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ABSTRACT 

Results of hot-w~re measurements in an incompressible Jet ~ssu~ng 

from an array of rectangular lobes, equally spaced with the1r small d1-

mens ions in a line, both as a free jet, and as a conf~ned jet, are pre­

sented. The quant~ties measured ~nc1ude mean ve1oc~ty and the Reynolds 

stress in the two central planes of the jet at stat~ons cover~ng up to 

115 w1dths (small d~mens~on of the lobe) downstream of the nozzle ex~t. 

Measurements are carr~ed out ~n three parts: a) on a s~ngle rectangu­

lar free jet, b) on the same Jet ~n a mu1t~p1e free Jet conf1guration, 

c) on the same Jet ~n a mu1t1p1e Jet conf~gurat~on w~th confin~ng sur­

faces (two parallel plates are symmetr~cally placed perpend~cular to 

long dimension of each lobe cover~ng the ent~re flow f~eld under cons~d­

era~on) • 

In the case of a single rectangular free Jet, the flow f~e1d of 

the jet was found to be character~zed by the presence of three distinct 

regions ~n the axial mean veloc~ty decay and are referred to as: poten­

t~al core reg10n, two dimensional type reg~on, and ax~symmetric type 

region. In the case of a mult1ple free Jet, the flow f1eld for down­

stream d~stance X greater than 60D (D = w~dth of a lobe) resembles that 

of a jet exit~ng from a two-d~mensional nozzle with ~ts short d~mens~on 

be1ng the long d1menS1on of the lobe. The f1eld of turbulence 1S found 

to be nearly isotrop~c ~n the plane conta1n1ng the small dimens~on of 

the lobes for X greater than 60D. In the case of a conf~ned mu1t~p1e 

Jet the flow f~e1d is observed to be nearly homogeneous and ~sotrop~c 

for X greater than 60D. 
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NOMENCLATURE 

Aspect ratio (L/D) 

Characterist~c width of the jet 

Width (small dimens~on) of the lobe 

Gap between the leading edge of the plate and the nozzle exit 
plane 

Length (long dimension) of the lobe 

Spac~ng between the plates 

Number of Jets 

Pressure 

Reynolds number, U D/V 
o 

Spacing between the lobes 

Mean velocity component in the X-d~rection 

Mean velocity component on the centerline of the jet in the 
X-direction 

Mean veloc~ty component on the centerline between the jets ~n 
the X-d~rection 

Mean veloc~ty component in the exit plane of the Jet in the 
X-direct~on 

Mean veloc~ty component of the secondary flow in the 
X-direct~on 

Fluctuation velocity component in the X-direction 

rms veloc~ty fluctuations ~n the X-direct~on 

Instantaneous veloc~ty ~n the X-direct~on 

2 I u /U (norrnal~zed rrns velocity fluctuation in the X-d~rect~on 
c 

Mean veloc~ty component ~n the Y-d~rection 

~v 



w 

-w 

uv 

uw 

vw 

-uv 

-uw 

rms velocity fluctuat~on ~n the Y-d~rect~on 

Instantaneous veloc~ty ~n the Y-d~rection 

I v
2

/U (normal~zed rms veloc~ty fluctuat~ons ~n the Y-d~rect~on) 
c 

Mean velocity component in the Z-d~rect~on 

rms velocity fluctuat~on ~n the Z-direct~on 

Instantaneous velocity in the Z-direction 

2 
Iw Iu (normal~zed rms veloc~ty fluctuations ~n the Z-direct~on 

c 

Component of the turbulent shear stress tensor 

Component of the turbulent shear stress tensor 

Component of the turbulent shear stress tensor 

- 2 
(normalized stress) uv/U shear c 

- 2 
uw/Uc (normalized shear stress) 

X Coordinate along the jet ax~s 

X Crossover location of a single jet 
c 

Y Coordinate along the small d~ens~on of the lobe 

Y~ Local half width of the U profile along the Y ax~s 

Z Coord~nate along the long d~mens~on of the lobe 

Z~ Local half w~dth of U prof~le along the Z ax~s 

n Y/X or Y/b 

1; Z/x 

V Eddy viscosity 

p Dens~ty 

v 
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I INTRODUCTION 

Several propulsive-lift concepts have been 1nvest1gated as a means 

of obta1ning short takeoff and landing (STOL) performance 1n turbofan­

powered aircraft. The augmentor w1ng 1S one of such concepts be1ng 

stud1ed for app11cat1on to commerc1al turbofan-powered STOL type a1r­

craft. In this concept, a wing tra11ing edge ejector system is used to 

augment the h1gh pressure fan bypass a1r. An eJector 1S a s1mple de­

V1ce in wh1ch turbulent entrainment by a jet of pr1mary fluid 1S used 

to pump the secondary flow through a duct. Complete m1x1ng of the pr1-

mary jet and secondary entra1ned flow 1S requ1red to ach1eve s1gn1f1-

cant levels of augmentation. 

The app11cation of ejector thrust augmentation to STOL a1rcraft 

has, therefore, been an act1ve research goal for several years. In the 

early 1960's the Canad1an Defence Board developed a slot-type augmentor 

as shown 1n Figure (1.1) for STOL-type a1rcraft. Dur1ng the later part 

of the 1960's research on a large scale was conducted at the NASA Ames 

Research Center. This work led to an effective augmentor that was ap­

propriate for flight testing. But this type of augmentor was too n01SY 

to allow commercial app11cat1on. S1nce then the research act1v1ty was 

d1rected towards design1ng an augmentor w1ng w1th 1mproved aerodynam1cs 

and reduced noise levels. Exper1mental investigat10ns have shown that, 

by comb1ning a lobed pr1mary nozzle to enhance the turbulent jet m1x1ng 

and an augmentor acoustic 11ning to absorb the jet m1x1ng n01se, a sub­

stant1al reduct10n 1n augmentor noise can be ach1eved. Any further 
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reduct10n of the noise requ1res a more complete understanding of the na­

ture of the flow f1eld 1nside the augmentor. 

W1nd tunnel tests on the overall aerodynam1c and noise measure­

ments of an augmentor wing w1th mult1-element nozzles and slot nozzles 

are reported by A1ken (1973). The results 1nd1cate that lobe nozzles 

offer improved static and w1nd-on aerodynam1cs and reduced static noise 

re1at1ve to slot nozzles. These tests led to a design configuration as 

shown in Figure 1.2. W1th these advantages in mind, a research project 

was 1nit1ated to 1nvestigate the bas1c fluid mechanical properties, 

such as the mean and turbulent quant1ties, of 1ncompressible turbulent 

Jets emanat1ng from a 11near array of lobes of equal d1mension. The 

lobes used in th1S type of application are usually of rectangular cross 

sect10n. The flow field of a slng1e rectangular jet issu1ng into quiet 

surround1ngs was found to have the characterist1cs of both the two­

dimensional Jet and the axisymmetr1c Jet. These two types of Jets have 

been stud1ed in some deta11 before; however, few exper1ments have been 

carrled out on a rectangular Jet with the degree of thoroughness found 

1n elther of the above two cases. Therefore, one of the objectlves of 

the present study is to 1nvest1gate the characteristics of a slng1e 

rectangular free Jet. Th1S forms the flrst part of the present study. 

Dual Jets and coax1al jets have been a subJect of 1nvestigat10n 

for several years and conslderab1e amount of data 1S ava11ab1e for most 

englneering purposes. Some experlments have also been carried out on 

linear nozzle arrays cons1sting of several c1rcu1ar nozzles equally 

spaced along a stra1ght line, but there appears to be a need for add1-

t10nal fundamental studies concern1ng the turbulent m1xing of these 
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multiple jets, in particular, the linear array of rectangular Jets. 

This constitutes the second part of the present investigation. The en­

gineering problem which 1S of interest 1n the context of the present 

work is utilizing these mult1ple jets 1n an eJector configuration to 

augment the 11ft of an STOL-type a1rcraft. Most of the experiments 

which were done prev10usly on th1s problem were a1med at measuring the 

gross characterist1cs of the flow f1eld rather than the deta1led turbu­

lence structure of the flow. The th1rd part of the present study 1S 

or1ented towards understanding of the turbulence structure of these mul­

t1ple jets in an ejector conf1gurat1on. 

The present study has the follow1ng ma1n obJect1ves to the general 

problem of the turbulent mix1ng processes in a mult1ple three­

d1mens10nal Jet. 

1. Investigate the character1stics of a s1ngle rectangular 

free jet. 

2. Study the characterist1cs of the free jet 1n a mult1lobe 

configuration. 

3. Include the confining surfaces, to simulate the flap and 

shroud, and determine the nature of the changes in the 

flow as a result of the confining walls. 

4. Develop a sem1analytical method for pred1ct1ng the aero-

dynam1c performance of a mult1Jet conf1gurat10n. 

In the next chapter a review of previous work related to the prob­

lems of a s1ngle rectangular Jet, s1ngle Jet in a free multiple jet 

conf1guration and mult1ple Jet ejectors is presented along with the na­

ture of the present problem. Chapter III contains the descript10n of 
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the exper1mental apparatus and 1nstrumentat1on used for the present 

study. The test procedure 1ncluding calibration of the measuring 1nstru­

ments is also presented. The results of the experiments are presented 

and discussed in Chapter IV. Chapter V has a br1ef introduction of 

Reichardt's 1nductive theory of turbulence and the appl1cat1on of th1s 

theory to the present problem of mult1ple rectangular free Jets. F1-

nally, the conclusions of this study and some recommendations for fur­

ther research are contained 1n Chapter VI. 
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II REVIEW OF PREVIOUS WORK AND NATURE 
OF THE PRESENT INVESTIGATION 

The present study comprises three problems as 1dent1f1ed and 

listed in the Introduct1on. Results of 1ndividual stud1es of these 

three problems have been pub11shed 1n the literature in a form somewhat 

unrelated to one another. For the purposes of th1s reV1ew, 1t w111 be 

conven1ent to d1scuss separately the prev10us work 1n each area. Com-

par1son w111 be made between the present study and prev10us stud1es 

wherever poss1ble. 

2.1 S1ngle Rectangular Free Jet 

Most of the preV10US 1nvest1gations 1n turbulent Jets were carr1ed 

out on two-d1mensional Jets and axisymmetr1c Jets. Suff1c1ent exper1-

mental data are ava11able in the 11terature to adequately def1ne the 

structure and development of the flow field of these jets (Everett and 

Robins, 1978; Gutmark and Sygnansk1, 1976; H1nze, 1975; RaJaratnam, 

1976; Schlict1ng, 1968; Townsend, 1976; Wygnansk1 and F1edler, 1969; 

and others). However, few experiments have been carr1ed out on a rect-

angular jet w1th the degree of thoroughness found 1n either of the 

above two classes of jets. Early work on rectangular Jets was done at 

the Polytechn~c Institute of Brooklyn by Sforza and h~s co-workers 

(Sforza, Steiger and Trentacoste, 1966; and Trentacoste and Sforza, 

1967). Their exper1mental study was mainly able to measure gross prop-

ert1es of the Jet because of the1r use of the P1tOt tube. It was re-

vealed from their exper1ments that the flow f1eld of a rectangular Jet 
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was character~zed by the presence of three d~st~nct reg~ons as def~ned 

by the decay of square of the mean ax~al veloc~ty along the ax~s of the 

jet. D~scuss~on of these reg~ons are deferred to Chapter IV. The mean 

velocity and temperature profiles of rectangular Jets having different 

aspect rat~os and nozzle geometr~es were measured us~ng hot-w~re anemom­

etry by Sfe~r (1975). He po~nted out some of the effects of nozzle in­

let geometry on the development of the Jet. Some measurements of 

heated rectangular Jets were reported by Sforza and Stas~ (1977), and 

these ~nd~cated that the nature of the nozzle ex~t flow cond~t~ons play 

a large role ~n the development of the near f~eld Jet characteristics. 

Recently Sfe~r (1978) reported some measurements of turbulence quant~­

ties, using hot-w~re anemometry, for three d~fferent aspect ratio noz­

zles (10, 20, 30) with each hav~ng two d~fferent ~nlet nozzle geome­

tries. Reference to these measurements will be made in Chapter IV. 

McGuirk and Rodi (1977) attempted to calculate the flow field us~ng the 

two-equat~on turbulence model consisting of those for the turbulent k~­

net~c energy and ~ts rate of dissipat~on, in terms of wh~ch the turbu­

lence stresses are expressed. They were able to calculate some of the 

observed features w~th some alternations ~n the spec~f~cat~on of ~ni­

tial condit~ons. 

Systematic measurements, such as those found for two-dimensional 

Jets (Gutmark and Wygnanski, 1976), and ax~symmetr~c jets (Wygnanski 

and F~edler, 1969), are not available for a rectangular free jet. 

There appears to be a need for additional data, ~n part~cular, measure­

ments at turbulence quantities to further extend the understand~ng of 

~ts flu~d mechan~cal character~st~cs. An attempt is made in the present 
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invest1gat1on to provide some of these measurements for a rectangular 

free Jet exit1ng from a nozzle of aspect ratio 16.7. Results and d1s­

cussion of these experiments are presented 1n Chapter IV. 

2.2 Free Jets in a Mult110be Conf1guration 

Early work on this subJect was done by Corr1S1n (1944) who studied 

the flow from seven parallel slot nozzles in a common wall w1th empha­

S1S on flow stab11izat10n methods. To ensure the two-dimens1onal char­

acter of the flow f1eld, end plates were used normal to the slots and 

covering the entire flow field. This part1cular configurat10n 1S some­

what similar to the th1rd problem of the present 1nvestigat10n; there­

fore, it will be discussed 1n the next sect10n. However, some of the 

exper1ments were carr1ed out w1thout the use of end plates to study 

var1at10n in the flow field. The nature of the flow was determ1ned pr1-

marily by means of pitot tube measurements. He observed from these 

measurements that the jets were part1ally stab111zed (ind1cated by the 

symmetric d1stribution of the total pressure about the1r axes) by the 

removal of end plates, permitting a net flow 1nto the system along the 

axis parallel to the slots. In the present setup, the 1ndividual jets 

are ventilated at the eX1t of the nozzle, thus allow1ng flow 1nto 

system. 

In the late 1950's and early 60's a maJor effort was made to f1nd 

a nozzle configuration that would serve as a n01se-suppression dev1ce 

for turbojet engines. One class of such noise-suppression devices 1S 

a linear array of slots located quite close together. The 1ndividual 

Jets from the slots pass downstream and m1X both with the surround1ng 
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atmosphere and w~th each other. Th~s m~x~ng results ~ a lower ~nten­

s~ty of turbulence in the common zone between two Jets than that found 

when the Jet stands alone. Laurence and Bennlnghoff (1957) studied the 

flow fleld of a Jet emanating from four rectangular lobes, where the 

long dimensl0ns of the lobes are arranged ln a line. The quantlties 

measured were the mean veloclty and rrns values and the turbulent spec­

trum of the aXlal component of veloclty. Thelr results show that the 

scale and lntenslty of turbulence are less ln the common mlxlng zone of 

two lnterferlng Jets than ln the correspondlng zone of a slngle jet in 

the conflguration. The flow fleld of the Jet emanatlng from four rect­

angular lobes havlng their minor axes ln line was stud led by Laurence 

(1960). This configuratl0n lS s1ffillar to the one under study ln the 

present invest~gation. He selected flve different spacing-to-wldth 

ratl0s (SID) ranglng from 0.94 to 3.0. The results indicate that for 

the turbulent intens~ty, the eddy size, and spectral dens~ty functions, 

the max~murn change occurs for a value of the spacing-to-wldth ratio of 

about 2.0. The maxlmum noise reductlon was found to also occur at a 

spacing-to-width ratio of about 2.0. Measurements were not made at 

hlgher spacing-to-width ratios WhlCh are of lnterest ln the present In­

vestlgatl0n. 

The flow emanating from a serles of closely spaced holes ln l~ne 

has been studled both experlmentally and theoretlcally by Knystantas 

(1963). The theoretical prediction of the mean axial veloclty was 

based on Relchardt's theory, which 15 explained in Chapter V of this 

report. Borchers and Goethert (1977) invest~gated noise rad~atl0n and 

effects of jet ~nterference for l~near nozzle arrays consisting of 
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several c1rcular nozzles equally spaced along a stra1ght l1ne. Most of 

the emphasis in the study was placed on acoustic measurements rather 

than on basic turbulence measurements. Miller and Commings (1960) stud­

ied the force and momentum f1elds generated by identical twin jets of 

air issuing from parallel slot nozzles in a common wall. Similar stud­

ies were also reported by Tanaka (1970) and others. In this case two 

jets attract each other due to interference. A reg10n of subatmospher1c 

pressure between the converg1ng Jets accounts for the1r convergence. 

Far downstream the flow structure of the combined jet exh1b1ts all char­

acter1stics of a s1ngle Jet flow except for an altered evolut1on of the 

self-preserving turbulence d1stribution. However, the effect of conver­

gence is not noticed when the Jets are ventilated, as shown by the re­

sults of Marsters (1977) who stud1ed the flow field of two plane, paral­

lel Jets. Recently measurements in the flow field of a l1near array of 

rectangular nozzles are reported by Marsters (1979). Some of the mean 

and turbulence propert1es of the aX1al veloc1ty component are presented. 

However, the results do not represent a deta11ed study of the conf1gu­

ration. 

2.3 Multiple Jets in the EJector Configurat10n 

As mentioned in the preV10US section, Corrisin (1944) reported 

some exper1mental results of a flow downstream from a grid (two­

d1mens10nal) formed of parallel rods. Two end plates were posit1oned 

normal to the rods cover1ng the entire flow field. S1nce there was no 

prov1sion for secondary flow to enter the system, this conf1gurat10n 

cannot fully resemble the ejector; however, the flow field from these 

two-d1mens10nal Jets, with the presence of end plates, may have some 
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relevance to the present problem. Some of the conc1us~ons drawn from 

these experiments are as follows: (1) The flow field of parallel tWQ-

d~ens~ona1 air jets downstream from the gr~d ~s unstable (indicated by 

an asymmetric total pressure d~str~but~on about the ~nd~v~dual Jet axes) 

f d d t ( covered area) f 0 83 
or a gr~ ens~ y total area 0 • • (2) The flow field can 

be at least part~ally stab~l~zed by the "vent~lat~on" of the spaces be-

tween the Jets, perm~tt~ng a~r to flow into the system in the d~rection 

parallel to the jet ax~s. Some of these observat~ons were also made ~n 

the present investigat~on and the discussion of these results will be 

deferred to Chapter IV. 

Ejectors us~ng ax~symmetr~c nozzles as the pr~mary jet have been 

studied before both theoretically and experimentally, and the results 

are reported by Quinn (1978), T~a (1977), and several others. Quinn 

(1973), Bev~laqua (1975), and Salter (1975) showed that by using hyper-

mix~ng nozzles for the pr~mary Jet, a h~gh performance and compact-

eJector can be des~gned. Overall aerodynam~c stud~es have been con-

ducted by A~ken (1973) on an ejector with mult~ple rectangular lobes 

w~th var~ous spacing-to-width rat~o and nozzle dimens~ons. From these 

studies ~t was found that the lobe-type nozzles improve stat~c aero-

dynam~c characteristics when compared w~th s~ngle slot type nozzles. 

A numer~cal method capable of model~ng the turbulent m1xing character-

istics of three-d1mens10nal primary Jets has been developed by DeJoode 

and Patankar (1977). Predict~ons of mean velocities were made for the 

case of an eJector w1th hypermix1ng nozzles as the primary Jet. The 

results are 1n good agreement with the experimental results. However, 

no attempt has been made ~n the prev~ous ~nvestigations to study the 
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basic turbulent structure of a flow field which arises from the mixing 

of these multiple Jets. 

2. 4 Nature of the Present Problem 

The experimental studies mentioned above in add1t1on to others 

have contributed to a limited understand1ng of the characteristics of a 

multiple jet configurat1on (both 1n free jet and eJector conf1gurations). 

Very l1ttle is understood about the fundamental nature of the m1xing 

phenomenon occurr1ng between these multiple jets. In the present study 

a methodical set of measurements were made of s1mple turbulent quant1-

ties to evaluate the effects of the 1nteraction of these Jets both 1n a 

free jet configurat1on and in an eJector configurat1on. 

In light of past experimental observat1ons the features of the 

flow are expected to depend upon the following parameters (refer to the 

sketch below, also see F1gure 3.7): 

r 
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The aspect rat~o, L/D, of each lobe. 

Spac~ng, S, between the lobes. 

The ~nlet geometry of each lobe. 

Mach number of the Jet ex~t flow. 
U D 

o 
The Reynolds number, Re = --2- , at the exit of each lobe. 

Type of ex~t veloc~ty prof~le for each lobe. 

Cond~t~ons of the amb~ent med~um ~nto which Jets are ~ssu~ng. 

If the mult~ple Jets are conf~ned between two surfaces (as shown in 

F~gures 1 and 3.6) the follow~ng add~t~onal parameters w~ll also enter 

into the problem. 

Geometry of the conf~n~ng surfaces to s~mulate the flat and 

flap and shroud of the augmentor. 

The spac~ng between the conf~n~ng surfaces. 

F~ve rectangular lobes of equal dimensions ~n line were chosen for 

the present study. Most of the nozzle d~mens~ons are taken from a NASA 

1/3 scale augmentor w~ng model wh~ch was used by Aiken (1973) in his 

exper~ments. The ~nlet geometry of each lobe was des~gned to obta~n a 

flow with m~n~mum d~sturbance at the exit. As a f~rst step in s~mu-

lating the eJector, conf~n~ng surfaces are ~ntroduced as s~mple flat 

plates. Hot-w~re anemometry was used to make the measurements, and an 

ex~t veloc~ty of 60 m/s was chosen for all the measurements reported. 

Th~s results ~n a Reynolds number of 1.2 x 104 based on the small d~men-

s~on of a s~ngle lobe. The ex~t veloc~ty prof~le for all the lobes was 

a top-hat prof~le w~th a lam~nar boundary layer at the walls. The mag-

n~tude of the turbulence ~ntensity was 0.3% at 60 m/s. The Jets ~ssued 

into a qu~et amb~ent surrounding. 
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III EXPERIMENTAL APPARATUS, INSTRUMENTATION, AND PROCEDURES 

3.1 General Considerat~ons 

Most of the gross character~stics of an augrnenter wing w~th lobe-

type nozzles were reported by Aiken (1973). A deta~led survey of the 

mean and fluctuat~ng quant~t~es for a lobe-type nozzle (wh~ch con-

sis ted of a section of a 1/3-scale augmenter wing tested at NASA Ames 

Research Center) was conducted ~n the Aeroacoust~cs Laboratory at 

Stanford prior to the present ~nvestigat~on. These results have been 

reported by Fancher, Krothapall~, and Baganoff (1976, 1977). The non-

un~formit~es in the ~nlet geometry of th~s nozzle ~ntroduced complex~-

t~es ~n the flow f~eld wh~ch caused many d~ff~culties ~n ~nterpreting 

the results. Based on th~s exper~ence a research model was des~gned 

cons~sting of f~ve rectangular lobes ~n a l~ne. Most of the geometr~-

cal dimensions of the research model were taken from the prev~ous model. 

A compar~son of the parameters perta~n~ng to an experimental STOL 

research aircraft w~th the parameters that have been used ~n the pres-

ent investigat~on ~s shown ~n the table below. 

Aircraft speed 

Plenum pressure rat~o 

Lobe aspect rat~o 

Ventilation ratio 

Reynolds number 
(Based on lobe w~dth) 

Augmenter Wing 

~200 knots 

2-3 

0-15 

~10 

40,000-130,000 
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Experiment 

o 

1.03 

16.7 

~10.0 

12,000 



The mean and turbulence measurements were performed uS1ng a lin­

ear1zed constant-temperature hot-wire anemometer. In the follow1ng, 

the different experimental equipment and measurement methodologies are 

descr1bed. 

3.2 A1r Supply System 

The schematic of the a1r supply system is shown in F1gure 3.1. A 

four stage compressor 1S used in conjunct10n with a 104 cu. ft. storage 

tank to provide a blow-down air supply with a peak pressure of 2800 psi. 

The four stage worthington type 280 compressor is able to ra1se the 

storage pressure at a rate of 150 psi per hour, thus requiring 19 hrs. 

to achieve full charge and making possible a 24 hr. test cycle. Figure 

3.2 shows the calculated system run t1me/sq. cm. of nozzle as a function 

of 1nitial supply pressure for a sonic Jet. The run t1ffie for a nozzle 

consistingoff1ve lobes, each measur1ng 5.0 cm x 0.3 cm, would then be 

nearly 20 m1nutes. 

The h1gh pressure air from the storage tank passes through a shut­

off valve and a 0.5 ~m filter before enter1ng 1nto a two-stage regula­

tor control. In the f1rst stage of the regulator the a1r pressure can 

be brought down from a supply pressure of 2800 PS1 to a rnax1mum of 200 

pS1a. A second stage regulator is connected 1n a feedback loop, and is 

used to control the pressure 1n the settling chamber. A relief valve 

wh1ch 1S set at 200 pS1a 1S used between the two stages of the regula­

tor. After leaving the second stage regulator air passes through a sec­

ond relief valve wh1ch 1S set at 120 pS1a, and a 5 ~m filter before en­

ter1ng 1nto the sett11ng chamber. 
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A schematic of the settling chamber is shown in Figure 3.3 with 

the model in place. The air is 1njected 1nto the settling chamber 

through a spray bar which helps in d1stributing the flow un1formly. 

The veloc1ty of the flow in the sett11ng chamber was measured and found 

to be very low (less than 1 m/s). To ensure a low turbulence level at 

the exit of the nozzle, six fine mesh screens were placed at 2 1nches 

apart in the exit section of the settling chamber. These are shown in 

F1gure 3.4. Follow1ng the screen pack, the flow enters 1nto an adapter 

which connects the model to the sett11ng chamber. The adapter w1th the 

original model 1S shown 1n Figure 3.4. In the present experiments the 

adapter was des1gned so that 1t allows the flow to make a smooth tranS1-

t10n from a circular cross sect10n at the eX1t of the sett11ng chamber 

to the rectangular cross sect10n of the model. The turbulence level at 

the eX1t of the nozzle was about 0.3% for an exit velocity of 60 m/sec. 

The total temperature in the sett11ng chamber var1es anywhere from 50°F 

to room temperature. 

3.3 Model 

Most of the geometrical d1mensions of the nozzle 11sted were ob­

ta1ned from an ear11er study for wh1ch the model was constructed from a 

nozzle section supp11ed by NASA Ames Research Center. The nozzle model 

consists of five rectangular lobes, each measuring 5.0 cm x 0.3 cm, 

w1th the lobes spaced 2.4 cm apart. A design drawing of the model is 

shown in Figure 3.5. A p1cture of the model with the adapter and a 

close-up V1ew are shown in Figure 3.6. To ensure a smooth secondary 

flow between the lobes a 70° triangular-shaped vent11ation entry was em-

ployed. 
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All the measurements for the case of a s1ngle jet were performed 

on the center lobe with the rema1n1ng four lobes blocked. The aspect 

ratio of the center lobe was varied from 5.5 to 12.5 by introducing 

stream11ned plugs into the lobe. The measurements of the multiJet con­

f1gurat10n are performed on the center lobe w1th all f1ve lobes opera­

ting. To simulate the flap and shroud of the augmenter two parallel 

Plexiglas plates were added to the mult110be nozzle as shown 1n Figure 

3.6. The leading edge of the plates are rounded w1th no fa1ring added 

as shown 1n the f1gure. The supports for the plates are des1gned such 

that the separat10n between them can be var1ed. A diffuser configura­

tion can also be obtained by 1ncluding an angle between the plates. 

The pos1t10n of the lead1ng edge of the plates can also be varied with 

respect to the exit plane of the lobes. Plates of 30 cm length were 

used in the experiment descr1bed 1n th1s report; however, this length 

can be var1ed 1f des1red. 

3.4 Nature of Measurements 

To obtain a clear understand1ng of the structure of the flow f1eld 

1n three-d1mens10nal turbulent Jets, one requires at least the fol-

10w1ng measurements: mean quant1t1es of the three components of veloc-

1ty (u, v, and w), the1r rms values, and the Reynolds stress components. 

For a thorough understanding of the flow f1eld these measurements 

should be made nearly everywhere 1n the flow field. In add1tion to 

these it is des1rable to have some way to visua11ze the flow, so that 

the measurements can be interpreted more eas11y. 

As a first step in understanding the fluid mechanc1al characteris­

t1CS of multiple Jets, the measurements were primarily confined to the 
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two central planes (xy and xz) of a center lobe in an array of f1ve 

rectangular lobes (see F1gure 3.7). Measurements include mean values 

of the three components of velocity, rrns 1ntens1t1es for the three com­

ponents of velocit1es, turbulent shear stresses (nv and uw, see Figure 

3.7), and the component spectra of the three components of veloc1ty at 

some selected stations in the flow field. Some sch11eren p1ctures were 

also taken to help visua11ze the flow. All the measurements were taken 

at a f1xed Reynolds number (based on the small d1mens1on of the lobe) 

of 12,000. 

3.5 Flow V1sua11zation System 

The convent10nal schlieren techn1que has been adapted for flow V1-

sua11zat1on. A schematic of the system 1S shown in Figure 3.8a. The 

configuration 1S a s1ngle pass design w1th the l1ght path folded tW1ce, 

and uses a collimating lens and two ten-1nch diameter, ten-foot focal­

length spherical mirrors. The system was chosen to allow flexibility 1n 

convert1ng from a sch11eren to a d1rect shadow visua11zat10n arrange­

ment. A schematic of the shadowgraph arrangement used 1S shown in F1g­

ure 3.8b. 

The light source employed was a stroboscop1c h1gh intens1ty flash 

unit (U.S. Scientific Instruments, model 3015 stroboscope) that can be 

operated in two modes. F1rst, 1t can be tr1ggered manually to produce 

a s1ngle flash, as 1n a standard schlieren system. The second mode of 

operation 1S as a stroboscope. Operated 1n this mode any per10dic mo­

tion in the jet can be frozen. The flash un1t used 1n the present 1n­

vestigat10n provides f1ve levels of light output, from 20 x 106 to 
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300 x 106 beam candles, and flash rates from a s1ngle pulse to 1,000 Hz. 

The duration of each flash is a funct10n of the 11ght 1ntens1ty and var-

1es from 1.25 to 7.0 m1croseconds. The standard flash lamp was re­

placed w1th a u.s. Scientif1c instruments ultrahigh 1ntens1ty flash 

lamp (model HiCP-l) with an arc length of 1.0 mm. This lamp was 

mounted behind a metal plate conta1n1ng a 1 rom d1ameter 1r1S. All the 

photographs were taken using a single pulse from the 11ght source. How­

ever, the stroboscop1C light source was very valuable 1n observ1ng the 

flow phenomenon with the naked eye. 

3.6 Probe Travers1ng System 

The travers1ng mechanism w1th the probe 1n pos1tion is shown 1n 

F1gure 3.9a. The system has three translat10nal and three rotational 

degrees of freedom. A three-ax1s probe travers1ng mechan1sm supplied 

byVelvex Corporation gave the three translational degrees of freedom. 

The rotat1onal degrees of freedom were prov1ded through a simple modifi­

cation of a commercially available mach1ne tool, a three-way vise made 

by the Universal V1se and Tool Company, wh1ch was attached to the tra­

verse base as shown in F1gure 4.9b. Th1S un1t allows v1rtually any or1-

entation of the three orthogonal traverse axes. Such flex1b11ity 1S 

necessary for establishing a model or flow-or1ented coordinated system 

which 1S more conven1ent than some arb1trary laboratory system of coor­

dinates. 

The lead screws of the two hor1zontal axes of the traverse mecha­

n1sm were automated w1th the installation of stepper motors and aSSOC1-

ated drive and control log1c circuitry. The lead screw dr1ve employs 

a stepper motor wh1ch 1S driven by a ser1es of pulses, each pulse 
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causing the motor to rotate through a fixed angle. Thus, the total an­

gular rotations can be determined by keeping track of the number of 

pulses sent to the motor. The logic of the stepper motor control cir­

cu~try has been designed to pass two pulses at a time, giving a minimum 

positioning increment of 10-2 mm, wh~ch is the increment marked on the 

lead screw hand-crank, and deemed sat~sfactory for posit~on resolution. 

The probe can be moved continuously, or ~t can be advanced by incre­

ments, the size of wh~ch ~s selected by the operator. There ~s also 

prov~sion for converting the numer~cal count into a proport~onal volt­

age which can be used to drive a scope or an x-y plotter. A mechanical 

coupling allows the motors to be disengaged from the lead screws for 

hand-crank~ng, if des~red. The vertical ax~s d~ffers from the two hor~­

zontal axes ~n that the lead screw may be cranked by hand or at a fixed 

speed by a Bodine ~nduct~on synchronous motor rather than a stepper 

motor. 

3.7 Hot-Wire Anemometry and the Assoc~ated Electronics 

The Equipment 

A OISA two-channel l~nearized constant temperature anemometry sys­

tem was adopted to make the velocity measurements. The system is com­

posed of two of each of the follow~ng ~nstruments. 

55MlO 

55MIO 

55010 

55031 

55035 

Ma~n Un~t Power Supply 

Standard Bridge 

L~near~zer 

O~g~tal Voltameter 

rms Voltameter 
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To calibrate the W1res 1n a known veloc1ty f1eld, a OISA Type 55090 

ca11bration equipment was used. Th1S 1ncludes the following un1tS. 

55044 

55055 

55046 

Pressure Control Un1t 

Nozzle Un1t 

Pressure Converter 

Th1S equ1pment is p1ctured 1n Figure 3.10 along w1th an x-y plotter 

used to record veloc1ty voltage ca11brat1on curves. A regulated 12 bar 

a1r supply 1S provided for the calibration equipment by compressed air 

bottles 1n the laboratory. This equ1pment permits rap1d and eff1c1ent 

ca11brat10n of hot-w1re probes at veloc1ties from 0.5 m/sec to approxi­

mately Mach 1, at a low turbulence level, w1th correction for compress1-

bility. The calibrat10n nozzle unit 1tself 1S prov1ded with a probe 

mounting arrangement that allows determ1nat1on of probe directionality 

characteristics, essential to the correct application of the x-wire 

measurement techn1que. 

The s1gnals from the 11nearizers were sent through a sum and d1f­

ference unit wh1ch was calibrated from dc to 100 kHz. The s1gnals were 

then passed through a OISA type 55031 d1g1tal voltameter, OISA type D35 

rms un1t and TSI model 1076 voltameter to get the mean and rms values. 

The integrat10n times on these instruments can be selected at discrete 

steps from 0.1 to 100 sec. Correlat1on measurements were made uS1ng an 

HP3721A correlator. The correlator is a d1g1tal instrument capable of 

comput1ng and d1splaying, 1n real t1me, auto correlat1on, cross corre­

lat10n and probabi11ty functions. Measurements of the component spec­

tra were obtained uS1ng an HP8556A spectrum analyzer. It was capable 

of measur1ng frequencies ranging from 0 to 200 kHz, w1th a constant 
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bandwidth. The size of the bandwidth can be varied from 10 Hz to 10 

kHz depending on the range of frequencies. A line drawing of this ar-

rangement is shown in Figure 3.11. 

3.8 Calibration and Interpretat10n of X-Wire S1gnals 

Measurements of mean velocities, rms values, and turbulent shear 

stresses in a plane require the use of an x hot-wire system. Wires 

used here were 5 ~m platinum-plated tungsten wires obta1ned from OISA 

(type P6l). 

To facilitate s1gnal interpretat1on, the two wires must be cali-

bra ted 1n a test flow where the rnagn1tude and d1rect10n of the flow 

are accurately known. The calibrat10n of a constant-temperature hot-

wire system 1S usually expressed directly in terms of the br1dge volt-

age E, as a funct10n of veloc1ty V, using an equation sim1lar to equa-

tion (1). 

(1) 

The experimentally determ1ned ca11brat10n curve for E(V) represents the 

work1ng inforrnat10n needed to use the hot-wire. The general form of 

equation (1) suggests that a s1gnal process1ng c1rcuit could be ar-

ranged to produce a linear relationsh1p between E and v, 1.e., 

E = KV (2) 

This l1nearizat10n was ach1eved by uS1ng the OISA 55010 type linear1zer. 

The gains and exponents for each W1re, entered in the corresponding lin-

earizers, were set such that the outputs of both W1res were the same 
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when exposed to ~dentical flow cond~t~ons. The velocity ~nterval se­

lected for th~s calibration ranged from 10 to 70 m/s. The x-wire cal~­

brat~on was carefully performed by us~ng the DISA type 55D90 calibra­

t~on equ~pment. 

The two w~res of the x-array were or~ented at 45° to the direct~on 

of the calibrat~on flow as 

shown in F~gure 3.12. The 

linearized outputs of both 

w~re 1 and 2, precisely ~n 

the form traced by the x-y 

plotter, are shown ~n F~g-

2 

ure 3.13, where the flow F~gure 3.12 

1 

velocity ~s the ~ndependent var~able. We note that the cal~brat~on 

curves for the two w~res superpose so closely that they cannot be d~s­

tinguished from one another. 

The d~rectional sens~t~vity of each w~re must also be quantified 

by a cal~brat~on scheme. The heat transfer rate between a w~re and a 

fluid stream has a strong dependence upon the orientat~on of the w~re 

w~th respect to the flow. Generally, one assumes that the heat trans­

fer rate depends only upon the component of veloc~ty perpend~cular to 

the ax~s of the w~re, this is often referred to as the "s~ne" or "cos~ne 

law", or s~mply as vector decomposit~on. The assumpt~on that the compo­

nent of flow veloc~ty parallel to the heated w~re does not contr~bute 

to the heat transfer from the wire is not strictly correct for a vari­

ety of reasons, but the effect ~s usually small. That the effect ~s 

small enough to be neglected in a g~ven experiment, for a prescr~bed 
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level of accuracy, must, however, be confirmed by the calibrat~on pro­

cess. Using the simple COS1ne law, the decompos1tion equation becomes 

Veff = V cosa (3) 

The x-wire probe was mounted on a positioning gear located at the 

top of the nozzle calibrat10n unit. The position1ng arrangement allows 

the flow 1n the plane of the X-W1re to be var1ed with respect to the 

axis of the probe in a known way. The probe was carefully oriented to 

match the output voltages of the two W1res, and this orientation was 

used to define a = 45° as shown in F1gure 3.14. The plane of the x­

W1re was then adJusted prec1sely to match the plane of the posit1on1ng 

gear by the following procedure. Wire 2 was set normal to the flow by 

use of the pos1t10n1ng gear and the body of the probe was rotated about 

1ts aX1S until W1re 1 gave a m1nimum output voltage. After making 

these adjustments, two ca11bration curves for angular d1splacement were 

obtained as shown 1n Figure 3.14. The output voltages of both wires 

were norma11zed w1th respect to the max1mum output voltage of W1re 2. 

The results ind1cate that there is a small asymmetry between the out­

puts of the two W1res. Th1s can be attr1buted to non-orthogona11ty of 

the two wires. In pract1ce, it is very diff1cult to construct the two 

wires exactly perpendicular to each other. Because the calibration 

curves are used 1n the v1c1n1ty of a = 45°, the pred1ct10n for the u 

and v components of velocity by the use of vector decompos1t1on re­

quires only a small correct10n. 

The percentage error 1n the pred1cted u component of v~loc1ty 1S 

shown in Figure 3.15, where percentage error 1S plotted against the 
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angle of 1ncidence a. In the range a = 25° to a = 75° the error is 

within 1% of the value 4.5%. Because the v component goes to zero at 

a = 45° and thus any error becomes inf1nite, the same format cannot be 

used to display the error. In this case the predicted v component is 

plotted aga1nst the exper1mentally der1ved value of v as shown in Fig­

ure 3.16. The dashed line represents perfect correlation, and the 

solid line represents the best fit of the data in the range a = 20° to 

a = 70°. 

These results suggest that the instantaneous veloc1ty vector can 

only be allowed to fluctuate in the range a = 25° to a = 70°. There 

is an asymmetry about the pos1t10n a = 45° because the two wires are 

not perfectly normal to each other. Use of this X-W1re probe 1n turbu­

lent flows is, therefore, confined to situations where the angular rota­

t10n of the veloc1ty vector does not exceed ±25°. 

Temperature Compensation 

A critical flow parameter to consider when 1nterpret1ng a hot-wire 

anemometer output voltage in terms of velocity 1S the mean temperature 

of the flow, or more precisely, the d1fference, if any, between the tem­

perature of the flow in which the probe was ca11brated and that of the 

flow be1ng measured. Often it 1S not convenient or even poss1ble to 

perform the ca11brat1on at the same mean temperature to be found in the 

exper1mental flow, espec1ally when that flow features a wide distribu­

tion of teMperatures as well as velocities. These differences must be 

accounted for, however, S1nce the response of the anemometer to the ve­

loc1ty f1eld, that 1S, the heat transfer rate of the hot-wire, depends 
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strongly upon the difference 1n temperature between the heated W1re and 

the flu1d flowing around it. Temperature fluctuations may go undistin­

guished from velocity fluctuations, and a change in the mean temperature 

of the flow may be interpreted as a change in the mean veloc1ty when 1n 

fact that veloc1ty has not varied. 

An effective means of correct1ng for such temperature changes is 

the use of so-called temperature-compensated probes and the corre­

sponding bridge C1rcu1t. These probes feature two W1res of ident1cal 

composition. One wire 1S the unusual heated sensor while the other is 

connected to the Oppos1te branch of the br1dge and 1S not heated; this 

wire balances changes ln reslstlvlty of the heated wire due to thermal 

var1at1ons present 1n the flow, and thus 1n effect keeps the overheat 

rat10 of the velocity sensor constant. The frequenc1es of the tempera­

ture variat10ns that can be compensated for depend in an inverse manner 

on the thermal 1nert1a of the unheated sensor, wh1ch depends on the d1-

ameter of the W1re. To properly account for temperature fluctuations, 

the compensating sensor ideally would be exactly coincident w1th the ve­

locity sensor; some comprom1se is, of course, necessary here. 

Various configurations of temperature-compensated probes are avail­

able commercially, but all of these feature only a s1ngle veloc1ty sen­

sor; no temperature-compensated x-probes, with two velocity sensors and 

two compensat1on sensors, are to be had. Considering the large size of 

even the tr1ple-w1re sensors available, such a four-wire sensor, d1d it 

eX1st, would 1ndeed be unw1eldy and qU1te large 1n compar1son to the 

lobed model under study. 
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In cold jet flows such as the one at hand the temperature fluctua-

t~ons are relatively small though not necessar~ly negl~gible compared to 

the veloc~ty fluctuations, but any d~fference between the calibration 

and experimental mean flow temperatures retains ~ts ~mportance. It 

should also be noted that locally normal1zed measurements such as tur-

bulence ~ntens~t~es are l~ttle effected by mean temperature dr~ft, since 

the effect there tends to cancel. For any absolute measurements the ef-

fect must be fully accounted for. The problem, then, remains of how to 

correct the output of the x-wire, which ~s to be the main tool of the 

mult~Jet ~nvest~gat~on, for mean flow temperatures d1fferent from that 

of ca11brat1on without the availab1lity of a temperature-compensated 

x-probe. 

Two alternative approaches have been considered. The f1rst 1S to 

use 55M14 temperature compensator Bridge, w~th a DISA probe type 55P86 

for measur1ng the mean veloc1ty along the aX1S of the center Jet. Thus, 

compare the results obtained from this method to the results of x-wire 

conf1gurat1on. The second alternat1ve is to use a correct10n formula 

to the linearized anemometer output of the x-wire. There are several 

correction formulas available 1n the l1terature, but the one used in 

these measurements 1S as follows. 

(E - E )1' = S • U(l - 2a ~Tm) o 1n a 

temperature-resistance coefficient 

a = overheat ratio = 0.8 

S constant 
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E = is the measure voltage at U = 0 
0 

TIn = fluid temperature 

TInc = calibration fluid temperature 

f:.TIn TIn - TInc 

3.9 Procedure 

The experiment is d1vided in three parts, each one corresponding to 

three d1fferent aspects of the problem as descr1bed 1n the obJective 

part of the Introduct1on. In the first part of the experiment the Jet 

eX1ting from a single rectangular lobe, i.e., the center lobe has been 

surveyed. In the second part, the flow f1eld of a multiple rectangular 

free jet 1S invest1gated. Prof1les of the mean aX1al components of ve­

loc1ty were made for the three center lobes at different downstream loca­

tions and with all f1ve lobes blow1ng. Deta1led measurements were made 

only 1n the flow field of the center lobe with all five lobes blowing. 

F1nally in the th1rd part of the experiment, two end plates were intro­

duced as shown 1n Figure 3.6. Again mean U prof1les were measured 

across the three center lobes with all lobes blowing. The detailed mea­

surements were made only in the flow field of the center lobe. The sep­

aration distance between the plates was varied to study 1tS effect on 

the flow f1eld. 

All the measurements were made at an eX1t veloc1ty for each lobe 

of 60 m/sec. This veloc1ty was maintained constant at an accuracy of 

better than one percent. 

A Cartes1an coordinate system (x,y,z) was used as shown in Figure 

3.7 w1th the x-axis or1ented along the centerline of the jet. Hot-w1re 
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traverses were made ~n the two central x,y and x,z planes at various 

stream-wise (x) locat~ons cover~ng up to l15D. Unless otherwise stated, 

all the data presented here were taken with the x-w~re probe. Mean ve­

locity measurements were made across the entire Jet ~n order to estab­

lish the symmetry of the flow about ~ts central planes; however, only 

the data for each half plane will be presented. For most of the present 

measurements errors were estimated to be of the order of 2 ~ 3 percent 

and a systematic error in the axial component of veloc~ty (due to cosine 

law decomposition) of approximately 5 percent was present. 
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IV RESULTS AND DISCUSSION 

Th~s chapter ~s divided into three sections, each be~ng concerned 

with one of three parts of the problem. The first sect~on presents the 

results of a s~ngle rectangular free Jet. The second sect~on deals 

with the results of multiple free Jets, and finally, the last sect~on 

~s concerned w~th the results of mult~ple Jets in an ejector conf~gura­

t~on. Interpretat~ons and discuss~ons are presented together wlth the 

data. 

4.1 S~ngle Rectangular Free Jet 

On the basis of the present ~nvest~gat~on and the results reported 

by Sforza et ale (1966, 1967), Sfelr (1975, 1978), and those surnrnar~zed 

by RaJaratnam (1976), the flow f~eld of a rectangular Jet may be repre­

sented schemat~cally as shown ln Figure 4.1. Also shown in the flgure 

(as an insert) ~s the variatlon of tn(Uc /uo )2 wlth tn X/D. The three 

regions, as shown ~n the f~gure may be class~fied as follows: the 

f~rst reg~on ~s referred to as a potent~al core reg~on ~n WhlCh the 

ax~al veloc~ty ~s constant; the second region marked by AB, ~n wh~ch 

the velocity decays at a rate roughly the same as that of a planar jet, 

w~ll be referred to as the two-dlmens~onal reg~on; and the third reg~on 

downstream of B, ~n wh~ch the veloc~ty decays at nearly the same rate 

as that of an ax~symmetr~c Jet will be referred to as an aXlsymmetr~c 

region. The two-d~mens~onal type reg~on or~ginates at about the loca­

tlon where the two shear layers ~n the X,Y plane (conta~n~ng the short 

d~mens~on of the nozzle) meet. Correspondingly, one may expect that 
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the aX1symmetr1c reg10n to orig1nate at the locat1on where the two 

shear layers 1n the X,Z plane (conta1n1ng the long d1mens1on of the noz-

zle) would meet. Th1s will be d1scussed further below. 

Prof11es of the mean aX1al veloc1ty 1n the X,Y and X,Z planes at 

three different locat1ons are shown in the schemat1c of flow structure 

1n F1gure 4.1. In reg10ns I and II, the w1dth of the Jet 1n the X,Z 

plane 1S greater, as expected, than the w1dth 1n the X,Y plane. At B 

the w1dths 1n both planes are about the same. In reg10n III, the w1dth 

in the X,Y plane becomes larger than that 1n the X,Z plane. 

The so11d and dashed 11nes shown in the flow schematic dep1ct the 

loc1 of maximum turbulent stresses in the two planes be1ng considered. 

Further d1scuss10n of th1s w111 be g1ven later. 

4.1.1 Mean Velocity Field 

F1gure 4.2a shows, for a nozzle of aspect rat10 16.7, the measured 

decay of the square of the axial veloc1ty along the center11ne. The 

three regions noted in F1gure 4.1 are ident1f1ed as the potential core 

reg10n wh1ch ends at approximately 4D, the two-d1mensional Jet type re-

g10n extend1ng up to about 60D, and the aX1symmetric Jet type reg10n ex-

tending beyond 60D. 2 In reg10ns II and III, U , as 1nd1cated by the 
c 

dashed lines, decays as x-I and x-2 , respect1vely. Results obta1ned 

uS1ng the temperature-compensated probe are also plotted 1n the figure 

to show the effect of the temperature variat10n on the mean veloc1ty 

measurements, along the Jet aX1S. For X greater than or equal to 30D, 

the temperature-compensated probe data result 1n higher veloc1t1es 

when compared w1th the X-W1re data. The ca11brat10n procedure and 
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usage of these (temperature-compensated) probes are not well-documented 

in the literature and thus the data should be treated w1th some caution. 

The extent of these regions (as shown in Figure 4.1 and 4.2a) were 

shown by Trentacoste and Sforza (1967) and Sfeir (1975, 1978) to be func-

tions of both the initial geometry and the aspect ratio of the nozzle. 

To identify the effects of aspect rat10 on these reg10ns, three addi-

tional aspect ratio nozzles of 5.5, 8.3 and 12.5 were tested. Results 

of the decay of the square of the mean aX1al veloc1ty w1th downstream 

d1stance for these nozzles are shown in F1gure 5.2b. As the aspect ratio 

decreases, the pos1t1on of p01nt B, that 1S where the centerline veloc-

1ty f1rst assumes the aX1syrnrnetr1c character, moves upstream toward the 

eX1t of the Jet. From these measurements and the results of Sforza et 

ale (1967,1978) and Sfeir (1975,1978), one finds that for nozzles of 

aspect ratio less than or equal to 10 u2 
1n region II does not decay 

c 

as x-I. The exponent in this power law decay is dependent on or1fice 

geometry as shown by Sfer1 (1978) and on the aspect ratio. 

Figure 4.3 shows the d1stribution of mean veloc1ty U across the 

Jet 1n the X,Y plane at d1fferent downstream stations, ranging from 20 

to 100 widths. The veloc1ty U 1S norrna11zed w1th respect to Uc at each 

stat10n, wh11e the d1stance Y is normalized by the distance X to the 

station in question (n = Y/X). The prof11es are geometrically s1rn11ar, 

w1th1n the l1m1ts of error for the exper1ment, for X greater than or 

equal to 300. The results of Sfe1r (1978) and Gutrnark and Wygnansk1 

(1976) for nozzle aspect rat10s of 10 and 38, respectively, are plotted 

for compar1son. The agreement between the three sets of data is good 

for n less than or equal to 0.1, but for n greater than 0.1 the 
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prof~les from the present ~nvest~gat~on are somewhat w~der than the 

rest. The shape of the prof~les from these three sets of data seem to 

be s~milar. From these observations ~t appears that the aspect ratio 

does not play a cr~t~cal role ~n deterrnin~ng the shape of the s~milar-

ity prof~le ~n the X,Y plane, at least for aspect-rat~os greater than 

10. However, Everette and Rob~ns (1978) reported that the downstream 

d~stance where the prof~les f~rst assume self-s~m11ar1ty appears to be 

d1rectly related to the nozzle aspect rat10. This s1m11ar1ty persists 

both 1n regions II and III as shown 1n the f1gure. Often one nond1men-

s1ona11zes the d1stance Y w1th respect to the local half-w1dth of the 

Jet Y~ (the w1dth correspond~ng to the point where the mean veloc1ty 1S 

equal to one-half of ~ts value on the aX1s). As d1scussed later, the 

half-w1dth 1n the present 1nvest1gat1on varies linearly with X. Th1s 

being the case, the parameter n, but for a scale factor, represents 

equally the rat~o Y/Y~. For compar~son purposes, the error funct~on 

eXP[o.5(Y/Y~)1 of Re~chardt's analys~s (1944) for a two-dirnens10nal Jet 

~s also shown ~n the figure, and seems to agree satisfactorily w1th the 

present measurements. 

Norrnal~zed mean veloc~ty profiles 1n the X,Z plane for d1fferent 

downstream locat1ons are shown 1n F1gure 4.4. The d1stance Z 1S aga1n 

normal~zed w~th respect to the local long~tud~nal d~stance, S = Z/x. 

For locat10ns X less than or equal to60D, prof11es have a saddle shape 

with the maximum veloc1ty occurring near the centerline of the jet. 

The magn1tude of the overshoot seems to be dependent on the type of 

the in~tial geometry of the Jet (Marsters, 1979). Th~s has also been 

noted by others (Sforza et al. (1967, 1978), Sfeir (1975, 1978), 
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Marsters (1979), Bradbury (1965) and VanderHegge Zigen (1957». As sug­

gested by VanderHegge Z1gen (1957), such a profile may be explained as 

result1ng from the superpos1t10n of a un1form stream with the flow due 

to a system of vortex r1ngs representing the Jet. However, more de­

tailed study of the flow field 1S needed to understand clearly the ori­

g1n of such profiles. At large distances downstream, 1.e., for X 

greater than80D, the prof1les appear to have a shape s1m1lar to that of 

an aX1symmetr1c Jet. The s1m1lar1ty prof1le of an aX1symmetr1c jet re­

ported by Wygnansk1 and F1edler (1969) 1S shown for compar1son. It 1S 

also observed from F1gures 4.3 and 4.4 that the veloc1ty prof1les at X 

equal to 60D in both planes are almost 1dent1cal, and at th1s 10cat10n 

the centerline velocity f1rst assumes the aX1symmetr1c character. True 

aX1symmetry (prof1les are 1dent1cal 1n both planes) of the mean veloc1ty 

profiles was observed by Trentacoste and Sforza (1967) far downstream of 

the Jet (1.e., for X greater than or equal to 150 for aspect rat10 of 

10). In the present 1nvest1gat10n, measurements are not made far enough 

downstream to conf1rm th1s. 

The growth of the Jet 1n X,Y and X,Z planes w1th downstream d1s­

tance 1S shown 1n F1gure 4.5a. The ord1nate Y~ and Z~ are the d1stances 

from the center11ne of the Jet to the p01nt where the aX1al mean veloc-

1ty in each plane 1S equal to one-half of its center11ne value. The 

Jet 1n the X,Y planes spreads linearly with X and the locus of the ha1f­

veloc1ty p01nts 15 g1ven by 
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where k = 0.109 and X = -2.SD. For planar jets the value of k varies o 

between 0.09 and 0.12 and a l1st1ng of these values for var10US exper1-

ments 1S g1ven by Katsovinos (1976). 

d1fferent experiments also var1es. 

Sim1larly, the value of X for the 
o 

The var1at1on of these constants can 

be attr1buted to d1fferent 1n1tial cond1t10ns and the free stream turbu-

lence level (Bradshaw, 1966, 1977). As d1scussed later, these also de-

pend upon the aspect rat10 of the nozzle. 

The var1ation of the half-w1dth 1n the X,Z plane as shown 1n F1gure 

4.Sa 1S neither 11near nor does 1t 1ncrease monoton1cally. At some In-

termediate locat10n (X ~ 60D for AR = 16.7) the half-widths 1n the cen-

tral planes cross over wh1ch corresponds to the p01nt B 1n F1gure 4.1. 

The d1stance from the nozzle eX1t to the crossover p01nt along the X 

aXls is denoted by X. For compar1son purposes, the results of Sfe1r 
c 

(1978) for a nozzle aspect ratlo of 10 and for d1fferent 1nlet geome-

tr1es are shown 1n the f1gure. It is noted that y~ exh1bit l1near var1-

atl0n for dlfferent aspect ratios, although the slopes of the lines are 

d1fferent for different 1nlet geometr1es. Although the variat10n of Z~ 

exh1bits slmilar character1stics 1n the two stud1es compared 1n the f1g-

ure, slgn1f1cant differences are found oW1ng to d1fferent 1nlet geome-

trles. It appears that the 1nlet geometry plays an 1mportant role 1n 

the development of the Jet 1n the X,Z plane. 

To observe the effect of aspect rat10 on the growth of a Jet, 

three add1t10nal aspect rat10 nozzles are tested and the results are 

presented 1n F1gure 4.Sb. It 1S observed that y~ exh1blts llnear varia­

tion for dlfferent aspect ratl0s, although the slopes of the llnes are 

different for different aspect ratl0s. The var1at10n of Z~ exh1b1ts 
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similar characterist~cs for all four aspect rat~os stud~ed. As shown ~n 

the figure, the distance X (downstream location of the crossover point) c 

increases with aspect rat~o. 

The var~ation of X w~th aspect rat~o ~s plotted ~n F~gure 4.6. c 

The results of Sforza et ale (1967) and Sfeir (1975) are also included 

in the f~gure. From the data of Sfeir it appears that, for a given as-

pect ratio, X appears further downstream for a jet ex~t~ng from a long 
C 

channel than for a Jet ex~t~ng from an or~f~ce. This ~nd~cates that X c 

depends strongly on the character of the in~tial flow. For aspect ra-

tios greater than 10 it appears that X varies linearly with X as shown 
c 

by the shaded region. 

The mean lateral veloc~t~es ~n the two central planes were measured 

and are shown ~n F~gures 4.7 and 4.8. These veloc~t~es are a small frac-

t~on (5-6%) of the mean ax~al velocity, thus an experimental accuracy of 

about 20 percent was the best attained. Furthermore, large errors are 

~nherent in us~ng hot-w~re anemometry ~n the outer reg~ons of the jet. 

Profiles of the mean veloc~ty V ~n the central X,Y plane for d~fferent 

downstream locat~ons are shown ~n F~gure 4.7. They are geometr~cally 

sim~lar for 30D ~ X ~ 60D and have the expected distr~but~on. Very lit-

tle entrained flow (~nd~cated by the negative V component of veloc~ty) 

~s found ~n the outer reg~on of the Jet for X greater than 20D. 

The mean W component of velocity in the central X,Z plane for dif-

ferent downstream locat~ons is plotted ~n Figure 4.8. For most of the 

prof~le at X equal to 20D, the W component of veloc~ty points toward the 

ax~s of the Jet (~ndicated by the negative values). This behavior ~s 

consistent w~th the growth of the jet ~n X,Z plane. More deta~led 
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measurements ln the entlre cross-sectl0n plane are requlred to lnter­

pret these results properly. 

4.1.2 RMS Intenslties and Shear Stresses 

The rms values of the three components of veloclty fluctuatlons on 

the centerllne of the Jet are shown ln Figure 4.9. These values are 

normalized with respect to the local mean aXlal veloclty on the center 

line. The magnitude of u increases sharply close to the jet exit and 

reaches a maxlmum value of about 0.195 at X equal to 10D. It then de­

creases and increases again gradually. Such a behavl0r, for X less 

than 30D, is typical of a Jet with lamlnar top-hat proflle (startlng 

boundary layers are lamlnar) at the eXlt plane and which goes through a 

transition reglon before it becomes a turbulent jet. ThlS has been ob­

served by Sato (1960) for a two-dimenslonal Jet. The varlatl0n of u 
wlth X has been observed to depend upon the state of the initlal bound­

ary layers at the nozzle eXlt. See, for lnstance, Hill et al. (1976) 

for a rectangular Jet of aspect ratlo 10.5 and Bradshaw (1966) for an 

axisymmetrlc Jet. They found that when the initlal boundary layers are 

lamlnar, u varies as dlscussed above while, when the boundary layers 

are turbulent, u varles monotonlcally with X. 

The results of Sfeir (1978) for a Jet of aspect ratlo 10 and those 

of Gutmark and Wygnanski (1976) for an aspect ratio of 38 are lncluded 

ln Figure 5.9 for comparlson. In both cases, the exit veloclty pro­

flIes were top-hat dlstrlbutl0ns. On examlnlng the varlatl0ns of u 

wlth X close to the Jet exit, one may conclude that the boundary layers 

ln these two cases were llkely turbulent. From these observatlons, we 
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note that both the state of the boundary layer at the nozzle ex~t and 

the aspect ratio affect the way u varies with X as well as its absolute 

magn~tude. 

To account for the temperature var~at~on in the Jet, a DISA temper­

ature compensated probe was used to make some addit~onal measurements. 

The rms values obtained with this method, which are denoted by Ut ' are 

shown in Figure 4.9. The d~fference between U and Ut are qu~te small. 

The var~at~on of v and w along the centerl~ne as shown in F~gure 

4.9 also exh~b~t character~st~cs sim~lar to U. In the fully developed 

region of the Jet, i.e., for X greater than 30D, the magnitude of U 

is greater than that of either v or W, as ~s also found in other free 

shear layer flows. 

In invest~gat~ng the effect of the state of the ~nit~al boundary 

layer on jet mixing, Hill et al. (1976) studied the flow by means of 

spark schl~eren photographs. They found coherent large scale struc­

tures in the Jet shear layer when the initial layer was laminar. When 

~t was turbulent, such structure was not observed. A typical schlieren 

p~cture (with an exposure time of 5 ~s) of the Jet flow ~n the present 

investigation is shown ~n F~gure 4.10. Here, large scale structure is 

observable, as ~n the case of H~ll et al. (1976), for the laminar top­

hat profile present ~n the experiments. 

To further examine the large scale structure, osc~llograph records 

of u fluctuations along the centerl~ne of the Jet, for 2D ~ X ~ 20D, 

are shown ~n Figure 4.11a. Oscillograms of the autocorrelat~on func­

tion for the respective signals are shown in Figure 4.1lb, where the 

scale for the time variable is in microseconds. F~gure 4.llc shows the 
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frequency spectrum of the u fluctuations along the centerline of the jet. 

The hor1zontal scale 1S kilohertz. Close to the Jet eX1t (1. e., at X 

equal to 20), strong periodicity is observed 1n both the time slgnal and 

the autocorrelat10n function. A strong d1st1nct1ve peak 1S observed in 

the spectrum at about 5800 Hz. Some per10d1c1ty rerna1ns 1n the slgnal 

for stat10ns up to lODe This 1S also shown by the1r respect1ve autocor­

relat10n functions. The pos1t10n of the d1stinct peak 1n the frequency 

spectrum observed for X < 100 moves Sllghtly with downstream d1stance. 

With increasing distance, downstream of the jet, the spectral energy 

shifts toward the low frequenc1es as shown in the figure. At 20D the os­

c1110graph record of the u fluctuat10n resembles a typ1cal slgnal in a 

turbulent flow f1eld. The autocorrelat10n funct10n 1S also tYPlcal of a 

turbulent flow. Most of the energy in the frequency spectrum is ln the 

low frequencies (i.e., less than 10 kHz). Slmilar measurements were 

also made for the v and w fluctuatl0ns and the results show features simi­

lar to the ones dlscussed above. Measurements of thlS kind were also 

made at 10catl0ns off the centerllne of the Jet, and no signlflcant dlf­

ferences were found. From these observatl0ns along wlth the schlleren 

pictures, one may conclude that discrete frequencles appear only in the 

lnltial stages of transition from laminar to turbulent flow. 

Prof11es in the X,Y plane of u, v and w at dlfferent downstream 10-

catl0ns X are shown in Flgures 4.12-4.14. The u profl1es indicate geo­

metrlcal similarlty for 300 ~ X ~ GOD and show a distlnct saddle shape. 

Slrnilar measurements have been made by Sfeir (1978), and he concluded 

that the profl1es across the Jet are self-slrnilar for all X greater 

than 30D. However, after careful examlnatl0n of his data and ln 11ght 
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of the present measurements, it is noted that both sets of data (Sfe1r, 

1978, and present 1nvestigat1on) are fully similar only 1n the so-called 

two-d1mensional reg10n of the jet (see reg10n II of F1gure 4.1). The 

maximum value of u occurs at n ~ 0.075. The U prof11es for two-

dimens10nal Jets show fairly large var1ations from one investigat10n to 

another (see F1gure 5 of Everett and Rob1ns, 1978). A tYP1cal prof1le 

of Everett and Rob1ns (1978) 1S plotted for comparison. In general, 

the shape of the prof11e agrees w1th present measurements. For loca-

tions of X greater than 600 (i.e., 1n the so-called aX1symmetr1c reg10n) 

the profiles assume an axisymmetr1c character (see F1gure 4 of Wyngansk1 

and Fiedler, 1969). 

-The profiles of v and ware shown 1n Figures 4.13 and 4.14, respec-

t1v~ly. In the two-d1menS1onal region, each of these prof11es shows be-

hav10r sim11ar to that of a two-d1menS10nal Jet. 

It 1S somet1mes useful to study the spatial d1str1but10n of the tur-

bulent kinet1c energy per un1t volume, which 1S one-half the sum of the 

Reynolds normal stresses ~p(~2 + v2 + w2 ). The normal1zed turbulent 

energy distribution 1n the central X,Y plane for var10US downstream 10-

cations are shown in Figure 4.15. The d1stribution in reg10n II is simi-

lar to that of a two-dimenS10nal Jet and has a saddle shape. The maX1-

-2 mum value of q occurs at n = 0.075. In the central reg10n of the Jet 

(n ~ 0.1), prof11es for X greater than 600 (l.e., 1n reg10n III) show a 

character slm11ar to that of an aX1symmetr1c Jet w1th magnitudes greater 

than those 1n region II. 

Prof11es of li, v and w in the X,Z plane are shown 1n F1gures 4.16-

-4.18. It appears when compar1ng the u profiles 1n F1gure 4.16 w1th the 

39 



corresponding mean veloc~ty prof~les in F~gure 4.4 that the po~nt of 

rnax~murn turbulence intens~ty coinc~des w~th the po~nt where the veloc~ty 

grad~ent (dU/dZ) ~s max~murn. The U prof~le ~n the X,Z plane develops a 

strong saddle shape for X greater than 60D as shown ~n the f~gure. The 

appearance of a saddle-shape profile in a Jet usually ~nd~cates the end 

of the so-called potentlal core, WhlCh marks the merglng of the two 

shear layers of the Jet. Wlth thlS ln mlnd, lt may be argued that the 

two shear layers from the long dlmenSlon of the nozzle, in the present 

lnvestlgation, meet at X ~ 60D. 

The profl1es of v and W ln the X,Z plane are shown ln Flgures 4.17 

and 4.18, respectlvely. At each downstream locatlon the rnagnltudes of 

v and ware about the same at their correspondlng posltlons ln the lat­

eral direction (l.e., along the Z axis). 

The normallzed turbulent energy (q2) dlstrlbutl0n across the Jet ln 

the X,Z plane for d~fferent downstream locat~ons are shown ~n F~gure 

4.19. As observed earller, a strong saddle shape ln the dlstributl0n oc­

curs for locatl0ns of X greater than 60D. 

The normallzed turbulent shear stress uv ln the X,Y plane for dlf­

ferent downstream locations lS shown ln Flgure 4.20. The stress lS nor­

malized wlth respect to the square of the local centerline velocity. 

The proflles are geometrlcally slm~lar for X greater than or equal to 

30D. The maxlmurn value lS observed at n ~ 0.075, and thlS lS also where 

the gradient (dU/dY) and the turbulent energy ln reglon II were found 

to be maxlmurn. The slml1arlty prof lIes glven by Gutmark and Wygnanski 

(1976) and Sfelr (1978) represent the shape well but not the ordlnant 

of the mean prof~le drawn through the data in F~gure 5.20. The 
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magnitude of the normal~zed turbulent shear stress uw was found to be 

~ 

much less than that of uv at corresponding locations in the X,Y plane. 

Figure 4.21 shows the normalized shear stress uw prof~les ~n the 

X,Z plane. At each locat~on X, the point of maximum shear stress corre-

sponds to the point of max~mum veloc~ty gradient (dUldz) and the po~nt 

of max~mum turbulent energy. In reg~on III, at any g~ven X, the magn~-

tude of the max1mum uw ~n the X,Z plane ~s found to be greater than the 

max~mum uv ~n the X,Y plane. At each location X, for both the X,Y and 

X,Z planes, the p01nt of maximum shear stress corresponds to the point 

of max~mum u, V, and w. The loc1 of these p01nts are shown 1n the flow 

schemat1c of F1gure 4.1. 

4.2 Multiple Rectangular Free Jet 

A schemat1c of the flow f1eld of a multiple rectangular free Jet 1S 

shown ln F1gure 4.22. Mean velocity prof11es 1n the two central planes 

for the center three nozzles are shown ~n the f~gure. For the conflgu-

rat10n tested (for SID = 8, AR = 16.7), the flow from each lobe does 

not exh~b~t any mutual 1nteractlon for X less than 150. Complete 

merg1ng of the Jets (i.e., lnd~v~dual jets lose the~r ~dent~ty) is ob-

served for X equal to 600, and ~s lnd~cated by a flat velocity prof~le 

across the lobes. The mean veloc1ty ~n the central X,Z plane at d~ffer-

ent downstream locat1ons exh1b1t character~stics s1milar to that of a 

s1ngle free Jet. The shaded reg~on ~s an attempt to show the pseudo-

potential core region, after WhlCh the Jet acts l~ke a s1ngle two-

dimensional Jet with its minor axis being along the Z axis. 
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4.2.1 Mean Velocltles 

Mean axial veloclty proflles in the central X,Y plane for the cen­

ter three lobes at various downstream locations covering up to X equal 

to 60D are shown ln Flgure 4.23. These profl1es were plotted wlth an 

X-Y recorder wlth the lnput to the X aX1S connected to the posltl0n sen­

sor of the probe and the lnput to the Y axis connected to the output 

of a dlgltal voltameter, the lnput of WhlCh lS the 11nearlzed output of 

a single normal hot-wire. The lntegration tlme on the digital volta-

meter was held at one second. At the exit plane, top-hat profiles 

having equal magnltudes were found wlth very 11ttle secondary flow be­

tween the Jets. Significant merging of the jets first seems to occur at 

a location of about l8D. The flat prof lIe establlshes that complete 

mixlng of the jets has occurred at a locatl0n of approxlmately 60D. Ve­

locity proflles are observed to be flat across the center three Jets for 

locatl0ns 60D < X ~ l15D. 

For the conflguratlon studled, a slgnlflcant region eXlsts where 

the mean veloclty profiles of the individual Jets behave quite lndepen­

dently of each other. A siml1ar phenomenon was also observed by 

Marsters (1977) for the case of two ventllated parallel plane Jets. 

However, two unventl1ated parallel plane jets, such as the ones studled 

by Miller and Cummings (1960) and Tanaka (1974), show a subatmospherlc 

pressure regl0n between the Jets near the nozzle exit, and the jets at­

tract each other. To further examlne this phenomenon, a short exposure 

(5 ~s) schlieren picture was taken of the center three lobes, and is 

shown in Flgure 4.24. Here it is observed that the lndlvldual jets do 

not attract each other, and mixlng with ambient air takes place quite 
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independently. The large scale structure such as that observed 1n the 

s1ngle free jet can also be seen clearly 1n the p1cture. The flow ex-

1t1ng from each lobe seems to be 1dent1cal for the center three lobes. 

The prof1les were found to be symmetric about their ind1v1dual Jet 

axes; therefore most of the detailed measurements are made from Y equal 

to zero to Y equal to 4D (m1dway between two adjacent jets) along the 

positive Y axis. The measurements discussed below were made only 1n the 

two central half-planes of the center lobe. 

The decay of the square of the mean axial veloc1ty for both s1ngle­

jet and mult1ple free-Jet conf1gurat1on 1S shown 1n F1gure 4.25. The re­

sults for the two cases are 1dentical up to X equal to 40D. For loca­

t10ns X greater than 40D, the decay 1S slower, as shown 1n the f1gure. 

The dashed lines in region II and reg10n III represent the character1s­

t1C decay of a s1ngle two-d1mens10nal jet and an aX1symmetr1c jet, re­

spect1vely. 

The normalized mean veloc1ty profiles 1n the X,Y plane for the cen­

ter Jet are shown 1n F1gure 4.26 for the cases of s1ngle jet and mult1-

pIe free jet. The prof1les upstream of the merg1ng reg10n agree quite 

well as dep1cted by a typical profile at X equal to 10D. A nearly flat 

prof1le 1S observed at 60D. 

The normal1zed mean veloc1ty prof1les in the central X,Z plane are 

shown 1n Figure 4.27 for var10US downstream locations covering up to 

100D. For X less than or equal to 40D, the prof1les exh1bit a saddle 

shape with the maximum appear1ng near the centerline, and are 1dentical 

to that of a single Jet when compared at their correspond1ng locations. 

Profiles for X greater than 40D, 1n the multiple jet case are broader 
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than that of a s1ng1e jet at their correspond1ng downstream locations. 

To further examine th1s, the growth rate 1n the X,Z plane of the cen­

ter jet in both the single and mult1ple Jet conf1gurat1ons are plotted 

W1th downstream distance 1n F1gure 4.28. The growth rate 1n the X,Y 

plane for a s1ngle Jet 1S also included in the f1gure. As one expects 

from the above d1scussion, the growth rate of the jet 1n the X,Z plane 

for both cases 1S almost ident1cal up to X equal to 400. For X greater 

than 400, growth rate in the mult1ple Jet conf1gurat1on 1S greater than 

that of a s1ngle Jet. From these observat1ons, 1t may be concluded 

that, for the spac1ng stud1ed, the mutual 1nteract10n between the Jets 

1S strongly felt at about X equal to 40D, wh1le s1gn1f1cant merg1ng of 

the jets 1n the central X,Y plane occurs at X equal to 200. 

4.2.2 RMS Intens1t1es and Shear Stresses 

The rrns 1ntensity for the axial component of veloc1ty along the 

center11ne of the Jet for both the s1ngle and mult1ple Jets 1S shown 1n 

F1gure 4.29, along w1th the results (data represented by a so11d l1ne) 

of Gutmark and Wygnanski (1976) for a planar Jet. The rms intens1ty 1S 

normalized w1th respect to the mean aX1al veloc1ty at the eX1t rather 

than w1th the local mean center11ne veloc1ty. W1th th1s type of 

norma11zat1on that any changes 1n the absolute value of the 1ntens1ty 

can be brought out very clearly. The rms values are almost ident1cal 

1n both cases for X less than 40D, and a max1murn value of about 0.125 

occurs at a location of X equal to 100. For X greater than 400, the 

magn1tude 1S less than that of a single free Jet, as shown 1n the fig­

ure. Th1S substant1al reduct10n 1n magn1tude 1S the result of a mutual 
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1nteract10n between the adjacent Jets. The results for a planar Jet 

are shown for purposes of compar1son, and are seen to exh1b1t values 

h1gher than that of a single rectangular Jet. It 1S felt that th1s d1f-

ference can be attr1buted to d1fferent 1nitial conditions in the two ex-

per1ments as d1scussed 4.1.2. 

- -The normalized rms 1ntens1t1es u, v and w along the center11ne of 

the center lobe are shown in Figure 4.30. The variat10n u 1S almost 

1dentical to that of a single jet for X less than 40D. For X greater 

than 40D, it reaches a constant value of about 0.12. The quant1t1es 

V and w have a behav10r s1milar to that of u. For X greater than 60D, 

the magn1tudes of u, v and ware about the same (v w = 0.9 u), wh1ch 

suggests 1sotropy along the center11ne of the Jet. Th1s is not the 

case 1n a s1ngle free Jet, where the magn1tude of u 1S h1gher than that 

- -of e1ther v or w. 

The u profiles 1n the X,Y plane for d1fferent downstream locat10ns 

are shown 1n F1gure 4.31. Prof11es for X less than 20D are almost 1den-

t1cal to a s1ngle free Jet when compared at appropr1ate locat1ons. For 

X greater than or equal to 60D, the prof11es become flat Just as the 

mean veloc1ty prof11es. -S1milar observat10ns are also made from the v 

and w prof1les 1n the X,Y plane, as shown 1n F1gures 4.32 and 4.33, re-

spect1vely. For X greater than 60D 1t 1S noted that the magn1tudes of 

u, v and ware nearly equal across the lobes, Wh1Ch suggests 1sotropy 

in the central X,Y plane. 

-The prof1les of U 1n the X,Z plane for various downstream loca-

t10ns covering up to 100D are shown 1n Figure 4.34. For X less than 40D, 

the prof1les are sim1lar to those for a s1ngle free Jet. For X greater 
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than or equal to 60D, the prof11es develop a pronounced saddle shape 

as shown In the figure. The appearance of a saddle shape prof1le 1n a 

jet usually indicates the end of a potent1al core. The rat10 of 

u!u 1S about 1.5, wh1ch 1S h1gher than that observed 1n a S1n-
max center 

gle free Jet. The larger the rat1o, the stronger 1S the 1nd1cat10n 

that the measurements are made close to a potent1al core. W1th th1s 

1n m1nd, one may conclude that the flow f1eld appears as though 1t 1S 

emerg1ng from a single two-d1mens10nal slot w1th the w1dth of the slot 

be1ng the long d1mens1on of the lobe. The shaded reg10n 1n Figure 5.23 

was drawn to represent a pseudopotent1al core for th1s equ1valent two-

d~mens~onal Jet wh~ch ends at X equal to 60D. 

The prof~les of v 1n the X,Z plane are shown 1n F1gure 4.35. For 

X greater than or equal to 60D, the prof11es exh~b1t a saddle shape. 

This further supports the above d~scuss~on. However, W prof11es, wh~ch 

are shown ~n F~gure 4.36, do not exh~b~t a s~gn~f~cant saddle shape, 

wh~ch is cons~stent w1th the observation of the prof~les at the end of 

a potent1al core of a two-d1menS10nal Jet. In the outer port10ns of 

the Jet (i.e., for ~ > 0.15) the magn~tudes of v and ware the same for 

-X greater than 40D. For X greater than 40D, the magn~tudes of u, v and 

ware lower when compared w1th that of a s~ngle Jet at correspond1ng 

downstream locat~ons. 

To further exam1ne the degree of ~sotropy 1n the central X,Y plane, 

the normal~zed turbulent shear stress ~ for d~fferent downstream loca-

t10ns are plotted 1n F1gure 4.37. The stress, as before, ~s normal1zed 

w~th respect to the square of the local centerl~ne veloc1ty. For X 

equal to 20D, the prof~le 1S qU1te s1m1lar to that of a s1ngle free Jet. 
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For X greater than 60D, the normalized stress is qU1te small 1n con-

trast to a single jet where it varies only slightly with downstream dis-

tance. The norma11zed turbulent shear stress uw 1n the X,Y plane is 

found to be negligible for all the downstream stat10ns measured. 

The normalized turbulent shear stress GW in the central X,Z plane 

for various downstream locations are shown 1n Figure 4.38. At each 10-

cation X, the p01nt of max1mum shear stress corresponds to the p01nt 

where the veloc1ty gradient (dU/dZ) and turbulent intens1ties are maX1-

mum. It is again found, when compared w1th that of a s1ngle jet, that 

the values of uw for X greater than 400 are less at corresponding loca-

t10ns. In add1t10n, the magnitUdes of uv are neg11g1ble 1n the central 

X,Z plane. 

From these measurements it is observed that the magnitUdes of the 

turbulence quantit1es for X greater than 400 was found to be less 1n 

both the X,Y and X,Z planes, when compared wlth those of a s1ngle Jet 

at corresponding 10cat10ns. This reduction 1n magn1tude can be attr1b-

uted to two causes: (1) Most quantit1es are norma11zed w1th respect to 

the local center11ne velocity. In the multiple Jet case, for X greater 

than 400 as shown 1n F1gure 4.26, the center11ne veloc1ty decays much 

slower than that of a slngle jet. However, th1s ln 1tself 1S not the 

complete explanation. (2) The reduction in magnitUde 1S also due to 

the mutual interactl0n of the adJacent Jets, and th1s 1S clearly shown 

1n the var1at10n of I'u 2 along the center11ne of the Jet. Th1s seems 

to be the maJor contrlbutlon to the reduct10n 1n all of the turbulence 

quantities. To further understand th1s lnteractl0n, one needs to make 

addltl0nal detailed measurements such as the two-polnt space tlme corre-

lations in the flow f1eld. 
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4.3 Multiple Jet in an Ejector Configuratlon 

~ schematlc of the configuration under conslderation lS shown in 

Flgure 4.39. As before, the long dimenslon of the lobe lS denoted by 

L (equal to 5 cm), whlle the spaclng between the plates lS denoted by 

Ll . The separation dlstance Ll can be varled from 6 cm to 7.5 cm. The 

gap G as shown ln the figure can be adjusted to a locatl0n where the 

maXlmum secondary flow lS induced. Most of the detalled measurements 

were made ln the two central planes X,Y and X,Z of the center lobe. 

For most of thlS sectl0n the data of the two central half-planes wlll 

be presented. 

4.3.1 Mean Velocltles 

Mean aXlal veloclty proflles in the central X,Y plane for the cen­

ter three lobes at various downstream locations for Ll equals to 1.34L 

and 1.5L are shown ln Flgure 4.40 and 4.41 respectlvely. These pro­

flIes were plotted wlth an X-Y recorder wlth the output of the averaged, 

llnearlzed slngle normal wire connected to the Y aX1S whlle the POSl­

tl0n of the probe was dlsplayed on the X aX1S. The lntegratlon tlme on 

the dlgital voltameter was held at one second for both cases. For Ll 

less than 1.5L, low frequency dlsturbances (characteristlc tlme greater 

than 1 sec) were present, and mean aXlal velocity profiles ln the X,Y 

plane were found to be asymmetrlcal about their axes. Proflles typical 

of such a situatl0n at Ll equal to 1.34L are shown ln Figure 4.40. 

Even at large downstream dlstances, for example, at X equal to 800, low 

frequency dlsturbances were observed. Slmllar observations were also 

made by Corrlsln (1944) in an lnvestlgatl0n of the behavl0r of parallel 

two-dlmenslonal alr Jets. In hlS case asymmetry of the proflles was 
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more pronounced than 1n the present case, and can be attr1buted to his 

Jets be1ng unvent1lated. 

For Ll greater than or equal to 1.5L fewer low frequenc1es were 

present, and the profiles looked very s1m1lar to those of a multiple 

free Jet with some secondary flow induced between the Jets. Prof1les 

typical of such a situat10n at Ll equal to 1.5L are shown 1n F1gure 

4.41. As before, top-hat profiles with equal magnitudes are found at 

the exit plane. At X equal to 5D, a noticeable amount of secondary 

flow 1S 1nduced between the Jets in contrast to a free Jet conf1gura-

t1on. The rat10 of U (secondary flow velocity) to U (ex1t veloc1ty) 
s 0 

is about 0.08. Marsters (1977) reports the rat10 be1ng 0.125 for two 

ventilated plane parallel Jets at the correspond1ng spac1ng and Rey-

nolds number (Re = 12,000). A nearly flat prof1le estab11shes that 
D 

complete mix1ng of the jets has occurred at a location of approx1mately 

60D. The effect of the f1nite number (5) of Jets 1S 1ndicated by the 

drop 1n the magnitude of the velocity at the t1PS of the prof1le, wh1ch 

first appears at X equal 60D. This 1S not not1ceable 1n the free Jet 

configuration. Most of the measurements described hereinafter are for 

the case of a separat10n d1stance of 7.5 cm (1.5L). 

The decay of the square of the mean aX1al velocity w1th downstream 

d1stance for the three cases (S1ngle free Jet, mult1ple free Jet and 

conf1ned mult1ple Jet) is shown 1n Figure 4.42. The decay for the case 

of the mult1ple conf1ned Jet 1S almost 1dent1cal to that of a mult1ple 

free jet. Judging from this 1t seems that the effect of the conf1n1ng 

surfaces on the center11ne veloc1ty of the jet 1S m1nimal. As descr1bed 

1n the previous section, the decay of the single jet follows the mult1-

ple Jet data closely in the first reg10n and most of the second region. 
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The normalized mean veloc1ty prof1les 1n the X,Y plane for the cen­

ter Jet are shown in F1gure 4.43. The secondary flow 1nduced between 

the jets 1S seen 1n the prof1le at X equal to 100. Prof1les for th1s 

case, for X less than 400, have magn1tudes less than those of the S1n­

gle and mult1ple free jets, when compared at the1r correspond1ng loca­

t1ons. For X greater than or equal to 600, the prof1les for the mult1-

pIe free Jet and mult1ple conf1ned Jet are almost 1dent1cal, and the 

mean veloc1ty 1S un1form across the lobes. 

The prof1les 1n the central X,Z plane show marked d1fferences 

when compared w1th a mult1ple free Jet conf1gurat10n, and a schemat1c 

of th1s flow field 1S shown in F1gure 4.44. The prof1les are plotted 

to scale. The dotted 11ne 1n the f1gure correspond to a pseudopoten­

t1al core where the jet beg1ns to act 11ke a s1ngle Jet (see F1gure 

5.23). The end of th1s pseudopotent1al core occurs at X equal to 600. 

For X greater than 60D, the mean veloc~ty prof~les are almost flat 

across the Jet. Th1s observat10n along w1th the prev10us d1scuss1on 

(regard1ng prof1les in the X,Y plane) suggest that the mean veloc1ty 

for X greater than 600 1S homogeneous. 

The normal1zed mean veloc1ty prof1les 1n the X,Z plane are shown 

1n Figure 4.45. The abscissa Z 1S normal1zed with respect to the lobe 

width 0, while as before the mean veloc1ty 1S normal1zed w1th respect 

to the centerline mean velocity at the correspond1ng stat1on. The f1g­

ure also locates the pos1t10n of the plate. For X less than or equal 

to 400, the prof1les exh1b1t a saddle shape. For locat10ns X greater 

than or equal to 600, the prof1les are more nearly uniform across the 

Jet, and have a local ffi1n1mUm as shown 1n the f1gure. 
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To exhibit the influence of the plates on the flow f1eld, the pro­

files in the X,Z plane for the two cases of the mult1ple free Jet and 

the mult1ple conf1ned jet at a typical location of X equal to 60D are 

shown 1n Figure 4.46. The profiles 1n the center port1on of the Jet 

(Z $ 6D) are almost 1dentical. The area under the profile of the con­

f1ned jet 1S greater than that of a free Jet, wh1le the areas in the 

X,Y plane for both cases are nearly 1dent1cal at this locat10n (X = 60D). 

Th1S suggests a greater mean flow through the channel than for the case 

of a multiple free Jet. 

4.3.2 Turbulent Intens1t1es and Shear Stresses 

The rms 1ntens1ty for the axial component of veloc1ty on the cen­

terline of the jet, along w1th the results of a mult1ple free Jet are 

shown 1n Figure 4.47. The rms 1ntens1ty 1S normalized w1th respect to 

the mean axial veloc1ty at the exit rather than w1th the local mean cen­

ter11ne veloc1ty. The results for both cases are almost 1dent1cal. As 

d1scussed 1n the previous sect10n, for X greater than 40D the magn1-

tudes are less than that of a single free jet. 

The normalized rms 1ntens1t1es along the center11ne of the Jet are 

shown 1n F1gure 4.48. For X less than 10D, the results are the same as 

that of the prev10us two cases, and are therefore not d1splayed 1n the 

figure. The ti value reaches a max1mum at X equal to 30D 1nstead of 10D 

as in the two preV10US cases. For X greater than 60D, 1t reaches a con­

stant value of about 0.12. The quant~t~es v and W have a behav10r S1m1-

lar to that of u. For X greater than 60D 1t 1S found that v ~ 0.88 ti, 

w ~ 0.83 ti wh1ch suggest a near 1sotropic behavior along the center11ne 

of the Jet. The values of the rat10s viti and w/u in the present case 

are lower than those of a mult1ple free jet. 
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The u prof1les 1n the central X,Y plane for d1fferent downstream 

locat~ons are shown ~n F~gure 4.49. For X greater than or equal to 60D, 

the prof~les become flat Just as the mean veloc~ty prof~les. Prof1les 

for all downstream locations are almost 1dent1cal to those of the mult1-

pIe free Jet when compared at the1r correspond~ng 10cat10ns. Sim1lar ob-

servat10ns are also made from v and w prof1les in the X,Y plane, wh1ch 

are shown 1n F1gure 4.50 and 4.51 respect1vely. The values of the ra-

t10S v/ti and w/ti 1n the present case are lower than those of a mult1ple 

free Jet when compared at appropr1ate locat10ns along the Y ax~s. 

-The prof1les of u 1n the central X,Z plane for d1fferent downstream 

10cat10ns, are shown 1n Figure 4.52. The d1stance along the Z axis 1S 

normal1zed w1th respect to the w1dth D. Prof1les for X less than 200 

are almost identical to those of a mult~ple free Jet at corresponding 10-

cat10ns. Un11ke the prev10us case, a very m1ld saddle shape prof1les 1S 

developed at X equal to 600, and the profile 1S nearly uniform. Further 

flatten1ng occurs for locat1ons of X greater than 600. Th1S observat10n 

along W1th the correspond~ng profiles in the X,Y plane suggest that the 

f1eld of turbulence 1S qU1te homogeneous. 

The profiles of v and ware also un1form for X greater than 600 as 

shown in F1gures 4.53 and 4.54, respect1vely, w1th the values v ~ 0.88 ti 

and W ~ 0.83 ti. Judg~ng from these results one can conclude that the 

flow f1eld 1n the channel for X greater than 600 1S nearly homogeneous 

and 1sotrop1c in structure, and the flow f1eld for the center three Jets 

has character1stics qU1te s1m1lar to that of a flow generated by a gr1d. 

~ 

The norma11zed turbulent shear stress uv for d~fferent downstream 

locations are plotted 1n F1gure 4.55. The prof~les are almost ident~cal 
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to those of a multiple free jet when compared at correspond1ng loca­

tions. For X greater than 60D, as in the previous case, the normal1zed 

stress is qU1te small. The normal1zed turbulent shear stress uw 1n the 

X,Y plane is found to be neglig1ble for all downstream stat10ns mea­

sured. 

The normalized turbulent shear stress uw 1n the x,z plane for vari­

ous downstream locat1ons are shown 1n F1gure 4.56. The values of uw in 

the present case are lower than those for the mult1ple free Jet at cor­

respond1ng locat10ns. The values of uw across the Jet for X equal to 

100D are very small (of the order of 0.003). L1kew1se, the magnitudes 

of ~ 1n the X,Z plane are found to be very small. These results along 

w1th mean veloc1t1es and turbulent 1ntens1t1es 1n both X,Y and X,Z 

planes suggests that the flow field 1S nearly homogeneous and 1sotrop1c 

1n the channel for X greater than 60D. 
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V THEORETICAL CONSIDERATIONS 

In this chapter an attempt is made to develop an analyt1cal model 

to pred1ct the mean velocity profiles for the case of a two-d1mens10nal 

jet at low (1ncompress1ble) speeds discharg1ng 1nto st111 flu1d of S1m1-

lar dens1ty. The analysis 1S based on Re1chardt's induct1ve theory 

which 11near1zes the equat10n of mot10n for the mean square veloc1ty 

and thus enables the superpos1t1on of this parameter for mult1ple inter-

fer1ng jets. As a result a pred1ct1on can be made for the d1stance down-

stream of the Jet eX1t at wh1ch the flow becomes un1form, that 1S, where 

the merg1ng two-dimens1onal Jets lose their 1nd1v1dual 1dent1t1es and 

behave as a s1ngle Jet. 

5.1 Equat10ns of Mot10n: the Boundary Layer Approx1mat10n 

A right-handed cartes1an coord1nate system 1S chosen w1th coordi-

nate x p01nt1ng along the direct10n of the mean flow U. The Nav1er-

Stokes equat10ns 1n the absence of body forces for 1ncompress1ble flow 

can be written as 

aUI aVI aWl 
0 --+--+--= 

ax ay az 
(1) 

aUI au2 
aulvI aulwI 1 apI __ I + 2 --+ 

ay 
+ --+ v'1 u

I at ax az p ax 
(2a) 

aUI av u 2 
dvlwI dPI I I 

aV
I 1 2 

--+ ---+ --+ --- - - --+ v'1 vI dt dX dy dZ p dy 
(2b) 

dW I aw u
I awlvI 

d 2 
dPI __ I_+ wI = 1 2 

--+ ---+ --+ v'1 wI dt ax ay dZ p az 
(2c) 

54 



where uI ' vI and wI are instantaneous velocit~es and V2 
denotes 

laplace's operator. 

By ~ntroduc~ng each variable as the sum of a mean value and the 

fluctuat~on from the mean value, i.e., the velocity ~s U + u where 

U is the mean ve~oc~ty (by definit~on the mean value of the fluctua-

t~on ~s zero), the mean value equat~ons can be wr~tten as 

dU
2 

+ dUV + dOW + dU
2 

+ dUV + dUW = 
dX dy dZ dX dy dZ 

dUV + dV
2 

+ dVW + dUV + dV
2 

+ dVW 
dX dY dt dX dy dZ 

( 3) 

(4a) 

(4b) 

(4c) 

For many turbulent flows, the mean value equat~ons may be s~mpl~f~ed by 

us~ng a boundary layer Ctpprox~mat~on s~m~lar to that ~ntroduced by 

Prandtl for l~nar boundary layer flow at large Reynolds numbers. How-

ever, sep .• rate Justif~cat~on for turbulent flows ~s needed (see Townsend, 

1976, Chapter 6). Us~ng th~s approxlmat~on, for a Jet ~ssu~ng ~nto 

st~ll flu~d, equat~ons (4a), (4b), and (4c) reduce to a s~ngle equatlon 

2 2 2'" 
dU dUV dOW d(U - v ) + dUV + dUW --+--+--+ a 
dX dy dZ dX dY dZ-

(5) 

2 2 
where the term d(U - v )/dX ~s usually small. Equation (5) ~s val~d 

for any three-dimens~onal jet. 
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It is difficult to solve the above equations ana1yt~ca11y for a 

three-dimens10nal flow. However, the flow f1eld close to the Jet exit 

can be approximated by a two-d1mensional flow. For th1s case equat10ns 

(3) and (5) can be simplified further. The following analys1s is 

based on the above assumption. 

5.2 The Plane Turbulent Free Jet 

Let us cons1der a Jet of a1r com1ng from a plane nozzle 1nto a 

large expanse of a1r. Let the w1dth of the Jet be D and let Uo be the 

uniform ve10c1ty at the eX1t plane of the Jet. F1gure 5.1 shows a sche-

mat1c representat10n of the conf1gurat1on d1scussed above. Exper1men-

tal observat10ns on the mean turbulent velocity field indicates that in 

the aX1al d1rect10n of the Jet, one could d1vide the flow 1nto two dis-

tinct reg10ns. In the f1rst region, close to the nozzle, known com-

monly as the 1nit1al reg1on, there 1S a wedge-11ke reg10n of constant 

mean veloc1ty, equal to UO' Th1S wedge 1S known as the potent~al core 

and 1S surrounded by a m1x1ng layer on top and bottom. 

In the second reg10n, known as the fully developed flow reg10n, 

the transverse distr1but10n of the mean veloc1ty 1n the x-d1rect10n, 

i.e., the var~at~on of U w~th y at d~fferent sect10ns has the same geo-

metr1cal shape. Let us now try to compare the d1str~but~ons at d1ffer-

ent sections 1n a d1mens10nless form. At each sect1on, let us make the 

ve10c~ty U d~mension1ess by d~v~d~ng ~t by U at that sect~on and let 
c 

b represent a typical length for that section. Let us take b as the 

value of y where U is equal to half the max1mum velocity. In these non-

d1mens10nless coord1nates (1.e., u/U vs y/b) one f1nds (see for exam­c 

pIe Gutmark and Wygnanski, 1976, and F1gure 4.3) that the velocity 
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d~str~but~ons at d~fferent sect~ons fallon common curve. Th~s prop-

erty is called the self-sim~larity. In order to use these s~m~larity 

prof~les for pred~ct~ng the mean veloc~ty f~eld, we have to be able to 

predict the manner of variat~on of the velocity (Uc ) and length (b) 

scales. 

y 

- -- ......... ~--

virtual 
~ ~n~t~al 

or~g~n 
I reg~on 

-
regl.on 

Fl.gure 5.1 Schematl.c Representation of a Plane Turbulent Jet 

5.2.1 In~t~al Reg~on 

x 

Let us cons~der a half plane jet as shown in F~gure 5.2. The th~ck-

ness of the shear layer at any x could be denoted as b. If one observes 

the growth of the shear layer, it w~ll be found that b increases continu-

ously w~th x. In Figure 5.2, OA and OB denote approximately the edges 

of this shear layer. If we look at the velocity d~str~butions at dl.ffer-

ent x-stat~ons (see for example L~epmann and Laufer, 1947), they appear 

to have the same shape but are not symmetrical w~th respect to the 

x-ax~s. 
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For testing possible similarity of these velocity prof~les at d~f-

ferent sections, let us measure transverse distance downwards from the 

point where U = U and let us denote it as y and let b denote the value o 

of y where U/Uo = 0.5. If we plot U/Uo aga~nst y/b for var~ous sec-

t~ons, they all fallon a s~ngle curve (see Liepmann and Laufer, 1947), 

thereby showing that the veloc~ty distr~bution ~s ~ndeed sim~lar. We 

will use these basic observat~ons to develop a relation for the growth 

of the m~xing region and we w~ll also predict the mean veloc~ty d~stri-

bu~on based on su~table shear stress model. In the follow~ng, we w~ll 

use the theory developed by Re~chardt (1944) wh~ch l~nearizes the equa-

t~on of mot~on for the mean square veloc~ty. 

Uo 

A 

x 

B 

F~gure 5.2 Schematic of a Plane Turbulent Shear Layer 

From the equat~on of mot~on for the plane shear layer we have 

(from equat~on (5» 

ou2 ouIv I --- + ----- = a 
ox oy 
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We assume that the mean square veloc1ty profiles are self-similar, but 

not those of mean veloc1ty as was assumed in the theor1es of Tol11men 

and Goetler (see Chapter 5 of Rejaratnam, 1976). Lett1ng 

(7) 

E; = y/b 

where b 1S the character1st1c width of the shear layer which var1es 

w1th x. 

Re1chardt also assumes the follow1ng emp1r1cal relat10n wh1ch 

states that the flux of the x-component of momentum, which is trans-

ferred 1n the transverse d1rect10n, 1S proport10nal to the transverse 

grad1ent of momentum. That 1S 

(8) 

where A(x) 1S an arb1trary funct10n of x. 

In e11minat1ng ~ from equat10ns (7) and (8) and ut111z1ng the fact 
I I 

that u2/u2 1S small (4-5 percent), we obtain Re1chardt's fundamental 

equation 

ax (9) --= 

Subst1tut1ng equation (7) 1nto equation (9), we obta1n 
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The mean square veloc~ty prof~les w~ll become similar if we assume 

ACx) = const b
db 
dx 

1 
and on further taking the constant to be 2we get 

A(x) = bdb 
2 dx 

(10) 

To obtain the var~at~on of the length scale b w~th x, Re~chardt 

uses the ~dea that because the dimens10nless velocity prof11es are self-

similar, the rat10 of the product of the component velocit1es u v to 
I I 

the square of the character1st1c velocity u2 at a g1ven cross sect10n 
c 

can depend only on the d1mensionless ordinate ~ 

but not on the absolute d1stance x. 

US1ng equat10ns (8), (10) and (11) we f1nd the quant1ty 

db 
dx d(~) 

depends only on ~. 

g(~) 

From this 1t follows further that 

db -- - constant = c dx -

whence b = cx, and consequently 

2 
A c 

T X 
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where the constant c ~s taken from the exper~mental data and ~s equal 

to 0.109. 

Subst~tut~ng equat~on (12) ~n equatlon (8) we obta~n 

2 au2 
c 

urvr T X 

3y 
2 

(13) 

2 
u - « 
U

2 1 ) 

Equat~on (9) can be rearranged, w~th the a~d of equat~on (12), to give 

2 
c -x 
2 

(l4) 

4X g~ves 

which ~s the two-d~mensional d~ffus~on equation where X is always pos~-

tlve and replaces the tlme var~able. 

A solut~on of equat~on (14) for the shear layer ~s 

or 

2 
U = 

1 2 v 1 2 
- U erf ( "- ) + - U 
2 0 b 2 0 

1:. u2 
erfc(y/b) 

2 0 

wh~ch sat~sf~ed the boundary condit~ons. 

2 
U + a as y + 00 

u
2 

+ U~ as y + - 00 
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This ~s a known solut~on for a free turbulent shear layer and has been 

ver~fied by experLments (see Reichardt, 1944). 

We w~ll now consider the ~n~tial region of the plane turbulent Jet, 

wh~ch consists of two plane shear layers as shown in F~gure 5.3. 

--------------
- --

• Uo -=--.~. - x 
--.~ 

- b 

- ------ --
Figure 5.3 Schemat~c of In~t~al Reg~on of a Plane Jet 

Equation (14) is a l~near part~al differential equat~on for wh~ch the 

solut~on for the shear layer ~s given by equat~on (15). Because the sum 

of individual solutions of a l~near differential equat~on ~s by def~ni-

tion ~tself a solut~on, this ~mportant result allows extens~on of the 

theory to the init~al reg~on. A solution of equat~on (14) for the ~n~-

t~al reg~on of a two-d~mens~onal Jet of w~dth D at the ex~t plane can 

be written as 

2 Uo Y + 2 y - 2 2 [ (D) (: D)~ U = 2 erf -b-- - erf -b-- (16) 

which satisfies the boundary cond~tions. 
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2 -+ 0 U as y-+oo 

u2 -+ 0 as y -+ _00 

u2 u2 
at o and b « D y = 

0 2 

5.2.2 Fully Developed Reg~on 

Far downstream of the Jet ex~t where b » D/2, equat~on (15) can 

be rearranged as 

2 
2 

U2 Uo D 2 e-(y/b) 
2 b In 

(17) 

u2 
2 

0 D e-(y/b) -
2 b 

which ~s a known solut~on for a two-d~mens~onal Jet as g~ven by 

Reichardt. Solutions s1mi1ar to equat10n (16) can also be derived 

from other theor~es such as the ones developed by Toll~m~n and Goetler 

(see Rejaratnam, 1976). The emp~r~cal law of momentum g~ven by 

Reichardt's theory (equat~on 14) has been used in correlat~ng the pres-

ent data and the results are plotted ~n F~gure 5.4. Because of the 

assumpt~ons used, the law holds only ~n the two-d~mens~onal type reg~on, 

thus the results of only reg~on II are presented. The normal~zed ~n-

stantaneous shear stress uIv
I 

~s represented by the dark symbols ~n the 

f~gure, wh~le the r~ght-hand s~de of the equality ~n equat~on (14) is 

represented by open symbols. The measurements confirm the equat~on 

fa~rly well as shown in the figure, thus ~ndicating the correctness of 

th~s emp1r~cal law. 
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5.3 Mult~ple Jet Solut~on 

The arrangements of the multiple two-dimensional jets are shown 

~n F~gure 5.5. The ~nd~vidual Jets are arranged ~n a l~ne w~th an 

equal spac~ng, denoted by S, between them. The ex~t velocity of each 

lobe ~s constant and ~s equal to U. The or~g~n of the coord~nate sys­
o 

tem is taken to be at the center of the center lobe, w~th the other 

lobes extending symmetrically in both direct~ons along the y axis. We 

w~ll once aga~n use equation (6) along w~th the proper assumpt~ons d~s-

cussed ~n the previous sect~on. Invok~ng once aga~n the superpos~t~on 

pr~nc~ple the above analys~s allows extens~on of the theory to a Jet 

emanat~ng from a ser~es of two-d~mens~onal lobes. 

potential core 

~ ------T 
.-. _. _. - _. _.- n = 1 -

S - - - -

1 ::::.--- ... - X - ~ --- n = 0 --

--- ~.-.--. _. -'-----1-'. -. - n = -1 

Figure 5.5 Schematic of Multiple Plane Jets 
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The square of the mean veloc~ty for the case of multiple jets can 

therefore be wr~tten as follows. 

u2 1 N ~rf (L+~ + --P-) -= 2"L 
u2 

n=-N cX 2cX 
0 

(18) 

- erf(Y 
+ ns 

- 2~iTI cX 

On the center plane y = 0, we have 

N 

; L 
n=-N 

- erf (19) 

and m~dway between the Jets (y S/2) equat~on (19) reduces to 

U
2 N 

1 r 
«2n + l)S + D) m 

L lerf 2 2 2cx 
U n=-N 

0 (20) 

('2n + l)S - D~ - erf 
2cx 

2 2 
The prof~les of (U /U ) ~n the x,y plane for the center jet from y = 0 

c m 

to Y = 4D along w~th the exper~mental results are shown ~n F~gure 5.6. 

The agreement between the data and the analyt~cal model ~s satisfactory 

as shown ~n the f~gure. 

Deflning the veloc~ty defect E 

E = 
2 2 

U - U 
c m 

2 
U c 
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Equat~on (20) can be written as follows. 

N [ (ns + %) (no c: %)] - [erf E = l erf eX ... erf 
n=-N 

(2n + 1)5 + D) (2n + 1)5 - D)] / ( 21) 
- erf 

2cx 2cx 

[erf (no c: ~) - erf (ns c: ~)] 

The downstream d~stance at wh~ch the ~ndiv~dual Jets beg~n to merge can 

be defined as the po~nt where the value of E deviates from un~ty for a 

g~ven amount. Beyond th~s the flow becomes effect~vely un~forrn. The 

velocity defect E ~s plotted w~th the downstream distance in F~gure 5.7 

and compared with the present exper~mental results. The agreement be-

tween the data and the model seem to be ~n satisfactory agreement. 
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VI CONCLUSIONS 

In this chapter a brief summary of the results are rev1ewed along 

W1th some recommendations for future work. In the case of a s1ngle 

rectangular Jet, the flow is character~zed by the presence of three d~s­

tinct regions when the decay of the square of the axial mean veloc1ty 

along the centerline of the jet ~s used to describe the flow f1eld. 

These reg~ons are: the potent~al core reg10n, a two-d1mens10nal type 

reg10n and an axisyrnmetr1c type region. The onset of the second reg10n 

appears to be at a location where the shear layers from the short dimen­

sion of the nozzle meet. Correspond1ngly, the center11ne veloc1ty de­

cay f1rst assumes the axisyrnmetr1c character at a locat10n where the 

two shear layers from the long d1mension of the nozzle meet. 

For a rectangular Jet of aspect rat10 of 16.7 w1th the lam1nar top­

hat prof11e at the eX1t, the following conclusions are drawn: The 

three reg10ns noted above are the potent1al core reg1on, wh1ch ends at 

approx1mately 4D, the two-d1mens10nal type reg10n extend1ng up to 60D, 

and the aX1symmetric Jet type reg10n extend1ng beyond 60D. 

The profiles of U, V and uv 1n the central X,Y plane, for X 

greater than or equal to 30D are found to be geometr~cally s~m~lar. 

The prof11es of li, v and ware found s1m11ar 1n reg10n II but not 1n 

region III. For X less than 60D in the central X,Z plane, the prof11es 

of U exh1b1t a saddle shape, wh11e the prof11es 1n reg10n III approach 

a sim11arity prof11e of an axisymmetr1c jet. For X less than 40D, the 

prof11es of W exh1b1t strong negat1ve values along the Z axis. The 
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prof1les of u, v, wand uw, in the central X,Z plane, do not exh1b1t 

similar1ty for the downstream stat10ns measured, 

For the case of a vent1lated array of rectangular Jets hav1ng a 

spac1ng of 80 the following observations are made. Because the 1nd1-

v1dual jets act qU1te 1ndependently of each other near the nozzle exit, 

the p01nt at wh1ch the individual jets beg1n to merge can be est1mated 

from data on the growth rate of a s1ngle Jet. Far downstream the flow 

f1eld appears as 1f 1t 1S emerging from a single two-dimensional slot 

with the width of the slot being the long d1men1son of a single lobe. 

The mutual 1nteract10n between the Jets results 1n a lower turbulence 

level when compared to a s1ngle Jet at correspond1ng locat1ons. 

For the case of the conf1ned multiple Jet w1th a separation d1s-

tance between the plates of 1.5L, the follow1ng observat1ons are made. 

The flow f1eld 1n the central X,Y plane (plane of the array) was l1ttle 

effected by the presence of the plates and the mean veloc1ty prof1les 

look very much s1m1lar to that of the mult1ple free Jet at correspond1ng 

locat1ons. For X greater than 600, the mean veloc1ty prof1les are un1-

form across the lobes (1n the X,Y plane) as 1n the prev10us case, and 

1n add1t10n, the prof1les are un1form across the Jet 1n the X,Z plane. 

The f1eld of turbulence for X greater than 600 was found to be un1form 

and 1sotropic 1n structure. From these observat10ns one may conclude 

that the flow f1eld, for the conf1gurat10n under study, and for X 

greater than 600, is nearly homogeneous and isotrop1c. 

Systematic and detailed basic stud1es, as ment10ned before, are 

st1ll needed to understand clearly the phys1cal features of the complex 

flow f1elds 1nvolved 1n free and conf1ned mult1ple Jets. The dependence 
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of the f10ws on Reynolds number, Mach number, initial veloc~ty prof~les 

and disturbance characterist~cs should be explored for given geometri­

cal parameters of the problem. Changes brought about by variation of 

these parameters need to be exa~ned. The range of experimental condi­

t~ons corresponding, as far as poss~ble, to those of practical ~nterest 

should be looked ~nto. It is important to ~nvestigate the effects of 

an external free stream (or equ~valently those of flight) on these 

flows. 

For given geometrical and initial flow conf~gurations, deta~led 

measurements and where applicable flow v~sual~zation of the mean, per~­

odic, and random structure of the flow f~eld (veloc~ty and pressure 

fields) should be invest~gated. These include not only spat~al and 

temporal var~at~ons, but also, where appropr~ate, spectral and correla­

t~on character~stics, and pressures (mean and fluctuat~ng) on surfaces 

~nvolved (such as the conf~ning walls ~n case of conf~ned mUltiple jets) 

are to be deter~ned. 

Concurrent with experimental investigations and ut~lizing their re­

sults, theoretical studies should be pursued so as to evolve some SULt­

able analyt~cal relations to predict the flows of interest. Such stud­

ies, although of necessity w~ll involve in~tLally gross features of the 

flow, need to address gradually the more deta~led problems of turbulence 

structure of the flows. 
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Figure 3.4 Front view of the settling chamber with end plate removed, 
showing inlet bell, and ames model in place, spray bar at 
rear of the settling chamber, inlet bell and t.urbulence 
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Figure 3.9 a) Traversing mechanism with the probe in position 
b) Close view of the base of the mechanism 
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Figure 3.10 Hotwire calibration equipment 
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Figure 4.10 Schlieren picture of the jet in the x,y plane 
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Figure 4.24 Schlieren picture of multiple jet flow field 
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Flgure 4.26 AXlal mean veloclty proflles ln the x,y plane 
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Flgure 4.34 The dlstrlbution of the aXlal veloclty fluctuatlons In the x,z plane 
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Flgure 4.35 The dlstrlbutlon of the lateral veloclty fluctuatlons in the x,z plane 
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Figure 4.55 The distr1bution of the turbulent shear stress 1n the x,y plane 
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Flgure 4.56 The dlstrlbutlon of the turbulent shear stress ln the X,z plane 
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