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Investigations of instability of liquid jets emanating
from nozzles into ańbient-air ] Part It 9

lnstitttte of ]r]uid-Flow lllachinery of PAS, Fiszera. l4, so-gsz Gdańsk, po]a.nc]

Abstract
The paper presents the results of investigations of ir.rstabilit), 61 tiquicl jets enlarrating frotn

contourer] nozzles irrto ambierrt air. The nrajor atterrtion has been paicl to tlre nreasurernents of
the jet structure and the distance beyoncl rvhich the jet lost its continuity ancl r,vas broken irrto
liquid droPlets. Investigations have been conductecl at various pressures of rvater in the rrozzle
ancl its three dianreters. TIre results lrave 'been 

comparecl against available clata from literature.

Keywords: Liquid jet; Jet structure
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c-
cT,

i-
;

contoured orifice
criticaI
beginning of the region
liquid iet

marJm,Ln - maxlnum, mlnlmum
s - droplet, sharp edge orifict
u , water
I,II,III - refers to regiorrs I, II, III

1 Introduction

A pherrotnenon of liquid jet orrtflow from tlre nozzle (lrole) to the gas environ-
urent (free jets) is present in rrurrrerous tec}rnical equipnent. Such jets have ap-

plication fbr example in cooiing of hot surfaces, two-phase ejectors (water-steam.
water-air), liquid sprays (burtrers, ftrel injectors) and other tecirnical cases. Such
jets, at some distance fron} the nozzle, break up into dropiets and a mixture oj

droplets and gas is being forned. In practical applications continuous jet cooling
can be applied [i-3] or alternatively splay coo}ing [4]. Sufficient liquid atomi
sation into tlre forn of snrall droplets (dispersed flow) as well as their corleci
mixing rvith gir,s decides about tlre efficiency of techrrical eqtripmerrt rrtilising tlrt
Iatter form of cooling. Itr all rnentioned tr,bove applications, apart from the qualitl
of spraving, inrportant also is tlre distance, after wlricir the dispersed flow takes

place. Tlris is a veTy itnportant paranreter, and henr;e it shorrld be of no surprist
that it has beerr a topic of investigations for nany years. In a series of workt
devoted to that topic it has been shown generally, that tlłe liqtrid jet issuing frorr
a snrall hole or a nozzle does not pleselve its initial forrn and in effect breaks utr

iŃo separate droplets, and tlre character of breakdowrr depends primarily of tlrt
liquid velocity, pĘsical paraneters of jet as well as tlre ambient gas. Such inves-

tigations have usually been conducted for the case of water jets flowing into tht
ambient air. On the basis of tlrese experinrents the liquid jet breakup phenoment
lrave beerr divided into regirnes tlrat reflect differences in the appearance of jetr

as tlre operating conditions are changed. Generally speaking the liquid jets brea}
trp due to the disturbances imposed on the primary nrotion. The distrrrbancel
ale irr the form of axia}ly-symnetric waves, asymmetric waves and nrore comple>

fornr indtrced by aero-dynamical forces.
Tlre first forrn can be fourrd at small effiux velocities. Tlre jet breakdowr

occttls due to t}re influence of zl,xially symmetric wźIves, which retrdel appeal,anc(
of the trorrghs orr tlre iet. Due to the action of stirface tension folces iiquid ir

pumped from tlre trotrglrs to tlre crests, wlriclr finally ieads to the jet breakup ant
occtlrrence of droplet flow.

At higher effiux velocities, the jet axis is deforned and asymnretric waves arł
tlren formed, At even lrigher jet velocities the aero-dyrramical forces, betweer
surrotrnding gas arrd the jet sttrface, determine tlre breakdown,
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These plrenornena have been firstly investigated by Rayleigh [5], wlro ex-
Piained the nrecha,nisnr of jets instability. \ĄIebel, [6] extended significantly the
R.aYieiglr alralysis. In the 3O-ties of tlre twentietll ceuttiry a lot of 1vork was clone
on jets instability focused on tlre improvenrent of supply systems of direct injec-
tiorr engines (Diesel engirres). Tlrese problems are widely discussed for example
irr the papels by Orzeclrowski [7-B].

It worth to note, tlrat wlren dealilrg with t]re problem of jets irrstability very
important role plays the measut,ernent techtrique, particulariy with the view of
accurate deterrnination of tlre lengths of tlre continuous liqrrid core, wlriclr lepre-
sents tlre jet breaktrp lengtlr. At lrigh effi.trx velocities tlre liquid core is surrounded
by a slightly divergent cone colrsisting of small droplets [9-10]. Usirrg the shadow
Photographic rnetlrod witlr very slrort exposure times tlre cone gives on tlre pho-
tograplr paper suclr a dense slradow, tlrat tlre accrrrate cleternrination of tlre core
of tlre flor,v is almost inrpossible. For thtrt reasoll, in t]re investigatiorrs of the
liqtrid core length, a metlrod based on e]ectlical conductivity nreasrrrement lras
been used. Such. nrethod enabies to deternrine nore precisely the border between
t]re botlr distinct flow patterns: the corrtintrorrs liqrrid core strtrctrrre ancl tlre dis_
persed gtrs-ciroplet flow,

Tlre present paper concerns tlre complex investigatiorrs of the instability of
water jets issuing fronr tlre cotltoured nozzles itrto stirglratrt air. Tlris kilrd of noz-
z]es are widely used in two-plrase water-air ejectors as well as irr tlre technology
of free jets applied to surface coolilrg, su"rface cleaning, etc. Tlre rrrain goal of the
investigations is to obtain a wide background on t]re iet strtrctures as weil as tlre
relations of the jet breakrrp lerrgth in the function of the pertinent parameters.
The data have been obtained using a nrodified very precise e]ectric conrluctivity
method. Owirrg to tlris nretlrod, the existence of a trarrsition regiorr between the
liqrrid core and the droplet flow structtrres lras beerr recognized.

2 Test rig

A scherrratic of tlre experinrental rig constructecl at IFFM PAS laboratory
ilr order to concluct the investigation on tlre liquid jet instability, is presentecl
in Fig. 1. Tlre lig consists of tlre following najor conrponents: excharrgeable
contoured nozzle (2), water tarrk (7) anci system of tlvo feecling pumps (B). Water
was punped frolrr tlre nrain tanlr (7) by neans of tlvo punps (8), connected in
series, to tlre nozzle (2). Presstrre of tlre supplied lvater varied at the nozzle inlet
irr the range fronr 10B to g00 kPa (abs) accordinglv to the nozzle diameter. Tlre
rig was also equipped witlr

. a neaslllerrrent systenr of water voltinretric flow rate (10) and the pressure
measurement (11) as well as tenlperature nreasrrrement (12) systerrrs,

l1i
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o optical systeln for lecording tlre iet structrires (6),

o jct breirkup length meilslllelnerrt systen (13).

Tlre elemeŃs of tlre test rig togcther witlr the l]leasulell}ent svsterns used Łu,e

described in rnore detail in [11].

b'igure 1. Scłlerrraticof tlrccxperirrlerltalrigtblirrvestigatiorrsof liqrticl jetsstructure:1-1lozzle
support, 2 - nozzle,3 - neasttreluent scale, 4 - liquicl jet core lcgion (region I), 5 -
gas-dloplet rcgion (l,egion III), 6 - r,ideo inrage systenr, 7 - rrlain tank, 8 - set o[
pulnps, 9 ttrl,bine florv nleter, 10 ,- nreirsurerrrent s5,stenl of volurnetric łvater florv
rate, 11-. pfcssule ttleasttrcntclrt systcnr, 12 - nrcastrrenłerrt ol T, l/ quarrtities, 13 jei
l>reakup Iertgth tlreasurenlerrl., 14,15 - laptops, T - tlrelrllrocou];les.

3 Research methodology

The irrvestigations of stabilitv of liqiiicl jets 1rave beelr conductecl usirrg tlre
contoltlecl \ozzles. \{easuremerrts lrtrvc been clotre for tluee differerrt uozz\e olltlet
cliameters: D : 3.5 ]1}rrr, 6.0 1nm Łillcl 9.5 rrrn. Tlre slrrrpe and clitrrensiorrs of

o5Cillo5t.-lpe
TDS 3tr32
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investigated :nozzlles ale presented in Fig. 2.

contoured nozle
Material: poĘcarbonate Eńa PC 1000
D : 3.5 nm r: 6.25 mnl
D = 6,0 mm f :8,0 mm
D : 9.5 mrn r: 9.25 mm

Figure 2. shape arrd dimensions of the nozzle usecl in the experiments.

T]re research procedure involved the identification of tlre flow structttres as
well as tlre nreasurement of tlreir extent. Owing to t]re measlll.ement method used
it was Possible to identify tlre existence of tlrree distinct regions in the .jet flow.
In colrnection to Fig. 1 we can ta]k aborrt t}re existence of the following Tegions

liquid jet core region - region I (segrrrent AB in Fig. i),
transition region - region II (segment BC),
dispersed flow region - region iII (air-droplet flow - segment CD).

The fo}lowirrg qtrantities Irave been measured during tlre investigations [11]

water pressure in tlre nozzle,

atniosplreric presslll,e,

water temperattrre,

water flow rate irr the jet,

the extent of tlre particular legions I, II and iII. These measLlrements lrave
beelr condrrcted trsing a rrrodified resistance rnethod [11].

For the identification of the above regions a special optical system lras been also
used [11].

?
t-.cl
>,

a

a

a
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3.1 Optical system

The opticai systetn for recorditrg and identiflcation of jet flow regions [11]

consisted (Fig. 3) of CCD cameras, namely black atrd white Elenris and Colorrr
Panasotric, AV Master 2000 grabbing card, comptrter, TV monitor and strobo-
scope lamp 4913 of Briiel & Kjaer [11] rvitir tlre flash time of 3 ps. CCD cameras
lrave been cotrnected to tlre coniputer recording systenr and data processing (a

PC computer with the video recording card AV Master 2000 with additional
nronitor) . Drrring tlre particular stage of lrreasrrrement procecltrres recorded have

been two-seconds lorrg seqrtences of tlłe end of tlre contintrotrs jet in the AVI for-

rrrat. A short flash time of tlre stroboscope lamp rendet,ed tlrat in different frames
recorded were frozen pictures of the jet structure and lrence tlre ]ocation of the
jet discontinuity in the shadow of the scale located in the background could be
exanritred.

uclLą
processi ng
5y5tęn,l

Figure 3, A schematic of the measurentent systenr for identification of flow structure regions,

3.2 Measurement of the extent of the flow structures

The meastrrenrent systenr fol tlre determinatiorr of the extent of flow regions I

and II consisted of a metal nleslt wire electrode spread over a rigid frame ]ocated
in tlre plane normal to the nozzle axis (Fig. 3) and cotrnected Ło 24 Y DC power
supply throrrgh a 1 MO resistor, The nozzle was earthed. The liqrrid jet flowing
out tlre nozz],e impinged on the lrresh electrode. Tlre position of tlre electrode
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with respect to the t7ozz]re exit was measured by using a length scale. The mesh
electrode has been connected to the computer through the digital oscilioscope
Tektronix TDS 3032 to display the electric signals. The computer has been
equiPPed with a special software WaveStar v.2.2 for recording and acquisition
the data shown on the oscilloscope.

Tlre measurenrent of the extent of the liqrrid jet core region was based on the
meastlrement of tlre electric resistance between the mesh wire electrode, connected
to the corrstarrt-voltage power suppiy throrrgh a resistor fir, and tlre earthed
nozzle. A schernatic idea of the electric system for the measurements of the jet
breakup length is presented in Fig. 4,

Two rneastrremerrt cases could be distingrrislred. The first one occltlred, when
the jet was discontittuoLts, i.e. between the electrode and the earth was an aiI, gap
with the resistance of about 6 ry 1610 f), and the second case, when the jet was
continuous between the earthed nozzle and the electrode, with the jet resistance
of about fi3 

="1Q6 
() (in the case of municipal water).

115

wlre me§h electrode

o5Cl l]o5cope

.ł'.:;.
.|ri

pOyłer 5upply

Figure 4. The PrinciPle of measurements of the extent of flor,v regions (structures) by means of
the resistance method: Ęi - jet resistance, jl, - adclitional resistance, I(i - virtual
switch.

Assrrming the liquid jet to be in tlre form of a cylinder of tlre ]ength / and tlre
diameter d then the value of the jet resistance rĘ, can be expressed as

Ri: p*, (1)
1T d,,

where P is tlre specific resistance of water dependent on tlre clremica] compositions
and water temPerature. The output voltage recorded by the osci]loscope is then
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Figure 5. Photograph of the liquid jet emanating from the profile nozz\e of the diameter D :
3,5 mm and at the volunretric flow rate ]/ : 13.81 l/min.

equal to

tJ : Unc Rj 
(2)

Ri ł Rr'

wlrere Unc is the DC poweT supply voltage (duling the investigation it was set
to upg : 25 v), whereas fi" is an adclitional resistatrce in the system shown in
Fig, 4.

In the case of the discontinuous jet (dispersed flow - region III), tlre virtual
switclr Ki in Fig. 4 is in "off" position and the outpttt voltage [/ is practically
equal to {/p6l. However, in the situation wlren tlre liqtrid jet appears in the
continuous form (region I), the switclr K7 is in "on" position. Then the output
voltage U depends on tlre resistances -Bi and R". The resistance Ę" was selected
in a strch way that two clraracteristic measuTement states; continrrous liqtrid jet
and the discontinuolls one) could be distingrrished. Drrring the investigations of
the extent of tlre flow regimes by means of the resistance method, the voltage
output on the oscilloscope was approaching U = 15 V for tlre region I and U =
25 V for the region III. The distance from tlre nozz\e exit to the locations which
characterized tlre boundary between the first (I) and the second (II) regions, or
between the second (II) and tlre third (III) ones were accomplislred by mowing
the electrode along the jet axis in order to aclrieve the required voltage outputs
cited above.



Investigations of instability of liquid

0 20 40 ó0 80 100 I20 i40 t60 l80 200
tjme, rns

Figure 6. Voltage distribution on the oscilloscope for the electrocle locatec] at the border betvreen
I and II regions.

SamPles of the voltage outpttts lecolded on the oscilloscope for the given
flow conditions are presented in Figs. 5-11. The voltage distributions have been
recorded at the time base of ź : 20 ms, corresponding to one division, and voltage
amPlifYing of U : 5 V for one division. Tire voltage distributions have been
Presented witlr corresponding jet photographs obtained under simi]ar conditions
at the same liquid flow parameters.
, The picture of the liquid jet issuing from the nozzle for the above conditions

is presented in Fig. 5.

Figure 6 presents the recorded voltage output for the electrocle location at
which the liqtrid jet exhibited contintiotrs liquid core on the distarrce between
the nozzle and the electrode (thls ls pertinent for the first region). Such case is
equivalent to the sitrration when the switch Ki h tlre Fig. 4 is in "on" position.
A few voltage impulses can be seen in Fig. 6, wlrich confirm, that sometimes
the continuity of the jet was broken. The voltage amplitude was aborrt 5 V. Tlre
vo}tage output t/ in Fig. 6 was about 14 V, and hence the jet resistance Ri can
be determined to be equal to 1,2 MQ.

Strch location of the electrode, when sometimes tlre jet discontinuity took
place (but continuous liquid structure prevailed), determined in the present paper
the border betweelr the first and the second regions. The distance between the
border and t]re nozzle exit describes thus the jet minimum breaktrp length Lb*in
which is equal to L6*ir- L1.

Figtrre 7 presents the photograph for the same jet flow situation ]ike in F'ig. 5,
but recorded in the place close to the mesh wire electrode. In the considered case,
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Figure 7. A plrotograph of the
border between I and

liquid jet in the neighbourhood of the electrode
II regions.

located at the

35

30

^rnd) -"
bD

,Ę 15p

10

5

0

ż0 40 50 80 100 120 140 160 180 ż00
time, m§

Figure 8. Distributions of the output voltage on the oscilloscope at the electrode locatecl in the
place where periodically the liquid jet core and the dispersed flow structures appeared.
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the distance between the electrode location and the nozzle was established to be
Lbrrin - LI :38.6 cm.

Figure B presents the voltage distribrrtion on the oscilloscope for the electrode
located in the transitional region II. Due to the random disturbances imposed on
the primary jet flow, two flow structures may periodically occrrr in this region i.e.:
liqtrid jet core and dispersed flow regimes, Both of them have equal probability
to occur.

Referring to the F'ig. 4 the appeaTance of tlre continuous liqrrid jet period
is eqtrivalent to the "on" positiotr of tlre switch K7 and the existence of the
dispersed flow i.e. the discontintrity periods is equivalent to "off" position of. Ki.
The discontinuity periods in that location varied in the Tange from 2 to 20 ms.
The output voltage [/ in that case was equal to U7tg and had a value of 25V.
For tlre case of appearance of continuous liquid jet between the lozz|e and tlre
electrode (switch Ki was in "on" position) the voltage output was about 18 V.

Figure 9, A photograph ofthe liquid flolv situation corresponding to the case presented in Fig, 8
for the region IL

Figure 9 presents the jet photograph recorded in the neighborrrhood of the
electrode when the transition flow structure took place. It is seen that the jet
Iost it concise form pertinent for the liquid jet core region (see Fig. 5) and consist
of liquid fiber-type ligaments. The occurrence of the liquid ligaments is a main
feature of the second (transition) flow region.

119
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The described case conesponded to the location of th.e electrode at the dis-
tanCe of LII :62.2 cm from the nozzle.

During the flow of liqrrid jet in the transition region the secondary breakup
of the ligaments (liquid lumps) appears which finally leads to formation of small
droplets embedded in the continuous gas phase. Thus fully developed dispersed
flow structure (region III) is going to occllr. However, before that, one slrall tlrink
of a situation when occasionally tlre liqtrid ltrmps contact with one another what
leads to "jet coa}escence" and the reduction of tlłe electrical resistance between
the nozzle exit and the place of consideration. Thtrs it is seen that the flow struc-
tures in tlre transition region are unstable and periodica}ly one structrrre prevails
over the other.

,§a",__--:.". _,,,,-,--.-.-,

0 20 40 60 80 l00 120 l40 160 180 200
time, ms

Figure 10. Voltage distribution on the oscilloscope for the electlode placecl at the beginning of
the flow region IIL

The voltage signal on the oscilloscope at location of the electrode at the
beginrring of the region III is shown in Fig. 10. In that case voltage distribution
corresponds to the "off" position of the switch Ki in Fig. 4, in other vrords it
marks out the existence of the liqtrid jet physical discontinuity. Voltage base level
[/ was equal to about 25 V. Two visible voltage impulses represent instances of
time when the jet "coalescence" takes place, which appears as the voltage drop.
value of the voltage amplittrdes varies from abotrt 4 to 5v, and the voltage
level during the "on" switch position (corresponding to a physical jet continuity)
reaclres 20 V. Such location of the electrode determines the end of the region
II (transitiorr), where the jet is periodically and very seldom continuous. At

35

30

ż5ł
oi 20
§D

=15o

10



the same location We Inay thus establish the beginning of the region III of fully
develoPed disPersed flow. The distance between the beginning of the third flow
region (III) and the nozzle exit determines the maximum jet breakup length
LlIl : Lb 

^u*,

Investigations of instability of tiquid jets emanat

Figure 11, A PhotograPh of the jet in the vicinity of the electrode placed at the beginning of
the flow region III (Fig. 10).

Figure 11 presents a photograph of the jet recorded in the vicinity of the
electrode. Tlre distance between the electrode location and the nozzle was L.i111: 73,7 cm, Taking into account the above considerations one may write that
Lb 

^u*: 
LźIll : 73.7 cm.

4 Experimental results

The details of the investigations of the instability of liquid jets issuing from
contoured nozzles and the final results of breakup lengths .L7 and Za777 have been
Presented in [1t]. Some of these results have also been shown in the Appendix in
Fig. Al-A7, as well as in Tabs. 1-3 of the present papel.

It is an interesting issue how the our data of the liquid jet breakup lengths
compare witlr data obtained by other authors. Fis. 12 presents the selected
results of the jet breakdown lengtlr in the non-dimensional form L6f D together
with the data by other authors [12-13]. Based on the Fig. 12 it can be concluded
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tlrat inr.estigations of tlrose arrtlrors regarded only the length of the contintlotls
jet L7: Lb-in, as tlre consistelce between tlre atrtlrors own data and other ex-
perinents is satisfactor;l indeed. Tlrat issue is important for further comparisol]s,
since in tlre relevant literature the phenomel]on of the stability of liqttid jets has
been asstrmed as a step change from the continuous strtrcture to the discontinuous
orre (dropiets). For that reason the transition region was not considered, which
apparently has a lengthof Lll: LllI * L7. It can be seen from Fig. 12, that
tlre maxitrrum values of, L1l1f D ale over 2.5 times greater than correspondirrg
ralues of. Ll lD in our data. Generally, tlre length of tlre transition region (iI) is
conparable in length with the continuous region length (I).
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Figure 12, Distributiorr of non-dinrensional lengths L1 f D and LultlD in function of pressure
for D : 3.5 mm lozzle.

For furtlrer discussion of the results it is wortlr presenting lrere the general
form of jet breakdown length in a functiorr of jet velocity at the nozzle orrtiet.
That lras been presented schematically in Fig. 13 based on tlre papels [14-15].

At snrali velocities (. 1.rn), tlre length of a contirruous part of the jet L7,

increases witlr velocity. In the range of points between ,4 and B it is a, Iinear re-

iation. Disturbarrces of tlre jet motion in tlre fortn of axially synrmetric waves ale
responsible for the jet breakdown in the entire region AC. Next, with increasing
velocity (- > -*) the disturbances increase and the asymmetrical waves ap-
pear, [7]. These disturbances render tirat in tlre region CE there is observed a
reduction of L6. Next, at ftrrther increase of outflow velocity (the segmeń EF
- broken line), there is a turbulisation of tlre jet leading consequentiy to tlre in-
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cTease of the length .L6. However, here a significant disturbance of motion can
be found, which causes a sudden reduction of tlre jet length, ctrrve .DG. It is
worth stressing, that in the vicinity of a point of maximum c in Fig. 13, there is
Present some Plateau associated with the change of disturbance c}raracter. Gen-
erally, however, in the region AE of. the breakdown culve the phenomenon is
controlled bY the surface tension forces and the reaction of strrrounding. In the
region EF and EG a dominant role is played by tlre inertia forces and forces of
interaction between the jet and surrounding.

Figure 13. General shape of breakup curve [14].

The results of own investigations of the breakup length tr7 in the first region
is presented in Fig. 14 in adeqrrately selected co-ordinates. Such a system of
co-ordinates has been first suggested by Lienhard and Day [16], based on the
theoretical considerations by Weber [6] with subsequent modifications by other
authors.

Taking into account different investigations Lienhard and Day [16] proposed
two correlations describing the jet breakdown length

DłWe
:2,75. 1010 Re-2,

for Re > 48000
and

1,23

W-

L6

L Û 
- 

11 r

- 
- 

al.r,
DJWe

(3)

(4)

for Re < 48000.
Variation of breakup length Z6 calculated according to Eqs. (3) and (4) have

also been presented in Fig. 14.
Comparison between authors own data and Lienhard and Day trqs. (3)
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and (4) (regarded at plesent as the best ones) reveal that the authols own data
are Parallel shifted downward witlr respect to the latter. Arrthors own investi-
gations are regarded the region CE from Fig. 13 since witlr the increase of tlre
ReYnolds number the breakup length tr7 is decreasing. At smallest values of the
ReYnolds number (small jet velocities) there are however single deflections from
the general trend witlr tlre direction described by Eq. (4) and hence c]raracteristic
to the region AC in the Fig. 13, when at the increase of velocity increases the
jet breakdown length. At this moment it is rather difficult to explain the shift in
data with respect to Lienhard and Day correlations. The leason can be hidden
in other kind of used nozzles. Another possible explanation is that the authors
of [16] used a not precisely correctly defined jet breakup lengtlr, hence were not
accounting for tlre difference between the lengtlrs Z7 and Lltt, In order to inves-
tigate the latter issue in Fig. 15 presented is t}re distribtrtion of the length Li111
in the same as above co-ordinates.

As expected the authors own data for the length Li117 approached the data
described by Eqs. (3) and (a). There is still however a difference as far as
the slope of experimental points with respect to Eqs. (3) and (4) is concerned.
Authors own data can be approximated by the relations

:+ :7.67, 196 ą"-i,2a,
DJWe

for the region I (Fig. 14) and

Lllll
;ń: L74, 105 Re-. 98, (6)

for the regiorr III (Fig, 15), with tlre corre}ation coefificient R2 :0,97 for both
relations. The calculated vahtes of .L7 and Li717 {rom the rglations (5) and (6)
respectively are also plotted in Fig. 14 and Fig. 15 for comparison.

The ratio of the lengths LllllLl is presented in the Fig. 16. It varies with
the Reynolds number. As mentioned above its means value is about 2,

5 Concluding remarks

According to the present knowiedge, the stability of ]aminar liquid jet issuing
frorn the nozz\e into stagnant gas is dependent primarily on the outflow velocity,
initial motion disturbances, jet plrysicai properties, paranreters of the surrotrnd_
ing gas. Initial motion disturbarrces are anipiified in the course of the flow and at
some critical amplitude over the distance ,L6 tlrere occllls tlre breakup of the jet
contintrity and appearance of a new fornr of tlre flow, namely tlre droplet flow. In
such approach, the transition from tlre continuotls form (liqrrid jet core region)

(b)
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to tlre discontinrrotls form of the flow in the form of the droplet flow (dispersed
florł,) occurs abruptly and can be characterised by a physical discontinuity. The
resu]ts presented in tlre paper contradict strch opinion and ciearly indicate on the
tratrsitiotl between the botlr basic flow structures.

Tire work presents tlre results of investigations of instability of liquid jet em-
anating from tlre contoured nozzles into stagnant air. A computer-based optical
sl,stem lras been used for identificatiorr of liqrrid jet flow strtrctures and owing to
tlrat fact several interesting results cotrld be recorded. Tlre precise meastrrement
of tlre jet breakup lengths was possible dtte to tlre application of the electrical
corrductivity (or resistance) metlrod after sorrre modifications.

Based on the obtained results it lras beerr sltowtr, t]rat t]re liquid jet flow region
carr be divided in respect to the liquid jet breakup length into three characteris-
tic regions: continuous region (I) or liquid jet core region, transition region (II)
and discontinuous region (stream of droplets - III). Existence of such pertinerrt
regions enables to draw several important conclusions:

1. Transition region of tlre jet flow in respect to it instability falls between the
regions I arrd III. Hence the iengtlr L71 of the jet in this region frrlfrIs tlre
ineqtrality, L1 ś L11 ś Llll. Tlre region II is characterized by the eqrral
probability of occtrrrence of both: the liqtrid jet core and dispersed flow
structures. In other words tlre liquid jet breakup lengths nay change in tlre
value described by the inequality, L1 ś L1, ś Llll.

2. Due to possible applications in jet cooling or strrface cleaning using liquid
jets, the naximurrr iength of srrch jet shotrld obey the condition, Li ,nu*śLl,

3. In trsing of liqtrid jets irr the forn of droplets for spray cooling another
inequality shouid be obeyed, L, ż Lillr.

4, The length of the transition regiotr, deternrined by the ratio Li1l1f L1, is
significant (ht l l l L t ! 2) and is comparable with the lengtlr of tlre region I.

5. Omission of tlre existence of transition region in previotts investigations,
cited in the literatule) can be one of two major reasons for the significant
discrepancy of results in that area. An extensive survey of investigations
of tlre stability of jets can be found, amongst the others, in [17]. A second
irnportant reason for tlre discrepancy in a series of investigations can be
rendered by a different extent of the initial disturbance in the jet motion.
Its magnitude is mainly dependent on the installation vibrations and the
geometry of the nozzles.

Equations (5) and (6) proposed for determination of the characteristic jet
lengtlrs tr7 and Li111 are valid for the contoured nozzles (Fig. 2) in the following
range of dimensionless numbers: 10000 ( Re ( 220000, 50 < We < 47000.

Received 20 February 2002
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Appendix
The experimental data shown below concern the jet breakup lengths for the

tlrree diameters of the cotrtoured nozzles. Figs. A1, A3, A5 present the lengths
L7 and Li111 of water jet flowing out the nozz\es with diameters 3.5 mnr, 6 mm
and 9.5 mm, respectively, in function of volurnetric flow rate of water. On the
other lrand, in Figs. A2, A4, A.6 given are the lengths of water jets tr7 and Li111
in function of water plessure in the nozz|e for corresponding nozz|e diameters as
above.

Figure A7 presents an overall variations of the breakup lengtlrs L1 and Li711
for water jets flowing out tlre nozz\es with diameters: 3.5 mm, 6.0 mm and 9.5
mm at varying pressure irr the nozzles.
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Table 1. ll.esults of nreasurertrents for tlte nozzle with c]liameter D : 3,5nrm

Lp. T1 T2 T3 tank T4 air v- Lt,la2 L;t t t,I02 Pu, Pbo,

rC) |,Cl |"C] rC] illnin] ["r] [-] IkPa] [kPa]
1 63.1 7 61.51 otr 23,2 2.71 19.7 35.4 120.8 99.26
2 50,72 49,69 25.1 23,2 Ą,62 56.4 84,4 l42.4 99.26, 39.95 39.49 23.6 I0.64 Ą1.2 92 281.3 99.26
4 35.38 35.09 24.Ą 23.6 13.81 38,6 117,3 398,3 100.9
E 30.35 30.1,|-l 22.3 23.6 17.51 Ą4,2 118.4 582.Ą 100,9
6 25.83 25.79 22 23,6 21,,77 29.1 5ó.t) 853.9 100.9
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Ta]lle 2. Results of rrreasurements for tlre nozzle with dianrcter D : 6.0 nrn

Lp. T1 T2 Tl] tanl< 14 air V- Lt,l02 L;ltt,I02 P- Pb,r,

|" C) L" C) |"C) |, C] |1/niirr] ["r] [,r] [kPa] [kPa]

t 51.76 48.42 24.8 21.7 2.2 24.8 92 t08,6 100.6

2 47,I3 46.66 ,t .) 2I.7 5.Ą2 70.2 106.9 I1,2.5 100,4

.) 38.84 38,33 26.3 21,.7 10.34 BB.5 134,3 I25.7 100.4

4 31.63 31.18 21.i 20,2Ą 86.1 1:]5 I72.9 100,4

5 28.32 28.53 zO. I 2I.I 31.1 1 98.3 L83,3 258.9 100,4

6 26.39 25.92 22 2I.1 47,92 69,8 14l8.1 381 100.4
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lrigure A5. Variation of tlre iet bleakup lcn,gths Lt and, 
'iI_./ 

versus tlre flolv rate for
D : 9.5 nrrn rrozzle,
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Ttrble 3, Resull,s of nreasurenlents for tlre nozzle witlr cliaIrreter D : 9.5 tnm
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|,C] rC] |"C] L"C] Il/nin] [",] [.] IkPa] [kPa]

1 67.67 58.33 28 24.7 2.44 95..1 132.8 109.1 101.7
2 4z1.62 43.68 1l,O 24.7 5. l)Zl 103.4 130.4 110 10l,7
n 39.72 39.78 26.9 24,I L7,26 116,4 1,8Ą.4 I72.7 101.7
4 31.58 i]1.48 26.2 24.1 21.27 115.9 195,4 I2I.6 101,7
5 :]2.4 .)z, l I 27.3 24.1 31.5l I22.5 235.4 136.1 101.7
6 30.96 31.07 27 24.7 41.26 118.2 242.5 156,2 101.7
7 28,36 28.48 25,6 2tL1 53.31 98.2 235.4 188.2 101.8
8 26.55 26.33 22.8 24.1 UD. /5 81.7 179.4 227.6 101.8
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Figure A7. Variation of the breal<up lengths Lt and Z,l1l versus LIle nozzle water pres-
sure for: 3.5 nrrn, 6.0 nlm and 9,5 nrnr diameters nozzles.
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