p o in t s o f  in t e rest  are  M P 1 ( 2 )  f o r  LPA  at m o sp h er ic  a ir , M P 5 ( 4 )  f o r  

H PA  co m p ressed  a ir ,  M P 6 ( 7 )  f o r  H PG co m b u st io n  g as in le t  an d  M P 1 0( 9 )  f o r  LPG exh au st  g as o u t le t .

MEASURINGPOINTS: Average Values

Table 5.1 - Data at measurement points for Comprex CX-93 parameter set 1

Mp. Pipe Location Diameter Pressure Temp. Ms.Temp. Velo. Mass-Flow Mass-Flow To.Ent.f. To.Ent.f. Mach. Wtemp. Converg.

nr. nr. [mm] [mm] [bar] [K] [K] [m/s] [g/s] [g/cycle] [kJ/s] [kJ/eye.] [-] [K] [-]
1 1 10.0000 60.9500 0.9487 292.2 292.2 44.5 146.5963 0.5864 -0.740 -0.0030 0.13 373.1 0.663E-07

2 1 140.0000 47.3000 0.9273 290.4 290.4 75.0 146.5964 0.5864 -0.740 -0.0030 0.22 373.1 0.388E-07

3 2 7.0000 33.0000 1.9141 442.6 0.0 0.0 0.0000 0.0000 0.000 0.0000 0.00 423.2 0.441E-04

4 3 0.0000 25.0000 1.7569 391.4 391.6 137.9 105.9212 0.4237 11.008 0.0440 0.35 423.1 0.998E-07

5 3 90.0000 47.5000 1.8972 402.5 402.5 36.7 105.9283 0.4237 11.217 0.0449 0.09 423.1 0.238E-06

6 4 10.0000 52.4000 2.0725 1023.4 1023.4 70.8 107.8280 0.4313 85.748 0.3430 0.11 773.1 0.102E-06

7 5 30.0000 29.9000 2.0274 1018.0 1018.0 133.9 65.2183 0.2609 51.861 0.2074 0.22 773.1 0.414E-07

8 7 20.0000 26.4000 1.9166 1019.7 1019.7 118.7 42.6154 0.1705 33.888 0.1356 0.19 773.2 0.103E-06

9 8 0.0000 52.0000 1.0042 753.8 753.9 150.4 148.4580 0.5938 73.072 0.2923 0.28 573.1 0.126E-05

10 8 85.0000 62.2895 1.0312 760.8 760.8 103.2 148.4577 0.5938 73.324 0.2933 0.19 573.1 0.706E-07

11 11 280.0000 62.0000 0.9495 292.2 292.2 42.9 146.5908 0.5864 -0.740 -0.0030 0.13 313.2 0.630E-07

12 9 20.0000 50.0000 1.8994 403.7 403.7 32.9 105.9293 0.4237 11.339 0.0454 0.08 433.2 0.388E-06

13 10 280.0000 53.0000 2.0735 1023.7 1023.7 69.1 107.8318 0.4313 85.773 0.3431 0.11 1023.1 0.180E-06

14 12 20.0000 63.5000 1.0331 759.9 759.9 98.8 148.4625 0.5939 73.098 0.2924 0.18 298.0 0.699E-07

15 12 380.0000 63.5000 1.0321 736.0 736.0 95.8 148.4582 0.5938 69.121 0.2765 0.18 298.0 0.558E-07

MEASURINGPOINTS: Average Values

Table 5.2 - Data at measurement points for Comprex CX-93 parameter set 2

Mp. Pipe Location Diameter Pressure Temp. Ms.Temp. Velo. Massflow Massflow To.Ent.f. To.Ent.f. Mach. Wtemp. Converg.

nr. nr. [mm] [mm] [bar] [K] [K] [m/s] [g/s] [g/cycle] [kJ/s] [kJ/cyc.] [-] [K] []
1 1 10.0000 60.9500 0.9503 292.3 292.3 41.2 136.0513 0.5442 -0.686 -0.0027 0.12 373.1 0.114E-07

2 1 140.0000 47.3000 0.9320 290.8 290.8 69.4 136.0509 0.5442 -0.686 -0.0027 0.20 373.1 0.784E-08

3 2 7.0000 33.0000 1.8187 419.4 0.0 0.0 0.0000 0.0000 0.000 0.0000 0.00 423.1 0.102E-03

4 3 0.0000 25.0000 1.9806 398.0 398.4 116.4 99.1401 0.3966 10.711 0.0428 0.29 423.2 0.133E-06

5 3 90.0000 47.5000 2.0906 406.7 406.7 31.5 99.1577 0.3966 10.909 0.0436 0.08 423.2 0.179E-07

6 4 10.0000 52.4000 2.1412 1023.5 1023.5 64.1 100.9248 0.4037 80.215 0.3209 0.10 773.2 0.220E-07

7 5 30.0000 29.9000 2.0852 1017.0 1017.0 139.8 70.1227 0.2805 55.730 0.2229 0.23 773.2 0.167E-07

8 7 20.0000 26.4000 1.8689 1022.0 1022.0 88.2 30.8143 0.1233 24.486 0.0979 0.14 773.1 0.379E-07

9 8 0.0000 52.0000 1.0083 756.2 756.2 139.5 137.8213 0.5513 67.984 0.2719 0.26 573.1 0.456E-07

10 8 85.0000 62.2895 1.0313 762.4 762.4 95.9 137.8205 0.5513 68.216 0.2729 0.18 573.1 0.290E-07

11 11 280.0000 62.0000 0.9510 292.4 292.4 39.8 136.0501 0.5442 -0.686 -0.0027 0.12 313.2 0.616E-08

12 9 20.0000 50.0000 2.0923 408.1 408.1 28.3 99.1569 0.3966 11.045 0.0442 0.07 443.2 0.131E-06

13 10 280.0000 53.0000 2.1420 1023.7 1023.7 62.6 100.9240 0.4037 80.234 0.3209 0.10 1023.2 0.779E-07

14 12 20.0000 63.5000 1.0329 761.4 761.4 92.0 137.8214 0.5513 68.004 0.2720 0.17 298.0 0.199E-07

15 12 380.0000 63.5000 1.0321 737.3 737.3 89.1 137.8227 0.5513 64.299 0.2572 0.17 298.0 0.443E-08
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t e rm s o f  co m p ressed  a ir  p ressu re, it  is o b serv ed  t h at  it  reco rd ed  v a lu es o f  1 .7 . . .1 .98  b ar  in  t h e  sim u la t io n ,  

w h ile  t h e  exp er im en t al v a lu es w ere  at  1 .6 . . .1 .95  b ar ,  t h e  m ax im u m  re la t iv e  er ro r  b e in g  -  4 .4  % . Reg ard in g  

t h e  t em p era t u re  v alu es,  t h e  rep or t ed  v a lu es are  v ery  d if fe ren t , t h e  exp er im en t s b e in g  car r ied  o u t  w it h o u t  

co n sid er in g  t h e  t em p era t u re ,  t h ere fo re ,  t h ey  can n o t  b e  an a ly zed  b y  co m p ar iso n . Reg ard in g  t h e  f lo w s,  it  is 

o b serv ed  t h at  t h e  m ajo r  d ev iat io n s are  in  t h e  case  o f  " Sim u la t io n  v s. Sm ith  [ 5 4 ] "  at  t h e  f r esh  a ir  in t ak e  

an d  exh au st  g as f lo w  rat es, b u t  t h is sh o w s t h a t  t h e EGR p h en o m en o n  is p resen t , w h ich  is t ak en  in t o  

acco u n t  in  t h e  sim u lat io n  o n  t h e  v ir t u a l t est  r ig .

T h u s, accep t in g  a  m axim u m  re lat ive  er ro r  o f  1 0 % , it  can  b e  co n clu d ed  t h a t  t h e  sim u lat io n  f o r  t h e  

CX-9 3  p rov id ed  co m parab le resu lt s t o  t h e exp er im en t a l o n es rep o r t ed  in  t h e l it e ra t u re ,  an d  t h e resu lt s 

v a lida t e t h e AVL Bo o st m o d el an d  j u st if y it s f u r t h er u se as a t o o l f o r sim u lat io n  an d an a ly sis o f  t h e  

f u n ct io n in g  o f  t h e  PW SM G p ro p o sed  in  t h is p aper .

3 .8 .2  SI M U LAT I O N  AN D  EX P ER I M EN T AL  V ALI D ATI O N  O F  T H E N EW  P W SM G

T h e  sim u lat io n  o f  t h e  n ew  PW SM G o p erat io n  w as car r ied  o u t  o n  t h e  v ir t u a l t est  r ig  m o d eled  an d  

v a lid a ted  f o r  t h e  CX-9 3 ,  b y  rep lacin g  t h e  su p erch arg er  w it h  t h e  n ew  co n f ig u rat io n , an d  w it h  ad j u st m en t  o f  

t h e  d im en sio n al ch aract e r ist ics:  n u m b er  o f  ch an n e ls p er  ro w  ( 3 6  ch an n e ls o n  2  ro w s) , t h e  n ew  len g th  o f  

t h e ro to r ( L= 5 8 m m ) , eq u iva len t  d iam et ers, t h e an g le b et w een  t h e H PG an d co m p ressed H PA p o r t s 

red u ced  b y  8 °  ( eq u iv a len t  t o  t h e  ax ia l in clin at io n  o f  t h e  ch an n e ls o f  t h e  n ew  PW SM G) . T h e  co n st ru ct iv e  

d et ails o f  t h e  v ir t u a l t est  b en ch  an d  t h e  d im en sio n a l v a lu es o f  PW SM G are  p resen t ed  in  Fig . 5 .1 0 . . .5 .13 .

Figure 5.10- AVL Boost virtual test rig for simulating the operation of the new PWSMG
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Figure 5.12 - Geometric changes for row 1 (top) and 2 (bottom) of cells according to PWSMG

Figure 5.13 - Geometric changes according to PWSMG
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d at a sim ilar t o t h ose o f t h e CX-93  ( exh au st  g as p ressu re  an d f lo w  ra t es) w h ich  en ab le co m p ara t iv e  

an aly sis w it h  t h e  exp er im en ta l  d at a  rep or t ed  in  t h e  l it e ra tu re  f o r  t h e  CX-9 3 .

T ab les 5 .4 an d 5 .5 sh o w  t h e av erag e v a lu es o f t h e p aram eters o f t h e f ir st  t w o sim u la t io n s,  

m easu red  at  t h e  m easu rem en t  p o in t s M  1 . . . M  1 5 .

MEASURINGPOINTS: Average Values

Table 5.4 - Data results in the measurement points M1...M15 of the stand, dataset 1

Mp. Pipe Location Diameter Pressure Temp. Ms.Temp. Velo. Massflow Massflow To.Ent.f. To.Ent.f. Mach. Wtemp. Converg.

nr. nr. [mm] [mm] [bar] [K] [K] [m/s] [g/s] [g/cycle] [k3/s] [kl/cyc.] [-] [K] [-]
1 1 10.0000 60.9500 0.9528 292.5 292.5 35.5 117.3522 0.4694 -0.592 -0.0024 0.10 373.2 0.232E-06

2 1 140.0000 47.3000 0.9394 291.4 291.4 59.5 117.3514 0.4694 -0.592 -0.0024 0.17 373.2 0.213E-06

3 2 7.0000 33.0000 1.6176 945.4 0.0 0.0 0.0000 0.0000 0.000 0.0000 0.00 423.1 0.406E-03

4 3 0.0000 25.0000 2.0842 547.4 547.8 215.3 140.3107 0.5612 39.124 0.1565 0.46 423.2 0.128E-06

5 3 90.0000 47.5000 2.3820 570.7 570.7 54.9 140.3770 0.5615 39.433 0.1577 0.12 423.2 0.362E-06

6 4 10.0000 52.4000 2.4357 1023.7 1023.7 79.8 142.8950 0.5716 114.263 0.4571 0.13 773.2 0.141E-06
7 5 30.0000 29.9000 2.2289 1002.4 1002.4 239.2 130.1928 0.5208 104.091 0.4164 0.39 773.2 0.205E-06

8 7 20.0000 26.4000 1.7556 1025.9 1025.9 38.8 12.7037 0.0508 10.158 0.0406 0.06 773.1 0.396E-06

9 8 0.0000 52.0000 0.9944 847.5 847.5 137.5 119.6232 0.4785 71.861 0.2874 0.24 573.2 0.705E-07

10 8 85.0000 62.2895 1.0140 853.3 853.3 94.7 119.6223 0.4785 72.062 0.2882 0.17 573.2 0.439E-07

11 11 280.0000 62.0000 0.9533 292.6 292.6 34.2 117.3532 0.4694 -0.592 -0.0024 0.10 313.2 0.251E-06

12 9 20.0000 50.0000 2.3868 565.9 565.9 48.6 140.3827 0.5615 38.677 0.1547 0.10 433.2 0.535E-07

13 10 280.0000 53.0000 2.4372 1024.2 1024.2 78.0 142.8949 0.5716 114.316 0.4573 0.13 1023.2 0.792E-07

14 12 20.0000 63.5000 1.0154 852.0 852.0 90.8 119.6172 0.4785 71.832 0.2873 0.16 298.0 0.321E-07

15 12 380.0000 63.5000 1.0148 823.3 823.3 87.8 119.6201 0.4785 67.868 0.2715 0.16 298.0 0.433E-07

Table 5.5 - Data results in the measurement points M1...M15 of the stand, data set 2

MEASURINGPOINTS: Average Values

Mp. Pipe Location Diameter Pressure Temp. Ms.Temp. Velo. Massflow Massflow To.Ent.f. To.Ent.f. Mach. Wtemp. Converg.

nr. nr. [mm] [mm] [bar] [K] [K] [m/s] [g/s] [g/cycle] [kl/s] [kl/cyc.] [-] [K] [-]
1 1 10.0000 60.9500 0.9254 290.1 290.1 78.3 253.5634 1.0143 -1.280 -0.0051 0.23 373.1 0.437E-07

2 1 140.0000 47.3000 0.8529 283.7 283.7 137.8 253.5622 1.0142 -1.280 -0.0051 0.41 373.1 0.346E-07

3 2 7.0000 33.0000 2.1834 581.6 0.0 0.0 0.0000 0.0000 0.000 0.0000 0.00 423.1 0.126E-04

4 3 0.0000 25.0000 1.5762 382.8 383.0 226.6 159.7409 0.6390 17.823 0.0713 0.58 423.1 0.196E-06

5 3 90.0000 47.5000 1.9455 409.1 409.1 54.9 159.7814 0.6391 18.145 0.0726 0.14 423.1 0.276E-06

6 4 10.0000 52.4000 2.0686 1023.3 1023.3 107.0 162.6491 0.6506 129.863 0.5195 0.17 773.1 0.765E-07

7 5 30.0000 29.9000 1.9909 1013.8 1013.8 184.6 88.6958 0.3548 70.811 0.2832 0.30 773.1 0.113E-06

8 7 20.0000 26.4000 1.9682 1011.7 1011.6 199.1 73.9639 0.2959 59.050 0.2362 0.32 773.1 0.654E-07

9 8 0.0000 52.0000 0.9468 672.4 672.4 245.6 256.1300 1.0245 107.777 0.4311 0.48 573.1 0.859E-07

10 8 85.0000 62.2895 1.0301 689.7 689.7 161.5 256.1331 1.0245 108.209 0.4328 0.31 573.1 0.633E-07

11 11 280.0000 62.0000 0.9279 290.3 290.3 75.4 253.5787 1.0143 -1.280 -0.0051 0.22 313.1 0.554E-07

12 9 20.0000 50.0000 1.9505 410.7 410.7 49.2 159.7782 0.6391 18.349 0.0734 0.12 443.1 0.153E-06

13 10 280.0000 53.0000 2.0710 1023.8 1023.8 104.4 162.6537 0.6506 129.902 0.5196 0.17 1023.1 0.123E-06

14 12 20.0000 63.5000 1.0356 689.6 689.6 154.4 256.1343 1.0245 107.882 0.4315 0.30 298.0 0.446E-07

15 12 380.0000 63.5000 1.0322 669.5 669.5 150.4 256.1379 1.0246 102.165 0.4087 0.29 298.0 0.464E-07

Fig .5 .16  sh o w s t h e  p ressu re  v ar ia t io n s o f  t h e  w o rk in g  f lu id s, n o t in g  t h a t  t h e  v a lu es f o r  LPA an d  

LPG f lu id s are  ap p ro x im at e ly  co n stan t  an d  h ave  t h e  v a lu e  o f  t h e  am b ien t  en v iro n m en t .  T h e  H PA  an d  H PG 

f lu id  p ressu res sh o w  a p eak  v a lu e  o f  2 .6  b ar  at  t h e  b eg in n in g  o f  t h e  sim u lat io n s, af t e r  w h ich  t h e  v a lu es 

co n v erg e  t o w ard s - 2 .4  b ar  ( sim u la t io n  1 )  an d  - 2 .0  b ar  ( sim u la t io n  2 ) . T h e  sy m b o ls f o r  t h e  p aram et ers o f  

each  f lu id  are :

-  1 ( red  co lo r )  f o r  f r esh  a ir  in t ak e  ( LPA) ;

-  2  ( g reen  co lo r )  f o r  co m p ressed  a ir  ( H PA) ;

-  3  ( b lu e  co lo r )  f o r  exh au st  g ases en t er in g  t h e  ro t o r  ( H PG) ;

-  4  ( b lack  co lo r )  f o r  exh au st  g ases leav in g  t h e  ro t o r  ( LPG) .
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3 .8 .3  SI M U LATI O N  O F  P W SM G  O PER AT I O N  W I TH  SI M I LAR  CX - 9 3  I N P U T  D AT A

I n o rd er  t o  an a ly ze  t h e  d at a b y  co m p ar iso n  w it h  CX-9 3  an d  v a lida t e t h e PW SM G m o d el, a  t h ird  

sim u lat io n  w as car r ied  o u t , w it h  in p u t  d at a sim ilar  t o  t h e CX-9 3 :  exh au st  g as p ressu re  at  t h e PW SM G  

en t ran ce o f 2 .1 b ar , g as m ass f lo w  o f  - 1 00  g / s, an d  t h e ro t o r sp eed o f 1 2 9 50  ro t / m in  [ 4 7 , 5 7 ] , T h e  

sim u lat io n  re t u rn ed  t h e  f o llo w in g  resu lt s,  p resen t ed  in  T ab le  5 .6 :

MEASURI NGPOI NTS:  Aver age Val ues

Table 5.6 - Data results at measurement points M1...IVI15 of the stand, data set 3 for PWSMG

Mp. Pi pe Locat i on Di amet er Pr essur e Temp. Ms. Temp. Vel o. Massf l ow Massf l ow To. Ent . f . To. Ent . f . Mach. Wt emp. Conver g.

nr . nr . [ mm] [ mm] [ bar ] [ K] [ K] [ m/ s] [ g/ s] [ g/ cycl e] [ kl / s] [ kJ/ cyc. ] [ ] [ K] ( - 1
1 1 10. 0000 60. 9500 0. 9521 292. 5 292. 4 40. 3 133. 2370 0. 3087 - 0. 661 - 0. 0015 0. 12 373. 2 0. 217E- 03

2 1 ue.eeee 47. 3000 0. 9375 291. 2 291. 2 65. 4 129. 2848 0. 2995 - 0. 630 - 0. 0015 0. 19 373. 2 0. 175E- 03

3 2 7. 0000 33. 0000 1. 4061 648. 7 0. 0 - 0. 0 0. 0000 0. 0000 0. 000 0. 0000 - 0. 00 423. 2 0. 762E+03

4 3 0. 0000 25. 0000 1. 7681 423. 1 423. 9 143. 3 102. 4643 0. 2374 14. 099 0. 0327 0. 35 423. 1 0. 563E- 04

5 3 90. 0000 47. 5000 1. 9104 431. 8 431. 8 38. 1 103. 1507 0. 2390 14. 042 0. 0325 0. 09 423. 1 0. 464E- 04

6 4 10. 0000 52. 4000 2. 1879 1023. 5 1023. 5 65. 4 105. 2207 0. 2438 83. 657 0. 1938 0. 11 773. 2 0. 545E- 04

7 5 30. 0000 29. 9000 2. 1283 1017. 0 1016. 9 141. 8 72. 4972 0. 1679 57. 636 0. 1335 0. 23 773. 1 0. 755E- 04

8 7 20. 0000 26. 4000 1. 9679 1022. 7 1022. 5 89. 3 32. 7870 0. 0760 26. 061 0. 0604 0. 14 773. 2 0. 348E- 04

9 8 0. 0000 52. 0000 1. 0056 776. 6 776. 2 134. 9 129. 3224 0. 2996 66. 651 0. 1544 0. 25 573. 1 0. 246E- 03

10 8 85. 0000 62. 2895 1. 0285 778. 8 778. 8 91. 6 128. 2737 0. 2972 65. 849 0. 1525 0. 17 573. 1 0. 230E- 03

11 11 280.eeee 62. 0000 0. 9520 292. 4 292. 4 39. 5 134. 9684 0. 3127 - 0. 675 - 0. 0016 0. 12 313. 1 0. 326E- 03

12 9 20. 0000 50. 0000 1. 9128 431. 8 431. 8 34. 1 103. 2943 0. 2393 14. 007 0. 0324 0. 08 433. 1 0. 210E- 04

13 10 280. 0000 53. 0000 2. 1887 1023. 8 1023. 8 63. 9 105. 1678 0. 2436 83. 639 0. 1938 0. 10 1023. 2 0. 513E- 04

14 12 20. 0000 63. 5000 1. 0304 775. 8 775. 7 87. 2 127. 9826 0. 2965 65. 156 0. 1509 0. 16 298. 0 0. 201E- 03

15 12 380. 0000 63. 5000 1. 0319 754. 4 754. 5 79. 2 119. 6458 0. 2772 58. 071 0. 1345 0. 15 298. 0 0. 797E- 04

3 .9  R ESU LT S

T h e  su m m ar ized  resu lt s o f  t h e  exp er im en t a l  research  o n  t h e  v ir t u a l t est  r ig  are  p resen t ed  in  T ab le  

5 .7 , rep resen t in g  b o t h  t h e  v a lu es o f  p ressu res, t em p era t u res,  f lo w  ra t es o f  h ig h -p ressu re exh au st  g ases 

H PG an d  f r esh  a ir  LPA  ( t h e in p u t  d at a  o f  t h e  sim u la t io n s)  as w ell as t h e  o b ta in ed  v a lu es o f  t h e  sam e  f lu id  

p aram et ers, resp ect iv e ly H PA co m pressed  a ir an d LPG lo w  p ressu re  g ases. T h e t ab le a lso  sh o w s t h e  

v a lu es resu lt in g  f ro m  t h e  t h ird  sim u lat io n  p er fo rm ed  f o r  t h e  co m par iso n  o f  t h e  v a lu es w it h  t h e  d at a  f r o m  

t h e  l it e ra t u re ,  w h ere  t h e  re la t iv e  er ro rs  b et w een  t h e  sim u lat io n  resu lt s  rep o r t ed  t o  t h e  exp er im en t a l  o n es,  

rep or t ed  b y  Sm ith  [ 5 7 ]  an d  Po h o re lsk y  et  a l. ,  w ere  a lso  ca lcu la ted  [ 4 7 ] ,

I t  can  b e  o b serv ed  t h at ,  in  t e rm s o f  t h e  H PG p ressu re , a  st ab ilized  v a lu e  o f  2 .18  b ar  w as reco rded ,  

co m p arab le t o  t h ose  rep or t ed  exp er im en t ally , o f  2 .1 .. .2 .25  b ar . T h e  ca lcu la t ed  re la t iv e  er ro r  is a  m in im u m  

o f  3 .1 %  an d  a  m ax im u m  o f  1 0  % , t h e  la t t e r  b e in g  re la t ed  t o  t h e  exp er im en t a l d at a  o b t ain ed  w it h  n o  se t  

t em p era t u re  [ 5 7 ] , Reg ard in g  t h e  o u t p u t  d at a  in  sim u la t io n  3 , a  H PA  a ir  p ressu re  o f  1 .91  b ar  w as o b ta in ed ,  

co m p arab le t o  t h e  exp er im en ta l l it erat u re  d at a  o f  1 .95  o r  2 .05  b ar . A sig n if ican t  d if fe ren ce  is reco rd ed  in  

t h e  co m p ressed  a ir  f lo w  v a lu es,  w h ere  t h e  PW SM G d e liv ers 1 9 . . .2 0  %  h ig h er  f lo w s,  t h e  exp lan at ion  b e in g  

t h at  in t h e d esig n o f  t h e n ew  PW SM G o n e o f t h e im p o sed  co n d it io n s w as t h e d e liv ery o f in creased  

co m p ressed  a ir f lo w s, so  t h at , b y im p o sin g  in  t h e in p u t  d at a g as f lo w  v a lu es eq u a l t o  t h e CX-9 3 , t h e  

PW SM G t r an sfe r red  t h is f lo w  t o  t h e co m p ressed  a ir  w it h  n o  ad d it io n al lo ss in t h e LPG p o r t . I t is a lso  

o b serv ed  t h at  t h e  f r esh  a ir  an d  exh au st  g as f lo w  ra t es h ave  clo se  v a lu es,  w h ich  m ean s  t h at  p ar t  o f  t h e  a ir
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d raw n  in t o  t h e  PW SM G g o es d irect ly  t o  t h e  exh au st  p o r t ,  t h u s " w ash in g "  t h e  rem ain in g  g as ch an n e ls an d  

co o lin g  t h e  h o t  p ar t  o f  t h e  PW SM G.

Table 5.7 - Parameters of working fluids obtained experimentally from specialized literature, 

the parameters obtained in the experimental research in a virtual environment for the new pressure wave 

supercharger and the relative errors compared to the experimental values

Experimental data reported in literature

Pohorelsky et al.[47]-1 Pohorelsky et al.[47]-2 Smith [54]

Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA

Pression [bar] 

Temp. [K] 

Mass flow [g/s]

2,25 2,05 1,06 1,003 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

2,1 1,95 1 1,003 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

1,978 1,6 1,06 1

900 393 600 400 900 400 595 393 498 402 426 318

100 83,3 150 147 100 83,3 147 147 99,34 87 88,5 73,4

Simulation results for PWSMG

Virtual model AVL Boost Virtual model AVL Boost Virtual model AVL Boost

PWSGM simulation 3 PWSGM simulation 2 PWSGM simulation 1

Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA

Pression [bar] 

Temp. [K] 

Mass flow [g/s]

2,18 1,91 1,028 0,95 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

2,068 1,94 1,03 0,925 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

2,43 2,38 1,014 0,95

1023 431,8 776,8 292 1023 410 690 290 1023 570 853 294

103,22 103,5 128 133,2 162 159,7 256 253 140 142,9 120 117

Relative errors [%]

Simulare 3 vs.Pohorelsky [47]-1 Simulare 3 vs.Pohorelsky[47]-2 Simulare 3 vs. Smith [54]

Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA Parameters HPG HPA LPG LPA

Pression [bar] 

Temp. [K] 

Mass flow [g/s]

3,1 6,8 3,0 5,3 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

-3,8 2,1 -2,5 5,3 Pression [bar] 

Temp. [K] 

Mass flow [g/s]

-10,2 -19,4 3,0 5,3

-13,7 -9,9 -29,5 27,0 -13,7 -8,0 -30,6 25,7 -105,4 -7,4 -82,3 8,2

-3,2 -24,2 14,7 9,4 -3,2 -24,2 12,9 9,4 -3,9 -19,0 -44,6 -81,5

Sim u lat ion s 1 an d 2 w ere p er fo rm ed in o rd er t o an a ly ze t h e o p era t io n  o f t h e PW SM G w h en  

su p erch arg in g t h e sy m b o lic M 6 00 0 en g in e . Sim u lat io n 1 w as p er fo rm ed im p o sin g an exh au st g as 

p ressu re o f - 2 .4  b ar an d in le t  f lo w  rat es - 5 0%  h ig h er  co m p ared  t o t h e CX-9 3 , an d  f o r  sim u lat io n  2 a  

p ressu re  o f  2 .1 b ar  an d  f lo w  ra t es a lso  in creased  b y  5 0 % , t o  o b serv e  t h e  o p era t io n  o f  t h e  PW SM G w h en  

su p erch arg in g en g in es d isch arg in g at h ig h er p ressu res an d t em p era tu res. T h u s, t h e co m p ressed a ir  

p ressu re  reco rd ed  v a lu es o f  2 .3 8  b ar , resp ect iv e ly  1 .9 4  b ar ,  an d  t h e  co m p ressed  a ir  f lo w  ra t es o f  1 5 9  g / s,  

resp ect ive ly  1 43  g / s f o r  t h e  t w o  sim u lat io n s. I n t e rm s o f  t em pera t u re  v a lu es in  t h e  p o r t s,  a  ra t io  o f  1 .2  

w as se t  b et w een t h e sim u la t io n  exh au st g as t em p era t u res v s. act u a l exp er im en t a l v a lu es ( M -6 0 0 0  

en g in e m o d elin g  co n d it io n ) . Fo r t h e 2 n d  sim u la t io n , at  sim ilar  v a lu es o f  exh au st  g as in le t  p ressu re an d  

co m p ressed  a ir p ressu re ,  t h e  f lu id  t em p era t u res h av e  clo se  v a lu es,  b u t  t h e  PW SM G can  " p ro cess"  - 5 0 %  

h ig h er f lo w  rat es, so as estab lish ed f o r t h e h y p o t h et ical M -60 00 en g in e . Also , f o r h ig h er g as in le t  

p ressu res an d  f o r  resu lt ed  co m p ressed  a ir  p ressu res in  re la t io n  t o  ap p ro x . 2 ,3 , t h e  f lo w  ra t es o f  H PG an d  

H PA are -  1 .4 h ig h er  t h an CX-93  f lo w  ra t es, a lso  f a llin g  w it h in t h e ran g e o f 1 . . .1 .5 p ro p o sed in t h e  

research h y p o t h eses. I n co n clu sio n , t h e o b t ain ed  d at a v a lid a te  t h e PW SM G m o d el w it h  t h e p ro p o sed  

g eo m et r ic co n f ig u rat io n  an d  t h e  assu m p t io n s est ab lish ed  f o r  m o d elin g .
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𝑊̇𝑆𝑈𝑃𝐺𝑀 = 𝑀𝑎𝜔 = (𝑉𝑇 ∙ 𝑉𝑠1 − 𝑉𝑇 ∙ 𝑉𝑠2)𝑚̇𝑎 + (𝑉𝑇 ∙ 𝑉𝑠3 − 𝑉𝑇 ∙ 𝑉𝑠4)𝑚̇𝑔    (5.2) 𝑚̇𝑎 𝑚̇𝑔

𝑊̇𝑆𝑈𝑃𝐺𝑀 = 𝑉𝑇 sin 𝛽 (𝑤2 − 𝑤1)𝑚̇𝑎 ∙ (1 − 𝜌0𝑔𝜌0𝑎)                                (5.5)
β 𝑊̇𝑆𝑈𝑃𝐺𝑀  

𝑓 = 𝑖 ∙ 𝑧 ∙ 𝑛60  [𝐻𝑧]                (5.6)

SUPGM 1 SUPGM 2 

V_T [m/s] 97 97

w1 [m/s] 27,467989 27,467989

w2 [m/s] 226,10306 226,10306

ρ0g/ρ0a 0,5865385 0,6093023

W_SUPGM [W] 165,19784 156,10258
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𝜂𝐸 = 𝑊̇𝐻𝑃𝐴 − 𝑊̇𝐿𝑃𝐴𝑊̇𝐻𝑃𝐺                                (5.7)𝑊̇𝑖
𝑊̇𝑖 = 𝑚̇𝑖 ∙ 𝑐𝑝𝑖 ∙ 𝑇𝑖 [1 − (𝑝𝐴𝑝0𝑖)

𝑘−1𝑘 ]      (5.8)
𝑊̇𝑖 η



CHAPTER 4| FINAL CONCLUSIONS. ORIGINAL CONTRIBUTIONS

4 .1  FI N AL CO N CLU SI O N S

Eq u ip m en ts u sin g  p ressu re  w av e  t ech n o lo g y  h av e  b een  st u d ied  f o r  d ecad es, esp ecia lly  sin ce  t h e  

seco n d  h a lf  o f  t h e  last  cen t u ry , sh o w in g  in t e rest  esp ecia lly  in  t h e  aero n au t ica l in d u st r y ,  w it h  ap p lica t ion s 

in  t h e  im p ro v em en t  o f  g as t u rb in es o r  sh o ck  w av e  en g in es,  b u t  a lso  in  in d u st r y  cars, as su p erch arg ers f o r  

in t e rn a l co m b u st io n  en g in es.  T h e  ch a llen g es in  st at in g  as r ig o ro u sly  as p o ssib le  t h e  t h eore t ical eq u at io n s 

t h at  d escr ib e t h e b eh av io r  o f  f lu ids, in  est ab lish in g  n ew  co n f ig u ra t io n s an d  g eo m et r ica l ad j u st m en ts o r  

n ew  an d re liab le m ater ia ls f o r p ressu re w av e su p erch arg ers h ave b een o v ercom e b y d ev e lo p in g  

co m p u t at ion a l,  m o d elin g  an d  sim u lat io n  co d es,  t h e  w o rk  o f  research ers im p ro v in g  sig n if ican t ly , t h e  er ro rs  

b et w een  t h e  exp er im en ta l  v a lu es an d  t h ose  in  t h e  v ir t u a l en v iro n m en t  b e in g  red u ced .

T h e  p resen t  w o rk  ap p ro ach ed  t h e  t o p ic o f  o p t im izin g  t h e  co n f ig u ra t io n  an d  g eo m et r ic sh ap es o f  

t h e p ressu re w av e su p erch arg er , ch oo sin g  as a b ase m o d el t h e Co m p rex CX-9 3 , t h e m o st  su ccessfu l 

PW S, in st a lled  w it h  v ery  g o o d  resu lt s o n  m o re  t h an  1 50 ,00 0  v eh icles in  ser ies p ro d u ct io n .  T h e  p ro p o sed  

o b j ect iv es w ere  ach ieved  t h ro u g h :

1 . I m p r o v in g  t h e  g e o m e t r ic a n d  co n st r u ct iv e  d im e n sio n s o f  t h e  r o t o r , in creasin g  t h e  n u m b er  

o f  ch an n e ls an d / o r  t h e  n u m b er  o f  ro w s o f  ch an n e ls, t h e  ax ia l in clin a t io n  o f  t h e  ch an n e ls, t h e  

red u ct io n  o f  t h e  len g t h  o f  t h e  ro t o r  f r o m  9 3  m m  ( CX-9 3 )  t o  5 8  m m ;

2 .  R e d e sig n in g  a  n e w  su p e rch a rg e r , n am ed sim b o llica ly  P W SM G , h av in g  7 2 ce lls, ar ran g ed  

rad ia lly  o n  2  o r  3  ro w s o f  ch an n e ls,  h av in g  ch an n e l sect io n s o f  d if f e ren t  sh ap es -  t h e  3  t y p es  

o f  g eo m et r ies  each  h av e  t h e ir  o w n  ad v an t ag es. Op t im izat io n  h ad  t h e  m ain  t arg e t :

3 .  Ex t e n d in g  t h e  r a n g e  o f  a p p lica b ilit y  o f  t h e  n e w  su p e rch a r g e r  t o  en g in es  in  acco rd an ce  w it h  

cu r ren t  t r en d s in t h e au t om o t iv e in d u st r y ( red u ced  em issio n s, d o w n sizin g , e lim in a t io n o f  

d iese l en g in es, u se  o f  a lt e rn at ive o r  lo w -carb o n  f u e ls) .  T h e  n ew  PW SM G h as t h e  p o t en t ia l t o  

su p erch arg e  a  w id e ran g e  o f  en g in es t h a t  req u ire  in creased  in t ak e  a ir  f lo w , o r  ru n  o n  a  f u e l 

t h at  p rov id es h ig h er  exh au st  g as p ressu res an d  t em p era t u res, o r h ave h ig h er ra t ed  en g in e  

sp eed s t h an  t h e  d iese l en g in e , re fe ren ce .

4 .  Su p p ly o f a d d it io n a l e n e r g y  w h ich  a llo w s t h e u se o f PW SM G in h y b r id  m o d e, b o t h as a  

p ressu re  exch an g er  ( sp ecif ic co n v en t io n a l PW S)  an d  in  t u rb in e  m o de.

5 .  M a in t a in in g  t h e  e n e r g y  t r a n sf e r  e f f icie n cy  v a lu e  o f  t h e  n ew  su p erch arg er  co m p ared  t o  t h e  

CX-93  su p erch arg er .

6 .  N o ise  r e d u ct io n , est im ated  t o  b e  ach ieved  b y  in creasin g  t h e  n u m b er  o f  ch an n e ls,  p o ssib ly  t h e  

n u m b er  o f  ro w s o f  ch an n e ls an d  t h e  ro w 's sh if t  an d , last  b u t  n o t  least ,  b y  in creasin g  t h e  ro t o r  

sp eed ,  a  co n seq u en ce o f  t h e  u se  in  ap p lica t io n s  w it h  h ig h er  st a te  p aram eters.
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T h e m o d elin g an d sim u lat io n  in t h e v ir t u a l en v iron m en t  w as d o n e in t w o st ag es: in it ia lly  t h e  

o p era t io n  o f  t h e  CX-93  w as sim u la ted  o n  t h e  AVL Bo o st  v ir t u a l st an d ,  f o llow ed  b y  t h e  v a lid at io n  o f  t h e  

m o d el an d  it s u se  as a  t o o l f o r  t h e  sim u la t io n  o n  t h e  AVL Bo o st  v ir t u al st an d  o f  t h e  o p erat io n  o f  t h e  n ew  

PW S w it h  m o d if ied  g eo m et ry . T h e resu lt s o b t ain ed  d em o n st ra t ed  t h a t  t h is n ew  su p erch arg er h as t h e  

ab ilit y  t o  su p erch arg e  en g in es  w it h  h ig h er  o p era t in g  p aram et ers co m p ared  t o  t h e  re fe ren ce  d iese l en g in e  

an d  t o  p ro v id e  in creased  su p erch arg in g  p ressu re  ra t io s,  h as an  en erg y  t r an sfe r ef f ic ien cy  as g o o d  as t h e  

CX-9 3 , h as t h e ab ilit y t o p ro v id e m ech an ica l w o rk t o t h e sh af t  w h ich , in rea l co n d it io n s an d w ith  

ap p ro p r iat e  ad j u st m en t s,  can  b eco m e  an  ad d it io n al so u rce  o f  en erg y  o n  t h e  b o ard  o f  v eh icles.

4.2 PERSONAL CONTRIBUTIONS

T h e  t h eo re t ica l an d  exp er im en ta l  act iv it ies  in  a  v ir t u al en v iro n m en t  car r ied  o u t  an d  d et ailed  in  t h is 

p aper h ave g en era t ed a ser ies o f p erson a l co n t r ib u t ion s t o t h e d ev e lo p m en t  o f t h e p ressu re w ave  

co m p resso r ,  w it h  t h e  p o ssib ilit y  o f  it s rea lizat io n  an d  im p lem en ta t io n  o n  a  ran ge  o f  ap p lica t io n s.  T h e  m ain  

co n t r ib u t ion  l ies in  t h e  r e a liz a t io n  o f  a  n e w  g e o m e t r y  f o r  t h e  p ressu re  w av e  su p erch arg er  w h ich :

-  o p era tes h y b r id ly , b o t h as a su p erch arg er an d as a t u rb in e , w it h  a b et t e r en erg y t r an sfe r  

ef f ic ien cy  an d  a llo w in g  m ech an ical w o rk  t o  b e  p u lled  o u t  at  t h e  ro t o r  sh af t ;

-  is cap ab le o f  b e in g  u sed  o n  sev era l t y p es o f  en g in es,  w it h  su p er io r  ch aract e r ist ics  t o  t h e  d iesel  

en g in e  f o r  w h ich  it  w as o r ig in a lly  creat ed  an d  im p ro ved ,  t arg e t in g  h y d ro g en  o r  n atu ra l g as en g in es;

-  can  b e  p h y sica lly  m ad e  an d  easily  im p lem en t ed ,  b y  k eep in g  t h e  p o sit io n  an d  sh ap e  o f  t h e  co v ers 

o f  t h e  co n ven t ion a l CX-93  su p erch arg er , w it h  sm all ch an g es in  cu rv at u re  o f  t h e  sid e  w alls o f  t h e  p o r t s an d  

p o ck et s;

-  a llo w s  t h e  red u ct io n  o f  t h e  g lo b a l d im en sio n s,  b y  red u cin g  t h e  len g t h  o f  t h e  ro t o r ;

-  p ro d u ces a  d im in ish ed  n o ise  co m p ared  t o  t h e  co n v en t ion a l CX.

T o ach ieve t h e p rop o sed o b j ect iv es, t h eore t ical ca lcu la t io n m o dels w it h  p erso n a l co n t r ib u t io n  

w ere  u sed ,  as f o llow s:

-  m a t h e m a t ica l m o d e ls f o r  ca lcu la t in g  t h e  ch a n n e l se ct io n  a n d  t h e  n u m b e r  o f  ch a n n e ls, u se d  

in  d et erm in in g  t h e  g eo m et r ic co n f ig u rat io n  o f  t h e  PW SM G ro t o r  v ar ian t s -  b y  ap p rox im at in g  t h e  len g t h  o f  

t h e arcs w it h t h e d ist an ce b et w een t h e ir en d p o in t s ( v ar ian t 2 ) an d im p o sin g a su r face u t iliza t ion  

ef f ic ien cy  ( v ar ian t s 2  an d  3 )  an d  im p o sin g  t h e  co n d it io n  o f  k eep in g  t h e  m in im u m  t h ick n ess o f  can a l w alls;

-  m a t h e m a t ica l m o d e l f o r ca lcu la t in g p r e ssu re lo sse s g iv e n b y lo ca l r e sist a n ce s o r b y  

f r ict io n , b y  co n sid er in g  sim p lif ied  aerau lic cir cu it s,  in  w h ich  it  is p o ssib le  t o  ap p ly  estab lish ed  f o rm u las f o r  

f lo w  o v er  ro u g h  su r faces, w it h  lo ca l lo sses in  sect io n  ch an g es,  n ar ro w in g s o r  su d d en  o p en in g s,  d ev ia t io n  

f r o m  t h e  f lo w  d irect io n  o r  f lu id  re tu rn ,  ram if icat io n s, et c.
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-  m o d e l f o r  ca lcu la t in g  t h e  a n g le  o f  in clin a t io n  o f  t h e  ch a n n e ls, d ep en d in g  o n  t h e o p era t in g  

p aram et ers o f  t h e  sy m b o lic  en g in e  M 6 0 00 ;

-  ca lcu la t io n m o d e l f o r d e t e r m in in g t h e cr it ica l su r fa ce a n d t h e m a x im u m  f lo w  r a t e b y  

m ak in g  an  an a lo g y  b et w een  t h e  f lo w  t y p e  at  t h e  o p en in g  o f  t h e  ch an n e ls in  f r o n t  o f  t h e  p o r t s an d  t h e  f lo w  

in  t h e  co n v erg en t -d iv erg en t  n o zzles, t h u s a llo w in g  t h e  ca lcu lat ion  o f  t h e  cr it ica l sect io n , resp ect iv e ly  t h e  

ca lcu la t io n  o f  t h e  m axim u m  f lo w  rat e  in  t h e  sect io n  o f  t h e  ro t o r  ch an n e l.

T h e p resen t  p ap er b r in g s b ack  in  f o reg ro u n d an d  h ig h lig h t s t h e p o t en t ia l o f  t h e p ressu re  w ave  

co m p resso r , eq u ip m en t  su ccessfu lly  u sed  in  su p erch arg in g  in t e rn al co m b u st io n  en g in es sev eral d ecad es 

ag o  an d  recen t ly  rev iv ed  b y  t h e  co m p an y  cu r ren t ly  h o ld in g  t h e  Co m p rex  p aten t .  Ex t en d in g  t h e  u se  o f  PW S 

f r o m  d iese l en g in es, en g in es o n  w h ich it  w as p red o m in an t ly u sed , t o " m o d ern " , f ast e r an d / o r sm all 

d isp lacem en t en g in es, w as o n e o f  t h e t a rg et s o f  t h is w o rk , f o r  w h ich  a d esig n  reco n f ig u ra t io n o f  t h e  

p ressu re  w av e su p erch arger  ro to r  w as car r ied  o u t , w it h  t h e  ach iev em en t  o f  o t h er  ad v an t ag es su ch  as 

u sefu l m ech an ical w o rk o n t h e ro to r sh af t  an d red u ced  n o ise . T h e n ew  PW S can b e easily realized  

p h y sically  b y  u sin g  m o d ern  t ech n o log ical p ro cesses, b e in g  sm all in  size  an d  h av in g  g eo m et r ic sh ap es t h a t  

are  easy  t o  p ro cess m ech an ically . T h e ch o ice  o f  n ew  m ater ia ls w it h  im p ro v ed m ech an ica l an d  t h erm al 

q u alit ies are  so m e  o f  t h e  f u t u re  research  d irect io n s.
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