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SUMMARY 

'l'he flow inside a vortex cont.rolled diffuser was studied experimentally 

and theoretically .. The experimental side of the stud.y included the 

following: 

(1) The select:lon of a suitable laser Doppler velocimeter for the . 
measurement of the mean velocity and tl\e Reynolds' stresses" 

(2) An experimental optimisation of".the geometry of a diffuser model was 

conducted" The results were used in the dt;;;S~:.gn of t,he diffuser model 

which was later 1.1sGd fo:r· -thA m-:.asvrement w5.t.h the LDV" 

(3) The distri.bu-t.ion of the stati~ pressure, the compon0rts of' the mea.n 

velocity and the Reynolds' stresses in the diffu~ar mod.eJ were 

measured., The results wq1·E p1.-ese7l.ter1 c:..,.1d disc'!J.ssede 'I-.l1e analysis of ;,.• 

the results esta'blish ..... J_ .a cnmprehens.ive hypothesis about the flow 

mechanism. This enhanced th~· pres~nt h10wJ.edge about -t.he fl0w 

beha.vioi,.r in::..id0 t!"~is particula:c -1i~ . .'ft:3e-r· .. 

(Lr) Sugger.;t.ions for :t:'urther deyc-~lop1:i.ent of ~-l-.. e design o: the diffuse:-:: were 

proposed. 

The theoret.ic3.l r.spee;ts ~f tho st'-4Jy i11cl~1ded. t.he fcJ.lowi~g: 

(1) A suitable r:~athemc:1.:'.:.ica1. mMel of fa.!:cbult.n<..,0 rffts £.elec-tcJ. m1J. 

incorpox'a-1:.ed in a we:!J estEtblished. ma"'.::iema.t,ical apr,::0ach -f:or t.he 

.pred ·tct1:>a of' r'::."'.1.r~u~.ating i'lows .. 

(2). The ~ompl~>~,e m;:ithE-;1natical s:i)ecification wFls p:,:escntnd a.:1d ;:,he fi:i. .. ite 

dif'fer::nce ~olviion procea.ur':-1 ¼a...c:: ri11Jd~ ~iect. ·to ::{ui t t~~.s part,i.cula.r 

(3) A new ro!!lpu-tc.r p:i:~o~'cl.rf!i1ta was 1;:..'h-bn -;,nl 1evelCI)ed" The r·esults of the 

comp::t.ati~a p::,:o·'-.'"ed. ::ha~; the c.:>lut;on was cu?l\reL·i;ent and. ca~.L he tmed., 

after further develcpment., t.o _predj 0t t:ue f]riw b.nd the: :-;;e:t..Zo::ci:1klnce of 

of the pr0g:car.-,ma we:-ce a.ls:, pr0posed , 
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Drl'HOD{TGiJON ___ ,, ___ ,. ______ ------

I 

RfJ ';ent. dcve1op:-,1snts :i.n Hi:cc:cai'+, gas turrfrne engine desiins put more 

ern)he,si~3 upon ~~t.:ce-c.ch:tng t:"Js origins· c:cmponents to operate at exb.~·eme 

1im1ts,, 'l'his Jed to a con;:,iclerabJ.e increase ir.. ·both the comr>ressor and 

turbine exit velocities,. Conseq_m:mtly, the engine diffusers~ f'oJ.lowing 

both the compre:E.;sor and tu:d1:i.ne rneed to OJ?erate with increased area 

r:.i:tios, Ref,, (1) .. Mcde:::n· engines also reg_ui:ce c..clditional d.emand.s f:rom 

its diffusers r these ca.n b0 2-ummarized as follows 9 Ref. (2): 

1- Low total I)l'essu.re 1oss .. 

2- High static pressure rise~ 

J- Unifo::cm outlet velocity rn:-ofilo" 

l~ .... Insens:i t:i.vi-Ly to inlet. velocity prof'i.J.e ~ 

.5- Short length and. light. weight., 

Unfortunately, in spite of the spcmding of considerable amounts of 

money f tim(:: ,. and effort, t,he fact remaiIJs t.he,-t, th0 a.rt of des:lgn.tnt~ a 

conventional o:p-:,i:mnm diffuser that wouJ.d satisf:'.i all these rsq_ui:i:ements 

has yet to be mar-d:,ered .• 

pub:. ishcd a reviei-T of Gonical 

t.o diffuser. dGsign for a long time .Q.,ft.e.r its 1,ublicatioru Pa/~terson' s 

;:-ecc·~t}.y ,.D.J .Cockrell anc.. ~~.Hark1and pu·bli2hed two va1'le,b:i.e 2,::ci,:_;::J.t:s., 

'DE,,... {h' ~n1d 'Qe·r' c,:... ·111 ,.rhic11 th1 0 1; rev-!ic•~-,rl ·1·h.::, -,-.i:>•r.nr;!'.)Y\Jl ·.\r~-i·1~) 11·!P .n .. J.,, , , / c.,, . ~. ~-" ;,; J p _ ,,.~ .1. ,1 .,_ ,, .... ...:. t, ... ~, .1 • . .,_ ., , ~ ........ t_;;, '-"•-·'-' ,i... •.• 

i:-\Xpe:cirnental d?.tn. a1)out incompressible ~?luid fJ.ow in c(mica.1 di:.'i'us 1::2·s ~ 

~:h!'='f. a.lco J•re:.sented a new foundation fo:c an :1J11p.·cNec1 ar1::7,lytic;;:;.J.. 

app:roach fox~ tbe b:cahwnt of incompressible fl1Jid f'Jo~-i in corr'.r'";11t:L:::,na1 

eonica.l diffusers" ~C11e b;o c::,:rtic1es. a.re widely :;..·el.'e:;..rd. to to:r:- desicn 

of eonvent:i.orial cliffuse:cs ~ l-.. mcmi these~ rnet.hocb aro i 

1 °· Usirw f oreed mixj_nr.!'. devices. 
I <.., -

2- UsJ,nG vortex genera,to:rs o 
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A detailed revierr of these me-tborls together with a full d5.scrn,sion of 

thej:r reJ.a:t.:.5.ve merit::.~ ca.n be fo,.md in He:c\,(6) .. Although such metho<~.s do 

improve the po:::·fo:.cma:nec of conventional di:ffUf5m:-s, the extent of tha;l, 

improvement still stands short of co1np1etoly f1il.fil1ing tb 8 dc:a~1nclc~ of 

modern aircraft gas turbine engines .. 

rI·he novel idea of using standing vc:::::tices to con.t:ro1 the flow :ln diffuseJ:.'S 

to improve 11erformance was originally :proposed ·by Hingleb P Ref .. ( 7)" T'he 

idea was based on observations of mountain ridge vortex flm•.rs which cause 

snow cornice f'ormationsr: The Ringleb diffuser, Ref0(8)i was designed with 

precisely contoured cusps in the walls intended for vo:rtcx traJ)ping o Ho 

provision. for replenishing vortex e~erg;y dissip&.tea. ·cy friction 1-1as 

available. As a result r this diffuser achiGveci only 1iT,i.itod. suecesr;; t 

Ref. (9). Heskestad 1 Refs (10), suggested that stabilisation of the vo:d.e;~ 

might be achievecl by the use of suction di:cectly from the vortex~ or jl.:~~t 

o.ownstrearn of it. A successful short dii'fu:::(;!r racdel p:r:od.ucing nea:~J.y -'c.h2 

ideal static pressure rise coeff'ieient. ~,;a.s repor+.ed. lly Heske~:,tP.d in 

Ref' (l]) R n J-rn,.~1~,.,. J' 11 Ref (12 \ .:n~lr-i,·,r.11d" en·'·lv (~1,r.o•r)c.•·1.o,'.'.'; '"'!lO+hr·,-r 1•·.o.l· 1-;r,1 
..l. ~ - e tGUC-1.....t..!~J_l...:) - -<- "It J,.. •~ ..... '-""..i..)'-, .. t.., Jf '~• ... ot,~):.>L .. ._.\,.__ C:., .... V.l..--, 11--l,.,i ...... 1 ... 

-to stabilise the controlling vortex~ T;1c result~.ng diffuser 1s !::nown as 

the C:t'a.nfic1d cliffuse1--. 

During the last -t.we1ve years O the Cr-ar.4fieJ.cl c_:l.ffuser h~z :i:>een tested. "t:'.n~i.e:;:-

gas tm:-bine enginc:s t, A brief :ceview of -~his work is :preaen:Leci :in a. Jatr:a' 

pa.rt of. this thesiE',. Al.though the Cranfie:ld :Uffu.sG:r ii~ Gt:i.E in its ec:u::·ly 

devc1opment sta,ges s the results of these prove -Lha,i• 3.ts -}..-a,rformancs ~ ::-; 

:..1uperior t.c that. of conventional ones, l"Tu:rt}1er dcvel~~mcnt of such c.~ 

difi'vser to the stage of ·..,-:l.de practical applica:biJj.t,y wottld requ h·c !-}. hug0 

'fhe p:cesent st.uc1y was :initia.t.00. to est:>,bli'.:,h a, fc-und.a.tion for i .. l1lOH; 

u.o'i..zd.lqd f\d,1;1·3 study tha,t woulrl sa:U .. ~1fy this :requiremc::1rt.r hene;s the 

expJ.o:ratory nature of tho present study,, 
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-the d.i:ffuzer, Dve to ·Uw time and. cost limitat:1.onn which were imposed or:. 

the project., it was decided that the fJ.ow :panunetm:•~; ,rh.ich 1·!ere to t)e 

measure'i should he~ liraited t.o the folJ.oid.ne; :-

2- rrime averaged velocity comrionents t 

3 ... ~~urbuJ.ent Heyno1ds t stresses. 

Su.oh experimental information would help to fu:.:·the;r the present 

understanding of the flow inside the d.:i.ffusor. This information is also 

needed for the theoretical side of the present study., Previous research 

workv Ref. (1), indicated tha.t the flow inside the diffuser is compJ.ica:ted.r 

particularly near t.he- entrance of the vortex chambers cmd at the lee of' 

the fence" In these regions the 1low cxperienc(:!8 :r.e::;i:r.culatior! 1 steep 

velocity grad.ientsr ancl high levels of turbulencG intensit.yf a.nd under 

su.ch condi tlonf3 measurement with conventional methods may not be ad.equate~,, 

'Thus r the s0lcction of suitable mea,s,x:cemont techniq_ues is a.n essential 

part o~ th0 p:cesent study .. 

The u~tim.a.te go~l of the the~n.:tical side of this study is to d(rvelop a. 

1Path;:;ma:tical '.in.odel which can be used t,o predict tho floN par.·a.met.or::.; and. 

h~.:1ce thE: diffus8r f3rforma:ace. Diffusers of ·chis tyJ>e have usually been 

cle:veJoped r-'mJ,i::-ica:Uy, wi~Jh O!!lY' ;uaJ.ita-t.Ive guidance fror;1 theory" rrhe 

re2;.::;0L. iB !'I i:.hat a.l though the relevant ~proceBses have long lx~0n understood 

qualii:,:.i-5_vel;,"r. 110 2_.1:-::m):a.t8 2.nd ec"."nr:-mical r>roc:edu:cP ha,s been developed 1·0~· 

th1:: <-1u.anti t.a+.ive :-p.--i:dicticn of the ;,erformance cf the Cranfield. diffuser:, 

TI:;;-~pi:r:-~.c:o..l deve1opmr-mt o~ a prerlj_ction procciure is 8Xre::sive ar.d f.3low r c',nc1 

add1ti0r1E~lly sufi'e.;rs from the usuEll deficiencies· of limited re,nge of 

app1.:i.';D,b.i lit;y arnl t1nr:P.:i:tainty- c,f extra.poJationF rrhus a genera.Hy 

ap:pJ.ic:c:th1e; tbeor8tic&Jly d.e'.'e1orsc~ prediction procedure ·:rnuld 1Je a 

cow-;~ rlt:;J::'2.:J1e ::icl t0 the des5 g~•.er CYf a Cra.nfiled diffuser e Such a, 1,roceduro 

,,0uld. :cq/lB.ce ;)hys~.cal c:xr.:::r-:.mer.ts by computational research., The 

<~'":vc:.,)J;:1~en'i:, of suc-h 8. n!'ecHct.ion p:r:cced.ure is o, ma.jor task wU.ch is likely 

-to require th~ eff o:ct of sever2,l researchers over: a long period of time. 

I1~ tb.:-i c :r0t:~p0;ctt -Lho i~.uthor ,Jf tb.i;:, t.hcsis is deeply· consciou::; of -;_~Ile 

:i.ncomnlc tenet,s of h:ls work. Ncwei:·theless., ·it bas 1)een J)r-esenterl here 

·bccausn .:..-'~, is useful as a :prelirdna:ry study for fuiux·o rosca.rchers who 

ni;;ht lie t.mnpted -to maim it complete. 

This '!:hc:.:d.s is 6.ivided into t,h:ree :parts a Part one HclS given -Lhe t.i t1B, 

n)3?,ckground.H_ •. As -Lld.r; implies i; thJ..:3 :part ,,inclt1d es ba.Gio inf'c:rmation iJ.iJ,)ut. 
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sul>Ject~3 which were felt eBsential to :fol1ow the discussions prwented in 

the thesis. Pa,rt one is further divided. :tnt.o five chapters~ Cha.1,ter one 

conta.ii:1S basic information relating -to the Cranf:i.eld. d.:i.ffuser" Cha,ptE~r two 

is a brief hir>torical and li tera,ry rov iew of the research work Hhi ch was 

conducted at. Cranfi1ed on this type of diffuser.· Ch2:.pter three is a 1)ric~f 

review of the fundamentcJ,l equations of motion for turbulent flow,. and. 

their physical significance~ Chapter four is a brief discussion of the· 

widely accepted. mathematical models of turbulence" li'inally v, c.:;hapter five 

contains a short summary of the J):.dnciples of laser DoJ)plcr volocimetry" 

P.eaders who a.re familiar with these· subjeciB a1"e kindly advised t.o o:rpass 

theBe chap-tors and to carry on from the next part. 

}:art two of the present thesis is conGerned with -t.he experimental aspects 

of this study 1 while part. three contains the theoretical stua.y fl 

---.... , 
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BACKGROU !"JD 
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CHAJ?TER ONE 

1 e 'l'HE CHAlWIETJ) DifFU3EH 

1.1 Description and definitions: 

Bleed 
air 

lJ Primary duct Secondary dud 

/ Vortex chamber 

Nain flow cd 
'-----,::.> --- ____ er -, XJ1..,,_. !. 

---- l _____ _ 
_______________ __...? '"· l y . ~! p·r7--

N 
0 

I 

f 
------------··-------

L,__ L -<~I 
I 

F~g 11-.,)" A .1-irn1•,.,,,1 ('J'r..o·.,...,...., . ..,. ... ,., 1'"'' '. ... th r-1 .r:-• .,a 1. -_., \· J ..• --~-~-___ i:,-:- 1,,•.:: ~--le , ;on J.g1.1ra~cj_o11 o:c · e t..,~can.1 :Le..!.L 

diffus::r. 

yonfigura:t.ion of the Cl"anfi.eld. diffuser., which consistf.~ of: 

1 ... A st~~,"'ight waIJ.Pd inlet d-:..lct. c211ec_ t-r1-2) prim:,ry dnc:t, trJ8 exit end 

of Ehich ::::, norma,11y t.2.pered to fori!l a nearly k:nifo edged 1:i.p •. The 

ins:i.dc:: diamt~tei~ of -Lht'.; pJ.:iLi2.r_v duet is deno-~eci, D1, 

2- A (:Os.:dE1.J. st,ruicht walled e>:: t due·~ cal lad ths seconclar;,\;, due-!:,,; '.Ch2 

ratio of tbo cJjffuserf AH~ :ls ·iefi:n.ed as~ 

. '·"' . 2 (D,- 1.;.1, \ 
't:_, .J . .-' 
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3- A thin fenc0, perpendicular . ~o the diffu:se:r axis of symmet:ry t 

located clownstream of the primary duct exit lip .. 'fhe :inside 

diameter of tho fence is clenotedt Df t- The fence radial gap, :l 

is defined as: 

The fence angler p is defined 

.4 -- _, . I ) 
"j·1 = tan ,Y x (1-J) 

where xis the fence axial gape 

l}- The vortex chamber .in which the controlling vortex is trapped. 

This is an annular space: bounded on. the inside by the :primary 

duct 1 from the outside by another duct (normally an extension of 

the secondary duct), and by the fence on the a_ownstrec:tm side. ~:he 

vortex ch,;,mber depth is denoted, b a.nd itE:- length is denoted, L . 

1 (: 2. The flow mechanism: 

Low energy a,:i.r is bled off the vortex (;hamber so tho,t. it. •is 

reJ?lenished by air of' a higher energy level from the main~_:i;.:r.sarn.~ 

~foe vortex sfaJJiJ.i ty is improved by the 1n·esencc:: of ~:he feri,.!8. 

'Ihe f1ow mechanism as suggested_ 1)Y 1i,.,C~Adki~1s .in Rf.ff., (1) is best 

explained with the hel:p of Fie; .. (1,.,,2): 

Stream 

11 Coanda Bu1)blc" 
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1 .. H The stream tube (a) ii.:.; drawn into the vo:r.t6x chamber d.1w to the 

:reduced chamber pres::mre and . acc·e1era tes aB it app:ccachc-:s the 

entrance. 

2- ~~-tream tu'bo (b) continues through the diffuser and .decele:ratos 

app:rociab1y in the region of the vortex chaml)er .. 

3 .... A turbulent shear action is :produced ·betwaen tbG two st.reams. 

Hhich re:-sults in an energy transfer from stream (a) to st:ceam(b) 

l+- Some of the fluid in stream (b) whi.ch would otherwise be too 

energy-deficient for diffusion is then able to flow through the 

diffuser without stall developing. 

5= The mains-trearr. flow is fu:-::-ther aided by the form9 .. tion_ of a 

rrcoanda. J3ubblett1.m.111cdiately downstream of the fenca which acts in 

a similar.: manner to the vortex proposed in Ringleb 8s diffuser .. 

'11rdf:> f1ow mechanif-::.m was based on flow visualisa:tion 1::·xperimerrcs and 

other l:imi ted experim~mta1 re:3ults that were ava:iJ.a1)1e at the time. 

These experimental results. lacked the quantitative information on 

ve1oci ty ~distri"bution and turbulence ;-3t:.-.::11cture rE:q_uired -r..o · fo:r.·m a 

11ore comprehensive picture about' t.hr~ behavfour of t.he flow insi.::le 

1 ~ 3 The diffu2Eff 1)erfon,1ar1ce :t-,2:_rar:1eterc: 

The r9~ranetsrs v;hich ,3:re useC: t0 ov?...lua·~e tl1c pe;:;_-.fr,rma:).CG- ·0f tbe 

C:::-a..nfie16 0.iifu.ser are as fo110Hs: 

1- The sis.:tic p:Lessu.i-e rfre coeft'i~ientr wri:i.ch is 

-1.J 
f is -l:-.ne in1et static prt::z-shrt: ,neEs"Ll.r.ect at R :plane at· 1, 

least 0£1e hyd r.aulic (i.:d3,meter upst-:r:-ea~.~ of p:rimary duct 

exit lip .. 

is the static pl"P.S~'"J.r-~ me2.sured at an ar"bhr-a.ry plane 

i.r. i:l1e second.Ei.,.i.'Y duct, 

:Ls the f7 uir:l ct.ensity .. 

t{ s· lf:5 the mass flow derived m~r;m inlet velocity" 

tX , is an inlet vofoci ty profile shape factor :cefe:;:·:ced to 
I 

'-1 1 •. t· Pl ·---·- :c,•l-,_, •• p,.,,t .. 1 . . \ 2.3 -1,; 18 ~0 !18 "lC erl8l'fs:f :_ UX l;,:.:.,.(a_.ffi8 vc,)., ~--·· ~ \ L ,- .J 

flow ::cato to the tofa.J. 1.-1~tss l'j__ow ra.-LP,t 

(1--5) 
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}- 'fi·1e diffuser cffectiw:m.eGo s 'i( is the :ratio be-tween th(?; measm~ed 

static pr0csurt.~ rise to the ideal one. The r~ffc~ptivmi.cs:::. can li,~ 

calcula.ted from the forr:mlar Ref.., (1): 

( 1 --6) 

l.J ..... The vortex chamber depression paramete:.,:- 1 V c 1s a mea.sure of the 

static pressure lost by the bled air. This parameter is defined 

(1 ·- 7) 

Where p,... is the static pressure of the vortex ch£:irfbcr nit'.:asurecl 
V 

at an aI·-bitr2 . .ry plane downstreav1 of the vortex~ 

1,,l.;, The performance characteristics: 

A typical perf OJ:'Illance characteristics of the Gra.nn eJ.a. d i:ffuse:r,. as 

descril!ei by H.CoAdkins in HeL (1), is slK.;im :i.n Fig a (1··3)o Tho 

figure illustrates ihe :reln,tion betvrnen the! diffu::.:;cr effect.ivcneBs ~ 

1-l ancl the "bleed :ca te .- B. 

! 
i 
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:::> ' fi! t Of 
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N I n~ 
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µ). 
CfJ ~ :;:, C[l 
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7 
t -- t-{ ' F- . ~~ f 

4'>'",t 
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Three dj_rrtlnct regions of performance can be J:'e.;;1,dily :i.nd.entifi0d ~ 

J ... Region (a) ·to (1)) is thought to occur when there is insufficient 

sue-ti.on to draw fluid direct1y into the vortex chamber fr01r: the 

upstream region~ Instead fluid is drawn from the low .ve1oc:i.ty in 

the lee of th0 :fence and this causE)S a. slight increase in 

:pressure recovery as the bleed is J.ncreased o 

2- Region (b) to ( c) is a transition region where the clep:ression in 

the vortex chamber i;5 sufficient to part.iaJ.ly deflect t11e 

m~,inst:ceam flow causing an increase in pressure recovery, The 

flow continues to enter the vox·tex chamber from the J.ee of the 

fence,, 

3 .... Region (c) to (d) d.escri°bes the performance when a vortex has 

been est2.l>lished and the mainstream flo1•1 !,! in the :positive senBe r· 

achieves a sta.g11atic-n :point on the to1) of the fence() The :point 

( c) relates to 2,, condition which is :referred to as the point of 

"Nnimtun Bleed Requirement'-1 
• It ma.y be seen that adLUtional 

})"r.essu:ce recovery can still be obta.ined with a fu.rther increase 

in bleed. 11his i~1cr02.se in pressure rt~covery is ca.u:=,e(l by the 

continued removal of the low energy fluid from the diffuser th::coa. t. 

and -the int__,::1.sifica'Lic:1 of the turbuler.t.. energy transfm: as 

I)r0vi0usly dsscribed. 

l. 5 T~·1e 1;ffect of t~ 1e diffuser geome-try on psriorm,mcc: 
11'he:r0 a.::_~e five 3eume-i:;r:.cal p?.Y'i.:Uneters 1·:hich P..:::e. believed to have 

£J~-rong effect;~ on -the performar.::::e of a Cra.nfield a.iff u.ser of a. 

ce:rta.in length and 01)e:ratj ng .- w:lth fixed. in] et concl::. ciori_~, ~ These 

n::,-··-:::ir1 .... ·t~rc• ~--(·~ -t-:10 -:,·L··•~a r~-!•1· 0 (AD\ o-L"' +he e·v·n".'.) 1-··1· o·:, -r·-1 ti· o{T),,., /l)·--1 l .t~'--'-'""'··•~ o c.., __ c;; 1,1_ -~ c; a, I.I \ llj .., -"-J_ ....,d::S . , .. __ u., • \"J.. "t:,/ .L J t 

The ienc;~~ :rndio.J. gap (y) f the fence angls ( 9 ) or the :fence a.xki 

gar, (x;, the --.:ortf:X c:1aiJ1ber r1e,th ( S' ), and the vo:r-Lex cht:...m1)er 

lr::ng-Lh ( L ) ~ The eff2:c+,s of the first th:ree 11arameters a:r.·e 

d:iscuss0d in c-:.e-~a.il ;_n ~1ef., (12) r from which the diag:r:a:nrna:tic 

~ketche~~ sho1111 in Ji':i.go (:i_ ... l-r) are taken .. Fig. (1 .... L1,)a shows 1~he effect 

of AH on t:re diffuser effPc4:-iveness 1 ~ Fig., (J.-L~ )b &.ncl- Fig, (1-1+ )c 

illuc"'.:-ra-L: the eff' ect o-!: chan6ing y and. :f> r rcs1xJc-tive1y f C;i:1 i::.he 

pa:r:fo:cmance of -the dif .!:use:.c .. The graphs are se1-f ezplana.to:ry. 

h F~'"3 concluded in HeL (12) that. most o:f these effect,s can 1)e 

ex:p:l.a.ined in the light of the ·r1ow mechanism discussed iri section 

1-2,, bu-t sor.1e as::·0cts cannot be ex1)1a.ined. l)ecause of the J.n,ck of 

(jl ·•-1 r.1 .. •,·.Lca+·•L.,,o .;-1·1-Porr":--+.:;,-..n O'"l t.he beh~-r,-io,,:r· CJf i•'hc ::Cr:,..L..,0'·" T·'· .. ;"' '"'"/)8 ("'If" l Jr..,.1.,,,., -~ .. c. t.• .. )· v J.... ~..L .... 1-t-.Y ~ .. Lv~-• .a _,._ _.1,c..,,-'- ...... ,1.l~ 1l • __ • l .Lt-~) \...IJJ. ~ , 
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(-::,' r.;;,,) 

(b) 

(c) 
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the objective~3 cf the present stud:v: to overcome this deficiency. 

To the knowledge of the author of this thesis there is no avaiJ.able 

information about the effects of the vortex chamber depth or length 

on the p,2rformance of the diffuser., 

L6 The flow characteristics: 

From the previous discussions about the flow mechanism and the 

perforrnance characteristics the flow field, in the case where the 

bleed rate is higher than the minimum bleed requirement, can be 

divided into three interactive regions: 

1- The main flow which is bo-µnd by the physical walls of the 

primary duct, the shear surface emerging.from the vicinity of 

the primary du.ct exit lip ·and impinging on the fence tipr the 

shear surface emerging from the fence and expanding downstream 

up to the reattachment plane~ and the physical walls of the 

secondary duct. downstream of· the reatta,chment plane. 

2·-- The controlling vortex ring inside the v o::ctex chamber~ this is 

bouncled by; the fence from one side, -the primary duct and the 

first shear layer from the inside, and the vortex chamber duct 

;from the outside~ The dow!!stream side of the vortex is free, that 

is the side from which the low energy air is l)led. 

3 .... The Coanda Bubble which : .. ~::, a recirculation toroid. just 

downstream of the fence bounded 1Jy the· second shear layer f:co:m 

the in.sicle, tho fence, and the secondary duct" . 

The m~dnstream flow ~1ill- initially be a nearly parallel flow with 

strong stream J.ine curvature arising in the neighbourhood of the 

fence. The mainstream flow also faces an adverse pressure gradient 

all the Hay downstream from the :primary duct exit except perhaps a 

region near the vortex chamber entrance where the ~in..1-c effect might 

offset the adverse pressure gradient effects .. In this region the 

·flow is likely to experience a strong rad.ial velocity component for 

the same reasons. Again, a strqng radial velocHy component may 

2-lso be experienced . .just downstream of the fence., Elsewhere the 

axial velocity component is predominant. I'he turbulence intensity 

is expected. to be relatively low in the main stream except near the 

nhear layers and near the ualls d.01-mstream of -the reattachment 

plane .. 

The corrtro;Lling vortex can be considered as a recirculatine zone 

from which low energy air is bled fTom one si.cle, which for cont.inui t,y 

reasons it. must be replenished. by high energy air :from tho 
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mainstream. The flow in this region is expected. -to experience a 

xapid change in direction and to recirculate in.side the vortex. 

Little is known about the turbulence structure in this region or 

about the flow behaviour at the regions where the fluid enters or 

leaves the recirculation zone. If the conditions in the shear 

surface between the controlling vortex and the mainstrea.m could be 

app~oximated to those conditions which are found in shear surfaces 

in axisymmetrical sudden expansions, we would expect then, a high 

intensity of turbulence of highly non-homogeneous and anisotropic 

nature. We would also expect a very high interdependence with the 

mean flow. This picture can only be confirmed or denied when a 

detailed study of the flow and the turbulence structures in this 

region is available. 

The other shear surface, downstream of the fence is expected to be 

one of intense velocity gradient and shear action. In addition, 

there is an adverse pressure gradient. These conditions lead to the 

pr.eduction of turbulence which in its turn leads to a mixing process 

c~.using the quiescent flui,: aj cng the surface of separation to be 

entrained_. · The entrai!'lr.:.ent ~ontinues as the flow . proceeds, but the 

presence of the solid b~·tmdary interferes with the inflow ·of the 

fluid re':ui.red ·oy -~he entrahv11ent process. For reasons of contin~ti ty 

t~1erefore, retu.::-n flow is t;stablished from downstr9am, resulting in 

ths fo~ation of ~ stable zone of back flow .. Hence the recirculation zc:1e 

of the standing eddy which is referred to as the "Coanda :Subblc'f. 

Th~ fonaa.tion of t!'-1e star.ding eddy, the :production of turbulence, 

and. i-t.s subceg_ue:n-t ccn.ve".)tion, dif£usion, aml d0cayJ have a 

f5ignlfica.nt influence 0.11 · t!'le determination cf the entire flow 

:pat r,eJ:ll. -

Eoyo11d this general q_uali tative understanding, little is yet knorin 

about ihe detc:.i:l.s (\f the fluid motion •. Even such knowledge as the 

.. ,e.J.oci t,y and pressure distribution in the early regions of flow., and 

the cner~r loss which the se:pa.ration entails Jis not possessed, much 

less any informati,.:m re~rdir.s the intensity of. turbulen0e or its 

rate of production or dissipation. An- at·tempt has therefore been 

mad? in the :preseHt stuiy -r.o quantitatively determine thE; flow 

cha.racteristic.;s in the Cranfield diffuser in as much detail as 

possible. 

'i'hic -g_uali tative tt,.l'lders-tanding of the floi-1 characteristics helped in 

selecting the suita·Lle measuring :i.nstrtt"'Ttents.. This is discussed in 

a later part of the thesis§ 
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CHAPTF;R T~:IO 

2. HISTORICAL Mm LITE:RA'rtJRE PEvIEW: 

2.1 Introduction 

The objective of this cha.pter is to briefly review how the Cranfield 

dif~user was historically developed and to highlight.some of the 

results of the research programme that has been conducted at -

Cranfield on vortex controlled diffusers and other.related fluidic 

devices. 

2.2 The evolution of the Cranfield. diffuser: 

The or:i.ginal idea of the Cranfield diffuser was proposed by i •. ,, 

R.C.Adkins and first described in a paper present to the Combustion 

Sub-Comittee of the Gas Tur-bine Colla.beration Commitee in 196.9, 

· Ref. (13). The raper Has based on flow visualization observation and. 

experiment.al me~suromel'!ts carried out by i·l .D. Sims , Ref. ( 1L~) , 011 a 

t~-10 dimensional model" The :nee.el had a configuration very similar· to 

that sho~m in Fig. (2-1). 

· !:ig. (2-1): · The o:dginal conf:igu:ration of the Cranf:i.eld diffuser 



16 

The model was considered to roughly, represent a section of an 

annular diffrn:ier. The formation of corner vortice~; in the model as 

a :result of secondary flows, and their detrimental effect on the 

diffuser performanceJwcre expected. These Here accepted on the basis 

that performance trends wore more im1)ortant in the early 

investigation than were absolute test values. Sufficient qualitative 

results were obtained to indicate that a high level of performance 

co1ild be · expected of the diffuser wHh further development. The 

quantitative•results showed that substantially high rates were 

required before the d,~sired vortex mechanism could. be stabil:i.ced. 

'l'he problem was overcome during the work of-C.G.Beaty, ReL (1.5)P who 

eliminated the end wall effects by using a tubular configuration.. 

A series of flow visua,lization studies were conducted on a water 

flow table during which a number of geometrical configuration were 

used to stal)ilize the controlling vortex. By careful study of the 

stream lines the most favo1.rrable · configuration was deterrrd.ned., Thi;~; 

configuration is shown in Fig. (2-2), Hhc~re a fence was placed 

downstream of the ste1) s 

Fig. (2·--2): The configuration of the Cr2.,nfield diffu2.er 
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The fence resulted in ari immediate reduction in the bleed rate,and 

an alrnost ideal static pressure rise coefficient·was obtained from 

subsequent tests _conducted on an air rig. This configuration formed 

the basic concept of all the vortex controlled diffusers that have 

been since tested at Cranfield. 

-
:Beatty suggested that the radial gap, y and the fence axial.gap, x 

are the most influential geometrical parameters on the performance 

of a diffuser of constant area, ra.tio. He went on to establish the 

procedure by which these two parameters should oe optimised. Bea tty 

:failed to produce-.a convincing theory of how the diffuser works. 

2_.3 The Cranfield diffuser as a pre-combustor ennular diffuser: 

Fenge, Ref. (16), tested an an.-riular model of the Crailfield diffuserJ 

the major geometrical features of which are sketched in Fig. (2-3). 
The results of Fenge's work, indicated that the annular model w'1s 

efi'icient, stable., and had the added advanta~e of a stabi.c.,u~iformJ 

· Secondary 
.duct 

Projected 
· radial 

_·step 
. area 

x.· 
~ 

i;1·.le t, O!:' 

-th:::o~t 

i f r-'1:=====================:-:.=======--

~ 
\. 
' .\ 

Inner vortex ,.:.hc:..1nber 

Fig. (2-J): Geometrical configm."ation of the annulax Cr(:!.nfield .:1.iffuser 
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and cont:rollable,outJ.et velocity profile. Proffit, Ref.(17), extended 

Fenge's work by investigating the effect of a distorted peaky inlet· 

velocity profile on the performance of the annu1ar model. Proffit 

used- convergent rings located in the diffuser throat exit to produce 
tli.e required peaky velocity profiles. The objective was to simulate 

the conQitions experienced by pre-combustor diffusers. There is some 

doubt about the technique which Proffit used to assess the inlet 

velocity profile, and henc_e the performance of the diffuser, because 

he measured the velocity distz-ibution immediately downstream of the 

rings, i.e in the wake of the rings. Nevertheless, the results of 

both Fenge and Proffit indicated that the annular model of the 

Cranfield diffuser was perfectly suitable for use as a pre-combu.stor 

diffuser in that it was both co1'.1pact and efficient. 

2.4 Early investigations of the flow behaviour insid.e the Cranfield 

diffuser: 

Sutherland, Ref. (18) 1 investigated the flow behaviour inside a two 

dimensional model of the Cranfield diffuser. He measurec.·the axial 

velocity distributions and the turbulence level :in flow·regjons where 

he could probe and traverse physica~ly usin~ a hot.wir~ anPmometer • 

. Alt.hough, he could not reach a clear -~heory about the· flow mechanisi.1) .. 

his experimental results, and some of +,he conclusions he,:rw.cheA., 

helJ?ed to form part of the basis of t,he flow ne~ha::1.ism d:iscusse-:1. here · 

in chapter one. These conclusions are listeii ":JelJ·vr: 

J.-,:_ The vorteY in the vo::-tex chambe!:' is an cff ect of the :fi~'ienomenon., but 

_not a cause, al though it does increase the affe0tive:r1ess of the 

diffuser marginally. 

2..: The Coanda effect does take :placa behind the feuce oncer.he 0pti::11.L""il 

diffuser bleed rate has been reachedo 

3- The turbulent shear layer that is formed by the bou2:.da~:y layer 

separating from the throat plateJfor~ns a tu.r1mlent layer, :-Ihich 

energises the flu.id flowing :past H, il:ito the oecoi1d8.:..7 · due·:... 

4- A sotLtce of turbulence is formed in the vortex cb~~ber and the 

level of turbulence can be · incr8as 0 ·:i by the use of a weir. 

5- The shape of the top of the fence has somebear::ng onth~

effectiveness,however,the shape of the remainder of the fence had 

no noticeable effect. 

2. 5 Design J)roceciure and performance prediction of the Cranfie1ci. diffuser: 

R.C.Adkins·, in his paper to the ASME Symposium on °The 1i1luid Nechanics 
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of Combustion°, which was held in Montreal, Nay 1974, Ref.(19), 

suggested an explanation of the flow behaviour in the Cranfield 

diffuser. This hypothesis, Nhich was described here in chapter one,has 

been used by researchers up to this date. In the same paper, Adkins 

proposed two empirical formulae for -t.hc :prediction of the performance 

of the diffuser. 

These formulae are as follows:-

l.:..;.,The optimum a.Tea-ratio, ARopt, i'or a Cranfield diffuserJwhich is 

equivalent to a conventional one having a total included angle.of 

30°, is given by: 

[ 
~ 1 

ARopt = 4.23 (0.025) + 0.236 j (2-1) 

2- The minimum bleed requirement B* of an optimized diffuser is given p_y~ 

Where, '? is the diffuser effectiveness. 

c/.eis the diffuser inlet effective diameter in !lllll. 

Beside these two empirical formulae there are rules of·thumb to 

determine the f en·~e geometry. 

1- %pt ~ -IS" 

2- One third of the pressur~ recovery of the diffuser is-gained in· 

f.he distance between the diffuser throat and the f~mce. Hence J 

JJ,1 '\ -I 

3 ( 1 - '))~4 ) = i - r1~ 2. 
f 

From which Df ~"nd hence, 'y' can be o't,Lainedp iief. (12). 

2.6 The Cranfield diffuser as a t,ail "Qi:)e i:1iffu~.er: 

(2-3) 

Hallan, nef.(20), tested a tubular modsl oi the Granfield Qiffuser. 

ad h . .J. t 'h d. , ' f. :i th +. ...,., ..;.. ,· . th -,+ Re m e is ..,es s on -r, .i.e mor e.L ,:,o inG. .1. e op ,l!il1J.m geo ... e ..,ry \v·Tl • oi.. . .., 

the use of bleed)to generc_.-;:,e th~ vortex. The resu2.ts ac:"!ic·ved. r::.th 

the optimum geometry compared favourably Hith convem .. icnal diffuser 

:>f inuch greate:r· length. Ha.k, Ref. (21) ~ tested ari1.)ther mc,del under 

special inlet conditions simulating those r:onditions which ~re 

experienced by turbine exb.a.ust diffuser. He 0imcluded that tiw 

Cranfield diffuser was superior to t.he conventional ta.il }_)::.pe diffu~er 

1-rith a truncated cone configuration in r1~spoct of shorter le:-igth and 

higher pressure recovery, even without removing flow from th'J vortex 

y- chamber • .A diffuser effectivenccss of 95% was achieved with as low a 
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i 
bleed rate as)t; of the total mass fl.ow. Diacakisr Ref.(22)t tested a 

set of conventional diffusers and compared them with equivalent 

Crar~field diffusers. The tests were conducted. at inlet Mach numbers 

which varied from 0.1 to 0._52.5;and with different inlet velocity 

profiles. r.i~he results showed that the Cranfield diffusers were 

superior to conventional ones;while operating under the same 

conrlitions .. Diacakis concluded that applying vortex control to a 

tail pipe diffuser will result in having a diffuser which is much 

shorterJand far better in terms of performance~than the conventional 

typec 

2. 7 Vortex control in radial diffusers: 

Allen, Ref.(23), designed and tested a radial ou-t:.-f1ow diffuser 
. ~ 

employing the principle of vortex flow control in the turning of the 

· flow from the axial direction to. the radial diffuser channel. 'I.1he 

performance of the diffuser was investigated over a range oi: inlet 

Mach number from 0.,2 to O,Jl· and area :ratios from L.5 to J.O. rrhe 

optimum vortex corner geometry to produce the maximv.m static 

. pr~ssure recovery Has determined both with and without a small· 

percentage_of the mainstream ma'ss flow being bled, .. As a result.,· an 
; 

efficient and compact, diffuser v~as obtained which can ha,;·d a wide 

range of° practical applica.tions. in air fJ.ow systems. 

2.8. Vortex control as pa.rt of a. variable geometry cornb~stor: 

Rizk~ Ref e (24), designed and tested a model of a combustor in 1:,ihich 

the vortex control principle was used to control the distribution of 

the inlet air to the combustor zones~ The objective was to control 

the primary !Z.One temperature according -to. the engine running 

condition, and hence reduce the pollutants emission'J.evel .. A 

diagramatic t=:.ketch of the arrangement used is shown in F,ig. (2-'+). The 

test results were encouraging, and i,:-ere reported in hef o (25 )J 1-1hich 

included additional proposals for further developments. Kwan, 

Ref,(26), described a simple mathematical model. to calculate the air 

flow distribution in the model., The comparison between his 

experimental results and the ma·~hmnatical model was ·encouraging., 

El-Saf-t,a1•zy,ReL (27)t modified. the experimental rig to ma1rn it more 

practicab1e; and. elaborat.ocl the ma.t.hema.tica1 model.. The results of' the 

previously described rese?,rch Hork He:r:·e surnmarL:ed by Ad.kins and El

Sufta.wy r Ref .. (28). They coricluded that. the use of such a -technique in 
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future comlm~3tors is f'easab1e -and offers attractive advantages. 

2. 9 The Cra.nfieJ.d diffuser as a high subsonic inlet Mach nu..rnber diffuser: 

The use of the Cranfield diffuser concept as a high subsonic inlet 

Mach number diffuser for ap1)lications in aircraft intakes was first 

investigated by Dopollas, Ref.(2), and then extended by Saad, Ref.(12). 

Depollas designed and tested a tubular model suitable for· 

investigating the behaviour of the Cranfield diffuser at high 

suhsonic inlet Mach numbers. Difficulty was experienced in controlling 

t.he flow conditions, but in spite of this..,the initial results were 

encouraging.Saad developed the rig,and the technique of controlling 

the inlet Nach number so that tests could be conduct?d up to an inlet 

Mach number of o. 9. The perfo;rmance of the model was imestigated over __ ,_ 

a range of Mach number from O. 4 to O. 9 and area ra ti\.,S :from 1 • .5 to 3. 0, 

The results proved th~t the Cranfield diffuser can perform without 

stalling_,and with a high effectiveness., up to an inlet Nach munber of 

at lea~t 0.9. 

2.10 The Cranfield dif:user as part of the hybrid diffuser: 

In the Cranf5 eld d:.ffucer, th~ minimum blecl rate ::C'3q_ui::."ement 

increases rapidly ~s the .;1.rea ratic :i.ncreascs, Fig. (2-,5).· 

06 

OS 

1-0 

CALCUi...ATED FRm 
B'i•" =0·393 l1•1AnT21~:a 

./~ 
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// 

1-l. 1·6 1-8 2 0 2-~ 2-4 2·6 
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F1ig.(2-.5): Predicted mj_nimum blesd rquirement :f-:,:-- --:.~ortex controlled 

diffusers. 

The minimum bleed . ra-ce req_--..::l~ew~nt also inc:u::3.SE:S yery :rapidly as 

the inlet Ha.ch mnnber inc::-s .. 1,sc;s" Rei'. (J.2). Conseg_uently, in some 

practical a.p:plications which require a high are2. ratio diffuser 

opera.ting at relatively high sul-c::onic inlet Ha.-::h nwnoers, the 

minimum bleec.1 rate requirement. might not be t.oleratecl. One method 
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of reducing the quantity of the 1")1eed-off is by combining a low 

area ratio Cranfielcl diffuser with a conventional diffuser fitted 

irnmedia te1y doi;ms·tream. This arrangement is referred to as ''the 
\\ 

hybrid diffuser 1. and is sho1-m diagrammatically in Fig<'/ (.2-6). 

N 
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Fi6 .(2-6): Arrangement of the hybrid diffuser modelc 
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Natharu, Ref.(29), tested a hybrid diffuser model over a range of 

overall area ratios from 2.0 to 2.5. The results were analysed and 

reported by Adkins et aJ. in Ref. (JO) from which Fig. (2-7) . was taken . 

The figure shoHS a comparison between tho performance of a 

conventional and hyrJrid diffusei-- of the same area ratio for 

different lengths and bleed.rates. Figure(2-7) convincingly proves 

the superiority of the hybrid diffuser over the conventional one« 

2,11 Summary and conclusions: 

A considerable amount of research work has been done at Cranfield 

on the so called Cranfield diffuser a.nd its related fluidic devices. 

Tubular, annular, two-dimensional, and radial models were tested 

over a wide range of area ratios, inlet Mach numbers, and inlet 

velocity distributions. The results of these inveztigations prove 

the superiority of the Cranfield diffuser over conventional.ones in 

terms of :performance, compactness, stability, and cont:rol. ov8r the 

·exit velocity profiles. The other relat.ed fluidic devices -oi'fe:r · 

attractive advantages over their conventional competitor;:.. 

· So far, to the Y..nowledge of the author, P~ctions of i~he gaE~ tu:r:·bin0 

indust:cy have been reluctant t~ use the dh'fuser and 5.+.s related 

.fluidic devices. The reasons behir.d this reluctance are 11.kGly to be:-·· 

1- Some doubt c .. bout the mechanical rc;nuBt!le:js of the device. 

2- The design techniques of the device c1e:pen.r1s on past eJ{I)e::·ience 

ar1d sore8 ·empirical rules and formul:i..e· w!"!ich _cq.:.1. v;:ly -oe used f0.c 

5·uidance. 

3- There is n-:> fa.:J.Stworty method to yr2dict +-he· :pe:rfc~11i.ance of th:

dif'fuser under all the required 1:unnin:5 conc1iti0~1s. Reliance r!lust 

therefora be put on .extensive experimental wor!-: wM.ch might be 

time, effort, and money consuJrlTiling. 

It is believed that further understari0.ing of th.:: ::low be~9..V :_o~ . 

insi(le the diffuser might hel:p in developi::g .a re-liable Jn.!'..;.thP.:nc!tir::l 

mod€1 which could be used to predict .~he perf o:r::1a::cc- o-:: the c1 -1..ffu:,e:r. 

under any running conditions. The rnathe1!iatical model wo1ud helr to. 

overcome most. of the above mentioned. deficiencies 1 and hence transfer 

tho Cranfield diffuser to an era of pra.~t:.cal a:p:p2.ica-tion. 'J:he 

present project -was ini tiat.ec1 in an at.tempt to achieve ··ti::i.s ·:.:.rget· .. 
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CHAPTliJR TrIREE 

3. THE }:'ill'ffiAHEHTAL EQUATIONS OF MOTION AND 'l1HEIR PHYSICAL SIGNIFICAHCI~: 

J. 1 The Naviej:-Stokes' equations: 

In the general caso of a compressible, viscous, Newtonian fluid, the 

three dimensional motion of the flow is SJ.)(-;cified, in the absence of 
-

heat transfer, by the following five :pararne-t.ers:-

-x- The throe orthogonal velocity com:poments u, v and w. 

·:t The static· :pressu.-re $' 

-x- ~the :fluid density~ 

All the five paramete:r~s are functions of the coordinates;· x, y & z 11 

and the t,ime, t. For the determination of these fivo quantities, 

there exist five equations:-
'• 

.i;.. The continuity equation. 

-Jt· The three equations of motion. 

·X- The thermodynamic egua tion of s-La te. 

'1.1r1e continuity equation expressef; the fact that for a unit, vol1..:u11e, 

there is a ba1anee between the masses ente;;-ing and J.eaving :per unit 

timer a,nd t~w change in density a In the general car;e of non-steady 

flow of a, com:press:ible fluid. this condition _leads to the equa:t.ion r 

Ref.. (Jl): 

-- 0 (3 -1) 

111-w cquatio:J.G of motion are derivsc1 :f:r:-om Newtons second laN of motion 

Hhich states t.hat' the product. of rr:ass and acceleration is E:qual to 

the sum of the ext.erno,l forces acting on the hod.y • The equation for 2.u 

isotro1)ic Newtonian compressi"ble fluid flo,-;r can be 'Hrit:ten 'in. its most 

general from as, Ref&(Jl): 

(3-2)0!. 

( 3- 2) h 
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(3-·2)C 

where: 

't1 u2- v-2-+w-2 vt .,.. oJG + 'o::J 'at. 

::. aU + 'dv- -t- Jw-
~ .P~ -Pe. 

.N is the velocity vector defined as: 

X,Y, and Z are the three orthogonal components of the body force. 

Equations(J-2) are the very well known partial.differential equations 

.usually referred to··as · the Navier-Stokes' equati:ms. · A :f~l 11.erivz.tion 

.of the equations can be f'ound in P.ef. (31) .. · 

The Uavier-Stokes' equations were derived ass1.1.i4ing thai. tho r..ormal ar~c(~· 

shearing stresses are·linear_functions of the rates of strain i~ 

comfor.mity uith the older law of frir:tioi.1 due tc Newton. ~dnce -:.he 

hypothesis of linearity is cvide:u-!:.ly Uim:ple cely ·arbitrary,. it is not 

·· absolutely ·certain ·thti.t the equations give a ~ru~ ·C1.esc:cipi:,ic,n of·_t11e -~·· 

motion of a f1i.:id. However, kno1m :particul2.r bOlutions of the~, sueh 

as laminar flow through a circular ~ife, o,gree so well with exr3ri:ment. 

that the general validity of the IIavis:;::-Stokes' eg_ua.tions can 11aril/ 

be doubted: Ref.(31). 

L"1 the case of' inco;npressi"nle flow, W6 get:-

¾:- e = constant, even if the temperature :-5 ·not consta.:i.1t. 

T div Ji = O, f~om the conti:i-iu5-ty equation. 

* JJ. = constant, since the temperature variPtions are small. 

Hence the Uavier-Stokes' equations take. the .:1ilnpler . form, ~cf. (31): 

·(.3-3) Q 
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(3-3)C 

and the coµtinuity equation becomes:-

(3- 4) 

The above system of equations becomes further simplified in the case 

of a steady flow in.the absence of body forces. The flow field can now 

be fully described by the following four equations, Ref.(31): 

(3-5) h 

{3-6) 

Cylindrical coordinates are the. most. s:.:iitable system fo:::· axisymet:a:.·foa1 

problems, as is tha present. study. In transferring the Hav:..e!:'·-Stokes ~ 

t . t 1· a.r· , .. . t .. ., d ~ - .1. ·th . , equa ions o cy in ica..:. coora.1.na est ..1.e~ x,r, an ·"t" ct.eno"e ,"• e 3.X:::.3...1., 

x:ulial, and azimuthal coordina.tes reRpecJwivel:,·, ~nd. u, v: ~.nd w c.enote 

the velocity components in the re!:ipective d.lrect,Lms. Tho transformation 

o:1:" Vd.ria-bles for the case of incompressible steady fluid ilv~-1 in the 

absence of body f~rces (e~uation3 3-5 and 3-6; leads io the folloNing 

system of equations, Ref.(31): 

At present no analytical, general re~thud has become avaiJ.ab1e for t:h.o 

integration of the Na.vier-Stokes' equations, Ref. Dl). Solutions whic:i:1 

are valid for all values of viscosity are :kno~m only for so.,te 

r.a.rticuJ.ar cases of J.itt.le pract.ica1 relevance, as far as aertid.ynamict, 
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is conc?rnedr such as Poiseuill~ flow through a circular pipe..,or 

Couette flow between two parallel walls, Ref~(3l)e Most a:i.r flows which 

occur in practice are turbulent11 ~:he most striking feature of turbulent 

motion is the fact that the velocity and pressure at a fixed point in 

spa.ce do not remain constant with time, but perform ve-cy irregular 

fluctuations of high frequency. A nmne::cical solution of the time 

dependent Navier-Stokes t equations is . beyond the capc\City of present

day __ computers r Ref" ( 32)" Furthermore 11 it is not possible in the 

foreseable future~ RefG(32)1i Reliance must therefore be put on time 

averaging t.hc time dependent variables to derive the time independent 

equations of motion applicable to turbulent motion. This is the subject 

material of the· next section. 

J.2 The equations of motion for turbulent flout 

Randomness :i.s the essential characteristic of turbulence6 Of course,the 

velocity is still a continous fu!iction of space and timer and : 

sta,tistical correlations betneen the mo·tions at different pdnts can be 

dist.inguished; but the probability distribution o:f ·t.he velocity a.t. a 

giyen point :is nearly the fa.miliar Gaussian distributiono This means 

·that. we ha:ve to tx·ea,t t.urbulence in terms of sfa/d~tica.l propert.ies 

because we cannot cope~ ei the:r ma-t,hematicalJ.y or experiment.a,lly, with 

the informa:tion needed in a, full treatment" 'l1he simplest ,-.d-.atistical 

property is the average ( in this case with respec·t t.o time) of the 

velocity at a point., calJ.ad the mean velocity c If we could measm--e only 

th.e mean velocity r we shoul_d see no q_uali tative diff e:rence bet.ween 

laminar and turbulent flowse The quantit?,tive difference can be seen 

from the example of a fully develop~d flow in a pip~e Near the centre 

9f the :pipe!' the fluctuations of the v-elocity about the mean value are 

typieally fairly Ernall~. say up to ±- 10;i_ of: the mean velocity .. Howsve:r., · 

t.he pressure drop clown t.he pipe for a given flow ra:t.e m3,y be ten or 

even a hundred, times larger thin_ if t,he flow cou1d be pe:r.sua.decl to 

remain larnina:c~ So, in describing a JGux:bu.leirt flow in matherrIB,tical 

te ")"(''I<::< J. t ]0 l':" r• or-._•,r,~•1"1 0,11+ i'O s,:,•f"l!':'l'<"-~·~r.,. l:'.l, ..... ,,," ·o~:r.•an-!e·ltP~" 1· 11to t,,-ro 0.omr\o:r•e-n+.c•"' .-,JLO f _. ., ... ) ,., ~l_.V '-=·J. ..- '-'. V kl i.-'. ¥J.:'..,;..l;...t.."-(.>~ t;;;;;;;\,"¥".-1,A i ..- , ., l1"- •--.L ~,, - 1 I ... I. vt;:l- J 

a mean value~ and a fluctuation com:pommt Deno-ting the me,::.n va:Luc of 

the component. of t.he vcJ1oci.ty, u, by IT, and its fluctua.t:i.ng component 

U::::.U+U (3- .9) Cl. 

Similarly r- we can w:dte down the :fol}.owing relationships for 'the 

:rema,ining ve1oeity compom~n:!:. and. th<:; stc= .. tic :pressure: 
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{3-9)b 

('3.-9) C 

(3-9)cl 

The mean values are taken over sufficiently long intervals of time for 

them to be completely independent of time. Thus, by definition, the 

time averages of all quatities describing fluctuation are equal to zeroJ 

hence: 

To derive the equations of motion which must be satisfied by the time

averaged velocity components and static pressure, from the Navier

Stokes' equations for incompressible flow, we substitute for u,v,w and.,, 

p from equation (.3-9) into equations (J-4 ), and. (.3-3) and then time 

averaging_, the continuity equation becomes: 

2fl + 'du- -J- 'Iv£ = 0 
2.x o !:l "a (3-11) 

Also we get: 

~ + '2 ;;- + 'J ".r :::. o {3-12) ~x. 71:J ~ 
It is seen that the ti..1-ne-averaged velocit:r ccmpone7:1-ts and t1-~e fluctuating· 

components each satisfy the equation :.-~· continuity for i:.:icompressib~Le 

flow. 

The Navier-Stokes' equations in . .:~he absenct'.~ of body forces become, 

P.ef.(31): 

u~v- + i]-"iJv- +i:J-]2: :::-4, ;J-i_ +v(31.(r +3-z,r +•atu-)-(i6& +2tr t-~u-~r) 
~,.:,.:':_ 'o:J · 't)i, 1' 29 -PX'- o j'L 'ctt. - o;c:.. P~ "3-:. 

i1 Jw- + [j- 7,w ;-W ."Jl,,IJ" ::; _. e' 7J F_ +l-' (3 1i3- ·t- 7,"liJ -!-~7..w')-(z,{{~ + 'J lfW--,. -a;i/-,} 
~.x. ~ ~ . 'o l, 'd t. . 'a~ t. ·g -~1. 'Qt'- ? :x. 'J J ~ r= 

(3-13)a 

('3 _.13) b 

1I'he quadratic terms of the turbu.!.ent ,_ .. elocity co1v.ponent$ have bPen 

transferred to the right hand' side because they can be interpreted as 

the components of an additional stress tansor well known as th~ 

Reynolds' .. stresses. It must be born in mind that· such an inte:i.:preta.tion 

-does not in itself lead to very much~ Equations (J-13), s0me~imes 

refe:rred. to as Reynolds' equations, constitute the starting .?0:::-1t. for 

the ma.the-raatical treatment of turbulent flow problems: or, more 
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:precisely for the calculation of the time-averages of the parameters 

describing the mean flow. However, the equa tio1~s, as such, cannot be 

used for rational evaluation of the mean flow as long as the relation 
between the Reynolds' stresses and the mean velocity components is not 

known. Such a relationship can only be obtained empirically,and forms 

the essential contents of all the hypotheses concerning turbulent 

modelling. In order .to asse:r:t selec-t,io!). of the most suitable model for 

the flow under consideration, it is firstly necessary to take a closer 

look into the Reynolds' stresses and their physical significance. 

3.3 The Reynolds• stresses: 

"- ·V'+ iidy · 

Consider an im~.gin;2:.7 fixc.:rl. infini t.·as:.mal co:it::-ol volume ;ri tn sides dx, 

dy P and. ci z in th~ three coeru:h1ate dir~ct.icns, Fig. (.:~-1). Suppose that 

in addition to a mean velcci ty u, there is a time-d.eper..a. ent 

tfhtctua:-ing) com:po1i1ent u., -~n the Y~-di:-3c-i.ion .. T!"le x-r,ompoL':!n.t of the 

momcntut'i flti::; through the face(dydz) is: 

time averagil1g gives : 

Therefore, a fluctua.tion, with zero mean value, suparimposed on the mean 
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velocity produces a mean momentum flux of its own, proportional to the 

mean square of the fluctuating velocity. This non-linearity of the 

relationship between velocity and momentum flux appears in the Navier

St.okes' equations and is the basic cause. of their mathematical 

difficulty. 

If we measure the mean velocity and pressure in turbulent flow we find 

that the mean motion is not that which would be produced by viscous forces 

alone. There is an extra apparent stress, -e U'., normal to the face 

dydz(it is a -ve stress since u2 is positive). The equivalence of 

stress and momentum flux follows at once from newton's second law. ·· 

Similarly, there are extra normal stresses - e 6-z. and - e~l in the y and z 

directions respectively._· J.gain, the rate a.t which the x-component of 

momentum passes through the face dx dz of the contxol volume is the 

product of the mass flew in the y-d.irection, e (v + v ). dx dz, and the 

velocity in the x-direction,(u+u). The mean momentum flux is e(uv+uv)dxdz. 
Hence, -euv, represents an extra shear stress on the face dxdz. 

Sirtllar:!.y., there are extra shear stresses ..,. evw· and -fu{-r acting o~ the 

faces dxdy and dydz respecthrely. If we consider the turbulent motion as 

turbulent eddles supe:r:i.ii-rpc~ed on the main motion. Then, at first sight, 

the mechanism 1:)y which turbulent eddies i>roduce the Reynolds' stre;::ses _ 

seems quite sir:ilar to tl:s.t by w!lich random molecular motion :produce;3 

t-h.e viscot;S ·st~ess~s. Bu-t. th.~re is no worth-while analogy between them 

£or two reasons~ 

19!" T1..trbulent ee.~liP,S P,.,re contlm1.ous and contiguous, whereas, gas 

molecules a!.'e discrett: and _colJ.ide only at intervalsc· 

:- Mole,· .. ular mea.n free p?,i..hs are small compared to the dimensions -of the 

mean flo1-:, b~,t turbu] ~nt eddies ( those whic~ produce t.he Re\ynolci.a 11 

~trt'!s~es) a.re not. 

It follc..-~ th:-.. t th~ -Lu.v.·bulerrt. transport rat.es are :not determined. by the 

locaJ. graJ.iE:nt o:.' the; tJ.c.ns:port.ed qu.a.ntity as in molecular transport" 

Tnat i~ t0 say +.ha:~ the t.-u:-bU:.ent transport rates are not usually 

co::-1.s·:,,an-:i-; ~ or mrcn discrNerable functions of the local va.riable, but 

deI,end on the previons histcr;J of the flow which carries the turbulent 

eddiss. ~rhis depep,:te~:.::y is or..E of the crucial factors affectifo1 the. 

~election of a suitable J!lathematical model of turbulence to treat a 

~ arwJ.n type of f:'..ow. 

Sirce the ext~~ ~P~~rent stresses and transport rates are produced by 

t!:a fJ.uctUci.i:.ing motion itself'r it appears th_at in order to understand 

't!.lem we r.iust a.t. :east partly unde:::-st.and the behaviour of the 

fluct,uations. 'l'here -~ave been sev·eral hypotheses to describe and explain 

:J• 
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the behaviour of the turbulent edd:i.es" T'ne work of Bat.chelor and 

Townsend in this respect is outstanding«; A comprehensive review of which 

can be found in Ref. (JJ) .. But the most a:p:peaJ~ing is the hypo-thesis of 

vortex stretching described by Bradshaw in Hef,, (34). 'This forms the 

basis of much of the following review t· 

3 o4 Vortex stretching: 

:J 
,, __ r-~of3dt 

/ 
" 

z ,.;.._-------'------+-----~ X. 

Fige (3.:2) ! The d.is-t:i.nctfon befa7een vorticity 

and. rate of (shea.:r-) st:i:ain. 

Turbulent eddies have translational and rotational motionso The net 

ra.t,e of ro-t.ation(or the av-erage angular velocity)" ~l°bout 'the z-a.xist, 

of the fluid elcw.mt shown in Fig. (3-2) is given byi 

We define t.he z~ .. c;omponent. of the vorticity as tw:lce this angular 
~ ;' ;' 

velcoH:.ya· 'l11e vo:rtici'tYv_ (~~ - ~t( )r- · iH tc be distinguished from 

-the rate of shear slrain .. ( dl.-i -!· :~<r)c The first is a measure of 
<' "~ !.1 "~.X. 

rotat.ion. and. the second is a measure of deforma:t.ion.i Suppose that i.n, · 

addition to a rotation al)out -the .z-axis 0 -the fluid element is under 

t.he influence of a rate of linear strain in the z..;..d.irection, g_i£ .. Then 
'o"l= 

the eleme1tt will be st.retched in 'thiz~ z-d.ir.ection and its cross-section 

in t.he x-y pla.ne will get sma,ller o 
1fhe consc:r··vn,tion of angu..la,r momerd~tLtn 

requires the circulation to remain constarrt, in t.he absence of viscous 

forces" Circulation is the integ:cal of the 'Lan,gent.ia1 component of ·U~e 
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velocity :round the perimeter. Consequently, during the stretching 

process, as the diameter decreases the vorticity increases,and hence 

the scale of the motion j_n the x-y plane decreases. Therefore an 

extension in one direction can decrease the length scales and increase 

the velocity compoment.s in the other two directions, which in turn 

stretch other elements of fluid with vorticity components in these 

directions increasing and so one 'l'he length scale of the motion!) that 

is·augmentedr gets smaller at each stage. The well known stretching 

family tree Fige(J-3) shows, at lea.st qualitatively that an initial 

stretching iri one direction produces nearly equal ~mounts of,smal.ler 

scale stretching. in each of the x,y-9 and z directions,after a few 

stages of the processo thus the small-scale eddies in turbulence do not 

share 'the preferred orientation of the mean rate of strain!' The 

"Cascade of energy" of the turbulent motion continues to smaller and 

smaller scales(larger and largl~r velocity gradients)eo Indeeo. 11 

discontinuities of velocity would develop if it were not for the 

smoothing action of the Viscosity. Expressed. an.other· rray, viscosity 

finally dissipates (in-co heat) the ene:rgy that is transf er:red. to tbe 

smallest eddies,howeverp viscosity itself does not play any eGsential 

part i.n the stretching :process as such o 

Fr~quency vf symbols 
at c,1ch gcnerntion 

X y· z 

i'. 0 -0 

1 0 

2 

X ·; 

\ . 
3 3 2 

I 7 y./ ~ 5 5 6 

l\-~A.1\ "\ A 1\ 11 11 10 

xyyzyzzxyzzxzr.xy 21 21 22 · 

Fig~ (J ..... 3) :Family treet-showing how vortex stretchin~ 
prod.uc:es sn~aJ.1~-~scaJ.e_ isot:r·opy,, _rrhe labels 
are the directions of stretching in each 
gene:ca.tion~ 

'rurbu.lence can ·be -thought of as a fa;_.ngle of vortex lines or partly 

rol1ed vortex sheets, stretched. 1n c1. preferred direction by the mean 
,..,.1 ( t l J ] • ) "' • ~ ~ • t . ,._ 1 .. x ow ·:,.1e: mean vo:c(,ex .1.nes a.no. J.n r ... o.nc ... om a.J.rec 1.on.s ii',l f~ac 1 o-r,ner .. 
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Turbulence al ways occurs in all three directions of. motion e\"en if the 

mean velocity has only one or two components. If the fluctuating · 

velocity component in one dir&ction were everywhere zero, the vortex 

lines would necessarily all lie in this direction and there would be 

no vortex stretchingr no transfer of fluctuation energy to smaller 

scales,.and the motion would not be what we call turbulence. But 

for the diffusing effect of viscosity, vortex lines or sheets would 

move with the fluid; The effect of viscous diffusion is seen in the 

slow growth of laminar shear layers. In turbulent flow, viscous 

diffusion of vorticity is negligible except for the smallest eddies 

(those that dissipate the energy transferred .from the larger eddies). 

Fluid that is initially without vorticity(irrotational) can aquire it 
only by viscous diffusion,but, once acquired, vorticity can be 

increased <Y~er many orders of magnitude by vortex stretching. 

~es·sure fluctuations do not directly affect vorticity in incompressible 

flow. The rate of supply of kinetic energy to the turbulence is the 

rate ai which work is done by tne mean rate of strain against the 

Reynolds' stresf)es in the flow.,as it stretches th~ turbulent vortex 

lines. The eddies extract energy from the me~n flow ru.1d retain it for 

a whil~ before it reaches -the stage of the s!'1.all dissip:::.ting eddies. 

Turbulen-~ kinetic en~rgy re1~ unit vol1.:.:11e, k,, is int,rod.uced ·into the 

eddies th~t con-~ri"uute·to the Reynolds~ stres-:es i.fl di~ect proportion 

to their· cont:::-ibnt i one:;. The stress prc~focing eddies ri.re the larger 

ones: whici1 £...r.; 'ts~t ablt:, to inte:cact wit~ tha _;;·,ean -'£low. ~.~~ have 

alreac1-y seen that vortex stretching t.~:nds t\1 make the SL.al) ei- eddies 

lose all sanse of diroction and. become: statistically isctr,:pic so ·th~,t 

their co.nt:r.ibutic:D to +..~.le Reynolds •shear ~-tress,. -~uv for ins-t.ance, is 

zero. 'l1he smaller e1.dies are Int.J.ch -;.;eak~!r th~.n t:iose that produce r:lost 

of the Reynolds' stroscas oeca~se mc3i c~ the energy that ~r:;c1,ches them 

is irmnedia:t.ly pa~sed on t0 tts sma.lles·~ C-tidies of all wher~ it is 

dissipated by vis~o:3ity. It is :p0ssfole t.o derl,.!ce L.~on1 the Navier

Stokes' ec1_t11r'vions ar.,, exact ~onse~vation equo.ti0n f")r the kinetic energy 

of tu.Tbulence. This eq_uz.:.ion is not one of the fll!~damen-'va.l equations 

of motio:n 1 but i ~ p:i..ays . an impc:rtant role in the subject of turbulence 

modelling. 

J .. 5 The 

The 

K= 

trf.ns:!--'ort. equ2.ti01i. of i::i;TbuJ..ent ene"!:gy: 
I 

instantan1~ous kinetic energy per uni-i~ volw,,e, k, is defined as: 
I • ,2. , ~ /"I.. ) 

z:-(U +tr +w-
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/ 

Denoting the time average of k by k, we get: 

(3-14) 

For brevity k is sometimes called turbulent energy. The full 

derivation of the conservation equation for k can be found in Ref.(34). 

For convenience, the procedure is summarized as follows:-

1- Neglecting body forces, substitute for u,v,w and p from equations 

· ·(3-9) into equation (3-J). 

2- Multiply the momentu.m equation for each co-ordinate direction by 

its corresponding fluctuating velocity. 

3- Time averdge,and sum up1 the three equations. 

It takes only a small amount of :patience and manipulative skill to 

render the resultant equation to the following form:-

:a~(f'k)+u=;'j(e1<)+ w-ft"(fi,) = -[Jx. u<./ +-e(<.)+#g u-(f, +~1<) 

-;-1- w(.p+ei)]- [e u'l. du+ e (r'j_lr + e w'l. ;J_w + e~(dU+;Jlr) 
~l 2lX d::J 7)~ ~~ 'o:X .. 

·1· e u e,tr (~ f + ~ ) + ~ <)· w ( ~ _f + ; ~)] + [J,' ( u V 1. u + J- Vt u-

Dissipation 

li'iG• (3-1
:-): Genexal for.r.1 of conservation enuations-sum of 

transport i:.err..s (spatial gradients of turbulence 
ric:an quantiti2s) equa.J.s sum of source and sink 
i:.G:.:'~• 
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The t.erms of the equa·~ion appear in groups· of three, one for each 

coordinate direction. The following discussion identifies the groups 

of ~erms with quantities representing sources or sinks of energy,or 
with transport of energy~in or out of the control volume shown in 

Fig.(J-4): 
1- The physical interpretation of the left hand side of the equation, 

[ii.~ (E' k)+-··Jr i~ clear enough. It, is convective rate of change 

of kinetic energy a.long a stream-line. Sometimss it is called t,he 

"advection" or 0 mean energ,J transport", Ref. (34 ). 

2- The first term on the right hand side,-[];e u(.p+eJ<)+ .. ··J, also 

represents a net loss of turbulent energy from the contr·ol volwne 

via the work done in transporting the fluid through a region of 

fluctuating pressure and velocity. It :i.s common to regard this as 

the turbulent energy diffusion, Ref. (32). We can see that it is 

diffusive in nature if we consider the case of a two-dimensional 

bc,m~ary layer. In this cas~ the term takes the form,-[~ v{.p+eK)J. · 
Let us suppose that one ed.ge of the boundary la,yer is ~ free strec1~m 

with zero kinetic er.~rgy and that the other botmdary is. a wa.11.- By 

integrating this t~rm across the boundary layer, the integral 

vanishes at. -ooth limi tti. Hence, t.he term makes no overall 

contribution to tt~ onergy level, but serves :merely to 

re-1i~tribut~ the energ:; in space. 

3- The sec~ond right hai,.d side terrn,-[e ti ~~ +· · ·], is a turbulent , 

cner:-11 production terr.,.. For exa111ple r - e (i'- -~ u .r}xcl'IJi, reureser:.+.s _. °"' \ 'ox · - 1 -

the r;1,te at. whi~h work ha~ to be done abainst the x-compoment of 

Rey~~lds norruu.l 3tress to stretch an elem~nt of fluid (dxdydz) in 
. 

the x-a.1.:rect.1.on <'!:ii -~he rate ~f . Usually :more im?ortant in prac.!1~ice 

are +-erms li~e (-f U1.~}j d':Jdxdeh which represent work done ag[..in.z-t 

ti,e shear cltrP-ss (-e~) tc shear an element of fluid at the rate 

cf (~j)., ]:here is a bacond. term involving {w), na~ely \He u«J ~) 

f~r t-he othel: conr:.t::.4:.uent of the rate of sti--ain, lij--1-t':) 1 so that 

-t.he 311,-:1 of the -twn termsis,{:-eu.v-(;~ -r ~:;)} ~ which is 'tha proiuct 

of the RP.ynoldst ~hc3.r stress and the rate of strain. F.r-om t.he 

point of view of the mean motionS' these are energy loss -terms. 

4- The thii"'d terrf1 on :.he :t.'·1ght side,/ ( u via:···-), _c~.,_ be 2'ed.Uc!:d. to : 

two groups o:t terms, Ref. (34 ); 

A f t lik. -( 0_1.A,,...;\~.;.;....t;~-J--:e-.J....,..' d 1 • T (,, o «) 'L rn.. • a- group o .c::cms e ,)A 1J Y ·F1fX an, ... 1.r~e ,JJ- '-~ .. J.·uis f;rOu.p 

- of t.erms :;~p:resent5the rate of viscous dissipation of turbulent 

· energy into thermal 1nter:1al energy.. This is zmalogt)VS to the 

dissipa:f:.ion of mean flow kinetic energy in-to thermal internal 
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energy. Since the instantaneous "'teloci ty gradients in the 

turbulence are much greater than the maan velocity gradients, 

except for the region extremely ·.close to a solid surface, then 

the viscous dissipation .of turbulent energy is usualiy much 

·greater.than the dissipation of mean..;.flow energy. _ 

b- A group of terms contain (F"7E.'k) and terms like, ()'~~~~)., This 

group represent viscous transport of turbulent energy. Like the 

·mean flow energy dissipation by viscosity action, they are 

negligible execpt near a solid surface and tend to be forgotten 

altogether in discussions of turbulent energy. 

~e end this discussion about the energy equation and the physical 

.. ,significance of its .terms with some important remarks:-

1- The consideration of the first term on the right hand side as a 

diffusion term is quite arbitrary. Bradshaw, Ref.(34), _considered 

:Part of it, namely terms like-k(u~)as energy transport terms, and 

tlie other part, -]x.Cvf>) a.s an energy loss term via work done in 

t~anspo:rting the fluid through a region of changing pressure. 

2- It is 5.mport.:mt to :r,;;member that although the separation of ihe 

velocity iri.t.o mean and fluctuati!'l..g parts is a :perfectly legitimate 

mathelila.tical device, but the instantaneous ·velocity :profile ;:1ay 

1ook ver:1 diff erert from the mean pro:f ile, and there is no diffenmce 

i!1. 1~ind bet1J Jen th9 ~I processes that :produce, say, uv ~~ and 

t!los0· that produce fr:~ which is part of the t.urbulent. energy 

transport in the ~~ d.irect:i.lm. 

J- The :t.'elative importt..ncc o!' the t.erms co::s·tituting the equat.io~ is 

again qu:i.tc:: ar1:li tra.L."Y c:1.nd. depends not O!llj" on the type of flow 

· ·be1.ng d.-'!.r:cussedt :u-: also on the region of the flow where the 
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CHAPT}~R 1PO UR 

4. I'1AT}U~MATICAL MODEI./-J OF TtIBBULENCE. 

4.1 Introduction: 

In the previous chapter it is stated_ that we cannot cope either 

mathematically or ex_peri.mentally with the amount of information 

needed to fully treat the time dependent turbulent fiows. F0rtunatcJyJ 

there is no need for an engineer to consider the time dependent 

details cf turbulence. He is usually concerned only with its time 

averaged effects even when the mean flow is unsteady. If we were · 

given the time-dependent behaviour of a body of fluid, we should do 

nothing Hith the data but to integrate them to extract the time

averaged properties. This reco~ition affords us justification to 
,, 

base predictions of turbulent flows on only the time-averaged 

properttes of turbulence .. The process.of time-averaging, however, 

cause statistical correlations involving fluctuating velocities to 

appear in the eq_uati0ns of motion ( equations 3-13). We have no dire·ct 

1ray of k..Ylowing the IDc..gili tudes of these terms. vie !nust therefore 

a.:pproximate or "model" their effect in terms of quantities that we 

cc1.n determine. Thus; ·oy a model of turbulence, we mean a set of 

equc:t,::_or10 vhich, whe?; solved with the equations of motion and the 

e':i_uation cf cor'.tinui ty, allows the calculation of the relevant mea.i1 

ilo·w pa1-ameters • 

if. 2 Tyues ~f t.u.::-c:.:il enr, moo e 1~ ~ 

There ~rA two types of models. The first employ ]oussinesq's 

sulige~.t~ ~n (:i 877) ihc.t ti:a stress-strain law for the tirr.e:..averagea_ 

turbulent flow ~oul0 h:; reprc2ented in the saiile ftJrm as -t.hat for a 

i~e1:r~om.an v1-scous :::1u:id ,_n lD:r:iinar motion. For example a Reynolds' 

stea::: 2-i:,ress, - e u v-. c:.t.n be wode1led as follows.: 
_,,--"' 

- 2 i~ = .,lLt·~TI / ____ ; .. ?) ~ 

where, 

../1t. is t.he t:;.rbulent---t iscosity. 

'fh~ tur1-"1lent--v~.sccsi ty, ,.mJ..H:e the molecular viscosity, is not a 

r:coperty cf the f'lui.d.. Its value varies from point. to point in t1le 

flow· being 12.rg,:-ly d.etermined 1Jy the structure of the tur1)t:lence at 

t.he J>oint in g_u0:=,ticn. 

r1•r\is t.ype of model is generally referred to as t.urbulent-visco::d.ty r 
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effect:i'.ve-viscosi ty, or eddy-viscosity models o 'me other type of 

model provides differential transport equations for the Reyno:J_ds' 

stresses themselves. The higher order correlations 9 appearing in the 

i:ransport equations of Reynolds' stresses are to be approximat.ed in 

terms of mean-flow parameters. This type of model is generally 

refer-.ced to as a Reynolds fl stress modelp er sometimes as a :mu1ti

~quation moclelo In the next few sect.ionsJsome oft.he well established 

turbulent models are d:i.scussed,. The emphasis of the discussion is put 

on the suitability of the.model to be used fo:c tho prediction of the 

flow under investigation&) It sh~uld l)e mentioned. here "that the _

discussions are based on more elaborate reviews,and can be found. in 

Ref r. (32) and Ref" (35)e 

4e3 Pra.ndt.l 's mix:ing length model: 

This model is -based. on the well k1101-m mixing length hypothesis s MLH, 

of Prandt.lo The hypothesis stat.e.s that the turbulent viscosity 0/.lt i· 

is equal to the local.product of the density, the magnitude of the 

rilean rate~ of strain~ and -the square of a characteristic J.ong-t.h scale 

of the turbulent motion" The characteristic length scale is refericd 

to a.s the mixing length e In equation form. the mod.el can be ~xpressed 

(Lf-2) 

It is widely believed, Ref., (32)·~ thcit Lu.d1-rig Prci.ndtl(J.925) inV'ent.ecl 

i~he I1LH as an analogy to the kinetic theory of gases which givesp 

Ref.,(J2): 

f' ~- f ef!I 

wherer 

)A, the viscosity 

e r. if'> the density of the fluid. o 

l , is the average molecular free pat.h length., 

V , is the molecular velocity~ 

Analogous to thisr -the first part of the MIJI gives~ 

where; 

l i , .. .., r, tvnics,l lcnrr.th scale of the turbulent motion o::c the rn t .... ,:::, .... ~1.1 -" ----

miJd ng lengthc 

\{ r- is a. t.;ypica.1 vef.Ocity sca18 of the tm:lraJ.en"t, motion. 

The s.econd. :r:art c,:f the MLH ·gives t 
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Vt, = >n IO :1 (4-5) 

Combining the t.wo parts of the hypothesis gives: 

The mixing J.,:mgth, Lm, is still to be prescribed a.lgebraically"Prandtl 

originally proposed that Lm is proportional -c.o the distance from the 

nearest wall, that 1s for boundary layer floi-:sf' but resea.rchers havo 

since precribecl lm in many other ways to suit particular flow 

cond.itionst' Hef.(32)e. The mixing length model wa.s extensively appl:1.ed 

to many types of turbulent flow with different degrees of success. A 

r·epresentative review of such applications can be found in Hef .. (32) JI 

A conclusion that can be reached is that the lilOdcl is more successful 

when applied to near-wall flows than when it. 5..n applied to free · 

turbulent. flows., 1:here · are no reported succeGsful predictions of 

recirculating flows with the a.id of the mixing length model Ref.(J2)o 

1rl'ds section is concluded with a.. sum.rna.ry of the advantages and 

disadvantages of the mixing length model.o 'rhe advanta.gos inelnde z .... 

l·-: It is a simple method requiring no add.i tional different.ial 

equations to 1)£! solved .. 

distribution~ it realisti.ca.ll;y- predicts the behaviour of boundary 

layer flows" 

3- Much experience of using it has 1J3en accumulated ,~nd ·:ma.de a·vai.lable 

throu;;h piiblications" 

The disad.va.ntages include: 

1..:. Th.ere is almost no suce:0f.;sful experience of predicting 

recircult:cing flows with its a.id~ for tho relationship between the 

stresses and the velocity gradients ie too complicated" 

2- Contra:1:y to experirientz,1 resu1t.s £i it implies the,t the turbulent 

viscositief; vanish Hhere the veloci t.y gra.dionts are zero., 

3- 1rhe mo(lel takes no accoun-t of processes of oonveotic-n or diffusion 

of tu.rbulencee 

'-4-A '1:he model of Prandtl and. Kolmogoro~:: e 

'l'his mod.el also employs the edcly vir:K:osit.y coneeptf, 

Kolmogorc.v (J.94.Z) and P:t'andtl (19Lij}both ~ indepandentJ..y~ proposed 

that the Gg.u2.re root. of the time avera. .. ged turbulent kinetic energ·y was 

to be used c.s an ctpprop:ria·to veloGity scale of -Lhe turlmlen-t motion .. 
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Expressed in an equation form as: 

(4-7) 

where, 

k=-z(li+lF'+~) (3- //.1) 

This w-ay some of the mixing length disadvantages could be sidestepped. 

Instead of relating the velocity scale of turbulence, Vt, to a mean 

velocity gradient, it is related to one of the turbulence properties 

itself, k.<we may expect this method to provide a better formula for 

• -•determining A . For example, on the centre-line of a pipe, the mean 

velocity gradient is zero, but the turbulent energy is not. 

The f<:>rmula:for /1tz, as suggest.ea. by· Prandtl ·is:· 

i'-t = e(k L · v-1-i) 

The formula for ;Ut, as suggested by Kolomogorov, is: 

JJt = e k/F (4-9) __ .. 

Where, f, is a chara.cteristic frequency of the energy-con ta.in ing eddies ... 

·The Prandtl model becomes identical to Kolm~~orov's,· if' ne ~ut(from 

dimensional analysis): 

L =-fk /f. (4~:o) 

-'I'he difference between the two models :.2 that."I ill ·the 'Kolffiogo:rov :.-s 

lllCYlel, bothtk) and. lf') are to be deter~inea from diff:irentia~. transnort 

e(J_uations. whereas in the Prand-tl 's mcJ.el cn1y (!:) ls -to be oeteiiili.i)ed 

from a transpor;:, equation while ( L ) ~-s still to be f,Y.(;'3Cribed 

algebrc:.icaliy. Kolmogorov 's choice 0:: (:), as a second paramF;te1.- t.o 

determine the effect of ·turbulence on t-he moi:.ionr, wa~ not q1,i tt.. 

ci.dequate,Ref.(32). Howevert this defect sCc-?.'cely affects the !'lis'!..orinal 

importance of KolmogoroY 's suggestion that t~ie t1·"~ :r,ara .... 1~ter·s sh~u~d 1.1,e 

determined from transport eluations~ 

The transport equation of the turbulent kinetic ene-:.:-gy for t.wo 

c.imensional boundary layers at high Re;/nolds' nurme1.· ta.lc<.~!-3 the f ,:rm,_~-"-· _. 

Ref~ (32): 

eil :Ok + e Lr ~k =- -7)¾ ( e u-1< + L,. P) -e uv- -~ _ .u ~ (i!0-\1
2 

~Y- O':J . ,J ?,'j .,,/" l,,J (., ,A.J 

Convect,ive flu."{ -~ diffusion +. pr.oductJ.on - d.issip.a,tion. 

Before equation (4-11) becomes useful 11 -the correlations of the 

turbulence veloci t:ies appearing on its right-hand side "ire to bl, 

approximated in terms of quantities which are either known or ca,n be 
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determinede- The approximation of each term i.s explained as follows, 

Ref o (32): 

1- The diffusion term: 

The diffusion action of turbulence is presumed similar to the 

molecular diffusion processes./ Thus: the rate of transport of 

turbulence energy by diffusion is taken as the product of the 

. spatial gradient~· of (k) and the turbulent viscos~ty divided by a 

constant" This constant is called the Prand t,l number for the 

diffusion. of turbulence energy r, ~ .. Thus, the formula takes the 

form=--

2- The production term: 

1'he turbulence correlation which appears in t.he production term is 

just the turbulent shear stress·, and this is replo,ced bJ the . 

11roduct of /Jt and the mean velocity gradient:. Thus 9 the formula 

takes the form: 

-= /-1.t- ~.Jl. 
, c)~ 

(!J -13) 

3 ... ;':[•he clissi:pB,tion term: 

The dissipation of turbulent kinetic energy occ:urs predominanly i.n_ 

the sma,lles,t sizes of eddy<) At high Reynolds numbers, these eddies 

are yery much sm:?d.ler ihan the onergy~con1:.aining motions o The 

dissipation rate is then controlled not br the dissipa·tive motions 

themselves i' but by the :procesi:,es which transfer energy from large:;,: 

to success1.ve:1y smallc~r eddies,., This ca.sea.ding process ma.y be 

supposed. to depend. cfr1ly on er t<.. ~ and l o 'Thus for dimensional 

consis:tency it f oJ.lo,m -that t 

).1 ~ r .-au. L '{ ::: en f_1!!}r 
/ L1 j \--oxJ' _ · L ,1 

whe:rei Cnis a constant." 

Stfbstit.uting fro1a equa-tions (lf--12.) ~ ( 4 ... 13) s and (l~--lL~) into eqt~ation 

(l+-11) Wt:¼ get .i.:.he following 2,inula.ted form of the em.,;rgy equa,tion i 

C .o J,/112 
']) ~~ 

L 
Eq_u;J,t.iori (11Ml5) s, which is appropr:ia.te to two--«dimensional "b01.mdary 

Iaye:r f1ows ~ Is to be solved si:rr,uJ.taneouBly with a r,:.;-treamwise momentum 

eQ_uat.ion and with equations for such other mean flow pa1amet.ers aL:; may 

be of interestc However, before solving the equations, the constants 
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prescribed. This is done empirically using experimental results and 

computational optimization. 

The model described above is sometimes called the one-equation model 

since it employs only one additional differential equation to 

determine the effects of turbulence on the mean motion. The model, in 

practice;offers only small a.dvantages pver the mixing length rnodel. 

These advantages are summarized as follows: 

1- k prov·i~es a better measure of Vt than lm{;~/. 
2- The model takes account of transport effects on (k). 

However: a sufficiently precise algebraic prescription of ( l ) can 

.rarely be made for any but boundary layer flows. In m~re complex fl~ws_·~-. 

such as recirculati11g flows, transport effects on the length scale 

usually turn out to be.very importan-t. Consequently the length scale 

has to be determined from one more additional transport equation. 

4.STwo-equation :models of turbulence: 

This type of model employs th1;;: same formul=.t for tttrb:tler~cc viscosity 

as does the c:1e-equ~ .. tiori jj:odel e The differe!lr,e ::.n -~h~ model is that 

both (k) 1.nd ( l ) e.z·e to be deter1:iined by transport eqnations. T'ne 

ryqui ~ed transport. equatic11 f()r (k) is the r:-~.nie ~s that fo:!" the one

equation ~~lcl, i.e equation (4-15).· ~~ do not act~ally have to choose 

the len.~~h scale a::; the de-pende:at variable o:f the s~cond q_uation •. b.ny 

·produ~+- of c.·1, '1 ~ "" .... ~ ' ) yarj~.ble, 2, d1ich :h, ina.J.e 1,1p of some _... \. w _u.. t l would, 

i.n prin~iple, do just a.s welJ.. Hence, we define a va!."i,,::,le., i: s:, that: 

m ,n 
l =- I< L 

Many mode.ls werE' develo:pe~ :• ~&."!h was bc .. tsecl en a c.iffer:.:.·nt f "1rm for the 

· second dependent var:.abla s l . A :'.1.'eYie;:· of c. ::-eprcsenfa:'.:;tve sample of 

these mo.1els can b~ iou.nd .ln He_f. (32)-. The fc,llcwir..;s list shows the 

:most important forms cf ( l ) proposed --oy diffE:re:rt, res~.:.cchers :-

1- Kolmo~orov (194~) proposed ~hat: 

r -- ,,\/l Z = r -- '' I 

2- Che-;.~ (J9'.:5), Davido·i.1• ·(1961)t i-~arlow-Nakay,:1ma. (1968), and Jones and. 

Launder (1972) proposed that: 

Z:::. & ~ k 3l1/l 



3- Rotta (1951), a.nd Spalding (196'1) proposed that: 

Z --= L 

I+., .. Rotta (1968,1971), Rodi .. -<Spalding (1970), and Ng-Spalding (1972) 

proposed that:, 

5- Spalding (1969) proposed that,t 

l = k/ l
2 

The turbulence energy dissipation rate( f ) has been favoured by more 

workers than any other variablee1 The reason for this lies partly in 

the relative ease with which the exact different.ial equation of 

transpo:ct. for ( E ) can. be derived O and partly in the fact that ( E ) 

a.ppears directly as an U..'"1.1mown in the exact. differentia.l equation of 

transport for (k),, (~eplacing the dissipa:t.ion term)~ Thus, by using 

( B) as second veriable there is no need to approximate tht~ dissipation 

term in -the k-eq_uat.ion., Despite the clear visual image which it 

p;resents ti the lengt.h scale ( l ) has not prwed to be a J)opula..r 

second variable. The reason is .sim1)1y that ( L ) just, does ~ot diffuse 

at~ a rate pro:port.ion.~l to ( ~ ~ ) r, Ref Cl (32) It However, if -the model· is to 

be used.for the prediction o:f one particular type of fJ.ow 9 such as the 

flow under investigation!/ there is a clear advantage in selecting ( l ) 
as a second. var:iab1t:~ o This advantage is tha·t: once -the model is 

adapted and opt.imized., for this pa.rticular fJ.ow, the solution o:f the 

-~ransport. eq_uat.ion of ( l. ) could be used as an o.,1gebraic prescribed 

form for the distribut,:i.on of ( l ) " The mod.el can thus be reduced to a, 

type under different cond.itions~ This way· the running cost of th~ 

model n1;;1,y be reduced considerably e 

'I'o derive ·the eq_ua.tion for t Z: ) 0 ue can proced in precisely t.he Game 

way as in the derivation of the k-cg_uation (section 3~~5),, 'rhat iss: we 

Gti1..rt:. off by manipulating the Navier .. {3tc,kcs II equations 1:o bring the 

chosen variable into prominenc~ e '!'hen~ the various correlations rn.ugt 

be x·eprescnted in ·t~orms of calcuJ.abJ.e fJ.ow prope:r·t:i.eD v that is,s in 

tE;rms of kt z t and mean velocity gradients~ rrhe generc.1.l fo:cm of t.he 

l.-equa.tion for t.1;-0 cU.monsional :flow t.aken after Ref (I (32) is: 



eu~; + etr~J =~ (~ *) H[C,~ (~J'-C2. ~:]+ si! (4-U,) ~ 

Where f °E , C1 t and Cz are constants to be determined empirically. S-e 
represents secondary source terms. In words, the equation expresses . 

. the _fact that changes in ( ~) along a streamline arise through the 

influence of diffusive transport, through interactions of the 

turbulence with the mean flow, and through self-interactions of the 

turbulence. 

A comprehensive review of the applications of two-equation models can 

be found in Ref.(32). The final conclusion that can be reached from 

this review is that two-equation mod.els of turbulence have gone a long 

way towards taking the guesswork out gf the prediction of turbulent 

flows. With this class of model. a single set of empirical constants 

· serves for the prediction of flows, which, with mixing length models, 

required a large number of-rules and constants. But universality at 

the two-equation level is not complete; even such a. superficially 

simple flow as the axisymm~t=ic round j~t cannot be predicted 

accurately with the set of constants which se:i:ves for th€: plane free 

shea)? flows. 

4.6 The Reynolds' stress models: 

In some types of flows, the shbar stress may vanish where the mean 

velocits £;;ra,:.~ent iH non-~zeru, .:.r.d vi.:;e versat ;1.1hi::S 'pheno~:::!lon1 which 

cannot be predicted 1,he:j1 th~ B~ussine~q tui:·bl!lent-visco~i tv concept is 

employeD r provides one i:udicat:..cm of 1-:hat. i~ corJ.Zid~-r.ed to be the mo=e 

general limitatirm of ,1.l:. the tm:·bulcnce s11od.els -that el:iploy the)'! 

concer·~. l'his limit.ation is th1t" in prar.;ticc. · the turbulent stresses 

are less directly cr,nn8cted w:..th the ~ean velocity fi:ld -t-:!'la::1 is 

· required by the notion of a i'.:!.~rL)ul;mt -~·is~o:sity. Thie :featu~e is most 

'readily percei;,-ed :;y ~onsiue:r.ing tl:e t.ur.bulent. ncr=~l st::·css, llt2 
( or 

energy ccmpc-nent). Tr.e i-.ur1Jul€.nt,.··v1:scosi-ty f0·rnula. entails that ( £:ti ) 

be simulated by (-2Jlt ~~~ ). But whiL:: the former· is %5ent.ially a 

positive quantity, -t.he latt~r "lay be vc1.ri0usly eithe:t positive, 

nega ti.ve, or ~ero, in various regions of t.he flow. '.f v firid a way round 

this limi.t.ation a different pa.th. :.3 followed. Instead- -of employing 

t.he ·l:.tu~bu2.ent viscosity to ~orrelat,e ·the Rey~1olds • stresses, appearing 

in the equations of motion, to the mean flow p,:•,::-a .. 111eters 9 a set of 

trans:port equa.tions for the Rcy~olG.;:;' stresses thernselves can l1e · 

readily derived. Of course, these eq_uat.ions cont.a.in unknown correlation~~ 
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that have to be simulated. Among these correlations are the triple 

correlations of the fluctuating velocity, e.g uv 2
• We can go on and 

derive a new set of t.ransport equations for the triple correlations, 

and so on. It is clear that every new set of transport equations" 

introduces grea.ter number of correlations of higher order. At, some 

stage the mere mathematical manipulation has to be stopped,and the 

correlations appearing in the last set of transport equations have to 

be approximated in terms of calculable parameters. This is what is 

called 
11 

the closure'' of the model. As the level of closure is raised, 

the number of equations to be solved escalates and the computing time, 

and hence the cost increases very rapidly. Furthermore as the level of 

closure is raised the simulation work becomes more. and more pa.sed on 

speculations and the amount of guesswork involved increases. last, and 

not least, the amount and complexity of the required experimental work 

increase very rapidly as the level of closure is raised. 

Refe(32) gives a good review of some of the proposed mod.els of this 

type and comparP-s them with respect.to the numb:?r of diff~r6ntial 

equations they req,uire to be solved~ and "~t~ir suitab:1 lity :t,0 be ·use::'\. 

:for the analyses of certain typ.es of fJ.ows. Ref. (3_5) gi•:-es full 

d~tails of two complete Reynolds; stress modelr and explai~s in deta51 

the required approximations for the cl:>sm:e of the two models. H0wi:-:ver 

Ref. (35) in final assessment of t.he nsyr..~:i.ds' st.ress models·· ~o:nclude. 

·that some uncertainties exi!:t in -t.he closuia app:i:-oximati:ins even 

for homogeneous flow oondi tions. More nodelling dentelopme:i:1t and mc::·e 

experimental w0rk still. require.c. to i;iprove t!;e a.pproi1:ir;1ations 

inyol"1ed in Reynolds• stress 1aodelf!.. 

4.7 1he selection of the suitable model: 

It is not. an objective of this research prog:r?.rr~me to d~ve:i.op · a ne~-: 

ma.thematical model of tur1,,.1lence, but cne o±' the objectiv~s i.3 . ..,,o 

select. an a:pproprie.te available model, an~ to adapi. i.:.:;, so that it can 

be used to predict the p--3.r2meter.:-; of t.he flow ri.:.r.ler inv~stigati::m. 1\.,. ,_ 
slmple process of elimination ino.icates that the most suitz.ble type 

of mod.el to the needs of 1-his project is a t~·m-equation t.u~bul~nt 

viscosity model. A Reynolds z stress meuel would not be st.:i :.a·o:1 e for 

the following rea.sons :-.. 

1- There is still some dou.b·t, about the approximc!.ti.ons used f:->r the 

clo~rnre of the available in.odcls, Ref. (35)« 
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2·• li'or mod.els of this t.ype, there are likely to be nine equations 

requlring solution. This would raise the computation costs beyond 

the. limitations imposed on this project. 

3- The optimization of the empirical constants involved in such a 

type of 1nodel can become a task _of major proportionsf Ref.(32). 

Furthermore, the amount of experimental work that would be 

required to fulfil this task is likely to be far beyond the time 

limits imposed. on this projectc 

4- Above all, there is no gua:rantee that such a model would give 

more accurate results than for example a two-•equation turbulent 

.viscosity model. As a matter of fact, recent publications about 

·some of the predictions made by.the two types of models, for 

nearly similar. flows to the one under hr;estigation, indicat.e 

that the results of turbulent viscosity models are nearer to the 

experimental results than those obtained by Reynolds• stress 

· models I Ref. (36). 

From the abov-t" consid.era~ions we can concludr· ·that :::i .. -t.ur'bulent 

viscosity model is more su~table to th~ needs of this ~=oject. The 

question now is;'wt.at (?lass of turbulent vis~osH.y models is more 

a.ppropriaie :t:·ue can eliminate +:he mi~ing lene;-th_ modr-ils t.~1d the one

equation ii:od.·els for 00viouA :reasons (see disc\lsBions in se~tion 4-3 
and ::ect.ion !~--~-) c Co~1se<!uen-'.;ly. the most suitable type of model to 

be used to meet the requirement of th~\3 project is :the twc-eqlli;l.tion 

turbulent viscos~ty model. 

Finally, the 0hoice must be m~e l:3twacn the va::-ious types of the 

two-~quat:i.on models. The discussil)l".S e,,Z· 5ec-:.ion (4-:5) indicate that 

both the (k-1) model and the {fi-f) ~ncdel a.z:e sv.itabJ.c., However, the 

(k••l) mod~l has fl. very imrori.,ari·c. ao.v~!lt~ge rrver the {k- c.) _ mud el, 

that is it can be reduced .::t a. 1.~ti,ar ;stagf' to a. or,a••P.quation moo.el. 

The final df...~ision is fa;, use a (k-1) mod.el IP Gosman et a!. uffered in 

Ref. (37) a detailed solutioi: procec:i.,rre ~uit.able · 7'or t.his ty.1:a of 

1uodel. This solution :procedure for!il') the basis of moP-t of the 

discussions pres~nted in the t!:ircl part· of this thesis_, wllich is 

concerned with the theoretic:-... 1 ar:::pects ~f t.hG ~resent study.· 
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CHAPTER FIVE 

5. PRINCIPLES OF LAS:B~R DOPPLER VELOCIMETRY. 

5.1 lntroduction: 

Laser Doppler velocimetry, IDV, is similar to any ct.her velocity 

measuring method in that it has its advanta,ges and its limitations. 

The more conventional methods -used ·to:obtain'..:infor.mation .about the 

.fluid velocity field, such as total pressure probes and hot-wire 

anemometers,req_uire some form of mechanical probe to reach the point 

of measurement. These probes disturb the flow in the nea.r vicinity 

and may influence the ov~rall velocity field. This disadvantage 

limits the use of such methods to flows of low temperat.ure, low ----

speed, and low turbulence intensity occuring outside regions of 

recirculation, Ref.(38). Consequently these methods are :practically 

ina.:pplicable in complex flow fields similar to the one under 

ir.vcst.igation. laser Doppler velocimetry can overcome all of these 

J.imit;ations by virl:le 0f probing the velocity field only by coherent 

~ight beams. WI doe~, ho~~ve~, have its own iimitationso It is 

dif'ficuJ.t to 1_;_st exl:austivaly these limitations because of the 

wide di'-.,'3rsity 0f the t~chniques and equiments used in 1A7/. 

Nevert.heless, "!he mct:1-. co;nmo~ and serious limitation of rnv is its 

}ivOr performanc~ near w-alls. Such a limitation is particularly 

rest.ric~ing in flows b~rderer1 by con1plex solj d boundaries, Ref. (39)., 

.5.2 P-.d.nciy:J e of opez-a.-tion: 

A }a.$..)r--Do:pJ?le:i::- velot:imeter comprises of a laser light sourceJ opti.-.71,l 

;,,rrangeme~Tt.s t~ transmit. c,nd collect light, a :photocathode; and si,:;na.l 

prv~essjng_- eq-;.ii:pme:ur.-~ i:'jg. (5-1) represents a schemat.ic diagran of a 

Prism Lens 

Flow 

, .. Fige (.5-1): .A typical LDV syster~¼ 



typical LDV system and identifies· the various components .. The laser 

beam is split. into two separa.t.e beams which cr_oss to provide an 

· interference pattern in the local region of the flow where the 

velocity is to ~e measured. The interference pattern may be real or 

virtual depending upon whether i11cident· :i,eama- a.re.- ·crossed or 

scattered light waves are mixed, Moving particles which are carried 

by the flow will sea t,ter light as they cross the volume of 

interferencet) Part of the volume of interference is observed by a 

light collecting system which then projects the scattered light onto a 

. photodetector. The photodetector converts the optical signal to an 

electrical one which is then processed by a.n a1,_p:ropriate s-ignal

processing arra.."lgement to obtain the required.velocity information. 

·5.3 Modes of operation: 

Focusing lens 

-·,. 
-<lit'~-~-

Photodeiector 

Scotterino b•om . . . \\- · . 

~ & \ ~-;::.~~ f!~S::. _,.· .,., 
• ~-?"' - ~ ., 

,::=~ . 
Reference bccr;,1 

-

\ 
... Field s!~p to C:~-fine 

solid angle of light 
collection· . 

(a) Reference beam mode 

( 1)) L'ual beam mode 

(c) Dual scatter mode 

Fig. (5-2): Hodes of o-peration of LDV systems 
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Light waves scattered from the interference volume by the moving 

particles experience a Doppler shift relating.to the motion of the 

particlesci Analysis of the Doppler shift can then give the relevant 

information on the velocity. If the Doppler shift is large, as in the 

case of high speed flow·with velocities exceeding 700 m/s, ·it can be 

measured spectrosco:pically using a scanning Fabry-Perot 

in~erferometer, Ref.-( 40). For velocities less than JOO m/s, the 

Doppler shifts are too small for direct detection. In such a case the 

preferred technique is that of optical hetercdynin.g by which the 

· Doppler shift is detected as the differrence between the shifted and 

_unshifted·light frequencies, Ref.(40). Heterodyne detection is 

accomplished by mixing the Doppler shifted light wave with another 

light wave that may or may not be shifted. Heterodyne techniques can 

be classified into three different modes, Fig.(5-2) namelyz-

a- The reference beam mode: 

Compares the Doppler shifted frequency of scattered. ligh~ with the 

unshifted light of a reference beam. 

b- The dual beam mode: 

·Compares the frequencies of DoF·_p::!.er shif+ed light wa;;es scattered 

in the same direction from differeL~ illu..rninating b0?-:ms. 

c- The dual scatter mode: 

Compares the Doppler shifted·frequenci.e~ of two scattered lic;htc 

in two C:..lrec·~ions from the sam~ ~J.luminaar..g 1)i;;_~"' 

111 all three modes, t!le Doppler fre~Ll~ncy r Vn is giver1. by t:r..~ same 

f'ormula:-

V'r\ = 2- U s.:,, e 
.JJ /\ 

U , is the flow velocity 

A , is the laser light 1t-:ave length 

G , is · half the angle between -;~h& two bs.21ucl., 

All three technig_ues are satisfactory and. can be rea,lized using ver:, 

similar optical components. Historica:.t.lyf the reference beam mode was 

the first to l)e used 1 but. the dual beam 1,10.:.e iv:ts bccorne dominan-t. 

because it is easier to align. 

5.1+ The effect of the size a.nd concentration of the E','.::at.tering pax-ticles: 

It must be alwa,ys remembered t.hat the measured velocity is the 
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velocity of the particles carried by the flo\; and is not the velocity 

of the flow H~self. The re~ationshi:p between the· particle and f~uid 

velocities mu .. st be known if the fluid velocity is to be evalTu1.tede 

However, if the particles are very small so that they can resolve 

fully the small scale velocity fJ.uctua,tions · in the fluid, then it is 

reasonable to assum~ that the measured velocity represents the flow 

velocityo 

In recirculating flows having high ·curbule:nce intensities such as the 

flou under irrvestigationi particle size limitations must be imposed 

to ensure tha-'c. the particle velocities agree at any instant with the 

flow velocity1 Refo(J8)o-A radius of Ot'J55)''" is the upper limit. of the 

particle size that. can _folJ.<:~w the velocity fluctuations which are 

experienced 1Jy flows of high turbulence int.ensi ty O Ref •. (IH). The 
. ----- --·-- . 

light scattered f:r:om 1.)3.-rticles of radius less than OolJlm will not 

contribute significa.irtly for LIJf, Ref o ( 41) e Thes0 lirai tatfons can be 

imposed by filtering the ,,.....,.,,,. 
0,J..J.. supply to the test section -t.o eliminate 

la.rge :particlesr- leaving only small 1)..;.:rticles so that the diameter of 

the· laro--'""''""t ·"ar+icle still p·r-e,...cr;•t, in r~-
11e .Plow ..... f••:•or f'·iJ-l--r,"+1·ov.- !lS of t:'.;,t;,:.;:,. Jr-.. V ... - - ..,"')• ,. IJJ. · J. ,...,.. l"f (.;~...,_ \.,4 '\,.I" .... -- • l.r .... (,._ ~ .L.;.. • • 

the order of, Ge.5JJm, Filtrat.ion also reduces t.ho :part.iele. 

concentra-'tiont, gxperimen-t.al evidence indicates that the \,.,uncent.ra:t.i.on 

of -the desired. )}article size in' la-borat.ory naJc,ur,.:1.l ae:roso1s is 

likely to be 10 to 100 times too low for lasG:r.·=DOl?:Pler v-elocimetry 

using· low powa::.:-- lasers v Ref e (38)" Such a deficiency would be 

aggX'2,:vatecl by at least, one order of magnitude if effecient. filtration 

is used as a size limiting tcchniq_uec However if lasers of several 

htmircd mW po,-rer are used then good. results can be obtained from such 

fl.OWE", r Hef fl ( 38) e Altern;;Jth, .. ely low power larrnrs can be used 

successfully if combined wi-t.h art.ificiH.l seedinge Urlfo:i:.~tunately ti -the 

flow w."1.d0r izrvc!:rtJ.g;d~ion is very difficult t.o _ r:.eed. ~a'Lisfa.ctori1ly 

without causing pr_oblems, Ref., (39) e rrhe clu~tl.ul)ea.m. mode is the most 

suit.able opticz.l a:crangc:ment, fo:c meam1rm.ents in f1ows of low pm .. -ticJ.c 

concerrt.:.1.~n. tions P Ref. (ll-2) t hence it wa~;) sf:lect.ed. :for the presrmt 

investigat,ione 

p• I r: ,; ) n .. g~ D-_; shows · a t.ypica1 cltt:J..l ... ,..,b<;)am LDV consisting of~ 

1 ..... J..a:Jer~ 

z.,,. 'J:1:a:nsrnit-t.i.ng optics~ 



3 .... Receiving optics • 

I+- Fhot~"Cietectors 

5- Signal processing system. 

Bearnsplitter 
prism system . I 

Loser 
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Mask 

Fig. (5-3) g A t.~ypical du~l.,..beam LDV' arrangemento 

The design arrl development of such a system is a ve1.-y complicr .. ted a;1d. 

specialized. subjects, Ref. (38)p which lies beyond the sc_ope of. the 

r,~esent project whose main· objective is to· investigate the floi-r.: 

mecha.nfom inside the Cranfield diff·use:r: 4' Reliance was therefore 

placed on a commerc:i.ally available Lu'V sys·tem of proven compatibility. 

T:1e task now is to select a suitr;Jble LDV sys-teino The components of 

t.he f1ystem must be chosen and. optimised to suit ea.ch other and above 

a.11 to stti t the pa.rticuler flow under irr.restigation ,, In the next few 

sub .. •sect.ions -Lhe factors a.,ffecting the choice of each individuaJ. 

compoment will be discussede 

5.,.5.1 The laserr 

The tota.l number of photons scattered :per particle pas~mge is a 

function of ·the available laser powerti the scattering properties of 

the :particle 1 the particle. size 1 the fringe spacing (h,2;nce the 

t.r.-ansmit.t:i.ng optics geometry), -the pa,rUcle velocity, and. the 

focusing properties of' the transmitting opticsp Ref~(J8)e Only a 

small pro1,ortion of the sc~i:ttored photons will reach the 

:photodetectm:- due to the finite collect.ion effJ.9iency of the light 

collecting system,,, 1.rhe nunb,2-r o:f clE,ctrons 1eavi_ng the cathode of 

t.he photod.etecto:c :is given by multiplying the .number of coJ.lcctetl 

photons w5.ti:1 the q_uantu.m .ef'ficiecy of' tht~ photocletector3 'fnere is 

D. 1ninimum flmc of electrons required to ensure::: r:d.gna.l detf:)Ctc::,lili ty 

This number do1xmds very- mueh on the available sign.al processing 
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In the case of the flow under investigation, it is unlikely that either 
the particle scattering properties or the 1)art,icle size would be 

under control since no seeding technique is feasible. Consequently, 
. even with the most e_fficient transmitting and recieving optics, the 
I 

number of photons reaching the photodetector :per particle :passage 

is expected t.o be comparatively low. This calls for the use of 

either a high power laser, or an efficient and sensitive signal 

processing syste:m,or both. Since the cost of lasers increases 

rapidly with the required power output, they should be carefully 

selected. For power requi~ements above approximately 50 mw, however 

the choice is limited, it involves a cost of approximately eight 

times that of .5 mw, Ref.(38). The laser light frequency may be 

important, particula~--ly as it influences fringe spacing, 

photodetector quantum efficiency, and scattering efficiency of the 

}articles .. Also, the laser beam diameter may be inportant if the 

meas~i:-ig-voluJne dimensions are critical. Typical laser-light w~ve 

lengths and beam diameters are in::lica-tcd in the following table. 

laser type Hom'.1 n~l p::iwer Waye length Beam diameter 

He-N0. 1-15 mvl 632.8 nm (0.65 ~A·:r 

He-Cd. J 0-jO :m\·I 441.6 nm 0.,7 ... 1.5 mm 
Arg(')l'I. 1-1000 mW .514.5-488 !lnl 1.,5 mm -

Ano-th~r im~c:r-ta.nt eff ec-t. of the laser :po1,:er is its influence o~ the 

~equi:r:-ed siznal -~o ~"is~ 'ratio (Slrn) .• The perfori't1ance of the signaJ. . 

. IJrOCC..5ser depends on ·the SNR of the electrical signal from the 

T>hotodct~;ctor. •rhe amount of powe:r: scQ,t.-tered is important sine-: it.. 

a.efincs· ·ihe sig.1al le":e1 a:1d the S}i'"R, but low sign:il J.e-'lels ca.n be: 

in~ree.::3d· b:" a!iipliiica;f:",ion ~-f the origin.al SNR is high 'enough. It -

haE -bee:n. suggestsd th:.. t ~,he SNR de:pend.s, among other factors• on 

~he laser rm:~r, in iact it is i.n direct proportionality -'c.o it whc;!l 

the oth..-:r factcrs are i':.x3d., Refel38). 

5(15 • .?. .Transmit,ting ontics. 

C..::umercially rvailable transmitting optics are of the type known as 

n Integrated optical uni ts 1
_
1

., The term ha.s two im11lications. rrhe 

first is that .:t should allow operation in ~1ore than one of the 

po.2:sible optical r,'!C-tles. 'fhe second implication is that the 

compoments fcnuing the unit shov.ld be engineered in suc.~:1 a way that. 



their alignment can be made optimum anc! ~,,hat this condition will 

survive reasona.ble laboratory use·. Fig. (.5-4) shows an integrated 

·optical system which ~an be used in the reference-beam (a), dual

beam ( b), at"1d t wo-sca t·tered beam ( c) modes • The integrated system 

comprises a 1ens, mirror, and beam splitterc '£.he last two may be 

li'ig. (5..J;.) i: In+.egrat.ed optical system cc. 

incorporated in a prism., In the reference beam mode, the beam 

s:pli tte:r. is :i.ormal:iy reg_uired. to transmit more than 95% of thG 

inc5.dc:it ligut. in i:h0 sc~.t.tering bea.m. In the mode most suita.bla · 

for the presA-nt st.udy, the dual bea..111 mode t the function of the 

i,.cans::ii tt;ing o:pt.ics. is to produc9 two Jea:rru:; of eq_ual in-tensi iies· 

and. :p;:i .. th lt;.ngt,hc. :I'h.es~ a:re cro~ .. sed. at. t,he requi:::·ed measuring r_;oint 

to i'~i:n t~1c f'r:i..i1ba p?_.tt~ni,t 
. ~- . 

z -2 . 
-·,-..--~ D9-2 , ~ ~ f r a comour 

-· · "-~' · --~~efx 

//~~,-~~ ~/ ~ ~~ff~" 
~"'--- I ~ "' !-

1

i1-~ i '-
L C _ / , ~ .,><;$~i - '".j ~ 

e 2 l{ ~✓-~~- trr.,g;;sj I_ ~✓a:" ~~-~,~Pm_ I , --·-·-
d":-2 >= ~Af/1rDe_ 2 ~'1\~ z ~ 

_--~v, 
,·. ·- cl --1/CvS e . . ~ /" 

:: = d:-:/ sin e ?j" j 
Fig$(_5··".5): The measurinP-; volume. 
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The fringe spacing, s, is given by the equation: 

l .l S=-•/\ . b 
where: 

/\ , wave length of the laser light. 

b , beam separation at an a.rbi.t:r.a.ry point. 

l , distance from the crossing point to the arbitrary point at 

which the beam separation is "b". 

The measuring volume and the formulae which are used to calculate 

its dimensions are shown in Fig.(5-5), which is taken after 

Ref~ (IJO). 

Flow in recirculating regions is characterised by flow reversal and 

high turbulence intensities. A normal Lt"'J'l system measures the 

absolute value of' the velocity.:,and hence Jin regions where the fl"w 

~hanges direction, i.e the sign chan~es, the system d.oes not. yield 

the sense.of directiono Further.more$ diffict?J.ties arisG in 

1neasurement in flows of high turbulence in·~ensJties ~. Ref. ( 4J). To 

ou,.ria te these limi ta.tions, frequ·3!1~Y shiit-ing (sqmet:i.::es ·referred 

_to as ph:Lse :m:odulation) is used. :rh::.:) is acccmplishec"! ..,:hen the fa;o 

intersecting light-beams have different Zr~qu:m.cies~ For 

convencience, the frequency difference should be variab:i.e. '}Th~ 
presence ~,f a frequency difference rGcult.: in +,::e muvPment o:f the 

fringe :p3.ti.~rn" If the frcq_ucncy shiftir.g ca.uses the :f:::.-:.~f>es to 

~oye in the airecti(m o:f the flow, th3n the ap:pa::ent Yt"?loci·i,y will 

be less than its actual value and v :ce versr--., het~!:I c.he dir0~tic1J · 

of the.flow can be determined. 

Frequency shifting can be achieved b:v ·the ui:-e of one of t..~..ree 

tiethcds:-

{a) Using a half .... wave rm;.ating grati:~g$, 

(b) Using Bragg cells. 

( c) Using the electro-optic :properti,-1s }?(:;:Culia~· t.o some t;{pes of 

crystals. 

-A complete discussion of the princi:ples of jperation and. tho. 

,.:-elati ve meri i:.s of· these met.hods c:in be found in Ref. (~8). 7 

5.5.3 Raceivi.ng optics: 

Flg. (5 ... ,J) shows a tYI)ical receiving o:ptics a:rrangement which ca.n be 



56 

used in both forward and back ·scatter mod.esG The system comprises a 

large aperture 1'th:i.ch a.cts as a stopper for the illuminating beams, 

a collecting lens, and a small aperfaire in front of the 

photodetector. The sDall aperlure in front of the photodetector is 

chosen so tha.t the number of fringes observed by t.he photodetector 

is less_. than t.he m.unber of fringes in the . measuring volume by 

about orie-fifth~ Ref.(38). T'ne choice of the collection l~ns, 

depends on the spatial relationship between the photodetector and 

the measuring volume. Also, it depends on the intensity of the 

scattered lighte The interdependence of the geometrical parameters 

of both the transmit.r~ing O?tics and the recieving optics emphasises 

·the need to optimize both systems to achieve the best performance. 

5.5.~ Photodetectors: 
C 

The three types of :photodetectors used in laser-Doppler are the 

photomultiplier, the :photodiode, o.nd t.he avalanche photodiode e 

Photomultipliers have been used most frequently,as their· 

characteristics are . generally the 1nost suitable. · The .waiJ.1 . 

criteria in the selection of photcdetect~rs fo~ la~er-Doppler 

velocimetry include quantum efficiencys current·amplificaticn, 

frequency response, noise introd11ced by the cletector} ann. 0ost" 

Ref~ (38). In general, the quantum efi~icier?.cy of photomultipliei-"3 

peaks near 4·00 nm and is very low ~t ths· w2.~_reJ.engr,h of tle-!!e lase~ 

(632~8 rm1)0 F'or photo::liodRs, th~ qu?.ri.tum afficisnt;y i.~ maximum L1. 

the near infra.-red, and hence is nigher for a He-He last::r than fr:r --·

an argon ion la-~.er1 Ref e (38).', 

In a ph_oto:mul tir,lier the current am:plification is · ac!..ieved by t.hc 

secondary emission of electrons in a chain of c.ynodes. TLe amount 

of amplifica ti.on depends on the num"i.."3r of dynoJ.s~ and _ the uv-€...:all 

volt.age applied across t~1e chain. Tubes w:t11 10 to 12 dy!:iodtJs 

enough amplifkation f'or u.se in rnv, w~th fast :ces.f•:mse if 

·suit.ablly wired and operated. The noise. introd!1ced by ::i • · 

:photomultiplier is small compared to tha,t from a photodioo.e. 

Furthermore a p.hotod.iode gives much lowei.~ p_mpliflcation th:'.3.n ~ 

photomultiplier, Ref. (38). '£he out.pu::. from the photodfodP. ~L:me i~ 

too small for further processing when used at light ini.P!'lSJ.ties 

obtained from JJ)V, thus a preamplifier is needed.. The res!)onso t,ime 

of the pho-todiod.e a.lone can be less than 1 ns, but when the 
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photodiode output voltage i.s·applied across.the input resistance of 

a preamplifier, the frequency response is then greatly reduced .. 

The resulting compromise·limits the use of di.odes to situations ,~ 

·with strong scattening and low frequency, Ref.(J8). 

klfalanche photod.iodes employ a,:-multiplication ·effect· in which hole

electron pairs 11 prod.uced by absorbed photons, create ad.di tional 

hoJ.e:...electron pairs by their·collisiori with atoms. Ga.ins in-current 

in the order of one hundred ti~nes. are achieved~· This provides-· low 

noise amplification.,. Thus the pre-amplifier gain need not be so 

large as that required for a photodiodeii in addition, good 

frequency response can be attainedo 

,. 
The cost cri -terlon favours the photodioc}.e O but this .. fact.or is no-t too 

important. The cost of a detec.tor a..nd its power supply is normally 

a.. small part of the· total cost of the IlN system 11 so the ,:ost. 

saving obtained with a diode ls usu.ally not worth the much redticed 

performance at low light i.ntensity and high Doppler frequency~ l~or 

the preceding considerations 9 it was con~luded th~,t the 

photomult~plier is the most suitable photodetcctor for -the flow 

conditions likely to be encountered during the present 

investigation, 

5,;.5e5 Sign!l,l• .. processing systems: 
1rhe electrical signal from the photodetector neecls t.o be processed 

to extract the required velocity information" When the information 

required consists of the velocity and the turlm.lence intensity 17 

then. there are four possible methods that can be used, v·iz~; 

(a) Freq_uency analysis e 

(b) Frequency ... tracking demodulation" 

(c) Counting& 

(d) Photon correlation spectroscopy« 

The detailed discussion of the principle of operation of ea.ch 

system and their rela:t.:i.ve merits can be found in reference (J8)c In 

flows of low :part:.icle concen-t.rat.ions and relat.ively high Doppler 

f . 'h ' ' ... . . ... .t.l I • ..! 1, • requanc-1.es ·c.. e pno"ton cor.:ce.ta~J.on a.na 1., 1e. courn~ing r.ec1mJ.ques are 

the more suitable tt Hef" (l}O) c A brief discussion of the pd.1.1.ci.ples 

of operation of thesE: two systems and their relative merits a.re 

given. below" 
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.5.50.5 .. 1 Counting techniques: 

\ \ 

_-Arming 

N 
T V1J = 1· 

2r 

T = preset time N= preset number o°f 
· zero crossings 

N= number of zero T = time for N zerc 
cross~ngs in time 7 .crossings 

Fig. (.5-6): Counting ·technioues 

'111e principles of operation cf:l .. n 't:)e summarized as follows, 

Ref. (38): 

(a) 'Jihe signaJ. is normall;y band...;.pass filtered ani:l i:~ssibly mixed 

with an os~illator sienal t.o provia~. a cow·cnient frequency., 

(b) ~ counter is arme1 a.~ a pre'1.etermine1. discrimj nation level 

and slop!?, and bcgini:; to count at 1),e r:~x't zero crossing. 

(c). ~'l~~=e are two possible me-r.ton.d for cctu1ti~ !I Fi~. (5-6). 
1- b. fixd g:i,te time m;:..y be present. and th~ numbe::' of zero 

crossings in this ~ime is measu.-red ana. -t:1e Doppler 

frequency is det0~ined a~cordingly! 

2- Alte:.--r.!a.tivel:,·, the time t~.ken f0r a 1.a.rticlc t~> cross a 

predet~mi::ed nU11,1:\gr oi fringes ;n.ay b~ measured. 

The rneri ts and donieri ts cf the c<',1ntini9.; 7,eclmig_u~E can be 

summc:•.riz:!d as follo·ws :-

(a) 1'hey can );,:rc:::ide digit-':il display of' the .. 1a.lue$ of ~oth t.he 

:mean --.:cloci +.y and fa".l. iJUle::ce :intansi "t~ ., 

(b) Fi:ved-g2.:bc-. cmxnting·· is·· rela:tlv~ly d~cap bt~t ··inho::.~ent~.y. ·less 

)?recise t:v,.n preset zero-c:rcscin6 courrLir1g 11 

, (c) Logic circuitry may bA requi:ced to avoid errvneous counts 

and sampling . errors wh ict may occur.,, 

(d) ?.r-cset zero-crossi11~ C•~t;.:rting is s11i-t1:.:d to highly turbulent 

flo-ws. 

-( e) Preset countEfTS are s11.i table for low :article ccmcentra tion. 
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5,5.5.2 Photon correlation spectroscopyi: 

\ \ 

Laser-Doppler signals are made up of contributions from different 

elect:ron pulses which are each created by a single photoelectron 

leaving the cathode material. Secondary emission amplification of 

each electron is achieved in the photomultiplier dy~l'!_oq(; chain to 

yield pulses at the anode, Fig.(5-7). 

Photodetector 

Clipping 
level i 

-Pulse 1rain 
to be processed 

Clipped information 

Figc(5-7): Simuiated pulse. train. 

... 
0 

!? 
cu 
t: -o 

.,2o 
-o c,, .... 
·-:, 
09 

The averagt) number- of these pulses is linearly rt:lated to the 

intensity of the scat-:.ered light. If th5s intensity is low, the 

ave1.J..ge number 0f photons arrivil~g at the photoca thode can be 

su.ch th.0.t tiil~le pulses ~each the a.nod~ .~t -1:,imes i;hich are well 

sep-3.ra ted. c 'l.'hr->.se pulse& show finite dura t.ions dtt.e to the 

inMient ir~teg,:·:i.tiou times involved in the am:t;)1..i.ficat.:o1'. 

r,rocessE;s of the photc::r..:.b,iplier _ A stittisticalJy ":iahlG s2m:ple 

of su~h signals -;rill show sinusc:.dal vr.:.riation ·:.~ the r,hoton 

ar.d.val rat~ rue t,: the lig..~t. ini:.en.3J"tY' varif~+:iN1s a.cross the 

1··:..-•ingo in the me~suring v;;lurr!e, Fig;, (5 .... e) .. 

---
\ 

\ 
-/';--

Int cmhy ciis
triimt:on ins:de // · \' .~ ~=- .. _ measc:rh:g 

"-__ ... / --. coutrul Yolnm~. --+---~:;....._-----.--.;:,,,«.'-----'--.;::,,,-_.::,..:> 
l( 

Fig. {5-8): Simulati0i1 o1: the sc:.'l,ttered light 
intensity distributi0n~ 
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If the light intensity is reduced so that discrete pulses appear 

at the photomultiplier output then digital autocorrelation may 

be used. A clipping technique may be used to permit working 

instruments to be manufactured at an acceptable cost. The.-. / 

technique of clipping 5 Fig.(5-7), involves the replacement of 

t.he signal before autocorrelation. by "ones" and "zeros''. A "one0 

is recorded. if the signal is above a preset discrimination level 

and a "zero" if it is not. It can be shown that the loss of, 

statistical significancG by clipping prior to autocorrelation is 

negligible in LDV, and that single~clipping autocorrelation 

should allow the true ~utocorrelation function to be recoveredt 

Ref. (41). 

:
3
Loser _ _ Optics 

, .. 
.

· .. ---- -:-. - -

Autocorrelation 
f•mcfion 

Receiving optics 

\ 
PM 

Oi9itc1 
. r.orrelator . 

- A Mean vt1ocity: U· = ---
, 2rmsin:p. 

Tn.rbulence inte: .. sity: 

· T_ ~ l/~ -✓2/3 fa(A/B) 

Th~ recc2-ded. --~c-:o~~~ation f~~ct.i•J:i, F5.g. (.5 .. 9) permits the 

1r1ean velocity to be calcula-!:.S:d ova_r t.h~ iimP i'e:::ici, Tm, befa~een 

the t,wo maxima. Also the tu=bn.ience :.n-ten.si ty can be co-J.cula ted 

in terms of the d.aca:; oi '!1:1.e P..,m,1-.i.tud~ of t.he sim.LSoidc:.l part of 

the autocori:-0)2 .. tion, P.e!'" (.Lil). 

In circumstances wlLere the in tens; ty of sea t-!:.erE~d light and the 

sig,-:-.al .. •to-noise ratio is very l°-w, photon eorreJa.tion 

s:pecb:-o$copy off t:1rs ~-rli~ular adva,n~ages t:, '1'he$e c.:r~)u.TJ1stances 

may occur when the lasr;r li.gnt, intensity is low, the P=:1-rticles 

a.cc of very small diatuJ:.er Ii or th~ p:a.-r<,icles dist-ri bution is 

· ye1.7 low. 
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INTRODUCTION 

The primary task of this section of the study was to ob-ta.in , 

experimentally a clear understanding of the velocity distribution and the 

turbulence.structure inside the Cranfield dif:fuserc It was mentioned in 

Part One that the flow beha.viour and performance are influenced. by a 

large number of parameters which can be divided in two groups: 

1- The geometrical parameters including; the area ratio,. AR, th~ fence 

radial gap, y, the fence angle cJ:, , the vortex chamber depth~ & , and 

the vortex chamber length, L. 

2- The inlet flow conditions including the inlet Mach number, Mn, the 

inlet Reynolds number,. Re, and the inlet·velocity profile as described 

by the kinetic energy flux :parameter,c<.,. 

It is ob'lious that conducting a fully comprehensive programme wou.1d. be a 

riajor task that would definitely exceed the cost and time limitations 

imposed on this project. Consequently, it was decided to consider the 

projeot as an exploratory one and hence, to make a detailed experimental. 

in·;ectigation. of the fJ.ow :::tructure while maintaining 3.ll the. previously 

mentioned. parameters i'bcci at cert.ain values. The selection of these 

va1~es was gJVerne<l. by ma.ny factors which are discussed as followst•• 

(a)- The v~l~es of the para.i4eters should be selected to produce a 

geom~trJ :fro::: nhich semi?- datar although of a_ less detailed nat,ure, 

iiad already been obtained. 

• (b )- 513 va.::!.ueb of thR i,a.r.:rn1eters ~-hould be seled,ed so that the velocl·~:,

and th~ turbuhmce intcnr-;itiec at any poiui:, in the flow :1ould be 

m8asure.ble wi.th l~ser Doyipler velocir.:3try. 

(c)- Trte oe~ect:i.on bhoi.1Ja. avoid undue complexities in the theoretical 

an.ct mathe1,1atic:-1.). part of the study. 

{d)..- Tha ~'lraw~t~:r-s ware to be s~1l0cted so tha,t the ex-oerirnental 

xec;.-~tire~~r:.-ts wottld be within the cap..1.cities of certain equipment. and 

Jlleo.Puring ins-'c,rum~nt-:; r.v~d.lable on site. 

The selection of the p? .•. :-camete~."S took accouni~ of the following 1)0ints t 

J.- ;.,-.1 inlet i·iac~ number of :i.15 l~d.s selected because it enabled ttc flC,r-l••.,"',.-,~

to be treated as incomJ:iressible and yet gave an inlet mean velocity in 

the :-::der of .50 m/s which was measureable with commercially available 

LDV systems o 

2- Tho area r~f .. io, FR., was selected to be in the order of 2 • .5 so that it 

w".'ulC:. be a. represent,dive value of previously tested area ratios. The 

fina.1 selection of the actual value of.AR was governed ·by detailed 
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design considerations which are discussed in chapter six" 

3- From past experience~ Ref.(12), the inlet Reynolds' number, Rer based 

on the mean inlet velocity B,nd the primary duct a.pproach length, was 

selected to be be in the range from o.5x106 to 1.ox106• This was·to 

ensure a turbulent boundary layer fiow near the exit of the primary duct .. 

4- The inlet. v-elocity Jn;ofile was to be made as flat as possiblef thereby 

producing a value of o<.1 close. to unity~ This· i:rci,s to· avoid .flo.w ·,/ ~: 

complications which may arise due to a peaky or distorted inlet 

ve~ocity profile. 

5- Si.nee there iiaS no accurate method "Go pro-vide the optimum values of 
the other geometri9al parameters, namely y, g> s; S v and L , they had to be 

decided by experiments as discussed in chapter sixc 

This pa.rticular part of the t.hesis is concerned uith the f)Xperimental. 

aspec·is of the in:vestiga.t~ono It is ·divided into five chapters,, Chapter 

six describes and discusses iihe ex:perin:ental program.rr.e for the geometric 

o:ptim:i.t~a:t.:i..on~ Chapter seven contains a brief description of the selected 

LD'! system and its components 9 t·,he component specifications, installation 

proced.tire,. and. a brief discussion a)}out the advantages· ·and limitations 

of the system .. Chap-ter eight discusses the design and d~velopment of the 

LDV test rig. Chapter nine includes a brief descri1:rt,ion of ·i-.~1.e experimenfa.l 

procedure and the LDV syst.em method· of r:;etting up e .. nd adjustmenti it 

also includes a brief discussion of the raethod of calculv:tion of t.he 

results. Fina.11y ch,9..pter.ten includes the rasultsr, cliscussionsi and the 

conclusions"' 
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CHAPTER SJX 

6 ~ GEOMETRIC 0¥.enusA'rION: 

6 .1 Rig design a.nd instrtnnenfa,tion: 

Due to financial constraints, t,he whole desigT1 concept wa.s based on 

the performance of existing equipment in the allocated site~ In 

parti.cular, attention was given to the :performance of an existing 

supply air fan and of a bleed air.suction fan4' Furthermorer the cost 

and manufacture of the various components were also related to the 

ava.ilabili ty of semi-finished. commercial products" such as perespex 

tubes and.blankst> and to the ava.ila.ble machining facilities. 

The experiment.al programme for geometric_optimisation had only one 

· ob._iective, namely to determine the diffuser. geometr-J most suitral)le 

for future use on·the• LDV_ rig,! CJ.early requirements of the LDV 

technique were important fact.ors in the design con.sideratio:is of t.he 

geometric o:pt.h1isa.tion rigo li'or ex~tmple the spatial resolution of the 

LDV: system and-the s1:>a-ce required to r~cc01mnoda:I:.e the system were 

factors in deciding the size of. t.he t.est E,ectiont, Againr the material 

from which the ·test pectio:n would be manufactured was seJ 'icted -so 

that it would. be suit-able for IJJV techniques .. 

I;1or the purpose of descriJ?tion_, the comr)lete rig design can be divided 

into three di:.:;tinc.-t com1:-,o:a8nt."s r na;11ely g 

(a) The tes-t section" 

(b) 1fhe supy1J.y air :pi:peworke 

(c) The bleed. air r;ystame 

Each 1d-th its cnm requirement,s ii but all i?2t0rconnected to prod.uce the 

· des:l:t·od 1.'NrnJ:ts... Fig., ( 6•,.-..1) fri a block d.iabram illufft,r~;,t ing 'tht~ 

relationships bat.we.en th{;: three componen-tse 

....qr--- S1.1e-tion fan 

Fig~(6-1) The main 6om~onents of the test rigo 
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6.lsl Specifications: 

6.1.1.1 The test section: 

It should allow relative axial movement between the primary duct 

and. the fence in order to vacy the axial gapil x. I-'c. should also 1 · 

allow interchangeability of fences ha:ving different internal 

·, diameters, so that the radia.l fence gap, y can be varied •.. Again 

it should allow interchangeability of vortex chc.mber duct.s of 

different. lengths and diffeJ;ent internal diameters so that the 

vortex chamber length and depth can be varied$ It should 

facilitate means of measuring ·the flow parameters required to 

calculate the diffuser perf' Qrmance para..me-t.ers namely the 

effect:i.vencess, 1 ~nd tlv1 vortex chamber depression :pararieter Vee 

6elcl.2 Supply a.ir pipe work: 

I't should provide means of controlling and. mea.su:dng -'c.b-:) su:ppl.y 

air mass flow re/i~e e 'I'he 2 .. ir should_ . be deli-r,ered. to the diffuser's 

:prirn.a.1.--y duct a.t, the required mean velocity an~l wi i:.h an accepta1:,le 

uniform axial velocity l)rofileo Prmrision rnust.. ·1)e made for the 

suppression of any swirl velocity component or excessive 

turbulence levels~ Provision must a.1.so ~be made to fi~_·::~r 011t 

J.a.rge size particles wh:i..ch ina.y be prer-5en-t :in the air supply to 

It should provide mean of controlling and accurately measuring 

the bleed air mass flow rc1.te r WB t, 

1fhe -test s,ection consis·~ed of. four major parts~ namely t 

1- The print?..:cy duct" 
z .... The secondary duct-:.,, 

3- The fence,. 

l,1.. .. ,. 1fhe vm.~tex cha.mbf;:C. 

The prelimina2.--y closign calculations to determine the major 

dimensions of these com:ponent.s a.re presentE:d in Apvendix AL, 'rhe 

final recults are SUffl.!Yi..S .. rized as follows~-- . 

D1 = 4-7 ~ ... n(l 9~ l_il.l! t' C-_.1 in) 

Dz - 72 nr'l, (? 85 ... J_,j ~ , ..... C: in) 
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Primary du.ct length= 24.5 mm (10.0 in) 

Secondary duct length ::; 1.5z.L1- mm (6.0 in) 

The predicted optimum _vortex cham'ber depth = 15 mm (0 • .59 in) 

The predicted optimum fence inside diameter= 50o9 mm (2.004 in) 

The pred.ic-t.ed fence radial gap= 1.95 mm (0.077 in) 

The predicted fence axial gap= 600 mm (0.236 in) 

Provision was made to change, yin the range from 1.016 mm 

(O.o4 in) to 3.o48 mm (0.12 in) in five steps by using five fences 

with different vc .. lues of Df. o Provision was also made to change <p 
in the range from 10 degrees to 2.5 degrees for all the fences by 

mounting -the fence on a specially designed fence carrier which 

enabled it to move coaxially with respect to the primar-J duct exit 

liJ>. The fence carrier also carried interch~ngeable vortex chamber 

duci:.s which enabled. the change of its depth, o in the range from 

li'.5 m11 (0.177 in) to 22.0 mm (0.866 in) and the change of its . 

le!15th, L in the range from 19.05 mm (0.75 in) to 10lc6 nun (lr.O in) -

.A :precise]y contnureci inlet nozzle of two smoothly blended circular 

arcs _was des5.gned and manufactured,according to the recommendations 

of Re:f ~(/.µ.~ )Jt::> ensure a smooth entry of the flow from the su:p_ply 

air pipework to thP p,:im.arJ ductc The drawings which were issued ior 

t.hl=! 11anui'a.ct11·;:-ir~ cf -che components of the test section are 
,.,...._____ 

pr'3se;,:,.ted in a:ppendi~ ~) Fig.(6-2) is the-Assembly d~wing of the 

test section in nh~_cn the ni.o,in components and. dimensions· are shc:m. 

In 1)::,-d.ex- -to c..$Ses ::he :performance of the diffuse:r\, certain 

J3.J:ams-t.e1:s, su.0l1 :).G ti:le static pressure rise coefficient C:p , -t.he 

eff'~.::tive:r.e~s YJ , a.nd the vortex chamber depresE.i.on pa:ra.i11et,er V c ~ 
I . 

shouJ d oe calcuJ..a:ced fr.;r each particular geometry and bleed :rate., 

This caJ..J.9d 1:.;~n -s~a+.~c pressuro measurements in. the---primary and 

1:;econdariJ ~1.,W t, as 1-::)ll as the vortex chamber«; 

1- T11c· :pr~mary d.;;;_ct: 

To ensure accuracy of measurement, three static pressure 

tar:ipings at ::!.20° s:pa.i.:5.:ug arou.nd the circumference were located. 

at a distar.i.::e equal to 1.5 D1 urjstream of the primary duct exit 

lip. Thh; distance was chosen , pa.rt.ly to avoid the effect c~ 

:r,he strea.ml1.ne curvature anc1 :partly because of mechanical . 

constraints9 rtj-l)Od.ermic tubes (of 26 gaugG)were let into the 
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pressure tappings. Since the vortex cha.ml)er covered the primary 

cluct,. and to a,vo:i.d disturbing the flow in the vortex region, the 

hypodermic tubes were· buried in the primary d_uct wall. The use 

of flexible plastic piping enabled the connection of these 

hypodermic tubes to three tubes passing through the outer wc.ll 

of the vort.e:x: chamber" 
2- 'l'ht:! secondary duct! 

:five equally spaced :tappings 11ere providc...id in order to meamn:e 

the static pressu.re along -the-secondary·duct.., In ·this way the 

static pressu .. -r-e recovery could be monitored down the length of 

-the secondary duct. 

3- The vortex cha.t1l)er: 

One pressure tapping.__ was felt to be adequate for measuring the 
,~ 

static pressure in the vortex chamber .. 

All the st.o,tic l)ressure tappir~gs on the test section. were connected 

via plastic tubing to a scanning valve which in turn wa.s '.!mmectcd 

to a ~.,urness nilcx·omanc-meter having a scale of 0 to 1000 mm H2.o ,. 

6aL)+ Design of the s\1p:p1y ~ir pipework~ 

Px:ovision mw made for mm.1.suring --the a.ir maBs fJ.oH· ra.-t.e by 

i:nsi.:.al1lng ?.. Dy D/2 sharp edged orifice :platE~ a .. ccoidinf i,O B ,,s ~_104·2-;, 

Ref~ ( '+4)" J?ast experience with the Alcosa fan i.nd:i.c,rted that the 

de1ivc:..-.:ed air wouJ.d have a strong Frnirl component which viould. upset 

the accuracy of t.he orifice pJ.ai~e .- A clouble Diesel engine air 

filtBr wa.s motmtE:cl in a special case which was connected to the fan 

exit. port. vie, flexibJ.e hoseo The delivery side of the caso was 

connected -t.o tho supply- air pipe work -.:-ia a tra.nsi tfon see·r.ion., 'l11e 

filter se1."'>!Gd. as an ei'fectj:ve c1evice to. suppress the swirl 

component and. to rcd.uce the t.urbulcnce lsvel int.he supply air 

J_)j_peHork~ It 2,J.so f:U.tered out dirt and J.(:;.rgt~ particleG which would 

otherwir::e have U}Jr.:e-t. t.he LDV ncc,-su:rements in a J.at(~r stage of -the 

iU-•!i..:Stisationo To ensure accura.t.o me.asurcments; H, pi.pc of length 

e<1ua1 to ov,?f1.' 4-0 d.:i.amot.eJ:ss was used upstream of the orifice plate,, 

A sui'ta.ble length o:f.' pi.J}e was pl2,ced. dovmstrea:m of -'the orificf.: 

a l.··J.rger diameter piJ)G via a conica.1 

transition. piece., 1J.1h0 Ja,:r.gr::r dia:1:1(-d;cr pipe contained. two pe:r·fc:rated. 

plates to stra,ighten the flo~'I' and. thus served as a set..t1ing chamber,., 
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The upstream 'tapping of the orifice plate was connected to a 60 

.inches water u .. ,tube manometer and -the pressure drop across the 

orifice was measu:-ced on another 60 inches water manotneter o A dial 

gauge type of thermometer was inBerted in a special pocket,r 

u:pst:ceam of the orifice plate to measure the temperature of the 

supply air., The design calculations of the supply air pipework a..'11.d. 

1 ts details dr? .. wings are presented in Ap:pendix AJ 

6 o L .5 Bleed air line: 

Append.ix A4 shows the calculations made in o:i::der to estj_mate i:.he 

maximum required bleed air mass flow rate 9 from which ,we get,.5 

(1113)Jil2<;1: Zl\'; 0.01 Kg/s • rrhis is well within the ca,pacity of the bleed 

air metering system ~escr~"bed in Ref. (2) and Ref~ (12) o Con•;;;equently 

it was decided to use the above mentioned system without. any 

al-tera.tion .. A single stage ccrrl:.rif'ugal fan was used as a source of 

suction downstream of the plenum chamber with a butterfly vaJ.ve 

inst;;,lled so a.s to control tha depression in "the plenum ch2.,r;i1Jer e 

6. 2 Experimental :proced1u·e and. ca.lcula. tion of re:~~~1 ts t 

Before l)eginning ·the geometric optimisation ~ it was d·~ctded. to use 

a static pressure probe and a tofa~l pressure :probe to eJ:.:..mine t.he 

symmetry, the steadiness r and ·the st..al)ility of t!-ie flc;w" 1.rl19s0 tests 

proved that, the flow in the diffuser was a.xisynunrYGrical, stoo.dy, and. 

15tablr.-:e Howeverr it Has- noticed that, -the :r.:ertdings of t.he wa11 st.a:t.ic, 

pressure ta:pI,ings in the p:r.·hn.3,:ry duct Here inconsistent with the 

readings obtained 'by the st.a-Lie pressure probe 9 conb:a.r,1 to the ca,se 

of the secor:.da.1.7 duct tapp:i.ngs c Upon careful incpcct .. :i.on of thfj 

prim8,ry duct. tappings, t.he discrepa .. ncy was found to be d.u13 to 

roughness rd. 'trw oi,0ning of the static pressu.::r:e tapping hoJ.esc- At 

this st.age the components of the test. :::;ection ha.d. :been secm·e1y 

cemented. together and so it. wo.s practical,ly i1apossibl0 to co:r.z•,2ct 

this manufr .. c·turing error ld thout remE1m1factu:rinr; most of the part.s 

of the tE~st sect:i.one There.fore r thG t;ta:tic ~prcssu:r·e was measured. a--t. 

the same plane using the static :pressure :probe which was 1ocated 

along the n,:xis c,f' symmetry,, 

T'he total pressu:r0 :probe uas next use'.1 ►t-.0 mea.~-ntre the velocity 

:profile at the; plane of ·mea,strr:(::;i?ent of the static presntffe in the 
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primary duct. The result, which· is shoi'm in Fig.(6-J)r was used to 

calculate the inlet kinetic energy flux parameter, o<, • The details 

of the calcu.lat.ions are shmm in Appendix Bl from which o<1 = 1.011. 

This value was assumed to be constant regardless of the running 

conditions of the diffuser and was used to evaluate the correct 

inlet dynamic pressure of the diffuser from the mass flow 

measurement. 

The systematic experimental procedure used during the geometric 

optimisation tests is summarized as follows:-

1- The required fence and vortex chamber duct were assembled into 

the model. 

2- Using a micrometer, the stud" and nut mechanisn1s, Fig.(6-2)~ were 

adjusted to give the required value of X in such a ma.nner that 

coaxiali ty was maintained and the requil:ed value of f was 

obtained,, 

3- The air supply was regula.ted by the control valve to ~dve a pre

determined presstu:e drop across the orifice :ple .. te, relat.i.ng to a 

mean velocity ·in t.he primary aur.t -of 5c m/s. 

4- The suction fan was star-ted ·wit.h tlie bleed va,lves c:i.osed.. 

S- The bleed valves were then regula..ted so tha:~ the readi~1g of the· 

flow- meters were va:>:·ied from zero io tne maximum possibJP vc:lus., 

6- For each seiting of the bleed vaJ ves r the .me~sured Ja.:"'a.mete:::-s , 

were recorded 5.n a specially ~repaJ~ed result ·~•cfo 1 e. ~ ppendix 132 

shows the recorded :t:e~\dings of a typical tes~ c 

The di.~rivc..tion of' the formulae used in the calculation of -~he 

results are sho1m in Appendix BJ. For comreniencer -these forrr.~1lao 

a.re given belcw in their final form. 

1- The absolute st.-:itic pressure (piabo) wa.s c11~ule.tec. from -the 

gauge pressure reading (Pig) using the formula; 

(6-1) 

2- The main flow mass flow rate U!1 ) ,1as calcul;;.ted frml! the formulaf 

whore, 

h_ = h3_ - h4 

fh ,r:p 
,r:- 2.1" I -/tt .,. 5 

P c o.4-oF; n + (h1 .... h2.) .., -'-Z 

(6-2) 
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3- The bleed air flow rate (W13 ) was calculated from the formuJ.a: 

w8 = b-bbX ,o-'I (£; +2EcZ) tijzh---±~ 
. ltB+ 27/-3,IS 

(6-3) 

4- The bleed rate (B) was calculated from the :formula: 

-2 
.5""'. The inlet dy.r..amic pressure ( -fr.I?\ 1 -e V, ) was calculated from the 

formula: 
• '2 ,b 

C><., Wt ·n 
0-996 ( 27-3.IS-f t) 

(6-5) 

6- The ideal static pressure rise coefficient (Cp
1

) was calculated 

from the formula.: 

7- The actual st.at.le pressure rise coefficient (Cp) was calculated 

from the formula: 

C - fi- - .f, (6•n7) 
.!:J ~- I 1) -2-

. r z.«, -c. Vi 
8- The effecti.venor.,s ( 1) was calculated from -t.he relationt 

9- The vortex chamber deprossion parameter (V c) wt=ts c~lcP.J.a:ted from 

the formular. 

A 0 Wang 6oou prograramable ca.lcula:tor was 1:sed to calculate the 

results" -~ :5 pecia.l prog-.camme was written and. r0;cordecl on trt:pe,. 

6~3 Results and discussionsi 

The sole purpose of the geometric optimisation w·a,s to determine the 

optimum geornetry a.nd running eonditions at which the diffuser flow 

was to ·be investigated." Hence r it was decided. that tM.s should 'be 

cWCO't1i.J?1iBhecl by a.s few tests as was pnwtica11y l)()ssi ble" 'I'he ber'3t 

ua.y to do this was to o:ptimise eEwh geomet.:r,:tcal para.meter sepa:ca t.ely 

in the or-d.er of the strength of. their influence on the diffuser 

perfoxrnanc"e Le y, o/ v 2) an<l 1 respectively .. 1'h~s OTder w2.s c3.ecided 

upon from past experience 1 Ref D (12) 4' 
11'.he test z·ez.u.J3~~:i are p):-esonted 

in Appendix C~ 
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6.3*1 Optimisation of the fence gap, y: 

Five fences were tested each of which gave a different value of yo 

The rest of the geometrical paramet.ers 9 i.e cf:, , ~,and Lr were 

kept constant at their predicted optimimum values. The results of 

the tests are shown in figures(c-1), (c-2), (c-3):ancl (c-4). 

Fig. (c-1) is a plot of the diffuser effcctivenessp '1 against the 

perce_ntage bleed ~ate, B% for the different values of y that were 

tested. Fig.(c-2) is a plot of the vortex chamber.depression 

parameter 9 V c against the same variables. F'ig. (c••,J) is a cross

plot of Figtt (c-1) showing ~he variation ·of 7. versus y for 

·different values of B%. Figo(c-4) is a crqss-plot of Fig6(3-7) 
shol:?ing the variation of V 

0
· versus y for different values of B%. 

The graphs show a typical effect of yon the diffuser performance, 

Refe(12)e For small values of y., e.g.y = L,02 mm (0~04 in) 0 t.here 

is no distinctive bleed rat.e that can be id.entified as a. minimum 

bleed rate requirement, .. For re~a-Lively largor values of y, e ego 

y = 2 .. 03 mm (0t'08 in) .or y = 2.e!;4 mm. (0.,1 in), a minimum bleed 

rate requirement. 'Ca,n be readily identified. At low bleed ra·tes v 

from 07; to about 27~p higher values of 17 can be achieved with 

smaller values of y for the same bleed rate~ however higher values 

of V c was then requirede ;or vc1.lues of y.:?,, 2"03 mm (0,.,08 in) 9 the 

larger t.he value of y the higher the minimum bleed rate . 

requircmento F1or the same· range of Yo once the minimum bleed. rate 

reg_uirem0n-~ wa~s mett neither y nor B hacl any signifi9t1..nt effect. on 

the diffuser eff't=c'tivcness. The effec't, of y and B · ~n VO can be 

discuGsed with the help of fig~(c•, .. 2)a F'or low values of Yr, e.gc 

y ;e::: L02 mm (OeOl+ in) , V increanes vex-y fast. with the increase 
C 

in B, while for. values of y :P, 2.03 t1m (0s08 in) the-_rate of 

increase of Ve w,rct.B is much lower. 

From the above discussion it is clear tbat the selection of -t.he 

value of the fence.radial gap y as being an optimum value is a 

difficult and arbitrary decision" It de:pendt{ on 'the best 

compromise that can be reached between ">l a.nd. V c to suit a 

pa.rticul2✓r a..p:pli.ca:t.ion 11 For ·che purpose of the present st,udy ~ -t.he 

:problem is academic" Hmmv·crp for futurE; use of' the results~ the 

selection mm;t 1)e reJ.ated t.o ·the most l:i.keJ..y application of the 
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diffuser, that is in aircraf·t gas turbine engines. For such an 

application the reduction of the minimum bleed requirement is of 

paramount importance because any increase in bleed rate would 
result in a greater reduction in the overall engine pe:r:1'01.,nance. 

The corresponding value of V c that could. be tolerated depends on 

the location of the diffuser in the engine and on the planned. use 

<:>f the bleed air. -i.e. on the point at which the b_leed. air is 

. reintroduced into the engine mainflow. Having the above 

considerations in mind, the optimum value of y was selected to be 

2.03 mm (0.08 in) for which a minimum bleed rate requirement, of 

about 3% can be readily recognised from Fig.(c-1). The 

con:'esponding values of ( and V
O 

are about 75% and O" 195 

respectively. 

6.3.2 Optimisc1.tion of t.he fence angle, p : 
A sexj_es of tests were conducted with the fence radial gap" y, 

:fixed at its selected. optimum value, Yep = 2.0.3 mm (0.08 in). The 

·vortex chamber d.ept-h S t:i.nd length i, were also fixed at their 

predicted op~imum v-alue~ which were used during the optimisatic:1 

tests of y. During tr..~l:>e series of tests the fence angle~ was 

,raried iu th•~ ra:r.igt' fro:n 12 • .5 degrees to 22o.5 degrees, The results 

ar~ p.r:·esented in fitr~es (c-5), (c-6)i- (c-7) and (c-8)~ 

F:i.ge (r-5) is a plot r,f 1 a.~a.inst :B% for different values of ,:J, • 

Fig. (c-6) is a plot of VO aga.inst B% for different ve .. lt:tfis of cj, o 

Fig~ (;:;-7) is a c=oss-plot uf Fig. (c-_5) illustra-t.ing the variatio~ 

of 'f w~r. t .• f ~or different values of :B% .. Fig. (c-8) is a cross

:plot of Pig~ (c-6) il}.ustra:ting the variation of V c w.r.t. q, for 

<.!ifferei:.·;. v:tlues :>f TI;t. :.Exa.mination of the graphs 1:eveals that, 

i'o~· y = 2. 03 mw ( 0. 08 · i.n) and B = 3% 11 the optimum value of t is 

abou·t. lC~. Th0 corresponc.ing values of 1 and V c are 75,,5;-rfo and 

Oel9 -Y;f;Spectively, Th3 change in the resulting optimum value of 1 
and. V c ~-re marginal because ri.he predicted optimum va1ue of ~ 

(17,,5 ) a-r. which y. wa~ opti~d.sed was very nea:r; the acfa:al 01,~~imum_,.-·v.--

va.Jue of'? (18°) wh~ch was achieved-by ex']?erimental optimisation& 

6*3.3 ~ptimis~tio11 of the vortex chamber geometry: 

A third P-e:des of tests were. conducted i.n _which the fence geometry 

wr3· kept· consi:.a11t a-t, its previously optimised values of y and cp • 
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The object of this new series of tests was to optimise the 

vortex chamber geomet1--y t.hat is to find out the va.lues of S and L 

that would give the highest possible value of '7 and t.he lowest 

:possible value of V0 at the previously determined. minimum bleed. 

rate requirement of J;J&o In these new test$, twelve differe1it vortex 

chamber ducts were testc-d.. The resul:t,s are shown in figur0s ( c-9), 

(c-10), (.c-11) and (c-12). The figures show the variation of '7 and 

Ve versus the bleed rate percentage B% for different values of?;° 

and L that were t.estea.. The results show that neither~ nor L are 

-likely to have any ·significant effect on 1 ,, On the other hand, 

howeveri; both & and L have some effects on V0 e The effect of -t.he 

former seems to be the strongest particulareJ.y at high bleed rates. 

If the diffuser effectiveness i·was to be considered tho more 

important, perforrnance parameter9 then it does not :r.eal1y matter what 

values· of Sand L were to b0 used since both of them seems to have 

no significant effect on '7 • In this case, t.he requirements of the 

J..?V and the simplicity of its rig are likely to be a more 

convenient criterion for m,-i.}cing such a, decisiono An extension of 

the secondary d.uct beyond the fence and covering the primary duct 

would ren1l~r :1 diffuser of a simple construction in which 

measurement with l.J)V is relatively simpleo Lt1tm:pplating the graphs 

of V versus B% s: it ca,n be shown that. such a model would have a value . - C 

of V c of about 0,,22 at ·B ·· = ·3% which is still a tolera.ble level of V 
0 

6,,4 Conclusions& 

From the resul-t,s ·or the geometric optimisation tests an.cl· -the associa,ted 

discussions 11 it can be concluded th.at: 

\ 1- 'I'he optimm-:-1 fence geometry is given by Yop - 2e0J m.m (0o08 in) 
0 

and. ,-f-., = l8e Yo:p 
2= An extension of the secondary d.uct. beyond the fence to cover the 

primary duct would form a sui fa.ble vortex chaml1er duct., 

3""' Such a geomet:cy HOuld. render a diffuser of a .minimum bleed rate 

recp1i:r.ement o:J:." about 3% at which the diffusGir performance in given 

by "'( = 7565% and V c == 0~22., 
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CHAPTER SEVE:N 

7, 1rHE LASER DOPPLER VELOCIMEI1RY SYS'rEH 

7.1 Selection of the system and its compoments: 

The flow under investigation has distinctive characteristics which 

have been discussed ·-in detail in chapter one o For convenience 1l they 

are summarized as follows:-

1- The flow has two regions of recirculation in which it reverses 

direction.: 

2- The velocity·field has a wide range of velocities. The range in 

which the magnitudes of the velocity are expected to change is 

likely.to be from over 5Om/s for the axia.l velocity component at ,,. 
the throat of the dtffuser to a near zero velocity for the same 

·velocity component at. points !)f flow reversal. 

3- 'l'here are regions of very high turbulence intensity p0ri:-i·cularly 

a-t and near the shear layers emerging from the primary duct exit 

li11 and from the ·top of the fence., 

4- The light, scattering particles naturally presen~. in the flow a.re 

small in size and_ h:1ve low concc.:mtra.tion,, 

5- The flow .is axisym1:1etrical of complex solid ·ooundaries .. 

'I'he implica ·Hons of these charac·teristics on the choice of the IJJV 

a.re:- -

1--· The flow reversal and. the high. turbulence intensity necessitate 

the use of frequency shifting t.o determine the flow direction a.nd 

·to p:rcdv.ce processable signals at r.egions of high turbulence 

tntei1si ty e 

2- 'fhe low concentration of small scattering particles necessi ta.-l:.e 

t.hc use of the dual-beam mo.ie. as an optical arrangement.. Also, it 

gives only two choices for the signal processing techniquer Viz .. J 

(a) 'rhe counting technique which mn.y require a relat.ively high_ 

power laser of a.1)out 50mW or more" 

( b) ':rh.e :phot.on correlation technique which may require a 

relatively low power laser of about. 5 to 15mv. 
3- rrhe uid_e range of volocfrl:i.es requires a flexible transmittinr; 

optics with both the beam separation and t.he crossing angle a.r; 

variableso Furt.hermorei thG need to measure in radial traver.'3os~ 

rc~aching as near possible to the solid bouncla:d.es ~ requi:rnB 
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another form of flexibility frorn the transmitting optics •. This is 

to facilitate a better control on t.he size of the measuring volume. 

Consequent-ly, the receiving optics must be equally flexible because 

they must be- kept in constant match with the transmitting optics. 

4- The complex cylindrical solid boundaries are likely to reflect a 

great deal of light and hence reduce -the SNR. This is !r~own as the 

_ flare problem. Under such condition, increasing the laser power 

would give an undesirable effect resulting in a further reduction 

in the value of SNR. This ur1fortunate feature favours the use of a 

:photon correlator as a sign?.1 processor since it requires minimum 

laser power. 

5- Again, the complex solid boundaries necessitate the measurments, 

in some regions, to be in the back scatter mode~ ·J:his calls for 

the selection of a LlJl.l system where optical components can be 

arranged in both the forViard-scatt.er and the back-scatter modes. 

It also necessitates the use of a signal processing system which 

isca:pable of :processing the relatively poor signal resulting from 

back-scatter meilsurement,s. 

The cons.i.derations given above lead to two possible ~y:::;tems. The 

i'irst system is 1

bcLs0d .on the usa of a :relat-i .. ve1y high f)OWe:: laser 

(about 50mW) together with a. s::.gnSi.l µ..cocesso:;: of th& counter type. 

The second s:vste.:n '1<3es c1. ::elat:hrely J '>W power. laser- (.5 to 15mW) with 

the sigri? .. l processed b~r a photon correlator.. The remainder of the 

com:pone:its a.re- s-in:ilc.r i!l both syster.is. 

A num~er of considerations favour-Bel the adoption of ~he second. system 

1- Tne low power laser was sale~ i:0 or,era.te: 

\ 2- The total ooLt ~f the ~..:~cond sys-Lam is le~.3 t.1'!2.J, that of -the :first 

one c Ji'u.rthennore f• a sui ta·oJ e -photon correla tox- wa~ available on 

sit.e. Us~ of this (!orn:lator reduced the required ca.pit.al by about 

•:>ne tJli:rd. 

3- The photo~ correlation tech:.-1ique has been in use at Cranfield fo:r

some tii-,Je anci much experience --rE!garding its operation was 

avc:ilanl0. Also a high lev~l 0f con:r ... iden(;e in the. accu.racy and 

reliability of the system was est-abl:ished, Refc(J9). 
Consequently the decision was 1,:ad1: to use the photon correlation 

t.echnique. 



7 .2 Description and specification of the UJV system arrd its cc,mponent.s: 

1- The lc,ser. 
3- Phas0 modu1atorc 
.5- Recei"ving optics~ 
7- Pht-ton correlator. 
9..... Oscilloscope~ 

11- Printer. 

_11_}~ 

_5 ____ 6 __ ~ 

10 

2- Beam splitter. 
I+- '11est rig. 

9 

7 

8 

6- Photomult.ipl:ier • 
8- Correlator store~ 

10- Data proces~orc 

]?ig" (7-1): Bloek diag.r·ci.m illustrating the 

WV system and its componentse 

'I'he WI system ii plate (1) and Figo (7-1):, can ·be divided, into three 

distinctive groups, -viz.~ 

1 .... The t.r.:~"nsmitting optics groUI}t1 plat-e (2)t consists of the la;::{0:!:'t, 

the beam splitt.er~ and the phase modula;t,ore 

2- The receiving optics group, plate (3), consists of a viewing 

telescoper ape:r:ture, and a photomultiplier" 

3 .. , The signal and data processing groupr; plate (1+), consists of the 

photon correlator$' correlator store 11 oscilloscope, data. processor, 

e,ml printer e 

The detailed descri:pti.on,specifica.tions 1: arKl methods of use are given 

in the manu.factu:ce:r_~i s catalogues and. manuals .. Ii'o·r comrenience rt brief 

clcscriptio.n together 'is;i th t.hi::; most :cele-ia.nt sp-Jc:'i.ficat.ions for the use 

of each com:por..ent are given in the next few sub .... sec-tions ii 



(1) Type: 

(2) Wavelength: 

(3) Output power: 

(4) Beam diameter: 
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Helium-Neon 

632.8 nm 

15 mW a.t 632.8 n.rn 

lol mm measure<:t_~t e-~o~nt. 
r-c r 

r~Lc..-

7 .2~2 The beam sulitt.er~ 

A Malvern adjustable beam splitter type HF 307 was used. 'l'he 

splitting :prism was mounted on a precisionp 0 traverse and rot.ate•~, 

mechanism ope:r.:a ted by two C')ntrols ~ These controls provide for the 

adjustment of beam crossing angle; Provision is also made for the 

111om1ting of interchangeab~e focusing lenses. The beam :passes_ · 

through the focusing lens hefore meeting the spli ti".ing prism. 'l'he 

lens only used in same of the measurementsp had a focal length of 

200 mm. 'l'he focusing lens was remmred when the phase ;nodulator was 

in use., 'rhe following is a SUlll]~a:1·:v" vf the relevan-L specifications, 

Ref'., (48) I 

1- Hinimum fa:inge spacing :.sf-L1nicrons. 

2- Beam ser-s.ra:'cic:u is \~ariable from Jmm to 24m.m., 

3- Beam crossing j s variabJ.c: f:com convergent at 15:!m in front. of 

the beaw. splitterp thr·ou~h para.llel, to divert;;eni:. at 10° to the 

o:pt1cal ~ise; 

+ I)oJ.~r:u,2tion of ·neams :i.3 h0rizonta:! with verti':ally pn1arised 

laser, 

7 .. 2.3 The :pha.se Tih."ldula.i-.or: 

\ \ 

· A Nalverr1 ph,ise r:H.1d~1.lat.nr t.ype ·R9023 l'ias us~J. It. ii3 rwuntsd on 

its special:, ntilt and :r.otatG" s ~.~01.mt mod~l n...·1n2f .• The pha:3e of a 

light ·b,~a:n -pas:::d r..g -:.hrough ct::.:·fa.~_n -!".:,r:pes of 

may be advan~ei::.. c:::- :i..'"etar.::ei "::iy t.~-e ap1=1licatio.11 cf a suitat,le 

yoJ.tagc ~ 'rhis pri!1c\p:t e is usen he::i.:-~ :..n the phc-!3e modulr.1.to:c which 

contains two crysfa,ls of difTe:rent Ci.A.ts~ Hcf. (!:--~).., ~~Then a suitable 

saw-tovth volt.2.ge is ,1.r,plied to the cryst9..ls, the pt(ase of the 

outgoing bs::m from cne crJstal 5-=; ad.va.nced, wh ils-!:. t.h-:i ;hase t,f 

the othAr bea.Tfl is rcrt.ax-dbc .• T'no two bea:ms thPn cross to fcirrn a 

fringe pat.te:cn which moves linearly 111 space. 'rhe relevant 

specifications arsJRef.(49): 

1- Ber.1.m spacing is fixed at 20mr.: .. 
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2- Beam crossing is variable using lenses of different focal length. 

The diameter of the focusing lens is 40mm. The lenses used in 

this project have focal lengths of 50, 25, 20 and 1.5 

centimetres. 

3- Switched frequencies are 20,. 50, 100, 200, ,500 and 1000 kHz" 

7112.l-l- The receiving optics: 

A Malvern RF 313r integrated ~eceiving optics and.photomultiplier 

was used. The functio11 of this unit is to collect t.he light 

scattered by the particles in the flow and focus it onto an 

interchangeable aperture. The aperture se~ved to regulate the 

diameter of the measuring volt1.111e, and also eliminated any sc,j,ttered 

light from sources not of ·-interest. Aperture pinhole diameters 

used in this project ·are 1_9~, 200 and -~microns. A suitable 

viewing telescope is incorporated enabling the focused bea..m -t.o be 

accurately directed into the apertureo Coaxially integrated with 

the unl t is a photomultiplier detection unite This con.ta.ins a 

narrow band optical filter, dynode -chain i; high gain a.mplif ier and 

discriminaterr whfoh amplifies and shapes the pulse signal for 

·d.irect use by the correlator processor" The detailed. specifications 

of the optical receiving ;:,.?·stem and the photomultiplier can be 

found. 'in R.ef. (50) and. Ref o (51) ~ 

7~2r)5 The signal processor~ 

This is t.he Malvern 50 ns!' digital photon correlator type K?0.23 

together with a 96 cha.nnel co:t:rela:cor store ... The function of the 

·correlator h.1 i.:o process the ou-!:.put pulse train from the 

photCYlc-t.ector into a correlation function containing thE: required 

information on the velocity and turbulence intensity" ,,The following 

is a, summa1.--y of tb?. relevant specif ice:. tions : 

1- Temporal resolution ranges from 50 nsec to l sec" in steps of 

.2.0 n_seQ4i 

z ... Single or double clipping possible., Single clipping wa.s only 

used throughout -Lhe present progx·amme" Clipping level was 

selecta1)le in integer steps O to 9 c-

3-· Thero are two in;mt charmels; A and Br; with .50 n sec ,pulse per 

. resolution., 

4- Sample time was selectable up to 1 sec in multiples· of 50 n soc 
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to two significant figures from an integral crystal controlled 

clock,. The number of samples taken is pre-settable to 10n where 

n is an integer value in -the range 2 to 9. Total counts are 

accumulated in monitor channels. 

_5- Information accu:nulated in the store channels is duplicated into 

a dynamic readout system which ha,s an updat.e or hold facility. 

· The main store con.tents and the accumulating process are 

undisturbed during the readout process. Throughout the present 

experimental programme the readout process is controlloo by the 

data processor. 

6- The correlator has four channels added to the 96 channels already 

in the store making a tot.al -of 100 ch~nnels. The first channel 

address is (00) and the· last channel address is(~). 

* Cha1L~el (00), records the counts at A input. 

* Channel (01), records the number of times the clip level 1-ras 

exceeded._ 

* Channel (02), records the counts at B input. 

* ChanneJ. (OJ), records the m1111ber of ::-amples. 

More detailed specification. ca.n be refer.coo t-:> ·in H~f. (.52)., 

7.,_2.6 The Oscilloscope: 

The Malvern RR 46 oscilloscope· is an 0S2.55, J . .5};Hz" Dual i'racc Gould 

oscil.loscc:Jeo The o.eta.il, S1)ecifl ca tio:is a~d. ins"':.1..··uc ~io~s for use 

can be f01md. in Ref, (.51r). Although just a.l1 c1 .. u .. xilia.ry com1Jor..:mt of 

the system, t!1e 0;-3cilloscope pr1wed ·t-o be a Y~ry pOW(;.i:.! ul tool for 

monito1:ing the correlogTa.m. This enabled judge~ent to be m~de on thi::.? 

quality of the corxelcigram. If this }'ff1.S unsatis::a0tory i, then the 

~xperimental pax-amct~n."'S could be changl'3d ( er othc:L~ std table measures .. ,,=,~· . 

taken) to improve the qti.alit.y of the r.;orrelo~xa~11. 

7«2~7 The Date:. processor: 

'l'his was 7.;'J1 improved Commodore 2001-8 PE'l' compu-ter with its mev..ory 

ext.ended ·to J2 K bytes., The computer is fitted with an IEEF--, .. t:,88 

interface through w!'lich it was connecteci -~o +.he cc.rrela t0r l?y ~ 

cable ha.rness.- Softw2,,re subrouti.mes ar:! provided by HalvPrt1 

Instruments in BASIC langu.ae;e to allow direct control oi th0 

correlator ancl for d.irectly unloa.ding the correlogram. into +.he 

memory ±"or analysis a.nd data reduction. These programmes are 
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conversational and were found to be easy to use. A full description 

of the programmes together with their print-out can be found in 

·Ref(.53),,The complete specifications and the instructions for use are 

given in Ref" (53) and Ref.,, (55) a The data processor. is also connected 

to a standarecl Commodor on-line :printer type 30231 Ref,,(.56), to 

provide a hard copy of the results togetger with the experimental 

parameterso1'he :printer is also controlled by the data processor 

whose soft.ware offers the choice between VDU display or the printer 

hard copy11. 

7. 3 Instala tion of the LDV optics i 

The transmitting optics and the .receiving optics were placed on a 

specially designed horizental pJ.atforri. The platform. facilitated the 

arrangement of the optics in full forwared scatter, oblique forward 

sca-tterr or oblique 1,ackscatter acco:rding to the requirement. of -'chc 

measuring conclitionsc It also i\1.cilitated the tilting of the whole 

system so that. the opt.ic°'l axis of the transmi ting optics could be 

made inclined to the axial direction of tq.e fJ.ow at. any required angle 

b . . L 5 ° ' l • " 5 ° ITI' 1 • t ] 1 t.r., -~~ . d . . dJ et.iteen + anc)_ lj~ ~ 1.ne norJ.:ton a ; p a .t.: orm i•;as :i.: J.:xe rigJ. _y on a 

Unimatic compound. X•~Y tra:versing table.!,_ The longitudial traversing 

direct.ion r which w::ts :parE~llel to the axial direction. of ·the flow~ hacl 

. maximum tr2.verse d.istan.c.e of l+10 mm., 'I'he cross trave;rsal direction 

which ~1as parc1,11el to the :radial direction of the flow had a. ma,ximum 

traverse distance of JlO mm': The table had indexing ~ir~ls provided 

with gradt:a,ted. · ~er-o:Lng dE:v-ices with l~O divisions each, corresponding to 

one table movement of 0.,1 mmc The table had a scale graduated in mm:. 

The traversing tab1c 9 uith the platform fixed on top of it$ was carried 

by a rigid steel fJ.'.'o,me., 1 The steel frame has an adjustir;.g screw on each 

of its fou:r supporting legs c ry_'he overhanging side of the platform was 

supported on the stecI frame by a screw jack$The adjusting screws and 

the screw, jcwk were . .twed to cns1.'!.re a fine adjustment o±' the correct 

location of the platform in a horiznta.l plane at the required levc:?1.. 

Pla.te (2) illustrates the arr,n1gcment of the transmitting optics group(' 

The lasffc t.1.(t1e was mounted on the TI:aling optical bench usin&:f -L1<10 height 

adjusting bracket::),, The two brackets also fae:ilit&.tE;r.l rotational 

motion· to enable the l,::.ser lJeam to be adju.stod :iw .a J:.lan.2 para1J.e1 to 
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the optical bench and offset from i-'c (in the horizontal plane) by any 

· req1,1ired distance. The beam splitter was fi t_ted1
• d1.rectly · to the laser 

tube and lockeg. securely with the locking rings~- The tilt, and rotate 

mount of the :phase modulatorr had a special base enabling it to be 

fixed. on the Ealing optical bench in line with the laser and the beam 

splitter. 

'J.,.ne integrated resieving optics and detector unit was mounted on top 

of the RF Jll X--Y motion unit. This was fixed on.'t.he RF_ 312 height 

adjustment unit which in fact, was a part length of an Ealing optical 

bench carried by four telescopic legs giving a height variation of 

approximateJ.y J+ cm. The whole arrangement facilitated three degrees of 

freed.om with fine adjustment to enable accurate focussing of the 

scattered light through the aperture pinhole. 

7 e4 Advantages o.nd. limitations of the LDV system: 

7 .4.1 'l'he advantage~ of IL-l o-1er conventional teclh"1iqu.ess 

All velo,:;ity wea.suring t.echniques whether conventional1 such as 

-)?itot-tu"hes :'.'"C hot, wire aner.1ometers 11 or WI system give simila:r.

xesu.lt!; when used. i~ low velocity parallel flows with low turbulence 

::;.ntensities. The advantages of WI over conventional techniques a::.'.) 

i'ully uemonstrated wh:.m th~y are used in recirculating region~ .. 

Recirc':J.ating reg.i.ons arc chai-ac-terised by having reverse flows a1il. 

very high -r.u:.:·bule1.0e :i.ntcnci ties. Conventio"'.Jal instruments a:-:-e noi: 

• •~ laser anemometry 

o \ljji2 = Um pitot x l' % ,~ot 
wire·. 
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able to determine the sign of the velocity vector. However, ID/ 

employing frequency shifting can be made to determine the sign of 

the velocity. At high turbulence levelss, exceeding 20}&, hot wire 

measurements of turbulence intensities are misleading, Ref.(57).,. I..J)V 

employing frequency shifting can-be operated satisfactorily in 

regions of very high t.urbulence intensities even with very low or 

zero m~an velocities . , Ref. (58). 

Figc(7-2) taken after ReL.(42) illm::.;trates the high inaccuracy of 

the measurement of the tu:r:-b~lence intensfty obtained by hot wire 

anemometer compared with I1JV measurements in a mixing region of a 

high speed flow., Even at moderate and low turbulence intensi t.ie~." 

hot wire airl hot film measurements tends to underestimate the 

turbulence intensitiesc Figo(?-3) taken after Ref.,(.59) il~tist:r-ates 

this facte 

14 

HOT FILM VALUES+ 

· {o. EXPERIMENTAL 
LOA VALUES o CORRECTED 

I 
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10 -~--------..;..---------·-·----i 
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+· 

+ 
o. 

r/R 

Fig .. (7--~3): Cor:ips.rison ~:?tween measureF1E~r.l"ts 

with LDA and hot filr;i_., 
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lii.ge (7.,,J+) t Comparison between measurements 

with LDA and pulsed wire. 

The sa.me tendency to underestimate the turbulence intensities are 

noticed in pulsed wire measurements, Fig"(7-4) taken after Ref.(4J). 

One more basic attraction of I1N is that it is essentia.lly non

intrusive, it does not disturb the flow being-studied. 

7 .4-.2 The advantages of :photon correlation .:;ver other 'jJJIJ' teduiiques: 

Specific advantages of the present Wv are it& wide dynamlc range, 

very high s:patic1.l resolution, ~a.se of measurements in back~~at.ter 

~•ri thout the need to seed the flow, eB-se of aJ..ig:1ment... !1iih 

collecting efficiency and :r.·3lat.i~.,,-e insensitivity to noi;;:;e ~nd 

vibration~ 

E.R. Pike in Ref.(41) argued that :-i.ccH.ra.t,e measurements ca.ii be 

:pa:r1'ormed with photon correletor system with the 3-eveJ.. of thE' 

scattered light l00CJ -times weaker than would ha:.;e been ot1.te~wi::.:e 

required by any other W! system. He cstimat~d. the le ..... el of error i:: 

meas~ing the Doppler frer-1uency to be O_c-227~ when singl~ C;lippir1g ,:..+. 

"0" cli11ping level -was use~ .. The esti:ma:~ion was made:: for a 

correlogram of just over six cha:mels per· do:pp1~r cyc1E:. 

J.B.Al)issf Ref.(60)s, re}_)o:t·ted some res1.:.lts v1>fa.ined at sm-"'c:.ce 

measuring cond.i-Lions with only jus+. cvr~r three channels J?E-:C c.op:ple::i. 

cycle11 A typical resuJ.t is shown in Fig., (7 .... .5) which dem01:st::ates 

convincingly tht:~ vi:r:tlIZ1.lJy noise-free correlog:ra.m which car, be 

obtained with the photon correlat.or ., 
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Fig.(7-5): Correlator output in laminar supersonic flow .. 

. Abbis 11 Ref.(60), al~o reported test results illustrating tbe 

ad.vantages of using frequency shifting when meacuri!:g in tt:.1."bulent 

f'lows. 

From the above discussions r- three co:r.ch1.sic~s can be reac::i.ecl :-

1- Satisfactory and a.ccurate result~ ca:i be achie·;ed frori1 

~easure~nenh., with photon corr:)la"!:.ion L:Ui by~tem~ in f:.ow 

conditicr:::; similar to the one ti..nder considerationr 

2~ During the plA.nned experimental prograriLl!:e, :if the m11nbei· of 

channels per dopp:?.er cycle is ke:yt. over s:::..x, thcil better ·Lha11 1% 

accuracy can consistantly be acilieved. 

3- The shape of the correlogram, partjcularly the leYPl ot noiAe 

involved i.e. the scatter of the p0ints r3presenti~g the connt~ 

in each chc.1mel, can be used as a criterion tc dete!:'!!li:ie -:he 

aci'equacy of the correlogram to render accura-t.e x·esuJ:cs. 

7A.3 Lirnitations of the IJJV system: 

In the previous section, it was concludetl t.hat, as long as we can 

ge·c a, goocl, noise-free correlogram of a.t least six cham:sls :pAr 

doppler cycle9 then we can be sure of an accurate measul'."Pme:?-: with 

an error level of less than 1,,%. To obtain a minimum o~ si~ channels. 

in each d.op:p1er cycle requires adjustment of either the samplP time 
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or the fringe spacing to match the flow velocity. Adjusting the 

fringe spacing ca.n be accomplished ·by changing the separa:t.ion and/ or 

beam crossing angle. However in the regions of interest, i.e., the 

two recirculaton zones, the phase modulator is necessa.ry, not only 

to sense the flow direction,but also to reduce the apparent 

turbulence intensity, and hence improve the quality of the 

correlogram= The phase modulator requires that the imput beams are 

to be J_)araJ.lel with fixed separation. Consequently the only way to 

control the fringe spacing is by changing the focusing lens located 

at.the exit end cf the phase modulator. Each time a lens is changed 

the whole optical system must be reset and realigned. The need to 

conduct radial traverses makes the technique very laborious. 

Noise-free correlograms can be ensured by careful alignment of the 

optical system to ensure that the fa~0 beams cross at their waistso 

In ad.di-t:i.on, suitable aperturec· must be used to m~.tch the measuring 

control volume a.nd mask lig!i.t reflections f1:om t,hc sol:id boundaries 

of the t.est rig. Tlds becomes more difficult as t'he :point of 

measu.:cement comes nearer to the walls. A. Buutier and Jo Lefevre 

re:porteo. in Ref. (42) that they could not ge-t. sati.;ff ... otory · ,. .. ..,~-· 

measuxer.-l~r.its c:t. distances nea~Gr to the wal:!.s tna:cr 0.3 :a;~m when the 

beams ;.:ere :parallel t".O the wall. The limit was· 2.-.5 i:m1 when the wal.1 

was pe:cpendicula:r- tc,. "'.:hP. opti~al axi~ ... .Also E.R. ?i~~e sfa:tBd in 

Ref. (li-:1) th?,t, "One 0f the ma,.ior experimental :r;rob1e::n2 in II!'/, 

:p~rtict?l~rly in a:_:r-:£'101•: ;.-.easurements, is -t:he .?.t,_ppressi.on · of 

\' 
I' 

unwa.nt::a 1azer 1·10.re f':r-om glass wi:rn.lows ur other .sm.-f'aces in the 

:p,-::.th of che direct bAD..m'!-... Pike buggested that a i:osi.:,:i"ble solution of 

the problem is to use a pha.se lvc!~ed 1aser wh1ch r,rocl.aces 1~-:.tlses of 

less th;,;,:-i one rJ. sec d.urai..ion o."t. e'.'lch iou.ble tra~si:-. tii'Ile oi:' the 

laser c2.vity, rJ'::is is com"binsi wi+-h fast elec;T,r.on5 c eating of the 

detecte~ signal s0 +.hat. only :ph.otonc c::-igine:tinr; i.:::-o:n a :particular 

point on the path of the laser beam a::·a Reene Ey thi~ meth,d, 

windows can be placed in the beam path and are invis~ble to the 

detector. St~~h an instru.111ent would be very cxpe:nsi-,-e a!'.te: very time 

consuminr~ •The time and cost 1i~n~tations impo~;ed on t.his project 

would not permit the use of 3u0h a tech11:i.qu.e. Consequently, it was 

decided t~ USG the present system to make c:.11 the possible 

ir.easurements within its 1:1.mi taticns. 
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· CHAPTER EIGHT 

8. DESIGN Al\TD DEVEIOPMENT OF THE "LDV" RIG: 

8.1 ·Original design of tho rig: 

The original design of the UN rig was pased on the assumption that 

cast) clear, acrJllic plastic tubes of high diameter-to-thickness ratio 

would be suitable for measurement with lJJV, Ref.(61). Consequently 

both the prima~J and the secoudary ducts were manufactured from cast 

clear acryllic plastic tubes of 1 • .5 mm nominal thickness. The 

:following optimised dimensions resulted from the geometric 

optimisation tests descussed in chapter six, -they are?-

D1 = 47 mm. 

D2 = 72 1nm. 

y = 2.03 ro.m. 

-9 = 18° 

Fig.(8-1) ill~qtrate~ the complPte assembly of t~e tezt section on 

which the maj_n dimenr:ions a~d components are shown. Tne figure shows 

t.hat both the primB.ry and the se~ondary rl.uctP- wer9 mounted 

c.oncentric:illj" c.a the flange of the ::.nl0t noz,~le • i.!.'he :primary duct 

uas suppo::--te.rl on th0 5.!"lside of tte seconc.ary 0.uct. by. -chree 9qui-s1,"\:1.ced 

pins,. The :.nsic.3 surfa.c~ :,f tn~ pins w~!."e finely macr..i.ned t,0 provide 

accu.rate coaxj_a.lity of tht:: two ructsc ri:1he fence was :f5.Y.£f. .. in 11os1.tion 

by Ema.11 J?"~ns to ~wvicl in-~e2.~f ere nee with tr1e :pa.·ii1 of the lc..ser beams. 

The detailec1 d:r.awin6s r ~-ihich --..;ere 5. ssl~ec1. for thr. ma.nufacture of the 

component~ of the i:.cst sec·~ion, are prf'senteil in Ap;en:l:.x D ~ 

f$t~tic pr?ssure ta:p1'ir.Lgs were prov~Jed to i;1asure ~he pressur8 in the 

primary duct" i,;1(:; secnnd.ary di.,0t., a::d +,:1.e vortev:: ch~.:m1.;r., The tappings 

were ma.de f;:-':'m 16 ga.ugc ~:y1.,odermi~ t.u·u8s. To bnsu:i.:e a.ccur2.~y of 

meas~irement~ thJ:ee t9.:ppings T,rere pr~vided. 5.n the p:6:na.1.7 duct. 1'hey 

were located at a :plane of 1.51 D, distance upstream u1 the exit lip 
.J,.. 

ancl were set a.;; J20 de0--rees sparin6 around the circtw,rl'er.:.l1~e. Five 

tappings 1-:2re -provided a.t oq11:i 1_ .:r...:wing~- dm-m 7"!1e secondary duct in 

order to monitor the static prer;f;ure rcccvery. 'rwo tap:pings were 

provided in. the vortex cha.mber .. ·.All the static ?ress1.rce tappings were 

connected via. flexible plastic tub1;;s through a scan:.d.ng valve t,o the 
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rnicromanometer described in chapter six. Tne static pressure readings 

were used to evaluate the performance of the diffuser and also to 

monitor- the diffuser operating ccmdi tions o 'lne supply air pipe1-m:rk and 

bleed air system complete with instrumenta.tion were taken from the 

previous rig used for geometric optimisationo 

8.2 Development oftest section: 

Early measurements with the I.DV, through the clear acryllic plastic 

walls of the secondary ducti rroduced very pocr quality cor..celograms 

which eluded analysis, even at the most favourable lo<}ation near the 

tube centre. At firsts- it was thought tha,t. ·t.he po~sible cause of the 

poor quality signal wa.~th.e reflected light from the c~..uved surfaces 

of the tu1)e. Attempts .:ere made to su!)re3S this t.ype of reflection" 

These attenpts included the_following: 

1 .... The 1: .. se of d.iffer~nt designs oJ-' LiasI~s at the sou.rc6 a,ncl at the 

recieving optics. 

2- Pa.int:i.ng 'the com~onen:s of the test section with a non-reflecting 

black }:i? .. int excepT for a. narr:>w slit left for the pas~a.ge of the 

3 .... Exceptic-n.ally cc:.:r-efu1 a.:!.ign:1e:n.t proceiures of ~he oi;r~ics Here 

followeie 

4- Th3 sr:-,allcs-t a\.~ana~;le p-i nhole w~s usec.~ on the reoieving oi.,tics 

wh;_ch l;.J...:3 al.:50 placed at ~ large obl.i½.u~ ::i...riglE: to· th& axis of 

All ther:;e :meas :;,res~ even when cvmbil1ed. ~ :i."ssul ted only in ::'arginal 

imprc--:E~men·~ 3.u t!1.e qaalj ty of the ~or:-..:-e:i.og.ca""",f a,1d so it, wa;;j ~onclud.ed 

that t.he m3..jor cause of the pr001em wo.s not d,te c.o the 1:1.ght, 

reflectJ.0;·1~ i)Il t.h0. 'tube su.ti'ace "' 

The ma,jor ca;u:-;e of the ~1.vb~~m w~s discovered upcm ca.r0f·'-4J. 

obse:.nd/~on 1 using s~ecia..l gvggles r of t-h,e :µoii1ts of c:rossin~ of the 

la,ser bea1:1s th:r:-ough -the tube walls" It was ncticed. trq.t the light was 

refJ.ectcd on a groat. m"•d)er of ~:.nu~e ci·acks in the. depth of the tube 

mate,_·ia.J. o 1:1i~ caused the who~ . .) t1.!·~1e to glow ~s the laser penetrated. 

the tube w?lJD,, 

~.'he z.olu:tio:n Ha.s to use optical qua1.ity glass windc·.-is for the p.1.Bsage 
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of the beams. Manufacturing cost of elaborate ·optical windows, similar 

to these ment.ioned in Ref.(39), would have been excessive. Furthermore 

the deliverf period of such windows could not'."·be tolerated du_e to the 

t.:i.me restrictions impo:sed. on the project. A simple solution was the 

use of ordinary m:i.cr·oscope slides as windows. The microscope slides by 
' . . 

virtue of their function are made of an optical quality glass. 

Furthermore they had dimensions which were suitable for use on the 

present rigs An experimental window 1-Ias mounted in a matching slot in 

the secondary duct. 'l'he result was a dramatic improvement ia the 

qu3.lity of the correlogram, plate (.5). As a consequence of that 

success it was decio.ea to adopt this simple solution. Fig. (8-2) is a 

diagramat:i.c sketch illustrating the dimensions of the windows that was 

mounted on the secondary duct and extending beyond the fence over the 

region of interest in the vortex chambe""!7, Tno windows were used: one 

on each side of the dµct, tc facili ta·~e mea.surements in bot.h r:.'..ck ;ind 

fo=rward. scatter modes, Two smaller windows wex-e also mounted r.,n the 

JJL'im.a.ry due:~ t.o e:nable measurement in the region of interest ~.ear tho 

hXit of the primary duct. Every poEsible care was ~!{eri to e!lsure t:1~-t, 

the ,.,.indows were parallel and tanger1..{,~i?.:-l to· the surface of ·l-1:be. ca,:t: 

r,as also taken to l!11_nimize the a.mom~t, of intrusion by t.he gfas.::5 insi0_1:~ 

the t.ube to ensure that the flow _would noi be disturbed by the . 

presence of t.he windows. !"'late (6) show$ the final shape vf th~ test 

sectio:ni! 
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CHAPTER NINE 

9. 'l'HE EXPERIMEN'l1AL PROCEDURE AND CALCUIN£ION OF RESULTS: 

9.1 Fluidic tests: 

At the beginning of the present experimental programme on the mv rig 11 

some preliminary fluidic tests were necessary~ these can be summarized 

as follows:-

1- To assess the performance of the I.JJV diffuser model and to compare 

it with the performance of the geometric-optimisation model as 

described i.n chapter six., 

2= To assess the steadiness, the stability, and the symmetry of the 

flow at the precise runi.ng condi ticms selected for the LDV tests., 

3- To inves tiga-te, quali ta:'ci vely, the floti beh&.v iour inside the 

diffuser 9 particularly the size of the recirculation zone 

downstream of the fence. 

I+- To gain experience in the control of· .the flow so that its 

para.meters could be fixed. oYer long dura t:ions of testing. 

Acco:rd.ingly, LlJV measurements could be executed at constant flow 

conditions. 

9.1.,1 Tbe diffuser nerforma.nce and t.he flow control:_ 

Figo (9 .... 1) shows_ a, typical 'result taken from the tests con.ducted. to 

assess i.hr:;1 performance of the LIN diffuser mo~lel Q The figure 

ilhistra:c.es a. comparison between the performance of t.he WV diffuser 

model and the performa,nce of the geometric opti:rdsaticn model; the 

results show a good agreement between the perf o:cmance of t,he two 

models. 

The minimum blee.d. rate req_uiremen:t. operat:i.ng condi'tion, ~by 

definition~ is a. critical ope:ca:ting conaJ_tion .. 1\ Cranfield. diffuser 
. . ' tl . I • 7 .. 1 ., t . ·1 • T, - . -I '"'-P ~· opera.t-ing a-:.:. .us pB,ruc1.Lar o eeu re~ ~e :t.s J.lr:e~y .;,o su:.t i:er :1.rom 

some instability in its peJ":forrr1ance as a resu]J.~ of small changes in 

running· condi t.ions o The~1e changes could. l1e due to external 

disturb.:.1-ncBc such as a ·slight reduction in the supply voltage of the 

suction fan or a slight change in Ba:nnnetric p:r·cssure lead:i..ng to a. 

reduction in the b1eed 1:a.te J thE:. consequence of which would be a 

change in the floH pattern. inside the d.iffuser $ Consequently it was 
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decided to conduct. the detailed LDV measurement at a bleed rate 

higher than the minimum bleed rate requirement. A bleed rate of 

about 5% was felt a.deq~ate for this purpose. 

Tes-t.s were conducted to determine the values of all the measurable 

fluidic parameters at. this bleed rate for future use in setting up 

and control of the madel. These values, table (9-1), were subject 

to small changes due to slight changes in the baromet.ric pressw:e or 

the ambient· t.em:pcrature .. To obviate this deficiency a special 

programme was written for the PET computer to fa.cilita.te a quick 

means of calculating the running conditions and the performance 

parameters on site., The prograrrJne was recorded on tape and was used 

at the beginnine; of each testing session to control the operating 

conditions a 

Table (9-1) 
The required values of the f1uidic parameters • 

Pz hl hz h3 hLi, 
.1. 

PB tB v 

mba.r in HzO in H
2

0 in H20 in HzO C mm HzO C 

1015 40 16 38t'2_5 16~55 19 -759 5 

E/1 Pc P1 Pz I P2 II p? III p IV p,, ·V 
~•-· 2 '-, 

% mm 1{20 mm· H,)O 
~ 

mm H
2
o mm H

2
0 mm H:P mm HzO mm HzO 

.0 ··lT? ,.,.lOf+ 
I -28..4 ... 13.,3 ... 6.,2 -2.7.5 -0 .. 8.5 

rrne va;lues of the r)erformance para.meters of t.he diffuser when 

operating at these running condition were as follows:-

1 ;; 81«2-% 

C = Oe68 p 

Ve = 0.t218 

9.,L2 Qua.litative investigation of the floN: 

r I, ~.,-\ 

'"' 10 

67(;.5 

The static :pressure and the ·tota.l pressure probes s: described. in 

cha1Jter six, were used_ to investigate the r3ta.bHi t.y, the stcad.iner5s r 

e.nd t.he symmetry of the flow. 'fbe results. showed that the flow 
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cond.Hion was satisf'actor;y. The results of the totaJ. pressure probe 

measurements were also used as estimates for the velocity levels at 

various regions of the flow .. These estimates were of particular 

importance in the selection of certain components of the 

transmitting optics& This will ·be discussed in detail la-te:r. in this 

chapter~ 

A simple wool tuft mounted on a wancl was used to estimate the size 

of the recircula.tion zone downstream of the fence. 'l'he observations 

$hewed that it occupied a. length of' about. 25 mm, Le about ½n1 i, 

downstream of the fence. 

9.2 Flow pa .. rameters and. the experimental grid: 

The flow parameterG to be measured were: 

1 ... The 

2- 'l'l-113 

3- The 

L~- 'l'.hc 

axial mea.:i:1 velocity com;-onents r u1 .. 

radial mean veloc~.ty cm~ponents i: IT2 • 
--:'5 

axial no:r·mal Reynolds~ stress jl lJ...., (; 
. --;2 

:radial norma.1 Reynold8' st,ress, v ~. 

5- The ta.ngentia.l norma.l Reynolds' stress, 1i2 ~ 
6- '£he Reynolds I sh1.)ar stres;!= in. the x-:c plane g _u{r d 

7... The static :pressure" p.., 

·These were to be mea.sure:l ?,:t. all the nodes of a two cl.imensional grid 
' • I,., • • ,, . 

systemr referred_ to as ·c.he experimen-t.a.1 grid, covering the flow field, 

Fig o ( 9.,.2) ~ rrhe grid.· 15.nes a:c2 :parallel to thfl x ... coordina te ancl the 

r•0 cooroinato axi.s, 1lhe ·first ones were d.:istingu~shed by the indcx(j) ~ 

and the J.a.ter ones by (i),. 11he index (i) va.:des f:com (1) to (43) 

( .) J, (1) to (2.3) giving 23 
grid li:i1es,, ':foe intei--seci:.ion of the g:cid lines i i a e o · the nodes of the 

g:t"id ~ usr.e used as measuremerrt st.ati<.ms ~ ~:he first. ic.nline was -taken at. 

a distance of 47 mm (la e 0110 p:i:imary 0.uct diameter) upstream of the 

:p:d.ma17 cluc-t. exit J.1.pc 1lhe last ·1.-1.ine waG ta.ken at 119 .. j mm 

do·~msfa:eam o.f the fence that. is slightly mora than 2 ~5 D1 .. The first 

j,-line ,-m,s ts,ken to coincide w.1.th tb.e a:d.s of symmf~try and ths la.st 

j~J.in-3 was taken as coinciding with the inner wall of the seconda:r.--y 

duct g, r.J:he gri(l lines were :pe.,ckE<l togothr::r- where the . r,:1.te of ch2,ngc. of . 

x-•coo:l\lin(.i,t.es of tho i•-...lines., The 11oint cf :i.ntersect:i.or1 of the f::..rst 
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Fig.(9-2): The experimental ~id. 
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j-•line and the first i-J.ine was taken as the origin of the coordinate 

system .. 

'£able ( 9-2 )a 

The r-c:oo:r:dina. tes of the experimental grid .}-lines o 

j 1 2 3 4 .5 6 7 8 9 10 11 

r mm 0 6 C: 0 _I 10.5 ll.te_5 16.5 18.5 19.5 20o_5 21.5 22.5 23.5 .. 

j_ 12 lJ l'-i· 15 16 ! 17 18 19 20 21 22 23 
r mm 25 26 27 28 29 I 30 31 32 33 J~} 35 3? 

rrr.ble ( 9-2 }b 

The x .. ,coordina tt::s of· the e....:perirnental grid i-lines. 

! ' I 

s I 9 I i 1 2. 3 l~ 5 6. 7 
I 
I 

X mm 0 8 I 16 24 0·· 32 36 f 30~ '-0 

11 12 13 
42 4) I 44 

-

l I 

i I 
, ,, 

lJ 16 I -. ? l J.8 19 20 21 22 ' 23 24-j 
_-r .... , I j 

X mm! ~ L1.7 ''8 --,-1!.J,o 2~i-o r,.5 -r ",:;...) i ' ,; • _, I :)\ H., 5le25!52.2_5 _:;3 c2_5 5L~.25 j 55_ .. 25 55.25 

j_ 2_"1 ; 26 I 2? 2.8 I 29 ;O I 

31 I 3 
X m:.: t:;·J."ijl ~8 'V,f)() ;.>t; 6'"' ,..., c; I., lJ, r ~ 67./5 70.25 7L1-,✓' • G._ l _; & I_) V. --_./ ~et.... _ _,,o .• t:.,j 

·-- -----.--
I i I 

···-r-·--

:b· ·p 37 38 39 liO 41 :.:,,2 L:-
.. ,. mm 36-25 9L+" ') 5 lt)2. 25 ~ 10 .25:) ~2 ~ 751135 .25 I 14•? .• '?5. :'t.60.2.5 172~ .;-.., 

calculated from t.he m8asurements of tr:.e LDV. Tb~ T..Dv i11eo.SUl~es the mean 

volo<:;ity, V a.nd the .:.:.urbul2rJce intens:: ty, T ir.;. the pla.n~ of i:,he la.f.ur 

beams in ;:1, d:irecti.on perr:n1dicula.r ·i:,o the a:.::is 1-1f sy1_m~etry 0f tho two 

boa.ms, Fotu:- ),1ea~;uremen.ts lH:::l·e to be taken for e~ch g::c~d node :i- 'l'hree of 

thes0 wer~ to be taken wi-th the t.wo laser be&.ms coin.c5ding with the 

horizonal plar:0 con~1.ining the c1,xis of symmc~try of t~e diffuser rr.odeJ."' 

':Che axis o:· symmetry of t.he ·be,1.i:1s was set ::.;t, an anf,le, y_ .t.o the axis 

of syml\.3tr.v 0f the diffuser i,.oale}.. '£he angle, 8 was different for ei1ch 

of th~ thk 9e measurements., F:r..:;m the three nHa.s:1remcn"i..s the mean 
- ? ~) ·~ ,, 

velocity components ~l and u2 and -1-.he Reynolds· stresses t1 -· ~ v'-, ana. -uv 
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were calcula.ted~ The method of calculation can be referred to in 

Appendix Ee The te.ngential normal Reynolds 1 stress comp_onent f( was 

measured directly wi.th -the two beams coinciding with a perpendicular 

plane to t,he axis of symmetry of the diffuser model, 

9113 'l'hc-; procedure for setting and adjusting. the optics of' the LDV system; 

9. 3 .1 Setting and ad.Justing the trans mi t·L ing optics : 

There are two easer_.. to ·be considered. The f:irst J,t; when the 

frequency shift.eril or the phase modulater, was not 1$edi and the 

second case➔ is when it was used. 

9. 3. 1. 1 Setting t.he trarn3mi. tting optics wi t~out the freauency shifter: 

An es·~imation of t~;.e level of t:i:,e mec:1,n. velocity wa;:; required ~-o 

t.hat tl1e frilige spacing coulJ. · be calc11lated and b.ence the beam 
' separation, :.H.d +.be beam ,"ro~sing dis ~afo~e coulJ. b0 deter:,ined. 

1-itiis is bc--.;t i.llust:ta.-1:.cd by the f'0J10,dng ex;;.mple. Sup:p0sing that 

the estimated vaJue of the mean velocityg V was of ti:1e order. of 

l+c m/~" The da:ta. · proc::.suor raquires ~.t lf'ast. six :p0:i.11ts p_er -

Dopi_~ler (~?Cl:: t.o be· able to c:1.na1.:,rsc t~e curroJ.egra.ffi,. .rlef c, (.53). 

HencP;. beth ·f'.\1e. sa.m:ple t:..:inG ::nci the' :t·rengf: s·oaci1:g shovl.d be 

select.'?ct so that tt.;; ~orrol-:;gri:1m w~ulci h9.ve a.t least. s i.x :poin~s 

per r~,:pplcr ')ycle_. To acc8mnd~tG rPaso!1r..bJ.e :!.cvel of' erro::-s -i.n 

the c.5tima·~.ion. 0£' the mf:-.&.n velocity~ ths requ:.recl mrm.bf'r or· 

iJOin:,o :pe""' Doppler r\,rcle ~_?7 w? .. s Laker~ hS t.,-m; O:per~_tJ.ng the · 

co'.:."re] :3.;;:.1)r at H-8 !"a.X.inlUr;J sp_~ed ~ i_-_e ~ __ !~~~--?~-_nimum :~0c_,r;i ble sample 

time of ~ r hence the r:--g_uirt:d D<':r>.Ph:~c pPrioc~ 9 ! r1as ct.lculated 

frorn "i:,j·1? fo.rmu1G.s ?.ef. (52): 

Hencei 

T. = 10 s 

'The ~L~inge spacings- S wa.s calculated from the forrii.i~la: 
:;'\ :::: -v V rr 
I.,· ., .. b-

' --·-,., 

Assum:i.~~g t:1a.t.: V = 40 m/ s 

Hencer 
-"f 

. s = ho x 5 x 10 -.. ~oµ;n I 
Butr-
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Where, 

Li is the beEtm crossing distance 

D, is the beam 

:r.,. is the laser 

From equation (9 ... 3) 

L - --S = 31. 6 1)- -~ 

separation 

light wave 

If' t.he beam Bepa.ra. fion was selected as: 

D = 10 _mm ! 

length 

Hence,, the beam crossing distance was to be se·c as: 

L = 314'6 01~ _ 

Selection of the ratio,:_B do~s not only fix the fringe spacing S~ 

but it also fix tha dimensions of the measuring vcltunP; t,he 

length, L., and the diameter, -~-s Fige (5-5) ,. m 
'rhe length, lm and the diameter dm ·den: calculated. from the 

formulae~ Ref.(40)J 
lm ·- de-i / cos e 

d.m ~ dei / s,'Y> e (9-5~ 

:•lb.ere d e..2· is the ,:.iame'Ler o:f' t~e beam at the focal p~i~t of t~e 

focusing lens~ This can be calculated front.he formula: 

f P le t-he focal len5 thr of ·Lht; focus,.ng lens., 

De:,_, is the beam diameter be:fo:i.e the foc~sing l __ ens, 

11'ig. (5-5). 
If no focusing le:cs was used, -~hen 

1m = Det / c..os e· (9-7) 

(9-8; 

To ensure a, uniform spacing of the ::rinf~f:S ~ tt1e t.wo ueams must 

cross at. ·choir waists r. • .i. e at the fo(;1,1s of the foC;us2ng lens" 

This req_uirement impose o, J.imi ta·t~.on on the selection of the 

crossing d.istanc.e f L. 

'I'he conclusion is that both th0 beam scpa:ration!i D ~r.-~ t:.:-, bea!:1 

cr_?~~3-:_n_~_.9-i_st_0:!~c~ f L must be sel0ct.0d to give the best compromise 

l,c~t.ween the fringe spacing c,,nd the f:,ize of the measuring vol 1.l:118" 



101 

Once 1 D ancl L were selsct.ed, the procedure for setting the 

· -transmitting optics was simple an(i i.s su1nmarized as folJ.o~:s: 

1- The rear knobr, O?'l the beam splitter, was manipulated so t,hut 

the beam scp::n·ation was fixed at the requir1c.-<l value. 

2- 'l'he front knob was adjusted so tha.t the two bea.ms crossed at 

the required distance .. 

.3- The hAight of the carrying bJ:ackets were then ad.jus·~ed so that 

the plane of the two beams coinsided uith the horizontal plane 

containing the gxis of symmetry of the diffuser modelr. 

4- 'Ihe optical hencn, carrying the transmit.ting optics r wa.s them 

tilted so that t.he axis of symmetry of the two beams 

intersected the axis of symmetry of the diffuser mod.el a.t -the 

:r:e0_uired angle, o 

5.,,. 'foe traverse ta.ble was then moved in the radial direction 

untD the c:cos:::ing 1;oint of thB two bea.ms fell on the inside 

face:; c.r tl1e fa.r -window of the modeL The fa:averse ta"blo sea.le 

:r.c~d:i.ng wa.s th.0111 ta,!:en o.nd recorded. 'I'he traverse table wa.s 

tllcn moved !:adial1y ~:;,clrnarcls until the crossing pcd.nt fell 

c:;1 the incide face of -the itear window. of t.he 1nodel.., The 

tra.··l3::css ts,b7 e scc1,l3 reading was then taken and. recorded" 'I·}~F~ 

trav~rsc ·1.,able ~'f8-S then moved for-;,i-ard by a d:istan~e equal to 

half tho :l.ifference be.1-,r~-~211 ~he two rccu:rded rea.diq5s C, 

b·- :rte t.rr.1,/c:me t..s:.hJ.q ~-:-as then :novcd ax:i ally) then :!:'2rlia,lly, fo:L 

pre•-<l.etc:.·ml:neu. ct: .. st.a.li.C8s s-:) that ·the 1->i:.J.m cro:::sing point 

cuir..~ided with th~ :required node on the exp,~r, mental gri6 ., 

I!! t~,~ c?se of 1.:..sing ·t.he frequenct shiftersi no fo:;u.sing lens was 

usPd -p:r:inr t0 ihe heQ,~ s:p1~ tter. For focusiDg _the bea:;:s r in this 

case~ r3lian'"'e w?.~, rut or the -roe-using_ 1er:.s. pla.ced afts:r the 

fTCJq_ue:i:icy shJ.f-c,;;..r, Tte selc.~t:i..on of the ratio r[p, in this i:ase_. 

wa.s governed by- the s:.me factors discussed in sect.ion 9c:J.lcJ..., 
1 

Tbe on1y rl.:i.ffc-ren.-:;:, ho~ever Has that. the f:r;eque.ncy shift.er 

reg_vJ.red a const.ani_bea.m s§J?~ration of 20 !£!!1 11 Rt~f., ( 49)., 

0onscqur-!)tly 51 cont:ro lling t.he f:r;inge spacing and the measuring 

volume ~izc c0u1r~ only l)t?. achieved. by cha.Y1ging the lens it.self" 

~r!:c 2..lignment c:~ tho tranmni ti,ing opt.5.cs t in this case ii required 
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p:.,.:Lience r skill r and experience. 'l'J1e procedure can be summarize.cl. 

as fol1ows: .... 

1 ... 'l'he laser and the beam splitter were set. so that the pJ.a.ne of . 

the beams coincided with the horizontal plane containing the 

a,xie of symmetry of the diffuser model~ 

2- The front knob ·was then adjusted, so that. t,he beam se:pa.:r.ation 

was sci~ at 20 mm fr 

3- The rear knob was then manipu:i ated so that. the two beams were 

parallel. This was achie·red by measur:i.r!g the distance between 

4-
-the 1)02.IBS at a, far dist:--1,nce and ensuring that i.t was 20 mm. 

The carrying brackets were then manipula.t&J so that the two 

beams were paralle.!. to the optical bench and t.hair axis of 

symmet.ry was oi.i.'sct from it to tte righ-t. (looking from the 

bar:k) hy 2.5 mme 

?J.5~ .. :ihe vertically polarized 7 ielrt ~r,::rging from tli~ bHam splitter 

was rofa:1:.ed by 90° usi.'1g the polari..za:t.ion rotatnr. 

L\6- The frequenc.::y shi..2ter; wH,hout the fo..;using Jens, v1as then 

mvm,.ted on the: 0p·tfoal 1k:nch. ~-:he hci6:~t 0f the f:·:eq-:.iency 

•shift.er : was adjusted b,,.- manipi;.:at.ing ine three carryin[r 

screws and b pring r.techani~ms e rrhe adjustmet1t w;: .. s made so that 

the er.rs-Lal ;-ms horiznnt~1 a~1d ~he bear") ~:i+,s the input s5.de 

of the freq1.1tmcy shii't:n: at, the ruc:e.1.e of th3•crystal .i:·a~~e. 

~- 7- A ray d.J.f.:.gram of the :cecr1:i.red fre.::r~ar:~i shi.f-cer ~et·tine_: is 

g~ven j.11 llef. (1+9) e The out~,ut bdams weri:-~ c0ntn:d abo-t.1+ the 

ontJ.cal 1)ench axi~ 10 mm ci u~e:r sid.~ of :. t i11 tr .. 8 horizont,al 

f.> ... The pr&".ri,'1:13iy i:>C. lected focus.:ing ·:ens wa.s t:wn monn-tea in its 

specia1 holder which ,-.-as the:i ~ount.~d on the 01.n:,J:'ut. encl of t.he 

frl-quericy sh; fter!-

:J 9- Tht: coi---:rect vo:aa.g:; wo..G th~n se l~ by -~he •• Ad ju~"'.: 2 7T" control 

on -t-,ht: control .f'3,:nel of ·the driv8 unit cf the ficquency 

sh.:fter. rrhe method wnich Wo$ us,-:--d.r, Ref e (_!19)~ 1.r::>,s to ~lace a 

very sl':')):'.t foca1 1engtl1 lens at the ·oflar.1 cros::ing poJ.rrt.-A 

scrc~.:.n was then placed at a s uita:bl? tlb tanc~ behind the lens 

:::o t:Y.i.t tho fringes w<::.t"b clea,rly seen:. 'J.-ne 0 Adj1mt. 2 it 11 was 

mar,J.pula.tec.l until the frh1ges dis2.ppc:trc:,~ completJ.y, i "e • a · · 

condition of zero fringe vi«:ibil:i.ty wa.s rec.:.~hede \ 
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rrhe remainder, of t.he :procedure 1-:as similar to that described in 

section 9-J~LL 

9.3.2 Setting and adjusting -the receiving optics: 

A i:a.y diagram for the al:i.gmment of the receiving optics is given in 

Ref .. (50). 11he parameters which were to be determined before the 

aligmment of the receiving optics are, Fig.(9-J): 
., 

1- The effective or reduced measuring volume length, lm. 

2- The distance from t.he focusing lens to' the·measuring volume, f. 
- I 

3- The angle between the_ .optical axis of the receiving opi:~ics and 

the axis of sym.m8try of the two beams.., e. 
4 ... The distanee between the f'ocusing lens and the pinhole, fa• 

5- The dia.~eter of the pinhole, da• 

'rhe relation between these five parameters was given by the formula, 

Ref. (40): 
F 

Fig .. (9..,.3): Heducing thP effect.we length lm• 

, 
The required reduced measuring volume l9rigth, t11 wa.s selec l.Gd , 
according to the conditions of measurement* A typ:i.cal ~~l:~r~ of lm 

was 2 mm. The :cece.iving optics was fitted with a focus::!"~ :c11s of ----------- -

t.he telephoto type co Conseq uent1y, botn f' and fa wer·e not 1.:-eg_uir0d to 
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be selected or set a,curateJ.y. However, estimates of their values 

were required to establish a relation between da, and.sine from 

eq_ua tion ( 9-9)" 1'he value of f was selected acco::rcling to the 
,,;---

available space for the movement of the rectiiving optics assembly~ 

The value of f~was selected. according to the length of the 

available spewer piecee. There were two spacer piec~s available of 

length 2.5 crn and 6.5 cm respectively. 
, 

spac(~r pieee of 9 cm length. Once lm, ft and fa were selected, 8, I: 

relation betw:•en d~ and. sin 9 was established. The value of the 
--~- ·"=---

a,ngle Pe was also selPcted according to the available space for the 

movement of the I't-;Ce:iving optics_ .. l?inally the dia~eter of i:he 

pinholf• a.a was calcula +,ed from equation ( 9-9),. The nearest available 

pinho:1.e ,,;as used" The diameters of the available pinholes were 

100 ;m; 200 pm, ar.1d l+OO ~Ill_• Once -the values of the previously 

<"1 ir:-cns:::;e{~ paramete:~s w0re determine~ s the procedure for the sett.i~1g 

o.nd adjuR Gement of tiie receiving optics -..:as simple 1 and can be 

summa,rj z.ed a;:;; follows : 

J .... The sui tabl0 l)inhole a.:i:1d spacers were mounted on the receivin5 

z .. 'Ine .!'ec"3iv:tng optic3 acsembJy was placed at the required disw:we 

i a.nd angle ,. 0 .. 

3- The "XJ.) eyepiec0° was rer!'.oved and tr.e receiv1.ng optics was aimec_ 
) 

towards t:ie me:1su .. cing volU,~S. ·rhe _tc,le}!hoto loris was then 

1r,a.n-i.pulr,,to.d. t0 ~ive a, -fo~u::,ed imag~ of tne ,·aea.su.ring volume as 

n0ar a~ J)O.Js J.ble to -1;.f-,e pinhole. 

4- ihe 11XlC1 eyepie~e·; \'ro.$ then plat:ed in its :position. Looking 

-Lhrov~h the ''.Xlv -=yP:picce" ;, both t.he Y-control and the x-control 

!:nc/00 w~rf.: man:_pulated so that the image of the measuring voJ.um~ 

wB.s foc1_1sed exact-ly -:-mto the :pinhole .. 

5- The reflex m.irr0r l,c~s then rotated so that an image of the cros3 

r.:ver a.TC'l yas D2'.:il Gn the .cross wire eyepiece & The centre nf tr:e 

measuring volume wa;:;.t.hen .checked to coincide 11ith the cross 

:-:ires,. c,+,h~ff.dse farther adjustment was made to place it in this 

position .. 

9.4 Tbe overall experime:::ta\ procedure: 

A system:.,ti.c proce(lUY.3 Hcts followed for the conduction of the rnv 
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experiments. 1, -'chis can be summarized a.s follows: 

1- rrhe transmitting optics was set and ad.justed following the 

procedure desc:d.l1ed in section (9 .. 3.1). 

2-· '£he receiving optics was t.hen set and adjusted following the 

p:rocedu.re described. in section (9.,Jo2). 
3- 'dit.h the laser switched off"' both the .supply fan and. the suction -

fan were started following the manufacturervs instructionsci 

4- The inlet flow control valve and tb.,3 suct.icn1 fan throttle valve 

were set at a :pre,d J.etermincd ros i tions. The flow was then left to 

settle down for abou~ twenty minutes • 

.5- r.rhe PEI' computer was switched on and the flow c0ntrol programme, 

was loaded,. . The flow parameters were 1.~ead and. directJ.y fed into the 

computere ThE. hilet :i.'low control vaJ.ve and the :flow meter valves 
' . . 

. were maPi:pulated until. the required flow conditions, as d.oscribed 

in sect.ion ( 9" L 1), ·were achiev~d anc'L .:tabilized. 

6- The laser was then swi tch•~cl on and the uata-procesbor. wa,s switched 

nf'-f' .. 

7- The fre1_u~mcy shif-t~r w~.s then switr.hcd. ct1. Witb the drive> selecto:c 

on the nGutral posi·~ion. , the frequs?:~Y selector was set to tl1e 

pre=r.teter:nined va:ue of :.he ch:ifted fr·J'-lt:Gn~y. ':'he dri·.re o~lector 

was then s~t t0 the required :posit-io:.:i ~it.her d~iva or r0vers•3e 

8- The con.·c:lato:r otc.:i:-e, tho corr-ela-torr tl19 oscE1oRc.o:pei the d.a.ta. 

pro,..essc~, an.J. the printer were switched. ori. in ~he· ord.0r of 

men-c.L . .ming,. 

9- ThB dat.&. proci:;ss0r prog-ram:.ne wa~ then lo2'1ed; ~on~ey_ti:~ntl.)", t~1e 

correlator 1-,1.:s urn~.er the cont.1.:ol ~f th0 data 1)rocesE:,r. The 

expc:r.:·i.mel·it execut:i.vn I::-'Ogramme o:: tl:,,e_ d;:;,ta _pro0essor was executed~ 

.10 .... Or'-ce the progxamme was fully c:XeCt!"teJ. 1 ~he rAs~~ ts we.Le p:dm~ed out 

and hencs -Llv~ experiment was comp1.et9d., 

i1--- rrhe traverss table 1-~::i.s :moved. so th-..i.t the rr.::.,asu:;:-ing: vol.u:me coinc~.tled. 

with the ne::t req_uirer1 ~x:per:men tal grid node ::·ma. th~n the next 

12- At the end of the testing session a switchbg. off rtocedure wv,s 

followed" 'Phis ·,;as e>.actly the re-verse of the s~,d.+ohing on 

procedure. 

Throughout the present ex:periment....;.l nrogramrne, the c :..i. ta proc~)ssor was 

usc.-d. to control the correlator and tu c::tlculato the '."'.'esul ts Q Tbe 
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processor computer programme required to accomplish this wa.s supplied 

by Malvern Instrmnents. A print ... out of the _programme togt.her with its 

description can be fcund in Ref. (.53). . 

9.5 The algorithm used by the data processor to calculate the results: 

This section is provided as a guide to the formulae used in the 

processor progTamme to calculate the mean velocity, '[__ and the 

turbulence intenzity, T from the correl()gram data. It is not intended 

as a theoretical deriva·tion, tld.G is not of inte:::est in the present 

thesis and can be referred -to in Ref.(5J)s, Refo(41), and Ref~(6o). 

· The measurement with the photon correlato:.:- yields a·corre;;logram, plate 

(5), giving information about the probar-ility distribution of 

velocities t.ha t occurred in t.he measuring volume during the · 

J~easuremento A typical correlogram ~-s shvi-rr: dfa.gramatically ) .. n 

Fig. (9-1+). The most striking featllre of the cor::-eloera.rr, is its 

cosinusoid shape which is <ii.le to the inte!lsity fluctuations cal1sed by 

the scattPr3.ng particls~ ~rosGing ~he fringes a.~ .. l f.'~dulatir:g tlle 

by measuring the perivd of tliis e;osinusoic:1 'i 1. 11. rna~suring tne r?.te of 

fringe c:i:.'oss:n?. However, this mea~ veloe;ity est:h1at,e ,-:0uld "'Je si:'!Jject 

to a sys-cem;;i,"i:.ic error du8 to the effer, ts l)f '!;oth tu .. cbulence a!lrl ii:..1:1 te 

be2..mwtd -!:~Lr R~t.. (.5j). 

The data, pr(JGesso:r- programr~? uses tr4~ fi:rst t.urni11; points ~P ~2 ~ and 

I>J of the ~:o~,:1:'.'eJ..;.i,gram, Figo(9-4), for t,hu c~::.cul9.t,ion of th: mean 

velocity f, '( b,116. t~rG t1.1.t.-bulcnce intenc:i.t;y ,. J• r:eh8 aJi19lituc..As ot t~e 

turning points; g..L- r g,, f a.nd g1 ana. the de] ::J.y ·i:.ir.:es flt 1--1hit:h t11ey occur, 
J_, .,,. 

. t 1 , t.
2 

r and -t.3 :C8S!)ec-t5 yely 1 a-.:e all the data 1:·cq·uirPd of the 

ccrrelogram to prod1:1ce tlie mean velocity r V ,rn~ the t11rt;n.:.lence 

intensity, 'l\ TLe processcr- pr(;gr.a.m·me must +.herefo:t.:a locate the 

ar.;?litl',a.s P g and the del2.,y time. t of ea.ch ')f thA th::ec t 1·rning :points, 

'IM.s is achieved. l)y differen-i:iati..011 of the corrtdCbTam1 2.nd .. locating ~ 
th~\ ze1:o cros8 -~~igs v.f the result.an-!-, function or '2he ti iff .::renb.a tion is 

:performed ·hy :::,ubt.raction of adj,t.;Ci1t channels e f. 0r channeJ.s h and 

Q1 + 1) th~s gi-1.res an estimate for -'.;.he delay tir1w (h + ~k) 'hds procedure 

locatE:s each turning point to with:i.t1 0'1e channel reso2ution of the 

cqrrGla tor~ The exact turning point is located mdng ;-,, }X%rabolic 
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F. ( n-4' n· . -1g.,, .7 J: 1.agre.mmat.::..c re ;-resent.a tior.L of ~ t:r:pical.. corr:elogra9. 
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interpolation over the three points that bracket ite This is fully 

explained in RefA(53). 

Having calculated g1 , g2 p ~J and t 1 , t 2, t
3 

the programme proceeds as 

folloi;-iS: 

1- The far point am_pli tude, gFP · is calculated from the formula i 1 

AU ■ AC ) 
Srp -.:: -rs- (9-10 

AU, Unclipped channe! 

AC, cli p:ped cl1annel 

TS, total samples. 

2- The r~urri'uer of fringes in the beam radius, r,denoted by n1 is 

-n = f (9-11) 

Whcr,3 5 is the fringe spacing as calculated f::o;.: eg_ua.tion (9..,.3) .. 

3·- 1'he men.sured tw.bulence int1.:-nsi ty, Tm is calculated from the 

fornn.~la.: 

Wh3re, -'"'110 rr.1-t,fo P 2--; calcula.t.ed from the formula: 

p = 9 i - S: . ( 9·<L 3) -·e;:-~f~ 
h- 7·he ei'fectiv·<~ fr.:.nge vi~ib:1::.ity, m :LC empirica.ll~r de+ .. ermined fro.N, 

.ttef. (53) i 

(9-14) 

ls calculated f'rom the formula: 

6- 'Ihe obsrn.-vcJ mean v~Jocity i V0 is determined from t.he formula: 
'-' 

7- '£ hq me.asur3d mean .yeloci ty i V m ~s calculated· from the formula P 
-j 

(9-17) 
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If the frequeney sh:Lftor was used, both the mean velocity and the 

tm:-bulence intensity were t.o be corrected f.or -the effect. of the . 

shifted frequency. The formula .which 1:rere used for the corrections 

were:-

Vt = V,,yi + S /F . ~ 
(9-18) 

7t, - 7~11 ( Vm /Vt) 
._/ 

(9-19) 

~.1here, 

Vt· is the true mean veloc5.ty e 

V m- is the measured mean velocity. 

s is the fringe spacing. 

f is the shifted ~reg_uency~ s 

Tt ::..s the true t,,rbulence ir:tens:ty. 

T m 
)_S the r.1easv.red tu.rbule::.cc inteJ.1si ty. 
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CJU1PI'fm -TEN 

10, F.ESUL'l'S AND DISCUSSION$: 

10.1 Introduction: 

It rnay be recallecl that ·the p:r.ime object of the present. part of -this 

study was to obtain enough information about the velocity distribution 

and the turbulence structure so that the flow behaviour inside th~ 

C:r.anfield diffuser could be understood. The information wGre obtained 

from a long and laborious experimental programme I) 'This chapter was 

intended to present a!ld discuss these experime~tal results. 

·10.2 Net.hod of uresenta.tion of the :results: . ~ 

The re::m.lt.8 of the static pressure measurP-ments are presented :i.n 

Appendix Fl 9 ,~hich contains eight figu:i..as numbered from Figci t~:-1-1) to 

Fig~ (.Fl-8) ~ In each figure the locG.l static i?J-'essure reco1ery 

1:aramete:ci (p-po )/½eot..,u~ 1 was plotted versuc ·t,1:1) rac!.iusc, r, f'or 

different axia1 distances, X, as j~dica-t0d on the i~igurPs. T·11e 

re:[\1rence static ::pres$ure, p
0 9 i;as the area a.veraged svi:~ic presst'-=~e 

at the dattm1 plane, X = O. The refer0nce V3lc,ci-f:',y, Uof was the 

nominal inlet axial velocity which, in this cp_sp w?.s .50m/;;G 

Ti1e iis-t.r:lbution of the uon<.lir~ansj t')nal axial cornpon~nt n-:· the meal'\ 

ve],c,ci ty. U/U0 \ is sh:,m1 in Appendh: ?2> whh:h cont.ain.:5 0les;.r~:u. 

figtL-res 111.rnib0:ced 1·rom Figc tFz .... 1) -to F.:g. (F2-1J ) .. Ec:.\h 1igLtre corn:;)i:::;-'c.s 

of a 1m.mbe:i.:" of velocH-,y p:·ofiles me~,s1p:·ed at diff'e:rent axia1 

ciistances ti X J as indic:1:t-1.Yl on the figu:t::s. Si::-1ilarly, the nc:1-

J.imc11.sion.a1 raf.ial component of -t.he mean Vt;locity, v__[g,. i~ !':;:escntec 

:tn Appendix F3 which contains eig;1t figures with n~;n·berb from 

Figo(FJ-1) to Fig.(FJ-8)~ 

·rhe flow wa.s -'(..reated as bei:1g in-.:;ompressibler, i~~ the ds!1sityi e P Wt"\6 -

-· - ·-;z 
considered. constant. 1rher-efore' u2 r, v2 f -uv 11 and H • were 

-.,? 7.2. -;, 775 
proportional t,o the Reynolds~ stresses r eu.- t ~v ~ euv and e w---

? 
respectiveJ.r ~ Those wr-;re non .. ~lb-.ensi on~li!:,cd by diYicling t.hem by Uo o ·- ,., 
The distributions of the no:n-d.imensioll11 Reynolds O stresses fl u.2 /u-~ ~ 
v2/u~ ,. ..,~"iJ.'fi/u~ and ~?/u~ were presented in -the Appendices F'4·, F5t, 

F'6 and F? re,s:pectively.-
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The profiles showing the distribution of the non.....a.imensional kinet.ic 

energy of turbulence., k/i • were presented i~ Appendix FB, which 

contains eleven figures numbered from Figo(FB-1) to Fig~(.F8-ll)~ In 

each figure, k/U~ was plot,ted against the radius, r, for different 

axial distances" Xp as indicat.ede 

lOoJ Discussion: 

For the purpose of -the discussionc the flow field was divided into 

el~ven regions each hav-ing its own distinctive chara.cterb-t:1.0s. 

Fig. (10-1) is a di~crrammai:,ic sketch showing the position and 

dimen~dons of these ~cegions. The results obtained from each region 

are discussed in a separate sectiono In each section th~ o:ro.er of 

discussion is as follows: 

(a) 'fhe static 11ressure distributione 

(b) The distribution of the mean velc~ity. 

(c) The dist:dbut.ion of the Reynolds v stresses. 

(i) The dietribut.ion cf the kinetic energy of -cm;;uleL.Oeo 

This :1.s followed, at the end of each s~ction, by ~ gen~r.:tl ai~cuss:i...on 

abovt thE, behaviour of the flow in 4-.l:a t. pa.rtic"i.uar regioi.1 t'; 

10.J.l B?gion (1) 9 °approach region" o 

f&;:.zzzzzzzzz:t7- ?:2 z,.z a✓zzr.2T7 
· · · . ~, ;zzrii:ZZZZZZZ,U%22,.zz:LZ::ZZ,.. ,- Z:::Z:.:.2.2.2 

I I I ,·. I •. 

I 11 ! 1U : 9 . 1 I . ! . . · 1 1 .I I , . , 
. I . I I • 

~~22zzz~~zzz;:7_·z~~y ....... \l ~ l I 
I.'- II 5 161 7.. I 
I "-. 1 II I I I 

. II ! I 

1 1 1 2 3lf'@1 j: l 
I~ .I 11 1' I 
I "- ·'1 It . I I t 

· . F. · , ~ II · '! I : . : 
·--L-~- '\. ... ...t--- It, __ __,___._ ---- -----.l..--· -----

1 
I 

10.3.1.1 The s·tatic pressure dist.ribu-t~iom 

This region is characterized by a gPnera.l slight.· decrease in the 

level of tJie static pressure as t.h.e fJow progrcB.::;;es do.ms~rea.mc. 

The profilesr, Fig" tFl-1), also show a. smal::i.' increase i1-:. ·~he 

measured static pressure near the wa::i.l .. Thio is prob:1 . .'nlj· d-..:.:i to 

the effect of thH higher J.evel of tw..cbulence int.he neighbourhood 

of the wa]l. As the flow reachs the downstream boundary oi this 
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regioi:, X = 24mm, the static pressure near the cent.re of the flow 

stops decreasingc 

Another interesting feat~e of the static pressure distribution 

at this plane is the appearance of a slight dip in the profile at 

a radius of about 18 • .5 min~ ioe at a distance of about .5mm from 

the walle 

10.3.1..2 The mean velocity distribution: 

The profiles of the axial component of the mean velocity, 

Fig.tF2-l)r are characteriz~d by a progressive increaae in the 

value of U/U0 at the co:;ce of the floi-; as the flow proceeds 

downstream. For continuity reason~, this ls a.ccompa.nicd by a 

progressive decrease in U/Udin the region adjacent to the wall., 

The mean velocity in this region had no radial componE--n-t._ 

indicating that, the flow was axial and para.llel" 

10 • .3c;1,,3 The Reynoldse stresses diGtribution: 

The profiles showing the distribution of tho normal Reyn.oldsg 

stresses u.2/u; and v2/u~·'e Fig~ (F4·-l) and Figo (F5-l)~ are quite 

~imilar particularly at the core of the flow~ Their values a.re 

;elatively lo·w, of the· order of l.0x10:3 
t: and are nearly unifo:L"ffi 

up to a radius of about. l6nm16 fihis indicates that the -'c.urbu.lence 

in this :region is :fairly isotropic c ... nd homogeneous. Nearer to 
- - ? the wall O u2 /u~ increases with a higher rate than does -<t2 /u; . 

At the radial position of their peaks~ which is.the same for 

bo-t.h of them and is at r = 2.L25nrnt there is a significant 

difference between their magnitu:les$ This difference increases 

progressively as the flow approaches the downst:,ream .boundary of 

this ragiono 

-;-;/? As expect.ed the Reynolds O shear s"t::ress uv u-; has a m~gative value 

of the duct.,; :Che vaJ.ueB 

ma.gnitucle . of both ~2 /u~ 

me➔asu:r.·er11ents werc-J taken at the far side 

of -fr.':/u2 are of· the saJne o:cd.er of 

~r.,d v' 2/qZ, 11}1·~ ,-~ad;al -noBition at which «~-..:.A : ~ .. V (: w - .. ~ . ..a.. . .t' 

is also the same as tha.t, of both 
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- 2 - "' 
112/00 and v2/u; which is r = 21.25mm. At. the exi\boundary of 

-;-;;12 -:-Z;?. - _2 this region the peak values of u1-- U0 , v . tJ; and -uv /u; are 

·4.1 x 10-3 , 2.5 x 10-3.and 4,,2 x-10"""3 respectively. 

It was· not possible to measure 1i /u; in this region. It is 

believed that the reason-for this is that the value or?/u; in 

this region 1•.ra,s too lou to be detected -by t.he IlJV which was used .. 

10 .. 3.1_.4 The distribution of the kinetic energy of turbulence: 

The profiles of·· the kinetic energy · of . turbulence, Fig~ ( FB-1), 

also indicate that turbulence levels at the core of the flow are 

fairly weak but that it.. is both isotropic and homogeneous. Near 

to the wall the value of k/if; increases until it reaches its 

maximum value at about 2·- IPJn away from the wallc The profiles 

maintain these features except for a continuous increa.&.-:J in t.he 

peak value a.s the flow progresses d.ownstream 0 The :peak value of 
? ~ 

k/tr; at the dowi1Stream boundary of this region is about Jo2 x 10-

l0.J111.5 The flow behaviour in the a.pproach region: 

From the above discussions it can be conclud.ed that ·C~a flow in 

the approach region behaves· in a similar manner as turbuJ.cnt 

flows in the a,:pproach length at the en-trance of a pipeo The 

reason behind the _relatively low vc1,lues of the Reynolds q stresSf;H 

and the kinetic energy of turbulence is believed. to bs the effect 

of the carefully contoured. inlet nozzle. At the downstream 

boundar-J of this regionf X = zl-r mmp t,he flow· does not reach the 

condition of a fully developed pipe flow & i. e tl?e boundary layer 

does not grow to physically fill tho whole cross section of the 

primary ducto At this :plane -the sink effectt re~ulting from the 

suction at the entrance of the vortex <?hamber> 1:legins -'Go be 

noticeablee 

10. 3 .. 2 Region(2), ttt,he region of the sink cffecV': 

10c:J.2"1 The static pressure distribu:tionf 

The distribution of the static pressure :i.n this .. regi.onil · 

Fig" lFl .... 2) t is cha.racterizcd by a, continuous increase in the 
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static pressure at the co:r·e of the flow as it progresses 

downstreamcr It can also be se(m from the profiles -tha.t the cross

section of this core is ex1r1nding as the flow progresses 

downstream,. A more -striking feature of the profiles is that the 

dip1- which was first noticed at t.he plane X = 24 mm, is not only 

becoming deeper but also moves tow-a.r·ds ·the wall as :the flow 

_ proceeds downstream. 

__ __._,..-__ _ 

Ths pr0f~.:'-~s of the a.Y~ial co1npo11ent. o:t' $tl1e n1ean ·"'"elocity t 

Fig,,(F2-2), indic2.te that the fluid at -the core of the flow 

deceleratez progressiv(;ly as the flow approaches the exit lip .. 

Ft.rrt!~ermorep the cross-sectional area of this core expands a.c -tl·1e 

OlosPr 7-0 the wall tht:::re :is a. region nf p:r-ogressively inc:red.sing 

velocity" tne .:resi~l11 is a p:t;ogressiyely steeper Vbloci ty gradie~t 

in the bmeclk;:.A vicinity cf the wrll as the flc,w proceeds 

do~r:i.1st:r-ec..m c The C-;)m".:ilnation of . the decelerating :!:low t nea:c the 

e;ent:r·c of' the diffuoe1:., and the c.ccelerating one in the 

n~ighbmu·hood. of +he wa..11 has the effect. of moving the ].)r.mi tion •. 

of' .,.:,h12;J peak of -:he ve.J..ocit:v· :prof j_le from the centre of the flow 

nea.1.·er to thz. wall~ ~-s {~he flo1◄ progresses down,3tream o Near the 

exit lipp the velocity profiles have a distici:.lve hate shape--

In this region" the flow does not posses a significan-c radic:..l · 

velocit.y comror1cr:.t-; FiK•lFJ-l)i until further downstream i~e at 

X = 40 mmf) 

At this pla.ne, Hie rlow in the neighbourhood. of the wa,11 which is 

~cceler~.ting in ihe axial direction has negative values cf V /if;,. 
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This decreases progressively as the flow proceeds further 

downstream towards the primary duct exit lip. 

At the exit boundary of -this region, X = 47 mm, the radial 

component of the mean velocity nearly vanishes.This means that 

the flow in the_neighbourhood of the wall regains its axial 

' motion at the plane of the primary duct exit li:p o .. 

10.3.2.3 The distribution of the Reynolds' stresses: 

The profiles of the axial normal Reynolds c s--'c,ress 9 Fig. (F4-2), 

show that u.2/U~ increases very rapidly as the flow proceeds 

do1-mstream. The rate of increase is maximum at -the position of 

profile peak, r = 21.25 mm. At the exit b0ux1da.ry of this region, 

X = 47 mm., the value of {12 /u~ · at -the centre of the flow was 

6 .. 2 x 10-3,-this is 4.!} tiJnes its value at the i..rilet boundary 9 of 

this region" The value of u.2/u~ at the peak of the profile at the 

exit boundary was 2i~6 x 10-3., which is 4(17 times its value at the 

inlet boundarye 

rrhe distribution of the ta.dial norma .. 1 Reynolds" s·tress 0 Fig» tF.5 .. ·2), 
~·2 shows that v /U 0• hB,s the same tendency to i~crease ra piclly as the 

flow proceeds downstream except that the ratio between the rate of 

in.crease at the position of the peak Ya.lue and.that-. at the centre 

of the flow is much higher in this aase(' 

At .t.h .J. ... th r- -;z/u2 .:. I t· 1 0 9 10 3 d 1., e cenvre 0:t 6 .. J.OW V '; t.,a, WS 118 Va. UeS o X , . .., an 

le 9. x 10-3 a·~ the inle-t and exit ·bouncla.ries of this region 

respect:i.vely c This gives a ra·tio of al1out z,J : I 1srhich is le:.:;s than 

half that of 0/rt; .. At r = 21.25: which is the position of the 
-;:;; ~ 3 

peak of the _profiles, v'--/U; takes the values 2Q9 :,;: 10""' and 

19 x 10=3 at. t,he inlet and· exit boundaries of this region 

respectively~ This gives a ratio of about 6.6:1 which ls about lei+ 

times that of {l/u;o 

The above mentioned changes of u.2/i and. "J2 /u; can be pa.:rtially 

_explained at lea.st qualitatively 'by relati.ng tho local values of 

these two p11.-a.me-ters a.ni also t,he:i..r local ra i:.es of change 1-.o -Lhe 

corresponding velocity gradients Q Th.is i.s e .. n over .... simpJ.ification 



117 

of the problem but it does explain the high rate of change of - ') v2/u~ in the neighbourhood of the wall since Vis equally 

dramatically changing in this region" The exact relationship 

be-tween the normal Rey11olds~ stresses and the magnitudes and 

gradients of their corresponding mean velocity components is very 

complex and. is sufficiently irr~portant to merit a separate study 

'limited to thi.s one phenomenon. 

The distribution of the Reynolds 0 shear stressf Fig.(Fb-2) 11 is 

more complex .than that of u2/u? · or 0 /u~ 1tNear the inlet. boundary of 

this region the :p.i:'ofile- of-tL"V /u; is si.milar to those of <i2/u~ and 

~ /tl:. Downstream of tha.t boundary the value of -u~/t.f; decreases 

very rapidly over the whole cross-section of tl":.9 flow. The 

clecre8.se continues unt-il the shear stress reverses its sign., At 
-I{ 

X :; 44· mm the shear. stress has i+.s minimum value of about -6 x 10 

at r = 1.5 .. 4 mm aproximatelye Downs-c:r:eam oi' this plane' the dip in 

the profile of --C.v/u; moves -cowards the w~ll and the profile 

becomes flatter, 

The reversal ,-;;f t.he sign of the Reynolds O shec.r st.:,".7~ss · coincides 

uit.h a :i:eversal of t,~e sign of. the g!'a~lisnt of the axial 

cor"i_i;)Onerrt of the mean veloci-t~;r. '.I'h:;..s lndi~a t3s tha.t energy" j s :fed 

from th0 flow 1:egion whi~h arP acc2lerating under the influence 

cf the sink int.0 -~he bouno.ary l::,ye"r" 

The taP~enHal normal Reynolds' stress-; 7;r; 9 was only 

measurable at and downstream 0f the plarif?> X = lJ-;; m.i-n. '.L'he values 
?/2 of fr., U0 in this :i:'egion are so small. that they can be n~glect,ed 

----- ? -
~omparecl to u2 /U';. or ~;,2 /u~., 

J0.J~2o4 Th0 distribution of the kinetic entirgy .cf tu::;:i.)Ulc.:~cf•t 

The profiles of the kinet.ic c:'!'1ergy of turbulrmce in +.his si~!: 

regionp Fig, (li18-2)tt show that the value. of k/ifc; increases 

progressively over -the l;hole cross•,..section. of flow as it )1:r◊.ceeds 

doimstream.: The ra·te of incraasc. at. the core of t.he flow is very 

low compared Hith that in the neighbourhood of the wall Hhere the 

peaks of the profiles are located. The :r:esult is that the :p:.i..ofiles 

t,end. to be more psaJcy as the flow pr,oceeds dowfrst:r:cam * ThB :po;:11{ 
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value of k/U~ at the plane of -l:.he exit lip is about 20o7 x 10-J 

and the corresponding value a-t the centre of the flot-1 is abou1~ 

4.2 X 10-J. 

l0oJo2•5 '1.1he flow behaviour in the sink region~ 

From the above discussion, the main features of the flow in the 

sink region can be summarized as follows: 

1-)The sink effect resulting from the suction at the vortex 

chamber entrance penetrates upstream to a distance of a.~bout 

½ D1 o The result is a_ drop in the sta.tic pressure accompanied 

by a progressive a.cceleratiQ.n of the. fluid in -the region 

adjacent to the boundary layer. 

2- In the early part of the sink regionr the accelerating layer 

possesses. for continuity reasons, a negative radial mean 

velocity component.· This radial component is lost very :ra,pidly 

in the later part of this region and the accelerating la.yer 

regains its axiality a.t the plane of the exit lipo 

3 .... The accelerated strea,m tube is also accompa.niecl by, for 

continuity reasons P ·the decelera·tion of the core of the flow o 

This confirmed by the static pressure measurerr.ent.s uhich 

im3.icatecl that. the I-'~.:'Jssure is pro[_p:·ess:i:1rnly increasing at the 

core of t.he flow as it proceeds towards · the rn .. ·imary duct-exit 

lipo 

4- The combina+.ion of the decelerating flow core and the 

accelerating layer_ in the neighbor~rhood of_ -'che wall has the 

effect of producing a distinctive ha:t. shape velocity profile" 

This is charact.arised by a reversal in the sign of the 

velocity gradient and consequently on the reversal of the 

s-hear stress,, The velocity profile also has a steeper velocity 

.· gradient in the nea.r vicinity of the wa.11~ These two features 

have the effect of promoting the transfer of enere;,f from 'the 

accelerating -1ayer to the bound.a,ry la.yer a,nd hence offsettiug 

the effect of the adverse :pressure g:rad~_ent. that 1wuld ha:·1e 

otherwise been experienced by the boundary layer with out. the 

presence of' the sin!{ effect~ 

5- The increase in the now.al Reynolds O stresses :indicates that the 

t:urbulence intem,i ty is e.lso increasing very rap:uny in thf3 

la.yer a.dj:J.ccnt to the wall~ 1rhis has the off Get of increrJ,sing 

the mixing bet.ween the accoJ.erating layer ancl the bounia.ry 
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layer and herice promoting the energy transfer process. 

10.3.3 Region D)t' 0 the separation region": 
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10.J.Je..l The static pressure disi:,rilmtion: 

The static pressure profiles I in tnis region I indicate thc-.t ~he 

static ~ressure at the core of the flow continues to·risb as the 

flow proceeds from -the plane of the pr:iJi1a1:-y duct exh- li..t? towards 

the fence, Fig,,(.Fl-3) and Fig.(.Fl-4)e ThG results ~lso indicate 

that the depression in i~he profiles continue +.o get. de(~per 

i.mmediatly do-,mstream of the lipo F\irt,her a 0m1stre::i.'l)j · the 

depression gets shallower and clof:er to ·Lhe f'lc,w centre as the 

flo;,r proceeds towards the fer1ce ~ T:.ie:r:o ar-~~ -two likely J:·t:~sons for 

this P t;1e first is ·the rrogressive deceleration of ~,)·1t; &txt)a:m 

tube coincld.ing with the depressionp an-:. the secoad is ths 

strong effect of the growing shea:::- layG.c ~-,.h:i .. ch ter .. is t.o increase 

the ap,arent sfad,ic pressure due io t!-_•P, eff PCt tYl stror.g 

turbulence in the shear layer-: It is vr.;1r_v dj ff5.~ul t -to _

different:ia.-t.e between the two effects because the· ext.r-nt 01' t.he 

influence of' the second one is not ¥.:1own, b'Ll.-t it is e:.v:peote:. t\.) 

~~ a strong one, Hefo(J3)r(62) and. (6:,)., 

The profiles of -t.he axial velocity co1r.ponent of t.h0 flo 1-l, 

F'igo (F2-3), imlieate tl:it. the fluid.~ over t.h.c whole croos-secticn 

of the main flow P decelerates ae it. p:s)ceeds towards U10 ft.nee o 

The deceleration is minimum ·at the: cent.re of the flow .. T!-lis ·trend. 

is rey·ersed for trhe oute1:- strea.m tubesr Le the rate of .:reduction 

of the axial component of the mean velocity increases w.rtl·t r and 

X,, r."'or continuity ree;;sons the:x.~ef ore, this is accompanied. ·uy ;-1,, 
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rapid increase int.he radial velocity component, Fig.(FJ-2). 

10.Jo3•3 The distribution of the Reynolds' stresses? 

The distribution of the Reynolds' stresses indicates the forma:tion 

of a. strong shea,r layer as the fl~;:: separates from the exH; lip 

of -the prima.ry duct. This· is indicated by rmdden_increase in ·the 

peak values of the stresses in a, very short axial dist ... 1nce. A-t 

the lip plane the peak value of {,2/uf; was 2106 x 10-3 while only 

lo2.5 mm downstream of the lip this vaiue jumps to J4e.5 x 10-3 

Fig.(F4-3)c The corresponding values for v2/rl:, Fig.(F.5-3)& are 

19 x 10-3 and 29.2 x 10-3 respec-'c.ivelyo A much higher rate of 

increase is noticed for -u!1 /u~, Fig o (F6-J) r. which he.ii 'the peak 

va.lue of' about 3"2 x 104 at the plane of the lip jumping to 

2L}.,_5 x 10-3 at the :plane of :.1<!125 mm downst:::-cam_.,, an incre~.se of 

nearly one order of 1nagni t1.1de in a distance of. about, 1.25 mmo 

At the time of measurement, these unusua.lly high rate of increase 

in the level of the Re~noldse stresses was thought to include a 

high level of error .. Consequant.ly the results uere checked and. 

recheck.edQ 'I'he final re.:$UH,s confirmed. the previously mentioned 

valuesG There are two likely expJ.a,nations for t'.f1i8 phenomenon .. 'l:he 

first is that it is a genuine pheno:mr.mon uniquely cha~,cterisin€; 

t.his l):';l~rt.ie:ulax· tyJ}G. of flow. The s0c<md. 1 which is more likely., is 

t.ha t. the reported values as being the peak v-a.lues of the Reynolds 5 

stresses at the plane of the lip a .. re not r-·0al peak values and that 

the Re;yn.olds f stresses continue to. increase 'to reach higher 

peak values closer to the wa.llo This is supported by the prasence 

of a thin boundary layer at the _plane of tho li:p .. This could not 

be detected_ because the nearest dis-L:A.nce to the wa.11 at which 

mea.suremcn-t was possible wit.h the UN was 2 mm. The author of 

this thesis is rriore inc.lined to accept t.he second expla.nationc 

Nevert.heleBs, the fact remains that a.. strong shear layer is 

f o:cmed as ·a :r..--esu.lt of t.he ser,aration from· the lip of t,he pr:una,ry 

duct.. 

Fm:ther downstream, the shear layer expands rarlia]ly a.s the flow 
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proceeds~ This indicated by the change in ·t.h0 shape of -there 

. profiles in which the peaks shift to lai"ger · radii. - . 

10.3.3.4 'I1he distribution. of the kinetic energy of t:ur1)ulence: 

'rhe profiles of t.he kinetic energy of turbulence O F~g e tF8 ... 3) 

confirms the e):istance of the expanding shear layer. 

10.3.3,5 The flow behaviour in the separation regiom 

The above obsei··vat,ions were used to build up the following 

understanding 0:f the flow structur-e: 

1-- The exp.~nding flow emerging from the primary duct ex:i.-t is 

further helped l)y tho presence of . .iljhe suction at the entrance 

of the vortex chamber~ 
2- T!'le expansion of the f:i..ow is accompanied by a, general decreas,:j 

in -'~he axial cumponent o.f the mean velocity ancl hence a static; 

3 .... The stream tube wh:1.ch wa.s originally in the imecliate vicinity 

of ·t.he r:rimary duct wall decelera,te mo:ce dramatically s.s i-f:", 

e~·!ters +.ne vorte:r. charriber6) The nex-t stream ·tube d.ecelera:t2. 

less draniat::.cs.11y a.d. possesses a strong radial velocity 

uo1r11)onen+; as it approaches t.,he fencee The :result is a furth?r 

; ncr-~ase il:i. t.~e VG1oc.:•:r.J gra.dient b0tween -t.he two s·tre?..Jr tubes 

'i:his h~l:ps +,o :,:r.~ate t.u:r.ou:i.ence of ~igh intsmJ~.ty ,.,nd 

c.onse(1uantly th~ sheci..r: lr.Jer re~ult,ing f1:-om the sepa.ratiori 

froT\1 1~:h~ lir, 5.s f:uther strengthened a.s the i'low procee<ls 
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10.3.4.1 The static pressure distributio~i 

'l'he static pressure profile at the plane of the downstream face 

of the fencer, Fig3 {Fl-4 )i; show no presence of the di:p. 'rhis 

indfoo,tes that the sink effect does not influence the region 

downstream of the fence. On the contrary the IJrofilo shows a 

sharp increa.se in the static pressure in the vicini-t.y of the 

.fence top., This probably due to the effect of the high turbulence 

level in t,his region" or the formatio~ of a st.agr...at.icn point on 

t.he top of the fenceo 

lOeJ.4.2 The distribu.t.ion of the mec::tn velocity! 

'rhe profiles of the axial component. of the mean velocity~ 

Fig. (F2-1t) show th.a-~. th0 flow acce1era tes near the cent.re cf the 

diffuser as the flow passes through the fencee The radius oft.he 

accelerating region is about 12. mmc. ~rhe flow outside this region, 

dece1t;rates considerably p,3.ri:.icularJy in the nea~ vicinity of ·tho 

fence top i.:l.S i ➔:. pasf;es thr0ugh the ien1..!P., 

The profiles of the rc1.11.ia::;_ compo11.ent of t.!1.e mean velocity, 

Fig. (J:i.,3-,,.3) 9 show a sljgrrt, h1crease in V over the wrole cross

sect,j on c-f -~he flow passing throue;h the fence exce:pt near the top 

of -t.l'!?. fence wh.er~ the g1:adient of the raufa.l c~mponent of' the · 

'l'ht! cl:.st:!:'ibution profiles of ti:1e Reyi.1olds • stresses ~how that ;;, 

good r,art of the sl..2;ar layeri Hhich· was ori~inaily de,1eJ.')ped i:n 

-t.he sepa:r:ation regiont passes through th3 ience o the p,9a.k value 

,>f {°(2./T./; ~ Fig. (_}!'4-5), ::.ncreases &ha::r:.'ply f:,_'om about. ,;O .. J x 10-3 at ....,,, 
-the J:1ane of the upstream face of t.he fence t.0 ~tout 28 .. 9 x 10 J 

at. the :plane of t.r.L8 dowm:.tream :face of the fence" 

trhe pea.k 7alues of v2/u~). F'igo(l?_5-.5)t- a!1a. .. 7fr/D;, it'tig<itF6-4)ri 

wh:i.ch [J.;:e originally highe::r.: th~,n that ~"J:f f~ /U~ increase less 

dr:,ma.tica.lJ.y from. 29e6 x l((J a.nd 27.6 x 10 ... J to J2.4 X ·10···.J and 

29.6 j.: 10-3 respectively. 

Although 112 /U; t Ii'ig o tF?-4,) 1 shows a ccmside:r.ab}.d increaGe in i.ts 



123 

peak values but this values a-.r.c st.ill one oxder of magnit.ude lower 
-- ? 

than the other Reynolds' stresses e The peak value of w2 /tr;; 
increases from 31')1 X 10-4· to 4 X 10-4" 

10eJ.4o4 The distribution of the klnetic energy of turbulenc:e: 

The profiles of the kinetic energy of turbulence 1 Fige0<'}4)t 

show a sudrlen increase in the peak value of k/U; in the 

neighbourhood of the fence top. This indica t.es t.he c~i.:'ea. tion of 

high intene.i-ty turbulencer. 

10~3"4,,5 The flow behaviour in the fence region: 

This can be summarizedr with the help of -'c.he above d:i.scuss:i.on., as 

follows:-

1 ... .-.. Thc flow meets the upstream fc~Cf? of. the fence wi-th a 

rcla·~ivcly high velocity, compared to a zero veloLit.y th.ai:~ 

nould have otherwise existed in the ca,se of a sudd:.:n 

enlargement Ref.t36)(' The ,:e::!.ocity of the flow in the 

immediate vicinity of t.he f e:1c0 drops very shar:p1y ti rlue to -~ne 

non-slip c011dition at -the tcp su::t.."'fc.ce of t.he fence,· Co.t.ising .c.. 

very severe veJ..oci t.y gra~ient e .fn ether woJ.\ic the ~eJ.c:.t.iv ely 

high velocity fluid scrubs a.gai!?qi~ the sharp edgb ~f t.hc fei:~e 

crea tL.:g a new ar.1 s tr.or"t~ ohear layer e 

2- 'I'h~ decelera/~ion of the f1uid ;_n the ~eig:1l1curh~o0. of "the 

fence c?.. ·..1.sc:, 11 for continu, ty :r8asons ~ the f or.-r;~~ ~ion of a :!.o~s.1 

jet c1t the core of the flou"' rrhis enould. cause a ch:c:o in the 

static pressur0 o,t the cor~ of 1-1ow f nouover t no such d.1..'01, hri.s 

been noticed. from the st.a, tic pressure measure'r!1en-ts ". 1 t i~ 

·nel:1.eved that the rec-.son f,Jr th.is is 1ikc1 .y to l,c due t.o the 

presence of l.ocal p:i-:-essure fluc:,;nation.~· and hir;'t1 t.urbuJ.encc~ 

:tntensi-ty affecting -the static presst1r.e meas·!lrementf; Ct 

3- Tho flow still ma.in-ta.ins c1. rela;';;:.ively high level· of r.?..,dic.11. 

mean ve1oci-ty component.~ 'J.'his is pa~·ticularJ.y true in the 

neighbourhood of the :fence Ql 'This :is exnected to help the flow 

to diffuse very rapid_ly in u-~~ nAx·i., region., 
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10.3.5 ReBion (5) "the recirculating rcgiontts 

lO~Je.5•1 The static pressure distribution: 

The static pressure continues to increase over the whole c:ross

section of the main flow, Fig.(Fl-.5)s The shea.r layer separating 

the mainflow and the recirculating zone is strongly influencing 

the sta.tic pressure measurements~ This is indicated by sh0rp. 

increases in the measured values of' the pressure -in ·the·-:rx,ffion of 

this shear layer!" The recircuJ.a.ting zone was not accessibl,e for 

sta t.ic pressu:ra measurement. 

10.3 .. .5.2 The dist.x·ibution of ,the meari velocity: 

'rhe :profiles of the ax:ia.1 ccmponent of the mean velocity ino.ica. t.c 

ihD,t the 1oca1 jet corer which wa.s created due to the pre~.;ence of 

the fence in the fa th of the main floH I continues to exist 

downstream. of the,fence for a short distance and with continuously 

decreasing cross-sect.ion, Ii'igo lF2..,.5) i The velocity difference 

bet.ween this jet core and t.he surrounding·lower velocity air, 

which d.eceJ.erates very xay;idly as tho flow separates from the fence 

edger cause a. shear action which t.ogether with- the effect of the 

ad_verse pressure gradient d.ece1e:ra:tes the fluid in the je·t core 

more rapidly than the su.rrotmd.ing a.ire The result is more uniform 

velocity profiles over the· ..rho le cross.-w.section of the core of the 

flow as it progresses" 

The streamline curvature :i.s more intense near the fence. This 

causes the flow in this region to be able.to negate the effect of 

the general adverse presGure gradient rmd hcmce ciecele~a.te less 

·rapidly immcdiatly doimstream of the fence o This is indicated by 

the presence of decreasing pe1.1.I~ values in the velocity profiles 

which is folloi;,,1ed. by st.eop velocit.y gra.c.1icnts,, 11110 steep velocity 
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gradients lead to a very high ra-t:.e of turbulence production which 

ca.uses an intense mixing process befa-;een t.he ma-in flow and the 

adjacent quiescent, air along the surface of separa·t.iono 'l'his 

causes the quiescent a.h: to be entrained. into the main f'low. 1J.lhe 

demand for e11trah1ment continues as -'che flow proceeds, but 

the presence of the solid boundary interferes with.the inflow -0f 

. the air req_ui:red by the entrainment process,. For reasons of 

continuity, therefore, re-turn flow is established from downstream 

resulting in the formation of a stable 2,one of recirculation, 

whfoh was previm.1sly refen:ed to a.s the"Coanda Bubble'~ 

The originaly high level of radial component of the mean velocity .... 

as possessed by tJ1e rnai!I. flow in ·the. neighbourhood of the shear 

layer, Fig.(FJ-'+):.- helps the mainflow to spread or diffuse, 

rapiclly in the ra~ial directi.on~ :fhe result :i.s a, con.tiri·.1ous 

red'..1c·!:.io:1 i:r.. the size of th~ :t-€':~ircu1.ation zone and i.:.11 er;;_ual 

increase ir... the cross-sE..cticn area of t.h.& mainflow" 1''his causes, 

for continuity reasons, d. g1meral reduction in l:.h0 lovel of both 

-~ht, f;Xie..l and. radial components of the mean velocit.y .. 'I'he 

di.ffu8ion proces~ was 5 .. ce~:ily hel_pP,d by t~,e intense mixing in' the 

sho!!.r layer se,a,rating thA ma.inflow from t.he re:-ci:r:cuJ~~ing region, 

·1 0 3 r. 3 Tl d · · · "-i + • ... ' h · - 1 e .1. ~ _ ·: e:;)c . '10 .L~'trJ._U ~:!.On 0:.C __ .i.', .e .tteyY.1.OJ.( S . S u:rP.SSCS • 

'!'hf:i rleveJ. opment of th:: r:;hea:r layer in t:le re.:;irculation :t:ag3 on 

can 'be der:cribd. ~-~ith .. ;;.~e help of the l{E>ynold:: t Rtress p . .cor'ilesr, 

fig~(Fl+-5)P F-'i~"(F~>··,.5), F5g.(li16,, ... _s) a:1d F:!.g&(F?--~'-). f_s the flow 

se:~aratcs from the fence edge a strong she3-r la.yer d c:velops and 

is joined shortly downst,re~.m uy t.he origin:il s~1er"r la.ye::-, ~Thich 

is trz..v0lling with the :mainflo~~ fJ.-~m +he ·0 se:r:~ra.tion_ re~ionn_, 

throuzh U1e ferJ.~e. The pr<.>ductirm of t.urbulence c~:-itinut:~S on the 

sepa.r;:,~tion SUJ.."f8.0e as ~, result of tl:e ve:ry st~c:i~- velorit.y 

gra<lien-~s at -the s~pa,ration su..rface. This cay~'i-5 furthe:i.: 

strm~sthening 01' the combined shear layers as the :·low proceeds 

downstream.~ 

The. growing strength of t~ie e>~1ear la~rer continuer., for a short 

axial d.istance of about 3 m.rn downstreci.m cf t.hc fE1nce. This is 

indicated by the increase in -t~e teak valuer~ of -the Reyn.olds 9 
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~/ ~. °72;,2 stresses particularly u U~ and v U
0

• 

Downstream of this short axial regiont the shear layer grows in 

size and also moves towa,rds the wall but with rapidly decreasing 

levels of Reynolds' stresses. The thickening layer.grows in the 

outside direction faster than it. does in the inside direction" 

'l'his is indicated by the shif-t, of the peaks of the profiles 

towards a larger radii a.s the flow :proceeds downstream,, The 

Reynolds' stresses at the core of t.he rn.ainflow increase but i-d th 

very low ratesc 

10.3.5 .. 4 The distribution of the kinetic energy of tur°t',11?,nce ~ 

111e dist:dbut.ion profiles of the kinetic energy of turbulence" 

Fig. (FB-_5) 11 :i.ndi.cate that the per-i,k \n3.,lue of k/U~ increas~s f:t·0m 

about. JL-7 x 10-3 at the plane of the doltiistream face of the 

fence to about 6C: x 1d at a plane onlr one millimat.re 
downstream of the fence" The increa.se in t,he kir.-:.;.t,j c enc1·gy of 

hu.:bulence is extracted from ·Lh~ mean. flow,, 

Downstream of this plane$ the l)f!-:tk. v c:,.luc: ot th,1 k:ineti0 2-ner:gy 
. ? 

der.reases very J:a11ic.ily but the ltNel of k/U:;;• ai:; the c::>ra of ·t.he 

f1ou i~ inc-r.easing slowly as ~he fJ ow proceeds i~~m~fa:-e:.m. It, ~-s 

belieYed tha:t rnc,$t of the kinetic energy of tu=bulGllC'::! lost by 

the :'.:'hear lay~r is not dissipated 5 nto hea.t bt!t iE: regain~d by 

the ma.inflow. It :.,3 here that the hypo thesis of './Ortex stret:Jdng 

ari.J. ene.:r:gy ca,scat.iing r :previously discussed in. 0hapter three, is 

Yiolated. Ref. (34) suggested that this is feasi~1.e 9 evPn iii. 

straight p1.pe flows ll in the c:ase cf non:..ohomcgc1.1ious anisotrr.,pi"' 

tux·buJ.ence ~ This is ve-r-y much the casi..:a .-,f Ch3 p;r-ese:1t flow o 

l0(1J~5•.5 The fl0r; behaviour in the reeircmlation regiom 

It is ·believed -that the above discussion gives a comprehensive 

explanation for t.he flo"r behaYiour i!l -c.his region (I '.i.1herc i:s 

nothing new to :1 . .dd here but to P.mpiiasize t,hat it is f~r the 

si;rong rrd.xing act.ion~ rc"!sul ting fr,,m the presence of -t.~e shec1~r 

layer that the drama.tic rearrangement of the velocity f::.ald in. 

this r0gicm ls a"t.tribtxt.od-. The diffusion prQcesses in further 
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aided by th0 presence of the strong radial velocity component 

possessed by the flow ~sit enters the secondary duct. 

10.3.6 Region (6), 11 the reattachment regionni 
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At the downstream end. of the recirculation·zone the shear layer, 

which is expa.nding in width and diminishing in strength, reattaches 

to the wall of 'the secondary duct~3 e The shear layer still has 

enough st.rengthr lrig .. (F!.~~)" Fig.(F5-6) 9 ·Fige-tF6-6), Figc(F7-5) 

and Fig. (F8=6 )ti to prcduce a _smooth rea.ttachment~ Since~ the 

present lJJf system did. not a.J.low- measurement closer than 2 mm - to 

the wall, it, was not. possible to determine t.he exact ax~a..l position 

of the reattachment planet\ Ari estimationr, based on a. study of the 

velocit.y profiles in this region, Figo(F2-6) and. Fig.(P}-».5), 

. located t.his position at·between X =-= 67.,25 rmn and X = 70.,2.5 mme 

According t.o this estimation the length of the recircula.tion zone 

is about 17 mm 0 about 1- D10 or about Jj -i:.he expansion step height 

[ the expansion step height is clefined as (D~:-Dl j/2] " The 

recircula:'d.on zone is very short, compared to that. of sudden 

expansion without suction, in circular pipes where there is a 

recircula-tion zone in the order of 10 t.o 15 step.heights~ Refe(33), 
Ref o (36) v 3,nd Ref., l 64) i, The reduction in_ the length of the 

recircuJ.e.ting zlmo in the present flow is believed to be due to a 

much higher rate of mixing,. This results from the cxistenco of a 

mu.ch stronge_r and thicker shear layer and also from the fact th2 .. t 
the flow enters -the secondary duct possessing a high ltwel of 

radial velocity component which promotes its ability to diverge 

more quickly~ 
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10e3•7 Region (7)j nthe recovery :cegion°: 

10.J,,7el The static pressure distribution: 

The st.a tic pressure in t.he recovecy region contir!ues to increase: 

over the whole c:i:.oss•"sec'tion of -t-.h0 secondary ducti as the flow 

progresses downst.reamr Figi; (F'l-7). It can also be notked that 

th.8 rate of increa,se is slowil:&g clv,m as the flow prc11~eeds. 

10c,Jc7o2 '£he distribution of the mean velocity:: 

The profiles of -r.b.e aY.ia.l component of the mean velocd.ty,. : 

:ti•ig.l.F2~-7), ind~cate that t.he fl;.1i.d at -'c.t .. e core of the fluw is 

cieneleratir,.g ¥hile. the fJuid in th.a out0r armulus :.$ .. ~~celerating 

p:rogress.i.veJy as the flvn proceeds ,1..ownsi.ream,, 

·rhe profiles of the rai'.ia.1 compor1:mt or :,1ea.n VA10ci ty ~ F·ig. ,F.3., ... 5) 

.indlcate 'Lt:.at ihe flo'H has_ <CL radial vel..:,city coi;.ponant 9 b~t thi~ 

is .:.iminishing vex:y ::..:apidly P .. na. -:~he flow recovers it,s axiality 

befo:-ce tr1e end of this region:-

'l'he ~eync;lrl.~' d:,.cess c.i.sirH,utjon in this reginn, Fige (.F4-7 )r· 

{F5-?)r F5.g,;(.I7-6) P.nd l~ig •. {FH-7)(/ indiccte that. the ~=-hear layer 

which :t.t5 now smoo·i..hly· a:t·.tat.cherl to th~ wall .i.5 stil1 ac ~ive in 

p:t"om0ting mixing and rearrangement of the veloci t.:,~ field. The 

prc,f:i.lc:--;; show that, the normal Reynold.r: c st:,:-esc;.:;::; arB decreasing 

over the whole cross .. asoe; ~-~on of the flow and. particularly near 

th~·; wall" 'J:he peak nhe;;:.r st.r. :::ss profi.les become f;lose to ·the wall 

inclica ting the. development of a bounda1.,y I~~Yc~" 
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10.3.7114 '£he distribution of the kinetic energy of· turbulences 

The ·profiles oft.he kinetic energy of turbulence, Fig&(F8-7)tt 

j_ndicate t.ha.t k./U~ is decreasing very rapidly in the 

nelghbourhood of the ·wall~ 

10.3.7.5 'Ihe flow behaviour in the reeovery region: 

It is believed. that the originally strong turbulence at the 

'beginning of this region loses much of its energy to t~€) main 

flow as it proceeds downstream .. This is probably the mechanism 

behind. the rearragement of the flow field in this region" 

10.3"8 Region (8)!r nthe settling regionng 

The ::ta.tic pressu:re i:i.1 the setil1 ng reg-i QX! rontinues t,c J.nc::t:ecL,e 

over · t,he w:.Lol:::: crcss~sectioP of the flew. 'l'he pr1)i'iles 11 

Flb. lfl·-8), are also becoming ffi~>ri-~ uui_£orm c:LS the flow procsec.s 

downstream" 

1(.,_,3.802 The mean velocity clist,ribu.tim-i: 

The measurcment.s of the mean velo0i t:;· :ind.le:. ~e i:!1t"'.. t the f2.ou 

main-tains being axiaJ and ~tral1el. The vcloci"ty pr?fl.les: 

Fig c (F2-8) si show tha·~ ·!:.he co.t..·e of the flow continuer: tc dec:!ler(J,te 

and the velocity 1(-Nel in the stream tubes in the neishbourhood of 

the dud, wall cont.inues -to· increase .. The :r:esult is tha·i;'. +.he 

velocity profiles ~become more unifor~ as the flow p:."OCf:H:id.s towards 

the downstream end of this regiont;, 
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10.3.8.J 'rhe distribution of the Reynolds' stressess 

The Rey1iolds' stress profiles in this region p Fig. (F4--8), 

·Fig. (F5-8), Fig. (F6-8) and :B,ig. (F7-7)r show that there are some 

irregularities in the pa tt,ern of change in the Reynolds' stresses., 

Some of these irregularities can be attributed to the boundary 

layer growth on- the duct· wall. This is pa:r:ticularly true for 

-uv /u~ and v2 /u~ because their peak_ values a2'0 increasing in the 

neighbourhood of the wall as the flot•i proceeds do-vmstream., Other 

changes are probably due to·the effect of mixing or the diffusion 

of energy from -the weakening shear layer t.:.o the mean motion. This 

applies for u2/u~ and ~/U~. 

10. 3. 8.1+ The distribution of the ··1dnetic energy of turbulence 

The profiles of the kinetic_energy of turbulence, Fig.(FB-8), 

indicate·, that there is a general trand for the kinet.:l ,:; energy 

to increase slightly as the flow proceeds downstream11 'l'i::d.s is 

particularly noticeable in regions outside the core of the fl.ow. 
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The vortex ch2,mber t{as not accessible for mea.sure·ment by the static 

pressure probe., Consequently 9 the pressure distri'oution in the 

three regions of the vortex chambc-;r is not knowne Discussion will 

be r therefore, l:tn1it,ed. to the distribution of tho mean vel.oci ty 9 tho 

Reynold.se stresses aml the kinetic energy of turbulencee 

10.349"1 The -distribution of the mean velocity~ 

As the flow se::para.t.es from the p:dmary duct exit lip, the stream 

tube which was oric;i:rw.,lly closest. to the wall er1tcrs the vm.:-tex 

chamber .. T'ne incoming flow adjusts itself very rapidly to rotate 
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in an anticlockwise direction a.rounrl the vortex ti 1I11fo is due to 

the effect of the suction and the presence of the fence. T'ne 

result is that t.he flow loses its axial component of the mean 

velocity very ralidly, I?ige (.F2-9)o Due to ·the rotational motion 

the radial component of the mean velocity i.ncreasE:_s, Fig .. (FJ-7), 

but not to the extent that would ~ompensate for the reduction in 

the axial component. The net, result is a continuous reductj on in 

the tota.l velocity i.e the flow is decelerating as it flows round. 

the vortex" In other liul.~.s the flow is c:Uffusing as it moves 

round the vo:r:·tex and losGs much of its kinetic energy c 

The vortex mot.ion en-trains the fluid which loses too much of its 

kinetic energy so that, it canno"!", cuntinue to flow round the 

vortex. This is r·ecirculatecl in the vortex and re--eneJ:gized when 

coneR into contact with thP- fr~sh incoming flowo A ~hear layer is 

creat.ed b8t.ween the in~oming flow i~.na the st:3.no.ing vortex due to 

the veloci i~y ciiffe~tenti-3.1 between them o The veJ.ocit~.r p!'ofiJ.es 

ind:.cate that the vortex 1::otate,:: ·A,s a .;olid b0dy c.riven by U1e 

llJ.coming flow r cont:rary ·to the p.1..-~iously held view that the 

~.-ortm: is of ihe free type and. thn-t :1.t :is doing the drivi:ng .. 

Some of the flaid. whfoh does not lose too 111uch ·of its kinetic 

energy continues t0 :proceed round -"..,ha "Iurtex a:1d ·t.nen e8ca.pes 

fr0T11 i-t n0?~r the tor Jef't c0ruer to proceed thr.oug:1 the next fl:w 

region. 

1Ihe Reynolds~ stress di:;7,:;."'i'bu:i.ion .i.n~id~ the vort8:< oha.mber~ 

Fige (Fl~-9), Fig! (P.5-9):> Fig"' (1:'5-9):. and. F~r;. (F?-8) 9 is 

complie;a.tc,d 2:n~ ve-.s;.y ~iff.ic;:ul t to .analyse o ''.foe rr-:ason for the 

d5.ffic~lt.y is t.hat in this region -there is JikAl:V to bn a. very 

strong interac Lion bet,.~ee:u many sour<.;es of turbulence,, These 

sources are ; {he shear lc::.;rer at the entrance of t.he vortex 

chamb0r, th0 boundary 1?-r~r widch is builC.ing up on- the_ upstream 

f?..ce of -t.he fence, the l:·0ur.~_,,ry Ia:rer l:~ich i.s hui1ding up i)n 

the outer wa11 of tho vortex chambe:t.:1 the boundc.:ry layer which iB 

building up on the inner Kz-.t.11 of the vortm,: cha.mberfl and( last, but 

no-'c. least the shear a.ction inside t.he vortex ·itself and l)eti-rr:r:m 



the vortex and the entrained incoming flow and the escaping flow .. 

The profiles of -the normal Reynolds' stresses in the region of 

the standing vortex indicate that the turbulence is a minimum 

near the vortex eye and increases radially outward. in the 

direction of t}:le previously mentioned sources of turbulence. 

This can be explained by reference to what was previously · 

noticed from the velocity profiles that, the vortex is showing 

similar characteristics to a solid body rotation. In this case 

-'che normal Reynolds f stresses are expected -to be a minimum at 

·the eye of -the vortex and to increase at its t:~dge I) 

10. 3 f; 9 ~ 3 The distribution of the ,.kinetic energy of turbuJ.ence : 

The profiles of the kinetic energy of turbulence, Fig.(F8-9)e 
inclicat.e that part of the shear layerf' originally crea.ted by the 

separation of the flow from the primary du.ct exit lip i::: entering 

the vortex chambere The profiles also show t.hat the. tur·bulence 

produced by t.his shear layer is 1osi-1ig Jauch ()f its kinetic 

energy as the flow moves round the vortex. 'fhe · growth o.f boundary 

layer in the out~r wa.11 is indicated by the increfi_,sin6:" level of 

turbulence energy at the position of the peaks in. t.he 

neigh1)ourhood of this walle 
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10.JttlO.l The clistribution of the mean velocity: 

The velocity profiles in this regionr Fig.,,(li'2=10) ard F'ig.():i'} .. ,8); 

i.ndi.cate that the -fluid leaviDg -the vortex region eon-tinues to 

d.ecelera.te as it procefils -t.hrou0h the diffusion region" In this· 

region t.he flo1,•r oxr/4':i.n:is very rapidly to fill the: whole depth of 

the vort.ex chamber~ In doing GOp the fluid which floHu nea.re:r to 
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inside wa.11 of the vo1.--tex chamber decelerat0s more quickly than 

that which flows nearer to the outer -wall.The former loses a 

great deal of kinetic energy a.nd hence some of this fluid is 

entrained by the vortex to be recirculated~ The escaping air 

continues to flow down in the vortex chamber -through the settling 

region. 

10.Jel0.2 The distribution of the Reynoldsc stresses: 

The profiles of the normal Reynolds' stresses 0 Fig~(F4-10) and 

Fig.(F5-10), indicate the presence of a strong shear layer 

separating the vortex and the diffusing bJ.ecl air.i 

.-

These profiles together with the profiles of the Reynolds~ shear 

stress, Fige(F6-10) 9 also indicate the presence of a thick 

boundary layer on the ou·ter wall of the vortex chamber i-

·10.3"10.3 The distribution of tho kinetic energy of turrmlence: 

The profiles of the kinetic energy of turbulei1ce, Figo (FS-10 ), 

show that the overall level of k/U~ is increasing :r~arridly; 

particularly in ·t.he neighbourhood. of the outer wall of the 

/
?. 

vortex chamber= This increase in k u; J_s a.t. the expense of ·the 

kinetic ene:r:gy of the mean flow .. It is believed that th!;? bled air 

looses much of its kirietic energy in this severe diffusion 

pro~ess and does not recover enou.gh sta.t.ic :pressure to 

compensate for this loss$ 

10.J~ll Region (ll)s- "the bled air settling region°t 

The velocity profiles~ Fig.(F2-ll),ind.icn.te that the fJ.ow in this 



134 

region in axia.l and parallel (in t.he re1ier .. :;e direction to the me.in 

diffuser flow). 'I1he velocity profiles also become progressively 

uniform as the flow proceeds towa.rds the downstream boundary of' 

-this regione 

The Reynoldst stress profiles!' Fig._(1«"1l+ •• 11),, Figo(F5.:.11) and 

JPigo tF6-ll)ti and the profiles of the kinetic energy of turbulence 

Figc (FB-11) i indicate -that the t~1.rbuler1ce at the centre of the 

flow decays as the flow 1.)roceeds. 'rhey also show t.ha t the turbulence 

distribution is becoming more symmetrical with the development of 

the boundary layars on the two walls as the flow proceeds tow(-1rds 

the downstream bounda:a::y of this region ... 

10.4 The overall flow mech:misra2 

The ovPr? 11 flow mechanism is d-:sc\:r:-ibecl here with the he Ip of 

Ji'ig. (_Fl0=2) which is a. vect::>r :r.-epresen-t.?.tion of the , ... eloci ty field. 

The vectors re:p:rcsent 1\ne me.gni.tude and direction of the tc.J:,al mean 

vclo..::i ty at the mid. IJt>int of ~ac:h Ve:(!tor"' 

1- Th(.' precisely contoured n0'7jzle prr,v ides a smooth entry to t.'t1e 

p1·lmary d11cL the flow, ther~fore 1 has a "iJJ1iform ve.1ocity an:1 

relatively low turbulence h:tensi ty a .J.;, the ent.::-,,.nce 01.' the p:r·imary 

d.uct. The Jcngth of tn& prim~.-rJ du~t was carefully selerted. to 

ensur~ o.. turbulent. coun.cta12y layer fh,w further lownstream. but not 

-t.o a~.low -1:.hc flow to :::-e? .. eh t.h:. state of a. fuJ.J,y dev(:lopec. flow. 

·rher::ifore" the flo~1 c::.;:proaches t!'le reg·ion w!-1.are th& sink effect is 

influcatial having a turbulent, ·bov.n_d(iL'Y l=1yer but st.::.11 with ai~ 

c1.,1.:!cept,1bly tmif ox-m v 2locit~·· p:i.0file. 

2- The sink effect, ~esultine: frorri t:-Lf' si1(:tio!). a-t. -1:,he ent.1:·ance of the 

, vortex ct:a.mb,5:r., peneti-~tes to 2.. distance vf.' a'h011t -tD, upstrc~::im of . . ,;, --
the p:;:_~imR.ry d.uct. ex:tt lipc Tbe sb~··zam tub0{1 11!':Xt. :.o the growing 

'boundary J.c?,.yerr ac~eler-r::,tes under th'.) influence oi' i:C-1e sink effecte 

r1"'ns,..- •ut::}•1·t.lv .t.h~ ,,,· ..... riu•1"h o·r ·1·1---~ br,·u·--:.u:-.:,'l""·y· lay•:-r v· ·1 ""'he·· "l'..T".'., 1 o·f' +he __,..,. r..;'-::l -~;.,;. ., !.1 l,, .. , 6 ..1. U'H l,. •. I., !·~ v •.. t-• ·• .,. ._, l .. , • n,.,.J.. ... "' .., 

primary dl-td, is counteracted and the \1 e:toc5 ty gr.;.dient increaGes .. 

3- As t.he ilow 8'-eparatef.5 :from t,he:J ·1ip of -1.:he 1~rimc;,x•y duct a strong 

shc,ar. layer B})rings off -r,b.e _lipo The boundary layerr which is too 

energy de:f:i.cient to follo~•r i:.r1e msi.in · flo~-:" t:"o.ters t.he vortex chamber 

under the inf'luence of the suc·~ion aml deceleiates a.s it flows 
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round the standing vortex. The early separation and the effect of 

the suction help the main flow to diverge rapidly as it proceeds 

towards the fence. The divergence is accompanied byt for 

continuity reasons, deceleration and hence st.atic pressure 

recovery and also the :possession of a high level of a radial 

_velocity comporiente 

4- The ·main flow reaches the fence having a relatively high velocity 

in. the immediate vicinity of the fence top. This drops to zero 

va.lue, t.o fulfil the non-s~ip req_uirement at the surface of tJhe 

fence top, in a very short distance and hence • results iri a very 

steep velocity gradient. The result is the creation of a very 

strong shear layer downstream of ·the fence. The new shear layer 

joins the original one flowing through the fence to form an even 

stronger and broader shear layer which corrt.inues to ga.in more 

strength for a short distan.ce downstream of the fenceo 'l'he shear 

layer has a very intense t~!.rbulence level of a highly anisotropic 

and non-homogeneous naturee 

5- /the radial velocity ccmi)Onent originally possessed by the main 

flow helps it to d:tverge very rapidly to fill the whole cross

section of -the secondary 0.uct in a v-ery short axial di.stance, 

es·r:.imated here from the experimental results. as about ~ n1 ,, The 

strong mixing action, created by the shear layer, on the sepa.rat,ion 

surface, helps to :promote the divergence process°' The tux·bulence 

in the shea.r layer · can be looked at as an efficient agent which is 

transport.:rng kinetic energy from the core of -the flow t,o the 

energy deficient regions in the neighbourhood of the surface of 

separation and_ later in the neighbot.irhocd of the duct walle The 

result is -'r,he redistribution of the kinetic energy and hence a 

progressive static :pressure recovery without significant losses in 

the total pressuree 

6- The efficient mixing process also helps the flow t.o reattach 

smoothly to the secondary duct wan and consequently the flow 

continues to gain static pressure a.s H proceeds along the 

diffuser short lengthci 

7- 'l'he relatively energy deficient air cnt.ering the vortex chamber 

decelerates as it flows round the standing vortex. The air which 

is too energy deficient ·to escape is cntrainc3d by· the. vortex to be 
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recirculated and hence re .... energized by the:: fresh incoming flowr: 

The present experimen-tal results indicate that the vortex has no 

significant effect on the main flow and hence on the performcmce 

of -'c.he diffusero T'ne energy required to drive the vortex is 

obtained. from the bled air which also loses too much energy du.ring 

the severediffusion process followi_ng its escape from the vortex. 

10.5 Concluding remarks: 

1- It is believed that. the dei:1~gn of the bled air passage can be 

developed to provide a smoother diffusion process and. the bled. air 

would recover more static pressure efficiently. In this respect it 

is suggested that the early separation of the main flow fromcthe 

primary duct exit lip must be maintained~, but the vortex motion 

should be eliminated. This should lead to a reduction in V
0 

and 

may also help to reduce thP bleed requir.emento 

2- The detrdled experimental r8sults provided quat.itative informat,ion 

about t.he flow parameters and therefore le:l to a better ·" 

ynderstanding of the flow behaviour inside the Cra.nfi0J.d difftm<~r .. 

'l'hin unde:rsi:arnli.:ng can be t·urther enhanced if more tftJ.::1 ti fa.tive 

infor~nat.ion about some of the flow r.ara.meters~ such as the 

Reynoldse stress0s and. the kinetic energy of.turbulence could have 

been provided.IP It. has been mentioned bef'ore 0 see• cha,pters thr0e 

_ and. fm1rr that the kinetic energy of tuxbu.lence · as well as the 

Reynolds' stresses should not be t.reated as being ~ocal properties· 

of the flow beca.use their loca~l values are the resultant. o::f the 

balance of their rates of convection~ production and. dissipationo 

This balance d_epends on the whole history of the flow fl both 

upstrer~.m and do1mst.ream of the :p3.rt.icular point B,t which the local, 

value is consid.er0d., '110 provide such quantitative information 

about the ra:tes of com,"octionp production, and dissipation of the 

Reynolds 9 stresses 2.nd the kinetic energy of turbulence, the 

t,ransport oqua.t.ions of these parameters must be solve'd. so that the 

terms represcmti:ne; the previously ment.ionei ra.tes could. be 

ca,lculated. UnfoT."tunatelyt such solutions are not available for 

this pr\,rl.:.:icular flow. It is hoped t.ha.t the theoretical study 

l)resented in the third. part of U1is ·thesis t -;although incomplete, 

would be a useful step towards the IJrovisicn of this inforrnation..., 
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IN'l1HODUC'l1ION 

·Por. many-years the science.of "Theoretical Hydrodynamics 11 handled only the 

non-existent inviscid fluids~ In the case of the two most important f1uidsp 

water and air, the viscosity is very smalla Consequently, the forces due to 

viscous friction are generally speaking very sma,11 compared wi t.h t.he 

remaining forces (gravitational~ inertia, and pressure forces).. For this 

reason it was difficult to accept that frictional forces$' omitted from t.he 

classical Un~ory of i.1.ydrodynamics, influenced the motion of a fluid to so 

large P.n extent. Due to the fa.ct that this theory neglected fluid friction". 

it stcod unable to explain or to pred.ict most or all the practically 

important phenomena such as; drag, flow separation~ and rressure losses in 

pipes. 

A complete dEwcription of motion fc~ viscous fluid flows has been known for 

a long t., .. rn0 in the form of th(' Havier-Stokes equations. They a'!:e the bas:i.s 

of the I:iodern scJ..ence of fhdd mechanics and fo=m the starting point of any 

.caHonB-l att.Gm9t t,o -treat. real flows ma·themat:ically. Unfortunately, until 

thG p:re.3ent ri,w :1 no :.naJ yt.i~al s.olntion of these equations was known 1:iu+, 
. . ,.. ' d. 1• • ,.. 1 ' b .. ' fl l b h. d sat:.is:....D,<?"tory ;:ce 1c·c10ns OI rea ,:,ur u.1.em:, · _ovm 1ave ee£'1 a.c Teve 

:rrumer:c?.lly e Tho :i;,:r.:ocess st.arts by considering that real turbulent mot.;_on 

consist.g of. t ,1c) :ra.rts. one is the mean mot.ion and the other is the super

im:po~ed fJucfa,atb.g mot::.on. This leac.s to -the Reynolds' equations of mo-t.1.on 

de1:.i.vea from t,hc ◊r~-&ix1al N1.vi&.c-Stokes' equatio::s" Next, the t~bulc::-.t 

corr01at-i OES :..n01m as thP .Rey:n0lds' strbsses are to be &.pproximated . 

~Tllpirica:ly in tc:cnt'> ,:,f. -t.t18 111e:1n flow parameters. ~h5. s process forms the 

basis of tl1e su"'i:i~ect. known c,c uT,'1e mathem2tica: modelling of turbulence". 

F'inalJs, the J..jJJ:)r~xir.-.ated equc.tiuns of motion, -t.og£!the:c with any other 

fundamerrta:. (l:t' au.x . .i1i.a..t.·J equa~i0ns, are to be so1v~d numerically. 

rEht: ffi3 .. th0rnfttivftl mc1ellin~ of turbulence was d.:i.~.cu.ssed iu chapter four, 

wh1::;re the object. ·of the discu::5sion was to seJ.ect the most suitable model to 

be applied to t~e i'l011 u'.:.-ier jnvestigation. r.rc1e conclusion Has that c:Ul 

effer;tive-viscosity mo~.el i~ likely to be the most. suit.able type. It was 

also c(011clud.ed. th.:.-1.-i.-, 121 tl:\s case, the k-1 model has, particu1a1: advantages,. 

Ther.0fo:r·0, tho i'J.o-,.;_ icl treated_as beir~z_ ,t steady laminar flow· with an ---------------
~l:-;.o-V-iSQQ§__?:-tY ·which_ is calculated from the selected k-1 model. -----------... _____ . __ . ____ __ 

'l'he present pa.rt of the tl:esis ~ which 1.s con.earned with -the theoretical 
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stud.y of the flow ur:der imrestiga.tion, consists of three cha1:iters. Chapter 

eleven includes the ma thema.tical formulation of the fundamental and 

auxiliary equations in the reg_u.irecl form for solution. ·chapter twelve. is 

then assigned to -'che development of the solution procedure, while chapter 

thirteen includes the description and analysis of the comput~r programme. 
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CHAPTER ELEVEN 

11. THE MATHEMATICAL FORMULAr.I1ION OF THE. PROBLEM: 

11.l Introduction: 

The present chapter has two :purposes, the first is to p;cesent a 

complete mathema.tical specification of the problem including the 

differential equations 9-escribing the flow. and the second is to 

provide clear statements of these differential eg_uations in a. general 

form which is common to all of them~ 'fhis co1mnon form is so f-Jelected. 

to make the derivation of the finite difference solution more easy. 

The derivations of the differential equations are not presented, 

howeverr the derivation procedures are 01~t,linedo The deta.~.led 

derivations of the more·general equations can be referre6 to in 

Ref o (37) • 

11.2 The required mathemr-1.t5 cal specifications: 

'l'he problem can ·be solved numerical1y if the foll0w·i~6 c,re SJ!dCifiAd :-

1- The coorc1in8.te system and the dt.~:pondent. varial)les" 

2- '.i.'he continuity equation and the 12-cruct. tions of motion., 

J- The math0r.12,tical model of tu:r.bulen~e,. 

4- 'I1he transport eq_ua.tiorn.3 of' (k') and.· ( l), 

j.,., Tht! domain of' the requi~cod solt/.:.ion and its g:i:id syst~m ~ 

6- Ti1e bour:d,Ly cond.i. tio:ic ~ 

7~ ~!'he in:i.tial ~or:'3.i tions. 

8- The assigned values of the constan-f:';3. 

Each of the8e iB specified in the fullowing sectiorn:; respcctivtly •. 

il. ~j ·l·he coordina t.e system and the depe_nden"t:_ ·\.~ariable~: 

'I1he Xi,.r and. 8 cyli:nd:d.cal coordinate ~ystem is the .c1ost su.itc:.~lf, 

coortlinate system ·to be used for ctxisymme-!:.rical p.cobLm~~. ~9f .. (31) .. 

the exporimental results sh0w tha~ net only was t:·10 mean ;-;;otion .::itead·t~ ., 
but it also had no swirl cornpon.cmt. T'nis ineans that the flow can be 

t.raated. a.r:, a two-dimensionaJ. oner with x a,n~ :::s Fig .. (11.,·l) Fls its two 

j_ndepende:iTt spatial paramet.en:.;,; In this case the mean veJ.,:-.,c-it~J field. 

ca.n be➔ described using only two velocity compo1:1ents, IT _and v, i.n the x 

and r coordimd:.e direct.ions ::cespectivelya- r.rhe mean value of -:he static 

1,i::t--essm~e ~ f. ~ J.s the third dependent pa.raneter required to maI~e tbe 
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Axis of symmetry· 
----r.::-- X 

Figo(ll-1): The.co-ordinate system 

flow fie1d. a mathematically rleterrninate ona. Using an effective- · 

vh:cosi ty turbulent model allows the fJ ow to be treated as -th0ugD- it 

is a steady la.minar '>Pe having an e:Hective v1scosity ~-!hich VP.:dcs in 

magni t.ude from place to place e This means, in math~ma t.:cr-i.l te:i..:ns, that 

;Lleff is a function of x and r • 

.:Jince -'.:.he flow und.er inves·tigation ha:::: twc recir1.:ulating r_e6icns, then 

the two equations of mot.ion ?,re exrJect-:;d t0 be of t.he elli:!':t:i c t.;rpe. 

'l'h~ro a,re ,-two :nettiods by which the prcblem can be trp;:~tec_. The first 

is t,o solve th~ mathematbc.lly dcter.]11inate systen of th~ee equations, 

n2.mcly the two c-.qm:i.tious of motion and the c0~1tinui ty eriu?,tion~ in 

t f .1.1 ' . d d ' . 1 'fJ .:u d - ,.., " 165) rn• ·erms o. l, 1e t.nree epe~ ent. varin b es _ , v ~n . f , nP:.t. • \ .. .d1c 

second ;:-.ethod is to mathematically m&.nipul:J.te both t.h.3 eq_u2.tion::.: and 

thA dependent variables in a process leading to anoth0r mathem:i::i~o.lly 

determinate system of two equations in ~n1y two depfmdent vc1.riab1es., 

1 .l l t f' ~ · , a th · · · .L R f' 1 37 ' i'he name. y c. .. :ie s ·-ream u~1c·,,1.on, ~v , an_ e vor ·.:J CJ_ 1.1y ,, w . , e .... \ /. 

second method." beside being more econom;_nal .i"'o solve 11 has the 

c.'1vantage of being more sui~.ablo to t.i:19 solution proceti.ure which is 

being followed, Ref~(J7). 

To summarize this sect,j_onr :i.t is concluded tha-i:-,: 

1- rrhe coonl:Lnate system is a. two~-cli;:;-c,:m.si.011al cylindrical c:2e; ~d th x 

and r as its spatial indE)p(mdent variables. 

z.,., 'l'he dependent va.riables e,re the stream function, 'Y , and tr1e 
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vorticity, ~, • 

11.4 The continuity equation and the two equations of motion: 

ll.4ol iJ.1he continuity equationt 

The conservation of mass principle states that, in a steady flow 

processr the net rate of flow of ma.ss into any control volume is 

zero. The mathematical state~nent of the masR-conserv-ation principle 

for two dimensional axisymmetrical flow in cylindrical coordinates 

is thus; 

'JLl+ V + t?Y ==-0 o.X ,- Pl,.. 

The stream function is defined c .. s: 

V=-

Subd,ituting fr-om (1::;_~h2) into (11-1) we geti 

d ( 'r,) ti::) _ Jl. ( -~J~ l :: O 
ox ?;r ?i 7);:::._ 1 

Eqnatiun (: 1 ... 3) is precisely the equation which ( 'P_) must 

(ll•-1) 

(11-2)a 

(11-2)b 

(11-·3) 

satisfy 

if it is to be sir~gle-7q1l2ed. in (x) ?.nd (r) alone:. Thus, t~le 

treame11t of th,~ stre:i,m f1.mc+,ion ( f) as st:ch a fw1ction is r:adA 

legitim.2.t.f! by the valid~_ty of tl1e mass-c(;n~ervo.tion -:pr:i.nci}l8-J 

Newton Is sec011d law of motio1L, ap;.'lied tc & s ~aady ficw through a 

con-t~rol vc,1uwe t states th.a.t the net in::'low of moment,.1111 ::.:lux in·~o e .. 

control volurn.H is e½.u::J..J. to the :1et f ,:.,rce, :~hicl: · i~ ~x~rted on th.;.s 

control volume by ifa:~ :..,'1.--c:=0~1d:ll;.gs l' Alterna·bvely r :i.t. is the moment 

of thc;::;e li,0mentum .;:'luxes r.l,L~d. :fore;es ahou-r, a f:b:s0. :1xj s tha.t, is zero. 

Applying the altern.ative f,t,at.:-:wnt leads to the foD owing two 

equat:1.ons 0f m0tion: Ref .. (37)~ 
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{11-4)b 

11.4. J 'fhe equation of the stream function: 

The vorticity is the measure of the £;,mount of anti-clockwise 

rotation which the fluid possesses~ F1or two-climensional 

axbymmetrical flow, the vorticity ( u:>) is definad as II R_ef. (37): 

w = aIZ _ J_lL 
't)X 'o t (11-.5) 

Substituting for U and V from (11-2) into (11-.5), we get: 

ev == _ r d _ (-' ~-Y!.) + ;L ? !,- o ll/J' 1 - L -ox er -a ;r. -or · tr ~ IJ 
Equation (11-6) is re:ferre3. to as the equation of the s·~ream 

function since it sta.tes the relationship befarnen the vorticity li ( v..J), 

which is the pr:i.nci:ple depend.cnt ve..riable, and the stream fu~·1ct.j_o~ 

( v,,) which is the seconrl dependent va:dablc. 

ll.4Ji, ':fihe equation of the vorticity i,W: 

The derivation of th0 . vorticity e~_u.a,tion from thP. two e~oo.t.ions <"i 

moti.on can be refer:::-ed to in Ref .. (37)" 'I'he procedure of t.hb 

d'Jrivation is summarized as :fo]lows: ... 

1.,. Eq~~ations (11-4 )a an.d { 11-l+ )b were rlifferentla.tP-d w.i.tli res;:~ct to 

(r) and (;;:) res:pect-lv~ly. 

2- '.Che :i:-esuJ.ting two equo,t.ions were -:,uhtrac-:.ed fr,>m cac~1 ct.her t.o 

eliminate ta::, staJ.ic pressurs de:ri.vativ es. 

J- Ex;iressi ons for the mean veloc i ~y components U and. V 1•rer0 . 

substituted. frc.m eq_uation (11-2)., 

i.f- Using equa·~ions (11-3) and (.J.1..-,6) it was possible t.o reach -:.cc 

finr:-~1 fm:·m of tbe vor:tici t.y e'lua-t.ion wl:ich .;_s sta.tcd as follo~rs :-

1Ll+'!.5 The standa1u formulation of the di:ffc:;:·enti::tl equations: 

~rhe equation of the vorticity, equ2,tion (JJ. ... 7), is an elliptic one: .. 
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The transport equations of (k) and( l) arc also .· expected to be of an 

elliptic form. The economy of the solution can be maximized if a 

standard formulation can be found so that it is common to them all, 

except only for a few terms which are peculiar to the physical 

properties which the equations represent. Following the procedure 

explained in Ref. (37), the following standar-J. formula can be reached: 

o. f ~ ( T £;!' )-- lr('P ~Jt)} - 5.x- f b, iAc <p )j-J,--[ b,~(co/j+d=o (11-8) 

where: 

h. , is the dependent variable \L1 or ~ 
T l · r 

a,b1 , b21 c and dare functions given by tabJ.e (11-1). 

Table(ll-1) 

The functions a, b
1

,b2 ,c .. and d associated with equation (11-8) 

cp I a I bl b2 C d 
I -----, 

~ I 
_j_ _L 
er e}- 1 _(,J,) 

--

I 

_r_ _o~-
C,•.' J 2 r3 r3 .}Jeff -r3s,~ 7 r I 

A two~-bq_uativn tl.22:'hi.!lent visc;:.;sity model is used wH.h the kine-tic 

energy -:-f turbt~l0ncP \k) c.nd the length scale ( L) as the two 

ch~ract&rfa-tic p:-.::-ame-~e:r.s cf turbuJ '::nee" In ma thema.tical form t.he 

model is as f c,llows: 

<_11 ... ,J.Q) 

where C;t is a furn::tio:c of the Heynold.s-' nur1iber of turbulence, Rt, which 

is ey;iressed as: 
I 

R- ~ e1:::1-
c. _)A 

. . 

1~~ high values of Rt1; ~ tends to re2,ch an a.sym:pt.otic constant value, 
Tl .., , .,. 7 \ .ne:t, ,J j,. 



11..6 ·The tra.nsport equations of (k) and (l)i 

The transport eg_uation of (k) was discussed in chapter three, equation 

(3-15),and chapter four, equation (4-11)~ The equation is an elliptic 

one, containing convective, diffusionp and source terms. Gosman et al 

reported., Ref.(37), a similar equation for (k) adapted to the general 

form, equation (11-8). This is the form which was used in the present 

solution. Also, reported in the same reference a transport equation 

for the length scale (L) in the same form. Table (11-2) shows the 

. values of the functions apb1 rb2,c- anrl d associated with equation 

(11-8), corresponding to the equations of (k) and (..l). 

Table -.(11-2) 
r 

The functi~ns a,b1~b211 ~ · and d associated with equation (11-8). 

cp a bl b2 C d 

k 1 ()1eH /~ Y ~ 1eff /a( 1 --rs,,,. 
.h. 

:l 1· rJAerr/cr[ r?err/ar l ••rS1 
--

In ttible (11~2)£: o-k ~nd 6"[ are Prandtl- or· Schmidt ,numbers• for k and L · 

respectively, their values are of the o:cd.er .of· unity: Ref" U7) .. 
The source terms are given by the following expressions: 

S l . .o k112 C 
'/c = ~1fsi<t- - c l .D (11-11) 

(11-12) 

where; CD, c
3 11 and_ CB are functions of the Reynolds 1 number of 

turbulen_ce fl Rt~ At high values of, Ht 9 they behave similar t.o q.u. ~ In 

other words they assum·e constant asymptotic values as Rt becom0s Ia.rge. 

From Ref.(37), we also getQ 

( u.
w.J;_f 11) = 2 /Uz ( ~r ~'{.-) f + Ur (- ~r tnrJ f { 1,. CJ/#) 

/ ·eff -/. 

+ g_ (--1_ __ , ';)(t_J'} 2 (!' /'::?) 
?Jx . et ro;r. · - .... ,, 

11 .. 7 The domain of the solution and its grid. sy~_!ems 

Fig.,(11-'2) illustrates the domain of the integration and the grid 

system~ r.rhe grid lines are lines para1lel to tho x-coo:cclinatc! a.nd the 

r 
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length scale. The formula is thusr 

(11-16) 

where, 

R? is the radius of the secondary duct~ 
I., 

c1 and c2 are constants to be evaluated by computational trial 

and error. 

For fulJ~y developed pipe flow, Ref. (.37) gives the values of c1 
and c2 as 0.14 and 0.08 respectively. 

Exam.ination of· equation (11-16) reveals that 1 is zero at the 

1~all and increases as (r) decreases to reach its maximum value 

of (R2 c1) at the axis of symmetry~ 

11.8,.2 'The boundary conditions at the inlet :plane: 

1- The inlet boundary conditions· for rand ( ¥): 

The inlet boundary of the solution domain is selected to be 23 mm 

upstream of the primary duct lip. 'l'he bleed air is considered to 

~ be a parallel inflow with negative ~nl~t velocity. 1'he 

experimental results show that, at the selected inlet boundaryp 

the velocity vectors in both the primary duct and vortex chamber 

are _parallel to th? axis of Syl}1metry., The values of the axial 

velocity component a.t the grid nodes of the inlet plane were also 

taken f:rom the expc"!rim~ntal resuHs,from which the boundary 
· · · to 

conditions of both 'f' and r can be ca,lculated as follows: 

(a) Inlet. conditions for, V/ ~ 

Similar to the exit boundary conditions of y, equation 

(11-14) can be used to calculate the inlet boundary 

conditions off using the values of U given by the 

experimental results. 

(b) Inlet conditions for,*: 

Similar to the exit boundary conditions of ~ ~ equation 

(11-15) can be used to calculate the inlet boundary 

conditions of ~ using the values of 'f at· the nodes of the 

.inlet plane. 

2- Inlet conditions for, k: 

Similar to the exit. cond:i.t..ions for (k), the in.let conc,.it.ions for 

k are of the specified type, and were·taken from the 

experimental results. 
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J- Inlet conditions for, ls 

· A formula similar to_ equation (11-16) can be used to calculate 

the values of L at ·the nodes of the primary duct inlet plane, 

thus: 

l = R, C
3 

_ Cg ,,.2. _ (C3-C4) r" 
RI ' Rf (11-17) 

where, 

R1 is the :i..--adius of the primary duct. 

c
3 

and c4 z~re constants t.o be evaluated by computational trial 

and error .. 

~imilarly a mod.ified forra of equation (12--17) can be used to 

calculate the inlet bounclary conditions of, · L in the vortex 

chambi:r" Denoting the radius at which U is a maximum by R, and 

the primary duct. outer radius by RJ 9 then for r4 R 

L: (R-R'3)Cs - C,(R-xi. - (Cs-C,)(R_v)'-1 (11-18)a 
. R- R3 (R - R)3 

and., f0r J .. : ;;,- R 

whc:re, 

C 
5 

and. c6 :..re constan-ts to be evaluated by \;omput.a.tional trial 

a,r,_d eri:-·or. 

J.1he t:Xperim~nt~.,l results ~:how +hat, ~ = 33 l~L1Tle 

Equ?.t.i.ons (11-17) and (11-13) (;an bP- used to calc·ulat~ the va.lucs 

of .l at tbe :nou.0s f'f the inlet boUiJ.dary. 

lJ..8.,3 l'he bound.ar_y cc::1ditil")ns a~ the axis of ~ymmetry: 

(a) ].'he Bt.ream f'1mct~.ori, i.p : 

AL:;!lg +.he axif of syrnmetry • the stream fm1Ct.ion must have a 

com,tant value, Bef, U?) ~ It is convenient to take this value ?..S 

Ze!'.'O .. 

(b) The _-.:o:rticity f\~tlction,1f: 

The vorticity (w) CYJ. the axis of symmetry is ?jero, Ref e (3/) o 

. , ) However. sJ_!':\.ce i :r . . :i.s also zero on the SY'J!1metry a.xis then the 

dependent variable ( ';: ) ·may tako a finite va1n.e. These finite 

value~ are calculc.i.ted from values of y.1 at. inte:.cior nodes uhi~h 

are once and t:·:ice removed on the normal to the symmetry axis. 

Th8 'f' -r dis·i.ribution, in the immediate v5.cini ty of the axis of 
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symmetry, is parabolic, Ref.,(37) thus. 

'f=~ ;-ar-i -1-br'I 

where, 

(11-19) 

% is the stream function at the axis of symmetry, a and b are 

constants for tixed (x). 
Substituting fort from equation (11-19) into equation (11-6) we 

get: 

or, 

(11-20) 

The values of the constants a and bin equations (11-19) and 

(11-20) can be de~ermin0d by applying equation (11-19) 

successively to the next row and then to the row of nodeB next 

to that and solving the resulting two equations in a and b 

simultaneously. 

(c) The kinetic energy of turbulence, k~ 

The values of k at the nodes of the axis of symmetry were also 

taken from the experimenta~ results~. 

(d) The length scale, L: 
The length scale (l) is assumed to change linearly a:vng the 

axis of symmetry, thus: 

l ~RC ·!- .x (R'lC, -R,ci) 
• 

1 3 10.zs (11-21) 

Equation (11-21) is used to calculate the value of 1 at each 

node on the axis of symmetry. 

11. 8.l+ The boundary conditions at walls: 

(a) The stream functionp y./: 
'rhe walls are impermeable to matter., The str:oa.m function ( f) 1 

in this easer must have constant values along each wall. 

(b) 'rhe vorticity function, y: 
The vorticity boundary conclitions at a wall is derived from the 

no-slip principle which assumes-that there is no relative 

velocity between the wall and the fluid adjacent to it .. Near a 

wall, gradients in the direction parallel. to the 1-Jall are much 

smaller than those in tho direction normal to itr; they may 

therefore be neglected_p Ref .. (J7)., The varia.t:i.on in the 
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coordinate normal to the wall, within the thin layer adjacent to 

-wall, may also be neglectedc In the case of a wall 1-arallel to 

the axis of symmetry, and assuming uniform viscosity near the 

wall, equation (11-7) reduces to: 

or, 

,,I.,/ ,..~'tlc) r ✓-·eff p_ = o 
(? 1)11 

where (n) is the normal to the wall measured. from the wall, 

·Integrating twice Wcret• (n), we get: 

An+B 
CU ::: (12-.22) Y-~efF 

where; 

E - r J1err lvs 

'11he subscript (s) denotes the conditio~at· -~he ~·:all. 

Also, in this case, from equation (ll-16)t we .get: 

'l?-?':l' \ ........ _,,;, 

lU:i.minating ( w) from equa-~ion (11-~2) and (J..1..,.23, w~ get,~ 

(12-24) 

strectm function and thus f ccnst.iiutes a, s:.tisfactur:,'" bou.nrla:r·y 

conditi.on. 

(c) The turbulent kinetic energyt k: 

By definiti.onr k at all points on &~ wall is zero. 

(d) The length scaler l : 
f3imilar to (k), "the v~J.ue of· ( L) at aJ.1 :pointR -or: a wo.11 is ze:-:·(1. 

11. 9 Tiie initial conditions: 

The solution riroced.ure, discribed in chapter twelve, is a s11ccessive 

iterative one. Such a method. requires thC:: prescription of inh~iaJ 

guesses of the values of ea.ch variabl0 a.t. e:;ach internal 1100.e o:f the 

grid. It is obvious that the closer tho initial guesses to ·i..he fi.nal 

solution, the fewer will be the iterations required to reach the 

solution .. To make the so1ution most economic the experimental results 
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discussed in chapter ten were used to determine the initial conditions 
rn,,,. • -· ·t · 1 d~ t·· ·'-' ' ) n ' "'--' ) b 1 1 + · f i.ue J.DJ. ,la_ COn ..L J.ODS 0.1.. \ ~/ an'-'- \ r can e Ca CU a veCt TOITl. 

equation (11 ... 2)a an.d (11-5) respectivelyp using the values of TI and V 
as given by the experimental results. rrhe initial condition of (k) is 

taken directly from the experimental results~ 

The initial conditions for (l) require more assumptions,sincer as 

discussed in section (11-8), the expcri.men-t.al results do not allow it 

to be calculated. The doma.in of integration ic d5.vided. into five 
. .. 

regiops, Fig. (11-,J) ~ F'or each :region a suitable asswnirtion is made. 

177 777//ZZ? 1 U UZL:.ZZ r 7/~Z II /77 ZZZUZZ/777/ZZ ZZZi 

I I ~ , J 
I ( e) I 1 1 · /\ b) I 

II : 1!/ I 
. I I 

1171/777 i Z2-L l z 7 ra..z.J_.a(c) "" (a) I 
I i I I I 
I l I I I 
I : l I I 
I l I I . 

: (d) j 11 I 
r 1 11 I 

-'---~- _____ l ; L__ --··--- --- ____ • _ _L. 

sui tal'il8 a.s~u"ption for ~ha iri.i tia.i conditions of l. 

1- RGgion (a) is ·bou!:dei by the a.own stream fac'J of ·t.r..e fe.nc-:, ~ the 

axis of synunetry, the exit bound~ry D::ld the c0c..or~d2r:·y due+. pipe. 

fo:c this region, ( L) is a.ssumed to obBy t'1e fo::-m1:ls,: 

1~i1erc-, 

((:, -C~) r-l.f 
rp ;; 
• \.'l, 

l
0

. is the length scale at the axis of sy:nmetry as given by the 

bou.ndar:r ~oncl.itions~ 

Rl pC1'c
2 

~.~ce as defined_ in eq_m~.tion (11-16) .. · 

2- Region (b) is bounded by +he d.ownstrea.m ::md. the ~:;_;stream fac:es of 

the fence, the fence inward :a.Ging su.:d'ace ci.116 th0 axis of 

symmetry. For this regionr ( l) is 2..ssuined. to ob~y the formula 
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(c,-Cd r '1 

R3 
f 

Rf is the fence radius 
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l0 ,c1 and c2 are as defined in equation (11-2.5) 

(11---26) 

3- Region (c) is bounded by; the upstream face of the fence, the plane 

of the lip of the __ primary duct, the vortex chamber duct, and the 

axis of symmetry~ For this region, l is assumed to· obey equation 

(ll·-2.5) •. 

4- Region (d) ic bounded. by; the primary duct pipe inside surface, the 

plane of primary duct lip, the inlet boundary, and the axis of 

symmetry. For tM.s region, ( L) is asswned to obey the formula: 

where, 

L0 ic- as defined in eq_uation (11-25) 

RpG1 ,c2 • are as defined in equation (ll·-17) 

(11-27) 

5- Region (e) ~-s bounded. by the primary duct outc:r- surface, -'c.he 

vortex chaml,9r duct. inne:c surface, the plane of the primary duct 

1ip and the inlet boun0_a:cy,, For this region, (l) is assmncd -to 

obey equation (11-8). 

~rhe valu.:;s of ( l) on 'th9 boundaries between the regions Ra~y be matched. 

by asstuning a 1:1.ne~r rate of ,:;i,.c.nge in the rlirection norr1Lal to +~e 

boundary. 

lL 10 Tho initial value·s to !:'2 assigned to the consi:.ants r: 

'J:lhe orti:lisat:i.m:.. of t-be eolution includes the determination of the 

final values of the e,onstants. However the solutioYl reg_uires initial 

gv.esaes to start. w~_t,h. It is obvjous that the closer the intial 

g,Jesses arc to t.he f: na: valu.es, t'1en the fewer will be the trials 

and the more econor."ic.al will be the optimisation process c '1'able (11·-4-) 

shov;c the i:.:.it.5.a.l guesses of ~he values of the constant,s" The values 

of $<i '°k a.nd CD are ta.ken aft.er Ref.,_( 66)" The valua of (11. is 

reccmme1~ded by, 3ei'. (J2). The values of G1, c2 ,.Cy elf-' c5 anc1 06 are 

also taken af+.e:!' Ref.(32). While the _values of Cs and CB are mere 

gnesses!, bGca1.1se to th~1 knowledge of the author, no information is 

?.vailable about them .. 
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Table (11...Li•) 

The initial values assigned to the constantso 

Constant 9v. °It 0-1 CD C CB Gl C CJ ("i C5 c.,.. 
s 2 ""'/+ 0 

Value 0.2 1.5.3 LO O.JlJ 0 .. .5 0.,313 0.14 0::108 o.1J4- 9 .. 08 0.11+ o.os 
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CHAPI1ER 1~WELVE 

12. THE SOLUTION PROCEDURb;: 

12.1 Introduction: 

The purpose of the p3:esent chapter was to apply a modified version of 

the·general :::elution procedure proposed by Gosman et al in Ref .. (37), 
to the present mathematical problem which was fully specified in 

chapter eleven. The procedure was based on a finite diffe:.:-€:nce 

solution of the general differential equation ancl its auxiliary 

relations. 'l'he main e1ements of the derivation of the solution 

procedure were:-

1- The reduction of the differential equations to a set of 

simultaneous, algebraic~ finite-difference equations which relate 

the values of the dependent varia.blb at each nod& to t.he vaJ.u~.::; 

which pre1rail at nearby nodes. 

2- The recasting of the equations into a sui ta.bl~ form fo:r sc.lution by 

an iterative method., 

J- The outline of t.he iterative solu·i:.ion procedure. · 

'foe following few sections discuss the details of these el8men-~s. 

12.2 Tne ref0rmula.tion of the differei1tial e1ua.tionJ: 

'l'he di.fferent:.:i,1. eg_uations :p'.1.esent~d· in chapter elevel"I. m1st he 

recas ~ed j n a more comveni~mt form ·uef0r0 thP firitc d5 ffer0nc~ 

soliti.on could re ri_erived ~ Ref" U?). 'J'nis ferro is pre~Pn°Led a.s foll o·ws i 

r-··1e ..r•,r1c·!:.. ~ 0··1c a b C ~-•nd c_·i.;).. .... C0.1."·"'res1·,·,·r1d:i np; +.,O +.,he di .r-_. fnr __ .ent.t: ~1.1_ J.i. .1. (~. v.L L ,.) <pil cp ~ ~cp '-"- -
1 

.t'v _ • - - -:.- - ... ~ 

equations of; <,;:, ~, ,k and. L are presented in ta.ble (12··1). 

<p 
w 
r= 
tp 

k 

L 

m .. b"! 1' J.-:> 1 ) 1°'_..:.e , -. -- ✓ 

The functions a , b , c , &.11d cl • 

I 
Deb 

.. 
acf> 

r2 ? r-· 

0 
__ !-
eri. -

I i~E;lo-; 
I ./Jer;/or 

C¢ 

A.p.r:o e_,.J. 

j 

I 
j 

J 

~ --· 
-:r.zs 

-~ 
r' 

-0~ 

--
C' 

''"'l:)l 
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'ft1e source terms St,nSk, and S l were given by equations; (11-9), 

(11-11), and (11--12) respectivelJe 

12.3 The derivation of the finite-difference equations: 

NW - ,N NF. 

nw f!-____ .1 ~----Tne 
I 
I I 
I I ll, w WJ p t.6 ... A 

·1 r 
I I 
I I I 

SW!-----1 ~-----1 se s . 

SW SE 
s 

Fig. (12-1): /a il_lustration o:: the firi.it~-c.:.ffE::::enc:; grid, 

Fo:c tt0 ?ur:pose of the d_er2.va'Lion of -the fini te-d.ifierence equations, 

the f:.eld of interest, gene-rally refe.L·~ed · to as the domain of the 

solutio:i.1f wB,s cove:!'.'ea_ by the erid nAtwo.:i:k shewn :in ~i~4 (11~ :}~ 

Figc (12-1) displr..yf: a :part o:2 this griti" 'fhe :i.igu:re shows .a ·typical 

· node (P) 1 b,nd :tc snrronnd5 ng noleB 81 'foe integration' of th,:-. 

differ?nt.i.al E:g_uations is pc:.·formcd ov2r t.hc: :i.rea. ene::!.osGd. hy tl-.~ -

dotted L.ri,:;s forming the smo.l1cz· r.ectang1e wtich encl~se,3 -!:he :tioint (."t') 

Tne 2.id8::.. of +his r3ctc.ng]_e are s 1.J.ppobed to lie midway between ths 

neighbcur:i ne grid 17-nGa o 

Integration of equation (.J 2···1) ovei: th& a1ove d-:;surib~d a1:0c:. of 

second anC: the third are diff~si-::m te:rms. a·1;d -1:he fourth is a source 

-te:rr11. Denoting the convectiye ~err.i by Ict and the diffusion terms by-



Id, and the sou1.·ce term by 

where, 
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I , 1•;0 get: 
s 

r r7:e 
I = J 11J a A., {2- (6 ll) - 2 ( cb -:e±.)j d:r. of r 

C t· T ?1:L I t7 r r~r . I 7} ;JC 
s zw-

Id= r »r(e [ f;_ f h'Pr ].,,_ ( c1' 'P)j + ?r f b,p rtr ( c'f 'P)J] dx. d r 
Jj- ;r..w 

f :-_,.,, --:x-e d , 
I~=::: j ( r o/) ocx olr 

r.s xw· 

(12-3). 

{12-J)a, 

(12-J)b 

(12-J)c 

Each of these integ~ls is to be eve.luated separately because they 

require different assumptfonso 

12113,1 EvA.lution of the convection term: 

Insp.:ct.ion of' equation (12-J)a reveals that each of its t.wo term::; 

could. be formally :i.ri-tegrated once (either w.r~t x or r) if a'P 1·ras a 

0onstant. 'Ia.l)le (l!..-1; shows that a'P · is indeed a constant foy: all 

the dc.p:mdent. va:r:iables exc&:pt ( ';!) for which it takes on t.he ,ra.1~s 

(r2 ) ~ Wor this I-'c¾,rticular ce,~,e it is assumed that "t,he va.lue of b:-2 ) 

over the :h!tcgra t "'.On are:1. cc..n be represented_ b.v- a. sui t.al)le mean 

value f-L the node pc-int, P~ Ths~cefore we have for the srJecial case 

. cf the vc:::·tici-Ly eq_uation: 

(a,4-,) ·,:::. (r2 ) = r 2 == "o,..c.•-~~n-L 
c r J? · ;:-"1ean ·2 ...... "'"'..:> ~ 

Cond d.erin&, the fir:3t. integral I 01 ~ 

J
r'1 

Icl = a.9.,.., · <...b t 1:k.j' dr 
, ..t' 1 e\.t't- i 

. lj . 

Assuming that tr1ere exist~ an average value of <:'f'e denoted by 4'e. so 

t::.:1,t; 

<fe. 
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thus, 

Icl = afp fe ( 4',.,,e - '-rse) 

One more assumption is introduced here to evaluate IcJ. from 

equation (12-4) e · that is 4'e takes on ·the cp-value possessed by the 

fluid upstream of tho e-face of the rectanglee This a.Bsmnption means 

that if the flow is from E to P then,·cre = <t,E. Alternatively, if the 

flow is from P to E, then d,7e= 'Pp. Introducing the mathematical 

equivalence of the above argument into equation (12-4) we get: 

I = a,.J., [ 4?_ [ ( Y1/11e -1.fse)-/lf?Je--'-rse J7 + <fl 1 ( \V'Y)e- 1be)+/l/"1Y1e-tl-selfl 
. cl -rp £ 2 · J P l z )) (12-5) 

The presence of the r-difference in equation (12-_5), first within 

bracket.sand. then within a modulus sign, ensures tha.t one of the. 

terms in the curly brackets in the equation will be zero. 'Ihe term 

which remains will be that which.represents the.contribution from the 

node upstream of the e ... fence of the rect,rng1e. This is kn01m as the 

uupwind_ differences" techniqunc · The "upwind differences" is . 

intro(luced to increase the stability of the solutionj Ref., (37). 

Th_e integrals I 02 r;I
03

P and 104 can be expressed in simi1ar forms 9 

he.nee: 

where, 

¾; == (°'¢p/2)[c ,rse -r,,, e 1 + J ~ .. - ir.~" !] 
AW == ( a4¥p/2) [0!:..1w -'is,~) -1-/ </41 w- - </'.s w/] 
AN = ( a cf>p /2) [ ( t.kn e - '-l~n w) + / <ft1e - <-fnv,r /] 

As = ( a.<Pp/2)[( 'fsw-lf.1se) + / lfsw -'fsef] 

(12-~7)a 

(12-7}b 

(12-?)c 

(12-7)d 

To evaluate 1f"t1e.J l.f1se.. J 't'm~r . and \fsvr· 'in equations(l2-7) it.· is assumod 

that the value of y/ at each corner of the rectangle is equal to the 

average of its values at the f_our neighbouring nodes 1 thus: 

tfrie = ~ ( l/p + Vi ;- l};;✓E + tf tJ) 

W-u~ =- l ( ~p .J"f V:v + \11,w +- lf'w) 

t/;; '" . : .t ( lf'p +- (f-r,v -I- Ifs w -l- lfs) 

(12-B)c 

(1 ? g\~ , .. . . , .. ., .... _; .,,c1 
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12.J.2 1va.luation of the diffusion terms: 

or, 

~d = 1dl - 1d2 + 1dJ - 1d4 

Considering the first integral 1 Idl, 
r1t 

I = f ( brh y) r -l-. ( C. A '? J]e· d r dl , e _ ox . ..,... 
~ . 

To evaluate Idl 5. three assumptions are introduced; 

r
0 

== (rE + rp)/2-

b<f;'6 == (b4'g + b'fp)/2 

c~ ( c<(Jcp) 1 = (c9E <Pe - Ct> P 'Pp) 
-ax ... e ('?c£ - Xp) 

Hence, 

I = ( bo/r; + b~1.p) 0 ( ~ +rp) . ( Cqi.E ?r:. _c4>.P 4:'p) . (l'iJ·- rs) 
dl 2 2 (Xf:· -Xp) -Z-

rd21~c1:3r and Id4 may be evaluated by similax: arguments. 

Summing u:p the cx11ressidns for IdPid2ridJ and IaLi-s we ge·ti 

I~ = BE ( c1'£ cpE - c9'p cp P) -t- B w ( c'i:,W' cf'✓w - .ccj:>p cbp) 

-t- BN (ce,~N cpN - c<Pp <Pp) + Bs ( c'Ps cf;,s - c'Pp crp) 

wheres: 

\ 'B.., = ( Esu.; + b-;~P ) . ( ~ - v·L). ( rE" + r-p) 
l!.i 8 · :x.F. - xp 

B = ( b4, tv + bc:, P) . ( rN - rs ) . ( 'Irv' + rp) 
\'l 8 Xp -.XW 

BN =(bf.,~1;-b1.~P) ·(~5:_~!:f). ('i;-t Ep) 

. B = ( b4?s -~-b4-._e). ( 7_£ -~'r.W) . ( 's + Vp) 
S $ If - Y-5 

12~J•3 Evalua.tion of the source termr. 
· 111 Xe 

Is= J f (1- d,t,) ofxdr 
fs Xw-

(12-9) 

(12--l0)a 

(12-lO)b 

(12-lO)c 

(12-J)c 



163 

issuming that dq, is uniform over the area of intergration and takes 

on t.he value at point P, furthermore, assuming that rp is a close 

a :p:proxima tion of the ~r·ea-average of r 1 thus : 

(12-11) 

where: 

(12-12) 

12aJ.4 The complete finite-difference equation: 

Assembling eq_ua.tions (12 ... ,6)r (12-9) and (12 .... 11), the resulting 

complete finite-difference equation is thus: 

AE ( o/p - <PE)+- Aw (cpp - cb,,11j -r-AN (¢,p _. <F'N) f As (4:>p -4=>.s) 

-BE ( ccp~ ..f:,~ - c..pp '-Pp) - 81,1,,.,( c4>w ~~-w - c.P P <P-p ) - Br✓ ( c.<PN ci:>N -4P cf:,~ 

--JB8 ( c? s 4'5 - Spp cpr) + d?f> ~ · = o (12-13) 

~ihere 51 

The A' G are given by equat,ion (12-7), 

The B •~ are gi'•;en by equation (1.2-10), 
and VP i.z glvci1 by equa.t-2.on (12-12). 

'.~quatfon (12-1~) mu.::~t be reformed as a successive-substitution 

fo:unula, that is by removi:nc: :~.P tc- the l0ft-1:..a.nd sides thus: 

C t r.,-i... rcb ,......L. 7) <P P = F c.pE + \...h' '-'-~, -,·- --1v , w + Ls '--Is + .J. 

A}so -:-re· have from equation (12··7) a.nd equat.ion(l2-•8) 

f.E= ( aq, p / il )t{ 'f':,- r:: + %, ;__ 'f' NC 'r' N) + / Cf's£ + Vs - 'fNF. -'IN/ J 
!iw~(lltf>p/ B) l ('f'Nv11-tv ~rsw-Ys )+/ ~1~.IIV + %,-'fs~1 -Ys!} 

( 12.,. J_.5 )a 

(12-15)b 

(12-1.5)1 

(12-15)e 

(12-1.5)f 

(12-16 )?,, 

(12-16)b 
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A1t· ( a 1"p/;j){ ( ~1£= -f· tE - lf NW - tf-'w) ·I-/ '1/t✓E + 'P1= - ~'lW - 'l,,1/} 
A8~:(o.1>p/S) [(tfsw + tfw-'fs£ -'%) +/ Ysw +- 'f'w-~~c -W:I} 

(12-16)c 

(12-16 )d -

The B's arc given by equation (12-10) and V p is given by equa.tion 

(12-12). 

12.3.5 The substitution formulae for the source terms: 

There are four dtj=:'s, one for each dependett·variablee The 

subs-ti t,ution formula for ef',ch is derived separately because there is 

nothing in common between <thfim. 

12.Je5•1 The source term of the vorticity equation 9 dc..o: 

F'rom table (12-1) 1-:e get: 

dw= r-r2 Sw 

substi tu.ting for Sw from equ.2,ticn (11L•9), we get i 

d ::. - tr[o':A (?.. (J.. or_l.1)j ~ r]1/~ f.2-(LP..!f.)12 _ J_"':tl ~..2. (-.i..'2£) £_ :f_ 7i,!£ ){ 7 
o.1 t'i 'o~•-t~:--- r-rr.1 1 ·Jr, ('oz t~11x.~ ~C,zr rix +-a-:t:.Cr--;;rJJJ 
• I I . - -; ... b . t b ' ' ,. wt1e.ce .J ..... eff was repJ 2.ceo. Jl I ,:;r rev ..1. y i y /A, .1.1encc, 

; 1:x:p:r.:-ssiom:) for th0 ccnsti tuents of e1_ua tic,n (12-17) can 1)e 

obtairied on the basis of asRumptions simi]P.r to those; :presente(i in 

secti0!1s 12.:J~l Fi,nd 12.3.2., thv.s: 

(12°'18)a 

(12·-,18)b 

(12-18)0 

(12-18)d·' ''" 

(12-18)e 

(12-18)f 

(12-18)g 
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Therefore, 

where, 

D1 iD2 rD
3

PEpE2 and E
3 

were given by equations (13-18) 
• 

12.3.5.2 The source term of the stream function equation, dy: 

Frc;11 table (12-1), we get: 

dr-=--';; 
hence, 

(d,~)p -~ -f1-)p 

12-3".5.,3 The source term of -the turbulent energy equation, dk 

!:'r')m k.ble (12-1), we get: 

cl = - s k k 

but1-

~mere~ 

F ~ ft} (--'- 2 ,vi' 1 P = L:t.t_✓t= ~ t/1; w -tf/1✓n/ - t.J:.g) 
::.. ,.'t:-: r 'or 0. rp( :Jv-Ys) ( xE- .z.w) 

= ( 'f'tv·E 
rp . . 

-- ---2-r lf'µ- 'fe. - . .Y!e. - 'f' 5- -J· 
rP(rlv' -· rs J ~ nv - rp i'j~ - r.s 

(12-19) 

(J.2-23)a 

(12-2J)b 

(12-2J)d 
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Where F'1 rG1 and G2 were given by equations (12-2J)a!,' (12-2J)c 

and (]-2-2J)d respectively" 

12.3.504 The source term of the len~th scale equation, dl: 

From table (12-1), we get: 

. _dt == -St 

or, 

(d t)p= _ (s,)p = C8 f,, (V~k .. )p _ cs e kt 
where (Wskt) was given by equation (12-24 ),, 

12.3.6 The substitution formt.1.lae for the boundary· conditions: 

12.J.6.l The stream function 11 Y-': 

(12-25) 

~=iuation (11 .... 11+) 0_13scri"!Jes the boundary conditions of ( '-11) at 1Jo~h 

the irJ.J.e-::. aild. eAit "uoundaries. Referr~ng to Fig. (12-1), the 

equation can be ii1tegrr1.. ted, thus: 

(12-26) 

12 • .3.6 .. 2 1i'l1e vorticity rmwt7 .. on,!:~: 
--·------------ r 
(a) Exit. and i~let bounc.s.r.:r cond.Hions: 

i!q_1.1c1tlc~ (:1-1.5) d.es..::ribcs the bour--la:cy ·condit.ionc of (7) at. 

00th ·the exit a:1.d inlet bc,undar.ies except t.hose nodes ly:L1g or: 

th0 :;ralJs or tte a.xis of symmetry. Refe:r:-ring to Fig" (12-1):

thf' squa tion ca 11 1J,~ solved.; thus; 

'l,<_ .. , .- If r' 1.11v - ~P ). (lfp -'"ts )J 
~ .. -:-)p - - f1 ~p"itil- rs) L',,-Y:l- Jp1. - rp- 1:l '12-27 ) .. ' 

{b) The axis of symme Gry b~m~a.ry conditions: 

1'ht~ valt:.0s of (·'f) at the r.lodes of the s;yrrn:'ietry R.xis, unlike 

t.h,~ :i.n1Ai arid e~it conditions, cannot .be calculated once and 

L:r A.11, bcG2y·Jse they iepend . on the values of ~ 'f) at the 

nodes of t.he ne:d, and the second next. rows which are subject 

t.o changr;:s d ~,r.;_ng the it.era tion process G 
1rhere:fore r the 

calculation of the ax:1.r~ of symmetry bound.ary conditions of (1} 

must b(;: inc1udd. in the ite:raticn 1.1rocess. l?rom equations 

(11··19) and (1:i_ .... 2O) the ~,ubsti tution · formula for the boundary 

condition :,f (y) on the axis of ::~yrrnwtry ce.n be· written t 

Ref. (J'?), as: 
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(12-28) 

where the subscripts; P, NP and NPI denote the points;. on the 

a.xis of symmetryti on the next row, and on the second next row, 

Fig 41 ( 12-2) ~ . 

INPI I 

NP 

F Axis of s~rmmet.ry _ _._ ____ ---c - --- __ ._. __ 

Fig. (12·"2): Part, of -the grid i:r. the 1.1eighbourh~99-

0f tlie axjs of syrnmetry11 

( r.) The bounda,..;v conaJ tions a. t the wri,lls ~ 

Eq_u?,t.ior;. (11-2.l}) reveals that -the value 

a w2,ll dc1x~nds on th~ values of f and. 

t!1t:: ne ighbouri!lg grid line. Hc:1ce, the 

, w' of \. r ) [l,~ a node 

~ dt a nocle lying 

calculation 0i ( ~: ) 

on 

on 

must be inclucied ln the itcrat.ion p~oces~. i~ccc:r.ding to the 

6eome+.ry of the d.0m.J,in of the solut.:i on, t.~~o subs ti tut:.~-n 

for!~u~ae a::-e ncaded.- rl'he first fa fo-:.:- nod.es lying on walls 

r:~1ic:h 2:-::·e ::~rc,J lel to the ax:ts of symr::etryJ L,t: c(mstan-t-r 

Halls, and the second for corist:mt-•x walls~ 'l'bs for:m 1.11ae 

1•:.r::i~.:.ten _ belvw were fa.ken 2-,fte:c Ref e (37): 

I 

I --i---
1 

/ ,,, / Lt.LLL./.L'./ .L. 
p 

NP 

,4 t· -----,---+--------1L 

a a-p-----l-1-{P ___ _ 

a ~------,--

(a) (b) 

F'ig~ (12-J): Part of the r;ricl , n the ne:h;hbourhood. of l•ra.11s,. 
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(12-29) 

Whe:r.e the subscripts P and NP denote points on the wall 

and on the next row to the wa.11 respectively, Fig.(12-J)a .. 

2·" Constant-x wans: 

(./2-30) 

Where the subscripts P- and NP denote points on the ¼ra.11 

a.nd on the next grid line to t,he wall r8spectively, 

Fig.(12-J)b. 

l2o3,7 rrhe substitut.ion formulae for the initial· conditi.c:ns; 

12.3.7.1 The stream function,~: 

Equation (12-26) wa.s used to calculate the initial values of ( t) 
at each internal n<;de using the initial v~J.ues of TI given by the 

experiment.a,l results. 

l2.J.7e2 ~he vorticity function, (7): 

Equati_on (11-5) describes the initia,l ccmd.Ltions of ( ~) a-t tbe · 

inte::nal nodes. Referring to Figo (J.2-1), th~ t:q_Ud.tion can be 

Equation (12--Jl) was used to obtai:c the ini tia1 vo..~ues of ( ~) a.t 

.... " each in:tc:cn2,J. node, using the values of U and v a.s given by the 

experimental results. 

lZ. 3, 8 The 1~0cover-J of the mea.n VE:loci ty compomen Ls~ 

At t.he end of the i-teration :process both the axial and th 0 radial 

Gomponents of the mean velod ty &..ce ·~o be caJ.cula·~ed from the fi11.al 

values of the stream function. Equation (1J-2)b described the 

relation be+.,ween 'f' and U ar.1.d V respect:iy1;J.y,. A fim_t.e~iiffei:ence 

solutions of -these two equations are giver.. below. The solu.i:.::.ons a.re 

based on a tb:ce_e-point quadratic approximation , Ref. (37),, 
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( 12-32) b 

12.3.9 The recovery of the static pressure: 

The g-.cadicnts of the sta.tic pressure p w.r.t .. x and r. can be 

calculatecl from equations (11·-'+ )a and (11-4 )b respectively. The 

equations contained derivatives of the mean velocity compoments and 

their correJ.ations w.r.t.x and re These can be calculated from a 

three-point quadratic approximation, according t.o which the 

expression for ths first derivative of a general du_ro.my function (B) 

at a node (P) w .r.Lx can. be written as: 

Siii:~.lar1y~ the firs·~ d.rivative of {B) at a node (P) w.r~t. r can be 

written 2.s! 

Eq_uc:;.tions (12-JJ):t ~nd (12-33}b were 

deriva~hes iP. equ2.t.i~ns (ll-4)a and 

(/?- 33) b 

avai1a·o1e, +.he si-.!3.:'c.:.c p:-:essu..-re I p, was obt?,ined from ~n.e of che 

fo1.1ow1ng :iimplc :integrat:.0n fcrmulae. 

]/ . .,.3 .10 'l"'he r.aJ cv.L:1 tion of ~£dit~ona1 flow parameters: 

T."o more llc;-r pa:rnme·t,ers are relevant to difftt":>e:-:.· work., the st.a-t.ic 

pressure rise coeffic:Lent at point _P, ( CP )pJ and the tota.l pressu:u; 

luss coef;icie~t ::i.t poi:.-it Pf (CL)P. 'i'he two ,parameters are defined 

:,,s follow: 

(12""·35) 
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(12-36) 

Where: 

Pp is the static pressure at point (P) 

· p
0 

is the area weighed mean stat..ic pressure a.ci~oss the inlet 

boundary of the main flow. 

~
0 

is the velocity profile shape factor (defined in.chapter one) 

at the inlet boundary of the main flow .. 

V0 is the area weighed mean axial valocity at the inlet boundary 

of the main flow. 

· V p is the absolute value of the mean veJ.oci ty at point (P), 
I 

Vp == ( u/ +~~yz 

12. 3 .11 'rhe cal cu.la tion of the diffuser -perf' ormance para.meters:: 

The diffuser static pressure rise coefficient c.1' and the total 

pressure loss coefficient Ci_ were calculated from the follo~dr:g t..rm 

formulae. 

(12-J?) 

,, - ( ~"" ..,1.f.<?«o Vo~) -( ?ex. +-i· ecl..e-:r. {~'-) 
1., \.. -·. . ( Po + Ji e D< C Vo') (12-38) 

Where,. 

p
0 

r- c.z
0 

. and V0 are a,s defined in eq_l:ab.on (J.z.,.,36) 

Pex. is t:rv:! c:i,rea weighed. mean ~tati~ prs;:;sure at -che ~xii bound&.r;r 

C( is the veloci:..,v profile sha..t-r:-e factor ~t the exit b0undc1.J:'.,'-r. ex -
v L~ the area. weighed meau :,,xiaJ. \~elo01 t~,. at che e:-.. i t bo1md.axy · ex· 

1~. L~ The outline c,f the soluti.on proced,1:re: 

In chapter elevt:n the mathematical problem was posad. and a full 

ma thema:tical specifica:Uons were p:cesented" 2:n tl:fj :previous few 

sections of this cha:pterf 2. finite difference so] 1Jtion of the ge:ner:11 

differential equation was ~resented togethe:c with other Rubstitution 

:.f:ormulae required fo:r the so.lutio1:. 'lbc general snbstitut.ion for:'l.ula 

and the associated auxiliary substitution f~rmulae form a set of 

simultaneous algebraic equations c The :pr&serrl: ta.sk is to out.line a 

method of soJ.ution for this set of a:!.gel'>raic eq_ua.tions. 

It has aJ.ready been st-a-ted that the method of solut.ion is an it•;:.;rative 

onec Iterative methods for solving simultaneous a.lgebra..ic equations 
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CHAPTER THIRTEE:N 

lJ .. ~rHE COMPTJI'EH PROGRAMME: 

lJ.l Introduction: 

~:he purpose of the present chapter is to provide the necessary link 

between -the formal description of' the ·solution procedtu:·e in terms of 

sym1)ols,, chapter twelve 11 and +he practlc-:>1ly useful - solut:i.on Jn 

terms of munbers e This link is o:r co, .. trse a ~omput,er programme, which 

translates -the J_)rO-.;i?!dure into the se:des of insfa.i.1.d,ions which the 

digital computer requires in v.r,~er to carry out t.h0 computation. 

~rhe programme was rr.ci t, ~en ~n i.t"
10:1TRAH 1V computer lar.01.1,tge e The 

computer which was u::,e1 t.c develop -~-l-;,.,._'! ·prograrnrne was an ICL _1903 T 

machine at the Compu ... -ar· CeutrG u.f the Cra.nfield Institute<- During 

the c.svelop11~ent of the programme_ some w,.,d ifica.t,iorL..:> on i-he oolut.ion 

.Procedure,. ehc1:ptc:r. twe:ive, were .i:'c·, .. md ni.~Ct ssary b ma};.imiz.e the 

stability of t~1e ~,--.1ut,i on. Thr "-8 1w:-i-l.ficB:ci.ons wiJ.l 1:.,t,.. me .... tioned 

dur.i ~"lg t.he c.escr:2.ptinn c,:· the prog:r.?.J.:-:fe. · 

~l1he prog-1-aimue ·p~,s diviiFd :.:rt:) ? .. numoer of s:1bro;,;j:.1.nes o Unique 

r.eg.i.ster~ were c::..::'J.oca.ted t.o t!~s ::ore imJ:,,):rta,nt -;rn.riables O!:' 

quant"!. ties Thi~ me.<1s it pm3f!.i'hlc -~o use ~:!.-:u;dar:1. c:,r,ii,:QN siatmnentE 

-;-.o J.ink +.'he ·;:..rious c-,1.fo::.~-:mtines a:.J.'1 :1er..::..: t.o :r.-cd:'..,1ce t.he stcre 

+e½.uin:~ment to a mini:num .. 'In0 '!1.tL::er:_\,;aJ i1~pd. c1ato we2-e specified in 

the l,.WC~ DA'T'A arid llf'\ RE./J) ~~tatements were lJ.c::!ed ... 

)?ige' ()_3 .... 1j si1ows tho i'kw c .. :.agram ot the i:,ros::a.mn:te (, 'T.'he d:.:.i.grv.m 

indic!.rtee ·~h~ seq_uenc~ of opm:ai,ion:;:, the irnz.::--com::;c·~ions of the 

varim.-tS ps,.cts of tne program111e and the i:r. furwt.i0~1 in brief. A 

complete li.stil1f£ of the prv~"Iamme =~s :p:cc.-.riuec.,.. in Q.11pc:1dix Gt, T,-t"blo 

(1J-l) st:;~m a list ,_,,:f the im;,o:c-c.ant. i?OFt't'.r~j\\~- :,:.111r-~•ls U;::;ed in the 

progr~mme r.:.;1d. 1 .-:he~·ev-ex· 1x,E:~.:. lil .... i -~~h•Jir al.6.)L:aic eg_uiva1ents,., The 

rema.indc:;..-- ,Jf the syr111 1·=>1E in th':' :pr,)gramme J.o ·1ot. :Cf:. ;_ui:re 1mch 

ex j_)lana ti on c 
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Fig~ (J.J-·1); Flow diagram of the nrogramme 

BLOCK DATA 

Supplies numerical 
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·- __ _j-·- -;-•-··-

Computes ~;i1,~ new va:ues 
of (c<1/t) a.+. a 11 the 
J• 11"~ r.:.-v•i- :--i l .,.,._,.::i "S .. , ....,_.:; on 

--------:.------; -~-:h;~~~lle,·--;~d t;:~"a.xis j 
, of svnunetry .__ __ . ----------· -____ J 
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CALL CHAZO .----~-----! CFi.AZO 

Computes the new values of k 
1--------~-------1a t all the internal nodes e 

CALL ABOKHALIL 1-----;,------1 

Yes 

No 

~g 
criter 

jcA11 SAIDI .; 

i -
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! .. -. ,, 
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... ,. .... d I ~ 

-
,, 

!CALL SALWA I 
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/CALL Kl-11'1AL 1 
-
~ 

-

'~ 

I 

ABOKHALIL 
Computes the new values of l 
at all the internal nod.es. 

PRI!fr 
1I1he values of the convergence 
counters" 

~Till 

SAID 
Calculates the final v2~J..ues 
of the mean velocities$ 

sA~vSlill 
Calculates the final ve.lues 
of t.he static pressure,, 

SALWA 
Calculates the diffuser 
performance para.meters .. 

KAMAL 
Prints out the title and the 
heading. 

lcALL A -q r:i ,., r1 I ... Ali1'IAD I 
J.~ .... r ... .i.,; 

- .,_ .• '· 
I --------rc'.!':--------' .r.rints out the rrn3ul 'ts,. 
I I 

f3TOP 



FORTRAN symbols 

R(J), X (I) 

uo (J pl), VO 

TO (J ,I) 

SP (J ,I) 

CON, C'.ro' CTR 

CFOe rw, CSX 

RPOt RIC 

ROH, MU 

CD 0 SEGK 

Cl• : CB~ SEGL 

AL (J.,I) 

EPSI (J,I) 

EPSIR (J 0 I) 

OMEGA (JrI) 

OI1EGAR (J ~I) 

r;;·(J;!) 

TR (J,I) 

(JpI) 

U (J,I), V (JfI) 

CP (JtI),CL (Jr,I) 

17.5 

rrable (13-1) 

List of the used FORTRAN symbols. 

Meaning 

Radial and axia.l coordinate c,f t.he node P(JsI) 

respectively. 

Initial values of Up and Vp respectively 

Initial values of kpe 

Pp 

CJ.fl c2 fl CJ 

C4, C5, C6 

Rp Rz, Rr 

Outside radius of the primary duct and the mea.n 

radius of the vortex _chamber respe,:;t,ively o 

Cs, CBt a;_-

Values of lp computed from the itercttion cycle 

number N..,.1 

··· - varues of' Lp computed from -the next iteration cycle 

number Ne 

Values of 'f'p computed from the (H-l)th cycle. 

Values of 'l'p comput.ed from the Nth cycle. 

:·values of (w/r)p computed from the (H..-,l)th cycle. 

Values of ~v/r)p computed from the N-th cyclei., 

Va,lues of kp computed from the. (N-1 )th cycle o 

Values of kp computed from 'the ·Nth cycle0 

The final values of Up a~d V; respr3ctively,, 



FOitrRAN symbols 

SPgT, ALPHE, VE 

CPT, CLT 

K 

MEPSI~ HOHEGA 

MT, MAL 

AE, AW, A."N·, AS 

J3E" 13Wc BN, BS 

CE, cw, CN, cs 

D (J,I) 

DON, D'I'Of DTR 

1£0N, ETO ~ ETR 

D01'1EGA (J, I) 

WSif.r tJ ~I) 

SE'iAB ( J". I) 

DK (Jr1) 

UL (J .,I) 
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Cont •. Table .(13-1) 

List of the used FOR'IRAN symbols. 

Meaning· 

Itera·tion counter 

Convergence counters for l/1 and w/r respectivc-!ly" 

C t f k d ·\ t· 1 onvergence coun · e:rs · ·or ,. an \.. res pee -r; e yo 

'I'he A'S of equation (12-7) 

The B9S of equation (12-10) 

The C'S of equation (12-~l~-) 

(D)p 

Tl , ·- l, DV DJ 
Ep Ez, EJ 
(d'4~)p 

li\si Gp G2 

(Ws•,,. • ._)p .h.v. 

t ·_ ·tn >r 

(d1, ),, 
~\. --

(d ' f ,, 1> 
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In the next few subsections a complete, though necessa.rily brief" 

descrip-tion of the various :parts of the programme is presented. i 

lJ e 3., 1 The main programme~ 'tHASTER SAADn s 

Because cf the subdivision of -'c,he computation into :various 

subroutines, the main programme has been assigned a relatively 

light duties which can be summ?srized as follows i 

1- It calcula.tes the boundary and the initial conditions of the 

length scale (l) using the equations (11-16), (11-17), (ll-18)s, 

(11-21) 9 {ll-25)P (11-26) and (11-27)~ 

. 2~ It calculates the boundary and the initial conditions oft.he 

stream function (t) using ~quation (12-26). 

3- It calculates the exit and inlet boundary cc~~di t.i011s of the 

vorticity function ('F) using eqi:ation (12-·27) .. It also 

calculates the init:i.al condH~iom, cf' (¥) using Gquat,ion (::i.2-JJ) 

4- When a.11 these have been done ·i;he main c_0mputations are st3.rted 

by ca:1..lirJg tl.t0 .L'elevant ::mbroutines ~ 

In the subsequent i ter.ation prc-0ps:3 the_ field of..· in.togra t,ion i~ 

~onfined .entirely :.o th€ area erclo~ed ·by the bri.d,-..lineL one mGcih 

distance from ·Lhe bounclaries, exce~t t~e vort~~ci~·.y furwtJori. for 

Hhich · so!ile of its boundary condi"t,fonz a:1:'c (.alcu2.3.-'~ed d1.U·i:r~ the 

-i..t.:n:ation process. 'l'h.us~ known bouno.ary v(kl·1es can be conveniently 

E. :i:1ecified ::3.s they wiJ 1 bE. safe from any la. tc:--:· int,erf e:. ence e An 

~xa-r:1ple is the set of :ioundary v~1.lue;;:, of t)c), tl,ese arc z0ro 011 :111 

boundaries except those on thf.:: inlE::t, e~:it; ai"J. the a.xis_ ,,f syrnr.3try 

· boun.dar~ ~s (J 

An. the nm~.erical eta.ta ~re specifieu her3. 1i1h.is ini:.•:h,cles the 

boundary and the init.ial values of TI, V .?.nd k ~ It .. ,.1:--0 5n~Judcs tl,e 

flui.d :properties~ the g.cid dir.:~ms; ons and. the v-alues : ssigne1.:. -t.o 

the various constants required for ~he r;olut.i..on. 

1J.Je3 Subroutine '~HASSAJ:.P': 

Some of the nuraerica.1 data s:pecifiei in i::.he BLOC~~ D.i\1iA ~1:a::-a 

introduced in an unsuitable o:r:der for use by -the programme a 

Consequently, this subroutine was provided to reorganize these~ data. 



'fhis subroutine calculat.es the first se·t. of values of ( ~) at the 

nodes of -the 1.zall and the axis of symmetry boundru."'ies using 

equations (12-28)~ (12~,.29) and (12-30)" It is called into action 

only once and is not part of the itei"ation processe 

13. Je 5 ~ubroutine "WAEL'~ t 

Computes the new v~lue~ of (t!,') aG par.t of' i;he -i ter,,.tion J,rocess 

using the ge~er::tl su1Jst~_-t,11tion formula, ec,:iation (12-J)-1-) 9 and its 

a.ssocia-ted equations given in section l2eJ.l+o The method of 

calcu1at.ion of the B ~ s included_ in the genera.]_ substitution fcrmula 

had -'Go be modified(! ThJ.~ W:iS beca.uL0 ·b '{' = 1/ e r2. her;.ce the 

calculation of the B ~ s a:i.;, the nod.es of the g.cid line next t.o the 

axis of symmetry i!l"1olved the ::Uvision by a zero which f~,r obvious 

rBasons c::i.US8d !:.;erious com:put~t.i 1Jn~l problems~ The morUfied 

£ormu1ae for -c,he B's in ·t.his pa.rtict~:.:.:,r case is 0 iven as :follows: .... · 

B :c 
1.,,1 

;.::.f -.:<-,4 
e c tN + Y

1
,;)(;rJ- ipf 

(lJ-l)a 

(lJ--l)b 

(lJ-J)c 

Compu-t.::s t.he :ie-s-: val1~c:s of ( ":) as pax·t of tho ite:ca,t.ion process 

usin~ thA general substi "t;t~-:.ion formuJ..a, eqtlf.rt,ion (J.2-14 )r- and its 

c>.$soci.a ted squat ions~ Th; s :i.s f ~:;::· all the intbrna.l .l1od es. ~,:-xcept, 

boundari~s c The { ~ ) values at. these nc:=i.es -i:rnre ,Ja.lcul;;;.ted from 

im:plid:t f'ornn.:las in whiJr1 ·che v~➔.J.ue of ( ';: J a:t the wa.11 node o.oez 

not a,J)p,ear explicitly e An example is ~hE~ ca~3 whe:r·0 the node 0
}iu is 

on a grid-line cne Hesh disfa,nce north of ? .. ,-m:.i.1 $ 'rh~ i.J11plicit 
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formula in this case is as follows: 

(13-2) 

Here, (W/r)6 does not appear explici-tiy for it has ·been eliminated 

by the use of eq~t.ion (12-30)0 This method was used" to eliminate 

divergence which w<Juld have otherwise been experienced.due to the 

us~ of non-uniform spacing between the grid-lines,Rcf.(37)• 

The calculation of the values of ( ~) at the wa.11 and axis of 

symmetry botmda..des was also in~lud.ed in this s~broutine. Equations 

(12-28), (12-29), ari (12-JO) were used for this purpose(/ 

i'h.is s~~brout.ine C'om:r:,rter.; the new values of (k) c/Cr all the intera..1:i.:1,1 

nod.es :t.;-., part of t:~2 iteration process • 

. ; t t·1e e.:::.:r."1~· st~ge!=; of de:velopment of this programme, divergG:i.~.:::~ 

occ"Li.rred when(t:) wa.s calculat~d ush-wig the gene:r:o.i. sub:.:tifa.ltiou · 

f'crmulc:2,. J::-l; is 1.JelievcJ. that the :ceason fo:c +:his Has that lar1;;e 

Y?,ri~tions in thP C"s ar.1 D of equation (1z .. ,..1J+) uere experiencedQ; 

~is hip.ired conv,~rgenc~ ar~d sornPtimPs le::d. to inst:ibi.lity ~ 1rwo 

rened.ic.:s wP-rc :tvm:d. -t.c bt-. succe::..sful 1·0;: tnis sour::c• oi div0.,~·gencF.!l,; 

!3'.'.'"t.h vf them i•rcre suggestea in Ref,. (37) ani art,;; d.e~sc.1.-~ibea. belowi: 

The fL:-::t remedy Weis spocifica,11!- devised to reiuce va.:d.aticns in 

+.he s<.,tcce ter~~1 Ds: Frma ta.b1e ll2°•l) and equation::. (12-J.l:)r(.12=1.~}e 

a!'a. (12-21) it mB.y b~ :::h0~m that the forn!ula fo1.· kp is: 

Here, I~p a:op~a::.s. -t: t.he power 3/2. in equa-J:,ion (lJu.Li)f! It. might 

·:-herefo:re to ~nticipa~•~'<l that lDk):p could vary so widely as to 

J?I'UVoke dherrence .. In fact the results obtained. during the early 

st.ages of de1.'"elol'-r:tE:l.1v of the pJ:og:ramme showed th.at this was the 

case, 11.'he probl0= was 3olved by the re-a:rra1~ger:1ent of oquu,t.ion 
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(13-J) so that it takes the following formt 

= [ Ct::kE: -:- Ct,.tkw +CNl<N + Cs l,s + Vr ( Wskt)P / 'fe] 
( I+ vp ( l)K)Pffs) 

wherer 

(J.3 ... .5) 

(lJ-6) 

The point about equa:cions (.13-..5) 8..L"'ld. (13-6) is that the variation 

in the mud.i . .fied sou.re:e -'Germ can be expected to be much less than 

those of the original one. 

The second reme:~ly is;_~ commonlyc..~3mployed one, which is known as 

unrle~--... relaX£ ... tion~ Fo:r J~hise the value of k which was computed in 

the (lt-,1) iteration cycle is denoted by k(U-l) and the va,1ue of k 

-:,ein~ cc,i1puted in the curr~mt iteration cycle number N is denoter1_ 

( l•-) 
k\J 1 ... Then the v~-lu€, which is actua11:r used in the next i-terat~on 

cycle ,r~mber N-d a .. :d. is used for calculating the value. of I-: a{) -the 

ad.jar-ent. r:od.es in the curr·en-c iteration cycle is computed. from 

k ~! 't ~<"'1 
-: (I-~) k(N-f) (.1}-•7) 

.Here~ i~ll'.~ coef:ticien:. >f f! lrhich is oft.en te:r"l'l\ed the •vunder

reJ.aY..a,t.:.c:--1 :paraHteier" Wd.S asc:igned the value 0.5. 

13~ 3- 8 Subr("lutLJ.e n ABOKHALIV·; 

Ttis sub::·out::.ne com~".!tes th,~ ncw ·va.1.uas of (l) at a.lJ_ the int-t-:r:·nal 

ncles aq y;;i.,r+. of the iteratic:.1 :()rocesse The .~enero,l substlfari:.ion 

.i':lrr.:ulJ was used i:;.1 thi:; subrout~x1.e. 3imilar t0 t.he case of U:)r 

~he rl:)~~llts uttail:Jd f:,.:or.: the early st.ages of de.y0J.opment p:i:vVed 

-tha:C1 the ;:.;;r-lntl.on fc,.,_- t l. ) w2..s divergent, The u::.e of an und.e:r

relc».'}:a-:iu11 parameter t~:~-in6 thE; val.ue of 0~.5 solvea .. the pro12em., 

.. ..: 

C::ce ~ihe ;:;onvergence crlte .• :ion ,,,vas satisfied1. this su1'::couti:·.te ~rould 

l)t-) i.ised tc ci~~.r1~1.aie t;:t~ final valties of the Corrr_ponents of thE: mean 

.,v":Jloci ty J-t. c.2.1 th.e i.nte:i..~nal nodes u.sing equ.~tions ll2-J2) .. 

Thh., r,ubrc.,,.itin.e may 1)e used to calculate the values of the static 
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pressure at all the nodes of thci grid using ihe method described 

in section l2cJ.9e 

lJ.Jell Subroutine 0 SALWA": 

This subroutine may be used to calculate the stati_c pres~m.re rise 

coefficientr equation (12-3.5)P and the total pressure loss 

· coefficient., equation (12-J6 )t> at all the nodes of the grid~ It. 

may also be used to ca.lculc:te -t.he performance of' the diffuser as 

described in section 12.3.lCc 

lJ~J.12 Subroutine 11KAMAL11
~ 

This subroutine print3 oui the title and. the heru:ing oft.he ou-c].)ut 

resul-cse 

13. 3 o l J Suhrvutj r,e h AHi1AU": 

This subront.i11e prints 0ut, ·::,1-,.~ out1>··-~ L '.\'.•esul t.s ~ 

2'he :-:ia.rly a:tternpts ·:,c rur~ th\,,, progrc:..m .. l'lle pro~·~d · that the solutlon ~r~s 

divcrg~nt . ., The ir::trc:1uc.tion of the mod:~fica ;,,::.onf3 ~:hict. :·,.s~:'e Jnentionc--·d. 

ln the p:re-:d ous s~ction s01.v-ecl the :P::-o"'t;lem and hP11ce . t,he p:rc>"grc:1.::n.1:1'~ 

l)ec-·:-.me conve1.-gsrt o However r- -the rate of oonve~~genc~· wc..s t.lo~: ?Jl~ no 

catisfacicry results were :.clnevecl wlt:.:in t1-.e all(H~3.ted co:mpu~tionaJ .. 

timE'" H, i.S believed tha. t ii1e _l)rorler-1 is nvt. a math01µa;~ic~l t:.1.t c, 

co:iu:pu-ta·~ional one whiL'h c.zt~l :,e Polv1 d. by- further develop.!!'ien-c of the 

present study t it was not possi~l~ to d-:\tGlo:p e,hS: prugrar..::.e any 

furth:-~r"" Sugg0stions for fut~re dev-PlOJ?ment. ? .. re as f 0:!.lo.-'4s. 

1- IJiveJ~gen~ ~ Co.!i 11e enhanc:)d. ·by cha:::g~_::g: the o:r:d~.c of 0CBTI.nin6 the 

solutioH d-)ma.in so ·iiriat it ~a.y appro:;r:~~:i..-t.bly· folJ01-; the flow 

im~lde -~he di:f.'fuse"Y.'., 

2- It is beJ.iev-ed. that the major 0a.:.1se o: the problem is t.ne · 

unsatisfactc:cy as-=>1.unrrc:~ 0'1s r-tbcut ·UH~; t,mr.,.lc..r·? and .i.:!li tia.1 

condi i..i.ons tI the lengtr: t":ale {L) .. An inq.1.i."'OVB::er.,.t. in this area 

mc1,r i.11CJ""Gase th!: rate of oo··,,e:,,,~gence,. 'I'.br. only r~oblem is that~ to 

the t.::owlt-?dge of the author., there iJ n..::, availabl ~ information 

a.bout the o.:istribut.ion o:f :.b.e · 1eriztb scaJ.d i:1 similar flows Q One 

way around the 11roblem is -to calcula,,te the lt~l'lg:t.h scale 
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distribution from the turbulence spatial correlations or 

au-t.ocorrela:'d.ons which can be measured experiment.ally. 

3., .. If the previous suggesti.ons proved. successful and a reasonable 

rate of comrergence was achievedF then this can. be enhanced by 

computational optimisation in which the best values of the 

constants introduced in the solution, pa~ticularly .cs, r13 and °t ,; 
are selected by-trial and error" 



V . CONCLUSIONS Ai~D RECOt,~Hv1rtND/\TIONS 



CONCLUSIONS 

The flow in a vortex control1ed diffuser was studied. ex1)erimentally and 

theoretically" 'lhe experimental aspects of the study included the 

following:•-

(1) :!'he selection of a suitable laser Doppler velocimeter f~r the 

measurement of the mean velocity and the Reynolds' st:resses. It wa.s 

concluded th.at the most suitable LDV was the type which uses photon 

co·£-reL~-t.ion fo~ the analysis of the signal •. 

(2.) ,..'"": experiment:i,l optimisation of the geomet,ry of a diffuser model was 

(.;:nductedc The results ;-;-ere used in the design of the diffuser model 

uhich. was later used. for th':) measurem.ent with the IIJ'f .. 

(3) 1·:1e~ di8t::-ibution of' the static pressure, the components of mean 

veJ.')cit)· and. the Reynolds' stresses were mea.sured. The results were 

pre::9nt&J. aLd. discussedo A comprehensive hypothesis describing the 

f'L~r ·behav:our in t.hE: 11.i::'fJ.::er was es-tablishedo iThis can be sunut1a.r5 z.cd 

ac f~J ~.ows :-

a• The :p1.acisely coritourecl noz'?,le provid::s a. cmooth entry to the 

p::irrn~'." a.~rc·i,. T:-.e ::lot1, tb~refore, has a un:i.form velocity and 

rela+.ively ln1,1 -r,u.r·bul~nce intensi t~, at the entra1,,-'!e of the prit11a:i::·,v 

o.ucte T.l1s le~lp.;th of -the primary duct was Cc.re-fully selected tc.1 

· ensure· a t.urt .. 1len·!:, bound~ry 1~.yer flow further do1mstream, but_no·t 

t~ al:.ow -the r·ww to rP-ach -'~he str..{~e c: a fnJ.ly d{;Vt.?lr,:9ed flow .. 

Theref'ore, ~he :Plo-.~ ap:proc1.ch(;s the region where th0 ::irik c:lfect is 

.:.niluentiaJ. h?:vi:ig a. tur.bulE:,:nt. ·bo-:.mi~ry layer bu+, stJ.11 with c~!1 

acc.artally unl=::-or1r. velocity profile. 

·h..., 'fhe s:ir.1.c effe~t, resultii1g from t:C1e surtion at the entranct~ of 'thE: 

vc,:i:-tex ch2mber - :oe~~t::-a.tes -L" a disfa,nce of abou-l~ ,½-D1 u:pstre?!J. of 

tl:8 ;;r~ ~c::.::-y c.,:~.::.~·t e:;:i +. lip~ '!'he ~trearn. tube :r next to the growing 

bvLino.arv layer., D..ci:-el~rates und~r ~he j_~fluence c,f the sink 0 ffec·t:." 

Consc.:_tuehtly" -r.hc gronth o!· the botmdary layer on the wall of the 

J)rimary d.uet i~ count.ero,cted a110. the ve1oci ty gradied, ::.ncrease~~ o 

~- Ar: th0 :fl"'H cepa..ca·~es from -!:.ne lip of the primary duct a st:-0ng 

sh.13a·c 1C-'.,:;-e:--- syrt"ir~gs of'f the lip~ Tho bounda.ry layer, which is too 

e~3:cgy. detlciP!lt ·.·.o :f'ollc,w the main flow r eni~ers the vertex chamlx~:r 

una.·3:r- the influence of the suction and clccelerates as it flo¥1s 

round tr~ ;:-tarj.ling vn:rtex. The early separation and the c-d'fecd:, of 

the suction hdp ~he rnain flon to diverge rapidly as it JJt'oceecls 

+.owa:rds the ·fenc\:;. The divergence is accomp:.ni.ed by ri for eontinuity 



reasons"' deceleration anrl hence· static :pressure recovery and the 

possession of a high leveJ. of' a radial velocity componento 

d·,,. The main .fJ.ow reaches the fence having a relatively high veloci t.y 

·in the immediate vicinity of the fe:r..ce topr; This drops to zero 

valu.er to fulfill the non-slip requirement at, the surface of the 

fen~e topr, in a very short distance and hence results in a. very 

si~eep velocity gradient,, The result ::i.s the creation of a very 

strong shear layer downstream of the fenceo The new shear layer 

joins the original one flowir:g th::·ougil t.hc fence to fem an even 

stronger and b:r.-oa.c!.er shear layer which cc~1tinues to gain more 

· strength for a short distanl'~ downstream of the f e11ce o 'l'he shear 

layer has a very int.ense turl:,ulence level of a highly anisot.:ropic 

and non-homogeneom~ r.,3,·~m.~~. 

e- The rt1.d ia.l velocity compD.nent orig,.i.r: .. -1.lly possessed 1)y the main flow 

hel:ps it. i·.o diverge very :r:a:p::d.ly to fill t,he whole cross'"" section of 

the Eecon'-z-LrJ duct in a Yery o~iort, ax::.i ~l disfa.n~x., es·~_:,;mat1;,d here 

from the e:qx;rirnental results r.,3 .:i.bou ~ f :11 o Th~ str:or:.6 · mixing 

a.ction,, creatsd. 1'~., th~ shc3.:r: J.ayer on the sepr-n:·a:t.ion ,.Iw:ri\.;;,,cef helps 

to }J.concte the divergenc~e p.coce:3s ,. T:1e -turbulcncu· in i:he shear · 

layer can be looked at a,s a:"". effic~.ent age~t ~=hich is trans:f:,rt,i116 

kinc·r.ic energy fTON the core uf the f:..o~;· t;; the · ~nta. .. ::;y c:.:ficient 

regions in the nAighbourhe,od. of the Sli.rf? ... CE: of separation a1..1d later 

:ir, t.he r!eighl:0u.r:hood of the due~ waj_l~ The :t\.~sult 'is th,... 

retl.ist.ribu"'.:.ion o:: the kiDi?.,.:.ic energ:,'" ~.nd · i1e::1cc a -r.rogres;::;ive ::.;tat,ic 

.... __ ,,re~s· ... -_.-,..n._ ~r.ec·.,·v-re_'V•\l u ~ 1'·h(· ·1.!- ,~i· ,,.. ..... fl r•an+ 7 :-)~f"•r.l,,r> 1· · ·1 +ho t"'+::::, 1 T\Y•Ot .. SP.,,..e ~ ~ r _ , " , •. •• ,,, .. _. L .., .:, c-L.L ·'-" . . ,., -'- .:1.., ........ 1 t "' . ..., . ,,,,. v---· !-.-',- .,,;,... ~ • 

:f.,. T.-~e ef!:iiJient miving :µrvcesR also t.aJ.p.3 ;:.he ilm-i -.to~xea-i/tach 

smoothly tc -the sAccnd~G:y dt1d, wall t::1a ,~on~equen'tly ;~l)e flow 

co:'1tinu~s fa., 5ain stat.ic prc.ssur~ ::l,Z j t. procr--3d.s a.lc~1g tv:e diff;_me:!~ 

short 1ength~ 

g- Tb9 reJ.at:t•l':)ly eri~rgy dei'ir:ierrt, 2.ir eri+er~.ng the ·10L·tex chamk-::-

decelei.::.tE's as it flo:-?;i r('und the st.a.nd.:u)p- ~ 01.~teAc -!J'ne air which is 

too enerr;y deficient to f'SC:tpe is ent:cained 1__ .... y the vo:r-t.ex to be 

rc-;:.:irc·ulatr~d and hence rc-,en3rgi=ed 1)Y -::.!1e fresh i.r1coming flow. Tho 

present exper1.i1enta:. res11J.is ind.~_c2te Um-: t~~0 \:·ortex has no 

signific~.nt effect on the ma in f:_01-1 ,'!.:nd · lienc~ or}. tJ:r.! pe:,--f ~rroance of 

the uif:f,.1ser" 7he energy ::eq_u5 red to drive t.he vorl-.ex i.s obtained 

from the blecl air Hhich also losf)s toe mt..::h t.nergy during the . 

severe diffusion process fo1J 0wing \ts esc:'l~o fl:om the -v-or-1:.ex t 



(4) Recommendations for the development of the design of this particular 

type of diffuser were also presented. 

The theoretical aspects of the study included the following:-

(1) A suitable mathematical model of turbulence was seleotedc 'rhis was a 

k-L effect.ive•-viscosity model. The model was_ incorporated in. a, 

previously establishe·d mathematical approach which is usually used for 

the prediction of recirculat.ing flows o 

(2) The a:p:proach was modified to suit th0 flow ccndi'tions in this 

paticular diffuse.:;:-. 'Ihe mathe1ila.tical pr.oblcm :;as corr~pletely specified. 

and hence the finite difference solution procedure wa~ developed to 

suit this particular case. 

(3) A new computerprogramrne -:ta.s ~-rritt~n :m1 developed. 'l~1C results of the 

computation proved that the solution "t-rr:s convergent and can be used, 

af·ter further develo:prr1~nt: t0 pi•e;.:_ict the flow and the :perf 0:c.·rnanca of 

this p..~rticulci,r -~ype of dif.t'usei:-. _Sugges-i"-ions for ft::.~·foe::a.. devG1opment. 

of the 1)rogramme were a,lr;o pro:po~c.d,, 
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.IlECOMHENDA'rIONS FOR F'UR1J.1IER RF.SEARCH: 

As a closure of ·this study it m:1.y be appropriate to venture into that a.rea 

which is t.he prlvilege of every research worker, that is the suggestions 
for further research. 

Undoubtedlyr further research on the turbulence structure inside t.his type 

of diffuser raust form 4 the focus of immediate a·ttcmtion., Extensive 

measurements must. be made and caref11lly scrutinized to test and impr~Ne 

the present !mowledga ct.bout the t:.:rbulence structure inside the diffuser) 

partic~J.arly in the vicinity of s~ :_id walls. Another arc a of interest is 

the measurement of the spatial and :1utocorrelations 0f t"L·xbulence and. also 

their frequency spec-trae This woul:i lead to a better unde--:-standing of the 

distribution of the length s~al~~ 

On the theoretical Side t in0r1:: develor'"ler>t (Yf the proposed OOnll?Ut,er 

programme fo :r-eqt:ireie Detailed sugg3s:,ions i\.n:· the deveJ.opm::.nt of the 

J)rogramme have alre:>,dy been put f'or::-a.::...-J,. 
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Apprmdix Al 

The design calculations of the geometric: opt,imisa tion test, sect.ion; 

1- Estimation of the supply a.ir mass flow rate, W1 

Assuming; an area ratio AR = 2.,.5r- a minimum bleed requi:r:emen.t Bi!· = J%,, 
and- an inlet kinetic- energy flux parame'ter ce.., == 1.01, t.he ideal static 

. ff. . * C pres cure rise coe. . icien.., :PI ?an be calculated from equation (6-6), 

thus: 

= 1 __ , . ( f ... 8 *)2 

o<, . AR. 

hence 

C . ~ 0.8.51 PI · 

Assuming r. diffuser effccth,eness 1 = 0., 7.5P · then the actual static 

pressure ".t:"is~ ccefficient. 11 Cp can tt! a"'r?luated from er:_uatiol1 (6-8)~ 

thus: 

Cp = Crr X 1 :;:: e>.638 

F'rom ea_u~ t ·ton ( G-· '?) ~ i-re gc1i.:. : 

Also we havs, 
,. ..,p 
t= 1fr- ( -10) 

Sj,nce -!:.hci d i.ffuser h:l:i..l exhau.zd:. fa~ a. tJn')sphe.dc press~1.~e i· henct,, 
. ...,. .i 01 ".'~ i:: N /. ~ P2. -· - _,,-,,_.; I Jll • 

Assuming T :; ~00°K an;} Vi== 51
) 1ii./Bt::C-; substituting in ~,,u:i .. tion (6.-.-.7) .. 

we w~t: 

PJ = 100386 N/rn2 

For a. prim~ry dt .. ...:t diameter ~l o~· iO 1mrt 1 t.h.e rt1qu.i:cee. inlet ~na:.:;s flow 

rate wnuld. 1,:-: 
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The manufa.cturer' s specification of the ALCOSA P.'AN in the ALLIS 

CHALMERS TEST HOUSE, which had been all(?cated to this project for use 

as an inlet delivery fan~ states.that the fan is capable of delivering 

975 ft3/min of air at 32H HzO gauge pressure. Hence, the required mass 

flow rate was well within the capacity of·the ALCOSA li1AN .. 

For AR= 2.5 and D1 = 50 rnm, D2 == 79 mm~ The nearest _commercially 

available cast perspex tubes (:L, e clear acryllic) were found to have 

internal diameters of 47 nun and 72 mm o 

Hence, 

D1 = 47 mm 

n2 = 72 mm 

AR= 2eJ47 
For v1 = _50 m,ls and e = 1.166 Kg/m\ ·then 

~Il = 0el0l Kg/so 

2- Estimation of the primary duct lengtht · 

li"'rom past experience, Ref e ( 12) 11 the inlet flow Reynolds ' number 1 Re 

1.,a,sed on the priraarJ duct. length (approach ier.gth) and the mean inlet 

velocity was · selected to be in excess of 5d05" This wcuJ.d ensure a 

turbulent boundaT."J layer flow at the exit of the :primary duct c 

Re= 

Taking Re= 5 x lo.5 9 V1 =·50 m/sr and JA= L,808 x 105 N/m2 gives a. ''«·"·-

value of l,= 152 ITJil~ 

Tc1Jdng the primar:,\I' duct length to be 2.54 mm (10 in) would give an 

inlet Reynolds' number, 

Re= 8 .. 2 X 105 

This would ensure a turbulent BL flow in the :primary duct hence, the 

primary duct wa.s taken to be of 254 mm length~ 

J- Estimation of the seconda:t.··y duct length: 

Neglecting the fence axial gap Xr- and assuming a total included angl8 

of 30° SI Ref e . (l) , the required minimum length of the secondarj' duct 

can be es tima. ted ,. thus r 
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~~'his represent the mil~j mum length of the diffuser ·to produce the 

required stat5.c pressure ;--:ecovery ill f.ccordingly P the secondary duct 

le1'lgt.h r;ci.s t.a.ke;i as 6" o:>: a.bout 152 mm, to enable monitoring the static 

pressure -:-~~cwery produced. by longer diffusers o 

4.,. EF.;·e,\mt .. tbn of the optim.t1Tt fonce diameter r 
,:;,_,. + • I ,., .- ) 'I"\ b t. . d r ,,om eq ua ... :..on \ t::."'" .> r .1.. f ce.n e as J.ma·c.e J thus: 

., ']),4 \ I 
3(_j - ';)(:': J = 1 - AR: .. 

~rom which{, Df -:-: .50., 9 mm 

Hc;1ce the e-:5tir1lated. optimum radial feuce gap is~ 

5- l!;sb.mation of t!1e vl)t~mu.m fe,ce ax:.al gap .. ":f 
·--·-'"•·--

F.1.Y-•Ttl ,_3gy~tic:1 (1-,JJ, a.nc"!. assuming "?op to be l8°(r:i8~ ch::..pter two_}, xOT, 

car l.1:; est.\r.~::i:tliri !' thus: 

:::r ~ Y /ta.n 18 .::: 6 :rmn 
ClJ 01 

---------
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Assuming that the veirtex would assume a circular section, thenp from the 

figu.r0t 

~ r:.: 2x ::.: 12 mm op op 

A11owing -two vortex diameters for the bleed air "to sett.le down, hence= 

L = 6x = J6 nnn op· op 
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Appendlx A3 

The design calculations for the supply air pipework: 

1- Cb,lct1la tion cf the supply pipe diam.et.er, Ds: 

From Appandix Alt ue have: 

W1 = 0.101 Kg/s 

Pl= 100386 N/m2 

. Vi.= 50 m/s 
(? = 1.166 Kg/m3 

Assuming that there is no total pressure loss along the supply air 

pipework, 

hence 

Using compressible flow -ta:bles for 't =-= 1,.lt· ax~.1 a.8sumiug that i·I!:i ..... (lr()_5 

Ref.(12)i we get 

Fr~tn which we get 
.. '< 

m2 As ... .. 56t; ,c :!.0-:;. .,, 

or 

Ds =: 8'+.2 ~m (3 .. 314 in) 

•·",-
...1- -i:, 1~000.5 

The neci:cest Gtandarcl PVC p:l.pe has an :inieriial cl..iPTI1Gter vf D6 = 3oJ.5.5 ~~ 

Knowing; 

:·:1 = 0~101 Kg/s ::: o!,2!1-7 ! b/s 

(> = 1.166 Kg/m3 ~ 0(>0727 lb/rt.3 

D8 ~:; 3• 355 in 

Pi =~ ·100385 N/ra2 = 14·"6 lbf /in2 

From eqn • (10) :page 25 Ref' o (l+L1,) t> we have 

~\I, 
N ::: 3S9. 2 J3[i1' e· 
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Assuming H .:.-; 30 in fl hence 

N = 0.1.5 

N =-.: r.1EEC Z 

.Assuming Zand£ to_be unity, hence 

From Fig. ( 3) page 2 7 Ref~ ( 4J+) , we ge-t 

m = 0124 

( 
1)or_\7. 4 

or, ~'Ds/ = 01)2 

From which 
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Appendix A4 

Est.imat.ion of the maximum required Eleed air flow rate2 

From equa.tion (2-2), we have 

B·X· = o .J~o~ ~1 [. f- ~] JI AR. 
~ ~ -'../ AR · de 

From A ppsndix ·Al, we ha:(r e 

AR= 29347 

For 'Y( = 0.75, thus 

B* ~ 0~0.5Lr 

AJ.loHing B to va1."'Y during -t.he tests fro~ 0 1:.o lQ,~, hence the maximum 
. d bl .. . -1 ,;. ) . . . b :r.eciuire e'-~':l a,J_r mas~~ 1 ow i \ ''B . . .. is e-1.ven , y t rna. .. ~ 
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Append:lx Bl: 

Calcu1ation of the inlet kinetic ene-.cgy flux parameter, £)(1 : 

Following the method described 

in Ref. { 45 ), the area of the 

· prima.rJ duct was divided into 
-

twenty-equal:a.reas, t.husi 

A1 = 7T :/- = 1735x10~6 m2 

. A A1 = A1/20 =8.67.5 105 m2 

The twent.y equal areas forms two symmetrical 

sets of concentric semi-circular ri1:1gs. 

Table (3-1) shows the radius of the area -bisectors of the8e :dngs o 

Table (6-1) 
Hadius of the area bis•3ctor 0:r t.ne :rings 

A s:peciaJ. total· presR11re probe was decigned and Jilanufa.ctm::ed ace :,r.iing 

-t.o the :r:ecommendations ?f Ref. (46) •. The probe was used to ine:--s,::.-a t.he 

s~deR of the axi;:;, of symmet::-y·. :i'he r(;ad.ings w~.s take on a mic~0'.'.'lanm;;.ete1.

and. are gi.ve:J in ta.blH (6-2). 

µ_i -
1 2 I .... 4, 5 ,) 

--

j 1:i mmH2ol 167 16'? 167 16.5 1r.;r~ .., ... 

·--·-· 
j_ li 12 13 1L~ 1..5 

:hi mrnH2.o 168 167 167 }66 157 

At the day of the test J?~ ~.i 101500 N/m2 
it:! 

(gauge px:essure) 

r 
7 8 {::' 

1.55 · 149 139 

J.6: l? 18 

l~~.5 1.50 J.41 

I r, ,, 

I 
' 121 I 
I 

19 

12C 
·- I 

·---7 
10 I 

., 

~ 
1 08 



i 
I 
I 

hence; 

,fs t e - 'RT 
From P Hef fJ ( 4-6), 
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/o):6-S.,.. /ofsoo 
= ----------2 8 7- ( 2 7" 3. ,s -;- 2 '-f ) 

V = t!ZMl 
i , ec 

Taking. C = LO 

Hence 

1.11-s 

Eq_u~;.tion (6-11) was used t,e:> calculate the absolute velocity distri.bution. 

The results in given in table (6-J) 

Inlet. velocH.y distribution 

--
13 I 141 I 

j_ 11 l? \5 16 17 ") P. !.9 20 .,i.,.__, 
-! 

~ I ... , . I r-
~i_m /s _52.~ I .52 .. 3 50.3 4-9,,J+ 47,,8 41-:•110 4L7 ..,,2.3 . >~·.11_ .Jr•.,6 

The r·e~ults sb:w a h1.gb o.egz·e·e vf' sy:.nmetry wt-thin_ the expected. 1ev1:::l of 

t:rror,, 

The rel,~ . .-tive- velocity d:,.Gtri1mtlr;~~ wa~, cal~ula:t~d fror ·t.hc formula 

~he rela~ive velocity distribution 

---· I 
1 2 I '? l.!- !J 6 7 8 9 10 I i 

.) . ;J 
~l 

I 
I 

i I ! 

1.062 1 ; . I J .• O52 1.05.5 1,.02L!· I lt1022 1..,0 o~ 96.5 Oo898 O&~}J --• 0-JG I . 

! ,-- ··--· 
i 11 I 1 ..... I 13 1'-~- 15 16 l 'l 18 19 20 -G 

·---
/1. 

1"062 , ,•-~(.., J..,.02.3 1,,004 O,P972 o.,e91-1- o.e/}8 V· :i.OS5 .1 ... V:.J.C. J."059 1,022 l. 
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Appendix B2: 

fy:eical test Results. 

RUN NE.I 64 ~HE I 30.9. 79 I ~ 1" b•~I ·/003 

_[FFNff I 3 Ly in 0.08 I I X in I i. 37-4 
-· l_ 

lvoR. cH.I 12 I IL i'I? I f & in I 0, gr;r, 

r 

J lESTN.'! f 2 3 4 5 6 7 8 9 
,-- --

h, in H20 )./0.95 /./0- 67: ,I.Jo.is 1-/0-'l .lfO· oS )./0 2,. 7:5 39-t 3B-7, 
- -,~ 

h2 iii flzo ,-
fb-f lb.{, 

I • 
15· '25 15-o) /b.o5 /{,. ZS ib-3 /b.l I /!;,.bS 

I I 
ft_ 

- g is. iT.n. 1 

I 

! h~ 
-- ,--.-.. , I 

in J-hO 3g,75 35'· 75 ~g.:;s 38-S 3Z·8 3g.7 ,'3~L1S 1 

,-- ---' - I J 
i I 

hLf mHzO tb.SS tb.g s' !b-9 U:,.B /6.8 16. 8 {b.CJS1 I~ 'H~ --· 
t DC '24 26 ?..6 I 21-· 1.. 7- ?..1 7-7- I 2 :7 2:,: 

______ I I I 

.. BI 
----, 

~m;,'z_o -823 - 7- ':)4 -7-So -7{,8 .. 76 ? I - 7.r:;?, - fl-(, I -fl/ i -73~ I . __:_1 -
'"•' 

I I -1 
r::;r . ft::" 1r- 15 . I IS IS ,, .... I lb 16 /{, I ~, I J J I..; 

I . I 

-Ee" %_j~ 
-i 

-~2-51 82.S 

1 

25.5 1-yzs bt-S I es- , ✓ I fC? DJ 
I 

- ·----- - --I 

C % 0 0 C, '1 I A ·O I ,_ I< 0 0 0 35 I 65' .. , .!- I.'.,_,, I r i I I 

.P m·•Hit-b2.-31--06.3 -12'1 
.,,,.., i I I 

' -143: -15 8 - ·;· 1-:) -i Fo I --c.05 'C ,,,, J 
-- j "t 3 I ---- l I I 

., 

I 
7J ,, I -5 ::;. 3 I -"to · b I -'3 2. 3 - fO 1 -~ {o& -Nv -110 -113 --117-1 

I __ J --·--I I 

- 24.&I .to I 
- 32.-o - .3 u-o -'2..,8 12 I ,-: -52-h -4<!1 -J./o · -8G ¥ - 7-1 

·- --- - --I 

'1JL ,., -52-!.f -1..fs.r, -2,~-3 ·- 2 3-G 
- !4~ 

-1b .;..JJ .6 -1Z.1.. -10-2 

t;_ Ill r --3t .7.. -Z?--7- -11.f - -ltJ.S - 7-'J -fo-S -:;.z - 'f-5 -3-_'t 
I -·-

I 

-2.1 I i ,-lf,,_N -13.2_ -S-9 -L/.'3 ., ·•, - 2.7 ,,, ..,, _;.7 ~ -- .:; . j - '-· I I - • . .) 
,; 

• 
l-o.65 

I 

I-0-3 I ' . _g - 'I; - 1-f. f - f. o -1- 2 •. O."b - 0. If S I -Cl· if I ·., ·,;;,· rl 
' <• .,_ I -· 
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Appendix BJ 

li'o:cmulae derived for · geom·et.ric optimisation,, 

1- Calculation of the absolute :pressuresi; p. abs: 

pi gr was mr~asured in mm H2o ,and Pz was measured in mbar.. Hence,., 

p
1
. a.bs = a p + b p.- g z J_ 

~!he:r:€; 

a, is the conversion factor from the barometric scale (mb::i::) to N/m2 

(a =. 100). 

b" is the conversion factor mm H2o to H/m2, substit.uting 

get:. 

p
1
. abs= 100 p + 10 (p. g) z :i 

2- Calculation of the w..ainflow mass flow :"'ai:t::, W-; ~ ..,_ 

F'rom Ref, ( 44-i • we get: .-
2 r=.-

ril = 0.0125 CZeED0 r )'.?h 

W,here; 

w1 ~ Kg/hr 

Do:: ::: 11111 

f! ::;. Ke:Jm3 

h --~ rr.ra H,, 0 
I,., 

<'T,. 

1:]l = l.633 X 10.) 

·Where; 

h - in HzO 

P. - in H?O. ,~ 

.J. oc 
~ 

From Appendix A2, we get~ 

D = L6'1J-1- in = 4L 1?6 mm or 



Hence, 
m = (JJ,r /Ds / - Oo21+ 

and 

E -

From Ref. (44 ) 5 we ge-t~ -

C = 0.6066 

Z = loOOl 

And for~= 2 

E. = 0~98 
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su·bstituting from (6-17) int.0 (6-16)~ we get: 

}l = O c 018.535 /h ff- . 
1 lt+2-=t.NS 

_ ffherc: 

h :: hJ ... h1.4, . 

... Q.nd 

p = Oc4015 p + (h1 - h~) z . ,,., 

3., Ca.1culation of the bleed a. ir 1:1a.ss flow 1.-~t?, ~Ji: 

. (6·-17)b 

(6-17)c 

The blevd_ a.jr me.ss fJ.01,r rc1.t.s W~ in. Kg/s ca.~ be calcnJ.ate0, from the 

~ , p ~ ·1"' _:romuJ.at- _LG .... l ,-.,,i 

.., ,,I. ~ 2 
TI :::.: ·r>leed air T).1.:_ressure a+. +.he mct.e:i." r.ut2.P. ~- in i.bf; :m . abs .r.o 
) . 

T0 = g0.s temp a-t. t.r..s muter out:Gi:- :.n 1ebJ:0ecK. 

E :-::.; raar.:l:i rig cf' tl1o meter. 

V : mr..x i:'lcw ~1ts fo:r:- tuba a1.ui float .. 

}1ut-~ 

p = O. OOJ.lt_5 (lC>p + p ' o z B1 

T
0 
~ tB + 273.15 

t). 

VB = 6 .. 9 ftd/min 

:.'Vet. :.~ 13 .. 8 f-t,3/mir: 

(6-19)a 

(6-19)b 

(6=19)c 

.(6-19)d 
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l+- Calcu1a.tion of the bleed rate~ ~: 

_ By definition P 

5- Calculation of the dynamic :pressure, 

V = V{t 
1 - eA1 

Hence: 

- J 1,.'/t 1e11'-. 1 e o( I \1t ::. 2 [}( I vv I I 1"i I 

"· --- butr 

Substituting from (6-10) into l6~19), ·we get:. 

6- Ca.lculatic:n uf the idEal static pressure rise coefficient C • 
·---- PI 

Ji'i:'om Ben10111lis equ.a:tion~ we have 1 

:Sy difinition, 
.Pz. _,,,,_,,, 

( "i ----~.P I "~ £ o(.(! Ii; 2. 

f;:.-0m ( 5-;20) cirtd ( 6«•21) r we· 5·et: 
-7 lX.? \/2.. 

C . = 1 - --;: · -=T ;•:r C>,, Vi 
Fx-0~.1 t.he cont.im:.i-t;-; egyation, we e~et.: 

(. 1 . -::i 'l / "- ,r ~ 1~ V ./ 
...., J.J; f: rtl · l "2 2 f 

~~ (. DJ A, -vi ~ J- D . Ai. -· 

From (6~22) and (6-23), 

2 . ~ 1 _ ex 1. ( 1-::: 8) 2. 
Pr o<, AR. 

1-B 
AR. 

Assuming D{
2 

= 1. 0 (After all it is an idea]. case) 

Hences, 

(6-19) 

.(6·-10) 



7 .... Calculation of t.he a.ctual static pressure rise coefficient, C : 
--------------------------------1) 
Ey definition, 

8- Calculation of the diffuser effectiveness, .. ( :. 

By dcfinitionr, 

9- Ca).cula.tion of the vortex chamber depression r.a:rametcr, V : 
C 

13y difinition, 

V 
C 

f,-fl:. 
I eVtlo(. 

2. I l 
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APPENDIX E; 

Calculation of the compone-nts of the mean velocity and the Reynolds; 

St:r.·0sses t. 

Axis of symmetry of - -
dif:\1.ser mole 1 

beams· ·w::d: :Lt a:-i ~.:ng:.-2 _e , -~.o th:=- p~"?l_tJendicula:c t_r,, t~.:e ax:1 s 

t.he di::.':'i w::~br in.;dclr, Fige (E--•1), The 1aeastu:'cd 2nest2.nt-a:~eovG veloci-t-.yv 
;-,- a:;.1.d ll~ 1,.J-i _._ "" 

c.~, IL 
. Cvb ~( =-, -Cl i: and sin f ~ 1.i 

s·;.~bHtituhng :bi eq_ ... ,3:tion (1) and. )~e;-:.1--r2.ngingr1 we get: 

v -~ u.l c')[, d ... 

V c~n 

fl a~ 

(1) 

(2) 
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But, 
V::; V + V 

Ul ........ , Ul + ·u1 
u2 =--= u2 + u.2 

Substituting .in .equation (2)t we get: 

(3) 

(4) 

Squaring equa ticn (3) I'/ time a.ve1~aging P and rear.cangi11g we get: 

\i1 + z:r = ( U~+«,) c)/r:4 -·r-lCft-1· o.~) S1rt11e + z( u, u"L -{· o.,uL} GJS st'?J e { 5) 

::rhe 1: • .-~ur1 velocity~ V and .,::he fan:bulonce in-t-enci-ty 1- • T · were measur2d 

at. -t.h:cee clif:f s:rant a11glos e
1 

~ e
2 

i: e:, • 'I1he resuJ. ts a:::·e V 1 , V 2 ~ v 
3 

and T... f, T? R 'l'~ " 
.J _, , ✓ 

( 6) 

f b) 

( (;' 
\ ? j C. 

{1) C; 

Ea~1?+io;:3 ( 7) ~-ierc: solved '3imul-:,aneously to "l.:eit,lei." the reg_ui:rcd 

mr~al, velne:H-J (~0~:lp0:-'1':;;ff:S ui a.nd Uz " 

1~l'plica-t.:i.(1n of equ;:it.1on (5) three times gives.: 

0. 

b 



7f Where v, 

24·0 

were given by equations (6) a" 1) and c 

E t . r\_u~) ,.Te~e - d · lt 1 t ·d th · d . .tJq_ua :lons .,. .1- so.l.ve SJ.mu_ an.eous y o ren er e req_m.re 

Reynolds 1 stresses~- , Ui and ~Ui• 
~ °7i. --r;· t 7i 7r 77 li'or convenience u, " h 1- and u 1 u-i· were deno ed u P v , and uv 

respectively .. Simj_larly; TI1 and IT1.we:r.e denoted U and V 
respectiv~eJ.y. 
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Appendix Fl: The static pressure distribution. 
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Append ix P2: The distribution of tho axiaJ. component of' th.<;! mean velocity,, 
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~ppendix F'J: Th·c distribution of the radia1 component of the mean velocity-. 
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Appendix Gz A print: out of the compu-'ccr. programme. 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1-'it.STEli SAAD 
f.'U.l r~u 
COk~O~/CGRID/R(?6),X(~7) 
COfPO~/CVLO/UC(26,37),V0(26,37) 
COVVQ~/tKETC/TO(~b,37) 
COVPON/CSP/SP(2~,37) 
CO Ml", C' r; /CI.CC r: ~ / C C· i!, CT O, CTR, C F O, C F V, C S X 
COM'. (I IJ /CD !ti S /H O , ,~ S , PP C,. RF, !UC 
COM~•ON/Cf;CHIROH 
CO f,'. ft, 0 Ii / C F 1-'.tl / !" U 
COM~ON/CVUEF/C~U 
CO~KC~/CKEEG/CD,SEGK 
covrON/CLSEG/CA,CB,SEGL 
(0f'l~0N/CLS/f.L(2 1 ,37) , 
corfoN/~STFLi![?S!(26,37)' 
CO Vii', 0 I, I CV OR f- U / 0 :, :: G f, { 2 6, 3 7 ) 
COVMO~/CKET/1(2o,37) 
covrCN/:EPSIR/~PSIR(26,37) 
COMKON/CO~EGAR/0MEGAR(26,37J 
CO MM O t; /CT U T id 2 t , 3 7 ) 
CO~f0~/CALR/ALR(26,~7). 
CO~~O~/CFVL/U(2r,~7),V(26,37) 
CO f·'.:-'· 01•;/ r. C PC L/ C P ( 2 o, :n ) , C '. C 2 6, 3 7) 
CC~M~~/COPE~/SPGT,ALPHO,JOI,SP[!,ALPHE,VE,CPT,CLT 
co:~1•ori I cr, JK 
COM~ON/~M/M~PSI,MOM~C\,~~,MAL 
CCMfCN ~A(26,37),ZEC26,37),ZCC~6,?7l.2D(26,37),ZEC26,37) 

, , L F C 2 6 , 5 7 ) r L i?< ? : ,, 3 7 ) ,.. ZH ( 2 (. , 3 7) , 2.I (;::: o, "!: 7 ) , 2. J ( ? 6, 3 7) 

2,ZK(26,37),ZL(2i,37)rZ~(~6,37J,iNC2c,!~',Z0(~6,37) 
3,ZPC2l,37),ZG(2~,37) ZR(Z6,3~),lf(2G,3~),ZTC26,37),ZUL26,37) 

* 
PP. ED 1 C Tl or..: 0 f THE !=I.OW l.tH't THE P Er: f()~l!;At;c E * 

-i.· Pf.~.AMcTt.itS Of TliE Cftr,Nf-IELD DJFF 1JSfCI 

* 

U,U H,\S !; .I'. '-J -- ,. ___ .. -· -- . -~--- - ·-- --- ----·-·. co 10 J=1,t5 . 

* 

ALCJ,3;)=C~SACCH}-(CTO~R(J)•RCJ)/RS)-C~C~~~-(TO)*C?'J)*~~.C,)/CkS* 
1*3-C1 >> 

10 CO ~:TI i, !J £ 
DO 11 J-:::'i 1G . 
AllJr1)=(~P*CTq)-lCFO*R(J)•R(J)/k?l-((CT?-CfO)*{~(J)**4,CJ)/(RPi~3 

"i .o: 
11 :ouruu::: 

~,O 1? ,l='ilt,..22 
{JO 12 1=1,·:r. 
AL(~,I)=({~IC-R?O)•CFV)-(CS~•r(RIC-R(J)'~~2.0)/(~l~-RPG))-((rFi-~~ 

1 X) -1:: ( (RIC - R CJ)) -f 1c l.. G) I (.{ F. IC· .. PO** 3. :.. ) } 
:2 C:ONTH'UE 

ltO 13 .J=-2i:,.25 
DC 13 I=i,14 

--- _____ ...,....!,.U.J .• ...!.2 ~. ( < i: $ . .:-.;~_L:J.~:, .fJ~).::_• --~ C.. ~.Y.!J ... L: ... L' 2 .. -.. =: LO.:'.?" 2_~ .r. >J/ .. Ui.~-~r_u...,.1:: U .t:s.v.~.L . 
·· · 1:: x > ~ c er ( J l - ,; lC ) ..... 4 • ;_'. :, J / , c R s - r: 1 o -,d,:, • : » · · · · ·· ·· 

13 ~ON: H!ll~ . 
~() 1i. 1=2,36 
fd ( 1, I)= { r{ P "CTR)+ ( A ( l) ,~ (,.. S,. CO N-R p-.1 CT~;)/.('?' C, 2 5) 

~ I, CO 1(1 H:L.l E 
DO :5 J-:1,37 
!,L(26,.I)=.O 

1 s corn I 1-101:: 
DO fo I:::1;.14 
f1LC11,J):::.0 
!. L ( 1 3 ,. : , "' .. 0 

16 :.Otlritl~•:: 
ftL(i2,.14)=.0 
co i;' J:11,,,25 
!, l. ( J I' 1 9 } :::: .. (1 

J\l.(J,.20)=.0 
n cornrnui::: 



J21 

()0 1f, J=2,.25 
t>O 18 I=-iS,rn 
ALCJ,I)=AL(1,I>-CCTO*R(J)~R(J)/RS)-C(CON-CTO)~CRCJ)**4.C)/CRS**3.0 

1)) 

H; CO!~T INUE 
· DO 19 J=2r25 

r, 0 1 9 l :: 2 1 , !J:, 
/1 L { J , I) = !1 L ( 1 ., I ) - CC TO+ R ( J ) * R ( J1 /RS )- C (CO ll- CT O) +. (R C J ) •H, 4 • 0 ) / CR S * * :, • 0 

1 ) ) . 
19 CO !H HJU E 

DO 20 J=2 1 13 
DO 20 I=19,~0 , 
ALCJ,l)=ALC1,I)-JCTO*R(J)•RCJ)/RF)-((CON-CTO)*CRCJ)**4.0)/CRF~~3.0 

1)) 

20 CONTINUE 
l>O 2i J=2;i0 
DO 21 I=2,.1l. 
ALCJ,I)=AL(1,I)-(CTO*R(J)*R(J)/RP)-C(CON-ClO)~(R(J)**4.0)/(RP*~3.0 

1 ) ) . 

21 cornn!uE 
DO 25 J=22,,25 
t> 0 2 5 I.= 1 5 , 3 6 
AL(J,I)=tBS(AL{J,T)) 

25 CONTINUE 
[)0 30 1=1,,37 
EPSIC1,I)=O.O 

30 CONTINUE 
DO 31 J=2..,26 
E PS I ( J ,. : 7) =::PS 1 ( .1-1 , 3 7 ) + P. 0 II* ( ( U O { ~I- i , : '"i ) -1. R ( J -1 ) + II O ( J , 3, 7 ) ·1< F. ( J) ) /?. 0 

1)*CR{J)-R<J-1)) . 

31 CONT HWE 
DO 32 I:-020,36 
EPSI{26,J)=iPSI(26,37~ 

32 CONT IN'-'E 
PO : .. :5 .'. =-= 1 l.. , 2 5 
EPSI~J,~0)=~Pslr~~,37) 

33 CONT1NU~ 
l~O 34 J=2.,11 
EP$ICJ,1)=EPS!CJ-1,1)+ROH*((UO(J-t,1}~~(J-1)+UO(J,1)~R(J))/2.0)*(~ 

1(J)-RCJ-1}) 
34 ccin HWE 

DO 35 I=2,14 
EFSIC11,I)=~r~I(11,1) 

35 CO!HINUE 
l'O ·36 I=1.,'i4 
[?SI(13,I)=EFSIC11,1) 

3 6 c,:; r: T i' 1J c 
: P. SI ( 'P , 1 l, ) = E PS I ( i i ,.. 'i ) 

-------·- !'>O~ 7 __ .!_ ·• t l. ._:------- ---·--------·-··-· _ --···--. -----·--·-- -- ·•·-----
E PS i C J , ~ ) = :: F f 1 ( .! - 1 , 1 ~ ~ q C 1-l ,: ( ( u O ( J - 1 , 1 ) * i: ( ,1 -1 ) + U O ( J , 1 ) * R ( J ) j ;" 2 • C) * C R . 

1(J)-R(J-1)) 
.37 ::crnu:ur 

[)0 3t 1==2,19 
:P!;1 <26,I)=EPSI C?.6,1) 

3S r:c,r-:n.;ui:. 
r.o 3c; J=H,.25 
EPSl(J,19)=~PSI(26,1) 

3Q CON"1 lNUE. 
1)0 40 J=2,10 
[\0 :.o 1=2.7.6 
t F SI (.l , I) = E PS ! ( J - 1 , I )f R (; H * ( ( U O ( .! - i , I ) • R <.I - 'i HU O ( J, i.) "' R C J ) ) /? ~ 0) * ( :? 

HJ)•·RC.1-1)) · 
H: cornrnu:.: 

DO 41 J::11,13 
00 ,., 1=15,36 
EPS!(J,I)=EP~I(J-1,I)+~OH*((UOCJ-1,I)tk(J-1)4UO(J,J)~R(J))/?.G)*CR 

1(J)-RCJ-1)) . 
41 COf/TINUE 

t:O l? J:::14,25 
t>O 4 2 l =2, 1 f... 
EPSI(J,I)=EP5ICJ-1,;)+ROH*CCVOCJ-1,l)~~!J-1)+00(J,I>•RtJ))/2.t)*(R 

1 CJ >·-R CJ··1)) 
1c2 ccrn !!WE 

r,o t.3 J=1l.,.2S 
(1C, l.3 J:021,3(: 
EPSICJ,l)=EPSI(J-1,I)+ROH*((UOCJ-1,l)~n,J-1)+UO{J,I~tR(;))/2.0)•(R 

1{.f)-R(J-'l)) 
~3 COfH !fWE 

PO SO J=?.,25 
OME~A(J,37)~C2.~/(ROH*R(J)•R(J)*(R(J-1)-~(J{1))))*((EPSI(J+1,37)-

H PS 1 ( J , 3 7 ) ) / (R ( H '\ ) - f.. ( J ) ) - ( [PS lC J , 3 7) -E PS 1 ( ,I- i , 3 .( ) ) / CH (· J ) 

2-~(J-1))) 
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so corn rnuE 
C O ~ 1 .I := 2 , 1 u 
D~ECA(J,1)=C2.~/(RCH*R(J)~RCJ)*(R(J-1)-R(J+1))))*((EPSI(J+1,1)

H P S I C J , 1 ) ) / CR C ,! + 1 ) - R C J ) ) •• C E P S 1 ( ,I •• 1 ) - EP S I ( J - 1 , 1 ) ) / ( R C J ) - R ( 
2.1-1))) 

5i corn 11wr 
t>O 52 J==-14,25 
0 ~'. !: fJ A ( J , 1 ) = { 2 • 0 / (ROH;. R ( J ) * R ( J ) * (P. CJ -1 )- R ( J -:-1 } ) ) ) * ( ( E PS ! (.I -:-1 , 1 ) -

HF'S I CJ, 1)) i CR U + 1) - k CJ)) - ( EP SIC J, 1) -US IC J- 1, 1 ) ) / CR CJ )-H C 
i'..1-1})) 

52 corn mu!: 
DO 53 ,1:::2 ,10 
DO 53 1=2,16 
OMEGA{J,I)=C(VO<J,f+1)-VOCJ,I-1))/CXC!+1)-XCI-1))-CUC(J+~,l)-UO(J-

11,I))/(R(J+1)-R{J-1).))/RCJ) 
53 corn uwE 

00 54 J=il,13 
()0 54 J=-15,::6 
OM c. f. /-. ( J, I)= C ( VC ( J, I+ 1 )-VO (Jr I-1 )') /( X C !+1) -X C I-1) ) - CUO ( J + 1, l) -UO C.J-

. ·--- • 11 , !) ) / CR C J + 1 ) •• R C.I - 1 ) ) ) / k C J ) · · .. · · · · · · · - - .. · · - · - · - · -

54 corn rnuE: 
DO 55 J=14,25 
[JO 55 1=2,1.3 
OME~A(J,I)=((VO{J~l+1)-VOCJ,I-1))/CXCJ+1)-X(J-1J)-CU0(J+1,!)-UOCJ-

~1,!J)/(R(J+l)-RCJ-1)))/RCJJ 
5 S CONT ! !~ ll;: 

D C 5 u J ::: 1 4. , ~- 5 
[)0 )~ 1=21 3t 
or~lt~J,I);((VO(J,Ii1)~VO{J,I-1))/(X(J+1)-X(J-1))-(UO(J+1,I)-UOCJ-

11,I)):C~(J+1)-R(J-1)))/R(J) 
5( crw: rnu~ 

DO 58 J=1,26 
_____ i_(L_j.[_!.--:= 1 .]] ___ --------------

"j (J, J) :. fC) ( J, l} 

:08 co:HIIH'i· 
f.A~L tlfEL 

. ¥.=.1 
7 CALL wAEL 

r.EPS ·;.-:::2u:1 
t>O 300 .1=1,ic 
C>O ~t..'C I=1,3? 
lFCkESCErSI~(J,1)).LT.O.COOOOSlCO T0 2l0 
lf((hBS(E~SJR(J,l)-EPSI(J,I))/AOS(E~S!~{J,I))).LTR~-005) 

Hl[PSI=MEP~I-i 
260 IF(~fS(EPSii(J~I)).LT-C.ccnoos,~EPSI=fEPSI-1 

IF(AfS{EPSIQ(J,J)).LT.C.OCOS85)GO TO Z70 
IFC<A~s::=?SPC.l I)-~PSl(J,lJJ/f.J:•S(EFSIR(J,l))).GT .. OeOG5) 

HPSI CJ ,l>=~PSIR U,.I) 
~?C IF(A~SC~PSI~CJ,I;).LT.O.OGOC~5)EP5I:J,J)=EP~T~(J,J} 
3 0 0 C O NT : ~i l' ~ 

CALL KOTKu) 
tl.OMEGA:26t·3 7 
DO l,CO ,;..c·1,26 
DO l:CC· ! 0=1,2:7 
If(APS(C?,cGAR(J,I)) .LT.0.C'OOOGS)GO TC' 36~ 
If((A~S(O~EGAE~J,I)-OMElArJ,1))/fBS (C~EGAR(~,I))).LTE 

1G~005)rOMEGA:rnrEGk-1 
360 IF(~eSCOMEGAr(J,J)).LT.0r000CG5l~OKEGt=rO~EGA-1 

l~(AES(OMEG~R(J,l)).tT.n.cocGG5'CO TO 37C 
Ir((~fS(C~EG~R~J,!)-C~EGA(J,I))/ABS {OfEG~RCJrI))).GT. 

10.CG3lOrEGA(J,i)=r~EGAR(J,I) 
31C 1F(A:S(or~GAR(J,I)).LT.G.0000G5)CEEGA(!,I)=O~EGAR(J,I) 
400 corn HWr: 

.. Cf.LL CHA,n 
r.T=26*37 
DO 5LO J=1,..26 
DO SCO I=1,:7 
lf(Af:S(H(j,l)).LT.0 .. 000G0S)G0 TO 4!>( 
I , (( A B S ( h C J , I ) •• TC J , I ) ) I A BS ( rn C J r I ) ) ) • L T o O .. 0 :J 5 ) 

1fq~r-,T-1 
li'1C Jr(/'f~S<TR(J,})) .LTJ.CiC,O(L'5H'T=MT-1 

lr'{/.;!~CTidJ,.I)) ,!...T.i.LGCJC'C5)GO TO :.7c, 
• IrCCf..ti~<TR,J_...I; ·T(J,l))/PBS(B(J,l) )).GT .. C.005) 
1l CJ ,l )=TR CJ, T) 

476 IF(A2SCTRCJ,IJ).LT.G.D~OC05)T(J,1)=1~(J;I) 
5CO CONT INU'.: 

Ct1Ll AbC~HA:..lL 
~\,~t.~:26-t-37 
~o 60v J=1,2:, 
DO 6 (: '.) 1 = 1 , 3 ? 
JF(A~SCALR(J,l)) .L~.r.cor0os)GO 10 sic 



323 

l~(CABS<ALRCJ,I)-ALCJ,1))/AGSCALRCJ,l))).LT.O.OOS) 
1Yf,L=l".IIL-1 

56t JF(ALJSCALR(J,I)).LT.C.OOCGOS)MAL:rAL-1 
IF(AUS(iLR(J,I)) .LT.P.CUC0(5)GO TO 57C 
IF(CAES(ALR(J,I)-AL(J,1))/ADSCALR 

1CJ~l))).GT.8.CC5)AL(J,Il=ALR(J,I) 
570 IF(A8S{ALRCJ,I)).LT.C.OGOOU5)ALCJ,I}=~LR(J,I) 
60(1 CONT HWE 

WRITE(6,70G)rEPSI,VOfEGA,MT,rAL,K 
IF(~EPSI.EG.r.ANC.MCfEGA.EC.O.AND.~T-EQ.O.AND.HAL.Et~O>GO ro·110 
IFCK.GT.1CO)GO TO 1GOO 
K=K+1 
GO TO 7 

110 C/,LL Sf,!D 
CALL $Ai.SAN 
CALL SALiJA 
CALL KAt'Al 

' ... -·---- ....... C.A.LL_t .H' .. : D ___ _ 
f:O TO 2Ut1) 

-------- -----------.. ---·---------· 

C 
C 
C 
C 
C 
C 
C 

. C 

. C 
! C 

70( FOkM~TC/,10x~516) ' 
1COCi IJRITE(6,7vC)Mt:?Sl,MOV.EGA,MT,MAL,I': 
2 OCC, STOP 

E-ND 
SUC~OUTJNE HAS AN . 
COM~OH/CVLO/TS (S62),TS3(962) 
ccr-:r-;01:/CFVL/U( 0,37),V(Z6,37) 
CO~MON/CKE10/T 1(962} 
cor~o~/CKET/T( 6,~7) 
l~=:0 
or; 1 !=1,26 
['0 1 J=1,37 
r~K+ '1 

i(I,.i)=TS1(K) 
lJCI,,1 )=TS2{K) 

1 V (1 .,. ,I ) :T S 3 C K ) 
K=O 
110 2 • .!='1,37 
t10 2 1=1,26 

. ~=r.+1 
TS 1 CK) =TC!. J) 

.TS 2 ( K) =UC !. , J) 

.2 TS3(Ki=VCJ,J) 
RETUUI 
END• 
SIIBROLITH'E NAi:l 
tor~ON/CGP1C/k(2f),~(37) 
cor:P.ON/C~TrUIEPSI(26,37) 
c:~Mo~,c~ORfU/O~EGA(26,37) 
(()11,MON IC ROL .'ROH 

* THE BOUNDA~Y COK~IlIO~~ AT IHE AXIS CF SYMM2TRY * 
* • 
-~ AND THE WALLS fOR TllE \.'Ci<TICIT_':' ft,;NCTIOf~ " 

D0 ((\ I=1,3"/ 
CMECA(1,!)=(2.J~{CEPSlC3,I)-EPSI( 1 ,!))/(h(3)*R{3))-{EF~~!2,~)-

1c PS J { 1 ., I ) ) l ( R ( 2 ) * R ( 2 } ) )) / CR OH * ( ~ ( 2) ,~ :' ~ 2 ) • ~ C 3; * fd 3 ;, } ) 
60 Cflt-.'T rn'..JE 

r,u o: J:--:1,H 
. 0 i'' E G !' ( 2 6 r 1 ) =- ( 2 !. .. :, I ~ RO: 1 1-il '2. 6 ') .: C 1 • ~ '- R C 2 6 ) ·- 5 • C,. R C:: 5 ) ) ) ) * ~ ( ( E PS I ( 2 6 r 

1I)-E 0 SIC25,l))/((q(26~-~~25))•* .0})-((RCH/2(.0)*(~.C*PC26)-RC25)) 
?•(7.C*RC26)-3.0•P{2~))' COrEGA{i ,I)))) . 

61 (. 0 tH 1 NU ~: 
i,v ,,2 I=-21,.~7 
OMEGA(~~,:)=(24 ~:c;oH•~(?6)*(1 .O*R(26)-s.r~~(25)J))*(((EPS1(26, 

1 1 > - i: P s ;, ~;: c: , 1 > ) 1 , •. , c 2 6 > - ~ c 2 s > , * .... • c :i > - < ( :, o:, , 2 .. _ ·o > * ,, : • G * Q < 2 o) -R < 2 5.) > 
2t(7.C•RC?A)-3.C•H(25))*(0KEfA(? ,I)))) 

62 coin 1rwc 
()0 6:) J:,1,~1. 
CV. E";.. ( 11 , I ) = C ,: 4 ~ C. / ( ,: '-' P * Q { 11 i ; C 1 • 0-tr ,-: < 1 1 ) - '.; • C * R ( 1 C ) ) J ) .,.. ( C CE PS I ( 11 r 

1 I ) •· E P S l { 1 ~ r ! ) ) / < { R ( i , ) - R ( 1 (; :i ) ,\ ~, • 0) ) - < ( r; c) I~ / "- ': • (1 ) * C 2 • (l * R ( 1 i ) - R C 1 C ) ) 
'Z 1, l l •. l-* F ( i i ) -: .• :' .. c- { 1 · .. .') ) ~- ( C ~EGA ( 1 , l) ) ) ) 

0 I" EC fl C 1 ~ , l ) :: C ;,: i. • ~ I ( ;< 0 d '1; ii ( l .! ) * ( 1 • C • .;. ( i 3 ) •· 5 • C -.. R ( ~ ', ) ) ) ) • { ( C E P S ! ( 1 3 , 
1 l ) - ;. PS ) ( '1 l , l ;, ) / ( ( R ( 1 I. ) - ~ C 1 .:, ) ) * ~ ~ :~ ) ) ~ ( ( ;. 0 H / 2 11 • :., ) ,i ( 2 • •: " R C 1 3 ) ·- R ( 1 I, ) ) 

ii, ( 7 .. 0+- I\ C 1 .3) -3. G * P. ( 1 '-. ) ) * COME c, A ( 1 , I) ) ) ) 
(."!: CCIHI!WE 



C 
C 
C 
C 
C 
C 
CI 
{ 

·c 
-c 
·C 

on r, A c: 2 , 11. , == c < ~ • C. * c; r s 1 • i:: , 11, > - r. Ps 1 < 12 , 1 5 > > ) I( no 1~ + u i2 > "'R c 1 2 > * t c x 
, <.1) J::-.n., n )_ ... _!:l . ..__tu.~.J .... .5.* c:t~ :_u_<.E.,.L,. J > ___ : ... ____ .. - ........ __ --·--·--··------ _ .. . 

~o 6,, J=1t.,:f 
0 M E ( I, ( ,I , 1 c,· ) :a ( ( ; • 1• y.; ( : r ~ ! ( J , 1 q ) - l P S l C .! , 1 c ) ) ) / ( R O H * R ( J ) ll f; C J ) 1. ( ( >: ( 1 ~ ) -

1X(1f))**2.C)))-<.5•0~EFA(J,1f)) 
· (: r:. :': H, ( J , 2 t•) = C (3 , ,~ ·k( ~PS I CJ , 2 ('.) - t PS I( J , t 1 ) ) ) / (RO 1-1 t R ( .i ) ·1 R ( J ) * ( { X ( 2 1 ) ·• 
l)(2C)>~~2.0)))-(.5*0fEGA{J,21)) 

·64 corn ir;uc.: 
RfTURN 
[t)f, 

S IJB R O L! T I N !: \.-' /IE L 
CO VY O ti ICE PS Ifi / ~ r S ! i: : 2 6, '3. 7) 
COMMON/CSTFU/EPSI(2~,37) 
C. 0 i-11-\ GI// CC: r- I i) / R ( 2{.) ,_, X ( 3 7 ) . 

· C O I·'.,,,, 0 t,; / C R O H / R O H 
COMMON/CVORFU/frKEG~(26,37) 
COMPON fE !26,37),GW(26,37),BS(26,37J,GN(26~~7) 

1, CE(26,~7},~W(2(,37),CS(26,57),CNC2t,37),DC26,37) 

* THIS SVPROU1IHE CALCULATES THE NEW VALUES* 
* * 
* OF THE STREAM FUNCTION AT tLL THE GRID * 
* * 
~ NODtS AS PART OF THE ITERATlCN PROCESS * 
* ~ 
~*****************************«**«**~***~**** 

i'O 70 J=i,26 
l>O 7C I=i ,:H 
Ef ~lR,,1,I)=cPSl CJ,!) 

7') C0iHINlf• 
f:O 7& P=-i,l, 
IFCN.G;~1)GO TO 74 
~ • .!=2 

·rr:J=1 o 
Ll=2 
M!=3(, 
GO iO 7? 

74 IFC~.GT.2)GO 10 75 
LJ ==-1 i 
~-1,1=13 
l.1=15 
Ml=3f- . 
GO TO 77 

75 lFCN.GT ~)GO )0 76 
L.J :-:14 
i·'.J :;:;25 
Ll=2 
v.;=18 
GU TU 77 

76 L.;=g 
tiJ :- 2 5 
LI7'-c. l 
>':1=~6 

77 ~U 7E J=LJ,MJ 
~0 ,8 J:.LJ,Ml 
E~lJ,I)~i(R(J~1)-R(J-1))/(XC1~1)-X( }))/{2.0~kOH*R(J)) 
f-, !·.' ( ,I ~ l ) :: ( ( i:. < . ! + 1 ) - ~ ( J - 1 , ) / ( X { i ) - X ( I - ) ) ) / ( 2 • ·:: '- P. C ,l -k R { J ) ) 
CN(J,l)=(X(l~1)-X(!-1))/~~c~~(k(J41 +r(J))*(R(J~1)-R(J))) 
BS(J~I)=(X(i+1)-X(l-1))/(2CH*(~(J)T (J-1})*(~(J)-~(J-1J)) 
C E , .J , ! ) ·· ~ 2- !: ~ J , ! ; ) I < :c i: ( ,l , I ) ·' S W < J ,. I ) •• :: '-1 C J r ! ) + E? S : J ~ I ) ) 
C. W ~ J , 1 ) :: t E' J , I) .... :; \-1 ( J , ! ) / S r. CJ, :r ) 
CN(J,I)rf[fJ,I)*?NlJ,I)/E[(J,l) 
CS{J,l)=CE(J,i)lSS\J,I)/E~(J,I) 
t, ( J, l) =!WE G i CJ, : ) * F: CJ } * ( X c I+ 1 ) -:.. CI- 1 ) ) * ( R ( J .q) ~r: ( J •• 1 ) ) / Cl, .,C,. (5 E CJ 

·-···· '.l_ ~ i ) + • t,; ( J • j ) ➔-:: IJ ( ,1 ,.1 ) +: <: ( J • ! ) ) ) __ . _____ . _. .. _ ·-·- . _ . 
~nSJhCJril=(CECJ,l}•~P~:: CJ,!~ 1 J)f(:~CJ,I)~~FSlh(J,1-1))+{CN(J,I)* 

1EPS!~(J+l,ll) ➔ (C~(J,l)~~P51RC~-1,I 1 J+C(J,l) 
7E CONTINUE 

Pt1~:R1,'. 
Era, 
S II SR () IJ i rn E •: Cl T :~ 0 T 
cor~Oh/(OPE~AR/O~EGA~(~6,37) 
c'on:ON /( VCit f uo~·. ·:GA ( (<;, .3'7) 
CO ~:,rn IU CG n I :J rn ! 2 6), X C: ., ) 
(u~MONJCSTF~f:PSI( 7 ~,3;) 
C O ~-- I'' 0 N / C ~: 0 ll / ~ n H 
COffCN/CKET/rl26~37) 
co~w.ori tc MU E. F 10w 



c· 
C 
C 
C 
C 
C 
C 
C 

·C 
c. 
C 

COMKON/CLS/iLC 6,37) 
corrou/CEPSIR/ PSIR(26,37) 

32.5 

CO ~· 11 0 !J H ( 2 f , :: ) , A 'v/ C 2 (; , 3 7 ) , A r :C 2 6 , 3 7 ) , t S C ? 6 , : 7 ) , a E ( ? (i :- 3 7 ) , fHJ C 2 6 
1,37),8~(~6,~7),~~C26,37),SEGftR(26,37)rC~C2l,~7),CW(~6,37),CU(26,37 
2) , CS ( 2 6" 3 7 } , L' (l r; ( '2 6,:, 7 ) , CT C ( 2 {, :-i 7} , t TR ( U, 3 7 ) , E O tJ (_ 2 6, 3 7) , ET O ( 2 6, .H) 
3,ETR(26,37),DOMiGA(?t,37),D(26,37) 

•********•*****&****~**********'*********•*•* 
* * 
* THIS SUBROUTINE CALCULATES T~E NEW VALUES* 
* * OF THE VORTICITY FUNCTION AT ALL THE 0 GRID * 

* NODES 1iS'Pt1RT OF HIE lTF.RATlCf! PROCESS * 

DO 80 J=1,26 
DO 8C !=1,37 
OMEGAR(J,I)=OMEGACJ,I) 

f;O CONTINUE 
DO 8c N=1,4 
1F(N.GT.1)GO TO 84 
LJ :::2 
MJ=1O 
l.1=2 
MI::36 
GO TO 87 

84 IF(N.GT.2)60 TO 85 
LJ =11 
MJ=13 
LI ::15 
MI=36 
GO TO 57 

65 J~{N.GT.3)GO Tu 26 
LJ =1:. 
MJ =2 5 
Ll=-=-2 
n=H 
G0 TO 87 

8G L.1 =14 
MJ =25 
LI=-21 
rn=36 · 

E7 ~O Sa J=LJrMJ 
I'll) et I=LI.,.1-,! . 
f, ~ (.I .,. I ) :- ( ( R (.; ) -,1. f{ ( J ) ) / 3 • n ) ~~ C Cf P ~ J. CJ - i r ! + 1 ) + E PS 1 •· .J -· 1 , I ) •· E PS ! ( J .; "'. , l ~ 1 

1)-EPSl(:~1,l))+A6S(E?SI(J-1rI+1~+EPSICJ-1~I)-EPSI(J+1,I+1)-~?~l(J+ 
21,1))) · . . . 
· AW(.l,I)=((R(J~~~(J))/£.G)•CCEPSICJ+1,I-1)+E 0 ~J(J+1,!)-E 0 ST(J-1,l-1 
1)-EPSI(J~1,I)l+A~~(:PSi(J~1,J-1)+:P5ICJ+1,'l-EPSI(J-1,I-1)-EPSI(J
:1,I))) 
. t.r1 c_J • n =- < c i: < .: ) ..:- :' < J _) , P J > 'i < c;: r"· ~ < ., "': • .. , •_+ 1 ) -: i: P ~ i c J • l 4_ 1 ) -: t p s r u 'T 1 • , --1 
1) - E p·~: { J, I -1 ) ) + .t!. :; SC [ P 5 I ( J + 1 , 1 + 1 ) + ~ <> ~ J CJ, l-< 1 ) - E P::: I ( J + ·j ~ j -1 ) - c /., 1 ~ .! , 
,J-1))' 

A S ( J r I ) = { ( P. ( J ) * { J ) ) / ~ • :: ) * ( ( E' PS: ( .l- 1 , ! •· ~ ) +:: PS 1 { ,.' ,, J - ·, ) - E PS l ! J •• 1 , l + 1 
1)~EPS!CJ;I+1))+~:3CFP:ICJ-1,I-1;+EP3ItJrJ-1)-EPSI!J-1,J+1)-EYSI<J, 
21+1))) 
EE(J,I)=CCR(J)=•~.0)/~.0)~(CR(J+~)-c(J-1))/(X(1+1)-X(I))) 
t ~ 1 CJ , I ) =-- ( t ?. C J ) t. >\ ', • 0 ) / 2 .. ;~ ) * ! ( R ( J " ~ i - \ < J ·-1 ) } / C X ( I ) - X ( 1 -1 ) ) ) 
lJCJ,l)=C((~{J+1)**2.0)i(~(J)~R~J)))/f.C)i((X(I+i)-X(l-1))/(R{J+1) 

1-R(J)))*(R(J+?)+RtJ)). . 
fl S ( J , I' ) = ( { < F (., - 1 ) * * 2 • C ) ' ( Fe ( J ) 1. R C J ) ) ) : ~ • C l t, C ( X ( I .., 1 ) - X { ,. ·- 1 ) ) / ( R ( ,I ) - R 

1CJ-1)))~(RCJ-1)+~(J)) 
SEGAECJ,l)=CtE(J~I)+AW~J,I)+AN(J,l)+tS(J,l))+ROH*SCRl(T(J,l')*AL(J 

1 ,. I ) *CM LI* ( S [ ( J, 1 ) + :3 1.J ( J, : ) + f: N ( J, ') -l· e S CJ , I ) ) . 
CE{J,Jj~(AECJ,ll+BECJ,l)*ROH*SO~T{T(;.,.I+1))~AL(J,I+1)*CMUJ/SEGAG( 

1 JI I) 
CW(J,I)=(A~(J,I)i6~(J,l)*ROH*SQRT(T<Jrl-1))*lL(J,I-1)•CMU):SEGABC 

1 J ,..1 > 
C N ( J ,.. l) = ( Afi ( J , I ) + B N ( J , I ) * f, 0 IH S Q i\ T ( T ( J -< 1 • ! ) J * A L{ J + 1 , J. ) t. Oi U ) / S £ G A f! C 

i J ... i) 
C: S ( ,I , I}= (Ii S { J, I ) +8 S (.I.• I ) *ROH* S 0. RT (T ( J -1 , : ) ) *AI ( J -1 ,._ I ) * er,· U) /SE G l.f, ( 

1J,l) 
[> 0 P..: ( ,I ,. I ) -=- ( 2 J. H! C H * C r-: U / ( X ( I + 1 ) - X ( I -1 ) } ) * ( ( S Q q ( T ( J ,· I + 1 ) ) ... fl. L( ,I , I-'- 1 ) 

i - SC. l'i. T ( T C .l , J ) ) , f.. L CJ, 1 ) } / C X ( ! + 1 ) - X ( I) ) •. : S G II r C T ( J ,.1 ) ) *Al ( J , I ) - SC r. T ( T ( 
2J,l-1))*~L(J,!-1))/(XC1)-X(I-1))) , 

0 l O CJ, 1):: { 2 J 1:;; 0 H * n: IJ / ( q Lt i- 1) - t-1 ( J -1 ) ) ) * ( (SQRT (HJ+ 1 , I )) *AL CJ.,,~ , l.) 
1-SQ R1 (T CJ , l } ) ,, i• L ( J, I ) ) I (, ( J ➔ 1 ) - K ( J) ) - { S ~ ~ T C 1 CJ, 1 ) ) * t'\ L CJ , I ) - SQRT (1 ( 

2J-1,I))*ALCJ-1,l))/CPCJ>-~CJ-1))) 



326 

D T!i. ( J , 1 ) = ( r: 0 tH C r: U t: { ~ G RT ( T ( J + 1 , I+ 1 ) ) * ti L( H 1 , !f 1) -+ ( S ~ RT CT ( J -1 , l -1 ) ) * 
1tL(J-1,!-1))-SQ~TCT<J-1,!+1))•AL{J-1,I+1)-(SO~T(l(J+1,I-1))*AL(J41 
2 , I -1 ) ) )) / ( ( >.. (1 -t 1 ) ·· X ( I ~ 1 ) ) * 0-: ( J -:-1 ) - C: ( J -1 ) ) ) 
- ( 0 I~ ( J , I ) = { ( E PS I C J + 1 ,. I ) - = P S I ( ,I , I ) ) / ( ~ ( J + 1 ) - R ( J ) ) 
1- { c PS I (.J ,.. 1 ) - E PS i ( J - 1 , I ) ) I (?. ( J ) - " ( J- 1 ) ) ) / (R ( J -t 1 ) - R ( J -1 )) 

ETOCJ,I)=CCEPS!CJ,1+1)-~PSI(J,j})/CX(l+1)-XCI)) 
1- CE PS l ( J, I) -E PS I ! J, 1- 1 ) ) I ( X (I) - X ( I- 1 ) )) / C X C I+ 1 ) - X CI-1 )) 

ETRCJ,l)=(EPSICJ~1,I+1)-EPSICJ-1,I+1 
1)+EPSI(J-1,l-1)-~~SI(J+1,I-1))/((X( I+1)-X(I-1))*(R(J+1)-
2R{J-1))). 

DO~EfA(J,1)=4.0•CDONCJ,I)*EON(J,..I)+DTO(J,I)*ETOCJ,I) 
1-·t11R(J,I>*cTRU,I°>)IROM . 

DCJ,I)=(((R(J)/4.0)•CX(!-1)-X(I+1))•C~(J+1)-R(J-1)))*CDCMEGACJ,!)) 
2) / SE U,G (.I, l) 

68 CO ta ItlUE 
[10 110 N=1r4 
IF(N.GT.1)GO TO 100 
LJ :c:2 
f,1J ==-9 
LI=2 
~ I ==36 
l,O TO 1 G8 

100 IFCN.07.?)GO TO 1n2 
LJ:::1 (J 

MJ=-i2 
LI::::16 
tt.1::-·5o 
GO TO 1C·8 

102 IF(N.GT.3)GO TO 104 
LJ==13 
~,.1==24 
LI:;;; 2 
f':1=36 
GO TC 10f-

104 LJ=15 
"MJ :.:2 4 
L1=?. 
f~I :::1 7 

1 (:f. DC• ... 11_r, __ J::: L J • ,.. ,I ________________________ ·-

DO 110 l=LI,~J . 
crEGA~(J,I)=(C~(J,I)•0~E(IR(J,I+~:)•(CU(J,I)*OM~f~P~J,I-~))+(tN'J, 

2I)~O~EG~R(J+1,I))+(CS(J,.I)~ov~GA~(J-,,l))+D(J~l) 
~10 CONTINUE 

oi• E ~ Ar. < 1 c., 1 :; > :-, c ~: c 1 c .· 1 s) "o ,, Eu. n 1 ~·, 1 ~--) -fC \.. ~ ~ c,. 1 s J * o ri: c :..,;, R <. 1 c ,.11., 
1+rN(10,15)*0~~G~·c11,~5)+CSC1C,1~}~t~~~,~(9,'5)£L(1C,15) 

0VEGAR(1!,21)=C:(13,~1)*n~EGAPC~:,22)+C~(13,21)*0MEGAR(13,20) 
1 -t C N ( 1 3 , ? ; ) + 0 I·' : :; t. -: ( 1 !.. , ? 1 ) +( ,; (1 ·: , ~ ~ ) * ~ f-" :; (; ~ ;- C 1 :: , 2 1 ) + D ( 13 , 2 1 } 
0 Vi E G A R C ? ~ , 1 ~ ) .:: C :: < l' 5 , 1 -;; ) * 0 t . c. c:A ;:_ C 2 5 , 'i -:: ) + C 1o.· ( ;- 5 , 1 f. ) +- ~ f-'i Et-- t', R ( 2 5 , : 7 > 

1+CN(~5,1g)*OVE~P~(,t,1[)+CSC25,1~}~:r~Gt~(2l,16)+D(25,1S) 
~~EG~RC?5,?1)~C~(23,?1) OfEG~RC2~,~2)4CiC25.2~)*0~EGARC25r2C) 

1+CN(25,21)•CrES~PC2t,21)+CS(2S~21)•C~E~~;(24,21)+D(~~,21) 
DO 115 1='16,18 
(l MEG AP. ( 1 3 , I ) = C :: C 1 3 , ! ) * C !>' ~ G t\ R ( 1 3, I+ 1 ) + o: (1 3 , I ) * 0 r1 i: GAR ( 13 _ ... Y - 1 ) 

_ 1+CNC13~l)•OHEGA~~14,l)+CS(13,I)~CM~f~~C12,!)+D(13~!} 
11 S COIH HU: 

DO '117 1=-~5,.17 
0 !-1 E G A P. !. 1', , I ) ::c C E C 11.. , I ) ,. 0 ;., E G AR ( 1 4 , 1 .._ 'i H CH ( 1 4 , I ) ,\ 0 t~ F. GA R ( 1. 4 , I -1 ) 

1~CNC1L,J)+O~EGA~C15,I)+CSC1L,l}*OMEGARt13,l)+D(;~,I) 
1_ 1? cc;;11 mu~ 

ti(, 120 1=2,it. 
0 H G fd~ ( 1 0 , 1 ) = { C C:: { 1 Q , 1 ) * 0 :· [ G .\ R C 1°C , 1-'-· 1 ) -t C H ( 1 0 , ! ) ,< 0 r: E GA R n C, ;: ·· 1 ) 

1+CS(1J,I)*OMEGh~<9rT>-3.C*Ch(1C,I)~(E 1 Sl(1C,I)-EPSI(11~1))/ 
Z CR OH* ( ( rn ( 1 1 ) - R ( 1 C') ) -t. R C 11 ) ) u 2 • 0) )-:- D { 1 0 r I) ) / ( 1 • c, + CN C 1 0. I) I 
32.0) 
OMEGARC14,I)=(C~(~4,I)~CMEGARC14,J+1) ➔ CWC14,l)*C~EG~R~14,l-1)+C 

1N(14,l)*OfEC?RC15,l)-3.(*CS(1l,1)*(fP!I(1,,ll-EPS1(13,J))/{ROH 
2•CCCRC1L)-~C13))~RC13))•*2.C))+DC14,I')/(1.0+C~<14,l)/2.0) 

120 corn INUE 
tiO 130 I::2,17 
OMEGf,RC'25,I):::(C 

·1S(25,Il->.O!-'fCti'?( 
c"'(((R(2c)-RC?5) 

13 0 COI-JT mu E 
CQ 14C I::Z1r36 
0 I'. E G f, :-: ( 2 5 , ! ) :: ( C 

1 s c 2 s , I ) , or~ rJ, A~ c 
ct-<{~i:{26>-P.<25> 

HO corn !NU!: 
l'O 1St1 J:::19,.20 

!25,I)*O~FGAR(25,I+1)~C~!25,lJ*OMEEft~C25,I-1)4r 
1. ,, 1 > - 3 • o * c r.: c 2::,, 1 > * c :.: r n < 2 5 ,. r > ... E P ~ i < n, J. ) ) /Cr. .. , 1-1 

*R(26))••2.O))+DC25,I)J/{!.O+CNC25,I)/2.G) 

< ,· S , I ) +: C ~- EG t. r; ( 2 5 r ! 4 1 ) ·',. b" ( 2 5 , l ) * 0 ME' G f> fl ( 2 S , 1- i H C 
G,I}-!.0•C~(2~,I)*(~PS1(2~,I)-EPSrc;~,J))/(~OH 
•R~i6>>•~2.G))+DC25,l))/C1.G4CN{~S,I)/2.0) 



r 
C 
C 
C 
C 
C 
C 
C 
C .. 

J27 

O~EGARC13,I)=CC:C13,I)*OVEGAR(13,I+1)tCWC13,l)*CrCGAR(1j,l-1)+C 
1 f. C ·1 3 , I ) t Or'£ G Id~ ( 1 ;;, , I ) - 3 • 0"' CN ( 1 : .,. I ) * '< ~ P 5 I ( 1 3 , 1 ) - EF S I ( 1 4 r I ) ) / ( RO 1-i 
21.. ( CC R ( 1 4} - R ~ 13) ) "'R C 1 4) ) 1.· +. 2 .. 0) ) +DC 13 , I)) / ( 1 • u-: CN C 13, l) /'2. .. 0) 

150 corn JNLri: 
DO 160 J=-11,13 
C~EGPE(J,15)f(C~(J,15)*0VEGAR(J,16)iCh(J,15)+0MEGAR(J+1,15)4CS 

1CJ,15)*0McGhR(J-1,15)-3.0*C~(J,15)*(~P~ICJ,14)-EPSICJ,15))/(RO 
2H~(CCX(15)-X(1,))•RCJ))**2.C))fD(J,15))/(1.0+CW(J,15)/2.C) 

160 CONT ItWE . . . . 
l°l I) 1 7 C J =-1 t. ,f..L, . 
orEGAR(J,21)=(C~(J,21)*0~EGAP(J,22)fC~(J,21'+0MEG~R(J+1,21)+CS( 

1 J, 21 ) * 0 l'E GAF- CJ -1,. 21 )- 3. ·:+.CW (,I, 2 1 ) ,1 C : P n CJ ,. ~ ..; ) -E PS I ( .; . 21 ) ) / (RO K 
·2•(C(XC21)-X(20))~RCJ))**2~0))+DCJ,21))/(1~0+CW(J,21)/i.O) 

17C COlfflNUE 
DO HO J~14,24 
orE~AP(J,18)=(CW(J,1f)•OrEGAR(J,17J•C~(J,1~)*0MEGAQ{J+1,.18)+CS( 

1Jr1~)*0fEGAR(J-1,.12)-3.0*CECJ,1E)*(~PSI(J~19)-EPSI(J,18))/(ROH 
2-k (CCX C 19) -X < 1 U ) ~,RC J)) ** 2. 0)) t- D ( J," .) ) )I ( 1 .. CHE {J, 15) / 2. 0) 

1SO CONTINUE 
DO E9. 1=1,37 , 
CME GA R ( 1·, I ) =< 8 • 0 ... ( C ~PS I C ~ ,. ~ : - ~PS I ( 1 , ! ) ) / CR C 3 ~ ·' R C 3 ) ) - ( E P SI ( 2 ,. I) - . 

~ ~PS I R C 1 , I ) ) / rn ( 2 ~ * R ( 2 ) ) ) ) / ( r' ·J ii* ( P. ( 2 ) +. R ( Z ) - R ( ..',) * R ( 3)) ;, 
f;C\ CONTINUE 

DO 9C I="i,1f 
orEGAR{26,!)=(2L.0/(ROH~RC2~)*(13.~*R{26)-5.0*R(2j))))*(((E~~I(2 

1(, • 1 l -E P ~ J C ;, 5 • I.)) I ( < :' C ~; ) -F ( :':::) ) **? •. ) )- ( p:• ~n; / t 4 .. 0)_1.· (? .• fl!: f. (2.0.:--J:J.2 ___ _ 
2 S )) * ( 7 • ( ,.. ~ ( / fl - , • 0 * ~ ( 2 5 )) * ( o ;· [ ~,; R P : , j) )) } . . . 

~D CONT rntn: 
!)0 ?1 I=21. 31 
0 M f G A R ( Z t , I ) ::: ( 2 ~ o O I ( RO H * r: ( 2 6 ) * ( 1 _".( • : "" ti l 2 6 ) - 5 • Q * R ( 2 S ) ) ) ) * ( C ( £ PS 1 ( 2 

1 6 , I ) •· c P S I C S , 1 ) ) / ( C ;;: C i 6 ) - fi ( 2 5 ! ) >1 ;, 2 • ,: ) ) - ( ( r-" 0 H / 2 l,. • 0 ) * C 2 .. 0 -q: { 2 6 ) - !: ( 2 
2 5 ) ) * ( 7 .f' * R ( 26) - 3 • C-.. ~ (? :;, ) ) "'- ( 0 rr t. GA t; C;: -j , l) ) ) ) 

91 CON1 iNU? 
f)(' 92 1::..1,11. 
<'ME u.r< c, 1 , 1 ; -' n ,, • o, rn o H.* R c 11 > * cr:l, Go ... R c1 ·: ~ -s pc* R c i c >) ; > * c c cc P s rt: 1 

11 , I) - E PS l ( 1 (:, 1 ) ) / ( ( R ( 11 ) - R (1 0 , ) c;; 2 • : ) ) - l ( ii O Ii /2 I., • 0) * C 2 .. 0 * R i 1 1) - P. ( 1 
2 (') ) * ( 7 • (• * R ( i i) - ~ • J,. r: C 1 0) ) -;; : 0 f•1 t G Id~ ( 1 ·~ , !) ) ) ) 

CMEGAR(1~,Il=C24.0/Cf0H«~(~3)~{13.C?q(l~)-5.G*R(14))))*((iEPSl,1 
13,I)-EPS!C1~,I))/((~(14}-~C13))•*2.:>,-CcROH/24.C)*(2.G•R(13)-Rl1 
: t, } ) .,_ ( 7 • (; * R ( 1:5 ) - 3 ~ 0 * ; ( 11, ) ) * ( C, ;.: t G Ar. ( 1 '- ,. 1 : ) ) i 

92 C0NT H:UE 
OMEGAR(1?,14)=((~.0*(EPSIC12.14)-EP5T(12,15)))!(ROH*R(12)*R(12)* 

1 . { X { I 5 ) ··· >: ( 1 4) ) * * 2 • 0 ) )) - ( • 5 +. 0 r.F. ~ t. R ( ~ i ,. 1 5 ) ) 
!'O 93 J::1 t.,U: 
0 Mt G .'. f! C.: , 1 9 ) = ( ( S • 0-t ~ E t-' S : ( J , 1 9 ~ ·• E PS 1 < J , 1 8 ) ) ; I (P. 0 H * R ( J ) * fi \ J ) * C {X ( i 

1 9 ) - X ( 1 C: ) ) ·tc * 2 • ~) ) ) - ( • ) 1: C '.·· £ (, :. R < ! ,. 1 [ ) ) · . 
0 ME:; ~. R {J , ~ 0 ) = ( C ~ ~ C" I'. u· S I U .- 2 () ) -.E P SI ( J , 2 1 ) ) ) / (R ~ H * R C j ) * R ( J ) it: ( ( Y C;: 

11)·Xl20))*•:.a,,)-l.5*0MEGAR(J,2 1
)) . 

9"!- CONTINUE 
RE TU~dJ 
E~H-
f ~BROUT IN E ~AWSAN 
CON~O~:~G~ID/RC~6),XC37) 
CO f~f'~ 0 f.; /CR OH/ROH 

·CO tW :, f I/ C F V L / U ( 2 :_ , 3 7 J • V {2 6 ,· 3 7) 
CC 11.11'. 0 NI C hl' E F /CM" 
COM~ON/CKiTiT(26~3?: 
COPM0~/rLs!AL(2~,37~ 
CO~MON/CSP/SF{2c,37~ 
COMMON DX0U<2b,~7),DRVV(26,37},.CRUV(~t,?7),DXUVC26,37J,~~U( 6,3 

17),DRU(26,~7),tXV(~D,37),DRV<?6,37; ,tCU~{26,37),~ADUV(2i,~7 ,x~uUV 
2(26,3i),~DU(26,!7),XADU(~6,37),ADV(~t,i7l,~A~V{26,~7),DXP(2 ,37),D 
3RP(26,3'() 

*** t.1::-1:** -1. -le 'k :tf.:-1,-J, ~w:***** ,">:-Id:*** ~-t.·: !-,t-f,-.r>,**-A·~. ****" 
* * ·rn1s SUSROU-.INE Ci\UULATES THE 'Jf,.L!JES OF· * 

* Ttlt STf,TlC PR!::SSURE f..T f..l.l THE GRT!). tlODES * 
* * 
~*******~****'******~*~****~~,t-t.1:*~~~R******** 

()0 154 N==1r./• 
IF(U.GT.1)GU 10 150 
LJ =2 
r-~J=1C 
f.1=2 
fll=<H, 
GO TO '\53 

150 JF(N.GT.2)GO TO 151 
L..1=11 
MJ =13 
1.1 =1 S 



~: I =3 6 
(,C iO 1)3 

151 IFC~.GT.3)GO TO 152 
LJ=1l: 

· l',J ==2 5 
LI =2 
t, I =1 8 
GO TO 153 

-· . _1 c;? . L J = , t. 
r J :::2 s 
LI =21 
t'-I =J6 

153 tO 15~ J=LJ,MJ 
1'!0 154 I:.:LI,r"l 
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11 X UU ( J, I ) = ( ( ( ( { X ( It 1 ) - K (I ) ) H 2 • ,: ) - ( < X CI ) - X ( I -1 ) ) * * 2 ~ G)) * U ( J ,. I ) * LI ( J 
1,I))+(AES((XCI,-XC!-1))~U(J,I+1)l*+ ~.C)-CA~S((X(!+1)-X(l))*U(J,I-1 
2))**2.C))/((X(I+1)-XCI))*(X(I)-Y!I-1)}*(X(!+1)-X<I-1))) 

DRVVCJ,!)={C({C~(J+1)-R(J))**2_:)-(~?(J)-RCJ-1))**~.0))*V(J,I)*V(J 
1 , I ) ) + ( ft f S ( ( ;c, < J ) -· f. ( J - 1 ) .) * V , ,1 1- 1 , 1 ) ) *"" ~ • •:· ) - ( /; E S ( ( I{ l J + 1 ) - R ( J ) } * V ( j -1 
2,1))**2.C))/((~(J:1)-~~J))*\~(J)-~CJ-1))«(~{J1l)-R(J-~)}) 

DRUV(J,I)=(C(((~(J+1)-R(J))*~i.~)-C(RCJ)-R(J-1))**2.0~) 
1*U(J,I)•V(J 
2, J)) +( ( ( R ( J ) -R ( J -1 ) ) *,. 2. C) * U (.; + 1 , I) .,. \I CJ+ 1 , I ) )- ( ( Cf,; l'.J + 1 j - R ( J)) ** 2. 0 
3)*U(J-1,l)*V(J-1,I)))/((~(J+1)-R(J) )*(R(J)-RCJ-1))*(R(J+1)-R(J-1)) 
4) 

DXUVCJ,Jj=((({(XCI+1)-X{I))**2.J)-(CXrI)-X(I-1))**2.0))*UCJ,I)*V(J 
1,I))+{((X(I)-X(l- 1 ))~*2.0)*U(J,1+1) ~V(J,I+1))-(((XC!+1)-X(I))**2.0 
2)*UCJ,I-1)*V{~,l- 1 )J)/((X(l+1)-X(I) )*CX(I)-X(!-1)}*(XCI+1)-XCI-1)) 
3) . 

£l XU ( ,1 , l) = ( ( C ( ( X ( I+ 1 ) - X (I ) ) >"· * 2 • 0)..:. (( X ( T) - X ( 1-1 ) ) * "'= 2 • 0) ) * lJ {.Ir I) ) + { ( ( 
1 X ( I) - X CI~ 1 ) ) ,. * 2 ~ ,_-) * U ( J, I+ 1 ) ) - ( ( ( X C:. -t 1 )- X ( I ) ) U 2 DO ) * U ( J, J -1 ) ) ) / \ ( .X ( 

2I+1;-XCI))*(X{l)-X(I-1})*(X(I+1)-XC!-1:)) 
~RU(J,I)=((CC(k(J+1)-R(J))**2.C)7(( :(J)-~CJ-1))•*2.0)j*U(Jrl))+((( 

1 f< ( J ) - 2 C J - 1 ) ) * * 2 • (; ) * U ( J + 1 J' ! ) ) - ( ( ( R ( J + 1 ) - f: ( J ) ) * * 2 • (J ) * ll ( ,: - 1 , ! ) ) ) / ( ( R ( 
2J+1)-R(J))*l;(J)-P(J-1))*(R(J+1>-RCJ-1l)) . 
D~V(J,1)=CC(((XC;+1)-X(I))•*?.0)-~(X(J)-~(I-1))**2 .. G))*V(J,I))~((( 

1X(I)-X(I-1))~*~.~)*V(J,I+1;J-(t(X(I+1)-X(I))**2.0)4V(J,I-~)))/(,X! 
2J+1)-X(I))*(~(I)-X{I-1))*(X(I+1)-~( !-1))) 

t RV ( J , 1 ) = ( ( ( ( ( 1' ( J + 1 ) - R C J ) ) 1: ·>- 2 • 0) - ( C P C J; -R ( •1 -1 ) ) * "'- I. • :, ) .i * '.! { J , I ~ ) + ( ( ( 
1 P. (.J) - R ( J -1 ) ) ,,.,, 2 • : ~ *\' ( H 1 1. I ) ) -- ( ( ( ~: CJ + 1 ) - rd J ) ) o Z • C· ) * U { J - 1 , ! ) ) j I ( ( R ( 
2J~1)-~(J))*(R(J)-~{J-1))*(~{ 1 +1)-n(J-1))) 

/\ li UV CJ , I ) = (!-; C• H * <: G. RT (T { J , I ) } * A L CJ , l ) * C fW ) * ' D r: U ( J ,. 1 H C XV ( J .· I ) ) 
/1£1l'{J,I).=(c:t~*ROit*S;;RTCT(J,I)) *ALCJ,.:),-.".:f''~~)*"XUCJ,J) 
f,[>\/(J~I)=CROl:*St'.:RT(I (J,i)) *f.L(J,I) -1(!,'U)1,~a0*DRV(J,l) 

154 CONTINUE ' 
co 1sc; l=c,3f, 

.At>UVC~:l)=~lUVC~,l)+(ADUV(2,I)-PtUV(~,I))~RC2)/(R(3)-R(2)} 
J. £> U C 1 ,. J ) = A D U < 2 , I > + ( r.. D lJ C 2 , I ) - A ~ U C : ,. I > ) .,, ?. ( 2 ; ! ( R C 3 ) - R C 2 ) ) 
ADV(1,I)=~DV(2,!)+CADV(2,I)-A~VC3,I))eK,2)/f~(3)-R(2); 

1 5 5 CO 1.l IN lJ ~ 
{)o 156 I=2r 1 F 
A~UV(26,.I)~tDUVC25,I)+CADVVC25,l)-~:U~(2fr!l)*(Rt26)-R(25))/(RC~S, 

1-RC?.4)) 
At>U(26,I)=ADUC25,I)+(tUU(25,i)-t)Ur~~,I))*'Rf26)-R(25))/:RC23)-R(2 

11.;) 
A~V(2t,!)=ADVC2~,l)+(ADY(25rI)-A)~C24,l))*(~(26J-R{?5))/CR:25)-R(2 

,4)) . 
·156 COUTli1iJE 

DO 157 1=21,36 
Ar' UV P 6 .- I ) ::: AD LIV Cc~ 5·, I ) HA ii UV ~? 5 , I ) .. A .: lf V l ~ 4 , I ) ) * rn ~ i:: 6 ) - R C: 5 ) ) / UH 2 5) 

:-R(2i.)) 

ADUC26,1:=~DU(25,:)+(ADUC25,I)-~DU{i4,I)}~(RC26)-R(2S))/(R('5)-R(2 
i")) 
JDV(Z6,!~~ADV(25,J)+(~OVC25,I}-ADVC24~I))*:RC2~)-RC2S))/CR~25)-RC2 

14)) 
,, 57 cot11 rnur 

D O i 5 f ·' = 1 , 2 6 
/1 r, U \! \ J , 3 7 ) = :. DU V (.I ,. 3 6 ) + ( /\ Dl I V (,I ; 3 6 ) ·- • D UV ( J ,. 3 r::. ) ) * ( X C::: ( ) - X (3 .;. ) ) / C X ( 3 6) 

1-XC3::)) 
ADU(J,37)=ADU!J,36) 4 CAtU(J,36)-ADU(J,35))~(X(37)-XC36))/(Y(36)-XC3 

15)} 
ADVCJ;3i):ADV(J,36) t(ADV(J,~6)-ADV(J,~5))*r~(37)-X(~b))/(X(36)-X(3 

15)) . · 

---·-··· ·-· f'I (' 1 ~ (: ··':,;: 1 / .• -; f •··•• -· . . ·- . -·· .. --- . ... -· - ... - . . ........ ·• - ···- ·-·- .. - . - .. . •· .. 
/1. DU V (.; , :. L ) :: ,-: DU V ( J,. 2 i J + ( A j;•, UV (.; , 2 1 ) -t~ : ll V (.f, Z ;'. } J * U { 2 1 ) - X ( :' C ) ) I ( >'. ( ;,: 2) 

1..:>:(2~;) 
ADUV(J,1i)~ADUVCJr1t)+(ADUV(J,1f)-AtUV{J~17,)t(Y(1~l-X(~Sl)/(X(1!) 

i-X(17)) . 
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ADUCJ,20)=ADU(J,21)~(~DUCJ,21)-ADUCJ,?2))•CX(21)-XC~0))/CXC22)-X(2 
11)) 

ACU(J,1~)=~DU(J,1c)+(ADUCJr16)-A~UCJ,17))~{XC19)-X{1~))/CXC18)-XC1 
17)) . . 

ADVCJ,2C)=ADVCJ,21)+CADV(J,21)-iDV(J,22))•CXC21)-XCZO))/(X{~2)-X(2 
11)) 

ADV(J,19)=ADU(J,16)+CADV(J,]8)-AbVCJ,17))•CXC19)-X(18))/(XC1S)-XC1 
17)) . 

159 CONTINUE 
DO 160 1=2,14 
ADUV(11,I)=ADUV(1C~!)+CADUV(10,I)-ACUV(9,!))*CRC11)-R(10))/(R(10)-

1RCS')) . 
ADU{11,I)=ADUC1G,!)+(ADUC10,I)-ADU(C,I))•CRC11)-RC10))/CR(10)-R{9) 

1) . 

·ADV(11,I>=ADV(1~rl)+(ADV(10,I)-ADV(;,I))*CRC11)-RC10))/CR(10)-RC9) 
1) . 

ADUV(13,I)=ADUV{14,I)+(ADUV(1,,I)-ACUVC15,I))*CR(1~)-R(13))/CR(15) 
,-R(1G}) . 

ADU(1~,t)=ADUC1~,I)~CADU(14,I)-ADUC15,I))•CR(14)-RC13))/CRC15)-RC1 
~ !. ) ) 
AvVC13,I)=ADV(14,1)+(ADV(14,I)-ADVC15,I))*(R(14)-P.(13))/(R(i5)-P.(1 

11,)) 

160 CONTINUE 
ADUV(12,14)=tbuvc12,,~)+(A6uvc12,1s)-lDUV(12,16))-CXC15)-X(14))/(X 

1<16)-X(15)) 
ADU,12,14)=ADU(12,15)+CADUC12,fS>-A:UC12,16))*(XC15}-X(14))/(X(16) 

"i-XC15)) 
A~VC12,14)=ADV(12,15}+CADVC12,15)-A~VC12,16))*(X(15)-X(1'))/{X(16) 

1-1/.(15)) 
!:>0.1Ci J=1,11 
~D~V(J,1)=A~UV( ,?)+C~DUV(J,2)~ADUVCJ,3l)•XC2)/CX(3)-X(?)) 
/1. fl 'lC J , 1 ) ::: /• D U (.! ,.. ) ·,· ' H !J ( J , 2 ) - A C· lJ (.J , 3 ) ) i X C 2 ) I ( X ( 3 ) - X { .?) ) 

P~V(J,1)=ADV(J, ) ➔ (AD~CJ,2)-ADV(J,3))•X(2)i(X(3)-X(2)) 
161 CvN i"INU~ 

DO '16? .i=13,26 
ADUV(J,i)=ADVV{ ,2)+(ADU~CJ,?)-ADUViJ,3))*X(2)/(X(3)-X(2)) 
fDU{J,1)=ADU(J, )+(ADU(J,2)-ADUCJ,3))*[{2)/(X(3;-xc2)) 
A~V(),1l~ADV(J, )+(ACV(J,2)-ADV(J,3 ))~X(2)/(X(3J~k(2)) 

162 L0NPIWE 
[){I 167 N=-1,( 
IF(:!.,GT..':>GO TO 163 
u-2 
11iJ :-:1·c 
l.I=i::: 
MI~:>6 
~O TO 166 

163 lFCN.GT.2)SO TO 164 
~J =·• i 
f!:J =1.S 
LI=15 
rH=36 
GO 7°C 166 

~!4 Jf(~.LT.3jc9 TO 165 
LJ=1~ 
f',J ~ 2 5 
LI=2 
fH.::-18 
c:o :o .166 

1 65 LJ=i4 
f!,J:.::25 
LI 0 ·2·, 

________ ,.- I '"""7 ·'• •..• -· -- ·-------- ----·----- -----·-------····----·--------- ------

1( 6 t-0 1 Cl J :: LI • ~· J 
i;C, 1ti7 X=L.I,1'-1 
? f.. : , u V ( J , I ~ ;;, ( { ( ( ( ~; ( J ... 'i ) - R ( J ) ) * * 2 • (' ) - C { ; ( J ) - R C .i - 1 ) ) * +. 7. ~ 0 ) ) " A C L' V ( .J r I ) 

· 1 ) -!· , ( { f: U ) - ;:_ C J - 1 ) ) ** 2 J ) * At U V ( J -+ 1 , !) ) - ({ ( F ( .1 -+ 1 ) - R { j ' ) *" ?. • (! ) "'° A [> U \I ( J ·-
. · 21 , l ) ) : / { ( F! ( J + I ) - ~~ ( j ) ) * ( ;, ( J ) - ,::: { J - 1 ) ) * (;; C J + 1 ) -R { J -1 l ) ) 

:,-· '1 ;, DU V ( J,. J) = ( (, ( ( X (: ;. 1 ) - X ( ; ) ) *"" 2. i"') - ( ( >.: { I)->: ( I - i) ) -..- ,. 2 • 0) ) *HU V ( J - I) 
1 

1H (((X(I)-X(I··1 )).-.•.::.O)*ACUV(J,.! ➔ 1) }-((0:(l-«-1)-X(I))u2.0)*ADUV(J, 
?I~1)')/f(Y(l+1)-X(I))t(X(J)-X(l-1))~(X(!41)-X{I-1))) 

>: :, CJ U ( ' _ ! ) = ~ ( ( { ~ .. { I + 1 } - X ( I ) ) * .* ~- • ;; ) - C { X ( ! ) - X C I -1 ) ) * 1. 2 • L' ) ) * t, ~' U ( J , I ) ) + 
1 ( ( ( :< ( I } - l. ( i -1 ) ; -... * 2 • --: ) *A~ ti { J, I+ 1 ) ) - C ( ( X C I + 1 ) - X '( l } ) * • 2 • [: ) •· ' D LI ( J, ! -1 
2;))/((X(I+1)-i'.CI))"'CXCI)-X<!-1))<t<O: (I+'l)-X(I-1))) . 

kADVCJ,l)=,CCC(~(J+1)-R(J))**2.J)-((~CJ}~~CJ-1})**2.0))•A~V(J,l))+ 
1 ( ( ( J ( J ) - ,, ( J -1 ) ) ·• " :.. ~ :~ ) * A D V CJ + 1 , I ) } - ( ( ( ;:. C J + i ) - ;; ( J ) ) * .,. c • G) * /I. D V ( ~i -1 , I ) 
2 ) ) / ( ( R l J + 1 ) •• r. ( J ) ) ,. { -~ ( J ) - R ( ,.I - 1 ) ) * ( r ( •1 + i ) - ;_ ( J - 1 ) ) ) 

[)):p(J,I);-.;R;,:.:.uv<J,:~~ (.t.CUV(J,.!)/~(J)} X,\CIU<.J,Ii-C'<OH·tt1 XUU(J,J))-(RO 
1 ~: * V C J , J , * 1 ! ( J ! l / '- ( J ) .1 - C ~ C ti * D r: U \/ { ~ ,. 1 ) 
~ I< r < J , l ) :-: .>\ t1 Li C J , l ) -t- ( I, fl 'J ( J , ! ) I ,, < J ) } -r X i"' UV ( J , I ) - ( !- 0 I I * ~' F-. '.! \/ ( J , ! ) ) - ( f: 0 ii 

1 * V (.! , 1 ) • V ( J , } / .i ( j ~ ) - r, 0 H * DX UV ( J , ! ) - { .. > \I (.J '"; ) *ii() 111• $:;, ~- 1 ( r ( J , I ) ) "A 
2l(J,I)•C~~/( CJ)•RCJ))) 



3JO 

167 CON1HWC 
DO 1"68 1~2,36 
DXP(1,I)=DXP(2,I)+C~XP(2,I)-DX?(3,I))•RC2)/(HC3)-R(2)) 
D~P(1,I)=DP.PC2,I>+(DRP(2,I)-DRP{?,J))~R(2)/(fi(3)-R(2i} 

168 cornrnu!: 
C016S' 1=2,H. 
DXP{26,I)=DXFC25,I)+CDXP(25,I)-DXPC2L,!))*(RC26)-RC25))/(R(25)-R(2 

10) 
DRP(26,I)=DRP(2~,I)~{CRPC25,I)-DRP(2~,l))*(R(26)-R(25))/CR{25)-RC2 

14)) 
169 corn rnuE 

DO 17G !=21,36 
tXPC26,l)=DXP(25,1)+(DXPC25,I)-DXPC24,I))•CRC26)-R(25))/CRC25)-RC2 

14)) 
DRP(26,I)=DRP(25,i)+CDRPC25,I)-DRP(2L,l))~CRC26)-R(25))/(R(25)-RC2 

14)) 
170 CONT !fWE 

[l0 171 J=1,26 
DXP(J,37)=DXPCJ:36)+(PXPCJ,~6)-DXP(J,35))*(XC37)-X(36))/(X{36)-XC3 

15)) 
DRPCJ,37)=~RP(J,36)+(DRP(J,36)-)RP(JF~5))*(X(37)-XC36))/(X(36)-X(3 

15)) 
171 CONTINUE 

DO 172 J=1lt,26 
DXP{J,2GJ=DXP(J,21)+CDX?(J,?i)-DXPCJ,22))*(X(21)-XC2C))!CX(22)-X(2 

11 » . 
DRPCJr20)=D~P(J,21)+(~RPCJ.21)-DRP(J.22~)*(X(21)-X(~Q))/(X{22)-X(2 

i 1)) 
t> Y. P (.I , 'l 9) =DX P { J , ~ 8 ). + ( i> X P ( J r 1 g ) - L,;; PC J, 17 ) j * ( X ( 19 > - X {1 8 ) ) I CX ( 18) - X (1 

17)) 
DRP(!,191=DRFiJ,18)+CDfPCJ,1S~-~tp~J,17))*(X(19)-X(18))/~XC18)-XC1 

· · - 1 7 ) ; , ·•· . ... . ·- ·• _ .......... __ -·• _ _ . 

172 CONT INU:: 
~o 173 1=2,14 
DXP(11rI)=DXPC1~,I)+(~XP(10,I)-OYP(~,I))*(R(11)-R(10))/(R(10)-R(9) 

1) 
()RP ( 11 r 1 ) :a D fi. PC 1 G , ! ) + < Dr. P ( i U, I) ,. :) RP { 9,. n ) * ( rs (1 ': ) -· R C 1 0) ) / C R < 10) - R ( 9, 

1 ) 
tXP(13,I)~DXPC1~rl)+CDXP(14,I)-bXPC 1~,l))~(nC1£)-R(13))/(R(15)-R(1 

1t)) 
rRPC13,I)=DRP{14,!)+(DRPf1,,!)-DRPC1~,I))*(RC1~)-~(13))/(R(15)-RC1 

14)) . 

173 COt'TINUE 
OXP(12,14)=D\P(12,15)+(DZP{12,15)-DXPC12,i6,)*(X(15)-X()4))/(X(1l~ 

1-XC15)) 
tl R P ( 1 2 , 1 4 ) = i,i r; '." ( i 2 , 1 5 ) +( D R P \ ·j 2 , 1 5 ) - D R P C'r 2 . H ) ) 1d, Y. ( 1 ~ ) ·- Y. ( 1 4 ) ) / ; Y< 1 6 ) 

___________ :,.-x < 1 5 ~) . --~- ............. _ ...... ·---·•···--··-·•·-•·---···----······· --•·••···•··---·· ·--·-·· ____ .'. ....... ·---·•· __ _ 
~o 174 . .1=1..11 
I> X r ( J , 1 j -= ti X PC J , ~• ) :H ~ X !') CJ , 2 ) - rJ Y P < J , : } ) -:t X ~ :? j I '~. C 3) - X U ; ) 
l' R- P < J r ·, ; = r, ?. r- CJ ., c. i -1 < ri ~ ? C ' , c. ) - l> f, ? < ., , :7 } ) -t X < 2 > / ' X C 3 > - Y ( 2 ) ; 

174 cor-n1r·rn.~ 
D~ 175 J=13 .,26 
DX P { J, 1 ) = D :-( P (J, 2 ) 1" ( n X P CJ, Z )- DX P ( J ,~ ) ) * X (?. ; _! ( X ( ~) -X (2) ) 

[)RP Cl , ~ ) =::, r. i' { J,.: } + CO~; r ~ J,-;: ) - v RP!~! ,..3 ) ; i X ( 2 ) .' 0. C-i) - X ( 2) ) -
115 ccn 1nu:: 

Dr i7!: .!=1,10 
r;o 1,6 .i=2,:.::r:. 
SPCJ,~)=SPC.i,I-1)+.5*(DXP(J,I-1~+DXP(J,I&~})*(X(i¾1,-X(J-1)) 

176 CONTHIUE 
t>O 177 T=-i,13 
SP(11,I)=SP(10,I)+(SP(10,I) SPC9,I))*(~(1~)-n(10J)/(R(1C)-R'9)) 
SP(1,',I)= 0 

177 CMH HJUE 
ti O 1 i' S J ·-:: 11 , ?. 5 
t'C 17d !=11:,:)6 
SP'J,I~=SP(J-1,I)+.5*(DRP(J-1,I)+DiPCJ-~,I))•CRCJ+1)-RCJ-1)) 

17: C(~NTJNUF 
DO ii;1 N=1,.',2 
SP(13,14·N)=SP(13,15-~)-.5*(DXP(13,,3-N)+DXP(13r15-N))*[~C15-~)-X( 

113-N)J . 
179 CONTINUt 

DO HG .i=14,25 
l:lO 1H, 1=2,1:--:. 
Sr ( J ,. I > =:; P ( J _, , ;: H. 51. ( DR P ~ j ·-1 , l h DP. P LJ+ 1 , 1 ) ) * U: {J ·} 1 ) - RC J-1 ) ) 

iEC cc1n rnuE 
DO Hi 1=2,36 
~P(2~,])=SF(2~,r,~csrc2s,1>-SP(24,1 ))t(R(?6)-R(25)) 1 (R(25)~RC24)) 

H'i COtriINUE 
D O 1 F. 2 J = 1 , 2 (. 
SP(J,37)=SPCJ,3c)i{SP(J,36)-SP(J,35 ))jCXC37)-~(36))/(X(36)-X(35)) 

182 CONT IIWC: 



C 
C 
C: 
C 
C 
C 
_c 
C 
C 

-C 
C 
C 
C 
C 
C 
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t>O H3 J=13,26 
SP(J,1)~SP(J~2)+C~P(J,2)-SP(J,3))*X(2)/(X(3)-X(2)} 

183 corn 1 iWE 
RE TURii 
END 
SUVPOUT ltJE S/1L1:A 
'CO ~:Vi O fi/ Cf f: I I>/ R ( 2 (,), X (3 7) 
rc~ro~/CSP/SP(26,37} 
CO~MON/CFVL/U(2£,37),V(26,37) 
CO l•i M O N Ir F. r, H / PO H 
C O I~~'. 0 I J I C C ? C L/ C P ( 2 l , :, 7 ) , C l. C 2 6 , 3 7 ) 
CO I". 1,: 0 t: I C 0. P E ru SP O T, 1\ LP H O , VO I , ~ P ET , f, L PH : , V E , C PT r C LT 
DIMENSION A{11},Etl1),CC11),AAC26),~~(26),CC(26) 

***********~********************~****************** 
* * 
* THIS SUBRQUTINE CALCULATES T~E STATIC PRESSURE * 
* +. 
* RISE COEFFICIENT J~D THE TOTAL FRESSURE LOSS * 
* * * COEFFICIENT AT EAC~ NODE IT ALSC CALCULATES THE* 
~ -t.· 

* OVERALL STATIC PRESSURE RISE COEFFICIENi ANO * 
* * * THE OVER~LL TOTAL PRESSU~E LCSS COEFFIC!E~T * 
* *. 
* **~***~*****~**********~**~**~~~*************~~~* 

A ( 2) = ( (SP ( 1 , i ) + ~ P ( 2 , 1 r> / 2 • 0) ,, R C 2 ) •. ;, ( 2) 
2(2)=(CU(1,1)+lJP,1 i>/2.0)-t.idZ)*R(:) 

_C{2)=(A~S C(UC1, 1 ) ➔ U <?,i ))/i:.O)u::.C )+.?(2)..tP(2) 

-·· ·'----I~ J ~: ~ ( i 2f) nu,·-f-• ( J-·1, 1) -i-f:f~c:,:~ 1-)--,-/?·~-:-·, ;·c·;;(:,·, ·=-r< ·c j' :··,-,) ;.,·,_-( °J)-·4 r.··{·]·:T>i·-· -. 
· r: CJ ) =fl (.I - ~ ) + ( ( U ( J -1 , 1 > + U ( J,. 1 ) ) /2 • 0) ~ < ? < .:) •• :-; {J- •j ~ ) * (? CJ ) + i:-: {J -1 ) ) 

C ( .i> = C ( J - 1 ) -+ , Ac_$ ( ( U CJ -1 , 1 ) i U ( J , 1 ) ) I '-. U ** 3 • C,) ' ( r. { J ) - f. ( J -1 ) } * ( R (.l ) + 
H'(.1-1)) 

185 CONTINUE 
SP OT =A ( 11 ) / ( R ( ·, I ) '"- F. ( 11 ) ) 
VbI=~(11)/C;C11)•RC11)) 
AL Pli O:c C ( i 1 ) / CK ( 1 1 ) * ;:; ( 1 : ) * C VO!**> • 0; ) 
EDP=.S*ROH*KLPHO*VOI~VOi 
ETP=-SP0TH:DP 
t,') 106 J=1,26 
DO 186 I·=1, !"7 
CPCJ,I)=CSPCJ,I>-SPOTS!EDP . 
CL ( J , I ) = ( ET P - ( S P CJ, I )-1- S G RT ( U ( J , I-) ..i.· LJ CJ .. :! H-· V { •1 ~- I ) ;,._ iJ (.; , I ; ) +.· i: OH* ,:5 ) ) 

L'ETi--
180 C'0li, !NUE _ . 

A~(2)=CC:P(1,:7)t~PC2,~7)j/?;O)*R(')*R(:) 
PE:{?.)::((UC1,37) ;-U'2,:.7 )Ji2.C)*P.~2)-t ~(?} 

CC(2)=(:(UC1,?7)+U<Z,37))/2.O)~*3.O~~Rt2)*N(2) 
[)0 iE·i.Je:3,c.(: 

· A;.. ( J): /..:, CJ - i J + C \SP ( J-1 ,, 3 7) +SP (.!, 3 7) ) /2. 0)"' ( R ( ~}- R ( J-1 j) * ( I< (J j + rl CJ-
11)) 
OU(J)=BB(J-1)+CC~(J-1,37)+UCJ,37))/2.~)*(R(J)-RCJ-1Jl•C~{Jl+RCJ-1) 

1) . 

CC Ci)= CC ( J-1) + ( i\l2 S ( CUC /-1,37) +I.I (J r3 7)) /2. 0) *13 .. 0) * C ~ (.J' -R ( J-1):; * CH 
1~J){R(.l-1)) 

1e7 CONT JNUE 
SPET=AA(26)/(R(2~)*~(26)) 
v~~r~c:oJ/C~(26>*n<26>> 
ALPHF~CC{26)/(RC?6)tR(26)*(VE~•3.0J) 
crT=(SPET-SPOT)/EDP 
Ci.T=CETP-{SPE1+.r•-1.RvH+-ALPHE*VE*VO) /f:TP 
RETURN 
END 
SUBROUTJNE CHAZO 
J?EAL MU 
COMMON/CGR1D/RC26),XC37) 
COVfQN/CKET/T(?~r37) 
COMKCN/CTR/TRC26,37) 
COMMO~/CSTFU/EPSI(2t,31) 
comrnt!/t ROH/ ROH 
CO r•:r-1 0 N / C L S / A L( 2 (., , 3 7 ) 
CO Ml'. 0 N /CM U E F / C ~1 U 
CO M Vi O fl / C F MU fr'' U 
CO t,1'! 0 I~/ CKE' E (, IC D SE G ~~ 
C N'. r,: ◊ti F O f-i ( ~- t , : ) , G O 1-J ( 2 6 , 3 7 ) , G TO , 6 , ~ 7 ) r 1-; $ K T ( 2 6 , 3 7 ) , \I P ~, S K ( 2 6 , :, 7 ) ., _•,, 

1E(26,37)~AW(Z6r 7),~N(2~,37},AS( 6,~7J,[((26,!7),~~C~6,~7)r8N{26~~ 
27),2$(26,37),SE ABC~6,37),CEC26, 7) ,CU(~6,37)~C~C26,37),CS(26,37), 
3.N~ (26.,.37) 



C 
.c 
·c 
C 
C 
C 
C 
C 
C 
C 
C 
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~*******~'****t•***~***'**«+~•*'******t••··••** 
-l: * 
.,, rn1s SlJf..OU"fINE CALCUL/iT[S THE NEU VALUES * 
* * 
*· OF THE TUR6lJlENT r.rnETIC rn::RGY AT ALL THE * 
* i; 

* G~ID NODES A'l- P/\RT Of Tl!E ITCF:ATIOi-: PROCE.SS * 

r,o 95 J=-1,26 
DO 95 1=1,37 
TR(.l,.J)=T(J,I) 

S 5 CONTI IIUf 
D O 1 ? 5 t-! = 1 , L. 

... 
____ . ____ u 0; ~f-J_. u_cc .JJ: __ 1_2.r.t,. _______ _ 

LJ=2 . 
MJ=10 
Ll=2 
MI .,3 6 
GO TO 124 

. 120 IF(N.GT.2)GO TO 121 
LJ =11 
MJ=13 

·· lI =15 
f,11=36 
GO Tr. 124 

121 IF-(N.GT.3)GO TO 1d. 
LJ°=-1 '~ 
f"'J =? 5 
Ll=2 
r-:r =18 
Gu 10 1Zl, 

123 LJ=i4 
MJ =2 5 
Ll=21 
rI=36 

12~ DO 125 J=LJ,~J 
D O 1 2. S I = LI , fi l 
FON(J,l)=CE2SICJ•~,I+1)+EPS!CJ-1,I-1)-EPSICJ+1,I-1)-EPSt(J-;,!+f)) 

1/(R{J)*{R(J+1)-R(J-i))-t-(X0+1)-XCJ-:-i))) . 
GON(J,J)=((((CPSl(J+1,I)-EPSI;J,I)) /(~(J+1)-E(J)))-((Ers1tJ,I)-EPS 

1 I ( J -1 ; I ) ) / ( P. CJ ) •• S ~ J -1 i J ) ) * 2 • Ci I ( R CJ ) * ( n ( .r _..1 ) ..,.R CJ -1 ) ) ) 
G "; 0 t J, I)= ( C C (:::PS 1 ~ J, J: -'l 1 ) - E PS; CJ, 1 ) ) / < X (: + ~ ) -,. x < I) J ) - ( ( f ~SH.; , I)-.: PS 

1 I ( J , I -1 , ) / ( X ( I ) -- X i. ! ·· 1 ) ) ) ) T( 2 C ) / ( R ( J ) * C X ( ! + 1 ) - '-: ( I - 1 ~ ) ) 

\I~ ~ T ( J , j_ ) = { ( r:: 0 H * $ t.: tF ( TR U _. ! ) ) * A L ( J , : ) t L r' U - rt. U ~ ! (F: (q '. ..,_ R O H ) ) * ( U; ;. Q * ( FC 
jfJ ( J • l ) * FON ( J ,. ! ) ) ) 1· ( A fl S ( (, 0 fJ ( J , I) - G 10 { .I , l) ) °'"°' 2 ~ 0 i ) 

[J K ( J , J) = ( ( H C •·' *C D * { T ~ ( J, I ) * * r.. 5 ) ' /AL ( J, l) ' 
AE(J,:l=CCEPSI(J-1,I+1)+~PSICJ-1,I)-~F~I~J+1,1+1)-E~SICJ~1,i))+(AB· 

-, S ( t P S : { J -1 , I ... a ) -~ E PS I (.I - 1 , I ) -£ P S I l J + ·; ,. h 1 ) - E P ~ 1 CJ + 1 , ! ~ i ) ) IE • G . 
AW(J,i)=('FFSI(J+ 1 ,I-1)+E?Sl\J~l.I)·~PS!CJ-1,;-1)-EPSI(J-1,I))+(A8 

1SCEPSl(J+1~1-1)+~PS!CJ+1rI)-~?SICJ-1,!-1)-EPSICJ-1,IjJ))/8.G 
f; N l J r 1 ) ::: { ( t. PS l ( J + 1 , 1 + 1 ) + E PS ! ( .1 ,, 1 .; '1 ) - : P ~ l ( ) + I ,- t -1. ) - t: P $ I ( J , 1- 1 ) ) + ( ".8 

1 ~ ( l P S I ( .1 + '1 , I + '; ; + E PS j f J , ! + 1 ) - E P c I ( J + 1 , ! - i ) - E P S I ( J ,; I -1 ) ) ) ) / 2 • 0 
~S(J,I)=C(EPSitJ-1,I-1)+EP£iCJ;I-1)-Er~I(J-1,I+1)-EPSI(J,I+1))+(AB 

~ S ( E P 5 T CJ -1 , i -1 ) + ~ P :"> I U , I - , ) · E PS r ( J- "1 , I .· 1 ) - E PS 1-U , I+ 1 ) )) ) .. P. • G 
e[(~,I)=l(ROH-:~U)/(f.C*SCGK))*(SO~T(lS(J,I+1))~AL!J,I+1!+SrQT(TR( 

1 1 J , l; ) *AL CJ, 1 ) ) * ( ( R C J + 1 ) - R < .i -1 ) ) / { X ( : ..; 1) - "'/. ~ 1 ) ) ) -f'_ fi CJ ) 1e 2 w C 
8 W (J ,, I ) ::: ( CF: C H t Cf'' li ) I ( C: • tJ * S E C ;< ) ) * < S Q ~ "i- Ci ~- {J .• I - 1 ) ) k A L ( .; , "'f>· 1 ) ·H t:: RT ~ {R ( 

1,.C,l))>'=ALLl,I))*((R(J+1)-RU-1))/(XC~) ·XC:-1)))1R(J);:2.'.: 
a~: < ,J , , ) :::- ( (RO~* C f" lJ ) / C /< • 0 * S t GK) ) * ( S G F. T ( r R ( .! .;. 'I , I ) ) * AL < J + 1 , J ) + SQ RT C TR < 

1J,I))~~L(J,!))•CCX(I+1)-X[I-1))/~P(J+1}-R(J)))*(~(J~1)~~1J)) . 
BStJ,I)~((~OH*L~U)/(P.C~SEGK))•CSP~TCTR(J-1,I))*AL(!-1,I)+SQ~T(TR( 

1J,l))ttl{J,:))•((X(J~1)-X(l-1)\/(R(~)-RCJ-1)~)*(R~J-1)+R(J)) 
SEG~B(J,J)=ftEC~,J)+~~CJ.I)+AN{J,l)½~SCJ,I)+6~(J,I~+Bk\J,l)+BN(J,l) 

1 ❖ P.S(,1 ,I) 

Ci: ( J , I ) :: ( A E (,I, T ) + B ::. ( J, 1 ) ) / ~ EG AB C' .,.. l ) 
C \..' ~ J r 1 ) :::: Ct ~; CJ , I ) +E- I.' ( J, I ) > / S [Cf, e ( J , I ) 
C N ( J ,. I ) ,: C /'. N (.!, I ) -tf.HJ {.l, I ) ) / SE.GAB ( .J, J. ) 

CS ( J r I ) = ( :, S ( J., 1 ) +2 S C .1 _. I ) ) .'St.GA 5 { J , I ) 
\'PH SK ~ J ,, I ) = < '1' SI~ TC J , I ) * R U i I 4 • C) "' ( U l -'· U • X Cl -1 ) hr U: ( J + 1 ) - R { J -1 

1)) 

TR(J,I)={CE(J,I)*TR(J,i+1;tcwc 
1J,l)*T~(J-1rl)+VPWS~(J,1):3EGA 
1 -'. 0: ( l + ~ ) ·- X (j-1 ) ) * ( :t ( J ·I 1 ) - f: (,I-~ 

TRC~,l)=.S•T~(J,l)+.S~TCJ,l) 
~ 2 5 CG;,-; I I lU E 

P.E TURN 
£.ND· 
sue~OUTJNE ABOKHALIL 
HE AL l:U 
r. C fl" 0. r: I ( f, L F' If, l r- < ~· f.· • ·.- 7} 

) * H< ( J , I - "i ) .. Ul ( .! ,.. :i ) * . 1 i; (.J -: i , J ) + C S ( 
.,! ))/(1.G~uK(J,1)1,(RL.1)/4 .. 0). 

!>E U.BCJr1] ~ 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C O F 1'. 0 1.; / C L S I !, L { ~ 
CO 1• Vi O !.'/CST Fi_ / E P 
C:Oltt'Of-1 /':,r.. RID /fi. ( 

:. n 
(26,37 > 
),X (37) 

r CH' t'- 0 M IC P. 0,' I ~~ 0 It 
C0VVON/C~ET/TC?S,37) 
C O•Vi Or: I Cf,' U E r: ICM IJ 
CO f !'.(;Ii/::!· ,,:u I ill.LI 
COMMe~/CLSE~/CA,CB,SEGL 
COMMON FC~(26,\7),GON(26,37),GTC(2~,~7),~SKTC26,37),DL(26,37), 

1A£(2f,~7),tL(26,~7),A~(26,37),A~(2G,37),BE(26,37),~W(26,37),BN(26, 
237),b$(26,37),S~~Ab(26,37),CE{26,37),~WC26,37),CN(26,37),£S{26,37) 
3,DCZ6,37) 

* THIS SUi!RC,UT!NE Cf.LCUU.TES THE f~~W VALUES * 

* or THE LENGTH SCALE AT ALL TH~ GRID NODLS * 
* . ' 
* AS PART OF THE ITERATION PROCESS 
* 

iiO 13C J=1,2( 
[)0 130 1=1,37 
ALF.(J,J.)=AL<Jr!) 

130 CONTINUE 
DO 139 tJ==-1,l. 
1F(N.GT.1)GO TO 135 
L.1=2 
MJ =10 
LI:::2 
1-'l I =-3 6 
GO 10 ~::E-

135 JF(N&~T.2)CO TO 1~6 
LJ =i 1 
MJ=i3 
ll=15 
MI::::i6 
GO TO 138 

136 JFlN.GT.3)GO 10 137 
LJ=1l. 
rt.J=25 
LI=?. 
l-~1=18 
G~ TO ~38 

1:,7 LJ=H 
~-J=25 
LI=21 
Jl'i=; ~ 

-i33 £-0 Pc:> J==L.'.,rr:..' . - - - •·- .. -- --···· 
CO E-9 I=U,.fJ 
FON(J,l)=(EPSI(J+1,!+1)~~PSI(J-1,I-1)~EPS1(J+1,I-1)-ErsltJ-1,i+1~, 

1 / rn C.I," ( P ( J + 1) - ~ ( J-1)) * ~ X (I+ 1) -X CI· 1))' 

(."NC J , .d = ( C < C £r- !: :i ( J + 1 , J J - E PS I C J , I) : I i t; ~ J ( 1 ) -· ,i { J) ) , - ( ( E PS r ( J .,. l > ·· !: P ':" 
1 j ( ,! - ~ I J ) ) / ( r: (.) ) - r ( J - ! ) ) ) ) -;. 2 • :: ) / (? (.j ) 'f. \;: ( J -f 1 J • ;{ ( J • : ) ) , 
GTO(!,I)=~CC(~PSl(J,I+1)-EPSI(J,l)) /C~(T+1)-~(I)))-(CEPSI(J,I)-E?S 

1 ! ( ,I I I·· 1 ) ) / ' \ ( I ) - X ( i - 1 ) ) ) ) -~ {: • 0 ) / ( f. ( ,I ) -<: ( X ( I + i ) - X ( l -1 ) ) ) · 
~! S KT ( J , 1 ) = { r F.. ::> i1 *:; Q i< T ( T ( J , I ) ) -k;... LR ( J,. ~ ) -J- U, 1 ;- M:.,; ) / ( E 0 H *ROH) ) * ( (l, • ':! .,,_ ( F C 

Hi \ ., , 1) * F O ! I ( J ,. I) ) )-r (; .. : S ( C, 0 !d J , 1 ) - •~ TC ( J .- l) } ·H 2 • 0 ) ) 
Cl l ,! , I ) :.c ( r E, -~ AL F: ( .I , I ) I T ( ,I , I ) ) * ~; S ,: -;- { J , I ) - ( C A 1 ii OH~. S (.; K T ( T (..: ,. 1 ) J ) 
f: F ( J , I ) ::- ( i ~ P .SI , J - ·, :· I+ 1 ) -rt: PS l ( j -1 , I) - : F S I ( J 4 1 ,.1 -t.1 ) - ~PS l ( J + ·, ., I ) ) + { f1 0 

1 S C E P S I C J •• 1 , I + i ) + :: F S I C J - i , 1 ) - E r S 1 C ,l -t '! , J. ➔ 1 ) ·- E P S i ( .! -t ~ , I } ) : i / S< .• 0 
f, \-i { J, ! ) = ( { E? Si ( J ·r i, l - 'i ) 4 :TS! (.! .i. i , ; ) - ~, 5 I ( .,- ~ , I - i ) ·- E PS I' J.- • , I; ) -t- U> 8 

1 S ( i PS I ( J + 1 , 1-1 ) t :-. ~s I ( H ~ , 1 ) - ~? S 1 ( J- i , l -1 '-E F SJ CJ -1 , l) J) ) H o G 
,:• Ii ( ,I • I } = ( ( ~ F ~ 1 , .; -. l • .: + .1. ) ..- 1 P S ! ( J .• " 4 -: } - .- : _;_ .I ( J + 1 • l - 1 ) - ~ r- ' l (_ J • ! · 1 ) ) f ( ti ~-

1 ~ ( f P S 1 C J + 1 , l -(-1 ) + :_ P ~- 1 CJ , 1 -t 1 ) - [ F S 1 < J ~ . , ; - 1 ) - ::. ;:- ~ I ( ..: , ! - ·; ~ ) ) ) i c • '-' 
/, S ( J , I ) :: ( ( ~ P ~ 1 { J - 1 , 1-1 ) + [ P S I ( .i , 1 - 1 ) - E n S I C ,I·- 1 , I 1· ~ ) - E F S J { .I , 1 ➔ 1 ) ) • ( A 6 

1~(EPSJ(J-1,!-1)+~PSI(J,I-1)-EP~l(J-~,:+1)-~ 0 5!{J,I+1))))/~.~ 
E [ ( J , I ) ::: ( ( R C H ., i: ,: L' ) / ( r • C * S E C, L ) ) * ( S C ;; T ( T ( .J r 1 -+ 1 ) ; ~ ,i l R ( J 

I 
I + 1 ) ~ S C. J T , 1 ( 

1 J , I ) ) * Au. ( J , ! ) ) 1 < ( E < J + 1 ) - P ( J -1 ) ) I ( '· C 1 -1 ~ :· X C ! ) ) > * F' ( J } ,, 2 ~ ll . 
P, \./ C J , I ) = ( ( R C 1-: • C .~ l t ) / ( [ • [' "' S E (1 L ) ) ;,. ( ~ :~ r\ ; ( T t J , I - 1 ) ; * /, L r; ( J , J - i ) 4 S r, ;' T ( l ( 

1,1 , I ) ) */,LR ( J •• I ) } t ( Cr. ( J -+ i ) - ri ( J - 1 ) ) .' C X ( 1 j- X C : •• 1 ) ) i ~ R < ,I ) * 2 ~ C, 
E' N ( J , J ) :: ( ( h CH" C r:~ti) / ( ~ • ·:*St G L ) ) • ~ !. Q ~ • CT l J ·! : , I ) ) ~ :.. l ,~ ( J + ~ r I ) + S ORT { "';" 1 

1 J r l ) ) -. AL R C ,l , I ) ) * C ( X ( J ~- 1 ) - '"I ( I - 1 ) ) I ( ;_ ( J ~ : ) - R C J ) ) ) +. ( f.. ( .1 -t 1 ) + i- C J ) ) 
i' S { J r I ) ::: { {RO i' "- C ''. U) / ( r- • C * S ~ C, I.) ) * (~.'Jr: -: C-: ' J •• 1 , I ) } .,, ,, LR ! .l - i , ! ) + S ~ RT ( T C 

1 ~' , I > ) * t-. L ~: c J ,. ! ) > ... c < >- c z -1 1 > - x c ! - 1 ) ) I < " ( .i ) - i1 < J - ·1 > > ) l < i: ( ., - 1 ) " r: c J > > 
SE G /. f. ( J, I ) = /1 F CJ , I ) +- 1- ~! ( J , 1 ) 4 /. 1-l ( J , 1 ) ◄· :.. ~ CJ , I ) + 8 E ( J r Y ) -~ (- ~: ( ~! , ! ) + f; ti ( .' , I) 

HBS(J,I) 



C 
C 
C 
C 
C 
C 
C 
C 
C 

c· r CJ , l ) = CA E CJ, I ) t 8 [ U , I ) ) I S l Ci ,t. U l J r J. I. 
CWCJ,I)={tWCJ,J) ➔ B~(J,1))/SEGAG(J,I) 
tN(J,I)=(ANCJ,I)+f~(J,1))/S~GAG(J,I) 
C s ( J , I ) = ( A s ( J / I ) t r: s ( J , I ) ) / s E G ,'\ r~ ( J , I ) 
D(J,I)=(DL(J,1)/~[~~G(J,I))*{R(J)/4.C)•CX(I+1)-XCI-1))*(R(J+1)-RCJ 

I 1-1)) 
ALRCJ,I)=CE(J,I)*ALR(J,1+1)+CW(J,I)•iLRCJ,I-1)+CN(J,I)~ALR{J+1,1)+ 

1CSCJ,I)*ALRCJ-1,I)-D(J,I) . 
1L~CJ,I)=.5*ALR(J,I)+.5•ALCJ,I) 

139 CONTIUUE 
RETURN 
END 

'141 

51J8R0UTINE SAID 
COM~ON/CVLO/U0(?6,37),V0(26,37) 
co~rON/CGEID/R(~f),X(37) 
COMM O I~ IC ROH / ROH 
CO~MON/CSTFU/EPS!(26,37) 
COMMON/CFVL/UCZ6,37),V(2f#37) 

' . 
*****•**********~*•********+~********«**~**~********** 
e * 
* THIS SUBROUTINE CALCULATES T~[ FI~AL VALUES OF * 
* * 
* THE MEAN VELOCITY COMPONFNTS At ALL THE GRID NODES* • 

l>O 1~0 !=1,37 
ll ( 1. I) =U O ( 1 , I) 
v C1. n =- v·o < 1 , r> 
U(26,I).::-UOC26,!) 
V{26,!)=V0{26,l) 
(ONT HJUE 
t,O 1'.1 J::14,.25 
U(J,19)=UO(J,1~) 
V(J,19)=VO(J,17) 
U{J,20)=UO(J,20) 
V(J,20)=VO(J,20) 
corn r:rnc 
[',0 142 J:-:11,13 
()0 1t.2 l=1r14 
l! { J, I) =UO CJ, I) 
v~.1 .:r->=voc.,,n 

. 1L,2 CONT ItiUt:. 
I> 0 1 4 3 J = 2 • ? '.> 

'U(J.'l)=U0{;,1) 
\'(Jr1)=VC(J, '.~ 
U(J,37)-UO(J,37) 
V(J,37)=VOCJ,~7) 
CC'!lT J r,UE 
DO 144 I=--1,14 
UC1?."I>=~O 
VC !? .I):.: __ ;~_ 

141,- CvtnlNUi: 
~ 0 1 lt C• f~:.: 1 , 4 
I F ( .~ .. ~ T .. ·i ) r; C ~ ~ 
LJ_:=:2 
MJ=1Q 
Ll=-2 
l'il=3c 
GC TC> ~i3 

11.S IFW.GT.2)GO 10 146 
U.:::11 
t~J:: i 3 
I I =15 
f4 I=36 
GC TO 11.~ 

146 IF(N.GT.3)GO TO 147 
l.J =14 
P,J =25 
LI=Z 
Ml==H 
C:O TO '!l,8 

147 L.l=H 
MJ::.25 
l.I<'.1 
~~ l =·3 6 

14E ~O 149 J=LJ,~J 
t O 1 l, 9 1 := L I , :.; l 
U(J,I)=((((Cr(Ji1)-R(J))~*2.C)-C(RCJ)-R{J-1))«*2.0))*fPSI(J,!))+(( 

1 { R ( J ) - f< ( J - 1 ) ) * ; ;. • C ) • E P S I ( J + 1 , i ) ) - ( ( ( r ( ,I ◄ ·1 ) - R ( ~' ) ) : ~ ?. • 0 } * ~ P S I. ( ~I •• 1 ., 1. ) 
r'. ) ) / { CR C ,H 1 ) - R ( J ) ) "- { U J ) - R ( J •• 1 ) ) . ., ( n ( J + 1) - R ( J -1 ) ) 1. R ( J ) * ROH } 



C 
C 
C 
C 
C 
C 
C 

C 
C 

. C 
c. 
C 

. r_ 
C 

335 

·v ( ,J , I ) = ( ( C ( C X ( I i 1 } - X ( I ) ) * 1: 2 • C ) ;_ ( ( X ( I ) .- X C I - 1 ) ) • * 2 • C ) ) * E P S 1 ( J , I ) ) 4 ( ( 

1 C X (I )- X ( ! -1 ) ) H 2 p O) * E PS I ( J, 1+ 1 ) ) - ( ( C \ Cl+ 1 ) - X CI) ) ** 2. 0) * E PS l ( J, I -1} 
2 ) ) / C CX ( I ) - X < I+ 1 ) ) * CX CI ) - X ( I -1 ) ) t. C X ( I+ 1) -x C l - 1 ) ) * H ( J) *RO II) 

14 9 CO IH HHI c 
• RETURN 

EtJ D 
SlJBROUTINE KAMAL 

+. THIS SUSROllTlNE PF,INTS THE TITLE AND THE HEADHIG +. 

2~0 FOR½AT(//////////,2CX,8 □ HPREDJCTION OF THE FLOW 
1CE PAR~METERS OF THE CRANfIELD DIFFUSER////) 

201 FOR~~T(5CX,15HCONVERGENT CASE////) 
lJRITE C6,2CO) 
WRJTEC6,2G1) 
RETURN 
END 
S U 8 R OUT I lff /1 HM A D 
COMMON/CSTFU/EPSI(26,37) 
tOMMOH/CVORFU/O~EGA(26,37) 
COMrON/CKET/T(26,37) 
CO~MON/CLS/tLCZ6,37) 
COMrO~/CFVL/U(2[,37)~V(36.,37) 
COMMON/C$P/SP(26,37) 

.COM~0H/CCPCL/CP(26,37),CL(26,37) 

~ND THE PERFORMAH 

CONVOIJ i COPER ISP OT., A LPHO, VO I, SP ET ,AL PH E, VE ,C PT r CL T 
COMMON/CK/K . 

~***********************~*~*~~x**~x*** 
* * 
* rnrs SUt:,!":OllTIIJE PRH<TS TH[ f.:ESVLTS ~ 

(00 FGRfAT C1H1r50X~?HRESULTS) 
,01 FORM~T (///,?X,1~HTHE ST~EAH FUNLfi0~) 
~oz FOR~AT (/,7X,10~12.l} 
403 r-orw,,T (1H1,2X,2~HTl-'E VORTICITY L.1-i':T:.i0N) 
l t 4 F (lR ~: !\ T (1 H 1 _.. ;:: X , 1 d!T:. ~ K I N E Tl C E. N E n G '0 
L06 FORMAT (1H1,2X,1!HTHE ~ENGTH SCALE) 
407 FO~~tl (1H1,2X,l~HTHE AXItl VELOC!T~) 
400 FORMAT (1H1,2X,1~HThE nADIAL VELOCITY) 
410 FORMf-T (1H1,~'.X,1'~HTHE STATIC PRcSSU ,-.i:; 
411 FUEMAT (/,2X,10F11.1) 
412 FORt-'•f,l (1H1,t:X,~J-HTH S1A";IC PRE'~SU?:E :dSE COEH1CIETJT) 
413 FORrAT C/,2X,10f10.3) 
1,1'; FOF:fl.f."f (1H1,.t.X,_5<;;i,i-:E TIJT/1.L PRE~St.~::~ LOSS COt.HIE.iENT) 
'•15 t-OHriAT (i///,ZX, 7.C~rn!Ff~S!:R PERFOi-'.,:-... :. ;'Af:M'.tTERS) 
L 1 6 F Of: f-i A !' ( l , 4 X , 41-i S POT , 7 X , 4 H SP ET, 11 X , ~ -, \I C! ,. E- i•: , i H \' E , 7 X .,. 3,: C P 1 , f. :: , 3M CL T, 

17 X, 5 H /, LP HO r t X r 5 Ii r' LP ii E ) 
417 FOF;1(,\T C/,4F1L1,4Fl't.3) 
41f FUR~~T !/////,2X~17PlTEqATION COUNT~~) 
419 1-0fd-'.A"f (1H+,2X,I4) · 
~2~ FORM~T C/!/l/,14Hf~D oc RESULTS) 

\.!RITE (6rl100) 
PRITE <6,401) 
[>0 ,.,o J=1,26 
~~]TECc.iG2)CEPSI(J,I),I=1,37) 

4 5C: COt!T mu:: 
~!RITE ( 6,, 4 C3 ) 
DO 1154 J=-1,26 
WRITE(6,402)(CM~GA{J,I)~I=1,37) 

454 cotn IrWE 
lJRITE (6,40li) 
t>O 45t J::1,.26 
WRITE{6,402)CTCJ,I:,I=1,37) 

_4SS corn INUE 
~-'RITE (6,406) 
£>0 l,61 ,1=1,;:6 
WRIT~C6,4C2)(AL<J,I),l=1,37) 

.(61 corn ItiU!: 
\IR I TE C 6 , 4 0 7 ) 
{;() _G65 J=1,i:6 
URITE(6,40?)CU{J,I),J=1,37) 

l.65 CONTINUi.: 
H F: l T E ( 6 , I, (', 9 
{)0 ,.67 ,1=1,. {:, 
~RlTE(6,402 (~(j,I),1=1,37) 



t 
r 
r 
C 
C 
(; 

' r, 
{. 

l.67 CONTil!UE 
WRlH(6,,rn; 
t>O 469 J=1,26 
URITEC6,411)(SP(J,I),I=1,37) 

469-COtJlll\UE 
l·!HIH(6,L,12) 
DO 47! J=1,2{ . 
URITE(6,41~)(CP(J,I),I= 4 ,37) 

t. ·t 3 CO IH lfJ U E 
\.!RITE(6,lt1'+) 
DO 1.75 J=1,26 
WRITE(6,413)(CLCJ,I),l=1,37) 

475 corn rnui: 
\.JR1TE(6,.415) 
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\1:-:IT!:(6,416) 
WRITEC6,417)SPOT,SPET,VOI,VE,CPT,CLT,tLPHO,ALPHE 
~/RJTE(6,l11S) 
t.'fH ":" E ( 6 ,- 419) i~ 
Ur.ITE (6,£,2(1) 
HTUR:.i 
::r:r-, -----------------···--·--
HCCk CATI, 
;i£;\L ru 
CO~VON/CG~lD/R(26),XC37) 
CCMMON/CVLC/UCAC-·7),UOS'?7),UOC(37),UCDC?7),UOE:37),UO (37),UOG(37 

1),UOHl!?),UOI(~, ),UJJt!7),UO~(37),UCLC37J,U~P(37),UO~C /),U00(37), 
i: U O F- 0 7 ) • U O G C' 7) .- U Of{ ( ;"; 7 ) , l' (1 S C:- 7 ) , I,' CT C~ 7) , LIOU L 7 ) , U 0 V c: 7 ,. U v W ( ~ 7 ) , U 0 
3XC37),UCY(37)iU0Z(37),VOAC37),VOQ(37),VOC(37),VOCC37),VOE(37),VOF( 
L~7),VOb(37),VOrl(37),V0!(37),VOJ(~7) ,VCK( 7 7),VOLC37),VOM(37),V~N(37 
5:,VC0(37),VO?(??),VOC(37),VCR(~1:,v:SC37),VOT(37),VOU(37),VOV(37)r 
(-,VOL { :'-- 7 ) .- V O X (3 7) , \,' 0 Y ( 3 7 ) , \IO Z ( 3 7 j 

~O~~O~/CKET0/70~(37),T0~!~7),TOC(37),TCD(37),lOE(~7),TOF(37), OG(3 
17),TOHC~7~,TOI(~7l,70JC3?),lOK(5/),TCLC?7),TCr(~7),TON(37),TO t37) 
2,TOP(37l,TO~C37),fOk(~7),TOS(37),TOTC37}rTOU~37)rTCV(37),TOW( 7),T 
~cx<:7),TGY(j7),TCZ(j7) 

t0M~ON/CSP/SP(26,37J 
CO f VO Id C LC O t{ :.'. tr O I I .. C TO, C Tf~ , C F O, C r V, C S X 
c0rr~~!~DIMS/~P,~S,RPO,RF,RIC 
cr,~W:01, .' ':, K Oii I ROH 
CO//•MO NI Cr l'•U trtU 
COMMO~/CVUEF/CMU 
co~~ON/Cr~r~/~D,SEGK 
COIW,ON/CI sfrdf\ .CB,SEGL 

* * * * ,·. -/; -I; :, * * * * ~ "' .t- "' -I; "$;:. * t: * * * * 
* * 
~ ililS IS ~.He JNPUT DAH •~EG!.JJP!:[; TO I :lEOIC"; -;;· 
* . * * ',H::: P~t<FORl'IAtJCE OF THt CP.ANFIELD !)lfFUSER * 

- * ::+. t: * ;, JC -:\- * * .,. * "' 'I. ,. * -l: -t * ~ * +. "- * * 
\ 

~AT~ R/0.0 ,,0C475,.0C[75,.012 ,.01475,.017 ,~C1f?5,.02025~ 
1.0211:-,.Qc:2) ,..C:2:-fS ,.02435,.825 ,.C255 ,.02615 ,.C27 ,..028 ,. 
2029 ~-L- ,.031 ,.032 ,.~:3 ,.C~( ,.~3485 ,.0355 ,.03~ I 

D~TA X/0.O ,.~04 ,.007 ,.CO95 ,-S~Z ,.C14 ,.0155 ,.01675,.0 
118 .• O~~ ,.C? ,.021. ,.02~ ,-~~3 ,.02,2S,aC25?5,.~ZG25,.0272 
75,.0?82S, .G29~5,.030:5,.GS125,.~3225,.03325,.C3425,.C355 ,.03675,. 
3C3t25,.C~025,r~4325,.046~i,.G:025,.~5425,.0SE25,.C622S,.06625,.070 
425/ . 

DPT~ uo~1s:.l~S4.0,53-~,53.7~53.6,5~.C,5?.7,52.3,51.8,51.0,50.6,49 
1.8,tt.E,L?_a,46.~-~b-~,45.6,,s.?,46.2.47.5,47_3~48.2,48.5,46.4,48. 
2f,47.0,46.0,L5.;,4~_[,~1.f,4C.0,3£.c,~7.f,37.3,~6.3r~5.?,35.5/ 

fl Jl.l I, U J E- I 5.:,. l,. 5 3. 9 .• 5 3. 2, 5 3 .1...,, 5 3 • 5 ,~ : • C, 5 2 • 6 ,5 2 • Z, 5 1 • f, 5 1 • 3,. 5 0 .6, 4 9 
1 • f , /1 9 . ';, L :, • 1 , i. f:. ~ 0., 4 -: • 3 , l. 5 • 7 • l 5 • 5 , 4 7 • ~ , 4 ~ • 5 , /1 6 • 4 , t. 7 • J, 4 7 • 5 , 4 7 • 3 , 4 7 o 

2C,46.2,l.S.4,~£.5,43.2,41 .7,4G.0,3&.~,2E.8,37.5,!6.2,35.2,3S.5/ 
~AT~ UOC/S3_l,.5~.6,,~.4,~3.3,53.2,52.~,5~.L,52.C,51.7,5~.3,5C.f~49 

1-~~l9.3,.4S.~,47.6,4~.7,4~.1,45.:,~E -~,49.0,45.2,45.f,46.C,45.9,~5. 
2E,45.0,Ll.4,4\.t,,Z.4,41.~,39.l,~E.~,~7.f,37.2,~7.1,:S.6,~5.1/ 

DATA UOD/5~.0.5!-l,52.~,5~.~,52.7,5:.,,52~1,51.f,51.6,51.3,50.7,50 
1 • 1 , 4 9 f, ,· 4 <, • /· •• t.. . • ~ , 4 ·, • 7 , !, 7 • (, • 4 6 • ,, , 4 2 • t , ,. 2 • c , 4 l. • 5 , 4 4 • ti , 4 4 • c. , 4 4 • 3 , :. 4 .. 
2S,44.2,44.6,~2-~r41.T,4~.6,39.G,~E.~,37.L 1 3t.7,35.9,35.2,34.S/ 

t> /1) A !.i r: : ·. ~ . l, 5 ? • .-, , :; t. • ) ., c: i:: • 4 , :. "2 • :. , S _ • 1 , ': 1 • 9 , : 1 • 7, 5 1 • 5 , 5 i • 2 , 5 0 • 7 , 5 0 
1 • .; .,. 5 (: ~ i , 4 <;. 'i, 4 'I • , , I,.; ., l,, l. 7 • 6., t, 7 • ~-, 4 E • 9, I, 2' • 0, l, l, • 1 , 4 4 •. 3, 4 4 • 1 , l ~ • 7, l l, • 
21 ~ I.. 7 

• 7 , f. 2. • S' , t. 'i • (, , V• • ~ , ~. ; ~ 4., 2 ~ • ;: , 3 7 • ::. , ~ 6 u 6 , 3 6 • G , :. S • ~ , 3 I, • 5 , 3 :- . 6 i 
~ A "f A U OF / 5 1 • Y, 5 1 . 5 ,.. ~ 1 .. 5 , ~' 1 • :, , 5 1 • 5 , S 1 • 4, ~ 1 • l: ,. 5 j • 4 , 5 1 • t. , 5 1 • 2, 5 1 • 0, 5 1 

1 • C: , ; 1 • 2 , S 1 • 4 ,· ; ;__ .• , , :. ·. S 1 '- -: • 9 , t. ,~ • -~- , I. c • t. , ~ c.. •• 7 , i, 5 • 2 , ,, l. • 9 , L 4 • :. , 4 3 • 6 , 4 3 • 
~1,4c.~,G1.5,t.C.l,3S.l,~E.C,37.2,36.:,!S.6,35.2,il..S,?3.5,32.5/ 

(J A T f, l1 C ( / :i ( • 7 , ; • 5 , '; r • 5 , 5 [ • l , 5 G • 7 , :. •• -; , 5 1 ~ 0 ,, :, 1 • 1 , :. 1 • 2 , S I • 1 ,. S 1 • 1 ,. 5 1 
1 • 2 ., 5 'I • :, , 5 i -. ) , ) 1 • o , ; ·: ~ ( , I, <: • :. , It [: • : .• I, 6 • c 6 l, 4 • 7 , i, 6 • 2 , l, 5 ~ ;: , I, 4 • 2 , I, 3 • 1 , I, 2 • 
2C,41.G,lC.0,39.;,36.f,36.0,:5.6,35.:,!4.5,34.3,33.S,32.5,31.5/ 
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{)/IT f.. U OK / l, ti • 1 , l ·c; • 1 , 4 ';: • 3 , 4 9 • '.i , •~ S • 7 , 5 : .·3, 5 0 • 5 , 5 0 • 7, 5 0 • 9 , 5 1 • 1 , 5 1 • 3 , 51 
1 • 4 , 5 1 • 5 •' 5 1 • · 7, 51 • :. , 5 '", • E. , ,, c; • 5 , t. 7 .. ; , I.I • • 6 , t. Z • 5 , 4 5 • 5 , 4 4 • 1 , !. 2 • 7, 4 1 • 7 , 4 0 u 

;4,3~.5,?f.5,37.~r35.(,33.9,34.L,~3.~,~2.4,32.2,31.3,3C.Z,29.0/ 
DATl UOJ/l7.l,4 7 .i,4f.2,L;.5,4i.~,4~.7,5C.C~S0.2,50.l.,S0.9,~1.i ,50 

1 • 9, 5 1 .. 7 , :. i • i-. , 5 1 • t., 5 ; • 2 , L. ~ • 2 , t. l • 5 • 4 : • 3 , 4 l • <: , ', : • • e " C • .: , 41 • 3 , t, r1 • c. , 3 t • 
-•,.•-•••-•:·. (_ ... ~•.7 • ? ,;::.? .... .2..,.:::_(.•.;• ,r ~~ ~,-•.t-<1-l.,.. •·:__,_;~?_,.::.,2 .. 1 -· J. #:,.•;•Ill 7 _. :- ~~•" :: .•. t.:.r._ .. ~--.:z_[ •.!~•., .. c:t.♦ .5 :•-•~•• . 

[J /I T f.. U O ,I / i, c • ;:' , 4 ;. • 5 , L I, • 'i , l. ': • t., l 5 • 5 , '- :., • : , l 7 • 3 , I, ~ .• :, , 4 Z • 5 , I, : • f , I, <; • Q , 4 9 
. 1 • 1 , '• f: • : , 4 9 • :: , i. :' • l, <~ f, • i; , 4 l. • 7, 4:. • C, 4 .• c, 3 7 • t. ~ '• 2 • C, 4 u • ~; ;:: f • 2 , 3 7 • 0, :5 5., 
2G,3C.5,54.C,73.~,32.t.,33.5,?8.C,2E.:,2?.5,27.S,26.5,25.7,25.3/ 

~ATA UOK/ -~, .C, .C, .O, .C, .:, .C, .G, .C, .0, .0, 
1.0, .D, J,,t.,1.1,37.7,3t •• 0,24.2,~? .:~,,33-0,36 .. 0,3~ -:',."~2.S,31.2,31. 
2L,!1.0,~0.6,30.2,30.2,25.3,25.2,2S.:,zs.{,~S.G,24.7,24 .. C,23.4/ 

DATA UOL/99.9,99.9,9C.9,Q9.9,Y~.o,~ Y.~,99.9,99e9,99.9,99.9,99.9,99 
1.9,9°.s,, .C,26.!",2Q.0,15.0, 9.J,31.C,2t..:C',25.C,;-t,.S,24.C'"22.0,23 .. 
25,~4.0,25.G,26.J,27.C,22.6,22.2,22.c,~z.7,22.S,22.3,2?.0,21~7/ 

D /1 T Ii lJ O ~ / • r , • 0 , • 0 , • 0 , • '::' , .. C , • 0 , • C , · . • 0 , · • 0 , .. 0 ,. 
1.0, .D, .C,20.7,15.6, 9~3, 5.1,Z( .r,1s~ol'17 .. C,1£.5,19.0,17.21'18. 
2 .?, , 19 • f, t 1 • 3, 2 3 .. r;, 2 4. .3, 2 0. 5, 2 C. 2, 2 (r. 5 .- : 0. 4; 2 1 • 3, 21 • 4 ,2 1 • l:, 2 0. 5 / 

DATA U0~/-0.2,-C"2, .C, .1, .. 2, -~, -~, .5, .6, 1.0, 1.7, 4 
1.0, 3.E.,. 3.4,"i?.~,13.1, '1.1; 1..0, .C·, .C,13.?.15 .. Z,17.(•,14.6,16. 
25,17.S,1£.5,?0.~,z?.G,19.G,18.S;19.0,1i.3,20 .. 0,20.5,20.0,19.5/ 

f,ATA U00/-0.5,-:: .. 4,-G.1, .• 1, .3, .:, .6, .. 7, .S, 1.3,,. 2.4, 4 
1.9, 4.5, 4.2,13.5,1C.O, 5.5, 3.0, .r, .. 0, E.2,13.J,i,.5,12.4,1~. 
20,15.0,16.G,17.J,19.1,17.1,16.7,17. ~,~7.6,1[.5,19.CJ1,.S,1E.5/ 

DATA UOP/-0.<1,-.J.6,-0.2,..· .2.,. .• 4, .. S, i.1, 1.2, 1~3, 1.£, 3.1, 5 
1.4, s.c, 4.5,10.1, 7.3, 4.0, 2_3.,. .c, .c, 3.1, 9.2,11./,10.2,11~ 
21,11.9,12.7,13.6,16L:,~i.9,~4.3,14.7,15.3,16.6,17.3,17.C,16.8/ 

DATA U0Q/-1.5,··1.1,--:.;,_,-0.i.,-0.1, .~, ~7, .,CJ, 1.1, 1.6, 2 .. 8,. I+ 
1..9, l..t,, 3.5, 6.4, 4.6,. 2.f, 1.4, .(, ~O, .O, 8.0, 8.5, 7.7,. 8. 
23~ S.f, 9.4,1C.J,13.C,12.s,12.c~12.,,,3_~,14.5,15.0,15.~,1S.O/ 

DATA U0~/-2 .. 1,-1.3,-;.1.-1.0,~G.9,-~.2, .2, .4, .6, · .9, 1.8. 3 
1.3, 2.9, ?.4, 3.4, 2.~, 1.3, .6, .r, .G,-1 .. 0, 2.5, 5.5, 5.~r 6. 
20, 6.5, 7.C, 7.~, 9.4, 9.6, 9.3, ~-6,10.4,12.2,12.9,13.1,~3.2! 

[lAT/.. LJ(J$/-2.7,••2.t.,-2.1,.-1.c;,-1./,'-1.1,-C.:~7,-0,.2, cC, .o, .o, 
.1.0, .o, .. 0, .o, .1, .o, .o, · -2, .c,-1.s,-0.2, 2.~, ~.o, 3. 
21, 4.?, 4.7, 5.3, 6.s, 6.S, 7.D, 7.~, 1.F, 10.c,10.1,:1.c,11.s, 
·oATfa UOT/-3.3 0 -3.0,-2.f,-2.t,-2.5,-2.(,-~.0,-1.7,-1.G,-1.S,-3.3,-4 
1.6,-4.~ .. -~.2,-3.,,-2.3~-3.3,-C.6, .c, .c,~2.u,-1.s,-0.2, 1.1, 2. 
2C, 2.4, 2.8, 3.3, 4.4, 4.5, S. □, Su4.- lr?, ~.O, f.l, !.9, 9.4/, 

D /\ T A IJ O U I - 3 • 7 , - "::. • 7 , - -_ • 6 , - 3 • 5 , - 3 • 4 , - 3 • ~ , - 3 .. 7 , - 3 • 6 , - 3 • 5 F - , •• 7 , · · 6 • :, ,. - 7 
1.5,-7.3,-7~4,-5.9,-4.0,-2.4,-1.11 .c, .0,-2.2,-3.0,-2.5,-0.6, 
27, 1.G, 1.,4, 1 • .5, 2.5,, 2.i, 3.0, 3~5, 4.5, 6.G., t.5, 7 .. 1, 7.5/ 

bt~A UOV/~3.G,-4.1,-4.3,-~.4,-4.~,-5.1,-S.3,-6.C,-7.C,-7r~,-8.4,-9 
1.7,-9.~,-7.0,-7.,,-5.1,-2.9,-1.3, .• r, uU~-~--2,-?.7,-~-~,-2.~,-1. 
2 2 I' •· 0 • 7 , - C- w ~ , • 5 , 1 ~ :J, 1 • 3 , 1 • 7 , 2 • •~ , 3 • G , l, • 0, Ii • 7 r S • ; , 5 .. ; f 

DAT~ uo~:-~.~,-~~2,-~.1,-4.4.-4.7,-5.5,-5.4,-6.6?-7:~,-e.2,-s.s,.-9 
1.9,-G.~,-9.1~-~-4,-5.2,-3.0,.-j.2, .G, .G_-,.b,-3-9,-,M7,-3~2,-1. 
~ 7 ~- - 1 • 4 , - 1 • V , - u ■ _-.; r - 0 • 1 , • 2 r " 7 , 1 ■ 2 r 1 ■ f r ~ ■ I, ,. 3. ■ 0 , 3 .. 6 , 3 • 7 / 
· ~~TA U0X/-3.0,-~.5,-2.9,-3.3,-3.7,-4.t,-5_0_-~.~,-c~S,-7.5,-7.~,-8 

·1.3,-7.5,-7.C,-7.f,-4.3,-2.7,-1.1, .t, .:,-1.4,-2.i,-3.7--4.2,.-1. 
29.-· 1.S,-1.,,-0.7,-0.4,-0.3, .2, 01, 1.-:,. 1.4, -:.8, 2.2, 2v51 

DhTA 00i:-1.l,-1.2,-~.S,-1.i,-2.J,-~-~,-~.2 .. -3.6,-4.0,-5.0,-S.2,-4 
~-2,-4.0,-3.i,-4.2,-2.s,-~.c,-o.1, • □, -~--n.s,-2.c,-2~s;-:::.o,-1. 
,::.,-1.·r-C.8,-u.4 .. ··().3,-~•-2" ~G, .:.,, .t., .?,,. .. 8, i.5_.. 2.11 

VATA UOZ/ .O, .0, .O, .O, .0, .C~ ~0, .O, .0, .0, .C, 
1.0r .u, gC, .Cr .~, .O, G, .0, -~.- .O, .O, .O, .0, 
2r._. .c . . o, · .: .. r.· .o, .o, .c, .'), .o, .o, .c, .r, 

r~1A vnh/ .o .. o, .o, .o, .o, .~, .r, .o, .n, -~, .O: 
1.0, .o, .D, .O, .0, .O, .O~ -C~ .0, .O, .o, .O, .0: 
2t, .o, .c, -~- ~o, .o, .c. -~, .0, .o, .o, .o~ .01 

DAY~ Vuf/ .0, .3, .2, .1r .1, .(, .. 0 .O, .,j, .0, .2~ 
1.S, .o, .f, w6, .6, 1.C, 1.2, .t, 1.2, .1, .t, 1.G, 1.6, 2. 
2 2 , 1 • <; , 'l • 6 , 1 •. 2 , i • 1 , • t. ; • 4 , • i:. , • 1 r • 0 , • G ., ~ 0 , • C., / 

t>t.T!> v·:c/ .c., .2, .1, .c, .0,. .L, .. c .• (1 ... n, .. ~, .5,, 1 
1 c U , 1 • '? , 1 • 5 , 1 • 5 , 1 • S , 1 ■ Cl ,. 2 • '• , 1 • [ , ?. • ~ r • 4 r 1 ■ 2 tc 2 • :, , 3 • 4 r 4 • 
22r :.,.7, 3.2, 2.7~• 2.2, ~.2, .. 9, .6, .. 3 ... 1, .Ur .0, .(•/ 

DATA VOD/ .u, .2, .l, .1, .1, ~C, .0, .1, .2, .i, 1.0, ~ 
1.7, t.n, 2.6, 2.5, 2.5, 3.2, 3.6, 3 .C, 3w5, 1.G, 2.~, 3.F: 5.0 1 ~

~G, 5.5. S.O, 4.4~ S.2, 2.0, 1.4, 1.2, .4, .2, ~G, .0, .GI 
liATJ't VOE/ .C, .. 3, .3 ... 3 . • 3r .C, .. 1 •• 2, .4, .f,. 1.9, ~. 

1.1, "! .. e, 5.1, 5.5-, 5.0,.. '.">.i'., s.:, t..:., ~.(;., 2.1, ,,.3. 5.8, "? C, 8. 
· _________ J..r ... 7 .• l, ~.c;. ___ r,.~.-- 4 .• i. ?..f.. 1.Q~ 1.'- •• 7.. .• 3.- .L .~:~ __ .... :, 

C: f, T I' \' C r / • C-,. • 3 , • c. , • 1 • • 1 , • t., .. 2 , • .:=, , • • t , 1 • 1 •• 3 u C , t, 
i • f, {, • ~ r .'- .. 1 , ') • '-, r -~ ~ 9 , ' • 6 r :;; • ( ,• l • 1 , ,~ • 7, 4 • C',. 7 • •J, 8 • ;, , 9 .. 4 , 1 G • 
? ~:- , S' .. 5 , ~- , ~' , l. • '• , 1, • 9 , :;. - 5 , ? • :; " 1. , , 1 • n , • t. .. ~ ,. -• ;, • · • 0 / 

Ci I, TA V 0 ( f • C',. • 3 ,· • 2, • 2, • 2, .. t., • t.; ,,. • ,; , 1 • 2, 1 • 8 , I~ • 3 ,. 6 
1.6, 8.5,11.5,14.C,12.2, ~.9, &.~" ~-~, !.G, ~.6, f.t,1C.~,11.fr12. 
t C , 11 • 6 ,. '1 1 • C , 1 C e ·~ , , • 6 •• 3 • <; , Z • ~ • 1 • ; , 1 • 1 , • 5 ~ .. 3 .- • 1 _ • G / 

f> f-, T ,'I V O II / • C: ,,. • ; , .. 2 , • 2 , • 2 , ., 7 , 1 • (' , 1 p 1, , 1 • ;-. , ? - 6 ,, () • 0 , r; 
i .. C , 1 1 • 3 , 1 t. • 2 , 1 6 • ~- ., 1 5 • 0 , 1 ;:: • C , 1 ~; ~ i.. , 1 :) • ".i , ~ r . • ~ , ~' D O , 1 (, • ~ , 1 2 • l, ,. 1 4 _ 0 , 1 :~ • 
? ;· r 1 3 • :) , 1 C: • 2 , 11 • !, r 6 .. ? , 4 • 2 , Z • 8 r / .. '- , 1 • 2 , • 6 ,. • I, , ~ 1 .,. • 0 / · 

[l f-. T /, VO I I • C, • 1 • ?. , ~ 2 , • : • • ( , • 9 , 1 • ?. , 'I • ,. , 2 • 4 , S ~ 4 , f: 
i .. C•, 1 O. 3 ,. 1 3 • 7, 1 5 • :, , '1 .. ,. , 1 ~ • u, 1 1 • 5 , 12 • : ,. 1 2 • 7,. 7 • 5 , 1 G • :- , 1 :', • 4 , 1 5 • 1 , 1 4 .. 
27,1.: .• &,12 .. 9,1L<,,. .F, , .• s, :Lo,. t..•~, 1.2, .. 6,. .4, .1, .a, 
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. DATA VOJ/ .C, .2, .2, .2, .2, .1, .2, .3, .5, 1.0, 2.5, 4 
1 • 0, 5 • 3 r 7 • :> , 1 3- • l~ , 1 ~' • 6 , 1 /, « G , 1 £ • C , 1 3 • ) r 1 '• • 2 , 7 • 8 , 1 'l • 1 , 1 3 • f , i 5 • 9 , 1 5 • 
~6,14.7,13.4,12.1, 7-~, 4.6, 2.E, 2.2, 1.4, .• 6,-0.3, .2, .OI 

DATA VOK/ .o, .o, .o, .o, .n, .r, .o, .G, .G, .o, .0, 
1 • (1 , • u , • ;_ , 11 • 5 , 1 5 • 5 , 1.7, • 7 , 1 2 • 5 , e • t. , 3 .. 5 , 6 .. 8 , 1 0 • C , 1 3 • G , 1 5 • 3 , 1 5 .. 

·2C,1t.PC1,12.9,11.,:, 7.,,, , •. 7, 2.3, 2.i, 1.3,. .6, .3, .. 1, .Cl 
nATA VOL/99.9,99.9,99.9,99.9,Q9.9,9;.9, 0 9.9,99.9,99.9,99.9,99.9,99 

1.9,~9.9, .C,1~.L,13.9,12.7,1(.C, J -~, 1.1, 4.E, f.4,11.5,14.1,14. 
2C,13.0,12.0,11.i, 7.2, 4.8, 2.9, 2.1, 1.~, .6, .4, .3, .OI 

DATA vor/ .0, .o, .o, .8, ~c, .c, .o, .o, .o, .o, .o, 
1.0, .0, .C, 9.f,12.4,11.5, f.O, 1 .1, .4, 3.5, 7.1,10.0,13.1,12. 
2f.,1Z.1,11.5,1C.:,. (:_.,;, 4.9,. 3.0, 2.l, 1..2,.. .6, .6, .S, ~DI 

DAT~ VON/ ~o, .c, .o, .o, .c, .c,-0.1,-0.2,-0.!,-0~5,-0.7,-0 
1.S, ... ~, .6, 9.·:,11.4,11.1, 7.3, .::, .0, 3.0, 5.6, 7.5,11.6,11. 
2f,11.2,10.6,10.J, 6.5, 4.6, 2~9, 1.9, 1.1, .5, .4, .3, .Of 

DATA VOO/ .0, .0, .O, .C, .C, .C,-0.2,-C.4,-0.7,-0.9,-1.1,-1 
1.1, .G, .9, 8.5,10.5,10.4, 7.1, .0, .C, 1.9, 3.4; 4.1, 9.5,10. 
25,11.0,1C.C, 9.4, S.R, 4.3, 2.8, 1.~, 1.0, .5~ .3, .1, .OI. 

DATA VOP/ .0, .C, .0, .0, .0,-~.1,-C.6,-1.2,-1.E,-1.~,-~o1,-1 
1.7, .0, 1.4, ~-~,1C~6,10.0, 7.5, .C, .O, .6,-C.5, 1.0, f.O, ~-
20,10.0, 9.o, e.o, 5.o, 4.,, ?.6, 1.,~- .9, -~, ~2, .o, .o: 

DATA VOO/ .0, .3, .2, .1, .C,-C.3,-1.0,-1.7,-2.4,-2.4,-?-9,-2 
1.6, .G, 2.G, 7.6,12.0,10.5, 8.2, .G, .0,-0.6,-4.1,-3.0, 2.1, 5. 
29, 6.1, 6.4, 6.7, 4.2, 3.5, 2.3, 1.c, .9, .4,-0.3, .1, .01 

DATA VOR/ .G, .o, .o, .D, .o,-c.~,-,.,,-,.7,-2.2,-2.7,-3.3,-3 
1.2, .3, -2.3, 7.C,15.5,11.5, 8.0, .C, .C,-2.2,-6.9,-5.6,-1.7, 3. 
26, ,.n, 4.5, s.o, :.,, 3.0, 2.0, ,.~, .7, .3, .• ~, .o, .01 

DATA VOS/ .C, .3, .0,-0.4,-0.9,-1.(,-1.8~-2-6,-~.5,-4.2,-4.9,-4 
1.0,-0.3, 3.5, 6.f,11.5,10.5, 7.Z, .L •• 0,-3.0,-9.4,-7.6,-3.9, ,_ 
2P, 2.3, 2.9, 3.4, 2.6, 2.4, 1.7, 1.1, .6, .3~ .0, .D, .0/ 

DATA VOT/ .0,-C.3,-C.6,-1.G,-1.4,-~.5,-?.5,-3.5,~4.6,-5.5,-t.6,-4 
1.6, .0, 4.3, 6.6, 8.5, 9.C, 7.0, -~, .C,-3.0,-9.:,-~.7,-4.Er 
23, .·tr 1-.2, 1.7, 1.7, i.8, 1.2, ,{-., ... ~ .... 1, ~1, .. 0, .0/ 

[)AT A VO U / • 0 ,- ;:; • 3 , - (\ .. 7 r-1 • 1 , -1 • l ,- 1 • 2, - 2 • 9 , · :. • 7 , -6 • 5, - 7 • C,.,-6 .. i r - ~ 
1 .. 7,-C.3, 3.4, 6.2 .. 6.5, 7.5, 6 .• 2,. .C-, .C,-2.5_.-9.<i,-9.,0,-5.1,-,.. .. 
i:'9,-0.4, .t,. .4 .. 1.C:, 1.l., .9, .. t, .3,. .G, .3, .1,. .O/ 

DATA VOV/ .C, .3, .0,-0 .. 4,-0.9,-1.3,-3.2,-5.1,-7.1 1 -7.t,-5.7,-3 
1.2,-0.3, 3.2, 6 .. r, s.o, 6.o, s.4, .c, .n,-r.9,-9.3,-B.~,-,.9,-1-

·26,-1.s,-o.6,-c.,, .5, .9, .S, .~, .O, .C~ .C, .Or .CJ 
DATA VOW/ .C,-0.3,-C.3~-0.3,-0.~,-~.t~-2.3,-3.6,-~~,,-6.5,-t.5,-2 

1.6, .3, 2.3, 3.t, 4.0, 4.5, 3.6, .~, .0,-0.3,-f.l, 7.4,-4.1,-1. 
25~-~-9,-0.3, .G, -~, .5, --~, .~, .C, .G, .3, .v, .U/ 

DATA VOX/ .0, .0,-0.1,-G.2,-0.?,-C.:,-1.3,-2.6,-t~L,-~.E,-i.?r-1 
1.6, .o, 1.s, 2.1, 2.1# 2.5, 2.s, .:, .0,-0.1,-s.r,-,.~,-3.o,-,. 
24,-O.E,-O.3, .0, .1, .3, .1, .t, .G, .O, .8, .C, .Cl 

DATA VOY/ .C, ·.O ••• 0, .0, · .C,-:::.1,··0 9,-1.,,-,.l,r-i:.6 .. -L3,-0 
1.i3, .0, ,.?, 1.1, 'i.1,. 1.1, 1~1, oO, .C,•··J.1,;-L ■ ~,-2.0;-1~6,-0 .. 
20,-~.4,-0.Z, .~, .1, .1r .C .(, .e, .O •• O, .G, .OI 

DATA V0Z/ .o, .o, .o, .c, .o,· --, .G, .o~ .o, .c, .o, 
1.0,. .O, .O, ·.J, .C, aO, .C, .~, .~, .O~ .r, .C~ .O, 
20, .0, .0, -~ .• Q, .Q, .C, .L, .0, .0, .0 •• 0, .0/ 

~AlA TO~/ 2.5, ?.~, 3.3, :.5, L.(, '-~, 5.3, 5.b, 6.3, 7 
·- ~ • 3 , 7 .. E , ~ • .:: . 9. 5 , "i G • 5 , ! 1 • 3 , 1 ~ • C , 1 3 • 0, 1 3 • E " 1 5 • ! , i 6 ., 5 , °' 7 
-------'~--~_._1;...,.._~_i.J. .... ~' A-.,..:_~ A,f__,--2~Z.-~5 .. ✓-L~.~~~--~.: .. ~.:-<~-?. 4 .• I. ... -2 !-~~_.._::., ~ ~_. __ ?_;_ .C_-_ .. ?3r._ 

vAT/\ Tr:'r-1 2 .5, 
1.t,. f. F-, 1C .(·, 
2.C, 22. C, 24.(,, ., ,. 
J • ~- r 24sS, 2;:. e.,. 

DAH TOC/ 2. c., 
1. I;, 1l.8, 1?.. C,, 

2.", 25.C, 2 7. 5, 
:. .o, 25.::,. ~ C. C (_ ~ •. J, 

t>ATA TOi) / r, -•-, 
1 .. 0, 13 .. C·, 1 S. G, 
2.0, 29.C•, 3 ·,. u, 
3 .. 5, 25 J, 2 7. 5, 

C /1 T.~ TO:/ ~ "l 
.) ·-,; 

1~3, 16. 5, 1 <:. 5, 
2. r., 31,.~, 3, 7 ~ C,,. 
~-5, 2f.5 .. 2 r;. G, 

DATA TOr/ 3. f., 
1.0, zt;. 11, ?. ~ - t, 
l.O, 4 5. c ... 4t,. 0, 

·3.0, 30.(, 3 Ci. 5, 
(ii\ TA TOG/ I ~• ... • "- , 

1. 5 ,. 24.~~ •. 2 9 .u, 
(. 5 ,· 57 .c., 57.5, 
~ - 0 #" 32.C-, 31. S, 

!)f,Tf, TOI;/ 7.0, 
1 .. G, 3 C. (t, 3~·.C·, 
C • '.> r ,·c.o, 6 2 • 5, 
::; - 5, 33.S, 32.S, 

2 ~'I., ~.G, 
11..;-, 12 .5, 
~ c; -~ 
~ .{ . -· , . 26.0, 
?'3. Ci, 22.5, 
3. 1:., 3 .5, 

11, • ,-. , 15.0, 
?f.~1, 29.f, 
i :, •· c;, 27.. C ~ 
j. ;. , ~ .8, 

17.S, 19.C, 
:~2 .. r.,, 3'~ .5.,. 
: 5. p, "'JI • '" ,, o-, 
4.:, 4 .8, 

,2 •. ) , .2l. .o, 
3 7. S ,. 3 ?- e (' .r 

~6.5. 25.t, 
, • 3, 5 .t, 

i'7 ... !:i, 29.G, 
,. 3. :>, {, "!- - 0, 
?8. ·J •• 27.3, 
6.:., 7.3, 

33 .. C1.,. 37vC, 
) 2. ;. , l,9.5, 
29. ,- 2 E .(l,. . ,, 
7.5, c. 2, 

,, i • O·.,. l, 7. 5, 
l2.~·, st'~ e, 
·,.o. 5 r 29.3, 

!.5, L.~, 5.G, 5.5, 6.lp ~-0, ? 
14.:~;,. 15~:, 16.r, 17 .. 3,.. H.0, 1':.0, ?O 
26._, l---, 21.0, 2~.s, 27.o, ZG.c, 25 
21 .'i;. I 
4.v, .:..~, 

17.5, ·,;_~,, 
3CJ, 3 :~S, 
22 ~:.; / 

4 -~" 
21 .c, 
3:,.~, 
21 •• 31 

5 .3, 
25.0, 
3 £ .3, 
2 5 .. 51 

L. • ~ I 
._, , r - -. ·-, .., . . 
- Lt.\.·, 

,:. ,.. ,. \,. .. , 
~.., ("I 
C:. ( r •r 

5. 3,, 
:c.o, 
3 i. C,. 

6.0, 
21.0, 
32.!J.~ 

.(,_0, 7~':., 
23.5, 21.,5, 
:t..5, 36.C, 

6.3, 7 F., <;" 

?1.5, 2?.0r 23 
2C?.5, 2o.O, 26 

~ , 
'' t,/0 ~- .• 

25.u, 
~3. ~., 

9.5, 11 
U.5, ?.7 
3040, 27 

7. ~, 
2 t'. 0, 
3S)AG, 

9.C,. 10.5, 
2 8 .. 5 r 2 'i • • ,J , 
3 ~· • 5 , 3 7 .. 5 , 

12.0, 11. 
32.0, 34 
3: ., ... 29 

6.5, 7.:, 9.3, 12mS, 12.5, 14.3, 18 
32.C, 33.S, 3?..S, 32.5, 33 .. 5, 40~0, 45 
l.3.?, I..~-~, l,', ... 5, •iS.,ii, 41 .. Sr 3:'r5, 32 
26.5/ 

8 -~, 
4(1 .5, 
l,9.5, 
?.7.0/ 
H•. C, 
5 7. 5, 
5 7 .5, 
2b."!:I 

f' . .. ,.,. 

1. ~ ... ~. 

4 :.; • f, 

11.2, 13.5, iS.Sr 17.5, 21 
l.2.S, 39 .. F., t.2~5, 50 .. 0, 58 
5G.G, 4~.5, 45.S, 41.C, 35 

11., 15k0, '17.0,. 19.~l,.. 21.3, 26 
53. r 52MC, SO.Or 52a0, 62.C, 73 
57., 56.5, 54.Sr 49.S, 44.5, :? 
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.[>AT t, TO I/ c. .. 0, 9. (!, 1 t1 ~ 8,. 1 2 • S,. 1 4 • , 1 7 • C, 1 9. 3, 21 • 8,. 2 4. 3, 3 0 
1.0, 3~.J, 3~.c, ,s.~, 51.0,. 63.5, St., 56.0, 53.0, ss.o, 70.0,. ES 
2 .. C,. [1.C, 1r.o, 71.C, 63.C, 62.3, f 1.,. 61.C, 57.0, 52.G,. 46.5, ·39 
J.5, ~4.5, 3~ .. G, 20.5,.29.8,. 29.Q/ 

CJATt, lOJ/ 5.5, 7.C, 8.G, 9.C, 1.:: •. t, 11 .. 8, 14.C,. 16.5, 19.0,. 21 
1.0, 23 .. C, 3C.O, 35.0,. 42.C, 70.5, 64.0, 60.8, 5f.5, 64 .. 0, 78.3,.110 
2.3,1n6.C, S4.C, f3.3, 75.8, 23.E, 71.£, 6?.6, 63.3, 57.0, 51.0, 43 
3u0,- 36.5, 33.E, 31.3, 30.5, 29.8/ 

DATA TOK/ .O, .r:: 1 . .0, .. 0, .. C, .Or .0, .0, .. 0, 
1.0, .0, .0, .0, .0, 76.5, 7J.5, 66.5, 63.3, 64.G, 79.3,126 
2.0,122.l,11C.0,1~3.0, 89.5, 83.3, 1;.E, 76.5, 6E~O, 60.0, 53.5, 46 

. 3 .. 0 , 3 9 • C , 3 5 • 5 , :~ 3 • C: , 3 2 • G , 3 1 • 0 / . 
DATA TOL/99;.9,0~9. 0 ,999.9,999.9,99;.9,999.9,999.~,99~.9,999.9,999 

'!.9,.999.S,999.9,9Q~.9, .0, 70.u, 72.C, 75.C,. 71 .. 0, 49.0, 69.0,137 
2.G,133.5,123.0,115-5, 97.G, 92.5, ;1.s, 83.0, 7~-5, 63.5, 56.5, 48 

.3.5, 40.5, 37.0, 34.5, 33.3, 32.3/ . 
D /,TA T O ~ I • 0, • 0, • 0, .. Ct, • i;, .. 0, • 0 , .. 0, • 0 ,. 

1.0, ~C_.. .0, .0, .0, 64~8, 12.:., 77_5, 76.Sr 3C.C, 50 .. 0.,,140 
2.~,139.!,13i.0,122.0,109.3,1QP.O, S~.E, 88.3, 75.~, 67.3, 58.5, 50 
3.~, 42.3, 37.6, 35.5, 34.C, 33.3/ 

D AT A T O N / 1 ? ~ G , 1 4 • ,-1 , 1/• • 3 , 1 4 • 5 , 1 c'.. • E , 1 5 .. C , 1 6 • C .,. 1 7 • 0 , 18 • 0 , 2 6 
1.0, 30.C, 3L.C, 40.:, 42.0, 65.G, 7~.C, 73.0, 70.0, .O, .0,142 
2.0,141~~.13t.G,1?~.i,110.C,105.0,. ~7.5, 91.0, 80.0, 6£.0, 6C.C, 51· 
3.5, 43.~, 3f.C, ~~.r, 35.3, 34.Q/ 

DATA TOO/ 26.5, tS.~, 25.3, 25.5, 26.C, 28.0, 30.0, 32.0, 34.0, 35 
1.0, 36.G, ~1.G, 43.C, 44.5, 65.0, 7~.5, 68.0, 60.0, .O, .0,143 
2 .. 0,1t.3~C,141.C:,13t.L, 1 18 .. C,.110.S,1C::.s, 95.0,. 84.5, 70 .. 0, 62 .. 0, 53 
3.5, 44.5, 40.0, 37.0, 36.C, 35 .. 0/ 

D A T f. ~ 0 P / 3 2 • [;, :-s S • 5 , 3 4 • 5 , . 3 3 • 3 ,. 3 ? • C,. 3 2 • 5 , 3 3 • 8 , 3 5 • C, 3 6 • 5 , 3 6 
1.5, 37.3, 36.5, ~7.5, 38.5, 59.3, 6:.~,. 53.3, 48.3, .o, .0,143 
2~0~1~4.C,14~~5,14~.:,1~~.5,122.5,112.;,iC3.0, 93~0, 74.S, 6405, 55 
3.5, 47.f:,, 41 .. 5, ~-E-.'.:, 37.5, -.,6 .. 5/ 

~ATA TO~/ 27.0, 31.3, 31.5, ~2-~, 32.5, 37.3, 36.f, 36.3, 36 .. 0, 34 
1.~, 34.~, 32.5, ~1.3, ?2.5, 52.S, L6.3, 42.3, 37 .. !, .O, .0,131 
?.C,138 .. ~,144.0,146.~,1~2.9,135.:,127.S,118.3,100.C, 79.3, 68;0, 57 
3 ■ f , 4 ? • : , I. l. • :, ,, 4 1 ., :_; , 3 ': ■ ::> , 3 7 • ~; I. 

--·------'~~H._!C'~t ?r .. •> ;s<- ~~ ~: ... ~~-->-:'--: ... ??-:?, ~>:-- "l7.:,. 36.5 .. ::::s 
- 1 • .., , .1) • l r (' '1 • (.,, C. ( • :; r ~ ~ • .:.- , t.. I • \." r :: '- n ( r : C ... L,. _, ._: 0.; r .. l.1 r • Cr ',,, r? 

2 .. c , 1 , ! s • c , 11 7 • c, 1 :~ o • ,-, ,, 1 ,, ~ • ~ , 1 :: :, • '.:: , 1 2 , • 5, 1 £'. e • 0,. 1 o, . s , s , .. c , 7 , • s , 6 o 
3.5. ~,.;·_;, 45_::.:, 1.1.c, 39.:i, 3f .. :_/ 

CAT 1\ l OS,' 1 ,: • S, '.: 1 w ) , 2 7 • 5, 3 :- .. .:- , 3 =:.; • r., 41 .. C, 4 0. C, 3 8. c .- 3 7 a£., 3 5 
1 • :, , 3 0 • t ,. c 7 , 5 , ? ,, • ~; , 2 3. • 5 " , 'i • 5- • 2 7 • S, 2 S n 5 ,. 2 4 • ~ , ~ G ,. • C , 71 
2 .. 5, ~1.0, c;.3 .C,1::-3.f:,122.C:,123 .. 0,.,2,, .. ::,125.;,,107.G, f9.3, 71..8, 63 
3.3, 53.3r 4~.5, 41.0, 3°.3, ~l.5/ 

DAT~ tnTt 11.c, 20.;, 26.3, ~,.~, 3~.~, 47.o, 4S.J, ~sMs, t.3.0, 41 
1 .. c .. 35 .. ::~ 3c .. i, ~6.5, 23.5, t.oL:, t'.t-.5, 2t. .. o, 2:,.:s, .o,. .. o, ss 
2.0, 63.:, 72.~, 22.5, 99.G,1C3.:,,, ~-r,,,i.G,.108.5, 94.5, 78.r, 65 
3.D, 56.0, 47.G, 43.~, 40.5~ 37.5/ 

Of1V TOli/ 1'7.C,. 22.5, 27.5, 3?..5, 37,~, 4<:.f.,. t'i..,3, 48 .. l,, 4L3, 46 
1.3, 41.~. 35.5,. 32.C, 28.5, !:1.5, ?.·;.f, 26 .. S, 25.0:, .. 0,. .o.., 44 

'2 .. 3, 5C.5, co.3, 65.~, &~.O, B7.5, 93.E,100.L,107.G, 98.3, 81.n, 06 
3 - S , :., 7 • r , 4 7 • 5 , t. 3 ·• C, 3 9 • 8 , :~ 6 . 5 / 

!'AH. TOVt 19.c, ?3.5, 25.5, 27.5, 32,.r •. lfl..,°'_,,. 46.8, 49.3 .• 51.8, so 
1.;, t..6.3, 41.s, "3-7.3, 33.c, t.t•.3, 3.~.E, ::ro.3, 2e.::,, .0, "o, 34 
2 • 6 , 3 9 ,. (: 1 4 ) • C• r 51 • ·:.C , 6 2 ■ 5 r 6 6 • l- r 6 'r • 5, 7 l· ., D, ~ 7 • :. , 9 ~, •. 3 F 6 1 ■ 0 , 6 7 
3.3, 56 • .5,. 46.3, ·,.1 .. c.- 3?.5, 33.f./ 

,AT~ T0~/ 1S.8, 22.G, 24.0, 26.0, 2~_c, 39.0, ,~.o, 47 .. 0, 51.0, 52 
1 .5, 51.£!, $1.L, l.t..3, 43.n., 46.3, 3; f-, 3<',.3,. 30.3, oO, .0, 28 
2.0. 32.~, 3L.S, ~9.E, 49.0, ~2-~, S5.5, SL.5, 64.C, 7~.C, 64.E, 52 
3. 5. l. G. ~, 3 4 .3 .- 3 0 .. 8, i:: 6 • 5 r : 6. GI 

DAT.; TJX/ 1£..5, 16.u, ·;LOr 18.-J, 
1.0, 45.C, 4o.u, 35.u, :r.o, 3~-~, 
~ • Q .• i: o • C , 2 <; ~ C, :~ 0 • 5 , 4 ( • (.• .- 4 1 • iJ , 
3.r, 2~.o~ 23 .. 0, 21.~, 1~-~r 18.0/ 

1 f. 5, 
'2 :- :---· ·- ..... , 
~?.. C ;· 

2.Q .3, 
27 .. c,. 
43. o, 

..,< C 

..J_, • ·' r 37 ob, 42.0, t.7 
Z2.5, .o, .o, 23 
45.C, 5.?. C, I, 7 .. Cr 35 

DATA TOY! ~-~r 8.:, 3.3, ~-5, c.r, 13.0, 17.0~ 2~.5, 25.0, 30 
1.0, 25.C, 3C.O,. 19.C., i?~O, 20.C, 15.C., 12.C, 10 .. 0, .. 0, .O, 17 
2.0, ~7 .. 5, ,~.o, 1f.5, 22nC, 22.G, 22.~, 22.C, 22.C, 27.0,. 25.0, 19 
3.Q, 1G.5, 11.0, 11.0, 10.5, 9.0/ 

r~TA TOZ/ .Oi .~, .C, .O, 
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3 <' C , • c, , • 0, .. (• , . o , • 0 I 
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., 0 r 
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.. o, 
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El/Ill'. !;Pt 1.1)/1.::112CJl,SPC2,1)/1-2112}.J/,SP(3,1)11G112C.O/,SP(4,1> 

·1 / 1 Q 1 1 2 0 • C I ,,. s ;, C ::, , 1 ) / , C- 1 1 2 C • <' ! , s P t 6 , 1 > / i ~ 11 '2 ~- • C I , S P C 7 r 1 ) / 1 u 11 2 C • 0 / , 
~SP ( [ , 1 ) / 1 01 i 2 0. ·•· /, S P ( ~- ., 1 ) / 1 011 2 C • 0 I , S r-< 1 (1,. 1 ) / _1 G 1 1 ,. 0. C /, 5 P C 11 , 1 ) / 1 C 
311~0.G/ · 

DATA CO~,ClC,CTR,CFO,. FVrCSX/~1~,.0~,.t,,.02,..14,.08/ 
0 l'."U. R P , R 5 , ;, r: C , r: f , R I C • L' ?. :: 5 , ,. l1 ::; 6 , • ':] :~ ::: , • C- 2 5 5 , • 0 3 3 / 
~:TA ~OH,CD,SE~K,C~,C ,SEGL/1.i~,-~13,1.53,.5,.313,1.0/ 
fl A TA C r~ LI / • 2 / 
t>,.TA MUI.C0Ul1e/ 
Ef-1{) 

FlNlSII 



VIII PL ,C\T ES 





SCOPE 

Khz 

LASER ANEMOMETER 

PHASE MODULATOR D RIVE UNIT 

TYPE K 9 0 2 3 

FINE COAR SE 

.-1 .r--~~~~ 

Plate l2} : The t smitt in ,ti 

A D J UST 2 11 

• 

M A IN ~ 

SA 

on 

* 



w 

Plate \3) e receiving optics. 

" 



344 

...:t 



□ 

□ 

• • • 

□ 

D 

D 

• • 
D 

□ 

• • • 

D 

D 

• • • 
□ 

□ 

□ 

□ 

• •• 

• • • 
□ 

Plate (.5) 

• • 
• •• 

••• - - ... ---
. ---.. -······································· 

~~- carre--Iogra.m. 

~ 



t 

Plate (6) : The t est section. 


	00001
	00002
	00003
	00004
	00005
	00006
	00007
	00008
	00009
	00010
	00011
	00012
	00013
	00014
	00015
	00016
	00017
	00018
	00019
	00020
	00021
	00022
	00023
	00024
	00025
	00026
	00027
	00028
	00029
	00030
	00031
	00032
	00033
	00034
	00035
	00036
	00037
	00038
	00039
	00040
	00041
	00042
	00043
	00044
	00045
	00046
	00047
	00048
	00049
	00050
	00051
	00052
	00053
	00054
	00055
	00056
	00057
	00058
	00059
	00060
	00061
	00062
	00063
	00064
	00065
	00066
	00067
	00068
	00069
	00070
	00071
	00072
	00073
	00074
	00075
	00076
	00077
	00078
	00079
	00080
	00081
	00082
	00083
	00084
	00085
	00086
	00087
	00088
	00089
	00090
	00091
	00092
	00093
	00094
	00095
	00096
	00097
	00098
	00099
	00100
	00101
	00102
	00103
	00104
	00105
	00106
	00107
	00108
	00109
	00110
	00111
	00112
	00113
	00114
	00115
	00116
	00117
	00118
	00119
	00120
	00121
	00122
	00123
	00124
	00125
	00126
	00127
	00128
	00129
	00130
	00131
	00132
	00133
	00134
	00135
	00136
	00137
	00138
	00139
	00140
	00141
	00142
	00143
	00144
	00145
	00146
	00147
	00148
	00149
	00150
	00151
	00152
	00153
	00154
	00155
	00156
	00157
	00158
	00159
	00160
	00161
	00162
	00163
	00164
	00165
	00166
	00167
	00168
	00169
	00170
	00171
	00172
	00173
	00174
	00175
	00176
	00177
	00178
	00179
	00180
	00181
	00182
	00183
	00184
	00185
	00186
	00187
	00188
	00189
	00190
	00191
	00192
	00193
	00194
	00195
	00196
	00197
	00198
	00199
	00200
	00201
	00202
	00203
	00204
	00205
	00206
	00207
	00208
	00209
	00210
	00211
	00212
	00213
	00214
	00215
	00216
	00217
	00218
	00219
	00220
	00221
	00222
	00223
	00224
	00225
	00226
	00227
	00228
	00229
	00230
	00231
	00232
	00233
	00234
	00235
	00236
	00237
	00238
	00239
	00240
	00241
	00242
	00243
	00244
	00245
	00246
	00247
	00248
	00249
	00250
	00251
	00252
	00253
	00254
	00255
	00256
	00257
	00258
	00259
	00260
	00261
	00262
	00263
	00264
	00265
	00266
	00267
	00268
	00269
	00270
	00271
	00272
	00273
	00274
	00275
	00276
	00277
	00278
	00279
	00280
	00281
	00282
	00283
	00284
	00285
	00286
	00287
	00288
	00289
	00290
	00291
	00292
	00293
	00294
	00295
	00296
	00297
	00298
	00299
	00300
	00301
	00302
	00303
	00304
	00305
	00306
	00307
	00308
	00309
	00310
	00311
	00312
	00313
	00314
	00315
	00316
	00317
	00318
	00319
	00320
	00321
	00322
	00323
	00324
	00325
	00326
	00327
	00328
	00329
	00330
	00331
	00332
	00333
	00334
	00335
	00336
	00337
	00338
	00339
	00340
	00341
	00342
	00343
	00344
	00345
	00346
	00347
	00348
	00349
	00350
	00351
	00352
	00353
	00354
	00355
	00356
	00357



