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SUMMARY

.- \ epirca ap ioah iusdto correlate the mixing oif

isothermal incompiressilile coaxial air flows in straight p~ipes of Constant
circular cross-section. A\n assumed decay function for kinetic momPniALin1 is
c'orrelated in terms of initial geomnetry and initial velocities of the mixing
streams. '[he method allows the rapid estimation of quantities of engineering
interest includling the axial distribution of bo0th static pressure and total
rnonentUn. 'The method has been tested against published data on thruht
augmenting ejectors of the pariet al type, and found to provide satisfactory
reproduction of measured performance as affected b y mixing pi pe length
and area ratio.

RESUMEF

0)1 e Xplouc( Line ap1)irOChe Cipiriqot' poor etahlir Ia ('oryelatiori du
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n1(IM1i'9V. Utillse 1.ne Ii.( itll LI dcrloiSsIance- h1Vpothe(tiquel de Ii0 quan,1tit
dke MouVemt110 t io.La ni(hod reVtenIUe renl p)ossible Line est1imtion
rapideP (101 grandior -11s i'n tvtchnique. y(ompris la re'partition axiakde lvi]
pressioll stat iqoc e t de li qtiantitC' de mouvement totale. LeS r6StRIt~S
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ation (itle dip~ise type pari'tal. et on a tniouv6 queV cotte methode
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SYMBOL S

Symbol D~escription

A flow cross-sectional area

1/2p v
2

Cp ~ peak value of C

(I see Section 2.2

1) inside diameter of inner pipe

D, inside diameter of outer (mixing) pipe

D DijD,)

f local friction factor, -___-

1!2p V 2

f' friction factor corresponding to 'full%, developed' flow

k see Section 2.2

11 ejector ixing pip~e overall length i)

M total mass flow rate

p mean static pressure in flow section

Ill mean static pressure at initial mixing plane

S ejector mixing pipe area 'primary area

V local axial velocity

V meanl Velocity ill mixing p1)v1

r Vd. M
melanl %,eloc.ItN inl genleral i= for constant densityi

A PA

mcali ' vlocitv (4 in ncrl floA

V mean vi Io itv 1id ? or flo

VP nn;,n w'oit% o Ip r primary flow at initial mlixing ulanle

V, ni.;i it% it lot ,, I nudary flow at initial numxng planle

4 Vii)



SYMBOLS (Cont'd)

Symbol l)escription

x axial distance from initial mixing plane/l),

VaLue of x corresponding to (p

moment urn coefficient

Total kineti( momenturM flux A %JV-d.
. 1 for constant dvnsitNIV, (.1 .. Vd A)-

momentum coefficient corresponding to 'fully developed' flow

valle of 3 at X

value of at initial mixing plane

see Section 2.1

value of 0 at ejector mixing pipe exit

A2(Q) -- 1,

density (constant throughout mixing pipe for isothermal incompressible air flow)

T local wall shear stress

,f) ratio of ejector thrust to thrust corresponding to primary flow rate at primary
total pressure discharging directly to mixing tube exit static pre.sure

q'I ratio of secondary to primary mass flow rates

t'2 velocity profile distortion factor (maximum velocity/mean velocity of ejector
secondary flow at initial mixing plane)

(viii)
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1.0 INTRODUCT(1ION

Miost test data onl the internal aerodynamics of duct components relate to approach flow s
wxith thin boundary layers or, less fre(Iuently, flly1N developed velocity profiles. Little information is
availal e onl the effects of entry velocity pro files of significant no n-uniformity (referred to here as
.distorted' velocity pirofiles and chiaracterized by vaIlus Of momentum coefficient.,> 1.02sa.

Somne earlier work was concernedI with the overall effects of a particular type of entry flow
dlistort ion onl the static jIressure recovery of dIiffusers and sudden area enlargements ( Retfs. 1 and 2 1
SubsequenVIt to this, it appeared useful to undertake a more general exp~erimental investigation into the
I thaviour of' dif ferent typI es of velocity pro file dislort ion in the flow in straight pipes of circular and
-1m"nular cross-section.

The pirocess of confined ingIII, Of n1on-uniform velocities occurs in many applications, of'
(ilgineering interest, the non-unilorinities, arising from II)t~l '111OlnSSII asbns ilre
men01ts. diffu'Lsers. maiiolds. turhoiachilnerv. ectors. etc. C'onsiderable attention has been direcie

in tic pas.-t toward predict ion (of' the turhulent mixing process hy relat ivilyN so phisticated calculation
proeertire . [sThO ICI0! mtltod iwieso-Ily its qiirt detaiiled slaciheation of thc flow field le avIng the
ii-rti n itiratiii., device iii order t liredict thel lp;traamtte-s of interest at arbitrary distances tclU\-
streni. It 1, noted. ho%% cve-. that iin practice aippropriiately (detailed informaition onl the initial flow%
fw It I r- rit)t ri iwra I Iv ialaih Ik andI tha Ii the ( ItiraIItI e s ol engiileeri It it-,t( rcet in t ht niin In duet. are

I r tv ciiti ft ned141 to tW hi\M axiaiit l tIblt iol 01' IStatic lti(5siiiN anti, lin partI icu1lr. to themaW lit one~ll
.vin pe)ition lea -At ji prssure retox cr\y t( - i her %vt otmc iidicauon o)f the \cwctt>

ihE;it i nrtt ic ;I tm ri nii on is applroachedl

1-it ii till !rwdjloillt ol' trc c il vel tIi ituc it ap~wre sA ' \ort hwb cire ii ro l l

e-t.ller-efrltis' of' ;111 eAitiricil crerelitioin techlmti leist il experniiittal obsctvatinir. *il
iritlitild :1-LrrIMre,; I),1)I eltiieeev frtrlctrol fohiti silile pranieri r chrlacte-tiiri. the \theeit \ teethe
:uld 11r-. 11, mi o reiii1.11 tr ie at ioll te, prcdl.t Ow kli e it-filui i l -Iti prIetssurre ilstnlIhU t Il i 110 ' s
du( i. Ap. rcleiati eruisteir arc iit-rit'e ftiro (A e.\jcirlilt lital rr'sults aund ceniiu for !,nral ;~~hei

A\ttention is, ceurifirte here to nmixitng of cutimitl strcaiiis Itl a (hIcIt of eorn'tiit eiecr-
,cction uinlhr esnilyincompressible and isothermal conditions. Sudde-n 'atiieisarc. 11Ineluelce
zt a s;peial case where one( of thel coaixial stream velocities is le-uo. ( ithen types oif distorted velocii'r

pro file, and the effects of ainuilar rat her than circular mixing pipes, arc deallltI fil it I ollowing,,

2.0 AN A1,YSI S

2.1 The Momentum EqJUation in Confined Mixing

T[he mo01Wmt a equation for isothermal incompressible flow bet ween planes j and ks in a
straight p~ipe( of circular- cross-section and constant area may be written

2 .\" + P1 A 3PV -X + Pk '\ + T'-I )(Nk - X1

where -,I, is e(ffective' valuev of' wall shear stress lutwen plaint's j and k.



Writing CpI k IV and x D
1/2pV 2  1/2pV2  F

C Pik ~ -2lfPI - x) f(X X

Tlhe mixing of coaxial flows of dliffering velocities results in at characteristic type Of lon9itui-
dinal static pressure di~tributionl which is illustrated in Figure 1 for several g(*ometries and velocity
distributionIs. It is apparent that the imixing process incorporate-s thrc main regions, illustrated sche-
mat ically in Figure 2. An initial regio n, characterized liv relatively minor changes in static pressure
atid. by impihcationl, momenW~turn coefficient )is followeld by aI regioli of rap id mixing in which the

principal rise of static pressure (and corresponding decay of kinet ic momentuALM) occurs, and in which
it IMaXimum.1 vaIlue Of C1, is attained. lit the fInal region the cessent jil flat and highly turbulent velocity
profile neair the position of peak static IM-C.SUre recovery readjusts to bcome11 a fllyN developed %,i-toe-
it>' profile far downstream. lIn the vicinity of polint t hil constant gradlient of static IrisstiLrt'
coefficienit is associated wtith a coiistant friction factor, f'. mnd at iiomeintum coefficient . corresl-

po~itig io ef'fctively% fuLlly developled flow. It is- noted that p' is very close to uinity (l'-I Ml to 1 .02
deliiulig on1 Reynlolds nUmlier). If friction factor wre con1stantL through Jout thc miig p)ipe kat f.1
the datum11 valueC of' j3 at the( initial niixiii , (;"m would tic given by Relationl I I as,:

w thi -n anid( subcript I refir, to !Iie iit :11 mixing titanc.

I2pV'

In practice the local value1 of friction Ilor %%ill tifii friim I' . part it tlarlv In the initial
17('1iig6egio. lt1iWI acta vatiLi( Of Ii) initial iIuinnIWtni citITICiCt . canli hc ritti'i

2,; 2, - 1:),

(hI-( r j rin sent i i nc ri it-l p '. 1;1 I l il I 11 1 P, i a X I I It - tl il1 t al itlo 11

1itiiriliffcenie, frin f

I I i-t i ed t hii t Its (tI Iiii>2i ff - a'l' !!I !k . \N;ill t 1m)i

irltitrirv oi n ) fl it i1raidi iiei iit rtiimci i1 :.' KjtI

2(l), C;23, t

wihere U I', -
I pV,

oir, from 1 2

20,l 20) C V~ I I"'x I itI
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l'his expression allows the evaluation of the momentum coefficient, ft, at ally point in the
rai inixing region from measurements of static pressure coefficient. The present prediction method
is hased on fitting the experimentally derived values of the momentuim coefficient, along the pipe,
with a plausible de('ay function.

2.2 The .Momentum Coefficient Decay Model

Assessment of the measured data (e.g. Fig. 1 ) suggests that momentum decay characteristics

in the rapid mixing region can be well represented by an expression of the form:

do

dx = -ko3

Integrating and introducing convenient constants gives

3 e- k ( x-d (5)

The essence of the prediction method lies in the correlation of the constants k and d with

geometry and initial velocity profile. In turn this depends on the adequacy of the postulated model
and the degree to which k and d reflect actual physical processes.

In the initial region of small momentum decay it is assumed for consistency and complete-
ness that

do
d- = -zk where z << 1dx

On integrating this leads to

e- 1 (6)

d
for 0 < x

1-z

i.e. d is closely representative of the initial region length.

The complete model is summarized in Figure 3. It is noted that if k, d and A are known
then C1n in the rapid mixing region, for given 3, , follows from Equations (3), (-Ia) and (5). In parti-

cular the position and magnitude of the peak static pressure is given by

1 [k1
= d + - n (1,7)

k 2J

(2p = 
2 f 1  J . f' -A (8)kj

• 2f'
At the peak, 1 = k



TlIIt, o Is ta I Its dI i nd k k% cit e vaIt iatiti froiji tlI W1 ilinrtd dla ta Ib'y l'itting e-ach Ired r-,r

rise- curIVe at two 1)ijnts InI thek rapid mixing~ -cii h poitt were arbitrarily selected Ii the arva of
i2U'atest iii te't al ;)0' anid 90', CV 'Jwn h. md (I fllowed Ironi apiplic'atioii at vitil) point oii

i~ua olls I nd a

2. 3 Initial Miomentum Coefficient, I'm Co oaxial Flows

The isothernial incoiiilrssihle coaxial f'lows considered here are ilescrihed by the diamefter
ratio. I). aind the Inlet velocity ratio V, V,.

FXor the ideal cast; of, noli~tjhle inneor pipe w\all thickneOss aid iiiiil'orii iiilet olociv Ilioldes

(1 J2 + l) v

I'( niioit-uitifni 1mdividial 011t17' I)I-ulile's

1Sj 1), + v,)2\ v'

I~ [+ )1 V\ V

It is noted that for tiirlnleiit entr\' flew> i nd t5, are (lose to Ulnit\%.p 1 .02 for Fuit\ do xloj sd
turmulo-1nt u1po Ilb)V mind pj is. in l orl not significantly different froml (" ilj .

I <1 1>how plwtd agaiinst I) 1'r1 vaiIous V, V, Inl Filnrc 1. The markedt reduction a,
imm elbc ai approaches nnlitvi \- iden .ad is, furtlwr illustrated inl Figure a \%whh rent

Inl( ntaxliml aIttimiable value of' ii9j H as ai tiction of' initial velocity ratio. It i ,ee thiat '%alne-

I'X V V , V V in oxces i~of ot 0.l w\ill gene~rally rosult il tlValues too low% for llinif'icanlt
rs rece'nvrv through downstreani mixing.

3.0 EXPEAIMENTAI, DETAI LS

3. 1 Apparatus

'Th m1-IIix in p1yIipe conI sis ted of 1'--1 '2 ft. (2.83 mi Iof 1 8 i n. (82 mmII I wval b ras-s t IihiIl ofI
11 'nnill 1.1). 83. 75 i n. 19. 5 1cm)i w ith1 a sem i-c-ircuLilar belmouth oF :3 18 in1. ( 9.5 IliIl I radliuIs at entry.

honnier strface w\as hono(d Ilmoothl re-sulting~l inl a finial 1.1). of 3.761 in. 0.553 cL-11. 11be pipe Wa
'on ipped with at single row of' static' pre's.sue tapp~ings (Fig. 61i. and provision wa>~ made for the(

'0 ounting, of traversing gear at each loingittidinal stat ion. ( ircumiferential trmiversinlL anld noasuremenit
i Iati( pressure at varioti> circumferential piositions cotild be aVO'oiiIisho0d by p)ipe( rot itioll. Wich-1

%;,,;~iated ) , \ roiller supporls andl a clumpied slip flange w\ith an '()' ring- seal at the (InwnlStrklaml

1 1,).\Additional static pressure tappiings wecre provided at the initial imxing lane. lotcited 2 1 1
i ir, troni the 1pipe ontrainco. The pipe was sucked from atiislihe through a G in. ( i5.2 cmi

!lawwerr 'oiiImi'tloll cotlltaiiiig at standlardl Veiluri meter and leading via ai g(ate valxv for 'ottrol to a
I illI. alwo .- )~~ILO l n'aWted speeCho ked flow% thrugh the gate valhc re-

oon> eaiiimi flow situtatins weore provided liy a series 01f inner pipies Stiihtlwil by bln\\ 11
,ri terminlal ig atl inl initial mixing plant. Outer wall ,,urfaces of Iho inner pipes were macined
ii wnl to) give walil thicknesses of 1 D; in. ( 1.6 nm (ir less over the final I I Ii. (8:5 em of' the pip-.
Il Addition. wa-iks, from the pipe walls were, milnmized by tapering the ottr surface, at less thanI
')ichio(- e a inal wall thickness of about 0.005 Iii. (0.1 :3 nim (at the end of' each pipe. I toaiis of'
ir inp dim-onsions and of geomoitrv near the initial mixing ptlane art also ;hown iii Figure 6.
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Mass flowvs in the inner pipes wereC InaSUred I y a standard orifice installation well u1pstreaimi
and(1it subsequent straight run of inner pipe 7 ft. 8 in. (2.36 iii, 29 to 90 dia. I long was e p'lolyed Ill
eaCh Set.1up to en1sure essentially fuLlly develol td flow at Inner pipe exit. C onsiderabule care was tak' 'n
to posit ion the inner and mixing pipes in a trlyI coaxial l'ashioji. Boundary layer trip strips were
loc-ated onl thet outer wall of' the in ner pipe and (,It the miiixi ng p11 te tellinou1.th as shown in Figure (G.

A\ir t emperatures were, measured by thermocou1.ples adjacent to the f'low meas;uring devit e

and near the bellmouth inlet. With the except ion of' orifice and veiituri diffevrentials, which were
dlisplayed onl water mnanlometers, preSSires were measured via a scanivalve, a 0-1 psi (0-7 kl~aI differ-
et'itial tranIsducer anti digital volt meter.

4.0 PROCED)URE AND) RESULTS

.1.1 Results with V. V,,

Most of the tests were conduILcted at a constant ReynoldCs nlumber of' aboult 1W In thet
MIXin .IWPIPu" i.e. at at fixed total flow rate. Mean velocity in the mixing ipe jw as usually ahout
60 ft/sec. (18 nv's). lIn er veloc it ies were limited to essentially incompiressil e levels (- 300 ftSe
90 ms1_0. Tbe Suct ion gate valve was set to give the desired overall flow rat e. 'HIC velOcity rat io
hit ween thet inner and out er streams could then be varied by adjust ment of' the air suppq ly control
valve onl the inner pipe. The limiting condition of' V,, IN, 0, corresponding to a su~ddenl en largeirlient
of' the inner pipe. was difficult to establish, implying as it dlid eqjuality of in ner and inix ing pmv pt'low%

rates. 'I'l( problem was circtiventedl by constructing a series of three flanged entry pipe.s, I details,
given in Fig. G) to investigate the sutden enlargement situation directly.

lIn general. for each inner pipe in turn the air flow rate wvas varied to coverl the( usefuLl raoiie
o)1 initial momenvituml coefficiint, and)C the longitudinal static pre-ssure distribution f'or each combina-
ion' oft total and innter pip e flow rates was, me(asured . Expctrinwuntal results. plottetd in the form U.

V N,. are shown for each pipe arrangement with various % elocity ratios in Figures -, tat to (ft. I, inc
have b een faired through the e'xperime'ntal Ipoint s to aissist* in interp~olation. On ly flow conditions
which em body a central jet ( i.e V, V,, ) are covered in tliht figure, isc ussioni of the effects Of'
pieripuheral jets corresponding to \' > V, is deferred to Section 1.3.

It is evident from these results that axial static p~ress.ure gradients tend to becorrt, constantl
shortly Jtt'r the titak pressure region, the g radients being about 10' higher than woulid In' txpectod
\with foll' developed flow in a smloothl pipe at the. saint' Reoynlds numb11er. In view Of the( careL taken
in finishing the test section it seems likely that this value of pressure drop per Unit length reflects the

higfher than normal turbuleceI level and as-SOtiatid f'latter than fuLlly ileve1lpd velocity pirofilte pr-
vailig afte r thte mainl turbulent mixing prOCt',S. I lot wire mteasuremien ts suigge'sted axial turbiulence
levels on the centre-lint' of 8' to -I';, and p~itot to 1)1 travetses gave( a momenIIlt uin t'oe(ff~icjt oi aI iO~t

1 .010 w . f. 1 .5'; and 1.020 for fulY devteloped fluow at the tetst Retynolds nutmber. Ref. 8) at the' final
downstr arn iieasuring plane some 20) dia. from 1 hte initial imixi ng plane. .,; mentiontd earlier soitit
indication of the variation of xxall friction can ho' inferred by extrapolating the !ine, of wall friction
irt'ssrc dIop bac-k to the initial mi xing p~lane,~ and cornparing the intercept (20, i with th(' value

d et-in i ned f'rom velocit v ratio andI gt'tmn(try 121  ). \'aI S 0es of wer-e cal('tlated atllowing for inner
it( wall thiicknt'ss effeicts and ap~pro priatt' momentum coe'ffic ients onl inner and outer flow,,. [Hit

%alP 0ii- ofAWaS takenl iS 1I.01I aIs suggestMi' by traverses 20 dia. downstreamn of the' initial mixinitg planle.
ipoint 'a', Roluation 1 2w Calculated values of 23, are shown onl thte ordiinatt's iof' [Figturt's t ai to (t)
"or dirt-ct complarison with tht- intercept value,1s. InI general the agreement is close. indicating thAmt

tr oractit-al putrposes, , may hte taken as ze ro ( 1-:(I. 8 t0 miad substantiating the hypothesis of uffit'-
;vev constimit wall f'riition ini the mixing region. ltiater discuission tinder I .1.1

1.2 Correlation of Results (VI'- V. )

\s indctatted in Sec tioni 2.2 tic assumed t'xIpon ontial decay function for was fitted throuub-1
--?omts ;11 50Y ; antd 90'; (Ip onl faired ctmrves throtigh the data of Figures 7) it to Mft pr-oviding valut's
4i(1 andi k for eat-l test tondlition.
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Calculated values of d are shown plotted against velocity ratio for various diameter ratios
in Figure S. Experimental ranges of velocity ratio and diameter ratio were 0 . V, /V, -- 0. 42 and
0.273 I) b< 0.819 respectively. The data indicate a tendency for d to increase with VV,, suggesting
a correlation of tle form

d = (function of geometry) • (inverse power of (1 - V, /V ))

In Reference -1, Abbott and Kline present data on flow in two-dimensional channels con-
taining a backward facing step and conclude that the reattachment distance for flow over the step
appears to scale with step height. Although the physical interpretation of d in the )resent work is
ill-defined and the axisymmetric geometry would be expected to introduce some differences, it

D,, - D,
seemed reasonable to attempt a correlation in terms of . A logarithmic plot of d(1 - V, /V.

Do
against (1 - D) shown in Figure 9 suggested the following correlation for d

d = 4.2(1 - D)5 /3 (1 - V(,/V,)-  (10)

This relation is compared with the data in Figure 8.

It seemed probable that the exponential rate coefficient, k, would be strongly influenced
by the velocity difference between the inner and outer streams. A correlation for k was postulated
in terms of this difference normalized by the higher (inner) velocity. A logarithmic plot of k in these
terms is presented in Figure 10. It appears that a suitable correlation could take the form

k = (function of geometry) • (1 - V, /V1) 2 .5

where the function of geometry is relatively weak. The expression finally adopted was

k = 0.75(1 - V, /Vi) 2 .5  1 1 (/1[D2(1 -D 2) j

Expression 11 is shown relative to the experimental points in Figure 11.

It is noted that for many applications with 0.8 > D > 0.4 a satisfactory approximation is
given by the simplified expression

k = (1 - V ,,/V, )2.5 (12)

Although, for present purposes, detailed static pressure behaviour in the initial region is not
of prime significance, an estimate is included for completeness using Equation (6) with z = 0.05 for
all conditions.

The predicted behaviour of static pressure coefficient with streamwise distance, based on
the foregoing correlations, is compared to the measured data in Figures 12(a) to (f) for all test confi-
gurations and flow conditions. Agreement in the rapid mixing region and in particular in the vicinity
of (p is good.

A quantitative indication of the capability of the present correlation is afforded by
comparing the predicted values of C and x with those observed in practice (Figs. 13 and 14). The
results confirm that the suggested correlation procedure reproduces these practically important
quantities to a useful degree of accuracy. In general the value of CP is predicted essentially without
error, while the more critical is predicted within half a pipe diameter.
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\s a check onl tile applicability of the present method, measured data on coaxial mixing by
Ra,.insky and Brighton ( Ref. 5) are compared with thle piredictions of the p~resent correlation in

7Figure 1 5.;It is notedl that alt bough the V11lue1 Of' D of' (0.1617 is well outside the range iii which the
present experiments were conlducted. a satisfactory degree of' agreement is evident.

.1.3 Results with x0  v

For this series of'ft ests the air sol lv)1 to thle centre pipe was disconnected and flow was
mA ILOt ' fromnt nAAo)IW s thre .lt ValueC Of V, [Wting controlled its a valve at the entry far Uptstream of tht'
test section. fin other rt'(,-itcts the test proce'dure' was essentially as described earlier. I-xI terinicntal
raiiges of vtelocity ratio and diameter ratio werte 0 -VN 0.3~15 andl 0.712 I) 0.907 rvsltec-

Expe rinmen tal results for Conditions involving a 'peripheral jet' V,) are shown in
Filg-ures ib) a) to jc with lintes faired through the data points to assist in interpolation. 'I'llt main
feanturt's of th t' mixing process appear b road ly similar to those evident in thle earlier re-slts, thle textent
tf, the initial de'lay rtegion increasing, and thle SLilise()nt'iit rate of' mom11enltum exchange decreasing.
witil Nicreasing vtlotitv ratio Vt) V' \' ie,. with in ner and touter stream velocitites becoming more
similar). It is e-vident. howt'vtr, that theit rate Of 11i ii ig is in general more raplid withI a petriphe'ral jet
thain with a central prii.iarv fI w (i.c. V,> V, 1. (1hs d5(i fference is well illustrated bV data prtesented
in Fi('urt' 1 7 wh itch tre otii ni from i tot al presIsure traverses at various axial stat ions in thle mlixingy
pipeit for 1t'ripheril ;nd tt'ntru! jet silutiins (of equal are-a (1) 0.707) and similar initial lowetr to
higher vt'locity i'ati- ai and hiket similar 3j ). The applare'nt effect of' wall friction in assistinlg \t'loitlt
pirofil(' flattening ;11 onle cam. while ilavin- it in the othe'r is marked and appears to Ipetrsist through-
out the range of goomt'trY ttsttd.

As bt'fort'. ex trapltat ion of tit' (downstream line of constant p ressure gradient hack to the
initial mixing Itlailt allows anas'smn of, the overall incremental friction forct' upstreami through,1
comp arisonl of themtcrelit 2,31 with ,alc'ulitted values of 2P1 Inl contrast to tier-ut rV - V,
significant 1u(ric( I irnit'nlts at' inldicated.. \, WOild he t'Nl)ect(Id theseC reC p)ositive' i. 11ad

ncreaist with increasing1 1).

It is noted that in thle trt'atmennt of explerimental dat a it is implicitly assumt'd that waill stati
)r sir'm('a.,rements art' tintirely repre'sentative of flow section me'an static pressure. Signi ficanit

radial stat it' t 'ssurt' gradients, particularly at the' initial mixing plant', ('001( account Iir the indicate-d
fitt''ic' ttee'(n jand i

3
t, . 'otrses of' a specially desigined miniature static prss rrube

iowt vi r. filed to t'stablfish the existene of anyV significant static p~ressuire x ariat ions other i thian
apj partent t 'ff( 'itS o1 iIfg tori uh'nce. confint'd tA) the shear layer bet ween thle inner and outetr flo%% s.

l~vidt'nct' th at the Oh iserved d ifft'rentces, -vvwere it) fact dlue mainly to cxc',;s upstream wall friction
tr u ver that which would have prevailed had local friction coefficient b tein constaint at the down -

'ra'ml ut'IL throUghoUnt theI mliXing~ pipe I was providetd lit sent's of me(asuremnts us1ing a lr sti

tb, I innt'r dliamett'r t0.0 10 in. (1I mm)i.

A ('!,'CtiOii OF reSUbts for three geometries is shown in Figure 18 in termis of f,'f vs. x . ThIest
in1litati' aI hligh inlitial Valt' Of Wall friction ( f/f' at the initial plane - (V, V 2 (With Iit asubsequen1t
raidi dropt to tht' final value. '[he assumption that increased frictional eff'cts art' largt'ly conifiined to
(t'e initial rt'gion appears to lie substantiated. Estimates of the ove'rall re~duction in pre'ssuire 'oe'ffic'ie'it
Ilot' to in iit ial t Xt t' frittion were dlerivted from these curves by integration . I'lis' are shown comp aed
with the indicated valut's of A. Equation 1(8), in Figure 19.

A\lthough untertaintites attath to tht' detrivation of 1)0th st'ts of data, the agTement is
suffmiitly c'lost' t) suggt that the individual discrepancie's, A. derivet' inosi wholly fromt initial
wall friction t'ffec'ts.
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All values of ( including those derived from integrated skin f'rition) arc sliow n plotted

against the velocity ratio V,/V in Figure 20. .\ satisfactory correlation for the geometries tested is
afforded by

,A = 6.5(V, ,--1 •i [.if (131

It is noted that

1 - V, / V ,
(V"/V- 1) 

1/2 1 V,'V

This is shown plotte(d against V /V, for the ,, conditions (Fig. 5) in Figure 21.

Assuming the /\ correlation, Expression (1 3), is physically based. it would seem reasonable

to expect it to apply also to cases for which V, > V. The factor ( V,, V -- 1 ) is shown for thse cases
also in Figure 21. It is setn that the implied alues of A', are negative and (onsideral)ly smaller than for
V,, > V. particularly at high values of j . TIis would seetmt to point utp th( difficulties of deriving
these values ex perin(tally hty intercept) and to justify their (conservative) neglect for practical
purposes.

'H[e overall reduction in I)reRssure coefficienlt corresponding to A is assumed to have taken
llace by the end of the initial region ( Fig. 2). i.(e.. as before, wall friction coefficient in the region of
prime interest (rapid mixing. Fig. 2) is assumted constant at f'. ( Estimates of local pr(ssnlr co(effici(nlt
in the initial region r('jlllre som-te sort of assumption as to the axial distribution of ti.s reductl:oo..
\ here. for completeness, these estimates have been included the distril)utio. has I aen as.o tot d lmear
%with x, over 0 x - t'.)

1.1 Correlation of Results (V,, > V1 )

Curve fitting at 50; and 90" Cl, points, as l efor. led to values for d and k \ hich wt-r,
correlated by a procedure similar to that employed with the results for V, --- V, ..\ logarithmic plot
of d( I - V,V , ) against the effective non-dimensional step height I) is presented in Figure 22 and
indicates a similar relationship to that observed for V, > V, I Fig. 9). l)-ta were correlated, at least
((nalitatively. 1' the expression

d = 1.I(D)1' 3 (1 - VIV,,r- 114)

\%vhich is shown in Figure 23 together with the experimental points.

Experimentally derived values of k are shown in Figure 2.1 in terms of (1 - V \'V, ( and
again exhibit a similar relationship to that found earlier, leading to a correlation

k 1.9(1 - Vi/V, )2.5 K 1- -] (15)
= D2 (1 -(15

The factor 1.9 (c.f. 0.75 in Expression (IlD) quantifies the previously noted increased mixing rate
pertaining to a 'peripheral jet' (V(, > V1 ) compared with a 'central jet' (Vl > V, ) of the same lower
to higher velocity ratio and the same 0, (i.e. the samc total to 'primary' area ratio).



Expression ( 15) is shown relative to the experimental data in Figure 25. (As before it is
noted that the indicated dependence of k on geometry is weak and the use of a simplified expression,
viz.

k = 2.5(1 - V,/V,, )2

would, in most applications, result in no significant differences in prediction, at least for 0.5 < D "o 0.9).

The value of z adopted earlier (viz. 0.05) was found satisfactory in providing an approx-
imate representation of the initial region. With this final element it was possible to produce the
predictions of static pressure distribution shown compared with experimental data in Figures 26(a)
to (c). Agreement is generally good. Predicted and measured values of the magnitude and axial
location of peak static pressure recovery, based on Relations (8) and (7), are compared in Figures 27
and 28 respectively. The correlation appears satisfactory.

5.0 SUMMARY OF PREDICTION METHOD

In summary, for the mixing of coaxial air flows in a duct of constant circular cross-section
under essentially isothermal incompressible conditions, and given Vi, V,,, D, D,,:

Calculate from Relation (9) or (9a).

Estimate/3' (_ 1.01) and f' from Reynolds number.

Then for x >Q'

Cp = 2 0, [1 -e - k x - d - 4f'x- A

C1 = 2, e-k(x-d)

- 2f'

k

1 1 ~k1
x d + -- n -L---J

where for Vi > V,,

k = 0.75(l- Vo /Vi)2. [ ],/6
D2(1 --- 2)

woo---
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or k =(1 - V,,/V,) 2~ - br 0.4 < D < 0.8

d = 4.2(l - V,,/Vr' 1(1-D5/3

A =0 (for practical purposes, but see Section 4.3)

and for V,) > Vi

k =1.9(1 - V1 IV")2.5[ 
2  

/

or k =2.5(1 - Vi /V,)) 2 - for 0.5< D<O0.9

d = 1.4(1 - Vj/V,,)- I (D) 5 13

A = 6.5(V,) /V - 1) -(4'f')

- 6.5 [1D2(1 -V /V9 ] (4f')

Note: Q' where z << 1. In the present report predictions for the initial region have been
1- z

included for completeness by taking z = 0.05 and using, for 0 < x < '

C, 2, (1 - ek -k ' -xA

6.0 APPLICATION OF PREDICTION METHOD TO EJECTOR PERFORMANCE

lbo foregoing correlations for mixing of coaxial air flows may be applied, for example, to
the, i.4iniat lol of axisymmetric ejector performance under incompressible and isothermal conditions
I for vasos wvith parallel mixing pipes and either central or parietal primary flow), in particular they
allow (-,,I imiates of the effect of mixing pip~e length. By way of illustration, such ejector calculations
have been ciirriel out andl compared, where possible, with experimental results from another source.

iirvFl , lr imiphi ;t,.iv alcuaton pertain in general to stationary conditions with uniform

cnt-, f i"ie'ogl igilfo -1. oe aN f entry loss, ando~' =1.0. (Other postulated conditionsc(an be readily
incorlioralvil I- V'r _. o cii on \ im pipe, length L, mixing pipe area/primary area ratio, S, and down-
streamn fri-; toil fi i,.r. ! - th calcrulat ions proceed in principle by relating entry secondary dynamic
prossurv tii Iic nvinaii( -. i prssurv at the initial mixing plane through the identity of secondary
entry tota~l prv' 'i aind rin g pipe exit static pressure. The resulting expression for initial velocity
ratio contain, '_ dl and k whi ch are themselves related to velocity ratio through the correlations.
An iterative I roil ilti rt ts Ilivrefi re required. Starting from reasonable initial approximations,
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e.g 0, d = (. k I, convergence is generally rapid (3 or .1 iteratiolS, .lading to a solution for
initial ve'locity ratio and henct, mass flow ratio. The final values of (I and k allow estimation of the
nloilentuit coefficient along th, mixing Pipe, in Particular at mixing pipe exit, leading to thru.,t
augnntation ratio, ' 1 ratio of ejector thrust to the thrust corresponding to the Prianry flow rate at
the primary total Pressure discharging directly to mixing tul exit static iressure).

Sine sample calculated results for both central and parietal rimary jets over a range of
values of mixing pipe length. 1.. at a typical ejector area ratio. S - 25. are shown in Figures 29 to :31
Figure 29 shows tilt calculated values of k (I, d'., V,V.. , "j and x at each selectvl aile of I.
The associated Performance factors ,1, and '1, are shown in ligure 30. It is noted that while thv greater
decay rate (k) pertaining to the parietal arrangement leads to a (onsideralbly shorter mixing Pip
length for maximum I erformance, the influence of increased initial friction .1 rcsults in getnerally
inferior perfornmance particularly with respect to thrust. The differences in predicted (overall perform.
ance between the two ejector types are further illustrated in Figure 31 where ti,,- san (i data art
Plotted as l vs. IV and shown relative to ideal performancc.

The results of calCulations for other values of area ratio. S. arc shown in Figure 32. For
clarity only the maximum values of tilt, Ierformancc factors I' and III (t t-gither with the associated
vlues of mixing Pipe length) are prese'nted in this Figure. The curves cxlhit the ,onc (iualitativc
differences between the ejector types as olbserved for S 25. i the additional result that the i~r.-
dicted ma-ximum (l) attainable with the parietal type declincs w~ith increase in area ratio beyond
S - 10.

A literature survey revealed only one source of parietal cjctor performance under appro-
priately isothermal, incompressible conditions and with varying mixing pq. length ( Reid. Ref. ;.
Experimental data from this reference are shown compared with calcllations using the prtscnt
method in Figures 34 and 35. Figure 3-1 shows thrust augmentation ratio. I,. againt 1. for iparictal
ejectors with S = 10 and S = 20. The generally poor level of thrust performance preditted for this
type of ejector is Well substantiated by the exlperimental data. ((%Ilcu'tlated values of +P are shown
both for uniform secondary entry velocity. 92 -1.0 and for a more realistic secondary entry lirofilc.
Q = 1.1.) The experimentally observed effect of mixing pipe length is closely reproducCd hy tle, pre-
diction method as is the adverse effect of increasing area ratio from S = 10 to S - 20.

Measured overall performance. ,1, vs. ', for a wide range of area ratio. S 10 to 131. is
shown compared with the predictions of the Plresent method in Figure 35. In general the agreement
is surprisingly good, both quantitatively and qualitatively, particularly in view of the extrapolations
involved in applying the present correlations to parietal geometries of considerably higher values of
I) (tip to 0.996) than those used in the present experiments (D > 0.907).

7.0 CONCLUSIONS

An empirical approach has been adopted to correlate the mixing of isothermal incom-
pressible coaxial air flows in straight pipes of constant circular cross-section. An assumed decay
function for kinetic momentum is correlated in terms of initial geometry and initial velocities of
the mixing streams. The method allows the rapid estimation of quantities of engineering interest
including the axial distribution of both static pressure and total momentum. The method has be-n
tested against published data on thrust augmenting ejectors of the parietal type, and found to provide
satisfactory reproduction of measured performance as affected by mixing pipe length and area ratio.
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