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DISTRIBUTIONS O F TIME-AVERAGE VELOCITIES OF DIFFUSING SLOT J ETS 

OF VARIOUS LENGTH-WIDTH RATIOS 

b y Vujica M. Yevdj evich ':' 

1. INTRODUCTION 

1. 1 Stat ement of the problem investiga ted. 

T he diffusion of submerged j ets i n an environment, i nvolvj_ng the 

s ame fluid characteristics of both the j et and the environment, has b een 

studied extensively for two cases: (a ) j ets with a circular outlet orifice; and, 

(b ) rectangular j ets having an orifice with a very l arge length-width ratio. 

In the following text, these two types of j ets will be called 11 circular j et'' ,:, ,:, 

and " slot jet", respectively. In the latter case , the j et flow patterns i n the 

c entral cross section through j et axis, which is perpendicular to the long side 

of slot orifice, approximate well at ]east for finite distance s from the orifice, 

t he diffusion patterns of a two-dimensional j et of infinite s lot l ength. The 

slots are defined as j et outlet orifices of r ectangu lar cross section, with long 

side L and short side B . Th e length-width ratio L /B and the orifice 
0 0 0 0 

area A = L B are the main geometric characteristics of rectangular s lots . 
0 0 0 

J ets are u sually divided into free j et s and j ets i ssuing into fluids 

that are not at rest. O nly free st:.bmerged jets with a single composition of 

j et fluid and environmental fluid, are studied here. These j ets are fu rther 

divided into laminar flow j ets and turbulent flow j ets. Only turbulent flow 

j ets are studied h ere . 

T he tjme -average velocity at a point in a turbulent flow is defined 

,:, ) Professor of Civil Engineering, Colorado State University , Fort Collins, 
C olorado. 

,:, ,:, ) The expressions " round jet 11 o r 11 radial j et " are also often used in 
literature and are synonymous with "circu lar jet. " 

. -' · 
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as the mean value of a v elocity which fluctu ate s in tim e as the consequence 

of flow turbulence . Equations for tim e-ave rage velocity distributions of 

diffusing j ets and other diffusion equations , for the case in which there is no 

difference i n properties of the j et fluid and the environmenta l fluid (such as 

differences in density, viscosity, miscibility , etc. ) , h ave been studied th e ­

oretica lly and verified experimentally . These equations r efer either to cir­

cular j ets , or to t wo-dimensional slot j ets of very l arge length-width r a tios. 

Equations for these two cases differ substantia lJ.y, as will be shown later ; 

however, the diffusion characteristics of the squ2.re slot j et may be considered 

a s approximating th e characteristics of the circular j et. 

Information i s needed for the velocity distributions and the other 

characteristics of slot j ets for which the l ength-width ratio changes fr om 

u nity (square j et ) to a very l arge value (two-dimensiona l infinite s lot j et) . 

E xpe riments have b een conducted at Colorado State Univer sity Engi neering 

R esearch Center to investigate the probl em of distribution of time-average 

velocHy of diffusing j ets when the length-width ratio of slots is finite and arc 

r eported in this paper . 

The obj ective of the experiments conducted and of this study is not 
! 

the development of a new theoretical approach to slot j et diffusion, but is 

r ather an investigation with intent of filling the g a p in knowledge of velocity 

distribution properties of s lot j ets for slots of finite and especially of small 

length-widt h ratios. T he cas e of a slot j et with an orifice of a very large 

l ength -width ratio is assumed here to have the same characteristics for finite 

distances from th e j ct orifice as two - dim ensional j et of infinite slot l ength. 

Main aspects of t h e problem are the shape and "carry of the jet" as the j et 

flu id penetrates deeper and de eper i nto the environment, and the entrainment 

of environmental fluid with the jet. This entrainment reduc es any difference 
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i n fluid properties b etween the miscibl e fluids of the j et and the environment . 

Diffusing j ets wh i ch enter an environm e nt o:' approximately th e same 

fluid characteristics are frequently referred to as free submerged j ets . The 
the 

t erm "fre e II m earn:; t hat the boundaries of /environment are far fr om the j et 

zones b eing investigc.t.te d, Th,e te rm 11 submerged II primarily refers to l iquid 

j ets which enter the environn'1ent far below the liquid free surface (if any) , 

so th ::it th e free surface has a small effect on the diffu sion at least for limited 

distances from the j et orifice , The t erms 11frec .sub□erged jet 11 or sim ly 

"submerged j ct " will b e used in th is t ext xclus ively with the definition given 

here. The orifi ce is define us th e last cross section of solid boun ar.ies 

b efore th e j ct enter,:- th f: environmenta.l fluid. 

1. 2 Mechanics c1f jet diffusion, 

hen o con ccnt .ratt-;d jot enters the environment of a fluJ.d which is 

at res t, the j et turbule nc e and the vi s cous shear b etwee n the moving j ot nnd 

the flu~d ai rest cre .·:1te turbu1encc i.n the cont ::ic t region. Th e j et will thus be 

subje (:tcd to la.terrt1 diffusi.on nnd decclcr;i.tion by the fact that the momentum 

of the j et win be trans ferred tl> th e surround.i.ng fluid . The environmental 

fluid i.n turn will be accelerated ., c a.u s ing the surrounding region of the j et to 
I 

b e brought i nto motion. 

Due to tu rbulent fluctuation , the flu id velocity of the j et an d the 

velocity of the entrained environmental fluid at any point in the environment 

outside the regions of lamina r regim e flu ctuate with time. This time fluctua­

t ion m ay be characterized by the distribution of the random variabl e, ve locity , 

a nd by the stochastic proces 3 of velocity time series at that point. T he time­

average velocity is considere d here as the m ain chara cteristic of th e v e locity 

t ime series at that point. T his time-ave age velocity as it cha nges from 

point to point det ermines , for the purposes of this study, the velocity 
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distr ibution c,f a diffosrng jet as it p enetrates an environmental fluid . There­

fore, no effort i2 planned here to investig2.te the other chc.racteristics of the 

velocity t ime series at a point, su h as the characteristics of instant aneous 

flu ctuating velocity ,~omponents u ', v ' and w ' , and their relationship in time 

and space. T his c1pp:rc. ach i:-, being u se d regardless of the fact that the tur­

bu lent velocity fluctuation at a point plays an important role in j et diffusion. 

Th e me,rn flow p::iHern of diffusing jets, in the region of jet penetration and 

expansion , Ls defi ned here by th e distribution of the ti:ne-average velocity . 

T he re .) der is refer red to the most ecent Jiteralure for be characteristics 

cf turbulence in je1. exp ::in ..:;.i c,n especially with well designed experiments [ 55 ] ,:, . 

A high··ve~ocHy jet entering a fluid at rest represents an i rrecover­

abl e loss of energy_. although in some cases, there may b e a temporary con­

v ersion of kinetic energy into pc.,1.ential energy and vice versa . When a jet 

entcr.s a flu id at re.st, ,:;u ch as the fluid in a l arge chamber, a large re servoir 

or the ;:itmosphere, tht~ basic axiom of fluid mechanics requires that the entire 

kin etic energy cf the jet be dis.sipated finally by turbulence through viscous 

·hear, and interac1.icin ,vi.1 h the environrnent3.l fluid. The mechanical process 

o! dissipaticn i s s imple; the bnetic ene gy continuou .s ly creates turbul ence 

which results in viscous s h ear as the m eans of energy dissipation. If the 

kineti energy of the jet 1s converted into potential energy of increased pressure 

in a c onfjned region , the pressure differences thus create d with the adjacent 

r egions will accelerEtte and move the environmental fluid in bulk. T hi s in turn 

repres e nts a reconversion of potenti :il energy to kine:ic energy, with the 

generation of new turbulence (in turbu l ent flow regime) and of new viscous 

shear in both the 1.urbulent and the laminar flow regime . 

~, ) The numbers ; n b, ackets ref er 1.o 1.h e references at th e end of this texl. 
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It should be stressed here thoit (fo the case of a j et diffusing in a 

c onfined region) besides the momentum ire nsfer fron: the jet to the e nviron­

m ental flu id and its accekrat 5.on upon their contact, th e conve r sion of a part 

of the kinetic energy of the j et into an increased l ocal pressure also accel era -

t es the environmental fluid and mo 1 es it in the direcLon of the pressure 

gradient. Thi ~ is especic1.lly true for the case of confined environments like 

ducts, tunnels, chambers and simila.r instalh.tions . 

1. 3 Boundary cond it: on2 of the jct orifice and of 1h e environment. 

T he di:':'fu s: on c•f d. submerged j et in an environment depends on the 

b ound::uy conditions: b oth of the jet orifice and of the environment, if 1he en­

vir nment is c cnfined. The r e lationship of the j et -bearing fixed contours 1o 

th e environm ':! nt is of grea t importance. As th e j et entrains the envi r onmental 

flu id, these contours determine the stream lines of the entrained fluid around 

th e jet. Som e inve stig:l.tors h -::tve assumed or experimented with th e j et 

or ifice b e ing the opening in :1 vertical wall with the j et ho r:o.zontally directed, 

o r- the opening in a hori Z<-'nt.Jl W ei ll with the jet directed upwards or down-

. ards into the environmental fluid. 

Th e boundar ~.es cf the en ·ircnment when it is confined p lay an 

i mportant ro]e i n j e t studies. Ai: a sufficient distance from the orifice the 

diffu s ion of a jet in a duct or in a tunnel has cl ear ly different properties than 

a j et wh ich enters a p , actically unlimited environment s u ch as th e fre e at­

mosph ere, a deep re::ervoir, or a deep sea . All transitions exist in p rac­

ti ce between a duct -type environment and a very vast and p raci.i a lly un­

limited environment. 

General patterns of jet diffusion and j e t dece l eration a.; it rel ates 

to bounda ry condition ~ c1 c 8S follows. The cntrc1nce of a j ct through a long 

pipe into an un c onfrned environment (assuming th~t the j ct orifice carrier 
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and jet fluid acce35 have the minimum space oc ,upancy in the environment) 

represents a case in which a minim.:il obst a cle exists fo the entrainment of 

environmental fluid with a m!:lximal effect on the deceleration of j et. vVith 

an increase of sp- ce c•ccup c-mcy by fixed boundRries around the j et orifice and 

with a decrease of dimensions of the environment, both the volum e of en­

trained fluid and the rate of jet deceleration will be somewhat decreased . A 

j et d: ffusing in a ducted envi ronment with small dimensions tends to preserve 

hi gher velocities tha n in the case of an unconfined environment , especia lly 

along the j et-axis for that portion of the duct before the effects of fr i ction by 

th e walls prevail. The environmental dis s ipation of j et energy is supple­

mented, in a duct, by energy Joss due to friction along the duct walls. 

Distributions of time-average velocity in a ducted environment or 

in a n8.rrow chamber m8y be approxLmately determined by applying the 

p rinciple of "mirror reflection 11 of velocity distributions in an unconfined 

environment to the duct wa1ls. The time-sverage velocity distribution s at 

a cr oss secti.on cf the duct or the narrow chamber may thus be determined 

from the velocity distributic)n i.n an unconfined environment with the same 

j et conditions. The chamber walls represent mirrors or r eflecting barriers . 

The parts of the velocity distribution for an unconfined environment , which 

reach beyond the mirrors, 8re 1'reflected and summed'' with the interior 

portion of the velocity distribution. If these "reflected parts" in turn reach 

the opposite side of the chamber, they are again reflected and summed to 

th e main centrv.1 portion of velocity distribution. However , the summed-up 

distribution c annot b e more uniform than the velocity distribution in th e duct 

or the chamber for simple steady flow of the fluid through it. This mirror­

type reflection is conceived with the walls being a reflecting barrier only 

and not the origin~tor of new turbulence and head loss . T his principle of 
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mirror reflection is, therefore, ~lid on]y for tho se p arts of jarge ducts or 

chambers, for which velo c ities along the wa]]s and the friction resistance 

generated at the walJs may be neg]ecte d for time-a·verage velocity distribu -

tion as compar ed with the jet d:ffusion, expansion and decel eration. 

Any j et diffusion in a long ducted environment must reach a final 

stage, or an equal flow rate and an equal veJoci.ty distribution at a cross 

section some distance from the orifke. This 11mirror reflection " approach 

i s va lid c,n]y fer that porUon of the duct or the chamber which is located 

b efore this equilibrium cross section i s rea ched. 

The app1icstion of the "reflecting mirror II er 11 reflecting 

barrier " p rinciple m akes it ,1ppropri a te to study only those cases of j et 

diffusion in which the environment i s unconfined, or limited in such a way 

that the boundaries do nc)t substantially afff·ct that portion of the j et and en­

vircnrncnt which are involved in the study. Tn other words, boundaries of 

th e environm ent are :1t such dist :inces from the ori:ice that velocities are 

srnaJl a long them r elative to the velocity at the center of th e j et, and that 

t he region cf expcrirnentz,l i1nestig 0 iion is not affected by them. This 

c riterLum h as b een appli "d 1.o experirnents which were conducted in this 

s tudy, so that on]y th e case of diffu s ing j ets in an unconfined environment 

with dis tant boundaries was investigated. 

For the pu rpose of this study, j et contours were shaped in such 

a way that they allowed the eiwfronmental fluid to be entrained by the j et 

from a ll sides. The application of this principle \,\·i ll become clear by the dt:­

s cription of experimentn.1 facilities and by the se l ection of tile experim e ntal 

fluid, as explained in detail s in :he next ch apter . 

1. 4 E stab]ish~ng ~nd established zones in i et diffusion . . 

When ::i. j et leaves its 8rifice, th e sudden change of boundary 
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c onditions forces the jet to expand. T he contact b etween t h e j et fluid and t h e 

e nvironmental fluid retards the jet by a decrease i n momentum of the j et 

filaments because of the momentum transfer to the a dj acent fluid . When 

th is decel eration reaches the bul~ of flui d on th e j et-axis , the m axim um 

ve locHy at the j et center begins to decrease appreciably with th e distance . 

A ccording to Albertson, Da i , Jensen and Rouse [ 27] ,:, this initial po rtion 

of th e j ct is called the zcne of flow establ ishment . It is actml lly a zo ne of 

flo w transition and adjustment reated by c1 sudden change in boundary 

conditions as it represents a j et core. Figure 1 serves as an illustration 

fo r d efinitions . Th e time-average velocity distribut ion at the orifice section 

A- B i s nearly un jforrn, with the mc1ximum vel ocity V , e xcept at t h e edges 
0 

of j et. T his dist r ibution depends on t h e length of t h e orifice nozzle and the 

c onditicns of flow in the approach to the orifice . T he s horter the nozzle 

a nd the mo:ce regu lar t h e flow in the approach t o th e orific e, th e m or e uniform 

i G t h e velocity distribution at the o r ifice . The velocity distribution at the 

c ross section D - D in the zone of establishment is composed of two parts : 

the jet core TI with approximately a uniform ve locity, V 
0

, and j e t sides 

23 with v e locities which de rea.se with an in rease c, f l a t eral distance from 
I 

the j et-axis . The maximum or center velocity, V m' a t th e cross s ection 

E- E i s stiJl very close to th e o rifice velocity , V 
0

. F r o::n th e point C , in 

that cross section, the maximum v e locity , V , b egins to decrease rn 

appreciab ly with th e re l ative distance X/B
0

• Experime.:1ts m ade in the Iowa 

Study [ 27 ] show that for both a circul , r jet and a two- dimensional j et, V m 

dee eases a l ong the jet axis in such a way that the experim entally obtai ned 

,:, ) As this reference will b e mentioned scverRl times, and as the study i s 
m ade ;:it t he University o:: Iowa, i t will be called here b riefly "Iowa 
Study " [ 27 ] . 
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r elationship of log (V /V ) versus log (X/B ) o r versus log (X/D ) , m o o o 

with B th e slot width and D the diameter cf circular jet, can be fitted, 
0 0 

fo r each of the two, by a straight ]inc , from X /B or X / D to the right, 
0 0 0 0 

a s shown in figure 1 by the line G-H. This line represents a hyperbo]ic 

decrease of the ratio V /V . The center velocity from X =- 0 to X ::.: X m o o 

i s very nearly cons tant as shown by the line F-G in figure 1 from 

X/B ,~ O to X/B :-c X /B . The va]ue X is de fined for the purposes 
0 0 0 0 0 

of this study a.s th e v ;:.11ue of X at the intersection of lines FG and GH, 

which is the distvnce c,f the point C from the orifice . It does not mea n 

that the centra l m 3.xlmum vcJr_)c ity is exa ctly V at the point C. lt is 
0 

slighUy l ower than T as experiments s how [ 2 7], but this somewh at de ­o 

c reased ve]ocity , j s still c lose to Y . 
0 

The velocity at cress sect~cn EE i s distributed approximately by 

Gau s.sian law (norrnh l distribution function) , as shown for a typical cross 

section at the point K. The zo e to the right of cross section EE i s 

call d, in _owa Study [ 27], th e zon e of estab1ished flow. It i s the z one in 

which the j et c>xp::i.nsion and \, e loci ty distributions are de pendent only on the 

v elocity: distribution at the cross sect'cn EE. In othe r words, the velocity 
I 

di stribution at cros s section EE i s adjusted to the new ·:)ounda.ry condition 

of jet, which is a contact of the jet with a fluid instead of a contact with the 

fixed boundary of the orifice nozzle. The cross section EE is called, 

in this study, the characteristic j et cross section. Th e velocity distribution 

at the charact ri sti.c cross section may be thought of as being created by 

j ets with various velocities V and also with various orifice widths B 
0 0 

i n such a way th a t from that cross section V /V begins to decrc;:i,se m o 

sharply. 

The characteristic cros s section m:=iy be thought of as the position 
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in the j e t d iffu sion at wh i ch the eddies created b y th e contact of j et fluid 

with environmental flmd (whi ch eddies t r:i.ve l b oth inw:1r d and out-ward by 

the tu r bulent diffu sion p rocess ) h J.ve p e netrate d t o the central core of th e 

j et. The exact position wh ere the fir.st l ow momentum eddy ar r ives from 

th e contact of j ct fluid and environmental fluid at the c e nter line and st a rts 

t o dece l e rat e the core i s subj ect to th e probability laws of turbulent 

diffusion, b ecause th e prob'JbiJity that edd1 es, generated by contact of th e 

t wo fluid s and of v nrl ous momenta _ each the j et core increases with th e 

distance. Th erefore , a definit ion of pos i tion X / B c annot b e thought of 
0 0 

s trictly as a fixed point. The def:n:tion of the characteristic cross se ctio n 

a s an intersection c,f th e t wo str;:;i,ight lines on gra ph s with l og- log scales 

i s only a practica l definition in describing lim its of the two zones in th e j et 

diffusion by neg]ect ing a thir d or a tra nsihona l zone wh i ch r epresents the 

transitional cu ,ve b ei ween the l ines FG and GH in figure 1. 

T he zone o f e st:-:tb1ishPd flo w i s charact e riz ~d by the process of 

diffus ion which i s s imi b r in c:i. 11 : r oss sectio ns . Th e j e t diffusion causes 

ent al velccitie3 to become sm ,--dl e r a nd the j et cross sectiona l area ove r a 

g iven rang e of veloc ities to b ec om e greater with an i ncrease of the dimen­

sionless distance X / B . The limit of an expanding j et, theoretical ly for 
0 

very large values of X / B is repre"ent e d by a v ery small velocity of a 
0 

v ry large cross se ct i ona l overage . However , the limit ing condition for 

X /B b eing infinite h as no p r-actical me aning. 
0 

T wo Japanese r esea ch ers , Sato [ 33 ] and Hom-m a [ 37 ] , divide 

the tot a l range of change of log (V / V ) v ersus log (X/ D ) in four zones. m o o 

The zones A a nd C coinc id e with the establishing zone and zone of 

estab1ished flo w of the 3.owa Study [ 27 ] , while the zone B i s the t ra nsit ion 

b etween th e two. T he zone D , in the ir study, r epresents the region to the 
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extreme right of figure 1 with a fo.ster deceler tion than th3t of the zone C. 

By their estimate, this zone D i s not reliable because 0£ a limited number 

of experimental points in the zone . F urthermore, the point s i n this r egion 

coincide with the approach of jct to th e bounda.ries normal t o the j et, and 

some deceleration may be due also to this factc,r . 

A ccording to these two authors the zone limits for X / D arc : 
0 0 

A Z one 

B Z one 

C Zone 

D Z one 

Hmn-mcl ----

0 - 4. 8 

4 . 8 - 8. 2 

8 . 2 - 36. 5 

36 . 5 

Sato 

4 .55 - 12 

1 2 - 36 

This stu dy of Elot j ets will be based on the cone pt of on]y two 

zo nes , establishing and esLbliEhcd, neg] ecting the transitional zone . The 

e xtreme dght zone (D ZcJne) of fa~t dece}eraUon will be regarded as un-

c ert8 in. 

T he point G or C uf figure 1 i s evidently a function of th e 

v elocity dis tribution at the orifice cr,.:,ss secti.on . Assuming a uniform 
I 

v elocity distribution at the orifice , the Iowa Study [ 27) g iv es X / D = 6 . 2 
0 0 

fo r the circular j ets , and X /B = 5. 2 for two-dim ens iona l s lot j ets . As 
. 0 0 

a square j et of the same orifice cro.ss sectional area is assumed in this 

s t u dy as having approximately tr.e same decel erating cha~acterisbcs as the 

c ircular jet th en area B 2 = D 2 
7f /4 which gives D = 1. 128 B , so 

0 0 0 0 

that the constc1nt X / B for the s quare ~et b ecomes approximately 7. 0. 
0 0 

Squire [ 30 ) finds this conshrnt for cfrcular j ets to be X
0

/ D
0 

"' 6. 5. 

P olyakov [ 50] finds that the point G of figure 1 depends on a 

form fr,ctor which describes th e ve ]oc~ty distri.bution at Lie orifice. 
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_R osler and Bankoff [ 56] expa nd this ana~ys::.,::; furth er . They obtain the 

constant X /B according tu their studic.s 9.nd other studies [ 50 ] by using 
0 0 

a different equaticn for V /V versus X / D th :..n Iowa Stu dy [ 2 7 j. Be-rn o o 

c ause the difference is smfl11, th e const :1.nt cited in reference [ 56 ) may be 

c ompared wi1h those in rderence [ 271. Ac cording to Ros ler and Bankoff 

this constant is 6 . 52 for 8,ir jets and 6. 58 for water j ets. C orrsin [ 14) 

give s 5 . 3 and later [ 23] the value 6. 55. Hinze [ 25] give.s 6. 35, and 

c orrected by Rosler and Bankoff th~s value b e comeE 5. 9. Polyakov ' s [ 50 ) 

v alue is 6. 54, and Taylor 's [ 34) 6. 56. The above values, th erefore, are 

in the range fr(.,m 5. 3 or better frc,m 5. 9 to 6. 58. 

B2,ine,s [ di SCll SB:.on, reference 27) shows that th e position of 

X
0
/D

0 
is dependent ·-n two -ther factors: Rey nolds number, Re' and the 

m ethod of producing f luid circul2.tion through the orifice. Acco r ding to his 

analysis of b oth h is data [ 21, 17] c.1nd da t a of other authors [ 14, 19 and 

some others], the values of X
0

; D
0 

for the case of b~owcr type air cir­

culation range from 5 .0 for R =:=: 10
4 

to 7.0 for R =.=7x to4, and for 
e e 

an8.ir-lineassemblyfr,_1m 5 . 0 for R ·:::: 10
4 

to G.5 for Re ~ to
5

. He . e 

h as shown that the blower· type air ,supp]y h 3s abcut twice the turbulence 

l evel of an air-line assembly, because the blower blades create additional 

tur bulence and vorticity which peraist beyond the or::.fice in the j et its elf. 

H e describ es 

R 
e 

X
0
/D

0 
= 6. 85. 

in detail [ 27 1 the two cases cf V /V versus X / D for m o o 

= 2. 1 x 1 o
4 

with X / D "' 5. 75 and R = 7 x 1 o
4 

with o o e 

Th e above differences in the valu es X
0
/D

0 
o r X

0
/ B

0 
depend, 

therefore , on the accuracy of velocity measurement.3, on th e definition 

o f the onstant itself_. on differences in R eynolds num·:Jers us e d in experi­

ments , and on varicus assemblies fo a:r or water supply. For the 
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the 
purpos es of compari,:;on i n t h:s study _, the approach of/owa St u dy [ 27] w ill 

b e u se d, a nd the cori sLrn t s will b e 5 . 2 , 6 . 2 and 7. 0 for t wo-dimensional 

slot j e t of infinite ~engt.h , c ircular j et a nd squ:1re j et, respectively ; h o wever, 

th ese cons t a nt s wiE b e onsicler ed '-'-5 ,1pproximat i un s onl y . 

1. 5 J-:Iypc,thesea underJying the th ec•ry of _i et di ffu sio n. 

A n a lytica l expre s.sions de veloped ther reticaJly fo r the flow 

p attern of d iffus.:.ng .free s ubm erge d j et s are b ase d on th e foJlow i ng assumµ­

tions [ 27 ) : (1 ) Pressure inside the s y s t em of jet l iquid and environment8l 

l i qu i d is h ydn.,stat i.c"1Hy d ~s t. ribute d yerUca ]Jy th:::-·oughout -::he flow region. 

I n an envircnm e nt cf a v e ry l ight. fluid , iike th e cdrnc,r,phere , the pressure 

in s ide the air jet ci rd :-i. r c und it m ~y be con ::.,idered as onstant_: ( 2) T h e 

p r oceas c f jet exp ;:.,1.n:;~c,11 .:,nd d eceJe r8tion in turbul ent flo,v is dynami cally 

s i rn i};:11·; a nd (3) The t 1m e-c1.verage ve l ocity components p i .ralJe l t o the j e t­

axi s within the je~ exp i n si c,n rcg~on v_ny 3pproximat ely a.ccording to th e 

G Bu.SSian pro"babEi ty clen ,.:;~ ty :funcLc·n at a crc;ss sccC.on perpe nd i cul a r to 

the jet-8x:s in th e r cg~ c1n of est.abl.ished flc•w . 

T he £'.ir :~t JS5ump11 cn u: p re~ . .sure be i ng h ydroshtically distri bu te d 

verLc) Hy fc :r Lqu,d 2, c,r c •: ns1 a nt i nside the rnov~ ng fluid for g R.scs i s show n 

to b e v a lid [ 27 and di.sc u-· sions ] fo r unconfined environn:ent.s and i s an 

a pproximanon for c onf.ine d region .::' . T h e ret. rding j e t is usually a s socia ted 

in confined regions 'N~i h .J. Ct;m ·ersion o f a p a rt o f kin etic e nergy into p oten­

t i 8.l ene rgy (pre;=,sur-r:'), a nd thi s phenomenon is not ff e ly t o suppc,rt st r ictly 

th e hypoth esis of h ydro ,: t. .::tti ca1Jy d i stribut e d p re s s u res for liqu i ds or con-

s t ant pressu res for g ;1 i:>c-.s i. n confi ne d env ironment s . 

T he second ,3.:--sumption of dyn.0 m ic8 11y similar processes imp]ies 

that the r J t i c, of m ~tin fcr-.es actin g n t.h e moving flu : d doe s not ch a nge with 

th e c lrn nge of j et dim cnsir:,n ,~ for e-t given ·ct o r ific e t ype or jct velocity at 
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th e orifice, as long a,3 the flow is either laminar or turbulent th oughout 

the region of investigation . Thi.s a.lEo irnplic.s that the similitude is ob­

tained regardless cf th e selecLon of fluid a :3 long as the fluids, such as air 

and water, are of rn ode r ~lte1y low viscosity. H owever , b ecause the flo w 

regime at distant r egi.ons of environment is l am:;. nar while the main r egion 

of j et expansion and diffu.sicn ii:: in a turbulent regim e, this assumption of 

dynamical:y simila.r p1·ocesses must be restricted to the regions of the same 

flo w regime. 

The th::.rd as s umption of Ume-o.verage velocity b eing distributed 

b y Gaussia.n 18.w in a cress section is sti_]l scmewh at controversial. T he 

v eloc.ity distribution in a cross 5e ctir.m taken perpendi culo.r io the j et - axis 

depends on th e type of j et orifice . The cross section plane for the study 

of velocity distribut ion i·_., u s u a lly taken p erpe nd~cular to the jet-ax~.s with 

the velocity distribu tion,::'. i n th :.~.t plane including the pcint on the j et-axis; 

h owe\'er, m any of th e traver.3es in that phne fo:::- which the velocity dis­

tribution i s investigated ir, th1s .study do not include ti le point on the j et.­

axis. The experim en1 dl evi.dence in 2ever .:.;.l experimentations [ 1, 2, 11, 

13, i6, ' 17, 19, 27, 55, and others ] and j_n experiments made for this 

i 
study shows that for th e j et arf.:a sufficiently dist a nt f ::::-om th e orifice, the 

hypothesis of Gauss ian or norm a l distribution for time-average ve locities 

along a. traverse is accept:lb l e from the practi cal point of vi ew. The 

accuracy i n dei.ermin;;; bon of time-average velocity is US'Jally s uch (the 

accura cy b e ing a function of the tim e- average velocity m easuring device, 

t he precision in l ocating th e po int of measurement, and variation in 

R eynolds numb ers ) that ditferenccs between a fitted normal function to 

t h e determined t.Lrn e- :·:..\·er age velocities and the hypot etical true distribu -

tion can h ardly be d!scrirninuted, at l east in the region of ]arge velocities. 
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It is clear fre,m the plly:3i.c -.1l R pects c,f J Ct diffusion that th e velocity at the 

t ails c>f its distribution be,:c,mcF zero cJ t finite d~ ·3tances from th e jet-axis , 

while the norm c:d d~str~but :'.o n impLcs velocitierc; being zero only a t infinity 

[ 1 l) . T he fit of a norrna] function to mect ·mrcd velocities shc,ws that the 

m ain departure is at th e very t ~tEs , e .s peciaJly for er, ss sections not far 

from th e cha racteristis ross ection (EE in figure 1) . Several authors 

[ 27 , discussion] h ;::ive shown thnt this hypoth esis of G 3.ussi8n velocity dis­

t ibutions i s not necessary in th e derivation of equations for diffusion of 

the .submerged jets. H c "ICVer, ~h:i.s hypothesis wi ll be us e d in this study 

s:mply to ccrnpute p ~jn1rneter.s of the veloc~ty distributions b ased on the fit 

of a nc,r-m al functinn tc experimenta l dc1.i.a . 

The prin cip~e used in the theor etical developm~nt of the tim e­

average velocity djstributi-:)n o[ die'using Jets, i s that of constancy of flow 

m omentum. The f;_ow E1onientum jn ere ::-::::: sections normal to the j et -axis 

does not change frc,m c.ne cross scc1.:_Gn tc, the next. In other words, the 

m omentum flux :'.s ccms1,m1 for ,:iJ1 norm a] sections of a given flow patter n. 

Th is is valid only hr unccmf.inccl environments, for which ther_ are no 

ext ernal fcrces av2.i},·;.ble tc, ch <' ... nge the m,:,mentum flux. 
! 

Sever:11 hypotheses fer th e jet di.ffusi.on process such as the 

mj xing length concept [ 1, 2 , 4, 11 , 1 3] , vorticity transport concept and 

c onstant eddy viscosity across any cross section of the diffusing zones . 

[ 6, 7, 8, 9, 12) and other hypotheses [ 18) have been used i n the past to 

deve lop theoretically the vcl.ocity distribution pattern in a free submerge d 

and diffusing j et.. The comp3.riso n of theoretical and exp2rimental velocity 

distribut ions h ~1s a}w::iy.s s lir,wn a gap which has caused questioning of the 

validity of sssumpU on:; v ndc. lying th e thec.reU ca ] equations. However, th e 

detailed and u.1.reful rne :-1.-31uern e nL3 hy .:ocvc r;il authors [ 14, 20, 54, 55] 
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have p roduced results which have l e d t o better theoreti c a l derivations , and 

thu s to a better bridge b etween nalyti cal and exp erim ental results . 

It i s not k nown to th e author of this study, at the present tim e , 

wh ether th e p robab iJity approach in the fo r m of r a ndom walk has ever b een 

att empted in theoretically derivi ng the tim e -average ve locity distribut ions 

i n diffusing free submerged j ets . lt h as been appli ed to velocity distributions 

i n pipes and channe l s with relatively good suc ce a.s . 

The j et at the orifice c ross section sudd enly changes boundary 

c onditions in such a way th:.:1.t the 11absorbing barrier 11 of the duct or the 

pipe walls , through which the j e t enters the environment , disappears. Th e 

t ransitional probabilit i es of fluid passing laterally fro m one space e l ement 

(l>x, l:>y, l:>z ) to the adj acent ones are not zero as in be c a s e for thos e ele ­

m ents which are beyond the absorbing b a rri ers . It is expect ed that th e 

r andom walk hypothesis of j et diffusion, with trans iticna l probabilities 

ade quate ly defined o r determined, wou] d show a surpris ing similarity 

with the time-average veJocity distribut ion s obtained by accurate experi­

m ents. As th e us e CJf th e digit3 l computer i s h a.:1dy, the integration of 
I~ • 

r andom walk equations poses no difficult p rob l em. 

1. 6 Decrease of maximum jet velocity with di stance . 

This report is p r im arily orient ed to solving practical problems 

of slot j et distributions fo r s lot orifices with fin ite l er_gth - width ratios. 

Therefore, it seems appropriate to start with th e information availab l e 

in the literature fo r ci rcular j ets and two-dim er:s iona l s lot j ets . 

T he resuJts of th ese j et investigations usua ly h ave b een re­

p r esented as r e l a tionships of dimens ionless ratios. One such ratio i s the 

where V and V are 8S defined in figu re 1. m o Another r atio 

i s X / D
0 

or X / B
0

, th e relativ e distance from th e orifice in t erm s of the 
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characteristic orifi c e djmension. Th e l ite·rat ure gives both relationships, 

e ither as, 

or as V m 
f2 ( rJ ) -v- =-

0 

where YJ - · X/D 
0 

or YJ -· X/B
0 

T he first form gives V / V as going to infinity with an increase of rJ o m 

while th e second form gives V / V as conveying to z e ro with an in crease m o 

of YJ. As t he velocity distribution i n j et diffu s ion is primarily concerne d 

with the velocity dee e<1se wjih distance, the second form of repr esent a ­

tion appears more conve nient for practi cal purpose s ; therefcre , i t is used 

i n this study . 

The Iowa Study [ 27 ) clearly revealed that one expression is 

v a l i d fo r the decrease of th e maximum velocity along the j et-axis fo r the 

t wo-dimensional (infinite l ength) s lot j et , and another expression is valid 

fo r the c i rcul ar j et. T he relative maximum velocity V / V decreases -
rr: 0 

a long the j et-axis of the two-dimensional slot j et [ 27 , equation (39)] as 

~: J--ii-0- - 2. 28 

while V / V fo r a circula r j et [ 2 7, equation (4 7)] decreases as m o 

X 
D 

0 

= 6. 2 

( 1) 

( 2) 
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these 
A log- log plot of/two equations is represented in figure 2 as two straight 

lines . T his comparison shows that the "carry of flu id II in cir ular j ets 

i s l ess efficient than in the case of a two-dim ensional slot j et, i f the dia­

m eter of a circular j ct i s equal to the s l ot width of the two -dimensional 

s lot j et. As an example, for X/B = X/D = 10 0, the ratio s V /V o o m o 

a re 0. 228 and 0 . 06 2 for the two-dimensional slot j et ar_d the circular 

j et, r espectively . T his essential difference b etween be t wo types of j et 

m a ms them different in their applica tion. Ho wever , if D and B a re 
0 0 

equal, much rn re fluid will pass through the orifice for two-dimensional 

j ets than for circu lar jets. Assuming that the orifi e flow r ate and efflux 

v e locity are equal for both types of j ets, the circular j et presents quit e 

a di fferent picture for j et penetration, as it i s shown l ater in this text. 

Assuming that a square slot has the same area as the circular 

j et, or D = 1. 128 B , it i s expected that for a suffi::::ier:.t distance X 
0 0 

fr om the orifice the two j ets win have very similar velocity distribu-

tio ns . Equation (2) in the case of square jets becomes 

V 
n 1 

Vo 
7.0 ( 3) 

The question now arises, what will be the relationship 

V /V = f (X/ B ) as th e rat io L /B of slot orifice char:.ges from 1 m o o o o 

to infinity by keeping th e ar a A :-: L
0 

B
0 

constant. Fo r a very l arge 

r atio L / B , the slot j ct approximates , at least in its central cross 
0 0 

s ection through the j et-axis and perpendicular to the Jong side of the 

orifice, the two-dimensional j e t with V / V = f (X; B ) given by m o o 

equation (1). An equntion of hyperbolic type for diffusing slot jets is 

needed for practical purposes, which contains the ratio L / B as a 
0 0 
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parameter . Th e m ain objective of experim ents conducte d for thi s study 

was a search for tha t expression which contains th e r aCo L /B for 
0 0 

s l ot j ets of finit e d:.. mens~ons L and B . 
0 0 

A slot j et h e ving finite values L
0 

and B
0

, or a relat :..ve ly 

s maE r at io L /B , h as a n e stablishi ng zone whi ch i.s affe ct e d on t wo 
0 0 

s ides by boundary effe cts, as it i s shown in figure 3. The maximum 

v e locity a long the j e t- axis , which i s o ' is not much affected by jet 

e xpansion in th e t r i ang l e C DE in the ho rizonta l pla ne, and the effects 

of sides TI and 34 are not fe _t slgni.f1cantly in th e triangle FGH i n 

the ve r tical plane. The \'elocity ratio V /V stays close to unity along m o 

the jet-axis fo r the di s t ance AE. From E to H t he r e lationship 

V /V = f (X; B ) should b e approximately the same as fo r a t wo -dim en -
m o o 

siona l slot jet cf i.nfrnite l ength, as describ ed by equat ions (1) and ( 3) . 

T h e di stance of the point H from the efflux orifice i s 2.pp: .. ~oximately 

L X 
0 0 

B B 
0 0 

L X 
0 0 

B l 
0 

(4) 

Effects of the sides T2 and 34 on th e r e l a ticns hip V / V = f (X/B
0

) rn o 

are expected to de pend thus on the ratio L / B . 
0 0 

1. 7 A summar_y frcm lit erature of flow pattern equations for cir -

cular jets a nd two-dimensional infinite slo!..J..s:_ts . 

The dime n si.onl e.ss ratio s V /V 
0

., Q/Q
0

, M/M , E/E 
0 0 

and u-/X describe th c flo w p a tterns at d :: fferent positions in th e diffusing 

j ets . T he valu es V , Q, M, E , and CY cfe r t o ve locity, flo w rate , 

mom entum , energy and standard deviation of the v e locity dist r ibution 

at diffe rent cross sections perpendicular to th e jct-axis, respectively, 

whil e V, Q o o ' 
and E r e fer to the sarne m agnitudes at the 

0 
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orifice of j et efflux. The velocity " i s th e velocity component in the 

direction of j et-axi.s at any pc,int in the diffusing jet fie ld. Of special im-

portance i s the maximum v e locity V along t he j et-axis, b ecause its 
m 

r atio V / V which decreases with distance i s u s ually t aken as a m o 

m easure of the deceleration of the j et. 

The coordinate axis X wiJl b e assu med always i n th e direction 

of j et-axi s, the Y a.xis ncrmal to X and to long side of th e s lot , and 

Z axis a long the l ong axis of the slot , normal to X a xis. The origin is 

at th e c e nter of the orifice (see figure 3). 

For the t wo-dimensional s lot j ets, i n th e zone of establish ed 

fl ow, the Iowa Study [ 27 ] gives the normal distribution of e locity V 
X 

a s 

log 10 0 . 36 - 1. 84 

T his equation becomes equaticn ( 1) for V x "' V m a nd Y = 0. 

The volum e r~ux r<1tlri Q/ Q is given as 
0 

0. 62 

The momentum ratio is unity, or 

M 
M 

0 

= 1 

and the energy flu x r a tio is 

E 
E 

0 

1. 86 

( 5) 

(6) 

(7) 

(8) 

T h e ratios Q/Q
0

, M/M, 
0 

and E / E arc graphed in figur e 4 for th e 
0 
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two-dim ensional j et. 

Fo r th e circu}ar jct, in th e zone of establ~3hed flow, th e above 

equations (equation3 5-8) are: 

log10 X 
= 0. 79 - 33 I) 

0 

r2 
x2, 

( 9) 

where r i s radial distar,ce from the j et-axis, which replaces Y in 

e quation ( 5). For r =- 0 , equation ( 9) be corn es equation ( 2) . For th e 

c ircula r j ets 

Q 0 . 32 X 

Q~ 
... 

I) 
0 

( 10) 

M 1 
M 

- ( 1 1) 
0 

and 

E 
D 

4. 1 0 

E -
X 

( 1 2) 
0 

T he ratios Q/Q
0

, M/M
0

, and E/E a s functions of X /D for the 
0 0 

c ircu lar jet are given in figure 5 . 

The dim ensional analysis [ 2 7] shows that ratio s V / V , m o 

and E/E m ay be expressed as various functions of 
0 

X/B
0 

for t wc.,- dimensional j ets, and of X/D
0 

for circular j ets . For 

slot j ets of various L / B r atios , the above equations should includ e 
0 0 

th is second dimensionless ratio. The velocity ratio, v/ v o ' 
includes 

also the ratios Y/ X and Z/X for slot j ets, and r/X fo r circul a r j ets, 

and they determine the posibon of points to whi. h the rat io V /V
O 

refers . 

According tc the Iowa Study [ 2 7) the ratio of th e standard 

deviation, er, of th e velocity dis tribution in a c r oss section to the di stance 



22 

fro m orifice i f, a conshnl for the t wo- dim ensiono.l jet and for the ci rcular 

j et, or 

C ( 1 3) 

i n o rder to satisfy th e condition e,f dynarni c similarity, and h as a value 

of C = 0. 109 for the two-dim ens iona l j et, and C - 0. 081 for the 

round jet. However, according to S. Corrsin [ 2 7 , disct:.ssion] 

th e assumption of dyna.m ~c si.milarity alone, by th e authors of the Iowa 

Study, dces not give the linear spread of a jet, and c / X = constant 

cannot simply be as:3umed. T he authors of th e I owa Study i n their closing 

of discussion revised the statement by asserting that "th e constancy of 

th e momentum flux toge ther with the similarity of the velocity profiles 

at succe,ssive secti ons will be found to require that r; / X = C . That i s, 

th e j et will spread at .:1 Lnear rate defined by the const a nt C . 11 T his 

p roblem, whether the two-·dimensional or circular jets expand linearly, 

i s sti]l to be fina 1ly decide d by m :::.1re accurate experiments . 

1. 8 J ets of mi sc ib1 e but different jet and environmental fluids. 

The j et fluid and the environmental fluid very o~ten have a 

small difference in properties and are iscible . Usually_. th e gravita -

tional for2es appe ar in that c ase which affect jet patterns . T his s tudy 

is concerned neither with this case , nor with the case in which a j et 

e nters a moving stream inst ead of an environment with the fluid at rest. 

However , some references for those cases are given at th e end of this 

t ext [ 15 , 24 , 26 , 45 , 46 , 47, 48, 49, 52, 53 ] . 

1. 9 Applic a tions . 

The theory of diffusing j ets i s applie d to many engineering 

problems. Among th e rnost important are those applicati::ms which 
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u tiliz e o ne or another of the jet p roper ti es , such as th e c a pacity of the 

j et for energy di ssipation: rapid mixing of flu ids ; r e placeme nt of mol ecular 

c onvective diffu sion by :-1 t u rbulent diffus i on; stirring of fluid s which are 

i naccessible for m e c!,2 nicz,l stirring; ent rainment of large masses of a 

flui d i n a given direct.ion; r cuperation of kinetic energy of j e ts entering 

a ducted fl ow; an d s imi lar applications . 

Often there are advantages , st r u ctural or othe rwise , fo r using 

slot j ets of various l ength-width ratio s instead of the ci rcu lar or, t wo ­

dim e nsional j ets . From these practi cal asp e cts, t he study of slot j et s 

with s lots of finit e l ength -width ratios i s considere d attractive and u sefu l. 

Therefore, th e stress in th i s study i s on tho se cha racteris tic s of s lot 

j ets which are necessary fo r engineering appl ications . 
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C HAPTER II 

2. EXPERIMENTAL FACILITIES AND EXPERIMENTS 

2. 1 Selection of experimenta l fluid. 

Both water and air were considered for u se as th e experimental 

fluid for this study. Three alternative facilities were studied for water 

as the exper·imental fluid: (a ) The Indoo r Hydraulics =-.aboratory, u sing 

sumps below the l aboratory floo r as th e environment for i:westigation of 

free submerged water j ets ; (b) Outdoor Facilities, n2..mely the new pump­

i ng station in the Outdoor Hydraulics and Hydrologic Laboratory , and the 

u se of College Lake as t 1e environment for investigation of free submer ­

ged water j ets; and ( c ) Horsetooth Reservoir which i s near the Hydraulics 

L aboratory, as the environment, with the improvisation of a pumping 

facility on a r aft or boat. After a detailed study . the conclusion was 

made that all three alternatives with water as th e experirn ental fluid 

would result in a more expensive, and a mo r e tim e consuming approach 

than the use of air as the experimental fluid. Stratification of water 

according to water t emperature both i n the lake and i n th e reservoir was 

another adverse factor in this analysis. Since the sumps i n the Indoor 

Hydraulics Laboratory a.re limited in content , they would represent a 

c onfined region rather- than a practically unconfine er_vironment. 

The availability of a 50 h. p. centrifugal air blower and the 

l arge space inside th e Indoor Hydraulics L aboratory , as well as the ease 

with which the experiments could be perform ed, were the main factors 

i n deciding to use air as th e experimental fluid for th e investigation of 

diffusion of free submerged s lot jets of various l ength-width ratios . 

The similitude of fluid mechanics phenomena between air and 
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water in h ighly turbulent flow h as been long esL1bJisr.ed . Th ~.3 js s p ecial­

l y v a lid fc r the sam e range f R e ynolds numb e rs of uc•th flu ids . As the a fr 

v elocities u sed in this i r:vestigatio n we re very l ;cirgc at the onf_;_ce (be­

t ween 180 and 520 f. p. s . ) , th e R ey nold s nurr:bc>r-2 we r 8 r e 1.;. t ive1y l arge , 

so t hn.1. th e s~militude of the diffusic1n prucesses for the air ;;nd the w::it er 

i n thi.3 range of Reynolds r.umber 3 w2.s assured. 

Th e e xp er im ents conducted in th e Hy d r,;uLc Tnstitule c1 f the 

University of th e Iowa Study [ 27), by u si.ng air as th e exi:crirnent,1 1 

flui d, and th e experiments conduc ted in J ap:3n [ 33 , 39 ) a nd . cr1.hwcstc rn 

University, Evansto n , I llinoi s [ 56 ) by u s ing hoth water ;:;nd c11 r as cx­

p erimentJ.1 fluids do no t show a sub s t anii " l dif.:crc·ncc: in rc~.u 1t :-; b ehvecn 

the u se of water an-:l o f c1 ir in th ese i.nv estig::itions. Much of these 

di fference:-:; m ;:1 y b e at 1. ributed t o variations in H eyn<."' 1 d::, n .1mbe r s cif the 

e xperimental ru ns _ to errors in the m er1su.:--ing ins1.rurncn1s , ·rnd 1.o 

experimental techniques r;:ithe r th an to th C' u se of <J'ffercn t fJulrls . 

Th e effect of R e ynolds numbers on th e diffu siC'n proc cr~s in a 

fully deve::.oped turbul ent flow is stiJ] a sc,rncwhat u nc lear s ubj P.ci ,1s wc1c; 

note d r1 b ove . M c ,:1 s u ring t echn i qu es a .re stiJI not perfected t c such i1. de-

1 

greP as to determine uniquely h CJ w th e cha nge of R ey nolds nu mber 

affects th e diffusion process , ;;ind the abo\.e equations for th e ch:rnge of 

- /v 
o ' 

and E/E
0 

with the di s tance X / B
0 

-v- ' D o r r,.; . 
0 

After a de t ai Jcd analysis of a l] aspects of u sing w;1tcr a nd 1or 

air as th e experhnenta1 fluid, th e decision wc:1s m a d0 t c ·..J sc a u - cli; t:h c 

flu id in th e invesi igsitiCln. 

2. 2 ~crirnent:el facilities. 

E xper.Lm entc1.J facilities were insL:1l1ed i n th e Indoor Hydr:1 ul1c s 

L a bor- c1 tory a t th e Engineering R esearch C e n1 er cf Cole r;i do State U niver-



sHy, Fort CoE1n·, , C ui crudu. Th ey ccn:::.!sted of a 50 h. p. c entJ ifug,;1] 

a ir blower, twc, sc:tffc.,l d •.;,_ c ,11·1 i ,lge cqu!prnent fcir moving rtnd pcs'.tic•mng 

th e PJtc.,t tube, z1nd mea . ..:. u ! 1ng Jnd r1 ' c c:r,Lng a pp 1::-,0,tus. Fi gure. 6 s ho ws 

these fac1Lt1es 1n a top view . f1 gure 7 :-ohuw:.; ,t Ncrth-Sou:h cress sec-

ti ona l \'lew, and f1gure S show.':i ,.in East-West cro.s., .::;ection'1J view; ;:,.11 

these fi gure,, a r c schcm:1t1c r epr c s cnt:dic1 n, but th e m ,'n n fea.tures c,f 

th e facJht1c s .,re repn·sented. 

T he ::iir supp~icd by th e blcnver W'lS conducted th. uugh a. t rcrnsi­

t.ion frorn th e cir- , u lsl.r b lc1wer c•u i. kt uf 14 11 dB m e t e r t o th e squarr:' en­

t r;:incc c,f ,--i n elbuw w11h 14 11 side' s. and thr_ n th 1 r"ugh the r.~b ow t o the 

or:.Lcc no zz1c. T hi s e]bcw tr an:;:i.ti( ,n is ::how ;n f1gure 9, The sqHarf' 

c ro ss sectwn ,rnd 90 deg}·ec e l bnw with fou1- t urn.· ng vanes v;-i s u :=,cd io 

at th e appnic,ch to th e r::,rifJce no zz 1e ,vc1;:: <is ~~y m rne1ric:•tJ a..:; pract1ca11y 

fec1sfole. :-.rnd d_;1 e(·teJ vcrt.'c;1]1y upwards. Th,.' tc'p l -f th8 efoc1\v, vrh e1 ·e 

the' guiding v 1nes end, c nnt1nuc ,:; c1s '."l slra~ght vcTti .-:: ~, l br 1x 12 11 l ong , 

· 1 h t 14 11 by w1 . a sq11.;.rc, c1•o f.s sec 10 11 14 11 z1s shown ;n f1 gures 6 and 9. 

This b ox ,uas clc1sed frorn abc,ve by a toµ cc,ver wit.h the nc zz l e mount ed 

jn Hs center_. as it i s shown in figu re 10 . l n this way_. th e a1, jet wa::; 

d irecte d vert1caEy upwards. A typ5r:a] no zzle ere::;:=; sect1c-n is shown 

jn fi gure 11. This nrro.rigemcn1 en;,bl ed the ~!Jr f.l ow to b e ch ;rngcd rn 

directic1 n from t h e hc:irJzontal i nlc1 tc, the vc·r t ic:1 1 outlet ancl tn be 

conc cntr;11 ed ;e;yrrim etr:c;:i] ] y thrc,ugh the n r-zzJc ,::: of sm:cill cross se c1 ior 

Fl ow r>1te ; were gc,n:;-- ncd by r cgu1a1111g the ir.1 ct 'lrca c,f th e 

b] c, .. vei-. The completely open area gr-ive thf' rn ,1xjmum f]c,w rat e. A 

b oc1 rd w.ith h e, 1rs 1n 11 . covcri ng th e rn 1 ct_. en;:i bl c d th e regu lc1twn of fto w 

r a te b y up cmng a given n11rnb cr of hole s 111 th e bo::nd. 
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Th f= h igh speed cent n fugal b :uwe r h e;-1 1.ed the .:L.r frorn an 

ambient t emperature of 80 -8 8 degrees to 150- 170 dcg!· ee-.; . A coolrng 

syst em was nc!cessary to s11b s1a ntia11y dccrc n.sc the tcmi: e r:1tutc differ­

ence b etween th e <1fr cf the j et .:ntd the env.'r·c,nrn e n1c1 1 -1 ir. ln ordl~r to 
the 

c oo] the c1ir j ct,/ Jower p a rt of 1.he blowe r was 8c1 in a '' wat r b a th 11
, 

\ h ich consisted of c1 wooden box w.~th cold water cir ::: ulating through iL 

'fh ~s ccoling dev ice 1owcrcd the ;:i~ r j e t 1. e rnp crai ure s ub .:;1Bnt.:al3 y_, b ut 

not sufficien1~y. Th(;; ::;pray c,f water on 1.hc upper p;i r t of th e blower 

further d ecreR:'",ecl the :,ir ;;et t en,pcn•tu re to ,i b ou t 15 degr ccB ,1br)ve th e 

ambF' nt t ern pen 1.ur e. Thi s terr:p er.:1. ture d~ffc rence_ however_. re :=;ult e d 

1n a bu c•y rincy f,)rc ,_• directed upw:1rds a1c- ng th e ·et. This force i s, 

therefore, a ~ourc.e c,f e r rcr in me:~s1iring the ·el:)cHy distnbution at 

vaucus e]e ;-:.tjcns abo\·e the no zz;e onf~ce. H owe" er, t wo fo.c1.ors m ak~ 

th .i"{ error smciE: f~rst , the jet c;utlct ve~c•c~ti e;; were "·ery large (1 80-

5ZO f. p. s. ) ;:;c, that the v e }ociti ,: s caused by the bucyancy fo.rcc :::ire 

r e1ati e]y .3rn8.J1 in c omp a rison with th e jct veloc .:t1ee> at l east for a c ouple 

o.: feet ribove the nozz le onfice; and second_ tlw mixrng of the j et a5r :=ind 

t h e environm ent a l J.5.r p rogrcs :-c3 f8st R1ong the J et-uxic:, so th,1.1. the 
! 

buoyancy force d ecre~VieS r apidly with the d13t a nc e frorr.. the j et orifice 

u nt~ l at approxi m a tely t wo feet the air temper ::itur e was n ec1..rly the same 

a s the am bi.ent temp e r a ture. 

T en rectangular noz z les 'Nith v ar ying l ength-wiclth ratio s were 

u sed. F~ve had an n r ea nf 1. 844 squa r P me h es wjth kngth-width 

r atios of 1. 00 , 4. 93, 13 . 5, 30. 7 _. an<i 54. 2 . The other five had an 

c1re a of 1. 0 00 square rnch es :=ind 1ength·· "•1Jdth rc11.io s c-f 1. 00_ 4 . 00_. 

16. 0 0_. 45 . 8 a nd 94 . 0. One 1 ound ric-zzlc was alsc used for cc.>mp8n.5on 

with th e s qu a re nc zzles: Tt s rl ia rn e1er w;-is 1. l. 25 in che s. Th e nc;,zl es 
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were cons tructed fro m 3/4 inch plywoo d as s how n in figure 11 and were 

co3. te d on th e inside with f ib erglass to make a smooth surface. 

Sca ffolding ·was u sed to faste n the Pitot tube c arriage v ertic a l -

ly, and t o p r ovide a m eans for p e r scnne l to wc;rk above the nozzle. Th e 

carri age assembly was constructed in such a m anner as to allow the Pii.ot 

tube t o b e moved in a l] three directions: vert.ic;::11ly by moving th e po sitfon 

of the main c arriage, horizr_,ntaLy in a Nc1rth-South direction, by moving 

th e carr iage of the P i tot tube ride r ; and , h orizont a 1ly, in a n Eas t- West 

dir ecti.on, by moving the Pitot tub e ri.der :=llong th e carriage for an exact 

position of the PHot tube. 

Th e doo r of the Hy d c:J u~i c s L 8.bo ra t ory were cJways c1 osed 

dur ing th e experiments, which u s ually took pl:.i ce out s ide the regula r 

working hours. This :' .. rrangement wc1. s nC::ce s sary fo r t wo reasons: to 

enab le the doors to b e c lose d during th e experiments an d to a void a ny 

m a jor cha nge in envfrc,nrn e nta ] air t e rnperatur ?. b ecause of th e out side 

dai]y temperature fluctu ation.:: , and to Dssure a conv enient electric 

en ergy supp] y wHh a minimum local int erference in the fr e qu ency of 

th e electric power supp~ y . 

R ega.rdless of the p recaut ions t aken for a-voiding air cu r rents 

b y closing the doc r s . there we re ,some l ow speed air currents inside the 

laboratory during th e experim ents. These curre nt 3 and th e difficulty 

of fixing th e noz.z ]e s with the ir X a xis e xact ly v erti:::al, a s wel1 as th e 

effects of blower b] ades m ri de the jet expan s ion s uch that the point of 

m a ximum v e locity scme1. ime.s devinted slig hU y fr om th e vertica l line 

thn .., ugh t h e nozzJ_e center . However , these devia t icn s were re l ati ve ly 

sm a ll, a s it wi11 b e s hown later in the di scusEion of d8t a ana lysis. 

The rn e.:1suring devices co ns isted of th e fol1o wing e quipment : 
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(a ) A hypodermic needle stagnation tube, and a 0. 1 20 0. D. stainless 

ste e l Pit ot tube; (b) A 1 . 0 psid Stotham transducer for measuring th e 

velocity pressure; and (c ) An x -y p lotter (recorder ) , for recording 

the voltage of the pressure tr:rnsducer output as fun c tion ::>f th e linear 

E ast-West di stance a long which the v e locity distribution was measured; 

a nd (d) A water m anometer for the measurement of large pressu res , 

e specially fo r hjgh ve locities ai. the orifice. Pressure lines from the 

Pitot tub e were run r1long i.he carriage t.o th e s caffold, then down to th e 

flo or where they vrere connected to the t rans ducer. 

2 . 3 Me a~~urlng techniques. 

Prof~Jes of velc cHy p ressure a l ong a Jine .Jt the nozzle ouUet, 

from which th e efflux velocities a nd fki w r ates were figured, were cb -

L1i ne cl !Jy ll,, <~ t ; f t l1 <· l1 )' 1H1dt · 1·111H · 11 t: t ·cllt 1 !-; 1.1 gn;1 tH>n i.ulw_ co rnwctecl di r ec tly 

t o the water manometer . 

Above the nclz z l <: efflux section, profiles of velocj ty pressur es 

along a l ine ere t aken in ,lll Easi. -West direction, with th e East-West 

position and v c l c:•city pressure rit e:ich puint b eing recorc:ed on th e x-y 

r ecorder. Th e orth - Sc:11 th pc,si ti on and elevation were r e cc;rde d m anua l -

ly . 

As the velo cities mu st b e sampled in s pace and in tim e b ecause 

of turbulent flu ctu at ions, the p r oper procedure v/Ould h a ve been to sel e ct 

points and direc tions at which the tim e-average velocities would be 

d etermined. For each of these points and d.:.rections a time series of 

v e locity pressure should have b ee n re c o r de d for a sufficiently long ti me 

to decrease the sampling error in de termi ning th e time-average velocity 

to a small tolerabl e m agnitude. Th e time serie s o:!: Pilot tube v e locity 

pressur e then shou:id h ave b een tr :1.nsformc cl t o velocity tirn e series by 
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u sing the \ 'e]c,city-pressure: rel ,--, ti:'n.c:;h ip frcrn the P::.i:ot L:be calibra tion 

and for the p roper ,Jensity of tlv Eu1d ct t th e time cf m e~.3 u,em ent. 

A l3 C' , cor-r e ction.:.: .s hc,u1 d h ;:-iyp b £>2 n rn;id e fc,r t u r bu le nt -velo c1 ty fluctu a ­

t ion :-< .sc ths t the time-,rver.=ig e velc(:.ity wu11d h ave t ,e cn cbtained, 

r ather th a n th e momentum flux ;n·erc1ge ve ]cc11y. From the v elocity 

tim e series thc- t im e-an-:r<'1gevelo c1ty would h ;:i\e b r:-en dete rmined. A il 
' -

these average \'e1c• Hies fo r a cross sectie;n c1 1. the p c·int~ of m easure-

m ent c:.nd in th e! g:.ven d1rection wou]d h :::t\'e detc-rm ~ncd th e vc1ccity d.is­

t ribut ic·r, ~ e:.ther c11c, ng a ] ine er ever 3 pl rine, u s u:-:illy c,f L·.e vcJcc iti es 

p erpe ndicu "l :1r to that hne or th ::d pl ane. Hc,we -er _ t h ~E m c,,;t ide2. l 

m ettsur:ng t echnique vould h ave ne cess itate d t h e spencln-g c,f an eno!·rnous 

amount C'f. E rn e fe r d,1ta cc1l1ec1: ion crnd a12e, wcu1d h --. vr requir ed a n ela­

b orated p rocedu:i.-·e of da ta proc ess::. ng . Thi s p rocedur~, . the1 cfore, w:1s 

u sed C.J n~y ~n rn easuY-ing t h e v e1ccity profiJ ,~ -1.t th e e-[ri ux s ecLon c-f th e 

j et orific e. 

Th e fo ~lc,wing measuri ng tcchn ' que w'ls appJ:.ed tc i:h f:' cros:=; 

s ectic,ns (pJ .1.nes ) p er·p end.'.cuhr t (, the j et-c-1.xis a nd ,71. a ch sLrnce X 

from th,2 or-:~:ice. T raverses for -~; cvcraJ di fferent ' .'J ]ui::::3 of Z were 

m a de of t he r el,.tUcnship _ velc)city pressur e versu~~ th e l ength in the 

c ross sect ~on plane. By s low~y m ov ing th e P~tvt tube r i d er, th e 

v e ~o city pressure p roL l cs a!ong th e ;:,e l ecte d Jines in the cros3 sect ion 

p Jc1ne wc1~e r ecor ded . Figuc'e 12 s hr.n,vs such a recc ,~· d e d pro file . Sinc e 

th e voli1.ge ou1put wns l rnearJy reL1t ed to the P Hc-t tube pressure, th e 

simpl e h neclr tr .01.n sformr1.t ion of th e sc ::i] e of prc,file nrdindtes gav e th e 

v e locity pre ssu re P~'e:filc, The ve]c, c ity pressrn ·e t hu:.:; fluctu ::i.ted :=i r ounc 

an average centr·?.} ,:; rnootli li ne ,,vhich 1 c p resc r.t.s th e t:rce- ;1.ver.:ige 

e l ocity pressu re c1lc,ng th e tr ::::\·er:.e l i ne. A s figu1 c 1 2 shows the 
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i n stantaneou s veloci ty pressur e is recorded alo ng a traverse line . T h e 

n eighboring points give diffe re nt instant:rnec1us p!·es surcs , so tha t an 

a veraging process of this fluctur ting velocity pressure produces the 

approximate di st r ibuEon of th e timi.- -8.ve"' s.ge velocity p ressure . 

2 . 4 Experi nental procedures and da ta colJ.e tic,n. 

T wo sets of run s were conducted, a set o: runs consisting of 

e xperiments with no zz les of th e same cros1; seci.i ona l area. T hese t wo 

s e t s r efer to areas of 1 . 844 square inch es and 1 . 000 square inches 

r espectively. For e ach set five different length -width ratios L
0

/ B
0 

were u sed, o r a~together t e n different r;:0ts. T h e eleventh nozzle was 

t h e circular o ne with the area 1 . 0 00 square inch . 

T h ree differe nt flow rates ,vere u sed for each nozz l e . They 

were governed by regu lating the area of the blo ver inlet_. and h ad values 

of approxim ate ly 2. 2 , 4. 2_. and 6. 5 c . f. s. for noJzzlcs of 1 . 844 

square inch aren._. and 1. 3, 2 . 3 and 3 . 7 c. f. s . f ::ir th e 1. 0 00 square 

i nch ::.:i r ea nozzles. The r eo.son for ck-mging the set of flow rates with 

a rea was the re s u2t of an attempt to ke e p th e nozz l e orifice ve locities 

V for th e v ar iou s disch<lrges th e .:l~rne in both sets of noz z l es. 
0 

Approxim ate va.lues of V for the thr ee flow rat es were 180, 330 , 
0 

and 5 20 f. p. s. for a ll eleven nozzles . Flow r ates were compute d by 

g raphic a l integration from the v e loci ty p ressur e p rofi l es tak e n at th e 

noz z l e outlet. 

T h e da t a taking procedure for ea c h no zz l e was as follo ws: 

T he blower was started nnd t h e air t em p erc1.tu re at th e no zz l e exit 

m easured. When th e jet nir at the efflux reach ed approximately a 

t emperature of abc·ut 98 ° F, it was h e ld ccnstant by use of th e exte rna l 

wa t er b ath and water sprc1.y over th e blov<.' er. W et bulb a n d dry bulb 
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t emperatures of th ,:, amb~ent air were t 1.ken at the bcg;nning and end of 

ea ch run and averaged . B'.::lromekr re a dings \Vere tc-1ken fr-om n. con­

tinuous recorder . The c1mbient tempe r i1 ture was u suc1 1ly around 85°:F . 

After the nc,zzle tcmperatu:re h r~d stab~hzed, veloc~ty p essure 

p rofi]es were t aken with the hypodermi.c shgm1ti ,n tube at the nc,zzle 

outlet and the ve locity pressure on the jr.t-axis was taken with the same 

stagnnt ion tube a elevations of 1. 00 and 1. 50 feet a bove the noz z le . 

T he flo,v rate was then cha nged and the scime procedure foJlo wed for the 

other two flow rc=ites. Flow rates were set by m0c1suring the velocity 

p ress·..1re at the no zz1e cutlet on the centra l jet-::i.xi s . 

V elocity pressure profi]e 0
~ above t he jet were t,,k e n a t e l ev a -

t i ns rang:.ng from 1. 4 feet to 14. 4 feet, 'Nith a pprc,ximat e]y 5 equal 

logarHhmic i ntf•rv;:i.ls tarting at the lower elrav ·:iUon . At e ,,.ch elevation 

except at 14 fec-t, fiv e veloci.ty pre ;:;sur e 1rne prcf.i.lc-s were tciken in 

th e East-West direction : one o n the E .:i.~, t-Wc .s t phrne of symm e try and 

t wo on either s~de of that plc1 nc . O ne to th ree p:::-oEJc.s were t aken at the 

14. foot elevation depending on the di ,schai·ge, b ec:"'.use ve locities at th is 

elew 1tion were quit e sm3.ll. A velocity pressure mc·1..=:;urem e nt for each 

ru n was a l.30 t aken on the ::i.xis f symmetry at a n elevati.on of 21. 7 5 feet. 

The method of recording ca.ch velocity pre:3su re profi] e was tc. 

start the Pitot tub e me,:. 3urem ents outside the me .-J ~unib] e fJow region 

at a fixed North -South position and dr r~ r the P1tot tube c.. crc• s.s the flo w 

in rm East-We.31 d1:-·e ct~on at a rate of about cne to two fe et per minute 

(recording the veJc,city pressu re [JDd E:a s t -West 1c at10n on the x-y re­

corder), until it h ,1d re;ichecl. t he oppc,site sidc- f the flow rcg jon. Aft er 

recording th e profiles f r one ::Jo,v rate at any cle\•ation_, th e flov,, x-ate 

wc1s changed and the prc,f.ilc s for th <: next fJcw r :::i.tc were record e d. 
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Wh en profiles for all three flow r ates h ad b ee n taken, the carriage was 

moved to the next elevation and the procedure was r2peated . 

2. 5 Data p oces sing. 

Th e digita.l c cmputer was u sed in crde r to minimize the tim e 

fo r data processing . The gra.ph of velocity pressure versus the distance 

was smoothed by drawing an average line t hrough the fluctuating values , 

a s it is shown in figure 1 2. Values of vcH:i.ge from this c..verage line 

we re taken at equal hori zontal di stances and tabulated. ':'his data was 

then punched onto dat8. cards, and a ll com put :=i.1.i.ons were carried out by 

a digital computer . 

2 . 6 Error sources in the d :::i t :-1 . 

There were several factors involved in the experimental 

equipment and in the data taking technique which cou ld have introduced 

errors into the observed da ta . These factors are mentioned below fo r 

the benefit of the re&der in his evaluation o.f the reliability of the con­

clusions derived. No attempt has been made to analyse th e exact effect 

of these factors_: however, i t is felt th <J.t the total effect of these factors 

introduced no more than a couple percent o.f the err:-irs in the computed 

v elocitie s . 

2 . 61 T urbulence gener;ited by the blow r. Because the 

b lower was of centrifugal type , the air exiting from the blowe r necessarily 

was highly turbu l ent. The only resemblance of an c.ttempt to straighten 

the flow w&s the u se of turning vanes in the e lbow . Above the vanes was 

a stilling chamber 14" x 14 " and 12 11 long . Th e velocities in the e lbow 

section, however , were approximately 1 t - 3 f. p. s., which allowed 

a short period for the a.ir coming from the blower to deve lop into a 

uniform flow. The actu;1] condition cf turbulence o.long the path approach-
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i ng the nozz]e and in the nozz]e was not inves tigated . 

2. 6 2 _1,en.&!.b_ of nozzles. It is fe lt that the nozzle l engths 

(par a l ] 81 to the flow ) used i n these experiments were t oo long . T he 

l ength o f the no zz!e permitted a boundar y ]ayer to deve]op . It s effect 

was noticed by th e slight curva ture cf the velocity profile nea r t he edges 

of the o ifice. In order t o d~rect the j ct vertica lly -with the slightest 

possib] e deviatio n from th e theoretical axis, it was found that a nozzle 

of some l e ngth was ne cessary . 

2. 6 3 J ernpe!:•c-..,tm e difference between the jet ut the efflux 

section and the atrnosphEre:. The temperature difference between t he 

flow leaving the orific e and that of the ambient fluid was usua11y about 

15° F . This temperature diff~rence resulted in a b uoya ncy force 

directed upwards ,Llong the j et-;txis. As was st:::.cd ear1ier in this t e xt , 

the j et out1C't ve1oc1ties were large (1 80-520 f. p . s. ) so that the veJocity 

c a used by the buoyant force was very small in compa rison with the j et 

elocit i es, and the mixing of the hotter j et .=i.ir and the environmental 

air progressed h.st enough along th e jet axis .:30 tlrnt at an e1evation of 

1. 5 feet there was less th:rn 1 ° F difference i.n temperature between 

th e j e t fluid and the ambient fluid . 

2. 64 Sh::.fting of .i e -·axi5. R egardl es3 of t h e precauti ons 

t aker_ to avoid introduction of external a i r cur ents in the laboratory 

(closing laboratory doors and turning off a ll h eaters in the l r1bora ory) , 

there were some l ow speed ho rizontal air cu rrents ob.served in th e 

l aboratory during th8 experiment. T hese cu rents p lus the difficulty 

of fixing the nozz]es with their X r,xis ex,ctly vertical, made the j et 

expansicn .such that the point of m3ximum vel c city in the cross sections 

sometimes deviated slightly from the vertic;-il line through the noz z l e 
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c enter . However , the5e deviations were rela t2vely smaE and rn the 

o rder of 3.bout 2 er 3 in ch es :rorn the vertical axis at an e levation of 

15 feet above the nozzle. 

2. 65 D ata taken at elevation of 21 . 7 5 feet. T he da ta tak en 

a t this elevation consisted only of n rneasu ement of m;;3x1mum velocity . 

It was found that the"'' v e locities did not fjt the general trend of the 

ot her data: they were usually somewhat lc,wer thc1n the general trend of 

data would indicate that they should be. Since there was not sufficient 

data t ::-·ken in this region to substantiate a definite ch3ngc in b ehavior of 

th e j et and since thi s pc,int was quite nea7' the ceiling, this data was dis­

c arded. 1t i s thought that th e cause of the l ower veJocity may h e ve b een 

th e effect uf the ceiling boundary which was quite close to this point of 

m easurement (sec figure 7) . Fo r the free submerged j et it is assu med 

that t he fi xe d boundaries are at such distance s that they d o not affe ct 

the fhw p atterns, this cond1tion was nol saEsfied at the e1evation of 

21. 75 feet. 

2. 66 Measurement of ,c1e,city pressure. Th e errors i n 

velocity mea s urem ent resu1ted from several causes . rirst, as 

mentioned previously under 2. 3 11 Mea.suring T echniques 11 
., th e profiles 

of instantaneous velocity pres s ure were taken a long the traverses at 

the c ross sections r ::--tther than using th e time serie .s techni que as ob­

s erved at e ach point . Second, the instantaneous veloci-:y pressures 

wer,~ mea ·urPd b y voHage output f rom a p n~ssure tninsducer. B ecause 

th e Pitot tube was c onncckd to the pre ssure transducer by plastic tubes, 

some attenu,1tion of pressure extremes was p roduced both by the 

c onne ct ing p ]asiic tubes and by th e inertia of t ninsduccr diaphragm. 

Thi s in turn decrc :"lsc d scmcwhr11 the stancbrcl de ·iat1on of the 
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inst.1ntsneous velocity p. e s3ure around the: m ean veloc ~ty p re:-s u re as 

comp3~ed with the t rue st:rndard de\::1tion a t the p c-int. A s th e time­

av ernge ve]ocHy :s "3 funct:.cn of the :::: q ~nre rc•ot c1f p ressur e, /p: th e 

squ:;re r oot o f aver :: ge presffure ~ i s U:'-U·J.Hy greater th ~, n th e 

a verage value of s qmire root c,f pressur\], r;; T hu ::-, t h e P1 tot tube 

giv es ~omewh 3t gre :lter ve]ocit iES when t he 3\ en ge p ressure i u sed 

t h an when tim e f1uctu ,t,ng veloc ity pres s UI e :it a p oint ;s c onverted tc 

th e v e]oc1ty and then v e;0city time Ee,ie -:=, 8.YC, ':1gecl. The gre'lter the 

l~r ger is thi:; O\'crcsU m :;tr. c:· t1mc- ,wer :: ge vc<cci t 1 es. Th erefore, th P 

attenu::-1U on of extreme velcci1:y pressu~·cs by rnea~ur,ng techrnque used 

and th e u se of tirne ··J \f'rngrng c:: Pit:::t p~ e.3·:ure ~n ccrnputing the time ­

a ver agl~ velocity lx·th work : n th•: ".ame dH ect Jr,n of overest:m:1.ting the 

velcc11 i<>:; . 

T he next error comer f1 om th e clr.1wJng of nn average 

ve] ocity pre2su1-e ~1ne on the pi·cssurc f1uctu ating ::i.]ong R tr ·:i versc , as 

shown in figu r e 12. The cnrr<: ct p ro r edurc :for f., nr:Lng th e ::.ve::age pClint 

ve locihe..:; from ih e f!u c h n t~ng _u rve o:f' \' ekcHy p re s .su . e n.1o ng a tr2-
1 

v erse would h a ve b een to smooth the curve b y an -:.veraging procedure, 

o, t o dra ,,v the upper c:rnd lov,'CT em e 1opes of th e cu 1 vc , comput e the 

v e](1ciUc-s ,1nd then t ake th~ 3\'cr=:i.ge as r'. better appnJximntjo n than 

d raw:.ng the aver .:..gc cu~ ve ,1s We.ts done in figure l 2. However , a check 

of th e er"·c,r involved betwee n the p rocC'd u re u :::.e d ::rnd the ide::-i l p rc -

edure fo r f rndi ng v e lcc1t ics Rmount e d t abou t 0 . 1 1. o 0. 7 p erc e nt . 

2.67 

m n.clc t o 1.ccc.unt fc,r R cyno1ds number i n ,, n,-.Jyz"ng the d:it c1 (or 

c1':~Surning i.h .J.i. Rcyno]ct ;:; numbe r h:i:: ?t srna~: effect en the j ct diffus10n 
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for h igtly turbul ent f: c ,v:c ). some '::'rn,Jll e~_, rc-rs are inher(:nt b e cause 

of the ef.:ect of Reyno l ds number on th e d1ffu5 ic.1 n p ro -::e -s . 
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3. ANALYSIS OF EXPERIMENTAL RESULTS 

3. 1 Va lu es computed from processed data . 

Th e p rocedure for processing the r aw data i n orde r to obtain 

t h e com puted a lu es i s as follows. Th e time-average volt age readings 

c o rresponding to the v elocity pressures , as r ep resente d in figure 12 for 

s everal traverses , were punched on computer data cards as discrete 

v a lues for given Y-values . The Y-values were measured fro m th e tra­

v erse center ; this c enter b eing defined as the point on the traverse 

s traight line , which is the intersection of this line and the X-Z plane as 

r epresented in figure 3. T he j et air density, for each rl:.n , which h ad 

b een c alculated from the measured a ir t emperatures an humidity , was 

also pu nch ed on computer cards. Then th e time-average voltages were 

c onverted t o the velocity pressures and t hese in t urn were converted t o 

the tim e-average velocities by a digital computer . From the se v e locities 

t he following magnitudes were computed: 

(a ) Mean, Y, of the ve l ocity distribut io n a l ong the tra ve r se 

i r1 r elation to th e traverse c enter ; 

(b ) Standard deviafion, CT, of the v e locity distribution about 

th e v alu e Y ; 

(c ) Maximum velocity, V m' which wou:d b e at th e Y if the 

v e locity distribution was normally distributed with the ab ove computed 

s tandard deviation, CT ; 

(d) Volume flux per one fo ot of wi dth Z, norm a l to the 

t raverse ; 

(e ) Momentum flux per one fo ot of width Z, normal to the 

t raverse; and, 

(f) Energy flu x per one foot of width Z, normal to the 

t raver e . 
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T hese comput ed parameters and magnitudes we re us ed in th e 

derivation of other v a lues and of the main relationships to be shown later. 

For the maximum tim e-average velocity along the jet-axis, there were 

t wo values available: (a) The maximum measured ·.ralue on the velocity 

distribution curve (th e velocity corresponding to the maximum volta ge 

or velocity pressure on the curve of voltage or velocity pressure dis­

t ribution, as shown by dasb ed l ines in figure 12); and, (b ) T he maximum 

v elocity at Y, computed by the above described p rocedure . As these 

t wo cases win be pursued further in the te xt as two parallel analyses, 

whose results will be averaged, they will be ca11 ed bri.efl.y : V m 

direct]y determined, and V computed, respectively . The purpose for m 

t he us e of the computed value V is a comparison with the value direct-
n1 

ly determined which is considered as having a larger subjective error . 

This error i s produced by th e method of drawing the tirr:.e-average 

ve]ocity pressure , as shown in figure 12, for which it is difficult to 

avoid some subjectivity, while the computed value V has reduced this 
n1 

subj ective error to a minimum. Ho wever, this co:nputed velocity i s 

subj ected to another typ e of error which i s due to the fitting of a nor­

m al function to the time· .. averagc velocity distributions . 

3. 2 C ompa rison oi maxim a l _!:ime-averag_~ velocit_i~s along the 

·et -axis from this study with Erevious studies, for the circular and the 

s quare orifice j~~s. 

F igure 1 3 is a compar ison of experimental results for cir·· 

c ular jets b etween 1hose of the owa Study, line ( 1), and those obtained 

i n this study, l ine (2) as fitt ed to the points de s ignated by symbols 1, 2, 

and 3. The line (2) coincides with the line ( 1) . Except for the two 

point s at the high es~ f1ow rclte with V = 522 f. p. s . for 
0 



I r l 

O'..:> 

: ' 

O?. . 

0.1 ·-

I r . 

()_(',j 

('.01 

◊ 

llC:l'T{E 1 ~ - C01\l1'4\!:L10J\ OF HJ'.L/,T[<)(\~3J!Il>~ V /V Hl 0 

J. 
2 

Vl•, 1 :~TS .\_/1) H')U_ crncu1 .. \Il /i';D 51 .l(J_\]?:;: 
, 0 ' 

OL!J ll..'Jo: .Jl Tt:;: 

( 1) 

( !) 

( 3) 

( ) 

(.)) 

Hl I '.li,1t1.·l1i;) given b/ the Iu\\ ·1 ~;tmly I?.. 11; 

1 '1.11" 1··oqv11·1)1.·(1) v .. ,Ldfo1·V /V -~-,..,'- l ~ 1·1 !. l ~• 1 ~ ~:1 , n1' o ..... 

d1.:i1 .·mi h'd frorn (•.~pr;ci1,H't t"l ,1 ,ii,t.~ cl1 ,3i•; .l, 

lJ ~- 1 , ?. , ~ il d ) ; 

v l ic .; ~iven hy 1,uints cl1:sii;,1, ted liy 4 , 

, vec.,us "" tr ~1 1,qu~1.1·c JC , \. IV ' .. / '1 ', f ) . t 
ill O ll 

V /V vc·na,~; 
Ll1 0 

,.7 /1J r · · r-
' LJ1.· f,(1,UU.l'l' J'': l_P().ir) 

~ / j () 
. Xjl' 

"lii3 stu,J_,·. 

l 1 I J I 
-· -

.'.) ii.) ')0 

0 

' 

\ 
); I 

l 1 1 ; '~; Of 

I 
~·,o ,oc 

(4) 
/ 

"· 
/ 

"" 
'~~!~ 

/\·. ~ 

~ 

,'1., ( \ 

I. 0 

2 X 

3 ◊ 

4 0 

t>. -I 

6. [·l 

I ~,' 

\ 
~)(!\,) 



4 0 

X/D = 10. 7 and X /D = 16, all other p oints, with V determine d o o rn 

directly, fluctuate well arou nd the line ( 1) give n by the Iowa Study , wi h 

line may be the result 

T hese t·.vo points with a large deviation from the 

either of a 12.rge Reynolds number, R = 2. 12 x 10 5 
e 

(t his number is defined by u sing D as the geometric characteri s tic :.if 
0 

th e o rifice instead of u sing the hydraulic radius R "' D / 4 ) , o r t he 
0 

points may b e in error b ecause of the measuring technique used (the se 

of the hypodermic necrl]e in a highly turbu lent flow of b lower type ai r 

s upply ) . 

T abl e 1 gives the Reyno~ds numbers f r all experiment a l 

ru ns of the 11 different nozzles wh ich i nc lude t h ree different flow r at2s 

fo r each nozz]e, a ltogether 33 experiments . T he R eyno lds number s 3.re 

gi en for t wo di fferent characteri s t ies l engths of r i fice : (a ) Hy drat...lic 

r adius with R = D
0 

/4 . for c ircular orifice , and R ::.: L B / 2( L + E ) 
0 0 0 0 

fo r the slot orifices; and (b ) D or B as the characteristic l e ngtl. 
0 0 

~ 4 In the fir.st case , R e fluctuates from Re = 0. 4 x 10 to 

6 . 6 x 10
4

, while in the second case i t fluctuates from R -
e 

4 r-.J 5 [ ] 0 . 8 x 1 0 t o R = 2. 6 x 1 o . Assuming that B :1i nes 27 hoo 
e 

R 
,.__, 

e 
I 

us e d the sec nd definition of Reynol ds number (with D or B a s the 
0 0 

charact eristic l ength), and by us ing h is ernpiri cal re lat ionship of 

X / D versu s R [ 27 , f ig . 26 , th e n fo r R = 0 . 8 x 104 - 2. 6 x 10 f: o o e e 

a nd fo r the b lower type of air supply , X
0

/D
0 

s h oul d flu ctuate some -

wh ere b etween 5 . 0 and 6 . 0. T he experimental points fo r t hree flow 

r ates , with V =: 18 0 ., 3 29, and 5 22 f. p . s ., r espective ly, s how that 
0 

there i s an effect .f the Reynolds number, i ndicat i ng that for 

4 
R e == 7. 34 x 10 t he value X /D may be somevvhat smaller t han f r 

0 0 

t he v a ue R 
e 

4 ::: 21. 2 x 10 . However , the p rcci '"ion of experimenta 
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points in b oth Baines dn.t a and in th e esults of this study i s not such 

a s to enable a clear discriminat ion of the way i n which X / D changes 
0 0 

ith a change of Reyno lds number . 

T he fitti ng of a strc=iight line {line in f ig. 1 3) of l og V /V 
m o 

v ersus log X / D t o the experim ental points of V /V fo r V o m o m 

determine d directly, except to t he two extremely high points at 

X/D = 10. 7 and X/D ::: 16, shows no p ractical differenc e b etween the 
0 0 

Iov1.ra Study, with X /D ::: 6. 2, and this study. Howeve r , a fitting of 
0 0 

t he same relation to the points of V / V for V c 2.lculatcd, (line 
m o m 

3 in fig . 1 3) shows a straight line which has a somewhat higher position 

o n the graph then that of the Iowa Study . The value X / D is here 
0 0 

6. 55 as opposed t o 6 . 2 for the previous case . The points of V / V m o 

for th e computed V are clesigna.ted by symbols 4, 5, and 6. 
D1 

T he relationship of V as determined directly versus V m m 

c omput e d i s represented in figure 14 . A straight line of 45 ° is plotted 

with t wo straight lines around it. Th ese two lines define the envelope 

of the deviations of ve]ocities fr om th e 45 ° l ine within± 5 percent. T he 

points plotted show that the computed velociti s V ar e close to 
m 

! 
those determined directly for V greater than 35 f. p. s ., with the m 

s pread of points mostly confined within the -± 5 p ercent deviation from 

the 45 ° s t r aight Jine. F or smaller values of V , in the range 5-35 m 

f. p . s . , there i s a general tendency for V c omputed t o b e somewhat m 

greater than V deter mined directly . Because the re lative turbulent m 

fluctu a tion about the time - average velo city i s greater for small values 

of V (see fig. 12), the simp]e fitting of th e tim e-average velocity 
m 

p ressure Jine through 1.he recorded velocity pressures a long traverses 

(Jike t h e dashed lines shown in fig. 12) may b e partly responsibl e fo r 
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TABLE 1 

R eynolds numbers for 33 experiments with slot j ets and circular j ets 

_,_ 
-,-

Hydra 
=_y~-

V B oP 
L 

0 
in. B i n . Radius V

0
f.p.s . R R ---

0 
ft . 

e µ e µ 
, 

in 10
4 

in 10
4 

1. 34 0 1. 360 o. 0 28 2 171 2 . 13 8. 55 
326 4 .0 6 16 . 3 
532 6. 62 26. 2 

3. 0 05 0.61 0 0.0 212 18 3 1. 71 4. 10 
338 3. 16 7. 57 
5 33 4. 98 1 1. 9 

5 .0 0 5 0. 370 0.01 43 179 1. 1 3 2. 43 
3 35 2, 11 4 . 54 
5 34 3. 43 7 . 25 

7. 510 0. 245 0.00 991 18 3 0.800 1. 64 
336 1. 4 7 3.01 

! 542 2. 37 4 . 86 

10.010 0 . 185 0.0 0763 18 3 0.6 17 1. 25 
3 32 1. 1 2 2. 26 
5 30 1. 78 3. 60 

0. 995 0 . 995 0.0 206 18 3 1. 67 6. 74 
330 3.0 2 1 2. 1 
524 4. 79 1 9 . 3 -

2. 00 0 . 500 0.0 167 184 1. 35 3. 36 
332 2.43 6.07 
5 27 3.8 6 9 . 64 

4 .0 00 0. 250 0.00 983 179 0. 78 1 1. 66 
326 1. 42 3. 0 2 
511 2. 23 4. 73 

7.012 0. 15 3 0.0 0625 184 0 . 508 1. 04 
336 0. 928 1. 8 9 
51 4 1. 42 2. 89 

9 . 870 0. 105 0.0 0433 205 0. 396 0 . 800 
353 0. 68 3 1. 38 
494 0. 955 1. 93 

1. 1 25 circular 0 . 0 234 18 0 1. 91 7. 34 

(Do ) 329 3 . 48 1 3. 4 
522 5. 53 21. 2 

I 

,:, Air density r in 10 3 ]bs . sec 2 /ft4 'was approximatel y in the limit s 
1. 78 to 1. 83 . Viscosityµ in 10 7 lb s. scc / ft 2

· is 4 . 1. 

' 
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these differences i n V in the range 5 -·35 f. p. s. T hi3 comparison m 

of V -values, computed and det ermine l directly, sho .vs that the m 

difference is small, and that beth values for V m ay be considered 
rn 

a s sufficiently accurate for p ractica 1 purposes . The further analysis 

of experimental results wi]l, therefore , be bas e d on b:)th methods 

of obta ining V , with an averaging procedure used for the final results. m 

Figure 13 shows a!so th e comparison between the square 

o rifice j ets among themselves and with ci"'cular j ets . The line (4) gives 

t he square jet relationship of log V / V versus log X/B , which is 
m o o 

a transformed equation from the relationship of the Io wa Study for 

circu ]ar jets, by the re]ationship D = 1. 128 B , with V / V = 7 . 0 B
0 

/X . o o m o 

T he experim ental points in this study for V / V ver3us X / B of m o o 

square jets produced the line (5) in figur e 1 3 by th e least square fit 

of a straight line . Two different orifice areas B 2 -ere used, and 
0 

the xperiments had three different flow rates for ach of them , alto­

gether G experiments. The value X /B , obtained by transforming 
0 0 

the value X / D = 6 . 2 for a circular orifice from the Io wa Study to 
0 0 

X / B for a square o ri fic e is ? . 00, whEe this study produced 
0 0 

X / B = 7. 2. Taking into account the differences in R eynolds num­
o 0 

bers between the t wo studies, as well as the inherent measuring and 

c omputational errors in both studies, the agreement seems satisfactory . 

3. 3 Deceleration of slot j ets for various orifice l englh-wi dth 

r a tios . 

T he decel eration of slot jets of various orifice length-width 

r atios was analyzed b y the re]ationship V / V ve :~sus X / B , for m o o 

b oth the velocity V determined directly, and the velocity V m 1n 

cr1.lcula t ed. Figure 15 represents a generc1l plot of al] experim cnt:=il 
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data available for V /V v ersus X/B from this study for V direct-m o o m 

ly determined. The bottom left points refer to the circular orifice and 

r epresent , therefore , the relationship V / V versus X / D , while all m o o 

other r elationships are V /V versus X /B . The decel eration for th e rn o o 

ci rcular j et and the two -·di.me n E· ional slot j et of i nfinite l ength-width 

r atio as given by the Iowa Study are the lines ( 1) and ( 2) of figure 15, 

r espectively. 

Fo r each of the ten s lot j eis wHh finite slot l ength-width 

r atios (two of thern being square s lot j ets with L /B == 1), a straight 
0 0 

line , having a slope equal to that of the line defining the deceleration of 

th e circular and square jet, was fitted to the experimental points lying 

b e low the line describing the infinite two-dimensional j et in th e Iowa 

Study. The intercept o: each of these lines with the ordinate , 

V /V == 1. 00, was determined by applying the methcd of l east squares 
m o 

to the points defining the straight lines m cnti.oned above . The length-

width ratios varied from 1 to 94, which was found to cover a sufficient 

r ange fo r the s lot j et investigation . Nine lines resulted, and their in ­

t ersections with the l ine Vm /V
O 

== t are defined as x 1 /B0
• Their 

! 
intersections with th e line of the t wo-dimensiona l jet (lines 2 and 3 in 

fig. 15) are defined as x2 /B0
• Since th e int ersections of parallel 

straight lines with the two fixed straight lines are uniquely related, th e 

valu es x 1 /13
0 

and X 2 / B
0 

are also uniquely related. 

Figure j 6 shows the same relationship as figure 15, e xcept 

that figu re 16 r e lates i o the V /V ratios determined from th e cal­n1 o 

culated V m velocities . Values of x 1 /B 0 
and x 2 /B 0 

for b oth cases 

of V , V determined directly and V calculated, are given in 
m m m 

T able 2. 
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T he general patterns, as detectable from figures 15 and 16, 

are that the experimental points V m /V
O 

v ersus X / B
0 

follow 

approximate ly the line of the t wo - dimens ional slot j et of L / B = m 
0 0 

for values of X / B up to a va ]ue X / B = X / B h" h d d 
0 0 2 0

, w 1c epen s on 

L
0

/B
0

. Fo r larger values X/B
0 

beyond X 2 / B
0 

t he experimental 

points follow appr oxim ately the straight line s in graphs with the log­

log scales, which li n e s are p8.ral e l t o the slope of circu l a1 · or square 

j ets . It should be stressed, however , that the V va lues r efer to tl'""€ 
m 

center maximum ve!ocities on the j et -axis at dista nces X / B from 
0 

the o rifice . 

Figure 1 7 shows o nly the points V / V ve:.~ sus X / B 
m o o 

(us ing V directly determine d) for the slot jets where X / B < x 2 /B m o C) 

for each L /B r aiio . Most of these points are somewhat above th e. 
0 0 

line of the two - dimensional j et given by the Iowa Study, but the de-

viatio ns are relatively srnc111 . A least squares fit to the points in 

figure 1 7 for a straight line parallel to the line of the Iowa Study gives 

X 
~ 

0 

= 2. 42 ( 14,. 

which is similar to equation ( 1) of the Iowa Study where the constant 

is 2. 28 instead of 2. 42 . 

Equation ( 4) is based on V directly determine d. T he m 

constant on th e right side of equation ( 14) would be somewhat greate:--

fo r V c alcuJ ated. m 

T he relations hip of x 1 / B
0 

and X 2 / B
0 

is obtained from 

equations ( 1) and (3), by u s ing ,quation (3) with varicus pos itions 

x
1 

/ R
0

, and equation fl) as th e line fo r th e t wo--dim ens i.on a ] jet. T h= 
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TABLE 

---
For V determined directly 

m 
Fo . V m 

c omputed 

L / B 
x i / B o X /B ,:, X / B ,:, ,:, X i / Bo X / B ,:, X / B -~,:, 

0 0 2 o 2 o 2 o 2 o 
C ircular 
orifice 6 . 20 7 , 4 04 6 . 57 6 . 53 8. 19 7 . 27 

1. 00 7. 1 1 9. 7 25 8.63 7 ,6 9 11. 37 10 . 10 

4.00 13 . 0 7 32,8 7 29 . 19 13 . 6 35, 67 31. 6 7 

4 . 93 15 .0 6 43 , 61 38 , 7 3 15. 5 46. 36 41. 1 7 

13 . 5 23. 20 103 . 7 92 . 09 24 . 6 11 7 . 0 10 3, 9 

16 . 0 25 . 30 123 , 1 109 . 3 26 . 3 1 33 , 1 11 8 . 2 

30 . 7 32, 25 201. 0 178 . 5 34 . 6 230. 3 204. 5 

45.8 35. 82 24'3 . 9 2j 9. 2 38 . 6 286 . 5 254 . 4 

54 . 2 42. 66 350 . 1 310. 9 46 . 3 411. 4 365. 3 

94 ,0 51. 1 7 503, 7 447. 3 54 . 5 570. 4 50 6 , 5 

,:, Intersection with t wo·· dimensiona jet in the low,:. Study . 

,:";, l nt rsection with theoretica l two ·· imcnsional j et of this study. 



I 

4 7 

lines fo r various L / B r atios , paralle l t o th e line of th e square j et , 
0 0 

a re 

= ( 1 5) 

a nd the t wo-dimensionr1.l j et li ne is 

V rn v ·-
o 

{F 
0 

= b ( 16) 

with b = 2. 28 fro m the Iowa Study , or b = 2. 4 2 fr om equation ( 14) . 

Th e int ersection X 2/ B
0 

of th e slot j et l ines, equation ( 15) , 

and th e line of e quat i on ( 16) is 

= ( 1 7 ) 

Figure 18 gives th e re lationship of x 1 / B v e r sus L / B , 
0 0 0 

fitted by ,the l east squares method. F or V m determ i r..ed di rect ly, 

(fig. 15) I 

( 

Lo ) 0. 433 
7 32 -·· . B 

0 

( 18 ) 

a nd for V calculated (fig. 16) 
m 

= (

L l 0 . 437 

7. 68 13~- ( 1 9) 

These two equations represent , th erefo1· e , the points X
1 

/ B
0 

a long the line V / V = 1 for va rious va lues L / B . An average re-m o o o 
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l ationship from equations ( 18) and (19) i s 

-· 7 . 5 
) 0. 435 

( 20) 

F or L
0

/ B
0 

= 1, x 1 / B
0 

- 7 . 5,- which is somewhat greater than 7. 2 

determined in this study, r 7 . 0 in th e Iowa Study . 

To compute X 2 / B
0 

from equation ( 20 ) , the xprcssions be ­

c ome 

X 2 = 10. 8 2 ( BL CO-~-- ) 0 . 8 7 
B~ ( 21) 

fo r b - 2. 28 of t he l ,_,.m Study, and 

0. 87 

( 2 2) 

from the d:ita of this s t u dy . 

A direct p}ot f X 2_,IB
0 

versus L
0

/ B and a fit of a straight 

line in log-log scales . fer both V directly determine d and V · m m 

c omputed , with an average relationship bet ween the t 10 , shows 

e quations ( 21) and (22) to be well determined from X 1/ B
0 

and the 

c orresponding b value . Figure 19 i s a plot of equo1,ions ( 21 ) and ( 22) , 

fo r a comp3.ris on with x 2 /B
0 

= L X / B 2
, th e value of X 2 / B 

0 0 0 0 

s chema tica lly represented in figure 3. Therefore , fur slot j e ts with a 

given L / B ratio, the deceler'ltion of the j e t , as rn cosurcd through the 
0 0 

decrease of V / V ve~-sus X /B , is m o o 
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V m v--;; -· 1, 

fo r X / B < X / B -· 5. 8, 
0 - 0 

V m 

0 

rx: V -:a:-· 
0 

- 2 . 42, 

- 7 . 5 ( 

4 9 

l 
0. 435 

L 
0 1:r-
0 

fo r X / B
0 

? x 2 / B where x 2 /B
0 

i s given by equation ( 22) . 

In th e last two expressions , equat ions ( 24) and ( 25) , the va lues of 

( 23) 

( 24 ) 

( 25) 

X 1 / B
0 

and x 2 /B
0 

h ave b een t aken as th e average values b etwee n these 

g iven fo r the t wo methods of determ i njng the maximum v e l ocity V . m 

The last three express i ons , equa tions (2 3), ( 24) , and ( 25 ), c an 

b e u sr::d to approximately d etermine the decrease of the m aximum v e lc,­

city along any slot j et-axis as a funct ion of the L
0

/ B
0 

ratio . However, 

fo r a fir st approximation, the v a lu e of X 2 / B
0 

m ay b e d e t erm i ned by 

u sing the expression x 2 / B = X L / B 2 and the above equations ( 23:• 
0 0 0 0 

t h rough ( 25 ) . 

Figu r e 20, b a sed on equations ( 23) th rough ( 25 ) for V / V . m o 

and on equation ( 22) for x
2 

/ B 
0

, r epresents f inal result s of thi s study 

a s jt re lates to the dece l eration of the m axim u m v e locity along the slct 

j et~ax1 s . 
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3. 4 Deceleration of slot jets of various l en_gth ~width ratios but 

with the s ame orifice area . 

F igures 21 and 2?. give re lationships V / V v ersus X in m o 

feet of t he hvo seri es of five noz z le s , each series with a constant area 

A
0 

= L
0 

B
0

, or A
0 

= 1. 84 and 1. 0 0 sq. in., r espectively . T he slot 

orifices varied from L / B = 1 to 54. 2 for th e fi rst series , and 
0 0 

L
0

/ B
0 

:.:: 1 to 94 . O for the second seri es , plus th e ci rcular or ifi ce j et 

fo r the second serie s . 

T aking V for each of the five slot nozzles of a series as a 
0 

c onstant, whi ch mean3 the s ame flow rate Q through all no zzles , then 

figures 2J. and 22 represent a comparison of penetration or decel eration 

of slot j ets with various l e ngth-width r atios keeping the slot area equal. 

Th e results show that the initial V /V v a lu es are smaller fo r slot m o 

j ets of h igh L / B va lu es than for the square j e t or circular j et . 
0 0 

B oth regions of s lot deceJ cration as given by equations ( 24 ) 

and ( 25 ) are analyzed and compared h e re for t wo slot j ets : (a ) square 

j et with L / B = 1, and (b ) a hypothe tica l s lot jet with L / B = a, 
0 0 0 0 

for ''a ' ' sufficiently larger value th an unity. As L B = A , th en in 
0 0 0 

th e square j et L
0 

= B
0 

= andforthesl ot j et B
0

= J A
0

/ a , 

and L = ~ Equation ( 24) i s v a lid for the slct j et for all values 
0 0 

of X b etween X
0 

and x
2

, with X
0 

= 5. 8 JA
0

/ a with x
2 

deter-

mined from equation ( 22) as x
2 

= 9. 605 a
0

· 
37 V A

0
• In th e r a nge 

XO to x2, 

V / V = V , m o 

the square j et has 

th e s quare j e t has 

V / V = m o 

x
3

== 7.5 

for th e slot j et with L
0

/ B
0 

:.:: a the v a lu e 

difference t::,X = x
3 

-- x4 b ecornes 

7. 5 ~/X , and for 
0 

~ / v . Equat ion ( 24 ) gjves 

Fi- · The 
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t,.X = X
4 

( i. 28 v Va 1) ( 26) 

fo r X
0 

'5 X4 '5 X 2, or th e relative difference t.X / X4 b ecomes a con­

stant for given 11 v 11 and 11a 11
, within the given range of x

4
. T his 

difference, t herefore , decreases with a decrease of 11 v 11 fo r a const ant 

11 a 11
, but i ncreases with an increase of 11a 11 fo r a constant 11v . 11 For 

a = 100 and v = 0. 1, this relative difference i s 0. 28 , or 28 p ercent. 

For the r egion of X > x 2, the square j et values of X are t h e 

s ame as above , and e quation ( 25) gives the X value of s lot j ets for 

L / B X 7 5 ,.-A /(v a O. 065 ) . Th d ff 
0 0 

= a as 5 = . V A
0 

e i _erence t,.X = x 3 -x5 

b ecom es 

( 27) 

fo r x5 ? x
2

, or the rel2.tive differenc e t,.X / X 5 b ecomes a constant 

for a given "a ", and i s indep endent of "v . 11 For a= 100, this r e lat ive 

difference i s 0. 35 , o r 35 percent. For a = 10, it is only 0 . 16 or 16 

p ercent. 

Figures 2 1 and 22 sh w tha t th e circu lar and s quare j ets 

p enetrate deeper into the environmental fluid at re st for a given V / V m o 

r atio , than the slot j ets, when the p ern~tration i s measured by this r atio . 

However, as it will be shown later , t h is greater pe netration of j ets with 

geometrica lly more concentrated orifi ce cross sectionE (circu lar , 

square , l ow value L
0

/ B
0

) cons equenfly has a smaller volum e entrain­

m ent of environmenta l fluid tha n the slot j ets of greater length-width 

r atio . 
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. 3 . 5 Ellipticity of isovels 

Iso els are defined here as i sclines of equal ti::.ne-ave:rage 

v elocities which 2.re para llel to j et·-2.xis in a cross sec:t i on p erp en­

di cular to the j et-axis. For a two .. dirnensiona l j et, the i sovels the ­

oretically are paraEel, and for a circular j et they are circles . In a 

slot j et with a finite value L / B , th e i sovels are expected to be 
0 0 

elliptical after a limited length of jet expa nsion, where th e effects of 

slot angles have be e n attenuated or washed out. 

F igure 23 shows the isovels of the slot j et having the largest 

value l ength-width ratio ( L /B = 94) ex Jerimented with in this 
0 0 

s tudy, for th e positi n three fe et above the nozzle . Tnough the i sovels 

are based only on fiv e r e corded travers es , u sing velocities from th e 

fitt ed Gaussian curves, they shO'N evidently that slots having very large 

L / B ratios have a limited domain of eJliptica.1 isovels before th e 
0 0 

di stribution of velociti es practi:::a lly approximates circular isovels. 

H was noted in some cases that th e long elliptic axis, of the o r iginal 

i sovel which i s parallel to the Z -axis of the s lot side L , m ay even change 
0 

the direct ion by 90° at a greater distance from the orifice, as shown in 

figure 23. Though the experimental evidence is Jimited and noncon­

clusive, some experiments point out that d iffusion effects from the 

ends of the long side cf th e orifice may b e producing a n alternation in 

th e directio n of ellipticity. However , it seems that an attenuating effect 

exists in this alternation, with a convergence to the circu lar isovels. 

The effect of this change i n ellipticity may be caused by th e blower 

type air supply, with the influence of vorticity induced by th e tlower 

b lades. It is evident that th e i sovels of s lot jets tend to those of 

c ircular j ets with the progress of j et expansion . This explains the 
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fact that the slot j et v e locity deceleration follows the slope of the circular 

j et deceleration line for sufficiently large relative dis:ances , greater 

t han which i n turn de end on L / B r atio. 
0 0 

. 3. 6 Flow r a te increase with distance 

Figure 24 shov,s the r e lat ionship of Q/Q
0 

ver3us X/ B
0 

in 

log-log scales , for va riou s L / B ratio s with Q th e flo w rat e at a ny 
0 0 

cross section X, and Q the flo w rate thrci'ugh the orifice no zz l e . 
0 

T h e perim eter of a slot orifice i s P = 2 (L + B ) = 2 :a+ 1) V A / a 
0 0 0 

with a = L / B th e o r ifice l ength -width ratio . Ari in :reasc of "a " 
0 0 

m eans an increase in perim et er b e cause (a + 1) / Va increas es 

fo r a = 100, 

a= 1, P =4 ,r;;:-. fo r a= 9 P=6 . 67 V ---;:-: and y A O ' ' 0 

P = 20. 2 ~ The longer the perimeter of the orific e , 
0 

th e larger is the contact area b e tw een th e slot j et and the surrounding 

flu id in th e establishing a nd even at the beginning of establi s h ed flow 

zone . Therefore , for th e same position X along th e j e t - a x i s, the 

entrained flo w rate shou ld increase with an inc rease cf L / B r atio. 
0 0 

A plot of Q/Q ver sus X i n cart es ian scal es (not prese nt ed he re), 
0 

shows this fact more clear ly than fi gur e 24 . 

B e cause th e number of traverses at a c ross s e ction p erp e n­

dicular to th e j et ""axis , X di stant from th e orifice, was limited to 

five , th e accura cy of flow r ate dete rmination was not v ery gr eat. 

This r esulted in a re latively wide sprea d of point s Q / Q versus 
0 

X / B in figu re 24. R egardl ess of this l ow accuracy, th e t rend i s 
0 

clear that the slot j ets with la rger L / B valu es having th e positions 
0 0 

i n figure 24, which are a ll to the r ight of the s loping line for ci rcu l a r 

j et, and th ey are parallel to the s lo e of circular j et b eyond a value 

x 2Q. Fo r va lu es X < x 2Q' th e r e l a tionship of Q / Q
0 

versus X / B
0 



I ! [' r -- -- - -

) r-

n_ 
')o 

·in 
1) -

1 I '1 \ w I \" 
1'' 1 , ' l • \ ' I 1 " .' l• f(' I•' 1 I. ( I L.'l ( )1• ' ( l ) , '' d d . I, l r, .( > 

1 
> I·. l' : . 

r , ···c., l t· . l' i' .\ I l' . . " l , t 

( ) 

J• t, ,,i,,· . . . , .. r 1·1; 

·- ( ' ll ''y I. I . ic;lc· . •lr )••1l 

( 

J t •c . , · • ,.> qrl\'• 

,) • . ' ' . t •; ' J \\ U -

1 

• 1· ' ' j l' , l , , , . , n c• l . ; , ', ; <' l 

( ) 

. s .o I' l " l ' • 

' :-;, . u.. . J. I, ' , .. ' ' 

/ 

/ 
·J • l' C J · t 1· ) • I 'l )J ' • ' 

(

·- ) , ' Ul' ll . .J c,l(• 'O" •• 
:) Slcit 

1

- ., · dt l i't·o 1 ti . . ·· 

1 

;,t id J ' l' 1...• f .• ' l l . l' •· , 
· ., C; , •· .-. ,, ... ud\ · . 

• • •'- 1 0 1•-; f / ' ' "' l.•'d 
,, 11·c·u fni11 1 (\ 'o t,o t'~ :io•· •t' a · . ., , c.'b-

" l!l dii•' l't ~-1 ~.) ... \.l r1,v " 

I - . l 
l;Q 

I 
I ('fl 
II., 'J 

/ 

- I 
1 r 'O . ' ) 

l o / 8 0 

L rcular 0 ~I 

• 1.00 
x 4.0U 
◊ Lf93 
0 Jj . '..) 
,.,, 15.0 
X ]0_7 

l/) 
- , . 4,..-

g!i .O 

Jijf 11 
) ~ 

- [ 
, ) r r 
/ . J r ) 

1 



5'1 

I 

for two-dimensional j et i s valid for slot j ets of any L / B r atio . 
0 0 

Similar ly as for the r e lationship V / V == f (X / B ) , the values rn o o 

x 1Q / B
0 

as i ntersections of straight lines (fitted to p c,ints in fig. 24 by 

l east squares method) and the horizontal line Q/ Q = 1 are plott e d 
0 

versus L
0

/ B
0

, figure 25 . A l east squares fit , f igure 25 , line ( 1) , 

g ives 

= 3. 35 ( ~: ) 
0. 462 

( 28 ) 

T he inte rsection of the straight lines parallel to the c ircula r j et line, 

which pass through x 1Q / B
0 

as given by the above equation ( 28), and 

the straight line of two-·dimensional j et , as given by equation ( 16 ) , 

determine x 2Q / B
0 

valu es 

:: 4.31 ( 

) 0, 924 

T h e r e lative flow r ate Q/ Q increases , therefore , as follows : 
0 

= \ ~ 

0 . 62 VB-;; 

a s given by equation ( 6) -of this report fo r 

(29) 

( 30) 

< 
~?-Q 
B 

0 

and -
x2Q 

given by quation (29); 
B o 

a nd, 

Q 
Q · 

0 
0 , 298 ( ~: l

- 0. 46 2 

( 31) 
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B ecause of the inaccurac y in dete rmining the distribution of 

time-average v e locities in Y-Z plane by recording the v e locity pres­

su res pnly along five traverses , equat ions ( 28 ) through ( 31) must b e 

c onsidered only as first approximations . Figul'e 26 represents the 

r esults of equations ( 30) and (31) , as the final approximate results of 

t his study for the change of Q/Q
0 

with X / B
0

. 

Figu e 27 shows in log- log scales the relationship of relative 

energy flux E / E through a c:coss section p erpe ndicu lar to the j et­
o 

a xis versus the distance X /B , with E = energy flux in that section, 
0 

and E energy flux at th e orifice . The points E / E v ersus X / B 
0 0 0 

have b een plotted, and the straight lines parallel to the straight line 

of the circular j et fitted by least square method for var ious L / B 
0 0 

r atios . A plot of E / E versus X in cartesian scales (not represented 
0 

h ere) more, cl early demonstrates that the relative energy flux at a 
I 

given X distance decreases wfth an increase of L /B r atio than 
0 0 

figure 27. 

T he same procedures used for V / V and Q / Q gives th e m o o 

following equations for E / E by using figure 25 , line (2) as the fitted 
' 0 

straight line relationship of x 1 E / B
O 

versus L
0 

/ B
0

, 

) 0. 368 
( 32) 
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an d then 

X2E ( 
L 

) 
0. 7 36 

10. 23 0 = - . 
B B 

0 0 

( 3 3) 

with 
~-E 1. 86 = E 

( 34) 
0 

as given by equation (8 ) of this report , for 

X 
< 

X 2E 
and , fo r X / B x2E 1Bo . --· > B B o - · 

0 0 

E ( ~:-r- 36 8 
B 

5 . 95 0 
E-· = x-

0 

( 35) 

T hese relationships, equations (3 2), ( 33) and ( 35 ) , should b e 

considered only as first approximations because of the errors i n­

volve d in the Study . Figure 28 represents the results of equations 

( 32) through ( 35 ) , as th e fina l approximate r esults of this Study fo r 

th e ch ange of the E / E with X / B . 
0 0 

3. 8 § tarn;Iard devi3:tiof?. of time-avera~_2istributions in the central 

traverse . 

Figure 29 shows th e change of standard deviation of time·· average 

v e locity distributions in the c entral traverses with the distance alo ng foe 

X -axis . This i s the c entral traverse at a given X (see fig . 3). T his 

data , though subjected to several sources of errors, shows that even 

fo r the ci rcul ar j et th e ratio o- / X , or t he standard deviat ion over the 

distance a l ong th e j et -·axis, i s not a constant. All points in the graph , 

as well as the approximate strajght li nes drawn through the points for 
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some v a lues L / B , show tha t a- / X decreases with the distance X . 
0 0 

T hough this study h a s not produce d a sufficient accuracy of o- for a 

detai l ed analys is eith e of (J / X versus X/B or o- / X versus X, it 
0 

m ay b e expe cte d that er / X i s not constant , and that it s cha nge with 

X/B o r X wa rra nt fu r ther invest igation. 
0 ' 
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