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"l An tufx rmicnU! mvcilteaumi has been performed to evaluate ihc entrainment characr- istia of non- 

axisymmetric liectanpilarl primary iio«Im for ejector application Data arc presented which show the vari¬ 

ation in mass intiamnicnt rates ot various nor/lcs as related to isentropU noz/le exit velocity aiul distance 
downstream ol the noz/le exit The entrained mass How is dctcijinincd by direct measurement ten an axisym- 

metfic tio/zJc and lor rectan|tular no/./les with aspect ratios of li 10, 25, and 50 

Most ol the data presented t% for iventropic no//le exil Mach numbers between about 0,08 and (I * 

Some data are presented lor Mach m un hen, up to about 0 52 A(l slata aa* for noz/les exhaustiii|S Inb* inn* 

i'.ent atmosphere it(l| 

In loiiIusI with results obtained tor ax isy in metric and square no/zles, the entrainment rates measured 

lor jets produce'll by redaniular nozzles show a general increase with increasing Reynolds number, up to a 

Reynolds number between 1.0 and 2 0 x 104 

The experimental data show conclusively that primary air nozzles with large aspect ratios entrain 

.'tore air than circular or square nozzles ol equal cross-sectional area, with each nuzzle providing its own “siy- 

lu’ure” for mass entrainment rate 

The syrm direct measuring technique is used for the measurement of mass entrainment by a multiple, 

alt ,ru;iling rectangular orifice (hi tn'rniivingt nozzle 

Til* iv'.nlu ol tliew experiments indicate that lire A FAR l,-developed hypermixing ilo//le provides 

.dünn 14(1 in lit ui gieatci iii.iss entraminciii than an equivalent us pc cl ratio single nozzle, within ten ineliev 

ol ihc no//li exit 

ll in sluHivn lli.it in the similarity region, lor all single rectangular nozzles tested, the mass entrainment 

iate may be expressed in le mis n! axis velocity decay by a single equation of the form, M = KU“1. 
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I INTRODUCTION 

The specific objective ot the experimental program discussed herein is to measure the mass entrain¬ 
ment of free, turbulent air jets produced by single and multiple nozzles using a direct measuring technique. 
1 he determination of entrainment rates for these nozzles will thus provide guidance for the design of ejector 
thrust augmentation systems. 

Certain properties ot free jei flows, regardless of their initial geometry, are characteristic of the pro* 
cesses occurnng m an ejector. The jet flow becomes completely turbulent a short distance from the nozzle 

.. t. As a u of the v,SCOLiS civets, the jet becomes partly mixed with the surrounding fluid. So. parts 
ol the surrounding medium are carried away (entrained) by the jet so that the mass flow within the iet in- 
creases in the downstream direction. Concurrently, the jet spreads and its velocity decreases, while the lota! 
momentum remains constant. 

In the ejector, the primary jet Oow induces (low in the adjacent stagnant region, lowering the static 
pressure..resulting ,n entry of secondary fluid ih'to the ejector inlet. The rate of induction of secondary air 

i e., it LiH.ainment rate) is a function oí the pressure difference generated in the region between the pri¬ 
mary jet Mow and the ejector shroud, and consequently, on the turbulent mixing of the primary iet flow 
with the ingested air. 

rhePcrlonnan<* of an ejector is influenced by a number of variables. These include the inlet shape 

geometryPrimary n0ZZle ^ 'nlel/diffuser ralios' diffuser length and shape, and primary flow nozzle 

The primary .flow nozzle in an ejector ucsigneu for cold thrust augmentation (CTA) must similarly 
exhibit certain characteristics. It must efficiently produce thrust by itself, entrain substantial amounts of 
secondary air within a minimum streamwise distance and as part of the ejector, must exhibit itiinimuni energy 
dissipa .ion during the mixing process to provide ihaxímüni thrust augmentation. It is toward the second 
requirement that the present investigation is directed. 

Evidence in the literature indicates that significant increases in mass entrainment can be obtained 
through proper design of the pninary nozzle. In particular, the work done by Treritacoste and Sforza 
i Reference 1 ) showed that increases in entrainment rates of 10 percent or more can be anticipated for a 
rectangu'ar siot (L/d = 10,as compared with an axisymmetric jet. Earlier experimental work by Tuve, 
et al (Reterence 2) provided indications that an increase in aspect ratio, L/d from I (square nozzle) to 24 
(rectangular slot of area equal to square nozzle) could increase the entrainment rate by as much as 35 percent 
(Based on (he data given in this Reference, the Reynolds numbers computed for these configurations were 
in t le range, 0.6 to 15.0 x 10*.) In addition, an increase in entrainment rate for an axisymmetric jet was 
observed by Ricou and Spalding ( Reference 3) when the primary Oow Reynolds number (based on nozzle 
exit diameter) is less than 2.5 x 10* 

In order to adequately assess the rate at which the secondary air is entrained, previous work (specifically 
with axisymmetric primary nozzles) has centered on the determination of radial velocity profiles u (y) at a 
number ol axial locations, x. measured from the primary nozzle exit, The axial increase in the total mass 
Mow rate is a measure of (he entrainment rate of the primary jet. The total mass flow rate, m, acrors any 
section is obtained through an integration over the section. 
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« huv ,> IS Hie «as JciiMiy. Alilu.uj.il lilis procedure by virtue of in, simplicity, is attractive, it suffers from 
iiinertaiiily in the im-asiireineiu ol /j u at larger values of y where u is small and the How may not be ste ulv 
In the non-aSisynmietricci.se. the How asymmetry and non-uniformity make it necessary to'probe the entire 
How Held to estimate the mass entrainment The determination of the mass entrainment for two or more 

in dosv proximity requires a similar procedure. 

I he non-circular primary jets are ol significance since it has been indicated ( References I 1 ) that 
increases in mass entrainment In a primary mv./le are obtainable through proper design of the iio7/le 
geometry 

Ihis report deals speedically with the results of direct measurements of the mass entrainment 
id valions nozzles appropriate for ejector application. 

rates 

J he method developed hy Ricou and Spalding ( Reference d) was used to obtain the data reported 
herein. Single ax.syimiKtric and rectangular nozzles (aspect ratios = 1. 10, 25 and 50) and a multiple, 
alternating rectangular on I ice (hypi'mixm) nozzle developed by the Air Force Aerospace Research Labora- 
tofy tor ( IA application wert tested in this investigation. 



II DESCRIPTION OF FXPI RIMEN ï 

A sdifin.ilk' ol tlk* f xik'umcnlul apparatus used Tor the measureuunl of (he mass entrainment of 

ptmiary ,«u/i--s Kshonn in l'ipure I. I he method of measurement ihvoiws exhausting a primary ,,o//.le 
How into a ehamher as shown. I he porous wall permits the distribution of a eonlrolled and measured amount 

ol Huid to llow through ,t m a radially inward direction. When lins seconda,v flow, entrained hv the primarv 
iei llow. is eijual to that whieli the primary jet would entrain when exliaiisting inlo a stalumarv amhienl ' 
Html. I Ik- .i \ial pressure giadienis in Hie How dis;ippear 

Hie geomeirie jxes of the test iio//les ure eoineiiient with the avisol the eyliml ,.rieal porous wall 
use of this eyliml er is completely closed. The upper (exit) 

- I-Wf Il I v LWII 

Willi the exception ol the nozzle exit orifice, the base 

end ol the cylindrical eurainment chamber thus formed is partial!) closed by an exit aperture which is 
careiully sized mi as not to interlere with the jet or secondary llow in the ehamher 

The How area between the porous wall and the outer cylinder is specified so as to provide an initial 

velocity al i he entrance to this annulus of 5 ft/sec at maximum flow. The axial pressure variation in the 

uutei clumber is thus minimized and indeed, the maximum axial pressure differential measured is 0.20 in 
ol water. 

I o achieve a pressuie diflerential ol about 0.25 psi across the porous wall do ensure uniform flow 

Himugh the porous wall! „I maximum secondary How. a flow resixlunce of about 100 rayls( 11 is required 

Hast'd on work performed previously by the author in (Reference 4 t. two layers of dacron crepe fabric pro- 

wdc a flow resistance ol tins magnitude, where Ihe radial velocity through the porous wall is limited to about 
.1 It/sec 

Direct reading calibrated flowrators were used to measure the primary and secondary air flow rates. 
I icssure transducers ami thermocouples were Used in conjunction with the flow meters to correct the read- 
m#s to standard conditions. 

The axial pressure difference measured is that across the exit aperture with respect to atmospheric 

mensure. A Kistler 3141) differential servo pressure transducer was used to sense this quantity. It is worth 
noting that this sensing system must be capable of resolving pressure differentials of less than 0.001 in. of 

water .Significant scatter in preliminary data was attributed to a null shift in the transducer output (read 

on t ic display of a digital voltmeter) induced by vibration and thermal transients The problem was elimin¬ 

ated by isolating the transducer, thermally and mechanically from the laboratory environment The résolu»¡01 

ol the transducer system was assessed to be on Ihe order of 0.0002 in of water. 

1 ^ press"rc ,rj"Nju“,r WJS connected to the exit aperture pressure taps through a manual pressure 
•i inner. , tus permitted sensing any one of several pressure taps in the exit aperture plate, providing an 

assessment ol the circumferential pressure distribution at the exit aperture. No pressure differences between 

(hese taps were noted during (he tests The use of the scanner also permitted checking of the transducer 
null output during a test 

Some ol the data scatter recorded in the preliminary tests could be attributed to interference by the 
exit aperture plate with the axial flow through the extrainment chamber. Appendix A describes the tests 
performed to investigate appropriate aperture dimensions for the entrainment tests. 

In order to facilitate the reduction ol test data, a computer program was written. Descriptions of 
ihe nomeinlature and coding are presented in Appendix B, along with examples of the input/output. 

I-low resistance in rayls, R = AP/U, where AP = pressure differential, U = upstream velocity. 

3 



Ill I XIM RIMLNIV Kl SUITS 

Oih' axisv mini'iiK- .uid tour rectangular sc'.gk* nozzles were tested to determine their entrainment 
characteristics a% I unctions ol tdi nozzle exit velocity, Uoc and (hi axial distance, x measured from the 
nozzle exit plane. This constituted the lirst phase of the test program. The axisymmetrir nozzle diameter, 
<1 is 0.480 inch, and the aspect ratios, l. d of the rectangular nozzles are 1, 10, 25, and 50. The cross- 
sectional area of .ill the single nozzles is 0.1809 sq. in. Diagrams of the nozzles are shown in Figures 2 to 
o. inclusive. A tabulation of the u*m conditions is presentid in Table ! The nozzle with an aspect ratio of 
s was f jhrkiitcd but not tested since the dut- acquired for tue tour rectangular nozzles gave an adequate 
■ i-prese n ta lion of the required data 

ilk- second phase ol the lest program involved testing of an AI AKL-stipplied alternating orifice 
C hypeimixing") nozzle (Ketereiice 5) to assess its entrainment characteristics. T he aspect ratio of each 
orifice of this nozzle is approximately 2.3. I ntraimnent data were acquired with two and lour orifices, 
characterized by etfective aspect ratios of 4.6 and 9.2, respectively. The cross-sectional area of each 
ont ice is 0 0562 sq in A diagram of the nozzle is shown in Figure 7 and a tabulation of the test con¬ 
ditions lor this nozzle is presented in fahle II. 

I or each lest, data were acquired to provide information for the evaluation of discharge coefficients. 
I hese data are plotted m I Tguie 8 

A. AXISYMMLTRlc NOZZU 

Ktsults of tests with the axisyminetrie nozzle are shown in Figure 9. The mass entrainment ratio 
at each axial distance from the nozzle exit is constant over the Reynold’s number range considered. The 
data are also presented to show the axial variation in entrainment ratio in Figure 10. Both of these results 
are qualitatively consistent with the conclusions of Rieou and Spalding (Reference 3) for axisymmetric 
turbulent jet*, Noting that the total mass flow rale past any station, x downstream of the nozzle exit plane 
,s l*le sum oî lhe primary and secondary Hows, Rieou originates the entrainment rate, m/m0 = l + ms/ 
mu and indicates that the eniiainhieni rate in the region of linear axis velocity decay (Uo/U0C " x_l ) of 
the axisymmetric jet may be described by the equation, 

- -<(--) mo V1/ 

V here m - total mass flow - ins *t m(), ms = secondary mass How, m0 = primary mass flow, x = axial dis¬ 
tam.«- i rom no//le exit plane, and d - the nozzle exit diameter. Rieou and Spalding cited a value, C ~ 0.32. 
I he data obtained I mm the present work are presented in a similar manner in Figure I I. The slope of the 
dalii h.iwn loi s/d,, > 1 3 is( = 0 35 T he disagreement with Reference 3 might be attributed to differences 
ni primurv nozzle configuration which affects initial turbulence levels and discharge coefficients. 

iTie data presented lor the minimum axial distance, x/d = 4.3 show that the entrainment in this 
is greater than can be described by the Ricou-Spalding relationship. Note that this axial location is 

less than the length of the potential core for an axisymmetric jet. Data obtained here can be compared with 
the icsults of Mill (Reference h ) who has done the only definitive investigation of local entrainment rate 
ol axisymmetric air jets. At an average distance, x/d -2.1, Hill obtains a value of the entrainment co- 
ciiicieiit, C =■ 0.18 file present work indicates a value, C = 0.22 for the average slope between x/d = 0 and 
x »I : 4,3 I his is m fair agreement with the previously obtained result, and as discussed above, might be 
due to diltVicuccs m initial conditions. 
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*' I I A.SI’I C/ RAI IO NO/ZLb 

I hu mus cntruinninu of the square (aspect ratio = I ) nn„i0 -,. i„ , 
tor the u.¡symmetric noazle, Data obtained at four axial distances fromlh ^ emra,1nment mKlsuräd 
behavior similar to that noted for the axisymmetric nozzle That is the , 6 6X11 Plane il,dica,c a 
slant at any axial station over the test range of Reynolds numbers TI ‘í"™'1' ra,l°-ms/m0 * «n- 
can be recast to show the variation of entrainm-nl nio . r bS T da a prcsen,ed 111 *- thus 
Plane, shown in I yurc 13. I he normalizing dimension d = oTT. ° T mi^>ted from tlw «¡I 

b iminsion, a 0.4. m. is the width of the square nozzle exit. 

respectively from th" nozzlelxíplane)' Th,\ SueweM^" '4'N ^ 3S'55(6-25 and 1510 ",du‘s' 
tor the ax,symmetric nozzle. C rCas0,1abl-v the value, C = 0.35 obtained 

10. ASPMT K AIIO NOZZLh 

..i."“ f'-r"' •*" *•——. 

K=>*.U, m.jnber, up , R„„oW, nun,tel b,V»S! o“nd “ÕxTo*"'™' w,,h 

— " *— » 4 of rauh noI!ltÜ “ T.Í , l7"°"" "“b" ” “* 

r'Ä^Ä’SÄJ’r!'' f1 “■>" “» «»*- presumed (or ,he Re,„old, 
..;.. . ,, . !!. ,gurL 14 n'«r entrainment ratios Obtained from these measur,.,1 ,t,f.. 

number 
ut nozzle exit velocities, U 

I). 25.] 

oc - 100, 200, and 300 ft/sec are plotted for each axial station, x/d in Figure J|5. 

ASIM tT RATIO NO/ZLl 

-Ä'ÄSÄfÄ- 50; 1 -—w. —. «a 

the Reynolds number exceeds aboulV5 río*'’Th'è'd^i'0 í""68.8?* Rt'yno,ds number d‘m>nTshes as 

... -¿zz lÄÄÄÄ’*-' **“ ^ 
'msse„,":;;,rrr^ 

>0 1 A Ski.(I RATIO NOZZLL: 

50., SiÄÄ't:.?rC r'C TÍ SWeS WaS hv -ratio of 
velocities exceeding 500 ft/L at two^xi 11, ^ ' n T* °b'ained f“r isBntroFit »oizk exit 

'he rate of change of entrainment ratio for a Reynolds number" be tween’ t'omidT '^‘io^ïlm me^^d' 

[o'"’" Jl ead’ aXlal l0Cati0n incrcase as ,he n°"le R^nolds number increases fromTbou, 

hnlrainnent ratios obtained from these data at nozzle exit velocities LI = 

" :"1' Pl""id as a fu^“" «>' ‘»¡««nee from the nozzle exit piane h, i igure 19. 
00. 200. and 300 
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1 AI II KNAI INdORII K I (liVI’l RMIXING) NOZZLL: 

l)ui'10 t,u- ‘""■•«rifii'ty in the spreading rate of the jet How generated by the hypernmmg nozzle 
investiga linns with this nozzle were limited to tests with four of the ten 0.15(. x 0.3(. on., es. The central 
two orillees were tested first at one axial length by covering all but these with a sealing tape. At the same 
distance from the nozzle exit, the tape was removed from the adjacent orifices to obtain data for four 
orifices. 

f he tests were limited also, in the sense that only two axial lengths of the entrainment chamber 
could be used due to the length (5.25 in.) of the nozzle assembly. 

I he data presented in f igures 20 and 21 show the entrainment ratios measured for the two and 
four orifice configurations, respectively. 

- Ü ocLOW,Cr cn,rmnment ra,ios were measured for the lour orifice tests at the maximum length tested, 
x - 9.85 inch, than were measured lor the two-orifice configuration at this length. It is concluded that the 
la gesl exit aperture plate, corresponding to an aperture angle of 48° degrees with respect to the nozzle 
ce iter line,, was inadequate to provide valid data. The solution lo this problem, as used successfully in 
Kcicrcucc 3, is to extend the entrainment chamber, using a larger diameter porous cylinder for the extension 

The data for the two-orifice configuration are limited in extent since only two entrainment lengths 
could ce considered due to the limitation imposed by the nozzle length However, as will be discussed sub- 
sequent!y, the data are consistent with the single nozzle results. 

Comparison ol the data at x = 4.75 inch presented in Figures 20 and 21 show that the entrainment 
ratios tor the two and tour orí lite configurations are equal. 



IV. ANALYSIS OF RESULTS 

A DISC USSION OF DATA 

The axial varialion m mass entrainment rale has been plotted for nozzle exit velocities, U , = ? 00. 
200. and 300 ft/sec in Figures 22 to 24 tor each nozzle considered in this investigation. Hypermixing nozzle 
results for U0c = 100 ft/sec were obtained from a linear extrapolation of the acquired data. 

The results provide a clear indication of the relative entrainment rates of the single nozzles tested 
and of the alternating on.ice (hypermixing; nozzle. Of the single nozzles (all of which are of equal area), 
the nozzle with an aspect ratio of 50 entraihs the maximum secondary fiow in a minimum distance. 
The liypennuing nozzle on the other hand provides substantially greater entrainment, that 67 percent 
more than the 50 I aspect ratio single nozzle at a distance of 10 inches from the nozzle exit plane. The 
aspect ratio of each hypermixing nozzle orifice is L/d = 2.3. It may be conjectured that an increase in this 
aspect ratio would provide even greater entrainment rates. 

The variation in entrainment rate, m/m^ as a function of aspect ratio determined from the data ob¬ 
tained is shown m Figure 25. The advantage of the greater aspect ratio is emphatically di>played. providing 
at least 10 percent more entrainment than the square nozzle at the same axial distance (x = 15.10 in.) from 
Mie nozzle exit. C loser to the nozzle exit (x = 2.06in.) a 60 percent increase is noted. The increase in en* 
train merit ratio as the velocity is increased from 100 to 300 ft/sec is no more than 8 percent, the maximum 
value attained with the nozzle of aspect ratio equal lo 50. 

As will be demonstraled subsequently, the relationship between the entrainment rates of the various 
^nozzles are predictable on the basis of their respective axis velocity decay rates. 

B. DATA CORRELATION 

A correlation between the experimental data obtained in this program and published data fRefercr.ce 
7) for axis velocity decay for various jets has been achievrj. Referring to the data in Figures 26, 27. and 28. 
the entrainment rate, M = m/mi} can be expressed in terms of axial distance from the nozzle exit plane. 
x‘= x/d by the general expression. 

where a and q ar? to ue determined Velocity decay data presented in Figure 29 (Reference 7) can also 
be expressez1 generally by an expression of the form, 

for the faired curves shown (The points show,, in Figure 29 indicate those values of x where entrainment 
data were obtained.) Values of the coefficients a. b and exponents q, n derived from these data are tabulated 
in Fable III. The value of Ihe exponent, n is, of course, -1.0 for those sections of the velocity decay curves 
lying in the similarity oi axisyinmetric decay regions. 

Substitution ol the expressions lor x obtained from Fq (2) into Eq ( I ) provide relationships for mass 
t-ntraimuciLl rale. M as a lum tum ol axis velocity. U in the form. 
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M = il i}f (3) 

(4) 
“r M = K O*" 

Values of the coefficient, K and exponent. Pare also presented in Table III. 

Inasmuch as axis velocity decay data for nozzle exit aspect ratios of 25 ami SO are nol uvuilublc ilú¬ 

dala lor aspect ratios ol 20 and 40 were used The agreement between the generated expressions and the 
experimental data rs surprisingly good in the axisymmetrie decay region. 

The correlation was perlunned fu. three of the test nozzle exit velocities U = |00 "'OO nul 100 

it.'sec examination of the constants in Table II shows that the variation of the constants between' 100 and 

iUO It/sec lor a g.ven nozzle is not substantial. An average value selected for engineering evaluations should 
generally prove «tüequate for estimates of entrainment rates. 

An appropriate average value of the exponent, P for the axisymmetrie, square, and 10:1 aspect ratio 

n°ZÄ C aPl,cars 10 hc -1 -20- Since axis velocity decay data specifically for 25:1 and 50:1 aspect ratio nozzles 
are not available, the values of P for these two nozzles must be considered tentative. Equations for mass 
entrainment by the former three nozzles then may be written as follows: 

(a) Axisymmetrie nozzle. 

i -1 ® (t) 
-1.20 

8.7 < X < 31.45 (5) 

(b) Situare nozzle. 

fU0 
; = ]mkJ 

9.6 < X < 35.55 
(6) 

(e) 10:1 Aspect ratio nozzle, 

t-1.20 
= I Súsí-jp ) 

nio \^oc' 

4.45 < X < 112 
(7) 

Consideration of all values of P suggests that for values of x > 100. the exponent P approaches a 

value of -1.0. Based on this assumption, a common equation for all rectangular nozzles (including the square) 
may be written as follows: 

X > 100 
(8) 

8 



w¡. ivas the cntraihincnl rule for lhe arcillar nozzle is 

m 
ni o 

-I 

oc 
X > 100 

(9) 

Only 'ait agreement witli the results of Rieou and Spalding CRelerenee 3) is obtained It should be 
noted that lor the expression developed by them, the values o. the constants, a and in in EqfDarc 0 r and 
I U rospecliveh I Ins provides values for K and 1' of 2.205 and ■ 1.0. which yield results that are in fair'ueree- 
mont with tin* present siudy. 

rile siginliLjnt poim to be made is that the axis velocity decay lor various nozzle shapes can be con¬ 
sidered to be a ■'Signature" for that noale. As a result, for any given nozzle shape, a specific set of constants 
should be adequate to describe the entrainment of the nozzle once the axis velocity decay, a relatively easily 
measured parameter, is known. 

It is interesting to observe that the inflection points in theilata shown in figures 26 through 28 for the 
.isisynimvtric square, ami 10:1 aspect ratio nozzles generally coincide with the corresponding points in the 
axis ulocity plot m l igure 29. 

The data tor the hypernuxing no/.zle as obtained from Figure 21 are plotted in Figures 27 and 28 for 
(»entropie nozzle exil velocities, ttpc - 200 and 300 ft/sec. The aspect ratio of each orifice is 2,3 and the data 
appear to be consistent with the other measured results. On the basis of the acquired experimental data, the 
values of die eoelficient, a,and exponent, q.were deduced and are presented in Table I v For lack of axis 
velocity decay data, no expression lor entrainment rate as a function of velocity decay can be derived. 

<) 



V. ( ONO. USIONS ANU KhCOMMhNUA FIONS 

Ilk* results obtained from this Investition show conclusively that primary air nozzles with large as- 
pcwt ratios entiam more air than cirodar or square nozzles of equal cross-sectional area. The largest aspect 
ratio {50:1 ) nozzle tested entrained 10 percer t more secondary air than the equal area square nozzle at a 
point 15.10 inches downstream from the noz tie and 60 percent more at a distance of 106 inches. 

co |lncrcasmg lou vdoc,ly l.rum ,0() 10 iü0 ftAec induced an 8 percent increase in entrainment rate for 
the 50:, aspect rati > nozzle. A lurtl.er increise in velocity induced an additional increase, the maximum value 
° whkh WÜS no1 determined as this was bey nd the scope of the present program 

used on the limited axis velocity dali available for non-axisynimetric jets, the entrainment rates of 
single nozzles can be correlated empirically with axis velocity decay, bach nozzle, of different aspect ratio, 
provides its own “Signature” of mass entrainment, a characteristic of the axis velocity decay of that nozzle, 
n ertion points in the axial mass entrainment data for axisymmetric, square and 10:1 aspect ratio rectangular 

no/vies correspond qu-'te well with inflection points in plots of axis velocity for these same nozzles. 

lïie r^*ts of |I,C wi,li llie ‘xisymmetric nozzle are in disagreement í8.5 percent) with previously 
pu wished data (Reterenie 3). it is conceivable that the upstream turbulence levels for the present nozzle and 
previously tested nozzles are sufliciently dissimilar to cause this discrepancy. 

The tests with the alternating orifices (hypermixing) nozzle show that this nozzle induces the greatest 
secondary air How ul all nozzles tested: 67 percent more than the largest aspect ratio (50) nozzle at a dis- 
tance oi l 0 inches. For Cl A applications, the data acquired show that this nozzle is most appropriate of those 

íeS a bnulatioiï imposed by the size ot the experimental facility prevented extensive testing of this 
nozzle.1 Based on the results ol the investigation reported herein, the following recommendations are made: 

I hxtend the investigations of hypermixing nozzles for larger entrainment lengths by extending 
the present entrainment chamber length. Obtain axis velocity decay data for this nozzle to pro¬ 

vide data for entrainment prediction. As performed in the present study. Investigate the possibil¬ 
ity of modelling the How field using an appropriate computational method, te.g. Ref. 8.) 

2 Obtain entrainment rate data for a hypermixing nozzle with a single orifice aspect ratio greater 
than 2.3. 

3 Obtain entramment rate data tor single noz des and hypermixing nozzles for elevated tempera¬ 
ture primal y How. Acquire entrainment data for nozzles with aspect ratios greater than 50 to 
determine if a maximum exists. 

4. Determine the point ol maximum entrihiment tor nozzles with aspect ratios of lu, 25, and 50 
loi nozzle exit Mach numbers greater than 0.3. 

txamine the possibility of determining the entrainment rates of other primary nozzle geometries 
whieh *¡11 satisfy criteria lor UTA and UTA applications. 

Determine relative entrainment rates of separate ! and adjacent hypermixing orifice pairs. 

Investigate the effects of varying the hypermixing nozzle orifice inclination with respect to the 
geometric axis of the nozzle. > 
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TAÖLtI 
SINCíU* NOZZLE: TKST CONDITIONS 

Nozzle 
A.R. d X 

K 
d" Uoc Red X 10 4 

Axi. 0.480 2.06 4.30 89 - 342 1.99- 7.60 
6.25 13.00 66 - 343 1.48- 7.61 

1000 20.85 P 91 - 338 2.02 - 7.52 
15.10 31.45 91 - 336 2.02- 7.47 

11 0 425 2.06 4.85 112 - 342 2.36- 7.10 
6.25 14.66 86 - 342 1.82- 7.20 

10.00 23.55 96 - 345 2.01 - 7.25 
15.10 35.55 94 - 346 1.86 - 6.72 

10:1 0.1345 2.06 15.30 92 - 349 0.61 - 2.32 
6 25 46.40 81 - 344 0.54- 2.29 

10.00 74.50 93 - 337 0.62- 2.24 

15.10 112.00 93 - 338 0.62 - 2.25 
25:1 0 085 

---— 
2.06 24.25 96 - 341 0.38- 1.34 
6.25 7350 86 - 526 0.34- 2.07 

10.00 118.00 98 - 354 0.39- 1.97 
15.10 178.00 98 - 357 0.39- 1.41 

50:1 0.060 2.06 34.40 97 - 348 0.27- 0.97 

--L 
6.25 104.00 76 - 575 0.21- 1.60 

10.00 167.00 106 - 356 0.30- 1.50 
15.10 251.00 105 - 352 0.29- 0.98 

A.R. - Nozzle Aspect Ratio, L/d 

d - Minimum Nozzle Dimension, Inches 

X = Entrainment Length, Inches 

Uqc 3 Isentropic Nozzle Exit Velocity, ft/sec 

Rcjj = Reynolds Number Based on d. 

TABLE: II 
HYPERMIXING NOZZLE TEST CONDITIONS 

Aper. d X 

X 

d 
u« 

Red 

X 10“4 

2 0 156 4.75 30.4 201 - 360 1.44 - 2.58 
0.15o 9.85 63.1 202 • 362 1.45 - 2.59 

4 0 156 4 75 30.4 196 - 361 1.43 - 2.63 
0.156 9.85 63.1 194 - 368 141 - 2.62 

Aper. - No. of nozzle apertures 
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TABLE HI 
CONSTANTS FOR DETERMINATION OF MASS ENTRAINMENT OF SINGLE NOZZLES 

Hou\* 'oc X 
A. R. ft/sac Rang« q b n 

Ax 100 300 4 3 - 8.7 
8.7 - 31,45 

0 722 0.566 
0.1695 1.20 

1.47 
6,90 

0.2G 
10 

Î (if) 
1 /26 

2.16 
1.20 

10 100 • 300 4.85 - 9 6 0.750 
9.6 - 35 55 0.161 

0438 
1.16 

1.73 
6.38 

0 37 
1.0 

198 132 
138 116 

10 100 

200 

300 

15.3 - 38.5 
38.5 -1t2.0 

0.502 0.502 
0.045 1.15 

15.3 - 41.0 
41.0 -112.0 
15.3 - 44.5 
44.5 -112.0 

0.47 
0.038 
0 405 
0035 

0.57S 
1.20 
0.578 
1 22 

1.854 
21.8 

1.854 
21.8 

1 854 
21.8 

0.314 
10 
0.314 
1.0 
0.314 
1.0 

1.61 

1.505 

1.50 

1.15 

1.20 

1.22 

25 100 

200 

300 

24.3 - 54.0 
54 0 -110.0 

110.0 -170.0 
24.3 - 58.0 
58.0 -110.0 

110.0 -178 
24.3 - 61.0 
61.0 -110.0 

110.0 -178.0 

0.895 
0.895 
0.044 
0.561 
0.049 
0 049 
0 604 
0.063 
0.063 

0.405 
0.405 
1.06 
0449 
1.044 
1.044 
0.445 
LOO 
LOO 

2.87 
2.87 

29.7 
287 
2.87 

29.7 
2:87 
2.87 

29.7 

-0.505 
-0.505 
1.0 

-0.505 
•0.505 
•LO 
0505 
0.505 
LO 

159 

1.69 

1.87 

1.06 

1.04 

LOO 
LOO 

50 100 

200 

300 

34.5 
74.5 

190 0 
34.5 
78.0 

1900 
34.5 
84.0 

190.0 

- 74.5 
-1900 
-251.0 
- 78.0 
-190.0 
-251.0 
- 84.0 
-190.0 
-251.0 

0.468 
0.052 
0.052 
0.465 
0.056 
0.056 
0.512 
0 062 
0.062 

0.48 
0.99 
0.99 
0.488 
008 
Ó.90 
0.475 
0:96 
0.96 

2.07 
2.G7 

37.2 
2.07 
2.07 

37.2 
2,07 
2:07 

37.2 

•0.45 
•0.45 
•LO 
■0.45 
-0.45 
•LO 
0.45 
0.45 
LO 

1.855 

1.93 

1.97 

4.99 

•0.98 

4.96 

TABLE IV 
( ONSTANTS FOR DETERMINATION OF MASS ENTRAINMENT 

OF HYPERMIXING NOZZLE ( TWO ORIFICES ONLY) 

Hqc 
ft/sec X Ranga a Q 

200 
250 
300 
350 

30 4 63 
30.4 63 
30.4-63 
30.4 63 

0.112 
0.115 
0.122 
0.125 

1.145 
1.144 
1.135 
1.134 
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Figure 1 . Mass Entrainment Measuring Device 
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Figure 7. 0 4-lncIi Allernating t\ii Nozzle Detail 
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Figure 8. Nozzle Discharge Coefficients 
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Figure 13. Entrainment Rate of Square Nozzle 
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Figure 15. Entrainment Rate oNO: 1 Aspect Ratio Nozzle 
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APPENDIX A 
PRELIMINARY EXIT APERTURE TESTS 

i 
i 

Data for velocity halt-width variation as a function of distance from the primary nozzle exit are 
present in the literature (Reference 1 ). These data do not, however, indicate their degree of applicability 
to rectangular nozzle flows when the primary jet velocity is varied. Some of the scatter in preliminary 
data obtained at the highest velocity of interest could he attributed to interference with the How by the 
orifice plate. The exit aperture angle (defined as the angle at the apex of the cone formed between the 
exit aperture diameter and the nozzle exh diameter) for these lests was 32 degrees. This selection was 
based on the results of Rieou and Spalding (Reference 3) and Hill (Reference 8). 

Several additional aperture plates were tested with both the axisymmetric and rectangular nozzles at 
an entrainment chamber length, x = 6.25 inches. Isentropic nozzle exit velocities up to 340 ft/sec were 
used to ensure adequacy of the measurements over the entire velocity range. 

i 
Figures A-l through A-4 show the results of preliminary tests which guided the selection of apertures 

for the entire test prof jam. The ordinate is the exit aperture pressure differential (excess pressure in the 
chamber measured with respect to atmospheric pressure) while the abscissa is the entrainment ratio (ratio 
of air flow rat© through the porous wall;'ms to the primary air How rate, m0) for a fixed primary flow rate. 
Each curte shown in a figure is for a different exit aperture angle. Data are presented for the axisymmetric 
nozzle and tlie'rectangular nozzle with the greatest aspect ratio (L/d = 50). 

The data show that the smallest aperture provides the greatest sensitivity of the pressure differential 
to variations in secondary flow. However, if the aperture angle is too small, an erroneously low value of the 
entrainment ratio (when the pressure differential is zero) is obtained. The data also show that the slope of 
the curve for a given aperture angle increases with increasing primary flow velocity. It is thus concluded 
that selection of an aperture diameter based on data acquired at the maximum primary jet velocity of 
interest is appropriate for testing at all lesser velocities. This assumes, of course, that adequate changes in 
pressure differential are obtained at the minimum primary jet vélocities tested. 

At the minimum distance, X = 2.06 inches, from the single nozzle exit plane, the selection of 
aperture diameter was governed by the maximum dimension, L of the nozzle exit. 

On the basic of the above considerations, the aperture diameters used in the investigation are tabulated 
in Table À-1. 
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v(i) 

iín., 

2.06 

6.25 

10.00 

15.10 

475 

9^5 

TABLL A-I 
tXIT APERTURE DIAMETERS USED FOR 

MASS ENTRAINMENT MEASUREMENT 

AXI 

1.94 
2.50 

4.06 
5.04 
5.50 
5.66 

8.33 

12.90 

Exit Aperture Diameter (in.) 

1:1 

2 50 

5.04 
5.66 

8.33 

12.90 

Primary Nozzle 

10:1 

3.391 
3.794 

5.66 

8.33 
9.38 

12.90 

25:1 

3.391 
3.794 

5.04 
5.66 

8.33 
9.38 

12.90 

(1) 

50:1 

3.794 

4.060 

5.04 
5.50 
5.66 
6.687 

8.33 
9.38 

11.39 
12.90 

hyper 

9.38 
11.38 
12.90 

11.38 
12.90 

Distance from Nozzle Exit Plane to Exit Aperture 
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Am.NDix b 
COMIHJ I i.K (ODINCi 

An avérai oí Uinv UM runs for each primary jet velocity, each at a different secondary weight 

How rate, were ret|inred lor each data point. To facilitate the reduction of the large amount of test data, 
a computer program was written. 

The nomenclature and computer coding are presented in Table B-l and figure B-1. respectively. 
An example ol lite computer Input'Output is presented in Figure B-2. 
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■ l'Ut'* « 

umi üMMi 

KOTO 

P4 ! rPSKi) 

T7 iW V I 

P42^SK.i) 

T8 (MV) 

1*0 (PSIoi 

m po 

P^P (MV) 

m i z<2fc i 

CON 

TABLE B-l 
NOMFNCLATURF 

COMPUTER CODINCi 

Row meter reading, percent of full scale. 

Primary flowmeter gas pressure psig 

Primary Oowmcter gas temperature and stagnation temperature, mv. 

Secondary flowmeter gas pressure, psig. 

Secondary flowmeter gas temperature, mv. 

Nozzle plenum (stagnation) pressure, psig. 

Nozzle Pressure Ratio. 

Exit aperture pressure differential, mv 

Exit aperture pressure transducer null points, mv. 

Secondary flowmeter range factor. 

OUTPUT ( OPINO 

ROTO 

P(PSIA) 

ICR) 

n<s< EM) 

MP (MI B S) 

VP (R ,SEC) 

RE 

( I) 

P(PSIA) 

UR) 

Flowmeter reading, percent of full scale. 

Primary flowmeter gas pressure psia. 

Primary flowmeter gas temperature, °R. 

Primary volumetric How rate scfm. 

lb r . 
Primary weight flow rate,- x 10 

sec 

Isentropic nozzle exit velocity, ft/sec. 

Nozzle Reynolds number based on d = 0.480 in. 

Nozzle discharge coefficient. 

Secondary flowmeter gas pressure, psia. 

Secondary flowmeter gas temperature, °R. 
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TABLE B-1 {CONTI)) 

DI'AiMMlW) 

MS (MLB/S) 

MS ME 

Ml* + MS 

TOT/ML) 

TOT/M P/XD 

1) = 0.48 

X 

DO 

PBAR 

THETA 

MS/MP [NT 

Exit aperture pressure differential, inches of water x I0'3 

Secondary weight flow rate, lb/sec x I0“J. 

Ratio ot secondary to primary weight flow rates. 

Sum of secondary and primary weight flow rates 

(MP + MS)/MP 

(MP + MS)/MP^ x/d. 

Axisyntmetric nozzle diameter, d, inches. 

Length of entrainment chamber, inches. 

Exit aperture diameter, inches. 

Atmospheric pressure, psia. 

Exit aperture angle reTerred to axisymmetric nozzle. 

Two-point intercept for DPAP = 0. 
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