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ABSTRACT

This thesis presents a comparison of the measured and calculated

flow field properties 6f a nozzle of umusual design which was used to

produce an incompressible, low Reynolds number jet. The "nozzle" is

essentially a porous metal plate which covers the end of a pipe.

«

Results are presented for nozzle Reynolds numbers from 50 to 1000
with velocities of 100 pf 200 ft/sec. The nozzle produces a uniform
velocity profile at nozzle Reynolds numbers well below those at which
conventional contoured nozzles are completely filled with the boundary
layer. A Jet mixing analysis based on the boundary layer equations

accurately predicted the flow field over the entire range of Reynolds

numbers tested.
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IRFTRODUCTION

In the past decade several methods of measuring the temperature
of the earth's upper atmosphere have been developed. In one of these
methods a small sounding rocket is used to carfy an instrument package
and parachute aloft. The instrument package descends through the
atmosphere suspended beneath the parachute and telemeters tempereture
data to the ground. Due to the low atmospheric density, the
temperature transducer hes a low degree of convective coupling to the
atmosphere. Solar radietion represents a significant portion of the
total heat transfer which results in degraded accuracy. In addition
the recovery factor rmust be known in order to correct for aerodymamic
heating. Therefore ipterrretaticn of the data requires calibration
on the ground with flow ccnditions equivalent to those experienced
in the upprer atrwosrthere.

In a typical calibretion errangement, the temperature transducer
is placed in a wind tunnel or Jet c¢f air tovsimulate the fall through
the atmosphere. Tke flow Mach number and Reynolds number are dupli-
cated to maintain the proper heat transfer characteristics.

However, for very low Bgynolds numbers, which are required to
duplicete the conditiors in the upper atmosphere, conventional wind

tunnel nozzles develcp very thick boundary layers. This problenm

e .
e

becomes serious at nozzle Reyrolds numbers of about 1000 and gets
progressively worse until the entire nozzle is filled with the

boundary leyer at Reynolds numbers of about 200 [1].

1l




Due to this Reynolds nucter lirmitation, a small research progrem
wvas initiated to develop & low Reynolds nurber nozzle for a calibration
facility et the Langley Research Center. A literature search revealed
that a rmlti-jet rozzle was a potential solution to the large boundary
leyer problem. In a rulti-jet nczzle the flow is broken down into a
murmber of scell jets which combine through viscous interaction to form
a unifecrm flow cownstrean of the nozzle. A supersgnic multi-jet nozzle
(consisting o2 37 holes in & 2 irch dizcmeter steel plate) wvas tested at
£rmes Pesesrch Cernter with orly partiel success [1]. Although the nozzle
did produce a uvriform velocity profile, the flow was not established until
it had gone pary diareters downstreean.

The rnczzle used in the presert stucdy is an extension of this
concert 1o a large nuzber of very sma2ll jets. With very small Jets,
locel viscous interactior is ruch greater and a uniform flow is
establisked alrost immédiately downstream of the nozzle. Since it
éid not seem feesible to eccurately drill & large number of small
bkoles, & murber of raturslly porous rcaterials were tested on a trial
end error basis. The first materials tested Qere paper filters with
various porosities. All of these exhibited large deflections at
high flow rztes which tended to distort the velocity profile. The
addition of ccpper reinforcing screeans produced adequate nozzle perform-
ancé‘except at very high flow retes. The nozzle material which finally
evolved consists entirely of stainless steel screens which were

sintered to form a 1/8 irnch thick plete. This was very rigid
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and produced & reescnebly uniform velocity profile over a wide range
of flowrestes. ;

The purpose of tgis thesis is to'describe the performance
characteristics cf th;s nozzle for nozzle Reynolds numbers between
50 and 1000 end to ccopare the nozzle flowfield data with the calcu-

lated results of an incompressible boundary layer type analysis.
APPARATUS

Figure 1 shows 2 schematic dizgram of the test apparatus used
in this investigziicn. The porous plate nozzle was bolted to the end

of & 7-5/8 inch dizreter nozzle pipe which extended through the wall

~of & large (55 feet diameter) vecuum chamber. The porous plate

nozzle was nade of 5 leyers of steinless steel screen which were
sintered to form 2 rigid plate 1/8 inch thick. The innermost screen
had a cesh size of about 5 microinckes. The outer screens were of a
laerger mesh size fcor strength. The sintered screens are sold cormer-
cially by the Berndix Corporation, Filter Division under the branéd
naxme Pororlate.

Outside the vacuum charber an air supply was passed through e
dryer, pressure reguletor, vertical tube flowmeter, and manual control
valve into the nozzle pive. The airstream stagnation temperature
was measured inside the nozzle pipe using a shielded thermocouple.
Do;ﬁstream fron the nozzle the flow Mach number was determined from
measurezents of the static pressure and the difference between the

total and static pressures using the one-dimensional isentropic flow

equations.
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_Figure 1.~ Schematic diagram of test apparatus.




The totel pressure was determined from impact tube measurements
after applying e viscous correction. This correction is described in

detail in the secticn entitled "Impact Tube Viscous Corrections." A
Baratron-differentialépressure transdﬁcer with & range zero to 10
torr was used to measure the difference between the impact tube
pressure and the stetic pressure. The static pressure throughout the
Jet was essuzed to'beithe same as the background gas pressure since
the flow was subscnic. The background pressuré was measured at a
point near the nozzle using & Baratron absolute pressure transducer
with & rernge zero to 10 torr. Both pressure trensducers were kept in
a ccntrolled termperature environment to minimize temperature effects.

The flowfield surveys were made bty moving the impact tube with
a two-dirersional survey device. The survey device was constructed
and 2ligned so tkhat surveys could be made either exially along the
nozzle centerline or vertically alcng & nozzle redius. Calibrated
Potentiometers were used to indicate the distence in each survey
direction..

A1l position, pressure, and temperature data were recorded on a
Vidar digitsl data acguisition system. This system recorded at a

rate of L0 data chennels per second end produced either magnetic tape,

printed output or toth.

e ~ IMPACT TUBE VISCOUS CORRECTION

In this study the flow Mach nunmber was determined from the total

end static pressures using the isentropic flow equations. The total




ﬁressure wes obtained from impact tube measurements after applying
viscous correcticns. The impact tube used in this study is shown
schermaticelly in Figure 2. It wes constructed to duplicate (as nearly
as possible) a probe described by Sherman [2]. In [2], several probes .
were calibreted to determine the ragnitude of the errors resulting from
viscous flow about tke probtes at‘low Reynolds numbers.

A discussion of impect tube errors at low Reynolds numbers and
ean analyticel solution for certain types of probes is given by Schaaf
[3]. For & prcbe pointing into the ges streem, a boundary layer forms
at the stegration point on the tip of the probe. Using the coordinate
systen shown in Figure 3, the y-component of the Navier-Stokes
‘equetions for incompressible flow along the stagnation streamline can

be written in the following form

V. _ _ 3P d%v
e Hyye (1)

This equation can be integrated through the boundary layer to give

i 2 av 3v.

since the pressure and velocity et the outer edge of the boundary layer
L
aré the sere as in the free strean. From the continuity equation end

flov syrmetry sbout the stegnation stresmline, it follows that

v _ du 3w _ ou
dy ox _ 3z 2 % (3)
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Figuare 2.~ Schematic diagram of impact tube.
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‘As 2 result of the boundary condition et the wall (-g% =0,
y=0

equation (3) yields

v

(ay y=0 - °
Therefore equation (2) becomes

2
L du
P; TP+ P °°/2 t2u (ax y=6 (L)

Eg) can

Frem a Totertizl Tiow wenelysis the velocity gradient (ax =5
be determired =znzlyticelly for simple shapes,; such as a spherical

tipped prcbe [L]. For a more compliceted geometry such as the open-

u

ended prcbe used in this study, (3§)y=5 can be approximated by

k/k (u_/D) wvhere k is a constant vhich depends only on the probe

geometry. The ecuation for impect pressure then has the form

(5)
P = P @uj/g + kH b /2D

or

—

PP _ | ohu_ = | +_k 6
bain = D T TR )

-
Thus for large Reynolds numbers the correction term %;- is small and

- P, = puw2/2. wWhen the Reynolds number becomes very small,

Py

2
P; = Py becomes greater than puw/z.
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As previously rcentioned the constant, k, depends on the probe
geonetry, eré rust be determined experimentally. Since the probe used
in this study wes essentielly a duplicate of one of theAprobes tested
by Sher—en [2], 2 value of k -egual to 6, determined by fitting a
curve tkrcough the date in Figure 5 of [2], was used.

Once the value of k is known, the flow velocity may be

calculated as follows for incompressible flow:

KM __ 2 -
R-r ~(1 =) CPuzj2) - g )(PU2)
By rearranging end dividing by p/2, the above equation becomes

pu2 o kHYe 2 (f-R) =0

°D (8)
fron which one can solve for the velocity es
_  _ku (ﬁkﬁi 2 )
Ue = =555 * (260 +2<_;_€i) (9)

The values of p and Y in equaticn (9) are determined from the
static tempersture end pressure. Equation (9) therefore provides

the corrected velocity in terms of the measured parameters.

TEST COXDITIOXS AND PROCEDURE

Flowfield surveys were made at nozzle Reynolds numbers of 50,

100, 200, 600, and 1000. Ncminel flow velocities were either 100




n_

or 200 ft/sec. The resultirg Mach numbers were approximately 0.089
and 0.178, resrectively, which were sufficiently low to insure essen~
tially inccm;ressiblé flo& cornditions. The Reynolds number was varied
by chenging tte density of the air. The flow conditions for each
Reyrolds pu—her ere iisted in Tsable 1.

For testirg at l;v pressures & continuous flow capability is
highly desirz®le in o;der to allow sufficient run time to establish
stable flow corditions and makXe the required measurements. In fﬁe
present study ccntinuous flow cornditions were maintained for all
nozzle flcwreies.

Before ezch test the static pressure transducer was checked
egainst & reference transducer to check for zero drift. The
differentisl rressure transducer which was used to neasure the impact
tube pressure wss checkgd for zero érift when the chamber was at the
desired stztic pressure Just priorkto establishing the flow. The
desired flow conditions were establishied based on the indicated dynamic
pressure froz the irpact tube measurement with precomputed viscous
corrections. Prelirinary surveys were rade to establish the fact that
the Jet was axisyT—etric. Surveys were then rade from the jet center-
line outward along a radius et varicus positions along the jet ﬁxis.
Survey deta were reccrded ca the data scquisition system. After a

ccrplete flowfield survey, the prrocess was repeeted for the next
o~

L

-

Reynolds ruzter.
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TABLE 1. TEST CONDITIOKS

Tozzle Stetic Dynarmic . - P Nominal

Reymnolds Pressure Pressure 1 ® Velocity
Rurber x 103 =¥g x 103 mmHz x 103 mEg ft/sec
50 10C 0.55 1.86 100
100 200 1.09 2.h1 100
200 200 L. k2 7.06 200
600 €00 13.26 15.90 200
1000 1000 22.09 2k.73 200




JET FIQWFIELD AZNALYSIS

The Jet flowfield wes anelyzed usirg the computer program
described by Fox, Sirhe ard Weirberger [5)]. The program has been
;dsp;éd to the CTC 4000 series ceczputer syster and was used with only
superficiasl recdificetiorns.

Basicelly the progren sclved the compressible, axisymmetric
bourndary leyer ecuztions in the Von Mises plane usihg en implicit
finite difference nurerical technigue. Thus _the applicable equations

for the flci- £i2123 siefcheg in Tigure 4.zre as follows:

Conservetion of mzss

‘)_(_.Pii)_’) -4 A(PV’Z) :O
d X 3y

(10)
Conservaticn o mementun
U du _ _dp M U JZu @)
3 X Yy  ~o T ¥
Conservatiorn of ernergy '
3T AT _ e, (¥, KAT
Puce I+ OG5y U + R w5y
- ' 12

+M(§TL/‘{)E+ (L2 Cﬁ-%(g)
¢ =/, 2
13
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Conservaticn of species
3 3S. L B0 d5
.foufj}'“"lo"*;,”"f)‘ﬁa)/ y  dy (13)
=12

Initizlly, tke velccity, terperature, and gas concentrations are

gpecified es:

T (%, y) = To (y) | (1k)

The boundary ccriiticas at the center of the jet due to flow symmetry

are
\ T o J o¢ (X,
ou(x,0) = w__’__/iz_:l = M——Q: O (15)
dy % 7

At the cuter edze c? the jet, cre can write

1'.”‘ d (X’ )') = !Je.
> o

Yim  Tix,y) = T

yz= L (16)
2im S (K,/) = 5"6

)/—-!».o

~
P

By deflmng dirersionless quantities as

= x/R

= )//R

| X




16

= u/ue

= V/ Ue

= /¢ |

= T/T. (17)
] C/"/Cfc

D ~im) <oy

tke conservztion ecuations czn be solved in the modified Von Mises

plane which is de ined for ax:.s:,':-me\.rlc f‘cv by

f )?5 <5 (18)

JT — —
2Ty, T euy

2 g X
7;(‘{(517/; —)VZ ' (19)

It should be noted that since the edge conditions were used to

- rormalize the velocities, the case of ue = 0 cannot be solved.

g

Fowever, this is usually not a problem since ue ney be made very

sm=2ll, and wes not zero in the actual experirment,




DATA ACCURACY

An error esti:até was‘made for each of the variables of interest
in this study. The errors in the measured quantitiés were determined
directly from instrusént characteristics. The errors in calculated
quantities were basedion the errors of each measured quantity which
was used irn the calculaticn. An error summary is presented in Table 2.

Tke rass flow zrd total terperature accufacies are based on the

manufacturers' specificeticns for each instrument. Since the nozzle

n

rmass flow reie wz: ais2d only for e gqualitative check of the average

nozzle velccity, en additionzl mass flow calibration did not appear to

cps o
be justified. The #2°F ‘totel temperature error represents only 0.k

percent of the absclute teoperature and is a relatively small error

source,

The errcr in botk the static pressure and the difference between
the irpesct tube and static pressure is primarily due to instrument
zero &rift. Tre static pressure transducer was located in a small
controlled environrert chamber inside the large vacuum chamber. The
transducer was rot readily accessible for zero calibration since this
reguired physically pu;ping the transducer to zero pressure. However,
8 refererce transducer which was calibrated against a secondary
standaré wes kept puzred down to essentially zero pfessure. Just
pfi;r to each test, the static pressure was measured using both

transducers end the reeding of the static pressure transducer corrected

to the value indicated by the reference transducer. Zero check for

17
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TABLE .2. DATA ACCURACY

Veriable Error Ccrments
Megnit
B +.05 sCrM Mznufecturer's spec.
<

T’I‘ z°r Marufecturer's spec.

P, +3x10-3 g Short terz accuracy

Pi - P, #1x10  =Fg Recalibrsted for each test

X,¥Y +.03 inch Primarily geer backlash

p +0.7 tc +3.k% Based on terpersture and
Fosssnreserrors &nd rerfect
gas relsiicn

u 40.3% Based un tezperature error and
Sutherlzzd iscesity egquatieon

v 417 to #7% Based cn pressure and texzrerature
errors z-~é 15% uncertainty in
the irpect tute viscous
cor*ew-c" consteant

Re +2f to +11% Based on errors in p, v, end W

//'
rd
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the differentiel pressure transducer was relativelﬁ easy. This was
- done jusé before each test before flow conditions were established.

The errcr in meesuring the survey probe position was estimated
to be ebout +.03 inch primarily due to gear backlash on the survey
device. Tke error was estimated by clamping the probe in a fixed
position exré rconitoring the position readout while turning the motor
in either cdirection.

Teble 2 2lso gives an error estimate for variables czlculaied
frcr the prirery reassurerents. The density érror is besed on a
corbinetion of thke terneresture erd pressure errors through the
perfect gas equation essuming that the gas canstant is known. The
‘viscosity errcr is ba;ed on the temperature error and the Sutherland
viscosity egustion given in [6].

The error in determinirg the flow velocity is based on a 16
percent uncerteinty in the impact tube vi;cous correction constant,
thke texperatwre error for determining the speed of sound, and the
pressure errors for deterrmining the Mach number. The error in the
speed of scund is only +0.2 percent assuminé thet the ratio of
specific heats and gas constant are known. The lMach number error in

terms of tkre pressure ratio error is given by

. A
sm _[1=(5)m?| (=)

Ty Y M= (,gi:) | (20)

or in terms of the measured quantities
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Y R e Lk
m = YMm:+

ﬁ

(-G [ |13 [ 15
=3 m2) Ro | PP (21)

The velocity errcr is then the sum cf the Mach rnuxber error &nd speed

of sournd error.

'

dersity, viscosity, ané velocity. Tre errcor ir reasuring prove

diereter

correction ceonstiznt.

ireluided ir thke uncertzirnily of the impact tube viscous

DISIISSION

e

Figure < =imers the «CovsloTment
the downsireaxn 3direciicr for & nozz
Velceity preliles sre cshown for tor

»

-

end 7. For eack velcciiy profile,

the meximu= jet velocity, v/v
rax

dizensionzl rzéizl ccordinate, y/R.

vl tne jet welcoity profiles in
e Peyrclds mu—per of 1000.
ee zxizl staiicns: x/R =1, 2.5,

the ra2tis of lccel velocity to

cnn wIadrtiad a~adyad
» was vlilctted zgeinst the non-

rezresent the

reesured datz arnd the solié line represerts ihe ccrmputed results.

The measured end cozrputed results are

in the mixing

large potential core exists as far
/.

was tkre rexirur distarce for whick

culated resulis irndicate thet the poteztiel ccre would externd 1o about

x/R = 30.

region except at x/R =

in gocli egreerert, especially
T. As can te seen a very
downsireem &s x/R = 7. which

~ezsure=ents were teken. The cal-

Figure 6 shows & set of velccity prcfiles for e nozzle Reynolds

vrb £ 609. Agein, v/v is p
nurber of 60 Agein, v/v_ i

1, 2.9, and T7.79. The agreexent bet

v/R for x/R =

iottas ggeinst

ween calculeted and reasured




s 4190104 91220N ~*g danBry

J \

) ers

‘2] 0§ saqrjoad
e Shpdl e

.
‘
1
{




e ey

A

ey ey

S

RPN SN

-.-..L~--.<_._-—‘



23

results is gocd excert at 7.79. The potential core is still reasonably
large et x/R = 7.79 ard according to the enalysis, it extended down-
strea= to gbout x/R = 20.

Figure 7 skows typical velccity profiles for & nozzle Reynolds
nuzber of 202. v/v;_,gx is plotted egsinst y/R for x/R = 0.5, 2.5,
and 6.0. The zzreemeni betweer rezsured end calculated results is
agein very zccd. The potentiel core extends downstream to about
x/R = 6. At =x/R = 0.5 and 2.5, there is a reasonably large region of
urpiform velccity. It sktoulé be neted that at Reynolds numbers of ebout
200, a converticzel recibonred nozzle would be nearly filled with

boundary leyer &t itkhe nozzle exit.

fu

Figure 8 stcws the celculeted znd reasured flow field data for a

nozzle Reymolis nurber cf 1CO. v/v‘ is plotted against y/R for

LCex
x/R = 0.5, 1.0, and 2.5. The potertial core extends downstream just
sligrtly beyond x/R = 2.5. At x/R = C.5 and 1.0 there still rerains
a reletively large zrez of uriform flow. B
Figure 9 shows the velocity prcfiles for a nozzle Reynolds rumber
£ £0, the lowest Reymolds nurber &t which flow surveys were nade.
v/vmax is agein plotted versus y/R for x/R = 1.0, 2.5, and 5.0.
The potential ccre ex*ends downstiream to only ebout x/R = 1.0. The
calculeted results, which ggree with the data very well further
dovngtrea:, indiczte that ithere is 2 large region of uniform flow
-
Juét downstreem ¢f tke nozzle. For exa=mple, at x/R = 0.5, the

calculated results irdicate that the poterntial core extends out

radially to y/R = 0.5.



2L

g = om b

STV LT o1

w wmﬂ«o .& bﬁ

Tl i

20704 oY%

SUEMPENDE P

~em =~}

B e e A e

| S o

S polottwn) (aSuius SRR B

=

[ e

SRR SN
SE, u

¥ 'S N NI 3GYW

NIPPA P AL EAN

ITIIIEE R L

HNE R I i1}




B Br iy b
A

St SRS

P BRI |
oy I

i

¥
ar

o -
sa[yoad L3100

i P B

_ ~w> .wﬁnwo N

-"8

o

RO SO

SNy SRR SUUR SN VRN USUTS SRR S

==

b — b e

| IS WG G

—
=

TR

jrm ——

e —
b

ot

g o

b e} — b

v 'S ‘"N NI Javw
NIZI0 CLwW ‘ifv) A

1™t A-Badid ‘a°h b FAd W AL




IR R A A S R M trme o B ECEER I SRR e ._
JI0J moaoaa bﬁogg 912ZON -
_A:_ ; .LA_. H » ' i

MR
i H

i
H
'
\
.

[y TR pas)

.‘\

PTG Su

b L

=

IPUPUSENY AUUNINE SR

L

PR Sup

F— e
F——-

b— - -}

v 3 . o
v 'S ‘N NI 3avw .
Q1270 SCYW N0 1N FIYYIE °0vis MY L AL ¥ Nt




;27

As mentioned earlier, the agreement between the measured and
calculated results is very good with only a few exceptions. The
agreement would probably be even better if it were not for two prob-
lems in calculating the flow field. The first problem is with the
initial veldcity profile whicﬁ is used to start the flow field
calculations. It was assumed that at the nozzle exit the velocity

'vas uniform across the entife nozzlé. At the edge of the nozzle,

it was assumed that the velocity made a step change to the value
agsoclated with the background gas. However, the data indicate that
'tﬁe velocity was not quite uniform across the nozz;e, especially at
“the higher Reynolds numbers. These errors enter the calculations
"and produce & large part of the discrepanciés.

" ""The other problem is in the valué of velocity uéed for the

fbackground gas. The computer program which was used for these

calculations is designed to handle either the flow field of a Jet
or the wake flow behind a body. However, wake flow_calcﬁlations are
its primary function. In wake caiculations, it is very logical to
. nondimensionalize the velocity in the wake to the external flow
'velocity, u,- However, Fhis precludes calculating the flow field
:of a Jet flowing into ;ffluid at.rest sinée ue would be zero and
;the nondimensional velocities would be infinite. This normally would
:not'be a problem since u, may be made arbitrarily small, and, as Pai
[7] has shown, the solution is not overly semsitive to changes in u,.

'Hovever, for very low nozzle Reynolds numbers there is an additional

problem. The numerical calculation step size is based on the Reynolds
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-number of the external flow. At low nozzle Reynolds numbers, small
?values of u, produce prohibitively long run times. In this

- study, u, was taken to be 5 percent of the jet velocity for all

calculations. This produced reasonable run times without introducing

%- The primary effect of u, is to change the Jjet sﬁreading rate.
éThis effect is shown in Figures 10 through 14. The 0.5 velocity
'radius (value of y/R at which v/vhax = 0.5)}is plotted versus x/R

for Reynolds numbers of 1000, 600, 200, 100, and S50. The 0.5 velocity
radius is a measure of the jet width and its change in the downstream

direction is a measure of the Jet sprea&ing rate. - These figures show

that the experimentally determined spreadiné rate is greater than that

i-calculated using a value of ug which is 5 percent of the jet velocity.

l
i
i

i This is also what one would expect intuitively.
At nozzle Reynolds'numbers of 50 and 100, the nozzle velocity was
100 ft/sec rather than 200 ft/sec which was used for all the other

‘ tests conditions. In order to determine if this change had any

i affect on the results, flow field calculations were made for both

i 100 ft/sec and 200 ft/sec velocities at the same nozzle Reynolds
‘number. The nondimensional velocity profiles were identical which

indicates that the mixing and spreading of an incompressible Jet is

a function of only the Reynolds number.
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CONCLUSIONS

1. The porous plate nozzle produced a reasonably uniform
velocity profile over a range of Reynolds numbers from 1000 down to
50. This contrasts with a conventiénal contoured nozzle which would
have a large boundary layer at a Reynolds number of 1000 and would be
complétely filled with boundary layer at Reynolds numbers on the
érder of 200.

2. A conventional boundary léyer type analysis was sufficient
to accurately calculate the Jet flow field for nozzle Reynolds
_numbers as low as 50. .
| 3. The calculated mixing and spreadiné of an incompressible Jet
\ hissﬁing into a medium at rest was a function of th; Reynolds number
:only. Calculations at the same nozzle Reynolds number but different

;velocities produced essentially identical reéults.
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