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ABSTRACT
" An experimental investigation has been carried out on an underexpanded jet of air
issuing from a converging rectangular nozzle of moderate aspect ratio. Schlieren pictures
~ of the flow field along with hot-wire measurements in the jet were obtained at different
pressure ratios. At the pi-essure ratio corresponditig to the rhaximum screeching sou;nd'
_Schlieren photographs show a very strong orgamzed cylindrical wave pattern on exther side

of the jet, with their respectwe sources being located at the end of the third shock cell. .

Assocxated with this wave pattern is a large i increase in the angle of spread of the Jet Itis
shown that the self excitation- helps to induce large-scale vortical motions in the jet both
in the plane containing the small dimension of the nozzle and in the plane containing the
long dimension of the nozzle. However, the locations of these structures are different in
the two plénes. Nevertheless, the chéracieristic Strouhal numb_ér co.responding to these -
large-scale structures in both planes is the same and equal to 0.12. The _inﬂuence of the

self excitation on the mean velocities and rms intensities has also been investigated.

For the full range of pressure ratios studied, similarity was foﬁnd both in the mean .
\'elocityband rms intensity profiles in the two central planes 'beyond 80 widths downstreani
of the nozzle exit. However,'tlie shapes of the similarity profiles are different in the two
plahes. For the downstream distances studied, complete axisymmetry (identical mean
velocity profiles in both planes) was not found, which suggests it may persist for a-large

distance downstream of the nozzle exit.
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~....by-the varying flow conditions.

INTRODUCTION

The mcreased interest in V/STOL aireraft has caused a great deal of attenhon to
be; focussed on jet flows exiting from rectangular nozzles. In particular, the mmng

characteristics of an undere\panded jet exiting from a convergmg rectangular nozzle of

~ moderate aspect ratio is of great interest. As part of an ongoing program at Stanford to -

study the mixing characteristics of single and multiple rectangular Jets both in free and
confined configurations, a systematic investigation has been carried out on the structure of
a jet issuing from a moderate aspect ratio rectangular nozzlé at flow speeds ranging from
low subsonic to supersomc The detailed measurements. of the mean and turbulent velocity
components of an incompressible jet was reported by Krothapalli, et al., 1081. The effect
of the exit Mach number on the overall ﬂow ﬁeld of a subsonic compressnble jet was studied

by Hsia et al., 1982a. This paper reports the results of a study of a supersonic rectangular

jet (choked at the nozzle exit). In all these xmest_lgatlons the nozzle used was the same,

thus providing an opportunity to assess systematica“y the various changes brought about

- It is well known that the structure ‘of a choked underexpanded Jet dlsp]a)s different
features to those of subsonic and ideally expanded or shock free supersonic jets. These

features include discrete tones in the sound spectrum, known as screech tones, under certain

‘conditions and an accelerated spreading of the jet with enhanéed mixing. Thejet “sereech™

phenomenon, an oscillatory - condition common to underexpanded jet flows, is described by

Powell 1953, as arising through a feed-back mechamsm A disturbance in the jet shear
layer is conv ceted. do“nstreqm (assumed amphﬁed in passing downstream) and strikes a
cell boundary, scattering. intense sound at that point. This sound propagates through’the
ambient mcdmm in the upstream direction 2nd interacts with the jet shear layer close

to the jet exit, gmng rise to a new downstream travelling disturbance that continues

~the cycle. The essential clement of the cycle is the amphﬁcatxon of the downstream

travelling dlsturbance This process maintains itself mainly because the energy lost through
scattered radntlon and viscous effects is resupplied to the propag'\tmg disturbance by an

instability of the flow. The detailed mechanism of screech tone generation is yet to be

undcrctood although the gcnoral nature of the feedb"ck loop, was treated by Powell who

1
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developed a simple relaiion between tone frequency, cell size, and operating conditions.
Under certain conditions, the concomitant sound production accelerates the spreading of

~ the jet and enhances mixing. However, the conditions for the existence or absence of such .

a phenomenon cannot yet be predicted.

A considerable amount of experimental data is available in the literature to charac-

terize the near sound field of a choked undcrekpanded jet (Powell 1953a, 1953b; Lassiter

and lIubba;d 1056; Davies and Oldfield 1962; Hammitt 1961; Harper-Bourne and Fishcr
1973; Westley and Woolley 1973; Sherman, Glass and Dullep 1976; Krothapalli, Baganofi,

“Hsia and Karamcheti 1081, 1982). Most of the work reported in the literature has been as--

sociated with the flow field of an mnsymmetnc jet. Although the structure of a rectangular

~ jet exhibits some features similar to that of an axisymmetric jet, there exists some impor-

_tant differences botweén the two flows. Some of these differences even make experimental

study easier. For example, the nearly two-dimensional structure of the disturbances and-
their associated sound fields near the nozzle exit are easily identified in flow visualization
pictures because of the long optical path length present. It is thus experimentally attractive

to study the inieraction between the sound field and the mean and turbulent components "

of the flow for the flow exiting from a rectangular nozzle.

The effect of acoustic feed back on the spreading and- decay of an ;ax.isymmetrié

- underexpanded jet was first studied by Glass 1968. However, his e)&pcrimen:tal study was

limited to the measurement of gross properties of the flow because of his use of a pitot tube:

" in the experiments. None of the works that followed presented information regafding the

effects of screech tones or organized sound waves on the turbulent structure of the flow; in

particular, none on the rectangular jet, the objective of the present paper. The detailed
“structure of the near sound field and its source for an underexpanded jet operating at

; maximum screech condition is to be given in a separate papef by Krothapalli et al., 1982.

The principal parametc}s or variables governing the flow of a free rectangular jet-

are the pressure ratio R (stagnation pressure/ambient pressure), Mach number Af, and.

Reynolds number Re, the turbulence level of the flow at the exit of the nozzle, the -

conditions of the medium into which the jet is issuing, and the aspect ratio of the nozzle.

In the present mvcsllgahon the pressure ratio, R, was varied from 2 to 5.8. This interval

corroqponds to a Mach number range, bascd on fully expanded lqentroplc flow, of 1.05 to
9 _ o
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- 1.8. The Reynolds number employed here is based on the width D of the nozzle (small '
dimension) and given by Re = ‘McD[v, where a and v are the speed of sound and
kinematic viscosity of the ambient medium respectively. This Reynolds number _waé varied -
from 7.2 X 10 to 1.0 X 10° in the experiment. A rectangular nozzle of aspect ratio 16.7
was studied. The inlet geometry of the nozzle was designed specifically to obtain a low
turbulence level at the exit plane of the nozzle: The total-pressure profile at the exit:blane -

- of the nozzle was found to be quite flat. -
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- APPARATUS, INSTRUMENTATION AND PROCEDURES

A hlgh-preﬂsure blow-down type air supply system was used to provide the air ﬂow to
acy lindrical settling chamber having dimensions of 1.75m long and 0.6m in diameter. The

tcmporaturo in the settling chamber was maintained at a constant temperature, usualiy at

room tenlpefaturc to an accuracy of about 0.5°C over the duration of each test. Before

~ Sem apart, to minimize disturbances at the nozzle inlet. The ratlo . “reas between the

: reaching the nozzle, the air was passed through an adajter, containing six screens set '

adapter and the nozzle exit was about 40. Two nozzle sizes wcre usLe the study The -

dimensions of the rectangular exit of the small nozzle used was 50mm long (L) by 3irm
wide (D). The exit dimensions of the large nozzle were 50mm long and 5mm wide. The
nozzle exit in each case was preceded by a 40mm long smooth rectangular channel (50mm
X 3mm and 50mm X Smm respectively). The 3mm nozzle used in the investigation, shown
schematically in Figure I, was a single central lobe of a multi-lobed nozzl(; employed in a
related i m\ estigation. Moqt of the detailed measurements were madc usmg the 3mm nozzle
The c\pcnment made use of the same model and ~ir supply system as that described by
Krothapalli et al., 1981. A 7mm thick acoustic insulation was used to cover all cxposcd

surfaces on the nozzlc to minimize acoustic reflections from thcse surfaces.

A conventional Schlieren sy stem was used for ﬂow «.sualization purposcs The configuration

omplowd was a single pass design, with the optlcal axis foldod twue using two 25cm

scopic flash unit having a 1.5p see flash duration. The stroboscopic feature was used for

visual observations while single pulses were used for photographic records. '

For downstream distances X /D less than 15, where the velocities are high and the

_flow contains shock waves, measurements were confined to the use of a pitot tube having
- an external diameter of about 0.46 mm and a diameter of the sensmg tube of about 0.25

mm. Further do“nstrmm, in regions where the flow is known to be subsomc hot-\ure

~ and/or hot-film :anemometry was used.

'dmmoter 3. 05m focal length sphencal mirrors. The light source employed was a strobo- -

All velocity'. mcasuromcnts were made with a DISA 55 MI10 constant - tcmbcratﬁrcv

4

anemometer in -conjunction.with a DISA 55 M25 lincarizer, The hot wire used was a
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' '_D]SA 55 P11 single normal platinum-coated tungsten wire with a fpm diztmplv_r- and
1mm length. "The hot film used was a DISA 55 R31, a wedge shaned 0.54 m quartz
coated nickel sensor with a 0.2mm width and Imm length.. The frcquéncy response of -
" the hot-wire clectronics, in response to a square wave test with the probe placed in a
high speed (M = 0.8) low turbulence jet, was approximately 40 KHz. The hot-wire and
- hot-film probes were calibrated using a low turbulence air jet regulated by a DISA 55
D90 calibration unit. The flow velocity, with correction for compressibility, is obtained
“as an dnélbg '\'o'it'age The hot-wire output voltage \\"as linearized for the velocity range

.- 20m/sec to "80m/eoc. ‘with the output voltage E dlrectly proportional to the veloeity

U(E = KU, where K is a constant selected in conjuncuon with the lmoanzer gain control),
Similarly, the hot film output voltage was linearized for the \clocxl) range 20m/see to
300m/sce. Dcspi(c the dircct proportionality between the fluid \élocit) and the hot-wire
. voltage during callbmtlon. the hot-wire fluctuation voltage ¢, in a turbulent compressible

ﬂm\ will depend additionally upon fluctuations in the density and the total temperature
| (lloratm:\nn and Rose, 1977). Lacking proper means to accurately correct velocity data for
these fluctuations, rms values will be expressed in terms of & =< e > [FE (where < e>
denotes rms), which becomes equal to the turbul(-n("_o infensity < u > U [or low Mach

_ numbers. Thc detailed calibration pmcodurc used is given by Hsia et al., 1982b.

The sngnal from the linearizer was passed through aDISA type 55D31 dlg!tal \o'tmotor,
‘a DISA type 55D35 rms unit, and a TSI model 1076 \oltmctor to get the mean and rms
values. Integration times with these instruments can be selected in discrete steps from
0.1 to 100 scc, and 10 sec was typically used. Spectral measurements were made using a

‘Nicolet lyj»c 660B spectrum analyzer.

A cartesian coordinate system (X, Y, Z); defined in Figure 1, _\s'as'cmployc.d_with‘its
origi‘n‘locatcd on the centerline of the jet. Hot-»ﬁrc or hot-film traverses were made in
thé two central X', Y and X', Z planes at streamwise locations (X') from 40D to 160D. In
. all the measurements, the sensor wire was oriented parallel to the Z axis. Mean volocm;
measurements were made across the entire jet in order to establish the symmetry of thc'

flow about the central plnnes, howev er, only the data for each half plane wnll be prcscntcd."-_

The controllmg parnmclcr in this mvestlg'mon was thc %hgnntlon pressure, p,, which
armd from 30p¢m to Sopsm and was maintained mthm an accumc) of 4 0.02psia. 'I‘lus ‘




vrange corresponds to nozzie pressure ratics (stagnation pressure/ ambient pressure) varying
' l‘rom 2 to 5.8. The temperature in the settling chamber was maintained to within 0, 5°C

of the ambient temperature. Experiments were conducted Ior a number of pressure ratios

using both nozzles however, only a limited selection is presented here. The detailed hot-

. wire incasurements were made using the 3mm nozzle and were limited to the three prcsqurc :
ratios R = 2.7, R_38 andR_54

e e e e e e e
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RESULTS AND DISCUSSION

(a) Flow Vlsuauzatlon Study -

Typlcal Schlieren pictures of the flow issuing from the 3mm nozzle for ihree diffetent -

pressure ratios are shown in Figure 2. The knife edge was oriented parallel to ‘hc jet -

axis in these photographs. The Schlieren system was purposcly adjusted to enhance the

view of the wave structure in the outer region, rather than to shew the details of the jet
flow. (,onsequcntly, features such as shock cell structure are not scen clearl) in these
photographs. The long optizal path associated with the rectangu'ar gcometr« makss
possible t* » viewing of wave systems that otherwise would not casnl) be seen These
pictures display the flow ficld from the nozzle ex't to a down-stream locahon of about
30D. : : '

- For pressure ratios R > 1.9, the flow bey ond the nozzle exit is supersonic and resultsin

the formation of a series ‘of shock cells, as shown in Figure 2. The most striking observation -

" for the three cases shown in the figure are ‘the largc changes in the angle of spread of * -

the jet, the appearance of a very strong organized wave pattern, and the de\elopmenl
of a M «h wave radiation pattern at ‘the highest pressure ratio. rfor example, tie total
_angle of spnad of the jet is about 20° for both thc lowest (R = 2.7) and the- highest

(R = 5.4) pressure ratios, while the wtal angle of spread is about 306° at the pressure rat io

for maximum screech sound radiation (R = 3.8). Associated “sith the large spreading -

“rate is an organized ¢y lindrical double wave pattcrn which originates alterw atncly from
the two sides of the jet. The center cf the ares formed by the sound waves on each side
can be locat(d and 1dent:l’cd as the source for ezeh wave system. This source is localed’
approximately at the end of the third shock cell (/D = 7). The picture seems to suggest
‘that a principal wave length exists and that this wave length s the same for all directions
of propagation of the wave. The second wave front scen in_the figure introduces a second

“and much shorter characteristic length, which corresponds to a freguency much too high
to record with ordmary detectors. A similar double wave pattern was observed by Po“ell
1053¢, in his cdgc tone excitation of rcctangular jets. For the pressure ratio I? = 5.4,
high frcqucncy sound “a\os, cmanating at an angle of about 45° to che direction of the

stream, can bc scen radlatmg from a region close to the jet exit. This apparent radmuo" :
. 7 .
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from the suporwmc region of the jet was alzo olwor\'cd by Lowson and Ollerhend 1068,
in their oxperiments with tdcally expanded axisymmetric jets, and they identified it with
Mach-wave radiation. From the near. ficld sound speetra, not shown_ here, discrete tmws.
known as screech tones, are observed in all three cases (Krothapalli et al,, 1981). However,

the simultancons omslcnce of an organized wave |Mloru with large spreading nppmr« only

in the range ol‘ prmurc ratios from 3 to 4. On reviewing all the pictures taken in the

study, an urgamzod vortical structure appears to be identifiable in the qhonr Im‘orsz on
cither side of the jet, and these grow in intensity as the pressure ratio nppmm-lw.\_ the

value for maximum screech sound generation, which occurs here at 12 = 3.8.

To study the degree of two-dimensionality present in the flow, 1 otographs were taken
at right ahglcx to the view shown in Figure 2, These results are presented in Figure 3
for the same conditions as those in Figure 2. Three shock cells ean be identified in the
plmtngrnphs:l),\' the three bright lines in the jél, which are the shock waves at the end of
cach of the corresponding shock cells, For downstream distances r less than 10D, organized .

lines are observed lying along the span of the'jot. The spacing between them seems to”

Aincrease with downstream distance. These lines suggest the presence of spanwise vorticies

developing in the shear layers surrounding the cell structure {see Figure 2). Because of
the concave nature of the shear layers, itis suggested by Morkovin 1081 that they may he
soertler vorticies (Schlichting 1980). These features are more clearly seen in Figure 4 to
be discussed below. Very little spreading is observed for the lowest and highest pressure
ratios, while at 2 = 3.8 the jet width first reduces at intermediate distances and then

increases with downstream distance.

- Figure 4 presents an example of the flow from the Smm nozzle for conditions close
to those for Figures 2b and 3b. In this case the aspeet ratio of the nozzle is lower (1)
than for the 3mm nozzle (16.7). On comparing the two flows in the pl:mé containing, the
small dimension of the nozzle, ore finds that a single wave pattern is present in Figure
4a, while a double wave pattern is present in Figure 2b, This feature was found in all of
our toc(s and nppvarc(l to be associated with the larger aspect ratio of the 3mm nozzle,
This may be consistent with the fact that when the aspect ratio is l'urthv roducwl no
double-wave pattern is seen, as in the case of circular jets (Thomson 1071). -l!vcmlso of
the larger nozzle size, the shock cells can be seen more élo:_\rl_\' in Figure 4a and evidenee
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of their lérgé amplitude lateral oscillations is quite apparent in the 'p}iotograph. Likewise,
the source of the strong cylindrical waves seems to be located at the point where the third”
' shock cell breaks up. The large scale vortical structures mentioned above can be seen more

i

Thc photograph tal\en at nght-anglcs to the view in l' lgure 4a is shown in Flguro 4b..
* “Three shock cells can be identified in the figure, and very little spreading of the jet occurs
“in tlm view, indicating the flow is fairly two dlmenexonal ‘within the region covered in-

the photograph. The orgamzed spanwise disturbances or \ortlcles can be seen even more

clearly in this photograph and can be followed for a consnderable distance do“nstrcam.-‘ -

It has been shown ny Poldervaart et al. 19"3 that the placement of a reflective
surface near the exit of an underexpanded rectangular jet has an. |mportant eflect on the
flow. To further inv oehgqte this effect, several reflector geomctnes were used. Two typical
geometries are shown in Figures 5 and 6. The condmom were the same as those in Flgurc

4. The most striking conclusion dr'mn from the O\penments is that the flow can be cither

destabilized, chaFacterized by a lar«e spreading of the jet, or stabilized, b} use of a- cmall-"
- plate, and the effect is present with the plate located on only one side and in almost any

. position. Figure 5 gives sucha comparison where the distance between the plate and the jet

was adjusted while keeping the plate parallel to the jet axis. In this case, the dlqtance the

plate must be moved is essentially related to the wave longth of the sound wave produced

~ Although similar stabilizing effects have been observed by others, e.g. Hammitt 1961, with
acoustically absorbing baflles at 90°, we believe thxs is the first case observed whcro the

~effect is so proncunced when using a hard reflecting surface. _Figure 6 is an example where

the plate was positioned 135° to the jet axis. The presence of the plate seems to generate

an additional wave system.w hosc origin is located at about the end of the first shock cell.
(b) Total Pressure Measurements-

To make mcasurements in a compressible flow with both a high turbulence level and
the presence of shock waves is difficult. This being the case in the near region (/D < 15)
of the jet, a pitot tube was used to measure the total pressure and establish some 0!' the

basic l'c.-'mlroq of the j j(‘

A typical \'ariation of the pitot pressure, po2, along the centerline of the jet fora

9
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pressure ratio of 3.8 is shown in Figure 7, The absolute values of pgz are divided i))' the '
ambient pressure P, and plotted against the nondimensionalized downstream distance. . SR
These results cannot be converted direetly into velocity or Mach number because of the o
unknown entropy increase that has occurred. In steady supersonic flow with a single
normal shock wave ahead of the pitot tube, a large pitot pressure correspond to low Mach-
number, and vice versa. Also shown in the figure is the location of the source for llic :
sound waves observed in the Schlieren photograph (Figure 2b). Two shock cells are clearly.
identified by the cyclic behavior of the pitot prcssﬁre for /D less than 6. The presence

_of a complete third cell is not evident here because of the time n\'éragcd data taken with
the pitot tube. Phase locked Schlieren pictures tdkcn within a single cycle (Krothapalli- .
et al. 1082) show that a complete third shock cell is present only for a small fraction of

the time during a cycle. It is observed that the downstream decay of the pitot pressure is

“considerably accelerated after about 8D, and subsonic flow is found beyond /D = 15.

The conditions at the nozzle exit play a controlﬁng role in the downs!reaui develop- -
~ ment of the flow, and thus these conditions should be gp(_‘c_if_i_g(‘l_._in;ca_(:,l_n_ experiment. In view =
of this, pitot pressure profiles in the central x,y plane for two different do_wnétrmm loca- ,
tions close to the nozzle exit (z/D = 0.1, 2/D = 1) have been made. Figure 8 shows the o
~ absolute pitot pressure plotted against the position y. Close to the nozzle exit (i o forr = |
" 0.1D) the pressure is nearly constant for two-thirds of ‘the nozzle width. A typical pmﬁlo
\nthm the same shock cell at :t/D = 1.0 is also shown in the figure. If the pltol pressureis
con\crtcd into Mach number, the profile (z/D = 1.0) has a shapo quite similar to the one
observed within the first few widths of a planar jet. In many practical applications such as
thrust augmenting 6jcctors for short take-off and landing aireraft and certain jet engines,
~ the desired condition at the nozzle exit is a top;lmt mean velocity or pitot pressure profile.

In this experiment such a profile is obtained.
(c) Mcan \ locxt) Field

While many quantitios are of interest in identifying the structure of a turbulent jet,
such as the turbulent stress tensor, various velocity correlations, dissipation terms, ete., =
some measure of the spreading rate of the jet along with mean velocity profiles are very

~ useful for comparison with the behavior of other flows. Most of the mean velocity profiles
were obtuined using a hot wire in the downstream flow and a hot film in the regions close to

N IR : 10
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~the nozzle exit. Both instruments gwc consistent mean velocities (accurate to about 5%)
when used to make the same measurement. Measurements were made across the entiré jet

in some cases in order to establish the symmetr'y of the flow about its central plane. :

Flguro 0 shows the measured decay of the mean velocity along the center line of the
_jet for three dlﬂ'crcnt prcqsurc ratios, where U, is the measured center line \eloclt\' and
U is the alcuhtcd \'elocn) at the center of the nozzle exit (assuming ideally c\p:mdcd
.l\('ntmplctroplc ﬂow) The dats preeented in the fi igure are for down-stream statlons
' r'mgmg from 40D to 160D. In all three cases for z/D greater than about 80, the center-lme
velocity deeays as ™1 which is depicted by the solid line. This region is usuall) referred
to as the axisymmetric region of a rectangular jet, where the velocity decays at nearly the-
same rate as that of an axisymmetric jet. Ahead of this region is a t\\'o;dimensidnal t_vpé_

- region where the velocity decays at a rate roughly the same as that of a planar jet.

The density of a jet roiativc to the density of. ité _surroundings has a significant effect
| Aon the rate of _|ot dcca\ (Abnmonch 1963). In p'xrt'cu]ar, the groatcr the ratio of’ jet
dcmm to ambient density, the less rapid will be the jet dec'\y In the present experimenis, -

the stagnation temperature was equal to the ambient air temperature and therefore the
“static temperature at the nozzle exit was less than ambient. For example, picking the case

R = 5.4, the ratio of the exit temperature for an ideally expanded gas to the ambient
~ air temperature was about 0.62, and the ratio of the corrcepondmg densities was therefore
- 1.61. The effect of increased jet denm) is evident from a comparison of the data for the
lowest and highest pressure ratios. However, for the case of R equal to 3.8 and for z greater
than 0D a more m[;id decay of the velocity is noticed as compared to the lowest pressure
ratio. This is principally the result of the strong acoustic excitation present downstream-

of the nozzle exit (see Figures 2b and 13) which causes an accelerated spreading of the jet:

Figure 10 shows the distribution of mean vclo:city across the narrow dimension of

: the jet in the x,y plane at different downstream sta_.t"io‘ns, rahging. from 40D to 140D, for
the lowest and highest pressure ratios tested. The mean velocity U is normalized at each

station with respect to Ue, and the distance Y is nomnhzod by the distance (z — z¢) to

the station in question, where z¢ is the distance bct“een the-virtual origin of the flow and

the nozzle exit. For the case of R equal to 2.7 and for X greater than 40D, the profiles are

geometrically similar within the limits of error for the ‘experimcnty.’ Self similarity is also

11
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observed in the proﬁlos for the case of R equal to 5.4, which is rﬁprésentcd bfl'tllc solid -
line (average of the data points not shown here). In the absence of any strong acoustic -
mtcractmn with the jot, it appears that-the self similar profile broadens wlth dccrowng

pro«urc ratio, i.e the spreadmg rate increases. From figures 9 and 10 it is observed that a |

wider proﬁlo corresponds to a smaller jet decay. For companson purposes, the self ﬂlmllur '

- profile of an incompressible rectangular j(‘t of aspect ratio 38 (Gutmqu and Wy gnnnakx,

- 1976) is also shown in the ﬁgure and seems to agree: well wnth the case R = 2.7. Howev or.‘
the presence of 2 strong organized wave structure in the near acoustic field of the jet, wlucll
occurs at R cqual to 3.8 in this cxpenmcnt, has a considerable effect on the distributions
of mean velocity across the jet in the z,y plane. Such profiles are shown in Figure 11 for
different down- ctroam ‘stations ranging from 40 to 140 widths. As before, the dlstancc yis
normalized \n(h rcspoct to (z — o), where the value of z is different for the two scgmonh _
10 < :r/D < 80 and 100 < z/D < 160. As dlS(‘U‘%ch below, the halfwidth (the width
corrcqmndmg to the point where the mean volocxty is cqual to one-half of its value on

the :ms) in lhc z,y plane varies linearly with :l‘. with two different slopoe thus produomg

two regions are goomotncqlb similar cxcopt the scale factor is different for the two. The
similarity profile for the dow nstream flow (X' > 100D) is quite similar to that observed in
Figure 10 for the lowest pressure ratio /¢ = 2.7. The unusually rapid spreading-of the jet

seen in l- lguro,-(‘.!b) is the cause of thc \ndvr self similar profile i in the rcglon_r < 80D,

' ‘\ornnhzcd mean \clocnt) profiles in the z,z plane at different downstream locations
‘ranging from 40D to 1601) and for the lowest and highest pressure rzmoe, are shown in
Figure 12. The dmancc = is again normalized with respect to the distance (r — z¢) where
rg is the location of the v irtual origin (found by extrapolating linearly the variation of the
half width in thc r,z plane (we Figures 14 and 15) For the case of R = 2.7 and for .r/l)
greater than 80 the profiles are again gcomctrlcally similar, and have a shape quite similar
to that of an m:m mmetric jet. A corresponding observation is made for the pressure ratio
R=>5.4andi xs indicated in the figure by the solid line which was.drawn through the data
points (not aho“ n lxcro) It is observed that the similarity proﬁle for the highest pressure
-ratio is narrower than that for the lowest. In light of Figures 10 and 12 it appears that
the jet spreads at a slower rate with i increasing R, except in the range where sell acoustic

excitation plays a large role. This is con<1<lont with calcuhtxonq made for the case of

]0

“two different \lrtu'\l origins (sce Figure 15). It i is obecncd that the proﬁles in each of the™ == = 4=" -
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a planar jet by Abrambvich 1963. Figure 13 shows the corresponding normalized mean

- velocity profiles in in the z,z plane for the case of maximum sound radiation, i.e. R =
3.8. As before, it appears that the profiles are geometrically similar for large downstream

distances. The similarity profile in this case is wider than those shown in Figurb 12.

» The growth of the jet in 2,y and z, z planes is shown'in Figures 14 for the l(_)west',. .
and highest pressure ratios, while Figure 15 presents the case for maximum sereech sound

radiation. The ordinates y;/» and zy/o are the respective distances from the centerline

of the jet to the point where the mean velocity in each 'plianevis equal to one-half of its

- centerline value. The jet in the z,y plane spreads linearly with x and the locus of the half
. velocity points is given by

Y72 = Kz — zo);

z are 0.105 and —5.3D respectively. The corresponding val :es for the highest pressure - |

ratio are 0.08 and —21.3D. In the absence of any dominant discrete sound radiat,ion; a

deerease in the spreading rate of about 25% is foﬁnd_for’én increase in the pressure ratio--.. ----
from R = 2.7 to R = 5.4. We may note that for a subsonic rectangular jet, the constant -
'k has a value of about 0.1, and does not change with increasing Mach number (Hsia et al.

" .. 1982a). Similar observations were made by Maydew and Reed 1963 i in thelr investigation

of turbulent mixing in aJ\lS) mmetnc compressible jets.

It is known that an increase in the Mach number of a supersonic jet results in a -

“decrease in the spreading angle of the mixing region at the boundary of the initial portion -

of the jet. In most such 'expcriments, the Mach number is increased by increasing the

reservoir pressure which causes an increased flow density (if stagnation temperature is kept

~ constant) and the observed effects were attributed to this increased density ratio between

the jet and the external gas (Abramovich 1963, Gla_ss 1968).' A systematic in\'t;stigaltion

of the density effects in turbulent mixing layers was carried out by Brown and Roshko

R

1974. Even though this study deals mainly with two dimensional shear layers, some of the

implications of thclr results apply to the present investigation.

The variation of t_he half-width in the. z, 2 plane, shown' in Figure 14, exhibits a 3

linear increase for downstream distances z greater than about 80D. However, for z/D

13
\.

- where k and z vary with pressure ratio.. For the lowest pressure ratio the \'alucs"_of kand~ T o omeee
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. less than 80 it shows a decrease. At some intermediate location the half widths in the

- - two central planes ‘cross each other. The distance from the nozzle exit to the crossing
point increases w1th increasing pressure ratxo, except for the specxal condition of maximum
e o screech sound radiation. Hence, it may be suggested that the two dimensionality of a

[

-rectangular supersomc Jet is preserved l'or longer downstream. dlstanccs with mcrcasmg
pressure ratio. E

Figure 15 shows the variation of the half widths in two central planes with db;v'xlstream

distance for the condition of maximum screech sound radiatil)n (R = 3.8). Except for the B
accelerated growth of y; 5 for z/D less than 80, the overall behaviors of the half widih_s in’
P both planes are quite similar to those observed in Figure 14. In the region 40 < z/D < 80,

the constant k for the y, variable assumes a value of about 0.16, while for z/D > 80, it - . -

has a value of about 0.1. Corresponding values of zo were determined in AtheA two regions

" and used in the normalization of y (i.e. ‘y/x — z0) in plotting the velocity profiles. It is for - -
this reason that the velocity distribution in the z,y planemshbw's two different self similar

profiles, as seen in Figure 11. The reason for the large spreading rate for z/D less than

80, is most probably due to the acoustic excitation present at the end of the third shock - o
cell (i.e. z/D = 7). The influence of such excitation on the mean flow seems however to |

be confined to the region z less than 80D.

Just as in the previous case, the half width z;/s in the z, 2 plane grows linearly with z
for r greater than about 80D. However, the location of the virtual origin lies downstream
" rather than tlpstrcam of the nozzle exit. The crossover point (equal half widths in the two
.'central planes) seems to appear much further upstream compared to the cases shown in
. ' - figure 14. The necking down of the jet in the z,z plane can be seen clearly in the Schhercn L
N photograph shown in Flgure 17b. The fact that Y172 and 213 form parallel or even div ergont
' lines for z greater than 80D (sce Figures 14 and 15) suggests that true axisy mmctr) of the
mean velocity profiles (profiles are identical in both planm) withl‘n the region of interest for
' . these flows is not obtained, which is in contrast to the observation reported by Trenacosta
a " and Sforza 1967, for the case ol an mcompressnble Jet where axnsymmetr) was found for
z > 150D for an aspect ratio of 10. R
4o " (d) RMS Intensities -

14
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As explamed in the previous section, many uncertamtles appear in attcmpts to deduce -

the velocity fluctuation from a hot-wire voltage in a supersonic flow, It is for this reason

that the turbulent intensity is defined here as the ratio of the rms of the hot-wire voltage o

to a mean voltage, < e > [E, which allows direct companson with other work. In
mcompressnble flow thns is equal to the ratio < u > /U _ : f.

anure 16 shows the downstrcam variation of the centerhne fluctuation mtcnsnty

e =<e> /Eo for three different pressure ratios. The mean voltage Ej is obtamed from

the relation Ey = KU,, where Ub is the calculated mean velocity at the center of the
nozzle exit planc, assuming ideally expanded isentropic ﬂow and K is a constant obtained

from the calibration plot of the linearized mean hot-wnre voltnge versus the mean velocity. -
The value of K is the same for all the data plottcd here. Although this approach may

not correctly represent the precise downstream vanatlon of < u > U, the relative trends

between the various sets of data are expected to be valld 'For the underexpanded jet, a

hot-film probe was used to make measurements for locatlons of z less than 40D, while
. a hot-wire probe was used for z greater than 4OD For clarity, a line i is drawn through :

the data points for the case of R = 3.8. Also included in the figure are tlxe results for a
high speed subsonic (M = 0. 8) jet, depicted by the solid line which is an _average of the
data points not shown here. For this case, thcre is no known acoustic excitation present

/in the flow, thus giving a basis for companson with the underexpanded jet data As seen

the magmtude of & increases sharply close to the jet cxxt reaches a maximum value at

z/D = 10, and then decreases monotonically. Such a behavior is common to most of

- the naturally occurring (non excited) axial turbulence intensity profiles in subsomc jets.

Generally, a peak in turbulence intensity occurs near the end of the potential core, which -

is a result of fluctuations mduccd by the mteractlon of the shear layers. The amplltude
and posmon of the peak can be varied significantly by a controlled acoustic excitation of

~ the jet near the nozzle exit -plane; see for example Zaman and Hussain 1981 “In the self

similar region of the underexpanded jet, i.c. for z/D > 80, except in the cascof R = 3.8,

the variation of & with r has a behavior similar to that of the subsomc jet. However, the
magnitude of & at a given location increases with i increasing pressure ratio. For the case
of maximum sereech sound radiation, i.e. for R = 3.8, the profile shows a distinct peak
at z/1) = 80, followed b} a faster decay in comparison with the two other cases. It was
found that for 1) < z/D < 50, the magmtudc of e dccroasos* like X=1/2, As discussed

15
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below, this type of profile seems to be a result of acoustic excitation in the jet. A weak

and is ex,hib'i,t'erd» here by a small increase in turbulence intensity at z/D = 90, for R = 2.7.

For an excited plane jet, it has been shown by Hussain and Thomson 1980, that the

‘centerline than in the shear layers. From results for acoustically excited axisymtﬁétric and
planar jets, it is found that a peak in centerline turbulence intensity occurs in the regionof

- e - - e o L e e e e m——— 0 . PRSP SN E——

- acoustic excitation is also present for the other two pressure ratios (see Figures 2a and 2¢), -

~ excitation appears to directly affect the fluctuation intensity and is more bronounced onthe

"interaction of large scale vortical structures, usually appearing near the end of the potential

~ core (Hussain and Thomson 1980, Zaman and Hussain 1980). As has already been seen in

Figure 2b, such structures are present in the region j@st downstream of the acoustic source.

Since a peak is observed in the distribution of & at X /D = 80 and in view of the above -

discussion, one would expect to see large-scale vortical structures in a Schlieren photograph
of the flow field at this location. To explore such a possibility, Schlieren photographs for

both the z,y and z, = planes, covering the region from the nozzle exit to a down_'stream

location of about 110D, were taken as _shdwn in Figure 17, Because the available optical =~

setup could not view the entire flow field simultaneously, two photographs in each plane

were taken at separate times using a common reference location and assembled as shown.

~in the figure. -Together with the cylindrical wave 'phtteren found in the near sound field of

the z,y plane (Figure Vl7a), large scale coherent structures are observed developing'along '

the jet bouridary in the region of the acoustic source ( also see Figure 2b and 4) Further ...

away from the source no such distinct structures are visible, however, there are large

" random eddies present on the edges of the jet. Figure 17b shows the flow field of the jet

in the z,z plane, and for z/D greater than 50 a distinguishable large scale structure is
strongly suggested by the picture. A dotted line presumably representing such a feature is
superimposed on the picture. A typical wave length deduced from the picture is found to

be equal to about 8cm. On comparing a series of randomly selected piéturcs of this plane,

~ there does not appear to be a repeatable pattern in their arrangement. However, the “wave

length” and overall size of these structures match rather well. A more definitive argument

objective in mind, oscillograph records of hot-wire outputs and their respective frequency .

spectra were studied.

" concerning the existence of these structures must include quantitative data. With this .-
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Oscillograph records of e fluctuations along the centerline of the jet, for
40 < z/D < 140, are shown in Figure 18 for R = 3.8. All the traces have identical vertical

and horizontal scales. As the probe is traversed downstream, low-frequency oscillations _

dominate the signal, with a recognizable periodicity appearing in the trace at z/D = 80.

The period can be estimated and is found to be equal to about 1ms (the corr_espondihg"'{"-‘
~frequency is 1000Hz), while the signal at z/D = 40, i.e. trace (a), is dominated by
“more random high frequency fluctuations. Following the arguments of Brown and Roshko

1976, the mean scale of the flow in the x,é plane must increase linearly with. (z: — 70).

Conscquently, it follows that the mean spacing and the mean size of the eddies or large

scale structures also increase linearly with (z — z¢). The consequence of increasing spacing
leads to a decreasing frequency, which is consistent with the observations made from the

oscillograms.

The passage frequency of the large scale structures at a giveh location can be obtained
by studying the frequency spectra of the hot wire signal at that location. Fighre 19 shows
the frequency spectrum of e for various posit-ioxis along the centerline of the jet for 15 <
z/D < 140. The horizontal scale is in kilohertz, the range of.which varies for some of the
plots. For /D < 40 a strong peak around 17.5kHz is observed and found to be equal to the
fundamental frequency of the near acoustic field. From a phased locked Schlieren movie of
the flow field for a 5mm nozzle (Krothapalli et al. 1982), it was found that the frequency
with which the large scale structures pass any station in the z, y plane was identical to the
fundamental frequency of the near sound field. Several additional discrete frequencies in

the range 0-20kHz are also observed in these plots. With increasing distance downstream,
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the spcctral' energy shifts toward the low frequencies. At z/D = 80, in addition to other -

low frequency peaks, a distinct peak at 1048Hz is observed, which is close to the fre equency
obtained from trace (c) of Figure 18. This frequency then,corresponds to the passage
frequehcy of the large scale motions observed in Figure 17b. To further verify this, one
can calculate the frequency based on the spacing of two adjacent structures in Fi'gure 17b

and the mean convection velocity. The convection velocity of these structures varies from

(.).V5U, to 0.7U.. For z/D = 80, we have for the centerline velocity U, =151m/sec; and -~ - =

assuming an average convection velocity of 0.6U, one obtains a frequency of about 1118lz,

whlch is qmtc close to the measured frequency. It is also mterestmg to note that the ratio.

of frcquoncwq for the dominant components in the two planos is equal to about 16.7, which
‘ 17
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happens to be the aépect ratio of the nozzle.

From the above it may be suggested that acoustic excitation with sources located at

z/D < 10 serve to gencrate the large scale structures (or instability waves) above the ﬁ'nc.!
scale random background in both the z,y and z, 2 plancs. When the forcing frégucncy'
~lies within the instability baﬁd, instability waves (or large scale structures) are triggercd :
~ which undergo a process of growth and then breakdown, It has been sl)oivxi'by" Criéhtoiz _
1073, that a jet with ellipfic cross-section and large e‘ccont'ri'cvivty is virtually stable to all _

temporally growing disturbances; and that in the case of épa(ial]y'gro“'ing disturbances,

modes representing sideways oscillation parallel to the major axis have a small growth.

mté, while those representing a ﬂapping motion paralle] to the minor axis have a large
growth rate. The disturbances in the above description may be viewed as the vortical

structurcé'dc\'eloping within the shear layefs of the jet, The growth- and break down or
decay of these disturbances is generally reflected in the amplitude distribution of the rms

intensity along the centerline of the jet. In light of this discussion it is perhaps logical to

~ suggest that the amplitude of the disturbances in the z,y plane increases monotonically,

reaches a maximum at some distance z Jess than 15D, and then rapidly decays, while the

disturbances in the z, z plane achieve their maximum amplitude at z/D = 80 and then 7

decay as shown in Figure 16.

“With regard to the forcing frequency (self excited in this case), one can caleulate
the Strouhal number (St = ID[Us) and compare it with the valye for any similar _ﬂbw

situation to see whether it falls within an ihstability band. Although the flow near the

‘nozzle exit is compl'ica_ted by the presence of a shock cell structure, we are concerned here

mainly with the flow in the shear layers surrounding the shock cells. This part of the

flow is mainly compressible and subsonic. Lacking data on the instability characteristics

of such a flow, it is to a certain extent reasonable to compare the present data with ‘the

ins(ab_ilit_\; charactrristics of a plane incompressible air jet. Sato lOBO,.e:@porimcnt'a_lly .
- . investigated the instability of a plane air jet, emerging from a laminar channel flow, vin'

the presence'of an imposed transverse acoustic perturbation from a loud speaker placed .

perpendicular to the flow directio}n. The most unstable jet Strouhal number St = fD /U,

(D=width of the nozzle) for "antisymmctric modes was observed to be equal to 0.14. For

the distu‘r‘banccs in the z,y piane with the obscrv“ed frequency of 17,500Hz and using the

18
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, ~ same definition (fD/Up), the Strouhal number is found to be 0.1,2’ which is within 15% of
. the most unstable Strouhal number of an incompressible plane jet. Similarly, the Strouhal
. number for the disturbanccs in the plane containing the long dimension of the nozzle,’

ie. 1,z plane, was also calculated, using the observed frcquency of 1048Hz and the long

' dlmonsmn of the nozzle L' =50mm, and found to be agam equal to 0.12. Thus, suggestmg

e ,‘that the most unstable Strouhal numbers in the two planm are the same, except thegrowth -
‘ ratee of the dlsturbances, as suggested by Crighton 1973, are dlﬂ’erent in different planes.

It ns also mterestmg to note that the maximum screech sound radiation occurs when the

* -+ Strouhal number equnls to the most unstable Strouhal number of the plane mcompre551ble :

et. To further verify thié, Strouhal numbers for the maximum screech sound radiation

- were calculated using available data in the literature and the results are tabulated, together
with the present data, in Table 1. Data are also included in the table for axisymmetric
" jets. It appears that the most unstable Strouhal number for rectangular jets (based on

the criteria of maximum screech sound radiation) appears to be i in the. -range 0.11-.0.14,

which surprisingly falls within the range cf a plane mcompressxble jet. For axlsymmetnc

jets, the Strouhal number (St = fD/U,Dis the diameter of the nozzle) appears to be in .
a range 0.24 - 0.28, which is close to the value 0.3, the so-called prcferred mode” of a jet
- (Zaman & Hussain 1980, ‘Crow & Champagne 1971).

. . ,
Profiles of e in the z,y plane at different downstream locations for R = 3.8, are
~ shown in Figure 20. In general the profiles shapes are similar to the ones found for two

dimensional jets, where geometrical similarity exists in the outer flow and a distinet saddle

shape appears at small values of z/D. For values of z/D greater than 80, the profiles
tend toward axisymmetry, and seem to approach complete self similarity with i increasing
dowmtream distance. The profiles for z/D < 80 are much broader in the 5 \anable in
comparison with the profiles for :r/D > 80. It appears | that, when companng the ¢ profiles

in Figure 20 with the corresponding mean velocxty profiles i in Figure ll the major influence
of the acoustic excitation is present up to a downstream distance of about 80D. Profiles of. ;
é in the z, z plane are shown in Figure 21. For z/D greater 80, it appears that the & pfoﬁles ‘ _
“assume geometric similarity. This observation in conjunctioh with the sell sfmilar mean .
\'"olocity proﬁlés for /D > 80 suggest that the flow in the =, z plane reaches a self similar ‘
 state. In llght of these measurements (both mean and rms profiles) it may be suggested

that thc flow ﬁeld of a rectangular jet reaches self similar states in both planes at locations - "
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dewnstream of the crossover point. However, the shapes of the self similar prof les are
Cifferent in the two planes. Furthermore, it appears that complete axisymmetry of the
jet may not be reached within a reasonable (of engineering. interest) dlstance downstream. -
The profiles of & at differext duwnstream locatlons for R = 2.7 and 5.4 in both the T,y

* and z, z planes (not shown here), show a sxmllar beha\ lor as discussed above, except‘ for

the enhanced eﬂ‘ects of acot..»uc excntatxon

20
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CONCLUSIONS

/An objective of this work was to study the mean and iurbulcnt velocity fields of an

underexpanded rcctangul..rjct of moderate aspe-t 1atio. While investigating this problcm.

we encountered two major factors mﬂuenclng the overall flow ficld of the jet. One is to

be expected and is the effect of the density ratio between the jet and the ambient air.

The second factor, typical of undbrexpandcd jets, is the generation of “screech” tones and
their influence on the structure of t!xc]et Although discrete ton(-s or “screech” toncs are

found in the ncar sounc. field of the jet for all pressure ratios above the criticas prcsqurc

ratio (i.e. R = 1.9), the) are most intense and have greatest effect on the everall flew field -

only in the range of pressure ratios from 3 to 4. The maximum ‘sereech gound radiation

_occurs in this cxponmenl at a pressure ratio of 3.8. When the Jet is opuratmg outside this

range of pressure ratios, the influence of sereech tones is less 1mport:mt, as compared {o

the cﬂ'ccts of varying density, on the mean and turbulence velocity lwld‘; of the jet.

From the Schhcrcn photogrnphs studied, the follomng obscr\'allonq are madc For the

condition of maximum screech sound radiation, a very strong organized cylindrical wave

pattern is observed, which originates altornntcl) f.om each side of the jet, The source for

© this wave system is located approximately at the end of the third shock cell and serves as

an acoustic exzitation for the entire jet flow field. Associated with tnc prcscncc of the wave

system is an increased sprcndmg ntc of the jet in the plane containing the small dimension

_ of the nozzle.. When the frequency  of the acoustic excitation lies within the llhl“bllll) band

for a planc incompressible jet, it serves to introduce large scale coherent structures in the

turbulent flow. Such structuros are observed here in both plancs of the jet. ‘However,

in the x,y plane they appcnr just downstream of the acoustic source, i.e. at z/D = 10,

while in the ,z plane they are observed at dm\.nstrmm lncations of z/D groater ihan

‘about 60. The existence of these large sealc structures at different dowastream locations
in the two plancs was also confirmed by osullograph records of hot-mrc signals and their
'rmpccmc frequency spectra; The Strouhal number for these organized motions was found

_ to be equal to 0.12, which is close to the most unstable frcquonc) for the "nm, mmetric

modes of the plnnnr incompressible jet. The frequcncws in the two plancs thus scale with

the aspeet ratio of the nozzle. These observations are supportcd by the theoretical work
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of Crighton 1073, who studicd the stability of a jet with an elliptic cross-section. He found

that in thecase of spatially growing disturbances, modes representing sideways oscillation

_parallel to the major axis, or long dimension of the nozzle, have a small growth rate, while

those representing a flapping motion paraliel to the minor axis, or small dimension of the

- nozzle, have a large growth rate. .-

The mean and rns intensity profiles, for r/D greater than 80, in - both the central’

~ryand r, s pl:iués, exhibit separate geometrical similarity in their respective planes, thus

xuggmtmg that comploto axisymmetry (i. e. identical pmth in both planes) of the jot

may not he achieved within a1e; asonable dmancc downstream. This is in contrast to ones

intuitive notion that a rectangular jet shoald reache a conplete -t\m'mmvtnc state in a

relatively shost (ll\l:\ll(‘l‘ downstream of the nozzle exit.

In the almonco of acoustic excitation with increasing pressure ratio (increase in reser-

vair pressure), a decrease in the spreading angle of the jet was observed. Similar observa.

tions have -\lsu been made in studies of other supor\unu shv-\r I.\\ ors .md ix associated with

the increasing density of tlw jet
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' Table 1

Geometry of Characteristic Pressure ratioﬁ-Frequency St= ‘ comments
the nozzle .;§iménsion D velocity U Mz £4/0 |
- Rectangular 0.3cm 3.8 17.500 0,12 Préééyt.
AR=16.7 430 r‘n/s' o L v results
- Rectangular 0.5em 3.5 10,000 0,12 Prescét
| AR=10 | ulém/s 7 results
Rectangular 0.635cm 3.67 7;375 0.1 - Hamh;ﬁi_ :
M=12.75 423m/s | | |
Rectangular 0.305cm 3.67 18,750 0.135 . Powell :l
ARs5.83 423m/s ' '
Rectangular 0. 18cm 3.17 31,640  0.14  Powell
AR=1,7 403m/s
Axisymmetric  2.54cm 3.67 4,000  0.24 \Pewe}}”///-
u23ms
Aiiéymmetric ~1.27cm - 4,0 9,428 0.275 Shefman
435m/. ' et al.
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4

3.8
Schlicren pictures of the jet in the z,z plane. ARl =167, D = 3mm.

2.7
Figure 3.
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Smm.
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Figure 5.

Schlieren pictures of the jet in the r,y plane, with a reflecting

surface placed parallel to the jet axis. Al =

10, D = Smm.
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Figure 6.
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R=3.7

Schlieren picture of the jet in the r, y plane with a reflecting surface
placed at 135 to the jet axis. AR = 10, D == 5mm.
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Variation of the pitot pressure along the center line of the jet.

It =33,
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Figure 10.

Mean velocity proﬁlcé-in the r,y plane, : =0. R =27, . ,

Q
£fI> =10, AN cxr/D =060, J,7/D=280; O .2/D=100,%] ,
/D = 110; y
(1976). R

R = 5.4 --———=, Al = 3%, Gutmark and Wygnanski
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 Figure 12. |

/D= 120, .r/D= 110; & 2/ D = 150; .

Mean vefocity profiles in the z, z'pléne, y=0. R =27, O,

/D = 10; A ,z/D =60; (1 ,z/D =80; O ,z/D =100 OF
—, R =54,
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: Fﬂigure 13. Mean velocity profiles in the z, = pléme, y=0. R=38 A,

z/D = 60; [T, /D = 8o — 100: iy R
'r{o.- =0 B r/l _ §0, O,r/ID‘_—IOO, O,2/D=120; G ,z/D =
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