F

| Sigrature
|

|

| Certified

by

ANDRUS VIILU

Ll

SUBMITTED IN PARTIAL FULFIIIMENT OF THE
REGUIREMENTS FOR THE DEGHEE OF
BACHELOR OF SCIENCE
at the
MASSACHUSETTS INSTITUTE OF TECINQLOGY

1960

Signature redacted

Dept. of Aerorauticel Engineering, May 21, 1960

Signatu[e redacted

Thesis Supervisor

of Author

e

by,

Accepted by

Chairman, Departmertal Committee orn Thesis



Cambridge, Massachusetts
May 21, 1960

Secretary of the Institute,
Mossachusetts Institute of Technologzy,
Cambridge, lMasscchusetts

Deer Sir:

In partial fulfillment of the requirements for the degree of Bachelor
lof Science in Aeroneutical Engineering, this thesis, entitled, " An

| Experimental investigation of the minimum Reynolds number for instebility
lin water jets", is submitted.

|
{ . Respectfully Yours,
‘ Signature redacted

Andrus Viilu

‘
i
“
3
i



ACKNOWLEDGEKENTS

The euthor would like to express his greatitude to hisg feculty ad-
visor, Dr. E. Mollo~Christensen of the Depertment of Aeronautical FEngi-
neering for his egsistence in the forrmletior of this thesis and his ex-
planeticns bf verious theoretical points which arose. The suthor would elso
like to thenk the Aeroelastic bkeboratory for the use of their fecilities
and Miss Neomi Grenier, Miss Sara Robb and Miss Mergery Erickson for typirg

this thesis.



ABSTRACT

The laminar-turbulent trensition im & cylindrical Jjet
of water was found experimentally to occur at a «eynolds'
number between 10 and 1l. 'The transition xeynolds' number
was not affected by a change in the jet diameter within a

factor of three and & change in viscosity of 25%.
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INTRCDUCTION

The hydrodynamic stability of two dimensional jets in o wviscous
incompressible fluid has heenrn the object of much theoetical discussion,

The majority of pepers in connection with this problem deal with
various ingenious &nd complicated mathemeticel methods for the solutien
of the Orr-Sommerfeld stability equation.

The solutions are not alweys based on firm physictl grounds and in

general heve to sacrifice physicel relavence for mathematical simplicity.

For insterce a common assumption is thet the flow does not diverge with
distence from the jet origin. The actual jet, according to Bickley
however spreads out as a 2/3 power of this distunce.

With this parallel jet assumption and the additional ones of

et,

e

infinite boundaries, and a certain velocity distribution across the
an approximate solution has heen derived hy meny auvthors. The mneutral
stebility curve is gemerally &greed to he "C" shaped on & wave number
vs. Reyrolds number plot &nd the minimun critical Reynolds number is foun
to ke between 4 and 5.5 and eccur at a wave number of about .2. The
most recent derivetiorn being by L. N. Howard.
While such curves heve no exect physicel correspondence, it is
probably true that they approximale the result to be obtiined hy exwerime
As it happens, there is very little experimental data available in
correction with this problem and consequently not much is rezlly known ob

0

he applicability of the theory. The thesis underteken here is en attemp

t
to fill some of this void of experimentel data.
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THEORETICAL BASIS
celeculation for the neutral stability curve of a
eylindrically symmetricel free jet iy & viscous incompressible
derrived as follows.

The method here is the one developed by Howerd elthough, &s stated
privously, other approaches give ghout the seéme results.

If one neglects the mon-linear terms in the Navier-Stokes equation

end introduces Squire's perturbation one pets the following

fourth order differertiel equatior, knowm &s the Orr—Sommerfeld equuation.
2 ’ 2 2 ¢ ]
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o - Wave npumber of instebility
C - Complex wave speed
b di Dimensionless distence perpendi
¢ - The y- dependence of the complex per
Sguire's perturbation functior is given as V= ‘ﬁ["i)e

At this point it cem be seem that by tekirg just the non—viscous
ecnetion or settire -L'-'O one gets two limiting solutions,
i =R & >

2 2 "
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This seems to indicite a "C" sheped curve orn the v plot. Boward

o = O C=

roints out thet further analysis is necessary to clarify whet is meant
when &> 0 andfR+%as the combinetion &Ris importent in the originel equation,
The quelitative observation &hout the neutral stebility curve.is born out,
however by the finrel theoreticual results.

Toward at this point expunds an integrel equetion derived from the
Orr—Sommerfeld eguation in powers of ©f and solves numericelly orn the IBM

w

704 Computer.Tetsumi and Kekuteri expand the (rr—Summerfeld ecguat

. { : - :
in powers of == for NP2\ end i: powers of & for W\ small. Curle just neglects

oK
the fourth order term, which has very doubtful physical wvalidity, but zives

about the same result &s the other methods.

The neutral stability curve looks like this:
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EXPERIMFNTAL BACKGRGUER

Brown, Sevic, and Andrade did some research on jets with free boundaries
in England around 1939 and some work hes been done in Gerveny by Wille and
his associctes around 1951. No other experimental deta on full jets with free
boundaries weas found by the author.
Brown in his éx?erimerts made some measurments on the velocity profile
of the free jet and described how the disturbarce weve number varies as ¢
le

1 some of Brown's
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funrction of distance from the nozz Savic
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pictures and developed & new way of deduci:
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quency date . Wille and

his associates have meinly heen interested irn describing how the vortices pro=

duced in the unstable jet decay ard whet the effect ef is of superimposed dis-

turbances. The original vork of Wille where he is reported to heve taken
movies of water jets was unavailable to the author.
Andrede's experiments come closest to the experiments in this thesis.

-

In 1939 Andrade made some observations with a thin long slit. He made exten—

sive measurements of velocity profiles as a furnction of distence from the
+i7ice and degcribed the decayol disturbancegcuelitetively. Androde, however,pesses

over the problem of minimun critical Reynolds number ard apparently used

only ome slit width iz his work,

A diagram of his apparatrs is as follows. A
On«{uce

_{_f.'&mm.:: jl
J }‘—l’ ? tﬁ_—)‘

Caselle gaqe

-~ — -] _Reservoiwr

Dr;‘-ice\

Tanlg

Andrade reports observing disturbances ir his jet down to & Reynolds

number of 10.



EXPERIMENTAL APPARATUS

There are three things that have to be measured in deter-
mining the minimum keynolds for instability of the water jet
ihese are the volume flow rate, the diameter of the nozzle
exit section, and the temperature of the water.

The appearatus has to be designed so as to make visual
observation of the water jet possible and to maintain & con-
stant xeynolds number for & sufficiently long time to make
the necessary measurements for determining the xeynolds

number.

An ideslized representation of the apparatus is given

Sharp € nded Arm Tranaparent T db
below, i — ) i

Reservorr Noagyle

,//'Seffhn%—rﬁnk

\avable Platf{orm //

Coun\'ea

Conglank ¥
Screw

\ Base

Electric Motor and Gearg

The escential part of this apparatus is the movable plat-
form on which the reservoir sits. ‘his platform can be

raised and lowered by an electric motor and the motion of

—= = this platform is measured by & countér geared

to the shaft on which the platform rides. ‘“he shaft is ac-



tually & finely machined constant pitch screw which enables
the counter to read to thousandths of an inch. To stabal-
ize the platform there is a haevy post that runs from the
base of the apparatus and which is connected to the platform
by & sliding fitting. 'his whole piece of apparatus is re-
markably sturdy and it is quite true that if the mechanism
would have to have been built for this experiment, an easier
answer would have been available. for instance a Caselle
gauge like the one used by indrade could have been used.

"he flow out of the reservoir is measured by finding
the drop in reservoir height over a period of time. ‘r'his
is done by having a fixed sharp-ended metal arm which is
attached to the base of the platform and the sharp end of
which is made to Jjust touch the surface of the water in the
reservoir,each time & flow rate measurement is taken. ‘Yime
is measured with an electric wall clock. 'whe surface area
of the water in the reservoir was determined by weighing the
water corresponding to & certain drop in reservoir height
and looking up the absolute deunsity of the water at the mea-
sured temperature of the water.

1'he diameter of the nozzles is measueed with an optical
conparator. ‘'he optical comparator that was used was built
by <ones and Lansom and magnified the nozzle section by a
factor of 62.5. '©he construction of the comparator is simple
and consists of just a set of lenses, & mirror, and & light
source. ''he image of the object is projected on a screen

for the necessary measurements. The focus of the comparator



is fairly sharp and very little error is involved in the use
of this instrument.

“he thermometer used to measure reservoir and settling
tank temperatures is calibrated in degrees of centigrade.

the liguid that was observed is water to which & small
amount of NaUH and phenolthalin disolved in alecchol is added,
he color of this mixture is & deep red. As the settling
tank contained just water, the jet of red ligquid is clearly
visible.

The reservoir is & glass jar with & capacity of about
two liters and the receiving tank is a pyrex two liter beaker,

The tubing from the reservoir to the nozzle is made of
transparent plastic and has an inside diameter of about 7mm.

'he nozzles are drawn from 7mm. glass tubing. 1‘he glass
tubing was heated in & gas torch &nd drawn to various in-
side diameters. ‘ypically the nozzles appear as follows.
They have approximately constant diameter section at the
fine end which extends for over an inch.

14' 007"
™A,

i
S, s NI UL

The nozzle tips were ground square by hand before the

nozzles were used.



EXPERIMENTAL PROCEDURE

The steps necessery for messuring the Reynolds number that corresponds
to & quelitative observation of the jet behavior were &s follows. A flow
was induced in the nozzle by reising the pletform to a height so that the
reservoir level is higher than tank level. The reservoir is then pumped up
to a pressure sufficient to start & flow through the nozzle. The reservoir
is then brousht beck to atmospheric pressure and the platform moved to @
position where one observes the desired type of flow in the jet. The sharp
ended erm, which is adjustable betweer rups, is then bent so thet it just
touches the water lire. A slight movement of the platform was frequently
necessary to obtair this correspondence. At the instant when the arm touches
the water line the time is recorded. Witlh the resmpe of nozzle sizes used,
the weter line of the reservoir would drop about .040 inches in an hour
for the Reynslds nuitbers of interest. As the difference hetweer reservoir
and tenk levels wes usuelly ebout two inches, the second ohservetion wes
taken approximetely a half hour later and it was assumed that the Reynolds
number hed not changed ir this time. The second observation cemsists of rais—
ing the pletform until the reservoir water line is agein just in contact

with the arm ard recording the time when this occurrs. The temperature of the

4]

liquid wes usually measured after teking each data point.

&

The above precedure, with the exception of initiating the flow, has te
be repeated for each observetion of the jet behavier where tlie Reynolds!
number is desired. For the same nezzle, it was found desirable tc meesure a
point where the jet was laminer throughout all its renge where it was tur-
bulent without e doubt, where one could just see turbulence, and where
induced oscillations would not die out very quickly.

After sufficient informetion is thus collected to bracket the Reynolds
numher of neutrel stability, the end of the nozzle is broken off end put
irto the opticel compearator. The nozzle is looked at on end and the exit

1.

plare put into focus. This enables the nozzle cross—secticn geometry to bhe

determihed and at the same time measurments to be made of the nozzle diameter.



DISCUSSION ¢F EESULTS

Before a discussion of the minimun Reynolds number for instahility
is undertaken, it is necessary that the cuclitative observations of the
jet on which the decision was made, as to whether the jet is or is not stahle,
e understood.

If the jet be first observed at & fairly high Reynolds number, of about
fourty, and the Reynolds number decreased to where it was eround five, the
following changes would be ohserved to occur in the jet. At the bheginning
the jet would be regular for the first portion, but as it would imncrease in
diameter and slow down it would break irto a ripple which could he described
as a series of ring vortices. As the Reymnolds number wes decreucsed hy decrea-—
sing the hecd of water between the reservoir and the tank, one would observe
the distance hetween the nozzle exit plane eand where the flow bresks into the
ripple, to decrease. Finally, the jet would be smooth for its whole length
except for en intermittent little ripple at the edge of the jet, very close
t6 the nozzle which would grow and then disappear agesin. The jet would be
described here as very slightly turbulent. As the Reynolds number is decreased
ever further no self excited disturbarces could he observed. Oscillations
were superimposed on the jet at this step by sligz ly jarring the apparatus.
If the oscillations were not observed to damp out rapidly, it was judged thet
the jet was almost not laminer, wher this Reynolds number was decreased even
more and when induced oscillations were demped out elmost immediately the jet
was said to be definately laminar.

The measurments for these cualitative observations were mede ard it wes
found that for a range of nozzle diBmeters hetweer 5.2 to 18 thoussrths of an

nch and liquid temperatures from 18 C to 80 C transition betweern slightly
turtulent and slmost not lemirar occurred at & Reynolds number between 11
and 10. This is contrasted with theoretical predictions for this transission

for a Reynolds rumber of 4.



There are three possibilities that could contribute to this discreparcy
that appear imnediately. First, the flow does not remairn parallel unorn
leaving the nozzle &s assumed ir the theory. Second, there is a change
from a Poiseuille velocity distribution to the SOCk-ﬁ law assumed in the
theory which may pose problems close to the nozzle. Experimenteal date
teken et higher Reynolds rumber by Andrade and Brown does not however
suggest this. Third, there was no way of acquiring em understanding of
what the growth rate and wave number of the oscillation predicted by the
theory at Reynolds number of about 10 meant ir physical terms. For instence,
the growth rate of a disturbance could be so slow thet nothing ohservable
would heppen before the Reynolds number in the flow would be down to four due
to the spreading out of the flow.

77

The real reason is probebly & combination of there effects. What

by theory would not be

must be stressed is, however, that the answer given
predicted in the first place. Tatsumi ir his paper for instance calculated
that the component of velocity perpendicular to the streecm is half stream
velvueat a Reyrolds number of four., This of course invalidates any perallel
flow assumptions. Finally, the inflection point in the velocity profile
of a cylindricel jet or which instebility is really dependernt is not &
true inflectiorn poirt.
In view of these difficulties it is hard to place any sigrificeance

to the goed agreement betweern the results obtained in the experiments
and the curve derived in the Pennsylvenia State University report mentioned

the discussion om theory. A real comparison of experimert with theory
would recuire & simultareous measurment of the wave number of the distur-

X |

bance and the Reynolds number of the jet when the jet is very slightly

turbulent. An eattemnt to do jJjust this ws made hut was unsuccessful.

(One method that v as tried was to sincronize the disturbance frequency with

a strobe light frecuency. This feiled becouse ithe disturberce was inter

mittent and very hard to see. Another method thet was tried ws to take

pictures of the jet. A polaroid camera with portrait“lense ws aveilable
£

but had insufficient resolution to separate the disturbance from the mein

jet.



The situation is, however, not hopeless. The disturbances are vigible
with the neked eye and rough estimates can be made of wave length. An

ok of .5 wes estimated et one point hy taking the disturbence propezsation
speed as the meen speed of the flow and making en estimete of the wave
length of the disturbence from visuel ohservaetion of the jet. To be sure
this could be off by more than & fractor of two, and such ohservations

from useful in trying to differentiate bhetween an & of .1 corres-—

are far
ponding to the minimun Reynolds pumiber in the Pemnsylvenia State University
report and the corresponding & of &hout .2 derived by Howard, Curle, and
Tetsumi.

A sugpested method for measuring the disturbence wave mumber is to
focus two precision cameras or the jet and trip them with a pre-determined
time delay. If some reference length is included in the pictures, this
would be all that is necessary to measure & ,

While an o v8. R minimun for irstebility plot, determined experimentally
would be the hest comperison with theoretical results. It is significent
in itself that the mirnimur Reyrolds numbher does not vary with either the
diameter of the rozzle or the viscosity of the fluid. This bears out the
agsumption that only the Reynolds number is the sigrificant quantity in this
stability problemn.

Before & final conclusion about the experimental results can bhe mede,

& careful enalysis of possible errors hes to he undertaken. The biggest
possible source of error in the results is the uncertainty involved in the
flow rate measurment. A consistent method of reising the pletform until

the sharp ended arm touched the reservoir surfece was very difficult. As
one would expect, the fluid would jump the gep between the erm and the
reservoir surfece. This is not serious in itself as no error is introduced
if the reservoir surface is alweys celm and the water jumps the gep from the
same distence. Disturbances in the leboratory, due to people walkirg would,
however, cause ripples on the weter which would chenge the gep over which
the water would jump. The error introduced in this way was as great &s two
thousenths of an irch. The percemt error in the Reynolds rumber of course

depends on how many thousanths of &n inch the reserveir level had changed.

A



2

The time measurment hetween two data points would never be in error hy miore
than a mirute. This would not affect the Heyrolds number by more then 3%.
The only significent error in measuring the nozzle exit diameter occurred in
cagses where the nozzle was not perfectly circuler. An ecuivalent circuler
nozzle section was determined in such cases by measuring the major and minor
axigs of the elliptic shape and interpolating. As the major exis and minor
axis never differed Ly more than 10% of the mejor axis the error thus in-
curred affected the Reynolds number Ly less then 2%. The temperature measur-—
ments caused less than 1ﬁ error in the results as far as the mechanics of
nmeasuring with a thermometer is concerned. The real prohlem was thet the
reservoir and tark would be et differert temmeratures ir certein deys. This
temperature difference was sometimes&s much as 1.5 C. and amounts to a 3%
change in the viscosity of water. Whenever such a discrepancy occurred,

the reservoir temperature wes used.

|

A definetely secord order effect wes the chenge in Iynolds number caused
by the decrease in the head of water between the reservoir ard tenk, due
to the flow through the nezzle. Only in tubes with lerge diameters of ahout
17/1000 of er inch and et low Reyrolds rumber would this he Roticesble.
In such ceses the change was observed to be from & Reynolds number of 11 o
one of 10,in an hour. Am the tukes got smaller the error goes down as the
square of the diameter.

Adding ell the possible errors it can be seen that the minimun Reynolds
number could be off by about 10%. This is certainly not true if &ll the
date points are concidered. The most probable minirmun Reyrnolds number

for in ualllty cen be seid to be within 5% of a Reynolds number of 10.5.



CONCLUSIONS ARD RESULTS

The experiments performed in conmvectionr with this thesis showed thet
there is & Reynolds number above which & jet of incompressibkle viscous
fluid is elways turbulent and & Reynolds number Lelow which no self-excited
disturbances in the jet canr be seen. The transgition was found teo occur at
a Reynolds's number between 10 and 11 withir ar uncertainty of 5%.

The transition wes not affected by lerge changes iu rozzle diameter
op small changes in the geometry of tle nozzle exit section. The transition
1so was not affected by a ranpge of temperatures from 1870 de 8307 C)

The jet was observed to diverge upon leaving the nozzle. The diverpg—
enxce appeared greater at smaeller Reynolds' numbers ard reached & slope of
ahout 30 at around & Reyrolds'! number of 6.

The turbulence at fieynolds*numbers of about 3¢ would be observed as
e set of ring vortices suddenly forming from a smooth set at about 2 half
inch from the nozzle exit. As the Reynolds' number would he lowered the
half inch distence would be reduced until just a small ripple could be ob-
served at the very edge of the jet neer the nozzle, &t sbout a Reynoclds!
rumber of 11.5.

While the experimentally determired minimum Reynolds’ number for in—
stability does not agree with the theoretical value, this discrepancy is
not serious. The fact that the theory includes very slowly growing distur-
bances and thet the theoreticel calculations are hesed on a perallel flow
assumption, would tend to predict a lower value than one would ohserve.

The experiments cer thus be said to bear out the results of Howerd, Tetsumi,
and Curle rather then the curve derived hy Lew and Fanucci in the Pennsyl-

vanie State University report.
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