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Notation

Bnalisb Letters

a,	 b,	 b l constants defined in eqs.	 (1)	 and (2)

C constant	 defined in eq.	 (4)

D diameter of tube or jet nozzle

k turbulent kinetic energy

H(s; velocity profile shape parameter defined in eq. 	 (3)

M momentum flux

Mr momentum flux of air jet at D j . 66.8 m/s

r radial	 coordinate
1

r1/2 (z) jet half—width

Re 	 a Dj Dj /V jet Reynolds number

Re turbulent Reynolds number defined in eq. 	 (12)

u instantaneous or fluctuating axial velocity I

a rms of u
r

D mean axial	 velocity
G
,

V mean radial velocity
M

V instantaneous or fluctuating circumferential velocity
i

W, rms of w

x axial	 coordinate

Greek Letters

n = r/z normalized r coordinate

F, = Or 1/2 normalized r coordinate
1

V kinematic viscosity of fluid

VT turbulent kinematic viscosity



p	 density

Subscripts

a	 air or ambient condition

e	 external stream of coaxial Jets

J	 Jet

m	 mixture

o	 centre line

x	 any x locntion

iv
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Abstract

The understanding of the miring of confined turbulent jets of different

densities with air is of great importance to many industrial applications,

such as gas turbine cud ramjet combustors. Although there have been

numerous studies on the characteristics of free gas jets, little is known of

tha behavior of gas jets in a confinement. The present investigation

addresses this question directly and reports on the fluid dynamics of

confi*_cd turbulent gas jets.

The jet, with a diameter of 8.73 mm, is aligned concentrically with a

tube of 123 mm diameter, three giving a confinement ratio of —205. The

arrangement forms part of the test section of an open—jet wind tunnel

Experiments are carried out with carbon dioxide, air and helium/air jets at

different jet velocities. Mean velocity and turbulence measurements are

made with a one—color, one—component laser doppler velocimeter operating in	 C

the forward scatter mode.

Measurements show that the jets are highly dissipative. Consequently,

,equilibrium jet characteristics similar to those found in free air jets are
i

observed in the first 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 fluid density and momentum.

In all the cases studied, the jet is found to be completely dissipated in

-30 jet diameters, thus giving rise to a uniform flow with a very high but

constant turbulence field across the confinement.

V	
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I .	 In od ction

1.1 motivation

Isothermal turbulent jet mixing in a confined swirling flow has been

recently investigated by So at al. (1984). Their objectives are to study

I
^	 the effects of swirl and density difference on confined jet miring and their

results are reported by So at a l . (1985) and Ahmed of al. (1985). In order

to achieve these objectives they have also examined the behavior of confined

I
swirling flow and confined jot flow in the some test facility. Their	

1

preliminary results on confined gas jets show that the jet flow is highly

dissipative. However, they have not studied the phenomenon in detail,

especially the effects of density difference. The present investigation is

a continuation of their effort and is carried out in the some test facility

(So at al. 1984). In order to better understand the phenomenon, confined

i
jets of helium, air and carbon dioxide are investigated so that the effects

I

of density difference can be examined in more detail.

1.2 Review of Related Work
I

Confined jets have not been extensively investigated in the past. This

is especially true of jets of different densities issuing into a confinement

of stationary air. Among the recent work on confined jets are the study of

Abremovich at al. (1969) and the experiment of Janjua at al. (1983). In the

experiments of Abremovich of al. ( 1969), jets of heated air, helium and

Freon-12 were investigated. The area ratio of the confinement to the jet

was 9. Several velocity ratios ( external flow to jet flew) were studied and

these ranged from 0 to 3. A major portion of their study was on coaxial

jets, only one case was on confined jets. It was not clear from their paper

(Abremovich at al. 1969) whether the cylindrical confinement formed part of

1



a wind tunnel or terminated #fter a finite length. Since the two situhtions

gave different and conditions, a co-parison of their data with those of So

at al. (1984) and Janjua at al. (1983) haj to be carried out with osation.

Also, their jet fluid temperatures varied from 20 to 300 0C. Consequently,

non— isothermal mixing resulted and thermal buoyancy effects were also

preseut in the flow field. Their results showed that a potential core

existed for confined gas jets, an observation not found in the experiments

of So at al. (1954) and Janjua of al. (1983). This potential core was found

to decrease with decreasing jet fluid density, The jet persisted for a

substantial distance downstream, x/D j ) 30. Besides, self—preserving velocity

profiles were measczad for different density gases, ranging from lighter to

heavier than air jet ;fluids. On the other band, the experiment of Janjua at

al. (1983) was carricd out with air only and in a confinement four times

larger than the jet crass— sectional area. Their measurements showed that

the jet—like behavior vanished after about 10 jet diameters downstream, and

i
no recirculation region was measured behind the sadden expansion.

Consequently, the flow was neither jet—like nor completely resembled that

through a tube expansion (Eaton and Johnston 1980). Besides, the high jet

turbulence was found to decrease rapidly in about the same distance. This

behavior resembled the highly dissipative jet characteristics observed by So

of al. (1984) and was in stark contrast to the measurements of Abramovich at

al. (1969).

Coaxial jet mixing of dissimilar gases was also investigated by

Alpinieri (1964) and Zakkay at al. (1964). In the experiments of Alpinieri

(1964), a slightly boated jet of hydrogen or carbon dioxide was issued into

a co— flowing air stream. The area ratio of the tube to the jet was 16 and

the velocity ratio investigated ranged from .5 to 1.25. Therefore, the

2
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conditions were quite similar to those studied by Abramovich at al. (1969).

On the other hand, the helium, hydrogen and argon jet into air experiments

of 'Lakkay at al. (1964) were carried cut in a tube whose area was 12 times

larger than the jet and the air strew was supersonic, with a Mach number of

1.6. In spite of the nifferont conditions, the coaxial jet experiments

revealed the following results. Mass was found to diffuse more rapidly then

momentum. The potential core of the inner jet was directly related to

(P i Vi
/
	 a )1/2''o	 '	

Centerline decay of mass concentration was found to be

proportional to (x(D j ) -2 , but the centerline decay of velocity was not.

Finally, segregation of the streams was not observed when either the

velocities or the mass flows of the streams were equal.

Turbulent free jet experiments with different density gases have been

studied by numerous investigators. Among these are the air jet studies of

Becker at al. (1967), Wyguanski and Fiedler (1969) snd Maestrello and MCDaid

(1971), the helium jet experiment of Way and Libby (1971), the CH  jet of

Birch at al. (1978) and the gas jet experiments of Keagy and Weller (1949)

and Sforza and Mons (1978). The general findings of these studies were

f
power— law decay for both centerline velocity and concentration, even though 	

i
widely different values were reported for the exponent (Schatz 1980). The

influence of density on centerline decay of velocity and concentration was

very strong. Also, the mass—momentum transfer ratio across the jet was

found to be varying rather than constant. Indeed, the measured turbulent

Schmidt number varied from — .7 in the ,jet core to — 1.2 towards the jet

boundary. Concentration fluctuations were also measured by Way and Libby

(1971), Becker at al. (1967) and Birch at al. (1978). Hot—wire technique
1

was used by Way and Libby (1971) while Becker at a1. (1967) and Birch at al.

(1978) made use of optical techniques. The measurements of Birch at al.

3



(1978) revealed consistont deviation from Gaussian 6tatI6ttos of the

concentration iluetuations along the centorline of the jet.

1 .3 RR f o nt0 3.49SAY9_k

From this brief review, it can be seen that not much is known about the

behavior of gas jets in it con fi,iracnt. The few measurements available

i
(Abramovich of al. 1969; Tanjua at al. 1983; So at al. 1984) show

conflicting bohavior for the confined jets. While the more recent work

reveals the jet to be highly dissipative, the earlier study of Abramovich at

al. (1969) shows that the jet flow is quite regular. The difference in

behavior could be due to different and conditions in the test facility.

However, the observed conflicting behavior arouses curiosity, thus the need

to investigate confined gas jets systematically. 	 In view of this and a

general lack of knowledge of this interesting problem, confined gas jets are

investigated in detail in the present study.

.S
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2.	 DLI E;21rimontal Proarom

2.1 Fircrimontal Sot—RD

The present series of experiments is carried out in the same facility

used by So at al. (1984). In that facility, the jet nozzle with a diameter

of 8.73 mm, is mounted concentrically within a vane swirler located in a

circular tube of diameter 125 mm. This gives an area ratio of — 205. The

tube, of length 4.0 m, forms part of the test section in an open—jet wind

tunnel. For confined jut studies, the blower in the wind tunnel is turned

h	
off. Separate gas supply is being delivered to the jet nozzle via a heat

yexchanger. With this arrangement, an exisymmetric, isothermal confined jet

is created for detailed investigation. A schematic of the test facility is

shown in Figure 1.

A one—color, one component LDA system operating in the forward scatter

mode is used to measure axial and circumferential velocities, u and w, 	 {

respectively (Figure 2). The technique and data reduction procedure worked

out by So at al. (1984) are used in the present experiment, except that 3-9

blocks of 1024 samples are used to determine the velocity statistics. A
	

i

block diagram of the LDA and data acquisition equipment is shown in Figure

2. Three different gases, namely, helium/air wixture, air and carbon

dioxide, are used as jet fluids. This provides a density ratio range of .23

< pj /p a <_ 1.52. Temperatures of the jet fluids and the surrounding air are

maintained to within ± 1 017 of each other by passing the gas through a heat

exchanger before delivering to the jet nozzle. This way, trae isothermal,

inhomogeneous miring is achieved. Further details of the facility and

diagnostic techniques can be found in So of al. (1984).

So at el. (1984) have carried out experiments to investigate the

effects of seeding on the mixing behavior in the case of air jets in

r
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confined swirling flow.	 They found that repeatable and reliable

measurements could 1'c obtained by seeding the external flow in the plane of

measurement only. It was not necessary to coed the jet. Therefore, the jet

conditions wore not compromised by the necessity of sending. Before

carrying out the present series of experiments, the effect of Seeding on jet

mixing is also examined. The experiment is carried out with an air jet set
4

at U  M 23.4 m/s.	 In one case, seeding is provided to the jet only, while

In the second case, seeding is provided at the plane of measurement upstream

of the jet and none to the jet at all. Measurements at x/D j = 1.3 and 10

reveal that there are no discernible differences between the two sets of

data.	 Seeding the external air only is also found to be applicable for

carbon dioxide jets. However, it fails to give accurate and repeatable

results for pare helium jets. The reason is not enough seeding can

penetrate into the jet mixing region to give a decent LDA signal for

processing. Consequently, the helium jet has to be seeded directly, and	 f

this results in a jet of helium/air mixture. A minimum amount of seeding is

provided to the helium jet so that the resultant mixture density is still

small compared to that of air. The mixture density is determined by

measuring the composition of the helium/air mixture and assuming the helium

and air to be homogeneously mixed inside the jet nozzle.

Since the present facility and LDA arrangement cannot be used to

measure the tlow at x/D j < 1, the jet exit velocity is measured by two

alternative methods. In one case, a pitat tube is positioned at the center

of the jet exit plane, while in the second method, a rotor—motor is used to

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

exit velocity, uj , accurate to 4.3% of each other.

41
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2.2 Test CondltioRs and Results

Altogether seven sets of experiments ore carried out; two sots each f,)r

helium/air mixture and carbon dioxide and three sets for air. The jet

velocities are selected so that for all jet fluids investigated, jets ??'

equal exit velocity and momentum flux but different fluid density are

examined. A summary of the test conditions is given in Table 1. Although

the helium/air jet Reynolds numbers are very low, the jets are made fully

turbulent try designing the nozzle with a sudden expansion (So at al. 1964)

in accordance with the studies of Eaton and Johnston (1990). Consequently,

all jets tested are fully turbulent and Reynolds number effects are not

Important. 11he only parameters of importance in the experiments are p j /p ,
a

U  
and Mj/Mr.

Since the preliminary results of So at al. (1964) show that the jets

are 17;Zhly dissipative, it is anticipated that axial pressure gradient set

r..; jy, the jet flow in the tube will not be an important parameter in the

flow. In spite of this, wall static pressure drop is measured in addition

to axial and circumferential velocities at selected x/D j locations.
h

Velocity measurements are carried out from x/D j
 2

. 1 to whatever x/Dj	
1

location downstream where the jet ceases to exist.

The fluid dynamic properties reported in this study include both the

mean flow behavior and the turbulent normal fluxes. These are limited to

measurements in the axial and circumferential directions only. Radial

measurements are not made and therefore are not reported. Concentration

distributions and other flux measurements have been reported by Ahmed and So

(1954). The velocity measurements are Tabulated in Tables 2-11. Centerline

measurements of carbon dioxide, air and helium/eir jets are listed in T•:bles

2, 3 and 4, respectively. Velocity profile date are listed in Tables 5 and

7



b for carbon dioxide jets, in Tables T, 8 and 9 for air jets and in Tablcs

10 and 11 for helium / eir jets.

1	 ,
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3.	 Discussion pf Rosults

The present study is a continuation of an investigation on isothermal

miring in an axisymmetric combustor. It seeks to answer the question raised

by So et a1. (1984) on the behavior of confined gas jets. The preliminary

results of these investigations reveal that such jets are highly

dissipative. Consequently, the resultant flow inside the confinement

neither resembles that of a free jet flow with favorable pressure gradient

nor that of a flow through a sadden expansion. The first and foremost

objective of this study, then, is to investigate the fluid dynamics of

confined gas jets in detail. Through this, it is hoped that the behavior of

confined gas jets can be better understood.

Wall static pressure measurements are made for all jet conditions

listed in Table 1. Since the will static pressure to be measured is very

J	 small, the resulting scatter in the data is very large. The scatter

i	 improves as 
U  

increases. In spite of this, the measurements reveal that

the well static pressure distribution for the first 100 D  is essentially	 j
I

similar for 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 j < 100. As later analysis of the jet behavior will demonstrate,

the normalized jet characteristics ere typical of free jets with zero

streamwiso pressure gradient effects. Therefore, it can be concluded that

axial pressure gradient is not an important parameter in the confined jets

studied.

Contrary to free jet results ('r a e.g., Wygnauski and Fiedler 1969;

I
i	 Maestrello and McDaid 1971; Birch et al. 1978) and the confined jet

measurements of Abramovich et el. (1969), the existence of a potential core
I

immediately downstream of the jet exit is not observed. Instead, the jet

9
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centerline axial velocity, D o , is found to decrease to .33 - .48 Qj , even at

x/D j _ 1.3 (Figure 3). These measurements are quite suspicious and prompt a

continuity check on the measured axial velocity profiles, D(r), at x/D j < 2.

Since the density profiles of the helium/air and carbon dioxide jets are not

known, the check is carried out with the measured air jet profiles only.

Mass flow rates obtained by integrating D(r) at x/D j < 2 (Figures 7-9) give

values that agree to within 9% of those calculated from D  a 9.73 mm and U 
listed in Table 1 for the air jots. In view of this, the measured D o shown

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

jets studied.

3.1 Contorl ine decay of gas iets.

The jet centerline velocity decays quickly for all confined jets

examined. However, the decay rate is different for different jets (Figure

3). Two distinct decay curves can be identified; one for helium/air and air

jets at U  < 66.8 m/s, another for air jet at V  = 152.8 m/s and CO2 jets.

Among the two, the slower decaying one is that for CO 2 jets and air jet at

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

helium, CH  and CO2 shown in Figure 3 for comparison. While p j /p a controls

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

case in the confined jets studied. It seems that M j /Mr is also an important

parameter. For p j /p a < 1, the decay rate is essentially controlled by

Mj /Mr . The results seem to show that the jet decays faster when M j /Mr < 1.

Although the Mr selected is arbitrary, it serves to show that there is a

critical Mr that governs the decay of gas jets with p j /p a < 1. For the

present series of experiments, Mr = .027 kgmf. The actual M r may be between

10



.021 kgmf and .141 kgmf, the last value being the M  of the air jet at U 
152.8 aJs. The density ratio, p j /p a , as long as It is greater than 1, seems

to have a great effect on the jet decay. A slightly heavier jet (p j /p a Z

1.52) with Mj/Mr S 1 is enough to ducrea'•c the jet decay to about that of a

jet with p j /pa < 1 and Mj /Mr	 5.23.

The extremely fast decay of confined jets is indicative of the highly

dissipative nature of such flows. By vay of explanation, the following

conjecture can be considered. Stationary fluid inside the tube is being

i
pushed by the Incoming jet fluid. Because of the confinement and the large

amount of fluid to be pushed by the jet, the resistance encountered by the

jet is very large. Consequently, the jet has to do work on the body of

stationary fluid and its momentum is quickly dissipated. The body of fluid

is set into motion by the action of the jet and at some distance downstream,

the fluid in the tube would achieve a velocity equal to II j /area ratio (for

pj /P s = 1 case only). More will be said about the dissipative phenomenon

later.

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

explain the slower decay of the CO 2 jets with Mj /Mr ( 1. When the jet

issues into the confinement, it impinges normally on the column of

stationary air. Part of the jet fluid will be deflected radially outward,

thus giving rise to a significant radial velocity. This could be one of the

reasons why a potential core is not observed in the jet and why the
I

centerline jet velocity decreases to rapidly. The phenomenon is analogous

to a jet impinging normal to a solid surface. In this case, the jet

centerline velocity is reduced to zero at the surface and the jet axial

momentum minas frictional losses is completely converted to radial momentum.

41
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In the case of the confined jet, the measurements seem to indicate that the

stationary air column offers sufficient resistance to the incoming jet to

bring its axial velocity down rapidly. Part of the jet axial momentum will

be expanded to do work against the air column, part to overcome frictional

losses and part is convorted to radial momentum. This conjecture could be

substantiated by measuring the radial velocity. If the results show a

radial velocity significantly lrrgar than that measured in a free jet, the

above explanation offered for the rapid decay of the confined jet is

essentially correct. Assuming this conjecture to be plausible for the

moment, the slower decay of the 00 jets follows directly from this line of

reasoning. Since the density of 002 is heavier than that of air and helium,

it will take longer for the CO 2 particle to diffuse outward by the some

radial distance. Hance, the slowed decay of the 002 jets. In other words,

buoyancy also plays a part in the decay of confined jets.

The shape of the decay curves suggests that U  decays exponentially

rather than in a power—law manner as indicated by the measurements of

Abramovich at al. (1969). Asemi — logarithmic plot of II j /Uo versus x/D j is

s!:own in Figuro 4. Indeed, to within experimental measurement errors, the

i
decay curves of Figure 3 become linear curves in Figure 4. The difference

in decay rate of the CO2 jets and the air jet at U  = 152.8 m/s is made more

evident, and the plot reveals that the air jet at U  = 152.8 m/s is the

slowest decaying confined jet examined. For comparison purposes, the

confined heated air jet (p j /P a a .59) data of Abramovich at al. (1969) is

also included in Figure 4. The exponential decay behavior of the present

confined jets is clearly evident. However, the measurements of Abramovich

at al. (1969) do not seem to fell in line with the present results. Even

though p j /P a = .59 and 10 ( II j ( 50 m/s for the heated air jet, its decay is

12

V'



slowest compared to the other isothermal jets. This seems to show that

thermal buoyancy effects could play an important role in confined jet decay.

It is interesting to note that the decay slope of the CC  jets is about

(p j /p a ) -3/2 times the decay slope of the helium / air and air jets. This

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

described by

	

In 
Uj	

a^D ^+ b;	 P-( < 1,	 (1)

	

o	 j	 Pa

	

U 
	 r Pi —3/2	 x	

P 
kn U  :

L Pa	 a ^pj )+ b1;	 Pe ) 1,	 (2)

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

(2) are independent of 
U  

as long as Mj /Mr < 1.

The slower decay of the high velocity air jet can now be explain ;)d as

follows. If the above conjecture is plausible, then the work required to

push the stationary air column is fixed for a given confinement geometry.

The amount of radial momentum derivable from the jet momentum will also have

to he geometry dependent. Therefore, once the geometry is fixed, this, too,

cannot vary significantly. For a high velocity jet, there is more momentum

available and this allows the jet to penetrate further into the confinement

before decaying. Hence, the slower rate observed for the U  = 152.8 m/s air

jet. The present measurements suggest that there is a critical jet momentum

value above which the jet decays slower for p j/P n = 1 jets.

Evidence of the highly dissipative nature of the confined jets can also

be found by examining the behavior of uo and w,'; the rms values of the

centerline turbulent normal stress in the axial and circumferential

directions, respectively ( Figures 5 and 6). For free jets, uo/i)o increases

13
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with r/Dj in the initial region of the jut, then becomes constant in the

equilibrium region far downstream. Thu constant value reached by air jet is

— .35 (Nygnanski and Fiedler 1969). Figure 5 shows that ao/Uo _ .35 in the

region :/D j < 5 for all confined jets studied. Thereafter, o/Uo increases

with :/D j . The rate of increase is greatest for jets with Mj /Mr < 1 and

pj /p a <_ 1, and slowest for jets with M j /Mr ) 1 and pj /p a = 1.

The high level of turbulence measured at the jet centerline lands

credence to the above conjecture for the confined jet behavior. Also, the

higher rate of increase of uo U o and wo Do witl r /D j for air and helium jets

with Mj /Mr C 1 compared to OD  jets supports the argument that the initial

behavior of the confined jet is quite similar to that found in jet impinging

normal to s solid surface. If the turbulence field is assumed to be

isotropic, then vo _ wp and this suggests that the radial velocity in the

Initial region of the jet is possibly quite large, too. This, again, lends

credence to the impinging jet analogy.

It seams that dissipation is responsible for bringing the jet into an

equilibrium state within a short distance downstream. Another indication of

the equilibrium nature of the flow can be found by comparing the value ko

/Uo with the equilibrium measurements of 1lygnanski and Fiedler (1969) in a

free jet. The present results give a/Uo _ .29 in the region r/D j < 5 if
wo = vo is assumed. This compares well with a value of .31 measured by

Wygnauski end Fiedler (1969). The turbulence field is not as isotropic as

that observed in free air jets. The ratio no/wo is — 1.8, compared to a

value of ^ 1.2 measured in free jets. However this ratio, u o/wa, remains

fairly constant over the range r /Dj < 20; an indication that the jets are in
a continued sta ge of equilibrium through this distance. The subsequent

a
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increase of no/D o and wa/Do (Figures S and 6) is a consequence of the rapid

decay of the jet and is not due to an increase in the turbulence intensities

of the flow, More will be said about this later when the turbulence

profiles are examined.

3.2 Mean velocity Profiles.

The mean axial velocity profiles, D(r), normalized by D 0 (x) are plotted

versus r. Profiles for the air jets are shown in Figures 7-9, for the 002

jets in Figures 10-11 and for the helium/sir jots in Figure 12. The

symmetry of the jets is chocked by measuring D(r) on both sides of the tube

centerline. This is carried out at selected x/D j locations. For those

locations with such measurements, the data in Figures 7-12 are shown with

open and filled symbols. In general, the confined jets can 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. Reason is

the low mean flow in a background of very high turbulence. As for the

scatter in the jet near field, it is due to the relatively large measuring

volume of the beam crossing (.99 mm x .12 mm) and the steep gradient of the

velocity profiles. On the other hand, the excessive scatter seen in the

helium/air jet measurements (Figure 12) is probably also due to insufficient

data block used to evaluate the velocity statistics (3-6 blocks compared to

6-9 blocks for air and CO2 jets). In spite of this, the trend of the data

is clearly evident and is in general agreement with those found in air and

002 jets.

The flow is clearly jet— like, at least for the first 14 diameters

downstream of the jet exit. There is a small reverse flow region which

extends from 2 < x/D j < 14 in the region near the tube wall. The largest

i
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extent of this reverse flow region is found in the case of the air jet with

U . 132.8 m/s. Even then, the reattachment length is less than 5 step

height. For the other cases, the reattachment length is less than 3 step

height. According to Eaton and Johnston (1980). the reattachment length for

sudden expansion flow should be around 6-10 stop heights. This together

with the fact that the D(r) profiles (Figures 7-12) do not resemble those

found in sudden expansion flows (Eaton and Johnston 1980) indicates that the

flow inside the tube is actually n jet— type flow. More will be said about

this point when the turbulence profiles are snslyzed.

According to Heagy and Weller (1949), free gas jet profiles in the

equilibrium region can be described by the expression,

Q—g s
e o q

U
	 (3)

0

where % takes on different values for different gases. If the confined jets

are being forced into an equilibrium state by the highly dissipative

	

phenomenon, then the measured 0/D o can be appropriately described by (3). 	

s

	

This is indeed the case, as shown by the good correlation between
	

A

measurements and the solid and dashed curves plotted in Figures 7-12. The

solid and dashed curves are derived from (3) with different B values. A

list of the % values and the jet half—width 
r1/2, 

thus determined is given

In Table 12. For most cases, the flow is seen to be jet — like up to x/Dj <

14.

Contrary to the findings of Seagy and Feller (1949), 1 is found to be a

function not of gas density but of x and M j /Mr .	 The	 fullness of	 the D(r)

profiles is measured by the value of K. For free jets, B - 57 	 for helium,

88	 for nitrogen and 101	 for carbon dioxide Mc agy	 and Weller 1949).
I

i
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Therefore, helium jets spread faster than nitrogen jets, which in turn

spread faster than carbon dioxide jets. For sjonflued gas jets, the spread

of the jets is more a function of Nj thsn pj . Also, the jet shows a trend

of " narrowlug" as it moves downstream which indicates that the jet Is

dissipated in a confinement. The disappearance of the jet in a confinement

Is not surprising. What is surprising Is that it occurs in such a short

distance and seems to be only controlled by the jet momentum, M 	 This

evidence farther substantiates the claim that the present confined jets are

highly dissipative.

The local equilibrium nature of the jets suggest that all 0/D 0 profiles

can be described by one similarity expression, such as,

U	 _cos

	

U	
e

0

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

reveals that Hr1 /2 /: 2 is a constant and can be approximated by In 2

	

Therefore, this indicates that 	 = r/r1/2 (x), c = An 2 and all measured jet

profiles can be described by

U. e 4
2 1n 2

U 
0

This profile also describes the free jet measurements of Seagy and Feller

(1949), because their data show that 
gn2

1/2 = In 2, where 
n112 = rl/2/x ' on

the other hand, Abramovich et al. (1969) found that their data was best

correlated by an expression,

	

D 1	 n

U	 4 (1 + cos 2 ^ ,	 (6)
0

(4)

(S)
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even though ( S) can be used to adequately describe their results. Again,

the expression is valid for all jet fluid densities and velocities. It is

also valid for non—zero external stream if D and 0 art taken to be the
0

excess velocities over that of the external stream. All these suggest that

the flow is jet — like, and that axial pressure gr0ient effects are not

important.

Farther evidence that the flow is in local equilibrium and free of

streamwise pressure gradient effects can be found by examining the high

Reynolds number, compressible, axisymmttric thin shear layer equations for

zero preatnre gradient flow. The equations are:

BprU BprV

a: + ar -0'
	

(7)

av	 8D	 a	 au
	prU 8z + pry 8r

	 az^rpm ar).
	 (8)

Be	 Be	 8	 Be
	prU 8z + prV 8r

	 8r ^ rp s 8r ^.	
(9)

where V is the mean radial velocity, p is the mean mixture density, H is the

mass fraction of jet fluid, p m (z,r) is the turbulent viscosity for momentum

tran sport and µ 6 (1,r) is the corresponding quantity for mass transport. In

writing down (7) — (9), the turbulent fluxes — p;'v', and —pv'6' have been

replaced by µm ( 8D/8r ) and µ 6 ( 8A/8r), respectively. Also, molecular

diffusion has been neglected compared to turbulent diffusion. The relation

between p and A for binary gas mixing is given by

1	 1	 1	 1
Vpe -

  
( Pa — pi>e	 (10)

Boundary conditions for (7 ) — ( 10) are:
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U(x,o) ` U0(x)	 (118)

V(x,o) ` 0 ,	 (11b)

A(:, o) ` 6
0
(x)	 (11c)

p(x,o)	 pa + p o (x)	 (11d)

U(x,") ` A(x,-) ` 0	 (17.a)

p(x,.)	 pa ,	 (12b)

where U0 ( x), 6 o (x) and p o ( x) are unknowns to be determined.

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

(11) — (12) and based on the parameter f ` r/r, /s ( x), where r, / , ( x) is an

unknown to be determined, has been obtained by 10 and Lin ( 1983). The

results are:

D
_ = e—f x Pn 2 (13)
U j

0

1+(a,-1)	 P

eo

rr 1
(14)

L 1
—clfx

+ (o, — 1)	 P e

p — pe
-- . e °if s (15)

po

Pm
 (X, f, (16)Re

t

( pa + p°) Do r1 / a

P S
 (Z ' -1 (17)_ —	 Res

t
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f

a (a s — 1) P
_ats

b + 2o(a s — 1) P

b + c (a a — 1) P

b + 2c (a s — 1) P

c

Hs	
o 

(1 — 0-043 )[1 + (a s — 1) P o
 cats

	 (19)
a

where P - p
0 
/(P i  — p a ), as - p j /P a , c - in 2, a - c + c s and b - a + c.

There are two free parameters in those solutions and these are c a and Rot,

where Ro t can be interpreted as the turbulent Reynolds number. The

parameters are constant for n given jet fluid. However, they can vary from

one jet fluid to another. The variations of O o , Ao , p  and ra/s with a are

given by

	

Uo	 Q P

	

IIj 	 b + 2c (a a — 1) P

	 (20)

as P

(21)
1+ (al —.1) P

s/a

rs /s	 [b + 2c (as — 1) P]

(ra/ )
	 s/s	 ,

	

aj	 Q	 P

dP	
Q1/2 [1 + (as — 1) P] P a

[b + 2c (a s	1) p] a/s

(22)

(23)

t
f

f
i
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where Q -b + 2c (o l — 1), 7. - 4c s r /(r s/s) Ra t and (r s/ s) 16 r s/s at the

j	 j
jet unit. Those results compare well with free gas jet measurements (So and

Lin 1985) and predict the measured linear decoy of D o and 
P  

correctly.

The results show that r 1 /2 is a linearly increasing function of :, a

fact amply demonstrated by Figure 13, end D o a x— 
a, 

whore n is a function of

a l . This last result seems to be in conflict with the exponential decay

shown in Figure 4. 9owever, a roplot of the data in Figure 14 revools that

r power— law decay for D o is also appropriate. As before, a is dependent on

the ratio pj/p
a 
only when this is larger then one, Figure 14 shows that n

for Freon-12 jots (p j /p s - 3.7) is larger than that for CO, jets, which in

tarn is larger then helium air and air jets. The fact that the measured

velocity profiles agree with the solution of (7) — (10) confirms that the flow

is jet— like, free of pressure gradient effects and is in a self—preserving

state, at least locally.

4

If the jet is highly dissipative, then the jet momentum is not
i

conserved. The following calculations are performed to estimate the
s

momentum loss by the jet in the process of penetrating through the

confinement. Only the air jet experimeuts are considered because the

density profiles of the other two gas jets are not known. The momentum flax

across the tube at any x location is estimated by integrating the measured U

profile across the tube. This is compared with the corresponding value

obtained by integrating (3) across the jet. The result gives the jet

momentum flux to be about 98% of that through the tube at x/D j < 2.

Therefore, the momentum flux at these locations is essentially all

concentrated in the jot. The calculations, M x /Mj , where M= is the jet

momentum flux at any x, for the three air jets are plotted vercnt x/D j in

Figure 15. It can be seen that the jets lose more then 665, of their axial

momentum in just one jet diameter downstream. As discussed before, not all

V
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of this momentum 16 lost. Part of the axial moment um is converted to radial

momentum, part of it goes into promoting turbulence, as reflected by the

rather high turbulence level measured in the initial region cf the Jet:, and

part of the momen^ ;a is expanded to do work in the column of stationary air.

The present measurements do not provide sufficient information to allow the

exact amount for each category to be calculated. Therefore, it is not

possible to evaluate the actual momentum loss by the ,lets. To do this, the

radial velocity and the turbulent shear fluxes need to be measured.

3.3 Turbulence distributions.

The turbulence profiles of u' and w' are again normalized with Uo.

They are shown in Figures 16-24. The measurements of a' are made at the

same locations sr. D and, whenever available, measurements from both sides of

the tube center are plotted ns open and filled symbols in Figures 16-24,

As expected, the results show that the Jet flow is not only exisymmetric in

the mean, but also in the turbulence field. The w' measurements are not

available for all x/DJ locations. They are obtained at saleeted locations

to illustrate the similarity of the u' and w' distributions.

In general, the turbulence distributions are quite similar to those

measured in the equilibrium region of free Jets. The profiles peak at the

Jet centerllno and decrease to some small finite value away from the Jet.

For flows through sudden expansions, one would expect to see a peak in the

turbulence distributions at n radial position corresponding to the location

of the separating streamline (Eaton and Johnston 1980). However, no such

peaks arc observed in any of the measured u'/II and v'/U
0	 o profiles. This is

e. strong indication that the flow is Jet — like rather than sudden—expansion-

like. Further downstream, the turbulence field eventually evolves into a

uniform distribution across the tube (Figure 18). At this point, the Jet

22	 a
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has been completely dissipated, and the fluid in the tube moves with a

fairly uniform velocity.

The turbulence profiles measured at x/D j < 2 are essentially similar

for all jet fluid densities and velocities. There are some exceptions,

though. The a'/U
0
 and w'/U

0
 profiles for the halim/air jet at U  - 16.8

m/s consistently peak at a higher level at the jet centerline. This

difference even persists through the length of the jet. Since the

measurements are consistent, they cannot be attributed to measurement

errors. The reason for this difference is not known and could not be due to 	 i

the fact that p j /p a < 1. Otherwise, one would expect to see the same

behavior for the high velocity helium/air jet. Another anomaly is found in

the air jet at U  > 152.8 m/s. The u'/U 0
 profiles at x/D j - 1.23 and 2

reveal that the pea` occurs at about r - 6 mm, and resembles more closely

the turbulence profiles of two—dimensional jets. This discrepancy could be

attributed to measurement errors 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 rate arising from the

steep velocity gradient for this jet. This high local production may be

responsible for the observed off—centerline peaks in the n'/U
0
 profiles at

these x/Dj locations. The explanation is made even more plausible by the

fact that the off—centerlino peaks disappear as the jet moves downstream.

Although the u'/U
0
 profiles are quite similar for all confined jets at

x/D j < 2, they are quite different for x/D j > 3. At these downstream

locations, the u'/U
0
 profiles for low velocity jets consistently peak at

higher levels at the jet centerline than high velocity jets. The same is

also true of the w'/U
0
 profiles. It seems that the difference is a function 	

I
of the density ratio, p j /p a ; being biggest for helium/air jets and least for 	 i

f
i
i
A
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CO2 jets. The difference does not only occur at the jet centerline but

extends to over half the jet width. In the case of the helium/air jets, the

difference extends to cover the whole width of tho jot. 	 'ilia reason could

lie in the diffusion to convection velocity ratio. For slower moving jets,

this ratio is larger. If, in addition, the jet fluid is lighter than the

surrounding air, gravitational buoyancy would help increase the diffusion of

jot fluid away from the jet centerline. Consequently, mixing is enhanced

and this leads to an increase in turbulence intensities.

In spite of all these differences, the measurements do show the

equilibrium nature of the jet flow. This observation is even more

convincingly illustrated when the u'/D o and w'/Do profiles at x/D j < 2 are

compared with the measurements of Wygnanski and Fiedler (1969) at 50 < x/Dj

< 97.5 for free air jets. These are plotted with u'/D o and w'/U
0
 versus

r/rl/2 in Figures 25 and 26. The mean lines through Ryguenski and Fiedler's

data are represented by solid carves. This comparison clearly shows that

the confined jets have achieved a self —preserving state even at x/Dj a 1.25,

and that the turbulence field is in local equilibrium with striking

similarity to those found in free jet flows.

Altogether, the evidence presented clearly indicates that dissipation

due to work done on the stationary fluid column plays an important role in

bringing the confined gas jets into local equilibrium. This effect

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

pj /p a and lij . Consequently, the initial behavior of confined gas jets is

essentially the same for all jet fluid densities and velocities

investigated.
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4.	 C9 c n ions

Based on the results presented in 8enti nn 1, '% t, fc,!;owing conclusions
i

can be drawn. 'These are:

(1) Confined gas jets are highly dissipative.

(2) Nora than 6011 of the initial jet momentum is lost in the first diameter

downstream of the jet.

(3) One consequence of this highly dissipative phenomenon is the rapid

approach of the jet to a local equilibrium state. The resulting

turbulence field bears striking resemblance to that found in the self—

preserving region of free air jets.

(4) Dissipation due to work done by the jet essentially dominates the

behavior in the initial region of the jets. Its influence overwhelms

all other effects due to such parameters as Reynolds number, pressure

gradient, density ratio, jet momentum, etc.

(5) Thereafter, the jets persist in a state of local equilibrium and the

resultant mean velocity profiles can be adequately described by U/D o =

e s n 2 for all x locations, jet fluid densities and velocities.

(6) The jets decay rapidly. In all the cases studied, the jet is found to 	 4

be completely dissipated in -• 30 jet diameters, thus giving rise to a

uniform flow with a very high but constant turbulence field across the

confinement.

(7) The jet centerline velocity obeys a power—law decay.

(8) Tho exponent is found to be a function of p j /p a only when p j /p a ) 1.

For jets with p j / P a 
<_ 1, there is no discernible difference in the

power— law exponent. On the other hand, the exponent is a function of

Ni for jets with p j /p a < 1.

t
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(9) F:r all ce-.Li.:cZ jc.e atuciied, the exponent is found to increase as the

jets move downstream.

(10) Even though the jets are highly dissipative, the turbulence intensities

4,.

The ratio, °o /wI is0.are not as isotropic as those found in free jets

— 1.8 compared to — 1.2 found in free jets.

r
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Table 1. Test Conditions of Confined Jets.

Parameters Carbon Dioxide Air Helium/Air

p j /pa 1.52 1.52 1 1 1 .31	 .23

Uj 	(m/s) 25.4 54.0 25.4 66.8 152.8 16.8	 36.5

Rejx10-3 28.43 60.44 14.38 37.82 86.51 1.50	 2.97

f1j/Etr .220 .993 .144 1 5.23 .020	 .068
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Table 2. Centreline Decay of Cerbon Dioxide Jets.

X
Di

U3 25.4 m/s Uj 54 m/s

Uo(m/s) Uo(m/a) WQ(m /6) Uo(m/s) UD(m/s) WO(m/a)

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 2.57

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 8.66 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 .801 4.75 2.30 1.60

16 1.88 .980 .75 3.80 2.20 1.45

18 1.71 .980 .63 2.71 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

1►.



Table 3. Centreline Decay of Air Jets.

41

Uj - 25.4 m/s Uj - 66,8 m/s Uj 152.8 m/s

Dj
Uo(m/s) na(m/s) wo(m/s) Uo (m/s) no(m/s) •o(m/s) Uo(m/s) no(m/s) wo(m/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. ^00 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

1
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J1.

Table 4. Centreline Decoy of liellum/Air Mixture Jets.

Uj 16.8 m,s U} 36.5 m/s

Di
Uo(m /6) U0, (M/ WO' (M/ Uo(m/6) U0, (M/ W;( m /6)

1 8.10 2.27 - 15.30 4.98 -

2 6.69 2.06 1.60 13.04 3.90 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 .707 .75 3.62 1.68 1.15

9 1.04 .623 .70 2.52 1.44 1.12

10 .993 .635 .64 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



Table 5a. Velocity Measurements of Carbon Dioxide Jets at U j - 25.4 m/s.

41.

x/Dj 1.3 - 2

4(mm) U/Uo U/Uo u'/Uo u'/U0 U/Uo O /Uo

0 1.000 1.000 .322 .325 1.000 .296

1 .988 .970 .327 .320 .944 .301

2 .867 .835 .316 .321 .842 .293

3 .713 - .306 - .695 .291

4 .540 .534 .268 .249 .550 .270

5 .310 - .218 - .423 .232

6 .21* .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 .049

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 -.007 .033

31 .005 .009 .017 .018

33 .010 .016 .013 .017
36 .009 .014 .008 .025

41 .014 .013 .005 .025

46 .014 .009 .010 .015

51 .013 .010 .012 .019

60



Table 5b. Velocity Measurements of Carbon Dioxide Jets at Uj - 25.4 m/s.

z/Dj 2 3 5

r(mm) w'/Uo w'/Uo r(mml U/Uo u'/Uo U/ U0 u'/U0

0 .190 .190 0 1.000 .309 1.000 .281

.5 - .194 1 .971 .323 .972 .305

1.5 .203 - 2 .926 .305 .939 .296

2.5 - .195 3 .865 .322 .840 ,302

3.5 .190 - 4 .727 .315 .730 .292

4.5 - .183 5 .606 ,280 .706 .294

5.5 .160 - 6 .456 266 .598 .277

6.5 .140 7 .374 .227 .536 .268

7.5 .121 - 8 .228 .196 .415 ,242

8.5 - .099 9 .108 ,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 .028 -.036 .039

23.5 .023 26 -.001 .030 -,010 .042

25.5 .022 28 -.008 .036 -.004 .034

28.5 .020 31 .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

38.5 .020 46 .015 .032

43.5 .017 51 .028 .031

48.5 .016

53.5 .016

58.5 .015
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Table 5e, Velocity blcaourements of Carbon Dioxide Jets at Uj 0 25.4 m/s,

:/Dj 5 7

r(mm) U/ Do u'/Uo r(mm) U/ Do U/Uc u'/Uc u'/!lo

0 1.000 .281 0 1.000 1.000 .315 .315
1 .983 .284 1 .981 - .317 -
2 .889 .297 2 .962 1.000 .317 .315
3 .867 .283 3 .943 .921 .315 .308
4 .790 .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 8 .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
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1,000 .333

.948 .326

.970 .332

.912 .323

.938 .333

.800 .328

.769 .335

.792 .315

.715 .330

.605 .317

.427 .283

.320 .248

.294 .242

.197 .205

.103 .190

.020 .148

-.058 .109

-.066 .102

-.073 .095

-.049 .085

-.068 .095

-.073 .102

-.061 .100

-.038 .105

-.036 .066

1.000 .372

.912 .387

.922 .358

.894 .371

.914 .373

.950 .373

.856 .383

.880 .375

.819 .375

.738 .359

.561 .349

.508 .368

.442 .365

.426 .305

.303 .310

.191 .298

.156 .255

.105 .235

.049 .210

-.1A0 .147

-.088 .179

-.109 .147

-.123 .126

-.133 .116

-.091 .116

4^

Table 5d. Velocity Measurements of Carbon Dioxide Jets at Uj a 25.4 m/s.

x/Dj 7

I(mID) Wf /Vo W,/Uo r(mm)

0 .255 .255 0

1 - - 1

2 .266 .257 2

3 - - 3

4 .264 .266 4

5 - - 5

6 .258 .253 6

7 - - 7

8 .247 .245 8

10 .223 .217 10

12 .189 - 12

13 - .151 15

14 .151 - 17

15 - .138 20

17 .109 - 22

18 - .102 25

19 .092 - 27

20 - .091 30

22 .062 - 32

23 - .079 35

24 .069 40

27 .050 45

29 .047 50

32 .049 55

34 .040 60

^7 .047

42 .051

47 .033

52 .043
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Table 5e. Velocity Measurements of Carbon Dioxide Jets at U j - 25.4 m/s,

x/Dy 20

r(mm) U/Uo u'/Uo

0 1.000 .690

2 .992 .690

4 1.016 .698

6 1.008 .675

8 .992 .722

10 .992 .825

12 1.111 .675

15 .917 .746

20 .714 .730

25 .365 .603

9.0 .341 .611

3S .119 .530

40 -.087 .421

45 -.206 .444

50 -.262 .349

55 -.365 .317

- 60	 I -.381 .262

i

f

f
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Table 6a, Velocity Measurements of Carbon Dioxide Yet at Uj - 54.0 m/s.

x/Df 1.3 2

r(mm) U/ Do u'/U0 U/Uo n' / Uo w'/Uo UiUo u'/Uo w'/Uo

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 .706 .304 - .607 .283 -
5 .352 .237 .542 .285 ,141 .449 .262 .136
6 .218 .183 .425 .257 - .322 ,220 -
7 ,137 1135 .273 .204 .117 ,240 ,182 ,113
8 .066 .091 .179 ,164 - .175 ,150 -

9 - - - - .079 - - .085	 I
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 - - - - .041 030
20 .005 .023 .003 .025 .040
22 .002 ,025 ,007 ,024 -
23 - - - - ,028
25 .009 .019 004 .027 .041
27 .002 .023 .007 ,022 -

28 - - - - .032
30 r,-7 .019 ,004 .027 .031
32 .003 .024 ,005 .023 -

33 - - - - .021
35 .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 - I
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Table 6b. Velocity Measurements of Carbon Dioxide Jet at U j - 54.0 m/s.

	

x/Dj	3

	

r(mm)	 U/Uo	 u'/Uo	 r(mm)

0 1.000 .320 0

.5 1.000 .320 1

1.5 .951 .320 2

2.5 .855 .322 3

3 .5 .746 .310 4

4,5 .625 .298 5

5.5 .495 .276 6

6.5 .392 .249 7

7.5 .251 .191 8

8.5 .191 .170 10

9.5 .126 .126 12

10.5 .079 .120 15

13.5 .012 .056 17

15.5 .014 .048 20

18.5 -.008 .037 22

20.5 -.008 .038 25

23.5 -.002 .033 27

25.5 -.003 .034 30

28.5 -.009 .033 32

30.5 -.002 .032 35

33.5 -.004 .032 40

38.5 .003 .028 45

43.5 .002 .030 50

48.5 -.001 .028 55

53.5 .009 .024 60

5

U/Uo u'/Uo U/Uo u'/Uo

1.000 .329 1.000 .329

.984 .310 .972 .322

.953 .329 .923 .334

.860 .329 .895 .329

.797 .323 .804 .329

.657 .315 .659 .312

.580 .305 .632 .310

.559 .280 .552 .287

.446 .273 .434 .266

.329 .224 .316 .229

.169 .173 .199 .183

.088 .135 .072 .112

-.022 .085 .047 .108

-.038 .066 -.010 .062

-.018 .050

-.030 .041

-.026 .049

-.016 .038

-.019 .045

-.014 .043

-.001 .040

.003 .043

.007 .036

.011 .040

.009 .040

I
i

i
I



x/Dj 7 10

r(mm) U/Uo u'/U0 r(mm) w'/U0 w'/Uo U/Uo u'/Uo

0 1.000 .342 0 .211 .211 1.000 .373

1 .982 .337 1 - - 1.000 .377

2 .998 .330 2 .213 .205 .974 .374

3 .871 .346 3 - - .943 .381

4 .869 .337 4 .215 .208 .909 .378

5 .820 .335 5 - - .922 .377

6 .700 .333 6 .209 .205 .857 .371

7 .627 .326 7 - - .831 .374

8 .586 .329 8 .201 .202 .746 .366

9 .577 .310 10 .193 .187 .649 .346

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 .076 .078 .053 .178

23 .013 .108 30 .064 .069 -.006 .156

24 -.026 .088 32 .059 .062 -.042 .138

26 -.039 .076 35 .053 .058 -.048 .121

29 -.037 .068 40 .042 .047 -.070 .095

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 6c. Velocity Measurements of Carbon Dioxide Jet at Uj = 54.0 m/s.



Table 6d. Velocity Measurements of Carbon Dioxide Jet at U j = 54.0 m/s.

A,

x/Dj 14 20

r(mm) U/Uo u'/Uo U/ Do u'/Uo

0 1.000 .484 1.000 .846

1 - - - -

2 .996 .497 .881 .793

3 - - - -

4 .968 .484 .881 FSO

5 - - - -

6 .941 .499 .952 .806

7 - - - -

8 .945 .480 1.013 .802

10 .905 .495 .925 .868

12 .836 .503 .841 .877

15 .688 .465 .749 .855

17 .503 .448 .661 .903

20 .429 ._153 .555 .881

22 .436 .413 .617 .863

25 .364 .404 .507 .859

27 .232 .379 .612 .841

30 .158 .341 .357 .859

32 .129 .316 .330 .780

35 .095 .295 .189 .793

40 -.069 .232 .026 .727

45 -.124 .221 .048 .634

50 -.141 .185 -.070 .573

55 -.152 .215 -.115 .515

60 -.154 .168 -.225 .467
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i
Table 7s. Velocity Measurements of Air Jot at U j = 25.4 m/s.

r/Dj 1.3

r(mm) U/Uo u' /U0 U/Uo u'/Uo

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

41

69



41

Table 7b. Velocity Measurements of Air let at U j = 25.4 m/s.

z/Dj 2

r(mm) U/Uo u'/Uo U/Uo u'/U0 r(mm) x'/Uo w'/U0

0 1.000 .324 1.000 .324 0 .181 .181
1 .958 .322 .958 .312 .5 - .180
2 .800 .318 .884 .318 1.5 .183 -
3 .697 .300 .744 .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 .175 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 -.009 .010

60 -.009 .012
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Table 7c. Velocity Measurements of Air Jet at U j - 25.4 m/s.

:/Dj 3 5

r(mm) U/Uo u'/Uo u'/U0 11/110 u'/Uo

0 1.000 .362

rF1.063

 .417 1.000 .417
1 .997 .362  .427 1.026 .404
2 .944 .345 2 1.031 .408 1.068 .404
3 .867 .332 3 .919 .408 1.035 .386
4 .756 .313 4 .888 .404 .882 .357
5 .548 .296 5 .737 .355 .754 .364
6 .418 .259 6 .608 .353 .706 .340
7 .282 .181 7 .522 .307 - -
8 .245 .170 8 .443 .256 .496 .314

10 .090 .107 9 .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 19 .042 .074
25 .020 .027 22 .055 .041
27 .024 .029 24 .037 .051
30 .033 .024 27 .040 .051
32 -.014 .036 29 .035 .044
35 .010 .024 32 .028 .043
40 -.001 .023 34 -.037 .055
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 m 25.4 m/s.

:/Dj 7

r(mm) U/Uo a'/Uo U/Uo n'/Uo r(mm) w'/U0 w'/U0

0 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 .177 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 26.5 .103

33 -.009 .066 28.5 .089

35 .035 .074 31.5 .084

38 .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 56.5 .067
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Table 7e. Velocity Measurements of Air Jet at U j - 25.4 m/s.

=/D.1 1 	 10

r(mm) /Uo u'/Uo

0

t

U

1.000 .838

1 1.192 .846

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 1.085 .892
17 .608 .715
20 .592 .700
22 .146 .562
25 .108 .585
27 .128 .508
30 .046 .510
32 -.069 .408
35 -.230 .300
40 -.246 .300

#	

S

I

I

I
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Table 8s. Velocity Measurements of Air Jet at Uj - 66.8 m/s.

r/Dj 1 2 3

r(mm) U/Uo nI /Uo w'/Uo w'/U0 r(mm) U/Uo u'/110

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 .172 .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 .045 .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

27 .013 .016 -

28 - - .045

30 .013 .016

32 .013 .013

35 .012 .012

37 .011 .012

40 1010 .012

52 .012 .015
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w' / Uo

.271

.274

.274

.269

.267

.255

.232

.204

.168

.138

.125

.111

.106

.094

.087

.077

063

.060 I

.061

I

. ^ R
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Table 8b. Velocity Measuremonts of Air Jot at UJ a 66.8 m/s.

r/Dj 5 7

r(mm) U/ U0 u'/Uo U/Uo u'/Uo w'/Uo

0 1.000 .333 1.000 .367 .271
1 .961 .329 - _

2 .876 .311 .963 .343 .272
3 - - 840 .336 -

4 .715 .283 - - 272
5 .673 .285 .760 .315 -
6 - _

- - .278
7 .432 .238 - _

8 - - .542 .280 .270
1.0 .216 .154 .434 .239 .253
17 .155 .122 - - .232
13 - - .284 .221 -
15 .091 .085 .224 .192 .199
17 .065 .063 - - .184
18 - - .094 .147 -
20 .030 .059 .080 .134 .148
22 .016 .062 - - .144
23 - - .024 .107 -
25 .016 .043 .002 .096 .115
27 -.008 .049 - - .104
28 - - -.017 .082 -
30 -.018 .041 -.030 .081 .084
32 -.015 .042 - - .081
33 - - -.030 .074 -
35 -.019 .043 -.038 .073 .077
37 -.023 .043 - _

40 - - -.051 .062 .066
42 -.016 .039 - _

45 - - -.060 .062 .060
47 -.023 .045 - _

50 - -
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Table 8c. Velocity 61oasuremonts of Air Jet at Uj - 66.8 ©/s.

s/Dj 10 14

r(=) U/Uo u'/U0 U/Uo u'/Uo U/Uo u'/U0 U/Uo u'/Uo

0 1.000 .637 1.000 ..637 1.000 1.387 1.000 1.387

2 .986 .623 .952 .613 .852 1.437 .929 1.415

4 .760 .609 .810 .567 .817 1.324 .796 1.373

6 .804 .551 .818 .591 .782 1.359 .760 1.282

8 .710 .505 .665 .565 .697 1.282 .852 1.366

10 .653 .539 .581 .563 .852 1.345 1.030 1.437

12 .553 .461 .503 .529 .676 1.317 .528 1.239

14 .379 .399 .463 .499 .507 1.239 .493 1.246

16 .311 .369 .331 .429 .535 1.120 .458 1.120

18 .259 .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

24 .148 .261 .577 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 .092 .810

40 .141 .789
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r/Dj 1.25 2

r(mm) U/Uo u'/U0 U/ 110 u'/Uo U/Uo U, No

0 1.000 .213 1.000 .225 11000 .225

1 .950 .222 .944 .239 .97,4 .229

2 .865 .250 .894 .263 .927 .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 .290

7 .205 .180 .278 .236 - -

8 .096 .119 .194 .184 .223 .213

9 .039 .079 .111 .136 - -

10 .023 .055 .069 .097, .065 .090

12 .014 .047 .020 .059 - -

13 - - - - .022 .052

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 .005 .037

42 .004 .029 .006 .037

47 .001 .033 .003 .033

52 .007 .025 .005 .031

57 .006 .027 .008 .028

62 .0005 .027 .007 .034
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Table 9a. Velocity Measurements of Air Jet at Uj 0 152.8 m/s.



Table 9b. Velocity blessuroments of Air Jet at Uj . 152.8 m/s.

r/Dj 2 3 5

r ( mm ) w'/Uo	 w'/Uo r(mm) U/Uo	 u'/U0 r(mm) U/Uo	 u'/U0

0 237	 .237 0 1.000	 .240 0 1.000	 ,281
1 .237	 .237

I

1 1.009	 ,238 2 945	 ,284

3 .242	 .240 2 .982	 .255 4 .918	 .293
5 ,226	 .215 3 .946	 .260 5 .835	 .297
7 .194	 .176 4 .902	 ,250 6 .685	 .272
9 .134	 .133 5 .780	 .253 7 .665	 .264

11 .087 6 .719	 .250 R .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 .062	 - 14 .041	 .069 16 .135	 .105
19 -	 .047 17 .020	 .049 19 .075	 .081
20 .063	 - 19 -.003	 .045 21 .069	 •066

22 -	 .053 22 0	 .045 24 .046	 .059
2� .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

37 -,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	 .036 59 -,029	 ,032

62 -,002	 .034 62 -.028	 ,034
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Table 9c. Velocity Measurements of Air Jot at Uj = 152.8 m/s.

i

:/Dj 7

r(mm) U/Uo ur/Uo r(mm) w'/U0 w'/Uo

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 .199 .206

5 .878 .348 9 .189 .190

6 .793 .377 11 .179 .182

7 .693 .337 13 - .177

8 .700 .345 14 .167 -

9 .681 .337 16 .152 .143

10 .495 .334 18 - .127

11 .384 .292 19 .128 -

12 .396 .309 21 .108 .104

13 .361 .298 23 - .090

15 .194 .215 24 .101 -

17 .147 .199 26 .083 .091

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 -..035 a6A 36 - .071

35 -.033 .058 39 .061 -

37 -.034 .054 41 - .062

40 -.038 .052 44 .061 -

45 -.039 .059 46 - .052

50 -.041 .057 49 .051 -

55 -.032 .054

60 -.037 .056

.

79



Table 9d. Velocity Measurements of Air Jet at Uj a 152.8 m/s.

r/Dj 10 14

r(mm) U/Uo n'/Uo U/Uo u'/Uo r(mm) U/Uo u'/Uo

0 1.000 .405 1.000 .405 0 1.000 .534

2 .942 .419 - - 2 .955 .564

3 - - .936 .417 3 1.052 .583

4 .959 .402 - - 4 1.076 .578

5 - - .850 .384 5 .900 .549

6 .820 .396 - - 6 1.019 .579

8 .791 .397 .800 .401 8 .965 .561

10 .616 .356 .721 .364 10 .836 .545

12 .599 .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

20 .276 .257 .287 .222 38 .055 .252

22 .181 .217 - - 43 -.020 .209

?3 - - .215 .200

24 .126 .184

27 .081 .158

29 .022 .120

32 .004 .103

34 -.001 .118

37 -.034 .082

39 -.051 .072

42 -.059 .070

44 -.048 .072

47 -.060 .068

52 -.062 .063

57 -.059 .061

L

62 -.070 .059 -

80

i

i

i
0

I

P

D



Table 9e. Velooity Measurements of Air Jet at Uj = 152.8 m/s.
i

r/Uj	 20 40

r(mm)	 U/ U0	 u'/Uo	 r(mm)	 U/Uo u /Uo -

0	 1.000	 .7S0	 0	 1.000	 2.097

	

2	 .926	 .72S	 1	 .3S5	 1.495

	

4	 .994	 .722	 3	 .183	 1.828

	

6	 1.014	 .730	 4	 .538	 2.0437	 '873	 •762	 5	 .355	 1,9038	 .865	 .686	 .731	 2.0546

	

9	 .876	 .739	 7	 .280	 1.624

	

10	 1.007	 .787	 8	 .871	 2,011

	

11	 .924	 .755	 10	 .538	 2.290

	

12	 .826	 .737	 12	 .538	 1.957

	

14	 .847	 .728	 15	 .398	 2.054

	

16	 .839	 .769	 17	 1.065	 2.054

	

17	 .775	 .700	 20	 1.247	 2.355

	

18	 .884	 .762	 22	 .419	 2,032

	

19	 .775	 .699	 25	 .882	 1.860
20

	

.690	 .711	 27	 .237	 1,989

	

22	 .692	 .652	 30

	

.559	 2.032

	

23	 .725	 .731	 32	 1.484	 2.333

	

24	 .624	 ,638	 33	 .656	 2.269

	

25	 .718	 ,711	 40

	

.54E	 2.505

	

27	 .618	 ,615	 45	 .043	 2.484

	

28	 .638	 .702	 50	 .882	 2.753

	

30	 .592	 679	 55	 .462	 2,699

	

32	 .507	 .553	 60	 .226	 2.409

	

35	 .500	 .622

	

37	 .362	 .520

	

38	 .392	 .584

	42	 .266	 .439

	

47 .244	 .419

	

52J. 08.2 	 .366

58 084	 .348

I
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Table 10a. Velocity f4easurement s of llalium/Air Jet at U3 = 16.8 m/s.

:/Di 2

r(mm) U/Uo u'/Uo w'/Uo w'/Uo

0 1.000 .417 .239 .239

,5 1,000 .417 - .241

1.5 1.007 .414 .7,30 -

2.5 .985 .417 -• .238

3.5 .904 .399 .224 -

4.5 .844 .371 .218 .220

5.5 .763 .323 .190 -

6.5 .522 .292 .170 .187

7.5 .022 .059 .154 -

8.5 .002 .040 .132 .138

9.5 -.011 .042 .097 .082

10.5
.072

.045 •048
1115

12.5 - '
033 .028 

13.5

15.5
.031

.026
18.5

20.5 I .019

23.5
.022
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r/Dj 3 5 7

r(mm) U/ Uo u'/Uo U/Uo u'/Uo U/Uo u'/U0

0 1.000 .331 1.000 .422 1.000 .588

.5 .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 1858 .601

5.5 .490 .250 .711 .391 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 .299 .608 .495

12.5 -.038 .102 .128 .240 .405 .470

15.5 -,021 ,010 .019 .167 .313 .387

.1 7.5 -.014 .012 -.062 .111 ,071 ,303

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 10c. Velocity Measurements of 11clium / Air Jet at Uj = 16.8 m/s.

I

^i
r.
f

:/0i 7 10

r(mm) a'/Uo w'/Uo r(mm) U/Uo u'/Uo

0 .465 .465 0 1.000 .639

1 - - .5 1.000 .585

2 .465 .452 1.5 11000 .639

3 - - 2.5 .;,55 .574

4 .465 .455 3.5 .679 .577

5 - - 4.5 .793 .610

6 .471 .426 5.5 .635 .627

7 .452 - 6.5 .668 .607

8 .439 .406 7.5 .434 .574

10 .432 .432 9.5 .430 .574

12 .406 .355 10.5 .410 .634

15 .355 .297 12.5 .359 .515

17 .323 .265 15.5 .336 .517

20 .219 .265 17.5 .061 .43E

22 .181 .161

25 .158 .155

27 .116 .110

30 .116 .110
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Table lla
	

Velocity Measuremonts of Helium/Air Jot at U j = 36.5 m/s.

:/Di 2

r(mm) U/ U0 u'/Uo r(=) WI /U0 w'/U0

0 1.000 .300 0 .166 .166

.5 .951 .315 2 .165 .163

1.5 1.000 .300 4 .162 .164

2.5 .955 .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 .015 16 .021 .026

19 .017

21 .018

24 .017

I
t

I	 e
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Table llb. Velocity bleasurnments of helium/Air Jet at Uj a 36.5 m/s.

r/0i 3 5 7

r(mm) U/Uo u'/Uo U/Uo u'/U0 U/Uo u'/U0

0 1.000 .339 1.000 .325 1.000 .468

.5 1.000 .339 .997 .325 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 .754 .341 .646 .321 .962 .480

5.5 .707 .310 .545 .298 1.053 .480

6.5 .540 .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
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Table lio. Volooity Maasuremouts of Valium/Air Jet at U j m 36.5 m/s.

:/Dj 7 10

r(mm) w /Uo w'/Uo r(mm) U/Uo u'/Uo

0 .360 .360 0 1.000 .566
2 .354 .351 .5 1.000 .570

4 .322 .339 1.5 .934 .526
6 .325 .330 215 .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 29.5 .070 .381

22 .135 - 22.5 .005 .329

23 - .105

24 .091 -

25 - .076

27 .070 -

28 - .079

29 .076

32 .064
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'fable 12. Values of K and Jot. Ualf-width for Different r/Dj Locations.

r

Airjot at

Uj	 a 152.8 m/s

(dashed curves)

All other jets

(solid curves)

Di

K rl/2(mm) K rl/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 23.93 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

i

F
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