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Notation

Epglish Letiors

a, b, b, constants defined in eqs. (i) and (2)

C constant dofined in eq. {4)

D diameter of tube or jot nozzle

k turbnlont kinotic onergy

E(x} velocity profile shape paramcter defined in eq. (3)
M womentum flux

M. momentum flux of air jet at Uj = 66.8 m/s

r radisl c¢oordinate

r1/2(x) jet nalf-width

Ruj = Uij/V jet Reynolds oumber

Ret turbulent Reynolds number defiped in oq. (12)

v instantaneous or fluctuating axial velocity

u' rms of u»

U mean exial wvelecity

A mean radial velocity

v instonteneous or fluctoating circumferential velocity
w' ms of w

x nxial coordinate

normclized r coordinate
normalized r coordingte
kinematic viscosity of fluid

turbulent kinematic viscosity
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Abstract

Tho understanding of the mixing of confined turbulent jots of different
densities with air is of great importance to many industrial applications,
such as gas turbine cud ramjet combustors., Although there have been
numerovs studles on the charecteristics of froe gas jets, little is known of
the behavior of gas jets in & confinement., The present investigation
addrosses this gquestion directly and reports on the fluid dynamics of
confincd torbulent gas jets,

The jet, with a diameter of 8.73 mm, is eligned concontrically with a
tube of 125 mm dismeter, thus giving a confinement ratio of ~205, The
errangement torms part of the test section of an open—-jat wind tunnel,
Experiments are cerried out with carbon dioxide, air and helium/air jets at
different jet velocities. Mean velocity and turbulence measurements are
made with s one—color, one—component laser doppler velocimeter operating in
the torward scatter mode.

Measurements show that the jets are highly dissipative, Conscquently,
sauilibrium jet characteristics similar to those found in frec air jets are
observed in the tirst two diameters downstream of the jet., These results
are independent of the fluid densities and velocities. Decay of the jet, on
the other hand, is a function of both the jet fluvid density snd momentum.
In al]l the cases studied, the jet is found to be completely dissipated in
~30 jet diameters, thus giving rise to a uniform flow with & very high but

constant turbolence fiecld across the confinement.
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1, Introductjion

1.1 Motivetion

Isothorma]l turbulent jet mixiag in a confined ewirling flow has been
recontly investigated by So et al. (1984), Thoeir objectives are to study
the effeocts of swirl and density difference on confined jet miring and their
roesults are roported by So ot al. (1985) and Ahmed et al. (1985), In order
to achieve those objectives they have also exemined ths behavior of confined
swirling flow and confined jet flow in the same test facility. Their
preliminary results on confined gas jots show that the jet flow is highly
dissipative, However, they have not studied the phonomenon in detail,
especially the effects of density difference. The present investigation is
a continuation of their effort and is carried out in the same test facility
(So et a1, 1984). In order to better understand the phenomenon, confined
jets of helium, air and cerbon dioxide are investigated so that thc effects

of density difference can be examined in more detail.

1.2 Review of Related Work

Confined jets have not been extensively investigated inm the past. This
is especially true of jets of different densities issuing into & confinement
of stationary air. Among the recent work on confined jets are the study of
Abramovich et sl. (1969) and the experiment of Janjua et al. (1983). In the
cxperiments of Abramovich et al., {(1969), jets of heated sir, helium and
Freon-12 were investigeted, The arca ratio of the confinement to the jet
was 9. Several velocity ratios (external flow to jet flcw) were studied and
these ranmged from 0 tc 3, A major portion of their study wes on coaxial
jets, only one cese was on confined jets. It was not clear from their paper

{(Abramovich et al. 1969) whether the cylindricel confinement formed part of
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s wind tunnel or terminatod after a finite length. Since the two situations
gave different end conditions, a co'parison of their data with those of So
et sl. (1984) and Yanjua ot nl. {1983) has to be carried out with c¢zxotion.
Also, their jet fluid temperatures varjied from 20 to 300°c, Consequently,
non—-isothermal mixing resulted and thermal! buoyancy effects were also
preseut in the tflow field. Their results showed that a potential core
vxisted for confined gas jets, sn observation not found in the experiments
of So et al., (1984) and Janjus et al. (1983}, This potential core was found
to decrease with decresasing jot fluid density, The jet persisted for a
substantial distance cdownstream, x/Dj)' 30. Besides, self-preserving velocity
profiles were measuzad for different density gases, ranging from lighter to
heavier than air jet Yluids. On the other hand, the experiment of Janjua et
al, (1983) was carricd out with air only and in a confinement four times
larger than the jet crcss—sectional area. Their measurements showed that
the jet-like behavior vanished after about 10 jet diameters downstream, and
ng recirculation region was measured behind tho sodden expansion,
Consequently, the flow was poither jet—-like nor completely resembled theot
through a tube cxpapsion (Katon and Johnston 1980). Besides, the high jet
turbulence was found to decrease rapidly in sbout the same distance. This
behavior resembled the highly dissipative jet characteristics observed by So
ot a1, (1984) and was in stark contrast to the meacurements of Abramovich et
al. (1969),

Coaxial jet mixing of dissimilor gases was also investigated by
Alpinieri (1964) and Zakkay et al. (1964). In the expsriments of Alpinieri
(1964), a slightly beanted jet of hydrogen or cnrbon dioxide was issued into

8 co-flnwing air stream. The area ratio of the tube to the jet was 16 and

the velocity ratio investigated ranged from .5 to 1.25., Thercfore, the
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conditions were quite similar to those studied by Abramovich et al, (1969),
On the other hand, the helivm, hydrogen and srgon jet into sir oxperimonts
of Zakkay ot al. (i964) were carried cut in & tube whose arca was 12 times
largey than the jet and the air streev was supersonic, with a Mach number of
1.6. In spite of the uifferent conditions, the coaxisl jeot experiments
revealed the tollowing results. Mass was found to diffuse more rapidly than
mementum, The potential core of the innor jet was direcotly related to

/pono)”’. Centerline decay of mass concentrgtion was found to be

3
proportional to (x/D )—2. but the centerline decay of velocity was not,

3

Finaily, scgregation of the streams was not observed when either the

(ij

velocities or the mass tlows of the streams were equal,

Turbulent tree jet experiments with different density gases have been
studied by numerous investigators. Among these are the air jet studics of
Becker et al. (1967), Wygnanski and Fiedler (1969) &nd Maestrello and McDaid
{1971), the helium jet experiment of Way and Libby (1971), the CH4 jet ot
Birch et al, (1978) end the gas jet experiments of Keagy and Weller (1949)
end Sforze and Mons (1978), The general findings of these studies were
power—law decay for both centerline velocity and concentration, even though
widely different velues were reported for the exponent (Schetz 1980). The
influence of density on centerline decay of velocity end concentration was
vory strong. Also, the mass-momentum transfer ratio moross the jet was
found to be varying rather than constant. Indeed, the measured turbulent
Schmidt number varied from ~ .7 inm the jet core to ~ 1.2 towards the jet
boundary. Concentration flnotuations were also measured by Way and Libby
(1971), Becker ot #1. (1967) and Birch et al., (1978). Hot-wire technique
wes used by Way and Libby (1971) while Beckor et al, (1967) and Birch et al.

(1978) made use of optical techniques. The measurements of Birch et al.
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(1578) revealed consistent deviation from Gausslan statistios of the

concentration rluotuations slong the conterlime of the fet.

1.3 Pragent Obicctives

From this brief reviow, it can be soen that not much is known sbout tha
behavior of gas Jots in u confiuswent. Tho few mcasurements available
(Abramovich ot al. 196%, Janjus et al, 1983, S0 et al. 1984) show
conflicting bohavior for thoe confined jots. While the more recent work
reveals the jet to be highly dissipative, the earlier study of Abramovich et
al, (1969) shows that the jet flow is gquite pegular, The difference in
behavior could be due to different end conditions in the test facility.
However, the observod conflicting behavior arouses curjosity, thus the need
to investigate confined gas jets systematically. 1n view of this aud a
goneral lack of kuowledge of this interesting problem, confined gas jets are

investigated in detail in the present study.



2, The Experimentsl Program

2.1 Experipenta] Set-up

The prescnt series of oxperiments is carried out in the same facility
used by So et al. {1984)., In that facility, the jet nozzle with a diamoter
of 8,73 mm, is mounted conocentricelly within u vane swirler located in a
oclrcular tube of dismeter 125 mm. This gives an aroa ratio of ~ 205, The
tube, of iength 4.0 m, forms part of the test section in an open—-jer wind
tannel! ., For confined jut studies, the blower in the wind tunnel is turned
off. Secparate gas supply is being delivered to the jet noxzle via a hoat
exchanger, ¥ith this srrangement, an axisymmetric, isotherms]l confined jeot
is created for detailed invesiigation., A schematic of the test facilijty is
shown in Figure 1,

A one-color, one component LDA system operating in the forward scatter
mode is used to meansure oxial and circumferential velocities, u and w,
respestively (Figure 2). The technique and deata reduotion procedure worked
out by So et al, (1984) arc used in the present cxperiment, e¢xcept that 3-9
blocks of 1024 samples are used to determine the velocity statistics. A
block disgram of the LDA and data acquisition equipment is shown in Figure
2. Three different gases, namely, helium/air wmixture, air and carbon
dioxide, are used as jet fluids. This provides a density ratic range of .23
< pj/pa £ 1,52, Tomperatures of the jet flunids and the surroonding air are
maintained to within + 1°F of cach other by passing the gas throuogh a heat
exchanger before delivering to tke fet nozzle., This way, true isothermal,
inhomogeneous mizing is achieved. Further dotails of the facility and
diagnostic technignes can be found in So et al. (1984),

So et al, (1984) have carviecd out oxperiments to investigate the

cffects of seeding on the mixing behavior in the case of eir jets in
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contined swirling flow, They found theat repentable and reiliable
messuroments conld Yc¢ obtained by sceding the external flow in the plane of
messnremont only., It was not necossary to sced the jet. Therefore, the jet
conditions wore not compromjsed by the necessity of sording. Before
carrying out tho present saries of experiments, the effoct of seeding on jet
mixing is also examined, The experiment is carried out with an sir joet set
at Uj = 23.4 /. In one casc, recding is provided to the jet only, while
in the scoond omse, seeding Is provided at the plane of measurement upstream
of the jct snd none to the jet at all. Measurements at x/Dj = 1.5 and 10
reveal that there arec no discernible difforences betweoen the two sets of
data. Sceding the external air only is also found to be eapplicabie for
carbon dioxide jets., However, it fails to give accurate and repeetable
results for pure heolium jets. The roason is not enmough sceding can
penetrate into the jet mixing region to give a2 decent LDA signal for
processing. Consequently, the helium jet has to be seeded directly, and
this results in a jet of helium/eir mixture. A minimum amount of sceding is
provided to the heljum jet so that the resultant mixture density is still
small! compared to that of air. The mixture donsity is determined by
measuring the composition of the heljum/air mixtore snd assmuming the helium
and air to be homogeneously mixed inside the jet nozzle.

Since the present facility and LDA arrangement cannot be used to
meassure the tlow at x/Dj {1, the jet exit velocity is messured by two
alternative methods., In one cete, 8 pitot tube is positioned at the center
of the jet exit plane, while in the second method, a rotor-meter is used to

measure the gas volume flow through the jet nozzle. Both methods give jet

exit velocity, Uj, accurete to +3% of each other,
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2.2 Test Conditions sand Resuvlts

Altogoether scven sots of experiments are curried out, two scts ecaank for
heljum/sir mixture and cerbon dioxidc and three sets for air. The jet
velooities aro selected so that for all jet fluids investigated, Jets ¥
equal exit velocity and wmomentum flux but difforont fluid density arec
examined. A summary of the tost conditions is given in Table 1. Although
the nelium/air jet Reynolds numbers are vory low, the jets aro meds fully
turbulent by designing the nozrzle with a sudden oxpansion (So et al, 1984)
in accordance with the studies of Easton and Johnston (1980)., Consequently,
a1l jets tested are fully turbulent and Reynolds number effects are not

important, The only parameters of importance in the experinients are pj/p..

Uj and P:!j/l:fr.

Since the preliminary rosults of So et al, (1984) show that the jets
are “izhly dissipative, it is snticipated that axial pressurec gredient set
vy by the jrt flow in the tube will not be an important parameter in the
flow., In spite of this, wall static pressurc drop is measured in addjtijion
to axial and circumferesntinl velocities at sclected x/l)j locations,
VYolooity measurements ares carried ont from ’/D.i > 1 to whatever x/Dj
locetion downstream where the jet ceases to exist.,

The fluid dynamic propertiecs reported in this study include both the
mean flow behavior and the turbulent normel fluxes. These are limited to
measurements in the axiel and circumferential directions only. Radiel
moasurements are not mede and therefore are not reported. Concentration
dictributions and other flux measurements have boen reported by Abhmed and So
(1984) . The velocity mecasurements sre Tabulated in Tables 2-11, Conterline

measnrements of carbon dioxide, sir and helium/air jets ere listed in Tibles

2, 3 and 4, respeotively. Velocity profile data are listed in Tables 5 and

ey
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€ for curbon dioxide jets, in Tables 7, 8 and 9 for ajr jets and in Tables

10 and 11 for helium/air jets.
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3, Discussion of Rosults

The present study is e continuation of an investigation on isothermal
wixing in an axisymmetric combustor. It seeks to enswer the question raised
by So et al. (1984) on the behavior of confined gas jets. The preliminary
results of these investigations reveal that such jets are highly
dissipative., Concoguently, the resuitant flow inside the confinomont
neither resembles that of a free jot ilow with favorable pressure gradient
nor that of a flow through o sudden expension. The first and foremost
objective of this study, then, is to investigete the fluid dynamics of
confined gas jets in detail. Throomgh this, it is hoped that the behevior of
confined gas jcts can be botter understood.

Wall static pressure measurements are made for all jet conditions
listed in Table 1. Since the wall static pressure toc be meesunred is very
small, the resulting scatter in the data is very large. The scatter
improves as U, increases, In spite of this, the measurements reveal that

3

the well static pressure distribuntion for the first 100 D, is essentially

b
similar tor all jets tested. However, because of the scatter, it is not
possible to conclude that the wall static pressure is constant over the

region x/D, € 100, As later analysis of the jet behavior will demonstrate,

J
the normalized jet characteristics are typical of free jets with zero
stroamwise pressure gradient effects. Thorefore, it can be concluded that
axial pressure gradient is pot an important parsmeter in the confined jets
studied,

Contrary to free jet results («ve e.g., Wygnanski and Fiedler 1969,
Maestrello and McDaid 1971, Birch et al. 1978) and the confined jet

measurements of Abramovich et al. (1969), the existence of u potential core

immediately downstream of the jet exit is not observed, Instoad, the jet

famat = MR ——e ————




centerline axisl velocity, Uo' is found to deorease to .33 - .48 Uj' even at

x/D, ~ 1.3 (Figure 2). Theso messurements sre quite suspicious and prompt a

b
continuity check on the measured axial velocity profiles, U(r), st x/Dj < 2.
Since the density profiles of the heiiam/sir and carbon dioxide jets are not
known, the check is carried out with the measured air jot profiles only.
Mass tlow rates obtained by integrating U{r) at x/D-i £ 2 (Figures 7-9) give
veluos that agree to witﬁin 8% of those ocaloulated from Dj = 8,73 o and Uj
listed in Table 1 for the air jets. In view of this, the measured U0 shown

in Figure 3 can be considered to be essentially correct for all confined

jets studied,

3.1 Conterljne docay of pas jets.

The jet centerline velocity decays quickly for all confined jets
examined, However, the decsy rate is different for difforent jots (Figure
3). Two distinct decay curves can be identified, one for helivm/air and air

Jets at U, € 66,8 m/s, another for air jet at U, = 152.8 m/s and CO2 jets.

J J
Among the two, the slower decaying one is that for 002 jets and air jet at

Uj = 152.8 m/s. All confined jets decay much faster than free jets of air,

helium, CH4 and CO2 shown in Figure 3 for comparison, While pj/pa controls

the jet decay rate in the case of free jets, such is not necessarily the

case in tho confined jets studied. It scoms that Hler is rlso an important

parameter. For p,j/p'l €1, the decay rate is essontially controlled by

MJ/Mr. The results seem to show that the jet decays faster when Mj/Mr £1.

Although the Hr selected is arbitrary, it serves to show that there is a
critiocal Mr that governs the decay of gas jets with pj/pa ¢ 1. For the

present secries of experiments, Hr = ,027 kgmf. The unctual Mr may be between

10
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{027 kgmf end .141 kgmf, the lest value being the Hj of the aiy jet at Uj =
152.8 w/s. The density ratio, pj/p.. ss long as it is grester than 1, sooms

to have & great effect on the jet decay. A slightly heavier jet (pjlp‘ 2
1.52) with lljlll: £ 1 is enough to dcucres.e the jot decay to about that of »

Jot with p /p, (1 and faj/i{t - 5,23,

The extromely fast decey of confined jets {s indicative of the highly
dissipative nature of such flows. By wvay of explanpation, the following
conjecture can be considered. Stationary fluid inside the tube is being
pusked by the Incoming jet fluid. Because of the confinement and the large
smpunt of fluid to be pushed by the jet, the resistance encountered by the
jet is very large. Contequently, the jet has to do work onrn the body of
stationary fluid snd its momentum is quickly dissipated. The body of fluid
ic set into motion by the saction of the jet and et some distance downstrean,
the fluid in the tube would achieve a velocity equal to Uj/nren ratio (for
pjlp. = 1 case only). More will be said about the dissipative phenomencn
later.

If this line of reasoning is followed, then it will be possible to

explain the slower decay of the 002 jets with HJIM’ ¢ 1., V¥When the jet
issuas into the confinement, it impinges normally on the colamn of
stationary ailr, Part of the jet fluid will be defleooted radielly ocutward,
thus giving rise to a significent redial velocity. This counld be one of the
repsons why a potential core is not obsorved in the jot and why the
centerline jet wolocity decreases so raplidly., The phenomenon is analogous
to a jet impinging normal to & solid surface. In this case, the jet
centeriine velocity is reduced to zero at the svrface and the jet axiel

vomentun minus frictionel losses is completely convorted to radial momentum.

11
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In the case of the confined jet, the measurements seem to indicate that the
stationary air column of fers sufficient resistance to the incoming jet to
bring its axial velocity down rapidiy. Part of the jet axie)l momentum will
be cxpsndod to do work sgainst the air column, psrt to overcoms frictionasl
losses snd part is converted to redial momentum, This conjecture could be
substantisted by messuring the radial velecity., If the results show &8
radial) velooity signifioantly lecgor than thet measured in & free jet, the
above ezplanetion offered for tho rapid decay of the confined jet is
essentially correct. Assuming this conrjecture to be plausible for the
moment, the tlower decay of the 002 jets follows directly from this line ot

reasoning. Since the density of CO, is heavier than that of air and helium,

2

it will taxe longer for the CO, particle to diffuse outward by the same

2
radinl distance. Henue, the siowed docay of the 002 jets. In other words,
buoyency alsoc plays & part in the decoy of confined jets.
The shape of the decsy curves suggests that Uo decays exponentislly
rether than in a power—law menner as indicated by the measurements of
is
3

stkown in Figure 4, Indeed, to within experiments]l measurement errors, the

Abramovich ot al. (1969). A semi-logarithmic plot of Uj/Uo versus x/D

decay curves of Figure 3 become linear curves in Figore 4, The difference
in decay rate of the 002 jets and the air jet at UJ = 152.8 m/s is mude more
evident, and the plot reveals that the air jet at Uj = 152.8 m/s is the
slowest aeccaying confined joet examined. For comparison purposes, the
confined heated sir jeot (pjlp‘l = ,59) data of Abramovich et al. (1969) is
also included in Figure 4. The exponential decay behavior of the present
confined jets is c¢loarly evident. However, the messurements of Abramovich
et al. {1969) do not seem to tall in line with the present results, Even

though pj/pa = ,59 and 10 ( U, ¢ 50 m/s for the hoated air jet, its decay is

i
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slowest compared to the other isothermal jets. This seems to show thet
thermal buoyancy effects could play an important role in confined jet decey.
It is interesting to note that the doecay slope of the Cc2 Jets is about

~3/2

(pj/p.) times the deocay slope of the helium/air and air jets. This

means that for confined gas jets with MJ/Mr < 1, the decay curves can be

described by

Yoo P

tn 7 = a(5)+ b, Lt (1)
o J 8

2 K [pj]_m ( x) k y 1 (2)

n— =] — s (—)+ b, ; — 1, 2
Uo Pa Dj 1 Pa

where present results give a = .23, b = .52 and b, = .66. Equations (1) and

(2) are independent of Uj as long as ﬁj,ﬁr 1,

The slower decay of the high velocity air jet can now be explainud as
follows., If the above conjecture is plansible, then the work required to
push the stationary air column is fixed for & given confinement geometry.
The amount of radial momentum deriveble from the jet momentum will slso have
to be geometry dependent. Therefore, once the geometry is fixed, this, too,
cannot vary significantly. For a high velocity jet, there is more momentum
aveilable and this allows the jet to penetrate further into the confinement
before decaying. Honce, the slower rate observed for the Uj = 152.8 m/s air
jet, The present measurements suggost that therec is a critical jet momentium
value above which the jet decays slower for pjlp'l =1 jets,

Evidence of the highly dissipative nature of the confined jets can also
be found by examining the behavior of n; and w;I the rms valunes of the

centerline turbulent normal stress in tho axial and circumferential

directions, respectively (Figures § and 6). For frec jets, n;/Uo increases

13



with x/Dj in the initial region of the jot, then bocomes constant in the
oquilibrium region far downstream. Thy constant value roached by air jet is
~ 35 (Wygnanski and Fiedler 196%), Figure 5 shows thet néon ~ .35 in the

rogion x/Dj £ 5 for all confined jets studied. Thoresfter, u"’/UO increases

with ::/l).1 . Tho rate of increcase is grostest for jots with Hjll!r €1 and

pj,pu £ 1, and slowest for jets with lljll!l_ > 1 and pj/p. =1,
The high level of turbulence mecasured st the jot centerline lends
credence to the sbove conjecture for the confined jet bohavior. Also, the

higher rate of increase of n",lllo and I’L/Uo with x/ll"i for air and helium jets

with l:ljll.{r € 1 compared to l.’:O2 jets supports the argoment thet the initial
behevior of the confined jet is quite similar to that found in jet impinging
normal to a solid surface. If the turbulence field 1s assumed to be
isotropic, then v") ~ w; and this suggests that the radis]l velocity in the
initial reogion of the jet is possibly quite large, too. This, againm, lends
credence to the impinging jet analogy.

It seems that dissipation is responsible for bringing the jet into an
equilibrium state within a short distance downgtream. Another indication of
the equilibrium nature of the flow can be found by comparing the value ;o
on with the equilibrium measurements of Wygnanski and Fiedler (1969) in a
free jet. The present results give io,Uo ~ .29 in the region :‘.J’DJ £ 5 if
w") = V:, is sssumed. This comparecs well with a value of .31 measured by
Wygnanski and Fiedler (1969). The turbulence ficld is not as isotropic as
that observed in free air jets. The ratio uélw; is ~ 1.8, compared to a
value of ~ 1.2 measured in free jets. However this ratio, nélv;. remeins

fairly constant over tho range xID:I £ 20; an indication that the jets sre in

a continuwed state of oquilibrium through this distance. The subsequent
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incroase of u“)/l]0 and '::/Uo (Figures 5 and 6) is s consequonce of the rapid
decay of the jet and is not due to an increasc in thoe turbulence jntensities
of the flow, More wil) be said about this later when the turbulence

protiles are examined.

3.2 Mesn velocity profilos.

The moan axjal velocity profiles, U(r), normalized by Uo(x) are plotted
vorsus r, Profiles for the air jots arec shown in Figures 7-9, for the 002
Jets in Figures 10~11 and for the heljum/air jots in Figure 12, The
symmetry of the jets is cheocked by messuring U(r) on both sides of the tube
centerline, This is carried out at selected ::/D'i locations, For those
locations with such moasurements, the data in Figures 7-12 are shown with
open and filled symbols. In general, the confined jets cen be considered to
be quit. symmetric about the tube centerline. There is some scatter in the
data. However, it is not excessive in the jet near field, The scatter
becomes progressively worse as the measurement moves downstream. Reoason is
the low mean flow in e background of very high turbulence. As for the
scatter in the jet near field, it is due to the relatively lerge measuring
volome of the beam crossing (.99 mm x .12 mm) and the steen gradient of the
velocity profiles, On the other hand, the excessive scatter seen in the
heljum/air jet measurements (Figure 12} is probably alsc due to insufficient
data block used to evaluate the velocity statistios (3-6 blocks compared to
6-% blocks for air and CO2 jets). In spite of this, the trend of the data
is cloarly evident and is in general agreement with those found in air and
(3()2 jots.

The flow is clearly jet-1ike, at loast for the first 14 diameters
downstream of the jet exit, There is a smell reverse flow region which

extends trom 2 ¢ x/D, ¢ 14 in the region near the tube wall. The largest

i
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oxtont of this reverse flow region is found in the case of the air jet with
Ilj = 152.8 m/s. Even then, the reattachment length is less than 5§ step
height. For the other ceses, the reattachment length is less then 3 step
hoight. According to Eaton and Johnston {(1980), the resttachment length for
suddon cxpansicn flow should be around 6-10 stop heights. This togother
with the fact that the U{r) profiles (Figures 7-12) do not resemble those
found in sundden cxpansion -flo" (Baton and Joheoston 1980) indicates that the
flow inside the tube is actually a jet—type flow. More will bo said about

this point whon the turbulence profiles are anulyzed.
According to Ecagy and Weller (1949}, free gas ject profiles in the

equilibriom region can be described by the expression,
Ry (3)

U
o

where K tekes on different values for different gases, Yf the confined jets
arte being forced into an ¢quilibrinm state by the highly dissipative
phenomenon, then the measured IJIIJ0 cen be appropriately described by (3).,
This is indeed the case, as shown by the good correlation botween
measurements and the scolid and dashed cunrves plotted in Figures 7-12., The
s0lid and dashed curves are derived from (3) with different K values. A

list of the K valuves and the jet half-width Tytge thus determined is given

in Table 12, For most cases, the flow is seéen to be jet—like up to x/l)-1 <

1‘.
Contrary to tho findings of Keagy and Weller (1949), K is found to be a

function not of gas density but of x and Hj“!r' The fullness of the U{(r)
profiles is wmeasnred by the value of E. For free jets, K = 57 for heliom,

88 for nitrogen and 101 for carbon dioxide (Reagy and Weller 1949) .
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Therefore, bolium jocts spread fuster than nitrogen jets, which in turn

sproad faster than carbon dioxide jets. For wonfined gas jets, the spread

of the jets is more & function of "j then pj' Also, the fet shows a trend

of ''‘narrowing'' as it moves downstreem which indicates that the jet is

discgipated in a confinement. The disappoarance of the jet in & confinement

is not surprising. Whet is surprising is that it oconrs in such s short

distence and soems to be only controlled by the jet momcntum, ﬂj' This
evidence furthor substantistes the claim that the present confined jets are
highly dissipative.

The local equilibriom neture of the jots suggest that all D/Uo profiles

can be described by one similarity expression, such as,

—-ct3

= 9 ' (4)

o«

where £ = r/fn(x) and ¢ is a true constant. An examination of Table 12

reveals that Krilzlx2 is s constant and can be approximated by £n 2.

Therefore, this indicates that § = r/rllz(x). c = fn2 aend all measured jet

profiles can be described by

U

[ H
o

. 3
= ot 2 (5)
This profile also describes the free jet measurements of Keagy and Weller
2 ™ 1 =
(1949), bocause their dats show that En',,, £p 2, where Ny/2 '1/2/3' On
the other hand, Abramovich et al. (1969} found that their datas was bost

correlated by an expression,

U 1 n
IT—=,T(1+.-.:os§'-‘;). (6)
0
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even though (5) can be nsed to adequately describe their results. Agsin,
the oxpression is velid for all jet fluid densitics and velocities, It is
also valid for non-zero oxternal strosm if U and Uo are taken to be the
oxcoss volocitics over that of the external stroam. All these suggect that
tho flow is jot-like, and that axisl pressure grolient effects are not
important.

Further evidonce that the flow is in local equilibriom and freo of
streamwise pressurc gradient effects can be found by examining the high
Reynolds number, compressibdle, axisymmetric thin shear layer equations for

tero pireéinre gradient flowm. The equations are:

9pr0 dprV
i + e =- 0 , (1)
R ) au 0 av
Pl 5z * eV gy = ar (o 57) (®
a0 20 i) a6
prU oo+ oV o= oo (e 57 ) (9)

where V is the mean redis]l velocity, p is the mesn mixture density., & is the
mass fraction of jet fluid, um(x.r) is the turbulont viscosity for momentum
transport and us(x,r) is the corresponding quantity for mass transport., In
writing down (7)-(9), the turbulent fluzes -pu'v’, and ~pv'©’' have been
replsced by pm(aUlar) and us(ﬂﬁlar). respectively. Also, molecnlar
diffusion has boen neglected comprred to turbulent diffusion, The relation

between p and O for binary gas mixing is given by
1 1 1 1
~w - - —)0, (10)
PP, (p. pj)

Boundary conditions for (7)-(10) are:

DR A .



whore Uo(x). Oo(x) and po(x) arc unknowns to be determined.

U{x,0) = 1§ {x)
0

Vix,o} = 0 ,

6{x,0) = 0 (x)
o

¥

p(x,o0) = P, t pO(:) '

U(x,») = 8(x,=) =0,

plx,=) [ J

(11a)

{11%)

(11e)

(114d)

{12a)

(12%)

A closed form solution to (7) - (10) subject to boundary conditions

(11) - (12) and bascd on the parameter § = r/rl,,(x). where rl/,(x) is an

unknown to be determined, hes been obtained by Jo and Liu (1985).

results are:
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o {og, - 1) P

Hei- - %!
b + 20(¢, ~ 1) P
b+o¢ (0, -~ 1) P
- _ O-oc" (18)
b+2 (o, -1) 71
c
H, = u—: (1 - o_cg')[l + (g, - 1) P o-—n,‘t']' (19)

where P = po/(pj - p.). o, - lep.. ¢ =fn2, svwo+c, andb=a+c.
There are two free pesrameters in these solutions end these are ¢, and Rot.
wvhere R°t can be Interproted as tho turbulent Reynolds number, The
parameters are constant for a given jet fluid. However, they ocan vary from
one jet fluid to another. The variations of Uo’ oo, Po and Ty/s with x are

given by

0
T = (20)

o, P
o = -, (21)
© 14, -1 P
1/3
1/, (b + 2¢ {o, - 1) P}
(r’., ) = l/’ _ ' (22)
s Q P

Q11+ (e, -1 FIF "

-y - [] (23)
az (b +2¢ (o, - 1) P i
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vhere @ = b + 2¢ (g, - 1), Z = 4e'xl(r‘/,) Ret and (rl/, )y 1s 3/ at the
i ]

Jot onit., 'Those results compare well with free gas jot measnrements (So and
Lio 1985} and predict the measured linear docey of Uo and Po correctly.

The results show that /2 is o linoarly inoroasing function of x, »
fact amply domonstrated by Figore 13, and Uo a1 ", whoro n is a function of
o,. Thie¢ lest result sooms to be in confliot with the exponential decay
shown in Figure 4, Hovever, a replot of the duta in Figure 14 reveals that
» power—1lasw decay for Uo is slso sprropriate., As before, n is depondent on
the ratio pj/p. only when this is lergor than onec, Figure 14 shows that n
for Freon-12 jats (pjlp. « 3.7) is larger than that for €O, jets, which in
torgs is larger than helium air and air jets. The fact that the moasured
velocity profileces sgree with the solution of (7)-(10) confirms that the flow
is jet—-1ike, froc of pressure gradient effects and s in a self-preserving
state, at least looally,

If the jet is bhighly dissipative, thon the jet momentum is not
conserved., The following calculations are performed to estimate the
momentum loss by the jet in the process of pemetrating throwgh the
confinement, Only the air jet experiments sre considered beceuse the
density profiles of the other two gas jets are not known. _ The momentum flux
aoross the tube et any x location is ostimated by integraiing the measured U
profile scross the tube. This is compared with the corresponding valmne
obtained by integrating (3) across the jet, The resgult gives the jot
momentum flux tc be about 9B8% of that through tho tube at x/D, ¢ 2.

3

Thorefore, the momentom flux at these locations is ecsentially all

concentrated in the jet. The calculations, Hx/H + where H! is the jet

J

pomentom flux at any X, for the three air jets are plotted vercu I/Di in
Figure 15. It can be scen that the jets lose more than 60% of their axijal

momentum in just one jet diameter downstream. As discussed before, not all
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of this momontum is lost, Part of the axial momentum is converted to radiel
womentum, part of it goos into promoting turbulence, as reflected by the
rather Ligh turbalence leve)l meoesurod in the initial region cf the jet:, snd
part of the momenitm Is expanded to do work in the column of statiomary air.
The present moasurements do not provide sufficient information to allow the
cexact amount for each category to bo celculated, Therefore, it is not
poesible to evaluste the a;.'tnal monentum loss by the jets. To do this, the

radisl volocity end the turbulent shear fluxzes nved to be measured,

3.3 Turbulence distrjbutions.

The turbulence profiles of u' and w' are agoin normeljired with Uo'
They ore shown in Figures 1§-24. The mecasvrements of u' are made st the
same locations as U and, whenever aveiiable, measuroments from both sides of
the tube center are plotted as open and filled symbols in Fignres 16-24,
As cipected, the resclts show that the jet flow is not only axisymmetric in
the mean, but also in the turbulence ficld., The w' measurements are not
avajileble for all fo.i locations. Thoy ore obtained at szlected locstions
to illnstrate the similarity of the u' aand w' diustribntions,

In general, the turbulence distributions are quite similar to those
measured in the equilibrium region of free jets. The profiles poak ot {ke
jet centerlline aud docrease to some small finite value eway from the jet.
For flows through sudder expansions, onc would expect to sce a peak in the
turbulence Adistributions at & radial position corresponding to the location
of the separsting streamline (Eaton and Johnston 19808). However, no such
peaks arc observed in amy of tho measured n'on and w’/Uo profiles. This is
2 stromg indication that the flow is jet-1ike rather than suddep-expansion-

like. VFuriher downstroam, the turbulence field eventuaslly evolves irnto g

uniform distribution across the tube (Figure 18). At this point, the jet
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has boen completely dissipated, and the fluld in the tube moves with a
fairly uniform veloaity.

The turbulence profiles measured at x/D, { 2 are ossentially similar

i
for a1l jot fluid densitics and velocities. Thore are isomo excecptions,
though. The n'IUD and v'on profiles for the holium/air jet at UJ = 16.8
m/s consistently peak at a highor level at the jot centeriime. This
differoence oven porsists through the longth of the jot. 8Since the
measurements sare consistent, they canncot be attributed to measurement
orrors, Tho reeson for this differcnce is not kpown and counld not be due to
the fact that pj/p. (1, Otherwise, one would oxpect to see the same
behavior for the high velocity helium/air jet. Another anomaly is found in

the air jot at U, ) 152.8 m/s. The u'/Uo profiles at x/D, = 1.25 and 2

J J
reveal that the pea’ occurs at sbout r = 6 wm, and resembles more closely
the turbunlence profiles of two-dimensional jets. This discrepancy could be
attributed to measurement ervors due to high shear gradient in this region.
However, the data is too consistent for this to be true. One possible
explanation could be the high turbulence production zate arising from the
stoep velocity gradient for this jet. This high local production may be
responsible for the observed off-centerline poaks in the u'/Uo profiles at
these !,DJ locations. The explanation is made even more pleusible by the
fact that the of f~conterline pesks disappear as the jet moves downstream.
Althongh the n'/Uo profiles are quite similar for all confined jets at

z/D, { 2, they are quite different for x/D, > 3. At these downstroam

] ]

locations, the u'on profiles for low velocity fets consistently pesk at
higher levels at the jet conterline than high velocity jets. The same is
glso true of the w'/Uo profiles. It scems that the difference is a function

of the density ratio, lpa.' being biggest for bhelium/air jets and least for

Pj




002 Joets. The difference duves not only ocour st the jet centerline but
oxtends to over half the jet width. IXn the casc of the heliom/air jets, the
differonce extends to cover the whole width of tLe jot. The reason counld
lie in the diffusion to sonvection velocity retio, For slower moving jets,
this ratio is lesrgor. If, in addition, tho jet fluid is lighter than the
surrounding air, gravitational! buoyancy world help increase the diffusion of
jot fluiéd away from the jet conterline. Consoquently, mixing is enhanced
and this leads to an increase in turbulence intensities.

In spite of all those differences, tho moasurements do show the
oquilibriuom natvre of the jet flow. This observatior is even more

convincingly illustrated when the n‘/lJo and w'/Uo profiles at x/D, { 2 are

J
compared with the measurements of Wygnanski and Fiedler (1969) at 50 ¢ x/D

J
€ 97.5 for freo air jets., Those are plotted with “”Uo and w'!Uo versus
v/ 1'1/2 in Figures 25 and 26, The mean lines through Wygnanski and Fiedler's
dats are represented by solid curves., This comparison clearly shows that

the confined jets heve achieved a self-preserving state oven at x/D, = 1.25,

J
and that the turbuience field is in local equilibrium with striking
similarity to thoge found in free jet flows,

Altvgether, the evidence presented clearly indicetes that dissipation
due to work done on the stationary fluid column plays an important role in

bringing the confined ges jets into local equilibriwm. This effect

overwhelms the influence of all other parameters, such as pressure gradient,

1:vj/pn and HJ. Consoquently, the initial behavior of confined gas jots is
essentially the same for all jet fluid dengsities and velocities

investignted,
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Conclusions

Based on the results presented ir Seatinn 2, $N¢ {siiuwing c¢onclusions

¢an be drawn. These are:

(1)
(2)

(3)

(4)

(5)

(6)

N
(8)

Confinod gas jets are highly dissipative.

Mo s than 60% of the initisl jot momentum is lost in the first diameter
downstream of the jot.

One consequence of this highly dissipative phenomenon is the rapid
spproach of the jet to » local equilibrium state. The resulting
turbnlence field bears striking resemblance to that found in the self-
preserving region of free air jets.

Dissipation due to work done by the jet essentially dominates the
bohavior in the initial region of the jets. Its influence overwhclms
all other c¢ffects duc to such parameters as Roynolds nurber, pressure
gradient, density ratio, jet momentum, etc.

Thereafter, the jets persist in a state of local equilibriam and the
resultant mean velocity profiles can be sdequately described by UIUo =
e-'ta a2 for all x locations, jet fluid densities and veloocities.

The jets doecay rapidly. In all the cases studied, the jet is found to
be completely dissipated in -~ 30 jet diasmeters, thus giving rise to a
wpiform fiow with a very high but constant turbulence field across the
confinement,

The jet centeriine velocity obeys a power-law decay.

Tho exponent is found to be a function of pj/p‘ oniy when pj/pa y 1,

{ 1, there is no discernible difference in the

For jets with pj/p.

power-law oxponent. On the other hand, the expoment is & function of

Hj for jets with pj/p‘ £1.
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(9) ¥:r o1t ronfiiel §otv uiudied, the exponent is found to increase as the
Jots move downgtream.

(30) Even though the jets are highly dissipative, the turbulence intensities
are not as isotropic as those found in free jets. The ratio, nélwa. is

~ 1.8 compared to ~ 1.2 found in free jots,
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Table 1. Test Conditions of Confined Jets,

Parameters | Carbon Dioxide Air Helium/Air
Pyl Pa 1.52  1.52 1 1 1 31 23
Uj (n/s) 25 .4 54.0 25 .4 66 .8 152.8 16.8 36.5
Rejxlo's 28.43 60,44 14.38 37.82 86.51 1.50 2,97
b4/t g .220 .993 .144 1 5.23 .020 .068
|
I
|
1
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Table 2.

Centreline Decay of Carbon Dioxide Jets,

. [

el

Uj = 25.4 m/s Uj = 54 n/s
X
Dy
Up(m/s) uilm/s) whim/s) | Uy(m/s} uflm/s)  wilm/s)
1.3 11.16 3.59 2.08 22 .50 7.16 3.06
2 10.4 3.08 1.98 21.40 6.61 3.02
3 8.86 2.74 1.96 18.30 5.85 2,96
4 7.72 2.23 1.82 16 .40 5.10 2.69
5 6.86 1.93 1.67 14.30 4.71 2.51
6 6,15 1.88 1.51 12 .80 4.30 2.36
7 5.30 1,67 1.35 11.10 3.80 2.34
8 5.25 1.61 1.26 10.00 3.40 2.12
9 4,60 1.45 1.15 B.66 3.30 2.03
10 4.11 1,37 1.09 7.70 2.87 1.88
12 3.32 1.26 .92 6.30 2.64 1.67
14 2,85 1,06 .B01 4.75 2.30 1,60
16 1.88 .980 .15 3.80 2.20 1.45
18 1,71 .980 .63 2.711 2,06 1.34
20 1.26 .880 .58 2,27 1,92 1.21
24 .47 1,04 1.70 .93
28 .43 .66 1,30 .86
32 35 .82
57
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Table 3, Centreline Decay of Air Jets,
Uj = 25.4 n/s Uj = 66.8 /s Uy = 152.8 m/s
Dy
Up(m/s) ui(m/s) wi{m/s)| Uglm/s) uj(m/s) wilm/s)|Uglm/s) uglm/s) wylm/s)

1.25 - - - 22,20 6.94 - 40,26 8.57 -
1.30 11.98 3.78 - - - - - - -
1.50 - - - 20.80 7.50 - - - -

2 10,12 3.28 1.83 19.00 7.35 3.25 39.6 8.91 9.4
2.50 - - - 18.11 7.16 - - - -

3 7.78 2.97 1.59 18,16 6.24 3.08 37.9 9.10 8.66

4 6.00 2.56 1.51 17.10 5.50 2.89% 35.2 9.20 8.53

5 4,61 2.19 1.30 13.81 4.60 2,89 34.5 9.7 7.63
6 3,50 1.94 1.16 12 .80 4.10 2,78 32.3 9.80 6.98
7 2,62 1.52 1.11 9.93 3.64 2,69 29.6 9.70 6.20

8 2.31 1.40 ,996 6.54 3.70 2.53 26.4 8.90 6.01

9 1,70 1.30 .88 5.74 3.11 2.35 24.6 9,23 5.52
10 1.30 1.04 .85 5.01 3.19 2,22 21,0 8,50 5.23
12 .86 .89 .72 2.96 2.60 1.96 16,8 8.40 4.67
14 46 .76 .63 1.42 1,97 1.76 14.6 7.80 4,09
16 .54 1,00 1.71 1.65 11.6 7.10 4,06
18 .49 1.49 - - 3.62
20 .41 1.43 8.00 6,00 3.27
24 .38 1.28 - - 2.87
28 .33 1.02 - - 2.50
32 .25 .89 - - 2.39
36 - - 2.27
40 .93 1.95 2.06
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Table 4, Ceantreline Decay of Helium/Air Mixture Jets,
Uy = 16.8 m s Uy = 36.5 m/s
x.
Dy
Uplm/s) uilm/s) whilm/s) | Uglw/s) uilm/s) wylm/s)
1 8.10 2.27 - 15.30 4.98 -
2 6.69 2,06 1.60 13.04 3.%0 2.17
3 5,71 1.89 1.29 10.08 3.42 1.94
4 3.67 1,65 1,06 7.64 2,75 1,69
5 3.25 1.37 .87 6.64 2.16 1,50
6 1,76 .996 .82 5.03 1.82 1.39
7 1.55 «912 .72 3.42 1,60 1,23
8 1.31 107 .75 3.62 1.68 1,15
9 1.04 623 .70 2.52 1.44 1.12
10 993 2635 .04 2.28 1,29 1.04
12 834 613 .56 1.45 1,02 .93
14 .398 .450 .53 1.30 .871 .81
16 .043 .390 48 .862 .781 .75
18 .245 .738 69
20 .086 .690
24 040 463
59
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Table 5a. Velocity Measuroments of Carbon Dioxide Yets at Uj = 25.4 v/s,
x/Dj 1.3 -

4 (mm) /v, u/u, u’/U, u'/U, /U, e'/U,

0 1,000 1,000 322 325 1,000 296

1 .988 970 .327 320 .944 .301

2 867 833 .316 321 .842 .293

3 .713 - .306 - 695 291

4 ,540 534 268 249 .550 270

5 310 - 218 - 423 232

6 212 224 167 .185 277 197

7 104 - 124 - 193 172

8 .030 .056 077 086 .128 .135

9 .014 .053 072 097

11 0 033 .049 (149
13 001 .028 - -

14 - - .021 026

16 001 022 ~-.005 .027

18 -.002 ,018 ~.,002 .033

21 004 .015 006 022

23 ~-.008 .018 007 .025

26 -.,003 022 -.007 .026

28 006 015 -,C07 .033

31 .005 009 017 .018

33 010 015 .013 017

36 .009 014 .008 025

41 014 013 .005 .025

46 .014 .009 .010 .015

51 ,013 .010 012 .019
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Table 5b. Velocity Measurements of Carbon Dioxide Jets at Uy = 25.4 u/s,
x/Dj 2 3
r{mm) w' /U, w' /U, r(mm) u/u, u'/U, U/u, u'/Uy
0 .190 .180 0 1.000 309 1,000 .281
.5 - 154 1 971 323 972 .305
1.5 203 - 2 .926 308 .939 296
2.5 - 195 3 .865 322 .840 .302
3.5 .190 - 4 727 315 .730 292
4.5 - .183 5 ,600 280 .706 254
5.5 160 - 6 .456 266 598 277
6.5 - .140 7 374 .227 .536 268
7.5 .121 - ] 228 196 415 242
8.5 - .099 9 .103 135 .296 .210
9.5 060 - 11 024 084 .137 159
11.5 .042 .041 13 .003 .037 047 106
13.5 .028 .028 16 014 036 -,010 080
16.5 - ,028 18 005 027 -.012 .048
18.5 021 21 0 032 -.016 045
20.5 024 23 -.006 0.8 ~.036 039
23.5 .023 26 -.001 .030 -.010 042
25.5 .022 28 -.008 .036 -.004 034
28.5 .020 i1 008 030 .012 031
30.5 .015 33 .002 .028 .009 048
33.5 ,018 36 005 .030 .005 037"
35.5 .015 41 .013 045
3g.s .020 46 015 032
43.5 017 51 .028 .031
48.5 0%6
53.5 016
58.5 015
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Table Sq, Velocity Measurements of Carbon Dioxide Jets at Uy = 25.4 n/s,
x/Dy 5
r{mm) u/u, u'/fu, r(nm) u/u, u/u, u'/U, u'/u,
0 1,000 281 0 1,000 1,000 JJ1s 315
1 .983 <284 1 981 - 317 -
2 .889 297 2 962 1.000 317 315
3 867 .283 3 .943 .h21 315 308
4 .750 278 4 849 962 301 317
5 .643 265 5 842 796 .308 309
6 .481 257 6 855 .830 309 294
7 453 .239 7 681 736 306 291
8 389 .223 B 638 628 .302 298
10 .280 192 9 408 .536 262 279
12 149 144 11 358 457 245 281
15 036 101 13 242 .283 196 .194
17 .029 076 16 137 .094 164 181
18 028 057 113 .155
21 .001 .098
23 ~-.013 .060
26 ~.034 068
28 -.013 .055
31 -.022 060
33 ~.011 .062
36 -.013 .053
41 -.025 066
46 .006 057
51 016 062
56 .023 057
62
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Table 5d, Velocity Measurements of Carbon Dioxide Jets at Uj = 25.4 /s,

x/Dj 10 14
r(mm) w! /U, w'/U, r{mm} v/u, u' /U, u/u, uw'/U,
0 255 255 0 1.000 333 1.000 372
1 - - 1 .948 326 <912 387
2 266 57 2 970 332 922 358
3 - - 3 912 .323 .894 371
4 264 266 4 .938 .333 914 373
5 - - 5 .800 .328 .950 373
6 .258 253 6 769 335 .B56 .383
7 - - 7 792 315 B8O 375
8 247 .245 8 L7158 .330 .819 375
10 .223 217 10 605 317 .738 359
12 .189 - 12 «427 283 561 349
13 - 151 15 320 +248 508 .368
14 151 - 17 .294 0242 <442 365
15 - .138 20 .197 .205 426 .305
17 .109 - 22 .103 190 .303 310
18 - .102 25 .020 -148 191 298
19 092 - 27 -,0358 109 156 255
20 - .091 30 ~,066 102 108 235
22 .062 - 32 -.073 .095 049 +210
23 - 079 35 -.049 085 -.140 247
24 069 40 -.068 095 ~-.088 179
27 .050 45 -.073 .102 -.109 147
29 047 50 -.061 100 ~.123 126
32 049 55 -.038 105 -.133 .116
34 .040 60 -.036 066 -.091 116
37 .047
42 051
47 .033
52 043
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Table S5e,

Velocity Measurements

of Carbon Dioxide Jets at Uj w 25.4 /s,

ro

- T TR

x/D; 20

r(mm) u/u, u'/U,
0 1.000 .650
2 992 690
4 1,016 .698
6 1.008 675
8 .992 122
10 .992 825
12 1.111 675
15 917 746
20 .714 730
25 365 603
2 .341 611
35 119 330
40 -.087 .421
45 -.206 444
50 -.262 349
55 -.365 317
60 -.38 262
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Table 6a, Velocity Measurements of Carbon Dioxide Jet at Uy = 54,0 m/s.
x/Dj 1.3 2
r(mm) U/, w'/U, U/U, w'/u, w/u, Uity w'/U,  w'/U,

0 1,000 .318 | 1.000 309 141  1.000 309 141

1 -940 .331 972 »307 .143 953 311 .138

2 .818 .320 .902 316 - .864 304 -

3 677 306 787 307 .150 729 299 .143

4 521 .286 .T08 304 - .607 .283 -

5 352 237 .542 «285 .141 449 262 .136

6 218 .183 425 .257 - .322 .220 -

7 .137 135 .273 .204 117 240 .182 .113

8 066 091 179 164 - .175 150 -

9 - - - - 079 - - 085
10 027 .043 093 091 - 082 078 048
11 - - - - .057 - - .040
12 005 .032 039 .050 - 019 .043 -
13 - - - - .054 - - 030
15 .008 027 013 036 036 .008 .035 .025
17 002 .024 .003 .031 - -
18 - - - - .041 03¢0
20 .005 .023 .003 025 .040
22 002 025 007 024 -

23 - - - - 028
25 009 019 064 027 041
27 002 .023 007 022 -
28 - - - - .032
3o 07 .019 .004 027 031
32 003 024 005 .023 -
33 - - - - 021
3s 010 .018 007 .024 025
38 - - - - 017
40 014 .012 .004 .028 -
43 - - - - 014
45 005 019 .006 020 -
48 - - - - 014
50 005 016 007 021 -
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Table 6b, Velocity Measuiements of Carbon Dioxide Jet at Uy = 54.0 m/s,
x/Dj 3 5
r{mz) U/, u'/U, r (mm) u/u, u'/U, u/u, uw'/u,
0 1.000 .320 0 1.000 .329 1.000 .329
. 1.000 320 1 984 .310 .972 .322
1.5 951 320 2 953 329 .923 .334
2.5 .B55 322 3 850 329 .895 .329
3.5 .T46 310 4 797 .323 .804 .329
4.5 .625 298 5 657 .A15 659 .312
5.5 495 276 6 580 .305 .632 .310
6.5 392 249 7 .559 .280 552 .287
7.5 251 .191 8 446 273 .434 .266
8.5 .191 170 10 .329 224 .316 229
9.5 .126 126 12 .169 .173 .199 .183
10,5 076¢ .120 15 .088 135 072 112
13.5 012 .056 17 ~,022 .085 047 .108
i5.5 014 .048 20 -.038 066 -.010 062
18.5 -.008 037 22 -.018 ,050
20.5 -.008 .038 25 -,030 041
23.5 -.002 033 27 -.02¢ 049
25.5 -.003 N34 30 -.016 .038
28.5 -.009 .033 32 -.019 045
30.5 ~.002 .032 5 -.014 .043
33.% -,004 .032 40 -.001 .040
38.5 .003 028 45 003 .043
43.5 .002 .030 50 007 .036
48.5 -.,001 .028 55 011 .040
53.5 009 024 60 009 040
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Table 6c., Velocity Measurements of Carbon Dioxide Jet at U; = 54.0 m/s,
x/Dj 7 10
r(um) U/U, u'/U, r(mm) w' /U, w'/U, U/ U, e’ /U,
0 1,000 342 0 211 .211 1,000 .373
1 J82 .337 1 - - 1.000 317
2 998 330 2 .213 .205 .574 374
3 .871 346 3 - - .943 381
4 .B69 .337 4 215 .208 .909 .378
5 .820 335 5 - - .922 3717
6 .700 .333 6 209 205 .857 371
7 627 326 7 - - 831 374
8 .586 .329 8 201 202 .746 .366
9 5717 310 10 .193 .187 .649 J46
11 421 270 12 .182 .193 560 319
13 270 224 15 144 157 .418 315
14 207 225 17 .108 132 327 288
16 .141 .185 20 .096 .108 219 251
18 .103 151 22 095 .093 .106 237
19 045 .144 25 072 .076 046 .198
21 041 .120 27 L76 .078 053 178
23 .013 .108 30 .064 069 -.006 .156
24 -.026 088 32 059 .062 -.042 .138
26 -.039 076 5 0353 .058 -.048 .121
29 -.037 .068 40 042 047 -.070 .085
31 ~.038 .068 45 044 045 -.042 .104
34 -.049 .068 50 .045 044 -.064 .100
39 -.023 .066 55 041 044 -.079 .103
44 -.021 .059
49 -.023 064
54 ~-.001 061
59 .001 064
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Table 6d. Velocity Measuremeuts of Carbon Dioxide Jet at Uj = 54.0 m/s.

x/D 14 20
r{mm} U/ U, u'/U, u/u, u'/U,

0 1.000 .484 1.000 .846

1 - - - -

2 996 .497 .881 .793

3 -— - - -

4 .968 484 881 230

5 - - - -

6 941 499 952 .806

7 - - - -

8 945 .480 1.013 .802

10 .905 495 .925 .868
12 .836 .503 841 .877 i
15 .688 465 749 .855 '
17 .503 .448 661 .903 |
20 429 .453 .555 .881

22 .436 .413 617 .863 i
25 .364 404 507 .859
27 .232 .379 612 .841
30 .158 341 .357 .859
32 1238 .316 .330 .780
3s .095 295 .189 .793

40 -.069 .232 .026 127

45 -.124 221 048 634

50 -.141 .185 -.070 573

55 -.152 215 -.115 .515 ;
60 -.154 .168 -.225 .467 |

|
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Table 7a,.

Velocity Measurements of Air Jet at Uy = 25,4 o/s.

I/Dj 1.3

r{mm) U/ U, u'/U, u/u, u'/ U,
0 1,000 .316 1,000 316
1 922 .302 .908 285
2 .850 301 .793 281
3 643 +285 640 278
4 .468 251 .521 .251
5 331 .203 .320 .204
6 .200 148 .129 144
7 132 115 .128 097
8 .084 071 .082 065
10 046 027

12 027 .028

15 019 .021

17 014 .022

20 .022 021

22 011 013

25 010 015

27 012 014

30 .007 014

32 009 016

35 005 018

40 .003 012

45 -,002 011

50 -.002 009

55 -.007 010

60 -.007 .008
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Table 7b. Velocity Measuremsuts of Air Jet at Uj = 25.4 nfs.

x/D; 2

r(mm) u/u, u'/U, U/, u'/U, r{mm) [ w'/U, w' /U,
0 1,000 .324 1,000 324 0 .181 181
1 .958 J22 958 .312 ] - .180
2 .800 .318 .884 .318 1.5 .183 -
3 697 .300 144 .300 2,5 = 175
4 579 .283 .613 277 3.5 .166 -
5 426 228 435 251 4.5 - 161
6 313 191 306 219 5.5 140 -

7 248 154 .198 d75 6,5 - 128
8 .158 .118 .081 121 7.5 .097 -
10 067 061 066 .052 8.5 - .082

12 .049 .038 9.5 .050 -
15 042 032 10.5 - -
17 028 .023 11,5 .030 .038
20 045 017 13 .5 025 .031
22 028 .021 15.5 .015
25 017 .023 18.5 .014
27 017 .018 20.5 013
30 010 015
32 016 .018
35 .010 .017
40 003 016
45 004 015
50 ~-.002 012
55 -.069 010
60 -.009 012
70
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Table 7c, Velocity Measurements of Air Tet at Uy = 25.4 m/s.
x/Dj
r{mm) u/u u'/U, r(mom) u/u, u'/U v/u, u'/U,

0 1,000 362 0 1.000 417 1,000 417

1 997 362 1 1.063 427 1,026 404

2 944 345 2 1,031 .408 1,068 .404

3 .867 JA32 3 .919 408 1,033 .386

4 .756 .313 4 .888 404 .882 357

5 548 .296 5 -737 .355 . 154 .364

6 418 259 6 .608 .353 706 340

7 .282 181 7 .522 307 - -

8 245 .170 8 443 .256 496 .314
106 090 2107 5 .318 .228 250 232
12 035 .068 10 254 »191 .188 200
15 055 032 12 211 .148
17 022 .030 14 131 110
20 044 030 17 074 .082
22 036 027 15 .042 074
25 020 027 22 .055 051
27 024 .029 24 .037 .051
30 033 024 27 .040 .051
32 -.014 .036 29 .0358 044
35 010 024 32 .028 043
40 ~-.001 .023 34 -.037 058
45 -.004 .019 37 ~-.018 .055

42 -.035 .039

47 -.018 .034

52 -.006 .021

57 -.018 .026

62 -.017 .034
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Table 7d. Velocity Measurements of Air Jet at Uj = 25.4 o/s.
x/Dj )

r{mm) U/ Uy u'/U, u/u, wu'/U, r{mm) w'/U, w'/ U,
H 1.000 488 1,000 .488 0 424 424
1 +997 .488 1,003 491 5 - 424
2 - - - - 1.5 418 -

3 1,026 .491 .959 471 2.5 - .418

4 - - - - 3.5 426 -

5 .846 442 .840 .442 4.5 - 418

6 - - - - 5.5 379 -

7 674 395 .689 .395 6.5 - 396

8 - - - - 7.5 390 -

9 488 320 427 328 8.5 - 376
10 422 277 - - 9.5 334 -
11 416 272 - - 10.5 - 315
12 - - 317 .299 11.5 276 -
13 277 236 13.5 241 284
15 253 194 15.5 - 212
17 - - 16.5 231 -
18 209 A77 18.5 176 206
20 134 .150 20.5 - .123
23 .128 117 21.5 111 -
25 073 .101 23,5 .103 111
28 073 .084 25.5 - .100
30 033 072 26.3 .103
33 -.009 066 28,5 .089
35 035 074 31.5 .084
s 020 .064 33.5 078
43 .028 047 36.5 .081
48 -.025 055 41.5 064
53 017 .040 46.5 072
58 -.012 044 51.5 064
62 -.020 044 5€.5 .067
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Table Te,

Velocity Measurements of Air Jet at Uy = 25,4 n/s,

x/Dj 10
1 (mm) u/u, u'/u,
0 1.000 .838
1 1,192 .B846
2 1.269% 954
4 1.554 931
5 1.408 1.038
6 1,508 1,008
8 1,385 1.008
10 1.469 985
12 1.054 885
15 1.0858 892
17 608 .T15
20 592 +700
22 146 562
25 .108 585
27 128 .508
30 .046 510
32 -.069 408
35 ~.230 .300
40 ~.246 300
73
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Table Ba, Velocity Measurements of Alr Jet at Uy = 66.8 m/s,
x/D; 2 3
1 (mm) /U, n' /U, w' /U, w'/U, r (mm) U/ U, u'/lly
0 1,000 .313 171 .171 0 1.000 344
1 911 .310 171 171 1 920 319
2 .812 301 - - 2 812 .300
3 .709 267 JA72 172 3 707 274
4 628 250 - - 4 573 271
5 444 218 161 162 6 309 .194
6 291 178 - - 7 248 171
7 198 132 137 .148 9 119 108
8 - - - - 12 .063 047
9 .081 .055 .110 .098 14 049 .035
10 049 .041 - = 17 .036 .034
11 - - .082 - 19 .027 .028
12 .041 .026 - .058 22 .020 .026
13 - - 062 - 24 L0435 .029
14 - - - 059 27 .008 027
15 028 .022 049 - 29 .003 .030
17 026 .019 - .041 32 -.003 .024
18 - - 046 - 34 -.002 .024
19 - - - .044 37 -.003 .022
20 .016 .017 .038 - 39 -.005 021
22 010 016 - .040 44 -.006 .020
23 - - .045 - 49 -.009 020
25 .014 017 042
21 .013 016 -
28 - - 045
30 .013 016
32 .013 013
35 .012 .012
37 .011 .012
40 ,010 .012
52 012 015
74
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Table 8b, Velooity Measuroments of Air Jot at Uj = 66.8 m/s,
x/DJ
r () u/u, u'/U, U/ U, u'/u, w'/U, w'/Uy

0 1.000 333 1,000 .367 271 271

1 .961 329 - - - -

2 .876 311 .963 343 272 274

3 - - . 840 .336 - -

4 .715 .283 - - 272 274

5 .673 .285 760 .315 - -

6 - - - - .278 269

7 432 .238 - - -~ -

8 - - .542 280 270 .267
10 .216 154 434 .239 .253 .255
12 155 122 - - 232 232
13 - - .284 £221 - -
15 +091 .085 .224 .192 .199 204
17 .065 .063 - - .184 168
18 - - 094 .147 - =
20 030 .059 .080 134 .148 .138
22 .016 062 - - .144 125
23 - - .024 .107 - -
25 .016 .043 002 .096 .115 111
27 -.008 .049 - - .104 .106
28 - - -.017 .082 - -
30 -,018 .041 -.030 081 .084 .094
32 -.015 042 - - .081 .087
33 - - -,030 074 - -
35 -.019 .043 -.038 .073 077 077
37 -,023 .043 - - - -
40 - - -.051 .062 .066 063
42 ~-.016 .039 - - - -
45 - - -.060 062 .060 060
47 -.023 .045 - - - -
50 - - - - - .061
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Table 8o, Voloclty Measuremsnts of Air Jet at Uj = 66,8 n/s,

x/Dy 10 14

rlom) | WU, uw'/Uy U/U,  u'/U| U/U, w'/Uy WU, w'/U,
0 1,000 .637 1,000 637 1,000 1,387 1,000 1,387
2 986 .623 .952 .613 852 1,437 .929 1.4158
4 160 609 .810 567 .817 1.324 .796 1,373
6 .804 .5351 .818 591 .782 1,359 760 1.282
8 710 505 665 565 697 1.282 .852 1.366
10 .G53 539 581 .563 .852 1,345 1,030 1,437
12 L5583 461 .503 .529 676 1.317 528 1,239
14 .379 399 .463 489 507 1,239 493 1.24¢
16 311 .369 .331 429 .535 1,120 458 1,120
i8 239 .345 .206 417 .317 1.049 .359 1,155
20 .291 .317 .140 .385 .507 1,049

22 225 .305 068 351 430 1,070

4 .148 .261 517 1.211

26 .158 .259 310 1,098

28 .138 317 .401 1.155

30 .078 .251 296 1,106

32 .068 226 260 873

34 074 222 .218 . 944

36 197 908

38 082 .810

40 .141 .789
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Table 9a,

Volooity leasurements of Air Jet at Uj = 152.8 w/s.

P g e

x/b; 1.25 2

r(mm) u/u, u' /Uy u/U, w'/U, u/u, u'fU,
0 1,000 ,213 1.000 .225 1,000 .225
1 950 222 . 944 ,239 578 .229
2 .B65 .250 .894 263 921 242
3 726 .273 841 274 856 260
4 642 291 .745 «295 770 275
5 461 291 609 306 616 290
6 .280 226 409 288 487 .2890
7 .205 180 .278 236 - -

8 096 119 .194 184 .223 .213
9 039 .079 111 .136 - -
10 1023 L0585 069 .09 .065 .090

12 .014 . 047 .020 059 - -

13 - - - = 022 .032
14 014 .047 .022 046
17 0 041 .001 041
19 .005 041 -.001 044
22 .019 .030 -.003 047
24 005 034 -.002 .041
27 .013 .033 .009 .037
29 .016 .034 005 .039
32 .014 .033 007 .035
34 .006 .032 002 040
37 .008 .031 0035 .037
42 .004 .029 .006 .037
47 .001 .033 .003 .033
52 .007 025 005 031
57 .006 .027 .008 .028
62 .G00S5 .027 .007 .034
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Tuble 9b. Velocity Measuroments of Air Jst at Uj = 152.8 /s,

"

e

x/Dy 3 5
r(mm) w'/Uy, w'/Ug| c(mm) /U, u'/Us | r(mm) U/Uy,  u'/U,
0 237 237 0 1,000 .240 0 1.000 .281
1 .237 .237 1 1,609 238 2 L408 .284
3 .242 240 2 982 .255 4 518 .293
5 226 .215 3 946 260 § 8385 297
7 194 .176 4 902 250 6 685 272
9 .134 .133 5 .780 253 7 .665 .264
11 .087 - 6 .719 .250 ] .560 264
12 = .066 7 642 .250 9 .518 .253
13 .071 - 8 .461 .250 10 452 .235
14 - .068 9 .369 205 11 .361 210
15 .064 - 10 251 .162 12 .287 .185
17 - .056 12 142 .095 14 182 «145
18 L0682 - 14 041 .069 16 135 .108
19 - .047 17 .020 .049 15 075 .081
20 .063 - 19 -,003 .045 21 069 .066
22 - .053 22 0 041 24 .046 .059
23 059 - 24 -.003 .041 26 012 .057
25 .050 - 27 ~.010 035 29 .004 .054
28 .050 - 29 -.017 .038 31 =.005 047
32 -.023 .038 34 -.006 .045
34 -.021 .037 36 -.014 .045
31 -.023 .035 39 -.020 042
42 ~-.026 .037 44 -.021 .040
47 -.010 .033 49 -.022 .037
52 -.010 .033 54 -.021 ,033
57 -.010 .038 59 -.029 032
62 =.002 ,034 62 -.028 ,034
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Table 9c.

Velocity Measurements of Air Jet at U; = 152.8 w/s.

?- TR BN RS o # ey IR fed et et

x/Dy 7
r(mm) U/b, u’/Uy r{mm) w'/U, w'/U,

0 1,000 .328 0 .209 .209

1 .996 311 1 .193 209

2 .970 328 3 .193 .209

3 930 .338 5 .195 .206

4 874 335 7 198 206

5 .878 348 9 .189 .190

6 793 377 11 179 .182

7 693 .337 13 - 177

8 .700 .345 14 .167 -

9 631 .337 16 152 .143
10 495 .334 138 - 127
11 .384 .292 19 .128 -
12 +396 .309 21 .108 .104
13 .361 .2598 23 - .090
i35 154 .2158 24 101 -
17 »147 .19% 26 .083 191
20 .067 .143 28 - .084
22 .031 113 29 +081 -
25 -.003 .087 31 .088 .091
27 -,008 078 33 - .076
30 ~.033 .061 34 .068 -
32 -.03% MO 36 - 071
33 -.033 .058 39 .Gé1 -
37 -.034 054 41 - .062
40 -.038 .052 44 .061 -
45 -.039 039 46 - .052
50 -.041 057 49 .051 -
55 -.032 054
60 ~.037 056
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Table 9d. Velocity Measurements of Air Jet at Uj = 152.8 m/s.

x/Dj 10 14

r(mm) u/u, u’/U, u/u, u'/Uy | r(mm) u/u, u'/u,
0 1.000 408 1,000 L4085 0 1,000 534
2 . 942 .419 - - 2 955 564
3 - - .936 417 3 1,052 .583
4 959 .402 - - 4 1.076 .578
b - - .850 .384 5 .900 .549
6 .820 .396 - - 6 1.019 579
8 .791 397 . 800 .401 8 965 .561
10 610 .356 .721 .364 10 836 «545
12 .5599 .349 - - 12 .838 .523
13 .529 .335 .599 326 13 .755 524
14 .452 316 - - 15 .768 498
15 .386 .300 .494 306 18 .633 .464
16 .395 304 - - 20 .622 .473
17 369 .294 - - 23 491 422
18 297 -271 390 263 28 .377 .357
19 .256 244 - - 33 .278 321
29 276 257 .287 222 g .055 .252
22 .181 217 - - 43 -.020 .209

23 - - .215 .200

24 126 .184

27 +081 .158

29 .022 120

32 .004 .103

4 -.001 .118

37 -.034 .082

39 ~-,051 072

42 -.059 .070

44 -.048 072

47 -,060 .068

52 ~-,062 ,063

57 -,059 .061

62 ~-.070 ,059
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Table 9e, Velooity bteasurements of Air Jet at Uj = 152.8 n/s,
X/DJ 20 40
r{mm) U/ U, u'/U, r(mm} /vy, u'/U,
0 1.000 .750 ] 1.000 2,097
2 926 .725 1 .3558 1,495
4 .994 722 3 183 1.828
6 1,014 +7130 4 .538 2.043
1 +873 .762 5 .355 1.%03
8 .865 .686 6 .731 2,054
9 876 .739 7 280 1.624
10 1.007 .787 8 .871 2.011
11 .924 7153 10 .538 2.29%0
12 .826 .137 12 .538 1.957
14 .847 728 15 .398 2.054
16 .839 769 17 1.065 2.054
17 .175 .700 20 1.247 2,355
i3 .884 .762 22 419 2,032
19 175 699 25 .882 1.860
20 .690 711 27 237 1,989
22 692 .652 30 .559 2,032
23 125 .731 32 1.484 2.333
24 <624 .638 35 .656 2.269
25 718 .711 40 548 2,505
27 .618 615 45 .043 2.484
28 .638 .702 50 .882 2.753
30 592 679 55 .462 2,659
32 .507 .553 60 .226 2.409
35 .590 .622
37 .362 .520
38 392 .584
42 .266 .439
47 244 «419
52 .208 .366
58 .084 .348
81
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Table 10a. Velocity Heasurements of Melium/Air Jet at Uj = 16.8 m/s,

!/Dj

r(om) U/ U, u'/U, w' /Uy w'/Ug
0 1,000 417 239 .239

1.000 417 - 241

1.5 1,007 414 .230 -
2.5 . 985 A7 - .238
3.5 .904 .399 .224 -
4.5 .844 371 218 .220
5.5 .763 .323 .180 -
6.5 .522 .232 170 .187
7.5 022 .059 154 -
8.5 .002 .040 132 138
9.5 -.011 .042 .097 .082

10.5 072 -

11.5 .045 .048

12.5 - -

13.5 .033 028

15.5 .031

18.5 026

20.5 019

23.5 .022

82

SR I - . T




Table 10b, Velocity Measurements of Holium/Air Jet at U; = 16.8 m/s.
x/Dj 3
r(mm) u/u, u'/U, U/ U, u' /U, u/u, u'/U,
0 1.000 .331 1,000 422 1.000 .588
. 975 326 1,000 422 1.000 .588
1.5 1.000 331 1,123 431 987 .618
2.5 .732 .306 1.123 434 .865 585
3.5 .683 .284 .855 .428 .884 .601
4.5 .553 261 1.003 443 858 .601
5.5 490 .250 711 351 1,348 628
6.5 .391 226 492 .302 .671 .572
7.5 333 228 400 .291 665 .532
9.5 284 .196 +243 .243 .582 .517
10,5 -.076 .148 .262 .259 .608 .495
12.5 -.038 102 128 .240 .405 470
15.5 -,021 ,010 019 167 .313 .387
; 7.5 -~.014 012 -.062 111 071 .303
P 20.5 -.018 .014
22.5 -.019 .023
25.5 ~.016 .026
27.5 -.,021 .017
30.5 ~,035 .024
32.5 -.008 .017
35.5 -.007 .018
37.5 -.009 .021
40.5 -.013 .017
42,5 -.021 .015
47.5 =-,017 .006
52.5 -.012 .006
55.5 -.006 .007
57.5 ~,008 .006
59.5 -.003 .005
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Table 10¢.

Volocity Measurements of Helium/Air Jet at Uy = 16.8 m/s.
x/Dy 10
r(mm) w'/Ug w'/U, r (mm} U/U, u'/U,
0 465 4635 0 1,000 .639
1 - - 1.000 .585
2 .465 452 1.5 1,000 .639
3 - - 2.5 W55 .574
4 4635 455 3.5 .679 .577
5 - - 4,3 .793 .610
6 471 .426 5.5 .635 627
7 .452 - 6.5 668 07
8 .439 .406 7.5 .434 574
10 .432 432 9.5 .430 .374
12 .406 355 10.5 416 634
13 .355 .297 12.5 .359 «313
17 .323 .265 15.5 .336 3517
20 219 263 17.5 .061 .436
22 .181 .161
25 .168 .155
27 116 .110
30 .114 .110
84



Table 11a,

Velocity Measuroments of Helium/Air Jet at Uj = 36.5 m/s.

x/Dy 2
r{mm) U/U, u'/U, r{mm) w' /U, w'/U,
0 1,000 .300 0 .166 166
951 .315 2 .165 +163
1.5 1.000 300 4 .162 164
2,5 9535 .310 5 .156 -
3.5 .821 311 6 .145 .150
4.5 646 291 7 127 -
5.5 .474 284 8 104 .122
6.5 .359 229 9 .091 -
7.5 .268 .203 10 .065 -
9.5 .031 .055 11 062 057
10,5 .020 .039 12 .040 -
12.5 -.002 .029 13 - .043
15.5 ~.002 023 14 .026 -
17.5 -.003 L0135 16 .021 .026
19 .017
21 .018
24 017
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Table 11b. Velocity Measurements of Melium/Air Jet at Uj = 36.5 /s,
x/Dy 5
r(mm) u/u, u'/U, u/u, u'/U, u/u, u'/fu,
0 1.000 .339 1,000 325 1.000 .468
1.000 .339 . 997 315 1.000 468
1.5 1.002 .334 .920 .336 947 474
2.5 958 329 .815 .351 991 474
3.5 .893 334 732 .325 .965 477
4.5 .154 .341 646 321 .962 .480
5.5 707 .310 . 545 .298 1,053 .480
6.5 340 .301 545 .292 731 456
7.5 415 269 .407 .264 .708 450
9.5 225 209 - - - -
10.5 .129 174 .148 179 .494 412
12.5 016 111 .083 154 453 .386
15.5 ~,019 .061 -.011 .102 206 304
17.5 ~.037 .027 -,054 070 135 227
20.5 -.034 .025 -.114 149
22.5 -.031 024 -.085 143
27.5 -.024 .024
32.5 -.031 .023
37.5 -.017 .024
42,5 -,010 .034
47.5 -.005 .026
52.5 ~,003 026
86
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Table 11¢, Velovity Measurements of Helium/Alr Jet at Uj = 36.5 m/s,

R e TR

x/Dy 10

r{mm) w' /U, w'/Ug r(mm) u/U, u'/U,
0 .360 .360 0 1,000 566
2 .354 .351 .5 1.000 570
4 L322 .339 1.5 .934 526
6 325 .330 2.5 .798 513
8 310 .330 3.5 772 504
9 .310 - 4.5 .763 .509
10 301 .289 5.5 .768 .513
12 265 - 6.5 .675 .500
13 - 272 7.5 +596 .509
14 249 = 9.5 710 500
15 - +237 10.5 .710 .544
17 .199 - 12.5 .531 .478
18 - .187 15.5 399 478
19 .167 - 17.5 254 474
20 - .143 20,5 .070 .381
22 135 - 22.5 .005 329
23 - .105

24 .051 -

25 - .076

27 070 -

28 - .079

25 076

32 .064
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Tablo 12, Values of K and Jot Half-width for Different x/DJ Locations,
Airjet at
Uj = 152.8 m/s All other jets
x (deshed curves) (solid curves)
D
K ry 2 (mm) K r1/2(mm)
1.25(1.3) 4,17 4.45 4.17 4.45
2 6,28 5.80 9.37 4.75
3 9.00 7.27 16.23 5.41
5 14,72 9.48 32.81 6.34
7 23.923 10.40 29.81 9.32
10 26.16 14,22 38.94 11.65
14 20.27 22,60 51.16 14,23
20 19.40 33.00 36.68 24.00
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