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' _ ’ ABSTRACT * ~
EL SAYED ALY, MOHAMED NEZAM

- )

A STUDY OF AXISYMMETRIC SUBMERGED
. " - SEMI~TURBULENT JETS -

“

~

The region near the nazzle exit of free jets is of
interest to designers of fluid control énd"free jet sensing
devices.

-

1

"An experimental investigatibn of an‘axially symmetric
semi-turbulent jet has been carried out ip the region close
to the nozzle for jet Reynolds nﬁqbers of 2937 and 1072. .
- _The experimental results are compared w;th éolutions based
on‘Schiichting'é classical method (l}\Abramovich's methbd

{2} andwith the solution feported by Hinze {15}. .

It is shown'that Schlichting's solution does not give

accurate predictiog; within 1 to 21 diameters from the nozzle

even after the expression for the virtual origin has been

\

adjuéted to correspond more closely to measurements in the

‘3

far region of the jet. Abramovich's solution also does not

represent the predictions of the velocities withip 1 to 18

diameters from the nozzle. Better agreement is obtained with

Hinze's solution when the virtual origin and the kinematic .

n

'viscosity are~adjusted to intermediate values beﬁwéen laminar

AL and tpfbulent flows.

- @ _— -
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INTRORQUCTION . .

~

The region near the nozzle exit of freg jets is of

interest tawdgsigners of fluid control and free jet sensing @
elements. ) S . ] -
. ‘ -~

w v o

Previous studies have dealt mainly with laminar and -

L™ : ! ’
L3 - v

turbulent jets. To date little work has been carried but with

A

semi-turbulent jets with‘Reynoids numbers between 1090 and -

. N & -t

3 . ¢ N
L
o . . °
1

The present work is an experimental investigation of an

3000."

-~

axisymmetric sem1 turbulent 011 to-oil jet issuing from a

. long. tube in which the flow is fully developug,
. .o ’ N
The objectlve of the studyfis to establish to what

~
eftent exlsting soluéﬁons with the virtual orlgin expre551on

cap be used_to predict the'semi-turbulent.jet characterlstlcs.l‘

. R q . - * -

T e o Sl Rt T
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300", C N . ‘ % o

| ) ’ : ey '
R ™ . y: p. .
1.1 Jet Ezeeg . N?Lw , . »
g4 N - ' °

The" flow characteriytics of a jet depends upon the-exit \\

¥

Reynolds number, and on e velocity profile at the nobzzle,

exit_‘.... m J"

R
Reynolds ‘{9} observed that "for fully developed pipe flow

. T

in the, nozzle, progressively longer laminar jets oan be . -
I3 . - 8

maintained as Reynolds number increases téwards 150. /péf
h;ghe& Reynolds numbers Stlll longer sxmple Jets can ex1st,

but a complex breakdown can also occur w1th a reductien in
-~ J
1ength of the simple jet as Reynolds number increases towards

"y
\\

o | .. 3 /‘

McNéughton and Sinclair {11} gtudied the problem extended

to higher Reynelds numbers and they 1dent1fied four ma1n types

. . - vd
“of~3ets. ’ o ) : .
: - 1 A
» a - dissipatedflaminar jet {(Re < 300 approx.)
» «
» b - fully laminar Jet (300 < Re < 1000)‘J,
- ’ -« 4 .
e - semi turbulent ]e§ (1000 <Re < "3000) \
] ) - fully turbulent jet (Re > 3000) RS K/

! ? . , ,
They noted that the distance between the nozzle exit and.

“~
©

the location where the jet breaks up into turbulence decreases::.

- Tooe

_as Re increases from 300. . - : A

. L}
. . . -
v

"

The Reynolds number range defining the different types of

. e .
jets is affected by the external conditions such as vibrations

.
2 . . ’ +

and acoustic interference.
- -

v
e N et o ke Wi, T A AT b S P 2
-
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l.;-’Laminar jet break-down phenomeﬂcﬁ“'fioy T

A

which cayses the lamlnar jet ‘break- down\?henomenon.

The or1g1n of the dlsturbances is the fregeseshear Kaver

i

s 0 F

’ M r~-
a_‘ . # ’}/ "
The shear layer is unstab e to infinitesimal dlstur nces

at almost any Reynjﬂds number greater than -a q;xtlcal value as

soon as a point of 1nfl§xld% a rs 1? the veloc1ty proflle

The ¢ritical Re?nolds number fis obtaineﬁ from hydrodynamic

stability analysis of the laminar~jet. ' . ~
k. - . °

L . , ' : “

"o eﬁhplnt of 1nflex10n exists in the flow 1mmed1ately after

it gains energy

elly forces ‘the jet to follow a

grq@uqlly transforms 1tself“
< s L3 R

¥ortex ring&%arm around t¥a jet.

finally break up \to sma disturbances further down-stream and

\

¥ - .
transform the jet ¢*a turbulewnt one. |
The jet will break up earlier %t hidhgr—gzthlps numbers.

I -

‘McNaughton and Sinclair {11} found that the transition occurs <
' ' ! ¢ e R 2
at Reynolds number @qual to 1000. .
- « / A .
\.\’ . \ \/ I - . ‘.

stain =~ -

The /;;\ﬂ

*,
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. : CHAPTER 2 '

—_ ‘ e 7

' 'EXPERIMENTAL WORK ' ';3
f . ’ 'h . .
2.1 Axlsymmetrlc turbulent jet flow system ?

A schematic diagram of(‘%‘he\oi'l sflow system used in the

experiment is shown in Flg. (1). The flow supply is derived

1rom a pump. Outflow from the pump is manually regulated by

~
{
two needle valves, main and bypass. Any irregular flow pattern

caused bys the valves is smoothed out by an aluminum set{ling 3

chamber (8 in. dia. X 3 ft. long) positioned immediately down-"

stream of the main valve. <

n
v ’ rd
! N + '

The &ozzle at the outlet of the setting chamber consists

“of a conyergem:\eection ahd.a circular aluminum tdbecp.BZA inch
I.D. X 3 ft. long). The tube lengtd satisfies the condition
% e 0.03 Re up to Re = 1600 for fdlly developed laminar flow
reported by Schlichting {1} and % =.25 ~ 40 for fully developed*Q

)
o r e s i N S R o o NS

turbulent flow through pipes reported by J. Nikuradse {14}.
’.d
o Efflux from the nozzle emerges into, an.o0il- -filled, open
steel tan to form aa ax1symmetr1c submerged jet. E )

.

The tank is 4 ft. wide X 4 ft. hlgh X 5. 5 e long and has

“

the capacity to contain 665 _gallons of 011.
N\

A screen made of pressed animal hair (commonly used for
- packaging) sandwiched: between perforated aluminum plates, is

located in front of the overflow weer to disltribute the flow

- ¢

evenly over the tank cross-section. ‘ T o
¥

»

N
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' 2.2 Velocity measurement apparatus ' | [N
*’ . - S

" A three-directional travé}sing mechanis@ fo; velocity’

. measurements is mounted above the tank on machined tracks fixed
to'the's;de plates of the tank. A transit anmd cathetometer were .
used éo align the 1raveréing ﬁéchapism.with the axis of the

circular tube aed td ensure that the three traversing directions

are mhtually perpendicular. N

The traverszng mechanlsm .is equipped with a probe holder ot
havmng a 3/4 -in. dla. X 4- ft long alumlnum tube extensxon to )
‘ protect the eleqkrlcal cable connected to the hot-film probe
‘ from the oil, ‘Measuremeﬁts of the velocitieés parallel to -the
~ axis direction ére taken with é hot-film probe (DISA type 55 R
36) which iskclamped in the traversing mechaniém‘and which can

‘be located at any point in the jet flow field with a maximum

posit;dn error of *0.06 in.

The probe is used with a DISA type 55 D 01 constant

temperature anemometer and readings are taken directly from a

e . . e

S d-c voltmeter which has an accuracy of 1.0 percent full scale"

.

' in the range of zero to 20 volts. C N

. ¢ o -
\“x The. range of probe measurements is: ’

’ “ -

* . . » . «

Minimum velocity *0.033 ft./sec.

Maximum velocity ‘ 82.5 £t./sec. .
- ﬂ L]

—
e * .
M% mﬂ‘ A't PR
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4 A f

In order to ensure steady state operation, readings are

_taken -after 10 minutes of system, running forx each experiment.

The probe is located at 0.1875 in. from the nozzle exit,
the menual“valves,are‘controlled to get the .anemometer outpqﬁ
tQ correspond to a particular value of Reynolds number close

to the upper limit (3000) for semi-turbqleht jets.

" The output of the anemometer is observed’ for 2 minutes,

L

the valves are adjusted whenever necessary to maintain the

required value of Reynolds number. The probe is then located

at one nozzle &ihmeter from the nozzle exit along' its center-

line and the first reading is ‘taken at-the jet centér—line.

. ' ' 4
o . »

The probe is relocated.in'the radial directfion at 1.75 in.

. above the center-line of the jet and a total of 15 readings are’

taken at iﬁté;vals of 0.125 in.lmoving from the outer region

towards the jet center-line. Readings‘are also taken in

. . 13 . g ) .
sequence at 15 locations below the jet center-l;ne to obtain -
the full jet profile in a vertical plane. '

The probe_is then relocated at each of the stations—along
the center-line of the jet‘and the previoué ﬁrd‘ ure/ is-
repeated at each of the statlons up to the statio = 24d P

~

from the nozzle exrt to complete one set of readlngs at . the

specified Reynolds nqmber. . ' —_ B

‘ . .o b v

-

The' probe then is’ located again at 0.1875 in.  from the
nozzle exit, the manudl “valves ar® adjusted to get a‘second

value of Reynolds number close to'the lower Reynolds. number of




1000.  The procedure is reﬁeé;ed to get the first sget of

réadings at the second value of Reynolds number. . .

3
. s 3 o
- . f

‘Thus, readings are 'taken from one experlment for the

two values of the spec1f1ed Reynolds numbers. ' ‘ . -

,

o The previous experlmental procedure is repeated tw1ce ' ;o0
agaln to get 3 sets of readings for each of the Reynolds

nqmbers (2937 and 1072). . .

»
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2.3 Hot-film probe calibration . « ‘ - .

N,

The hot-film probe is callbrated by 1nsert1ng the ofobe
in an oil Jet issuing from a 0 5 in. dla. sharp- edged orifice

in a constant pressure tank (4 in, dla. x 3 ft. Llong) - ,/. L

-
Y

/

0il is dellvered to the constant pressure ‘tank by a gear "
RN
S

pump‘dﬂiven by a variable speed otor and the pressure in th
tank can be maintained at differ evels\by adjuisting the

circulation rate.

. = The system provides oonstant jet velocities from 5 to 40
ft./sec. The velocity of the flow is verified by means of the-
pitot tube equation. ' o _ o

s y=c(2gR (88— -1 ). - (2.3.1)

The velocity coePTficient C is taken as unity

~
- /. T
==~ - The jet becomes unsteady at low flows and reliable velocity

calibrations could not be obtained in this system at velocities

[ . . - [N '

less than 5 ft./sec. ‘ , 4
Callbratlon of the probe at velocities from 1 ft. /sec. to

a § ft. /sec. s\carried out in a jet issuing from a 3/4 in-. dia.

\\ sharp-edged oxifice in a constant head tank.




!
‘ /17

o Thé jet velocxty is falculated from:

= C (2 gh)

» (

3 .
ro ‘ ‘The velocity coeffigient is 0.98 for an orifice of the
. ST 3

' , type used:” | ' -

(2.3.2)

N—

S The heat transfer from a quartz-coate§~£}2ﬁ(;;obe in a
' , ElowW’ fleld lS governed by laws of natural convection, forced
, " convectlon arid heat conduction to the £ilm support. The

E)

anemo@etef output voltag E‘Egﬂ;elated to the flow velocity U

by the foliowing equatigns: - g ‘
. N i Y
E* Sy .= \'\ss + 8§ U%.S . \ ' . (2.3.3)
N ' ’ .
. Y ’
where . - N - v ¢ ) .
s; &8sy (a) . | S L (2.3.4)
) \52¥; s2 (Kg, Cp, wu, K) \ c (23,5
e o . e B __— -
Sy = 83 (Kg, Cp, u , K, p,s b) | | L (2.3.6) o

4

Each symbol is defined in the Nomenclatire

-
.

For the hot-film~pr6be used in the stﬁdy with constant

‘tempe;eture; the preyious'equation can be simplified te}

Ez. = A + ,§Jﬁ./k ' A "\ ' Y ' (2-?07)




- - lB -

The coefficients A and. B depend only upon the operating

overheat rgtio of the film. From the present test at an oil -
AN : \ '
temperature of 70°F the values of A and B are evaluated (by

the least square fit method) to be 44.16 .and &7. 55 respectively

L

for an overheat ratio of 0. 6

N .-
. PN ) . -

[

Y

The probe is not calibrated at low velocities less than
1 ft./sec. and it is assumed here that the equation holds in

the low velocity regionm I {‘1

&
4

Fig. {2} shqwsvtﬁe velocity profile at the orifice and

-

Fig. {3} shows the calibration curve ‘for the hot=£film probe

i,
used.

2.4 O0il viscosity measurements

The oil used in theaegﬁetiment is F§XAM~40[ an industrial

lubricant oil processed bf Esso-Imperial Oif Ltd., its kinematic
viscosity is 0. 0005 ft /sec.léiﬂjng and its specific gravity

is 0 872 as supplied by the compdhy. 4

0 'The viscosity‘is measured by means of th;7saybol viscemetet
in accordance with the method approved as ASTM standard D88-53.
The saybolt viscometer is of the efflux type where a fixed volume
of‘fluid is discharged thrpugh a short tube during a measured

. time interval. The resulting time st for 60 cc of fluid to pass

. t:rough at a given tempefatute is called the Saybolt Universal ’
Viscosity* (SUV) in seconds. Kf:ematic viscosity conversion from
saybolt universal second (SUS) to a uﬁit in the British system

-

is obtained from .

«




. .
Ve b

) . A ' _ -3
v (ft.z/sec.) = (2.37 X 10° ) t - 1.94tx 10
) D>
o . S . .
An expression deduced from ASTM standard ASTM D445-53T

(2.4.1)

8

and BWSTM D446-53.
- R o, ’
© The kinematic viscosity of the oil in-SUS determined

experimengflly is shown in Fig. {47 as a function of the .

temperature. ,

¥

The measured value at .room temperature is less than the

- LS

\value given by the supplier. For example, an oil temperature

»

‘ of 70°F, the kinematic viscosxty determined experimentally,

is 0.000444 ft. /sec. as compared to 0. 0005 ft. /sec which
is about 11.2% less. The experimental value was used in the
theoretical prediction of velocity distributions of the

axisymmetric oil jet flow. <

The measured value of the o0il specific gravity'at‘room

temperatyre is 0.8625. - ' %5

[R)

¢

v
\\

2.5 Accuracy and reliability of velocity readings

I
1 ~ 1

The accuracy of velocity measurements depepds on two

- factors, one factor is the accuracy with which the probe location

" can be determined and ‘the other factor_is the accuracy with the

.
probe measures the velocity

J

The positioning error causes the maximum velocity error
where the velocity gradient .is greatest i.e. at the nozzle

exit. The error is of. the type arising from the probe width

v

LS

Q”“P




(0.0397 in.), which gives an average value of the velocity in

A}

the field instead of a point asurement, and the probe locifion

error (¥ 0.06 in.). ' ‘ , ]

A .\ )
LT . Considering the value of the film width, it can easily
| be shown (4) that -the error is given by’ v
\ :

b U __ 4., b2 u

To =-3 (7 & - o (2.5.1)
. ! & Substituting the known values of b = 0.0397 in . and

. d = 0.824 in.,, the error is found to have a ‘magnitude of L
i *' ) -
AUy =~ 0.076- ,

Uo . Q"v

4

. A ) .
B an order which is negligibly small. The velocity readings

]
3 can therefore be considered as point measurements.

1

; * The positioning error is a more predominant factor in

the experimental work. Mispgsfement of the probe\by a few

thousandths of an inch, in a region where the veldcity gradient
is high, can result in fairly large discgepancieé between

measured and predicted velocity profiles. The_magnitude of
this error (4) is given by\’ ’

.

AU, .= = 8Ar (5) Y : (2.5.2)
U d

0 :
. =5 ~ *
. The steel ruls\fz/fgg vertical traverse has an accuracy

. +

of = 0.06 in. Substituting this value for the positioning

error r and puttiﬁg r= d/2 in., the error is found to have

. ¢ i
“  a maximum wvalue of ‘ / ! |
Y Q )
U2
N

4 t:]—_

ke T Mg L. tame wEe




_be deduced from the following equation:

"21"‘ "a

\

which is migh in view of the actual velocity magnitude near
e _nozzle wall. Therefore, extreme care was taken during the
experiment in posmtionlng the probe. ; > '

During each experiment{the oil temperature was found tog'ﬁ

vary not more'than £3°F. The operating overheat ratlo, a, of

th probe had an error ‘given. by '
Aa = tyAT ) . . . (§.5h3)

~

For the DISA 55R36 film probe, the film has'a temperature
coefficiefit, y = 0. 0&3 ( °c)"! . "he errorpga = 0.005'is
small compared to thé»velue of a = 0.60. Henee.the coefficients
A and B in Equation (2.3.7) should remainvprectically constant
for each test. However, the numerlcal v?lue of B could have
an error, arising from al misinterpretation of the slep# from
Ehe calibration curve.

The magnltude of the accuracy of the velocity readings can

4

2 - 2. -‘ NN
puy, = AEE =B pp . ZAEZZ B a5 (2.5.4)
B N B( -

whi wqe obtained by differentiating"Equatlpn\(2.3.21<<\;

It is estmmated that AB = :0,2 with the accuracy of the
digital voltmeter AE = £0.01 volt, Equation‘(2.5.4) becomes

o~

\ =
. AUyc= £8.766 (100 ) E(E - 44.16) £1.2877(10°°) X
' - 44.16) ) S (2.5.5)
) . s~ D
Equation (2.5.5) shows that the accuracy oﬁ U is dependdnt ‘
on the value of E. . ' . . )
s ) . } : L

' 4
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- 22 - o o
»

-

For the velocity .range under tnvestiqg&%bn, the maximum
= . Y
value of E did not exceed 18.40 volts. Therd€ore, AU,

has a maximum value @f 0.048 f.p.s. and the accuracy improves

i . L

as B decreases. x

o

‘v a -

¢ - ‘ B
From the tabulated readings (Appqgiix 1). We can.see that

-~

'% N kY 4
<« the center-line velocity at the nozzle\ exit is the samg\in the
' . hd o
/7 .
three different experiments for each value”"of Reynolds numbers

‘\ -

-
of 1072 and 2937. , ' /_\/

® .The velocity readings are slightly different at the same

H

— .
point for each experiment in the down-stream direction.
- - v \ L
Appendix 2 gives the average velocities and the maximum

1 P

3

percentage deviation from the average at .each point. ;
. . Va T

- -
? For example; forRe =2937 at the nOﬁgle exit, at the station

4

xA = 1,) the maximum percentage deviatio

r/d = in‘is 0.0%, while the 'maximum percentage deviation *
. : - Oy
© at the@M= 1.25 is 7.28. o -

' M

at the pdint

d 9
i “At the station x/4 = 12, the maximum percentage deviation

of the point. r/d = 0.0 is 2.9%, while the Maximum percentade

4

~deviation at the po}nt r/d = 1.25 is -3.9%, o g

o

E At the station x/d = 24, the maximim percentage deviation

- at tﬁe point r/d ='0.0 is 3%, wi%le the maximum percentage

®¥yeviation at the point y/d = 1.25,18 9.9%.

| | | <
+ - .
o .
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L i B .
Ve . R . v
a - \ Inspectioni’'of .the’tables in appendix 2, -shows that ; N
. ‘ - s . C ‘
k " by ‘increasing the distance from the‘nozzle axis, the maximum
LA ’ , - \ _
{ L percentage deviaéaon f:qﬁ{::e average is increased, and, by -
~dec:;,,eas'ing‘the velocity, t maximum percsntagé deviation \ T s
» , , ‘
’ from the average is increased. . ?

. . a . . )
* "f . , . M
. "This deviation is.due t

he vortices initiated by the
\

. ¢ jet velocity inside ghe tark. So, extreme care was taken

during the experi ts to get aécura%k feadings and to use the

average value fr /{he three different eXperimentg for each

- Reynolds number.

4

P -
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) CHAPTER 3

: ANALYTICAL SOLUTION FOR SUBMERGED JETS -

?
{ _
‘3.1 General I ‘
Leéneral

’ ’ ' B

: A submerged jet issding from an orifice has a uniform ‘

starting velocity profile. For such jets, there are three

N4 . main regions, See Fig.(5),” for turbulent jet.
! ' ] \ . ' 4 ' -
. The initial region has a mixing boundary layer :.on the
" rQutside and a‘potential cdfe along -the a#is in which the.vel;city
) remains CQnstant.\ This is followed by a developing region where
the axis veloc1ty d creases wikﬁ the dlstance from the nozzle,

AN ¢

the veloc1ty profile changes(from the original shape, and tends
% L3

BN
to become geometrically similar. 1In the fully developed reglon

M
? the profiles are sxmmlar and the . axis veloclty decays lnverSely

T~
.+« 'with the dlstance from the nozzle. ) \
’ - - \
’ () For a jet issuing fqu a nozzle or a plpe where the flow

‘5 .18, partlally or fully developed the three regions can not be
Y

clearly separated. Previous studies {1} with low Reynolds

~ -

number jets (Re < 300) having parabdlic starting profiles

*

confirm that the axis velocity starts’ to decay at the nozzle

exit and the flow becomes fully developed at about 3 = 20.

Iy
B NN

¢

C1a531cal solutlons based on the assumptlon of™Pp of;le
similarity and a value of the virtual orxgln given by

o . gﬁ‘é 0. 005 Re»glve reasonable predictions for % >9 but _

.

inaccura;e for 1< 5 <9 T \




For turbulent jets the

-

Abramovich {2} uses a' jet structure coefficient, a, to

ermine the core length, x, from the empirical expression

0.67

’

t
. N 0X _
: d

~

.. Typical values of a are 0.076 to 0.0gﬁ for turbulent flows

beyond the initial region the jet axis welocity decays

The following section compares measured velocity dis-

i

developed'}egions.

Classical sbélutions in the initial reéioﬁ.apply to jets

a . LIN

, are more uniform~and a core.

LY

o . .
whicthive corresponding core lengths of

{

locations are geometrically similar.

region exists.

fully developed starting profiles

. N\ \ .
on the shape ef the starting profile, the degree of turbulence

of the flow and also slightly on the shape:of the nozzle.

X

d

hyperbolically with the distance from some virtual origin and

the jet width ihcreases linearly wlth_phis aistqnce.m

~are based on the assumption that the ve ocity dt different

only satisfied in the fully éeﬁeloped rﬁgion (—%— >20) and the

purpose of the present study is to determine the limitations

issuing from orifices where the starting profile is uniform.

The core region

4.4 to 5.0.°

occupies approximately the first 4 to B8 nozzle wid&hs; quending

tributions beyond the core region with classical solutions whi

condition is usually

=
on these solutions in the region between the  initial anﬁ’fully

'

-~

o s L p—— o 1 e i,




o
’
o »

. | t In this_study the stafting profile is fully developed

*and it is expected that the velocities will differ from the
classical boundary. layer solutions.. The present study is

» . . - F_ R -
therefore con{&nedmto comparing the measured profiles with

X

L " ' existing solutions in the-region -3-> 4 to 6. -
~ . ©3.2 Schlichting's solution {1} ' .o

¢ - e ih A

Schlichting's solution for free turbulent jets is‘based

. '
»

on Prandtl's pypothesis for shearing stress.

This method can be éppli?d only for the fully developed
(main), region of the jet. \ '
p

/ e
. 'The width of the jet is proportional to x and the center-

line velocity is inversely proportional to x, thus the virtual
J ™~

kinematic viscosity becomes: ..

[y

€0 = constant . ‘ \\

-

\‘

This means that £, remains constant throughout\the jet.

o

. The differential eguation for the velocity distribution is
. =%

identical with that for the Lgmiﬁhr jet, and éhe kinematic
* viscosity v of Léminar flow i? replaced by the virtuélﬂ :

- kinematic viscosity €6 of turbulent flow. -
4 . !

y . -~ - It is therefore possible to carry over the solution of

the laminar jet case.
LY -

v [t3

~




The ciassical similarity solution for the velocity '
/
component u becomes

v

3 J/p 1
8 eox! (1 +0.25 n2)2

o

P

where:

). (3.2.2)

-
'
-

n - (3.2.3)

e

-—gZ-L is an empirical constant.-
0

According to the'measurements performed by *H. Reichardt

the width of the. jet is given by:

-

- Bs = 0.0848 X - T o e = 0 semiee (3.2.4)
' wheréhb.; is the half-width at'half—depth.
‘Alsc; %emhi&e
‘ “~ . «e . . L ‘
b= 5.27 x =2~ - . , " (3.2.5)
oY oo
Hénce: 'tixe empiricé.l constant FJ-;L =Kk = 0.01,61 .

v Al .. . : L e

_—7The constant momentum flux of the jet in X direction

is give by: L o _ " o
» : - R , e S ~...E»

Q

Fulb= 2pn f u? rdr . ’ (3.2.6)

v

The linear mome?tum flux at the nozzle exit in the x
direction is: '




A s oot -

-
g |

The velocity varies over the section, then the true

average flux of momentum is c ) *
1 d 2 ) ,

®

ry

- 2 I )
) F = Bp Um‘ T (3.2.?)

The momentum correctionl’actor B =1.03 - 1.04 £6¢

turbulept flow, and B'= 1.33 for fullxydeveloped Laminar

flow {3}. g ' o .

2 “

The velocity profile at the nozzle exit (turbulent pipe
\

flow {1} can be representéd by tﬁéﬁempi;ical equations

where n varies with Reynoldé'number -
i , ‘

Thé value of the exponent n = 6 is used to calculate

the mean velocity at the nazzle exit.it Re = 2937.

L

At Re = 1072. “The mean exit velocity is aséﬁﬁed to be

60 percent of the maximum exit velocity. :

¢
-~

“Phe value of the momentum correction factor is assumed

to be 1.04. S N

u - =, 1/n .
T (= , 3 (3.2.9)
o »
2 - REE .
by 2n° » ©(3.2.10)
Uo (n+1) (2n+l) : 4

-
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\ -"29 - e T b ‘
SAMPLE CALCULATION‘S?WITH Xo = 0. (Ideal virtual origin)
\ . T ‘ .
. s i N .
. 1. Re = 1072
. N
'U,= 6.93 ft./sec. oo
p = 1.67066 1b.sec?/ft." - SR
d =0.824 .in%" . ¢
Equation (3.2:8) . ‘ , "
ol e . \ NN B . CTo e
’ , AP Lo e .824.2 | -
J = 1.04 (1.67066) {4.6.X 6.93] &3 <
"L im0~ S, A
* - - . h»_.J " OA'S
. €p'= 0.0161 .(0.111. /1.67066) .
) = 0.00416 .ft.?/sec.s
- -0 . . ot ;.
k S Axis velocity . ' e
B x/d =12  x "% 0.824 ft. (Equation (3.2.2) ) :
o . Equation (3.3.1) ) . | |
, e e _3--0.111 _  /1.67066 . -
- . U= 8 0.00416 (0.824) ' : A
; Ve ' /’:\ .

ug .2.3187 ft./secl. . >
7 * . a
4 . . s '\ ‘.. ) .

© Jet spreading: - (2 ‘ ) : - .

' r/d = 1.213592' « r = 0.0833 ft. N
. - . - ‘. '
‘Equation (3.3.2) ’ . . . B o, ’
/AN y3, 1 0.0833 ' o
n 'z%"mﬂ-*w ‘ e
= 1.5345 s -
A Equation’ (3.3.1) SN
o u w3 0.111 ' /1.67066 ' 1 -
: . BT ' 0.00416 (0.824) + 0.25 (1.5345° 17)?
. 0.9186. fé:/secuy ’ ' ‘ '

" -, < g “ !
’

k] -
P U AU

""""""

. ‘) - ’

N



2937
18;99 ft./sec.
'1.670 66 1b sec ¥Yft.
.n==6 ‘ -
d =0.824 in.
Equation (3.2.1Q): «
=" 2 (36) = 0.79121
Uy (6+1) (12+1]
Equation (3.5;8)
F ='1.04 (1.67066 (18.99 X 0.79121)2f { 0.824)2.
: : T T 12

-

= 1.4525 b,

_ Axis velocity:

€o= 0.0361 ~ (1.4525 /1.67066)°.5

= 0.0150 | . £t? /sec.
Equation (3.3.1)
3 1.4525  /1.67066 .
"ETET To.0150 X §{
6.9134
=K . : ' T

at g = 12; x”=0.824 \\/’E;;ation (3.2.2)

Al
’ ’ L
' o

y 6,9134 _—

U = o(s24

-

=, 8.390 ft./sec.
-




Jet spreading

Equation (3.2.3)

R R
‘= 15.1739 o | p
: ’ " x/d =12 . "x"=10.824 ft. eq;ation (3.2.2)
/7 n<isas0 r N RN
r/d = 1.2135 - {1.0\11{. = o.os‘33 ft.

_ Equation (3.3.1) _ ,
' we 3 1.4525 ' /1.67066 / 1 .
BT 50150 (0.8 (0.824) (1+0.%% (18.4150 17%)*?
8.390 '
(1+0.25 (18.4150 X 0.0833 )7 12 :

= 3,324 " ft./sec.




hed

3.3 Abfaxév\ich's solution {2} ,
1 ’ ’ C

This method has two separate solutions . for the initial
and the main regions of the turbulent jets.

The initi%al region: . .

The center-line velocity in this region is considered to
be constant and equal to the exit center-line\velocity of the
Jet. T —. i

The boundary layer velocity profile is given .by:

-#0—=.2nl-5_n3 (3.3.1)
where‘
- rey2 - .
n = — .
NI £ _ (3.‘3.‘2)
I .. ) ) . .
yi= R ( 0.112 (EEJohy 4 g0015 (X Foh) (3.3.3)

N R .

o y,- Y, - ‘

XtX oph = 0.27 (3.3.4)

The meaning of each symbol is defined in the nomenclature. -

4

The values of %, , % and x are given in graphs as

functions of the boundary layer thickness.

-
-~
e




N

< T R TR

R

' nozzle is at-a dimensa’onless distance -from the exit equal to

-

The Main Region:

The axial velocity in the.down-stream part of a round

jet is given by: J .
Unax = g,96/ 2 X . : 3.3.5
R = 0.96/2— , o339
where
X=X+ X, R - '
o . ) .t
a= 0.076 ' .

-

For an equilibrium turbulent velocity field.

. N . -
L3 . L4

' The’ location of the‘“pole of the maifl region imside the

oo

..93_1.13.(_0..—_ 0.29 . (3.3.6)

The velocity %omponents at different points of the
< —~

transverse cross section is given by:

Tiﬁ;;ﬁ' - _z_g_ ( : ,(3'.‘3.7)
where | N
o 0om — , (3.3.8)
and e S \

N N -
2:7=0.25 (3.4~ ¢)% - 0.037{3.4 - ¢)° -
0.004 (3.4 -¢)"- 0.015 (3.4 -¢)° -
10.0173 (3.4 -9¢)° + . (3.3.9)

&




W

r . - 34 =

4

This main reéibn'begins at a distance equal to xn

from the nozzle exit.

v

Equation (3.3.7) is given in tabulated form.
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Sample calculatibns

Initial Region:
axis velocity:

jet spreading:

—gtation -3 = 1 x = 0.824 = 0.0686  ft.

d

P

r = 0,0 ft. wir.t. 43 surface

r = ‘0.0’3433 ft. w.r.t. center-line

Xqn = 0.0686  ft.

y; = 0.93433 (0.112 (2:08%8, £ 0.0686 ,, .
-

2
0.0015 (—0:0686 + 0.0688 2,
0.03433 >

= 0.0162 ft.

S

_ " Equation (3.3.4):

b od

y2 = 0.0162 =~ =~ 0.27 (0.0686 + 0.0686 )

~

= - 0.02087  ft. vi?

~

Equation (3.3.2): 5 .

N 0.0 +0.02087
», © 09,0162~ + 0.02087-

= 0.5629

-

. Equation (3.3.1):
i o [}
u « 1.9
ﬁ:'" 2 (0.5629 ) -~ (0.6296 )
: . - v
. ='0.666. B

LI

' | . SN
Eguation °(2.3.3) -

’
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l -

. dr’//’\ ,
. Main Regidn: o

begins at X .31

~

d ’ .
,//// " Equation’ (3.3.5): ’ '\:\"”~’_;y/ o
Unax & 0.96 (0.824y °
Uo 0.076 (2) (12) x’ "
- 0.433
. x -
Equatién {(3.3.6) ¢
.x = N 00824)“
o= 0.29 1337 (0.076) -~
o = 0.131° ft. . '
& >, , N
For -‘3;- =17 X = 0.824 ft.
\~—§— = l2’;f371 = 15.1 actual X = '0.824 + 0.131 ft.
\ . . ' ,
Umax _ 0.433 . . '
.. TU, r(0.8240.131) - 0-4%41
For —N = 1.2849 r = 0.0882 ft. )
‘Equat ]
[ ] ) - -
¢ = .
7. 1.0 hd .
F
- N X ’ u
From table .606
CAREEr T ™ ,
Y - ‘ o o
“ e .
- ) A}
& ~
[ . ‘L
‘ A

°
R a7 -




DISCUSSION OF RESULTS

o \ . c.
Fig. (6) through (14) and (15 through (23) show typical
)

velbcity profiles obtained experimentally and analyticaily

",
\\

for the jet center-llne exit velocitles of 18. 99 and 6 93

fsp.s. respectively (Re = 2937, 1072).

+-Schlichting's, analytical results are referredgto as «

"the ideal virtual origin", (eéuations (3.2.1) to (3.2.8)

’.essuming X, =0) ’

"The modified virtual origin", refers to equations (3.2.1)

to (3.2.8) in“which the virtual orlgin‘has been adjusted

(53—; 4.7 for -Re = 2937 and %‘i£= 9 for Re = 1072) to get
" :

- the best agreement with the experimental results.

o

Center-Line Velocity decay:

P

Inspection of Figs. (14) and (23) showthe ideal virtual
© N

origin does not give a good velocity=predict}op,&or the center- '

~line velqpitieé Wwhile the calculated values are too low.

By adjustinq the virtual origin, better aqregment
cannot. be obtazned except im the outer region where X/d4 > 21.
In this ;egion the calculated values are very near tg}the
experimentai !alues, i.e. the modified virtual origin.theory

\\ gives good velocity predlctxon for the center—line velocity
A
decay in the outer region where X/a > 21. /

Vi
5 > Lo

»
"

[
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. N N . ? «
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-

Abramovich's solution does Eet represent the center-
line Qelocity decay in the initial reéion of the jet. ‘In
_th\ main region the method does not represent the velocity

. prediction up to an axial distance equal to 18 jet dlameters.
In the region where X/d > 18 Abramovich's solution has va@lues

very \near to the experimental values..

€ - .

_ Jet Spreading: N '
- N R
. . A .
- Equation (3.2.4) represents Schlichting's solution for
v ) 3
, the half-width at half-depth. '
-~ : h } a a ep

-

Figs. (24) and {25) represent Schllchtlng s solutlon,

assumlng dlfferent values for the emplrlcal constant aihyell

_as the experlmental represegtatlon for_the half-width at -half-

- degth. - . \*
- L . i )

r o

* The inspection of figs. (24) and (25) shows that -
- A
Schllchtlng s .solution does ‘not represent the experlmental

'values for the hgif-Wldth at half-depth.

-

|

By adjustingathe value of .the empirical constant % in «

equatlon (3.2,3), better agreement with measurements is

J—
obtained. The adjuste values are 0.0131 and 0.0095 for

’

Reynolds numbers equ to 2937 and 1072 respectively.

-

TN e

e, 4 - N : > . . . h’ \
4:? By increasing the value of the empirical constant,%the

slope of the theoretic&l solution is %pcreased.

¥ . - B Y

/

‘




# Abramovich's solution does not give a good representation

\

for the half-width at half-depth as the calculated walues

are too high. ' B - | S
\\ .- 4 v

Velocity profile development:

A

i

"
Inspection of Figs. (6) through (13) and (15) thrqugh (22)

show that for the near region, of the jet, where X/d < 21,

©

neither the virtual origin Ehecry nor the modified virtual

or&gin represents ‘the velocity predictions.

Ny \ J
o

For the far region, where X/d > 21 the modified virtual

or1g1n gives good velocity predictions in the central jet reglon

(o <r/d < 1 5),\but ‘in the outer reglon (r/d >1.5) the. methdd

H

»

does not give good velocity predictions where the-calculated -
{, Y

o

values afe&;oo high.

In this far reglon (X/d>' 21), the modlflea v1rtual orlgln
- theory gives reasonab&p agreement with the ﬁeasurements up to
r/d-= 1.5, if the origih is taken at x/d = 4 7 inside the

nozzle for Reynolds number = 2937, and at X/d(— 9 inside the

. «
"~

nozzle for Reynolds number

' 1072. Coe b
[ ]

Figs. (20) to {(27) show the eimilarity‘?ﬁrameterr1 {Equation
(3.2.3) ) using theke’ adjusted values for the virtual origin

for the two values\ Réyﬁelds numbefg of 2937 and 1072, respec-

Vid

tively. It is clear that the prog}les in each case are.similar.

- \ * L] - h‘, .
d




~ ’ Py : } )
In the near region of the jeﬂ/where X/d <,lé, Abramovich's

solution does not give good velocity prediction, while the

calculated values are tro high i;\all the central region of ]

\<§j:jet} N
N .

In the far region where X/d > 18, Abramovich's solution |
R R . |
gives good velocity predictions for the central jet region 1

(o $ r < 0.45) while in the outer region where r/d > 0.45,

the method does not represent the measured values where the

calculated values are too high.

i \
2 Fig. 8) shows the effect of the momentum correction ‘\\

_— |-
* factor on Schlichting's Coiution for'Re = 1072 at the station

“ 4
X/d = 6. By increasing the value of the momentum correction

.

factor from 1.04 to 1.33, the dimensionless axisymmetric jet

L)

“velocity is slightly increased.

R T e

;
w
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o

3.4 Comparison.wifh Results réported by Hinze (Ref.{l5}p. 538)

quguse oé the pqgr agreement with the solutions of

Schlichting and Abramovich, an attempt is made to obtain the

e

. [ . C s . .
optimum values of the virtual origin X, and e, using Hinze's

solution which 'is ‘based on a consta?; value of the kinematic
’ . ~
viscosity.

(3.4.1)

€0 = Cy (X + Xo) Unax
The velocity profiles\are given by
u ' 1 -
- = (3.4.2)
Upax, (1% 1 n?)? .
~ ‘ h ¢ g:c—l' . i
where C,; = 0.00196 for fully turbukent jet and
’ L i . y
n = ’ :
x““xo ™

It is to be expected that C, will have a smallér value

for semi-turbulent jets. - ¥ '

Axis Velocity Decay

Equations (3.4.1) and (3.4.2)~require appropriate values
of x4 - The expression'fo;ﬂthe*hyperbolic axis velocity decay.

is:

. |

u F d

L P — ©(3:4.3) ¢
Uo x+xo ) ( )

‘A

‘where F = 5.4 to 5.9 based on experimental results with

f@lly turbulgnt jets reported by Hinze. ' »

]
- ) 4

/




The value of Xp depends on the. initial velocity U,

The appropriate value of x, for the p::jfﬁt study is most . ,
n

corfveniently obtained from the expres
‘ t

+ "5'9_ ‘ ‘.I .(3&4-4)

X
d Fd

Figure (30) is a plot of w's X for the two

. : Umax d .
Reynolds numbers. ’ IR

“

A linear regression analysis of the experimental data for
. . i * ! * ”
6 <-{§-< 24 gives 'the following values

F=7 _ = 1.57 forUo = 6.93 £.p.b., Re=1072 (3.4:5a)

<

2.31 for¥Uo = 18.99 {:p.s.,ﬁe=2937. (3.4s5b)

. The linear correlation coeffiE?éﬁt—tn;both cases is close

to 1 thus indicating that the axis velocity decays almost
exactly Egyaccordance with the invprse of the distance grom

- x
virtual origins located at ﬁ? = 1.57 and —éL* = 2.31 respec-

tively.

.

Equation (3.4.4) with the éppropriate values of 3.4.5(a)
.and (b) can be used to compare the present results with

published data for laminar'and turbulent jets.
The viytual origin . 3
) 4 ‘ \
C | 4
For laminar jets the exgressiqn for the virtual origin“%s

B . !

X 2t ‘ . S . o
= = 0.055 Re o (3.4.6)

i
-

and for tutbulent jets experlmentally deterﬂined values differ

widely from i? al~ 0. 5 to _gL, = -3

%

i t
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Equation (3.4.4) with the appropriate statistical value
glven in (3.4.5) of the coefficients give Xhe following

expression for equatlon (3.4. 6)

Xg = 0.00146 Re , , (3.4.6a)
d : : | '

Xo |
and —° = 0.00078 Re : - (3.4.6b)

-

[ -
This indicates that the virtual origin is much less
N ‘ ’ £ )
depengent -on Reynolds number in the semi+turbulent region, but

that it still retains the laminar characteristics that
X ‘ : ' -
_a_Q._. > 0 . . ‘

The Potential .Core -

. ‘ ~
" /The experimental data shoy that the axis velocities start

to decay at 3 < -gﬂ— < 6, . Equations 3.4.4 end 3.4.5 (a) and

(b) can be uskd to give stat13t1cal values for the apparent

lengths of the potential core ¥Xh where U = Uy« As expected
\\—

the calculated values of" xg = 5,59 and‘5.44 are sllghtly

below the range of 6 to 9 reported by Hinze for turbulent jets.

Velocity Profiles

. »

Measured velocity profiles can be. comba?ed‘with the
solution of equatlon(3 4. 2)ﬁs1ng values of ¥o obtained from the
linear regression equatzon'(B 4.4). The optimum\experlmental
value of C1 in equation (3. 4 1) is obtained at the half

;|
velocity width ‘for each location from the’ nOzzle. At thxs

locatlon Um - = 0.5 and equation(3 4 Z)yiéids the followxng
ax
relatmonship». between C; and the half-veloc;ty width, bo 5

. ! ‘




UV - -

-

o N k. I

C, = 0.302 p?

The values of Ny s are obtained from the elopes of plots

of Po.s vs «x (or x«+ x, ) as shown in figures (24) and (25)

for the two jet velocities. | , . N
N
For Re = 2937 : N;\,= 0.068, c, = 0.00139
For Re = 1072 :n, , = 0.0488, Ca .=L0.00072 }I
with these values of C; equation (3.4.2 )3 becomes '
For Re = 29377 §— = (T gyor—rT Vith n= gm—yy  (3-4.2a)
) : max *Ien .= .
] . u - o ,_:]——‘ ’

3

¥ . ’

Numerical valuee‘of equations 3.4.2a and b are 1$sted with
experlmental values 1n tables 5 and 6 and are also plotted in
Figures (31) and (32) . | L , ‘ , -

The figures show that the expérimental results tend to fall
below the theoretical curve. The best agreement is in the

" central Jet—reéion (o < n < 0.06). For all distances from the

nozzle. The optlmlzed values of x and E: give the best

-

-agreement with experlmen;iilyrofiles taken at dlstance mldway

between the ‘core and fully-developed regions.

‘

=15

For Re = 2937_there is almoet'pn;ﬁect agreementtﬁt

s

X
d
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, CONCLUSION

K3
-

é The exper}mental results ofsehis study for jet’neynoids
numbers of 2937 and 1072 show that ne&r to the jet exit.
neither Schlichting's solution with the ideal virtual origin
nor Schlichting's solution with the modified virtual erigin -

y

predict the velocity decay in the region where x/d < 21.

‘Schli¢hting's solution can be applied to regioné greater

than®2l nozzle diameters from the exit and for the central
- .

regioh of (o < r/d < 1.5) .if the virfual origin is taken at

x/d = 4.7, x/d = 9 for Reynolds numbers of 2937 andq1072,

respectively.‘ ' f

-~

e

Abramdvich's solution does not predict the axiafgvelocity
- ” > [ :

decay except in the region where x/d > 18 from the nozzle exit.

In this region the method represents the velocity decay in the

+

- transverse direction up to r/d = 0.45.

Neither Schlichting's solution for turbulent jets nor.

Abramovich's solution for turbulent jets represent,the éomplete,

'vsolution’for the.semi-turbuientijets.
. ~ Nge
. - L] .
2 "Hinze's solution with optimized values of ¥o and €q

. e K
. gives feasongb;e prédictions in the central jet region at all

locations where 6§< % < 24. 1In the outer jet regions, Hinze's

solution gives ve;oéf%ies,higher than the measure values.

This study emphasizes the limitations of existing closed- .

' fogm solﬁtions,for'sémi-turbulgnt flows in the near regién of

- the nozzle.
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