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l]UG ENI USZ IHNAT'OIVICZ zrncl N,IARIAN TRELA-

Investigations of instability of liquid jets emanating
from n.ozzles into ańbient -air 

-: Part IIt

Institt]te of Flttid-F]ow A,Iachinery PAS, Fiszera 14, 80-952 Gcialisk, Po]anrl

Abstract
Tłre PaPer presetrts l;he results of experimerrtal investigations of insi;ability of iiquicl jets

enanating from slralp-edge orifices into amllient air. Thc major impact has been paicl to tlre
rneasurements of tlre.iet structtrre ancl tlre distance bevolrd wlrich tlre.iet loses its continuity arrcl
is broken into liquicl droplets. Investigations have been corrcluctecl at various pressures of rvater
in the orifice and its tlrree diametel,s. Tlrc results lravc been colrrparecl agairrst availallle clata
frorrr literature irrcluding the olvrt c,lata obtainecl earlier for tlre contourecl nozzles.

Keywords: Licluid iet; .]et struclure
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pressure of water, Pa
Reynolds number,
tenperature, "C
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volut-netric flow rate, l/trlin
velocity, rn/s
M/ellel. nllnrber, We : ptu2Df o
Ohrresorge rrunrber, Z : łŃEiRe
initial disturbancc at the jet surface
dynarrlic viscosity, kg/nis
surface tension, N/nr
clensitv, kg/m3
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Subscripts

lllcakdorvn, Rerrrlenranrr's orifice g - gas

- ]larolrrel,t,i c l - liquid
- colllouret-l orilicc lnat, min nlaxilttunt, tninilltunl

critical s - clroplet, slrarp edge orifice
l_1egirrning o[ the regiorlu - water
liclrrid.jct I,II,III - refers to regions I, II, II1

1 Introduction

A plretrolrlenol} of licluicl jet outflow fronr t]re clrifice (hole) into tlre rrlrccltrfined

c;1, cjol}filrecl gaseolls eltvironlnellts is preserrt irr ntrrrrerous technical eqtripnrents.

Srrcir jets lrttve applicatiotr for example in coo}irrg of lrot sllrfaces, trvo-plrase ejec-

tors (water-stea[}) wa,ter-ail,), liqtiicl sprays (brtrners, fuel injectors) arrd otlrer
teclrnical t-r,llplictrtiorrs. TIre iet, at sotrre distatrce fi,otrr tlre orifice, breaks up iŃo
clroplets ernd a, trrixtttre of clroplets ir,nd gas is being formed, In practical appli-
cations of coolirrg a solid sul,face by means of jets, we cau Llse two a}ternativeiy
netlrods: col}tinuolls jet coolirrg [1-3] oL splay cooling [4]. SLrfficient liqtricl atom-
isation into tlre fortrr of srntrll clroplcts as łr,ell as t]reir correct rnixirrg rvitlr gas

clecicles about tlre efficiency of tecłrrrical equipnrent r-rtilising the latter forrn of
coo1ing.

An irrrportturt issue irr tlre irrvestigations of licluicl iet stability is a probleru of
cieterrrrinatiorr of the jet bretr,kdolvn }errgtlr i6. Tlris problern lras not attracted so

fi-rl tr sufficictrt attent,ion, as it lras ustta,Ily be t-lssunreci that t}ie ]oss of stiłbility arrcl

t}re jet breakdołvn irrto clr,oplets occrrrs trbrtq;tly atrcl lretrce cotrtains tlre ph},sical

discorrtitlrtity. Srrch problerrr lras beclrr stuciied in t}te previorrs rł,orl [5] by tlre
present autlrors, r,vhere tirc sttrbilit), of liqttid jet ficlr,ving ottt fronr t}re corltotired
orifice lras beetr investigated, T}re latter }<irrcl of t]re orifice h,as beelr se}ectecl

fbr irrrrestigations, sittce it ensllles relatively strrootlr arrd utrdisturbed jet outflorv.

It is lrtrorvrr frorrr the literature that irritial disturbance of t]re fluid rnotion at
tire orifice outlet irrfluetrces sigrrificarrtiy the process of the jet breakclorvn. Suclr
disturbances con}e frotn tlre geonletry of tlre feecling orifice as rvell as the pl,essure

pulsatiotrs irl t}re installatiorr. Celtairrly, tlre disttrrbances linked rvith irrstallation
,,vere not elirrrinated in the case of tlre contottled orifice. Tlrerefot,e, the cotrtotrred

orifice can only serve tts a refer-ence geometry fbr other kirrds of orifices used in
sirnilar operationtrl corrditiorrs.

Dr_re to tlre irrrplenrentatiotr of a very acctrrate neasulement met}rod irr tlre
forrner papel [5], it was possible to slrown tlrat in tlre wlrole donain of tlre jet flow,
in respect to tire brealt-up plrenonrenon) one can distingtrish tlrree characteristic
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of iicluid .iets.

regions: the cotrtinrrous regio}l (I). tlre trirtrsitiotr region (iI) anct tlre riiscontin.lotls
regiotr (III), In tlre region I we alrvays deai wit}r tlrc corrtirrirotrs jet (liquicl jet cor,e
region), Ilr tlre second legiotr t]rere exist trlterrratively tlre periocls of jet corltinrrity
arrd discontinuitY, In t}re tlrircl regiorr, the liquicl 

"*irt, 
ir. tt e fornr of streanr of

droPlets, Tb.e trłrnsition regiorr proved, to be relatively long alrcl conparable with
tlre lerrgtlr of the cotrtinrtotts region I. Herrce it lras b"er,-slro*r. in |s], tirat tlre
breakdorvtr iength is deterrrrirted by tlre following inequalitv Ll ś Lt { L1,1lr.
Based on the obtained dat:r in [5], it corrld be estinrtrted, tlrat irr tlre case of
disturbances clf mcltion pertinent for tlre contoured lozzle arrd tlre irrsta]latiorr
uuder scltttitrY. tire ratio of a nraxinrtrrtl valrre of. L1, to a nritritnrrtrr virltre rvas
allout Lb,rrn,r, l Lb mlin. ż 2.

Tlre toPir: of tlre Presetrt lvor]i concelrrs tlrc investigł,ltiorrs of tirc stt.ttcturc of
tirc liqtricl jct florvirlg out of slrtrr1l-e<lgc olificcłs. wiclciy trscłci itr pt,ar;tice. TIre airrr
of tlre irrvestigtrtiotr is to obtiiirr nrore itlfortrratiolr aboltt tlre stI.uctul,c of, tlre jet
florving clrtt frotri suc]r orifices as lvell as tlre relt,r,tiotrs betweetr t}rc ,jet bre:i,kclou,tr
lerrgtlr in tlre tirrrction of tlre Pertinent flo,nł, pttltlmeters ancl tlre orifice georrletrr,.
TIle reslrlts of tlre investigatiolls are pt,esentecl against thc data clbtairred for.
contoured orifices used in [5]. Ttte expet,itrrental clata have beerr obtainecl trsirrg
extrct]Y tb-e satne researclr rnetlrocl ancl apparatus as described in cletail irr [5].

2 Experimental results

Irrvestigatiorrs of the liqrrid .jet stability have becn 1rerfornred usirrg tllc slrarp-
cdgc orificcs, N{casurcrnelrts lra,ve been contluctecl for tltree cliffer.ellt or.ificcl irrlet
diartreters: D : 3.5 trrn, 6,0 trrnr ttird 9.5 nrn. Tlre shape ancl clitrtensiors of l;1rel
ori{ices al'e slror,vtl irr Fig. 1. Applving tlre rrretlrorl arrci tlre appa,ratus c]escribeclin [5] tlre reslilts ltave beeri obtirineri, *lri"t cotrfir.nlecl, sini]trrjY trs itr the case of
a contottred olifices, t]re existerice of tlrrce difi'crent florł, regions I, II ancl III.
Figtrres 2-7 Present tlre distriblltions of tlre voltage orrtprri recordecl otr tlre os_
cilloscoPe of t]re l]leasllrelrretrt systerrr, sclrerrraticńl;, presentecl irr Fig. 3 in [5].together rvith tlre corlespondirrg plrotograplrs of t}le jet structures. Distribtr_
tiorrs of tlre voltage output lłave been recordecl, as before, at tlre tirne base of
t, :20 n]S, corresPolrclirrg to one division irrrcl tlre voltage tłrnpiifying ot U : 5 y
fol one divisiorr. The voltage output clistribution irrl,,ges tlre clrarrge of tlie jet,s
electric cclrrdtrctivitY (or resistatlce) oir tlre clistance bet,""en tlre orifice exit ancl
t]re lclcation clf tlre trresh wit.e electrocie.

Figtrro 2 shows the recorclecl vclltłrge orttpttt on tlre oscilloscopc itl the ca,se
rvlretr tlie tiqlricl iet wtrs cotrtitrrrorts l;etween tlre orifice arrcl tlre trleslr rvir.e eleri
tlode, (see Fig. a in [5]) at tlre borciel betrvcłen regions I ancl II. Sotne voltage
outptrt inrpulses ATe seel]J which corrfirtrr tlrat sonretinres tlre loss of corrtinuitv of
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Ivlaterial polycańonate Erta PC 1000
D:3.5 mrn
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Figure 1. Slrape ancl dinensions of a sharp-edge orifice,
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Figrrre 2. Voltage distribution on tlre oscilloscope f'ol tire rnesir ł,ire electrode located at the
border betrł,een regions I and II.
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Investigations of instabili

tlre jet occurs. The nraximum voltage impulse is about 5 v. The corresponding
location of the rnesh wire electrode in this case d,etermines the beginnirrg of thejet discontinuitY. This state of the jet behaviour, when not very often the loss ofjet continuity occurs, has been defirred (similarly as in [5]) as a border between
the regions I arrd II. Therefore the length for tlre region'I can be determined.

Figure 3 Presents the picture of the jet, recorded in the vicinity of the mesh
wire electrode for the situation discussed above. The location of the mesh wire
electrode in respect to the outlet edge of the orifice, was found to be Lr -: Lb -i, : 28 cm.

Figure 3, PhotograPh of the liquid jet in the vicinity of the nresh wire electrode located at theborder between regions I and II.

Figrrre 4 presents the recorded voltage output on the oscilloscope for the
nresh wire electrode enrbedded in the flow domain pertinent for the region II,that is the transition region, where two flow structures occur alternatively i.e.:
the continuorrs liqutd jet and tlre droplet flow regimes. The photograph ór tn"jet in the vicinity of the wire electrode is shown ń rig, 5 for the corresponding
voltage outPut given in Fig. 4. The disctrssed case coriesponds to the location of
tlre electrode at the distance of. L11:54 cm from the orifi.u.

The next Fig. 6 shows the voltage output on the oscilloscope recorded in the
case of location of the electrode at the beginning of tlre region IIL The voltage
base level is equal to about 25 v. A perceptible voltage ińpuhe represents the
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Figure 4, Voltage distribution on the oscilloscope for the mesh wire electrode embedded in the

flow region IL

Figure 5. Photograph of the liquid jet in the vicinity of the electrode embedded in the flon

region II.
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Investigations of instabilit of liquid i

,li:.: !!: .l, .ł.liź | 1r

40 60 80 100
time,

120 l40 160 l80 200
ms

,ż

ą)
b0

+i

Figure 6, Voltage distribution on the oscilloscope in the case of the electrode located at the
border between regions II and III.

moment of time, where the coalescence of the iiquid "lumps" takes place, which
results in voltage drop. A value of the impulse amplittrde is about 2.5 V, whereas
the voltage level during the short electric short-circuit, (which corresponds to
the jet continuity), reaches 22.5 Y, Such iocation of the measurement mesh wire
electrode determines the end of the region II (transition region), where the jet
is periodically continuous. Figure 7 presents a respective photograph of the jet
recorded in the vicinity of the electrode for the discussed case. The location of
the electrode corresponding to the discussed situation was equal to L:80.7 cm,
Since the Periods of the electric short-circuits (coalescence) in the measurement
sYstem Were sporadic, hence it was decided that such kind of the voltage output
determines the beginning of the region III, where the liquid jet exists in the form
of a droplet spray. Hence it can be assumed that Li III : Lb rnał :B0.7 cm.

Detailed results of the investigations of pressure, temperature, volumetric flow
rate of water and the jet lengths Z7 and L.;771have been given in the Appendix,
However, the main resultg in respect to the distributiorrs of the jet lengths L7 and,
Li111 in comParison with the resuits of the other arrthors are presented below.

The results of the present investigation concerning the jet length Z7 for the
region I as well as Li117 for the region III, are plotted respectively in Fig. B
and Fig. 9 in adequately selected co-ordinates. Such coordinate system has been
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Figure 7, Photograph of the liquid jet in the vicinity of the electrode embedded in the flow at
the border between II and III regions.

suggested by Lienhard and Day [7]. These authors condrrcted experimental in-
vestigations of the breakdown of liquid jets flowing out from sharp-edge orifices
with diameters D varying in the range D : 0,8 + 3.1,7 mm) whele the value of
a corresponding cylindrical part of orifice (see Fig. 1) was equal to l : 0.5 mm.
Hence the ratio If D varied in their experiments in the lange llD :0.157+0.635.
Their results have been described by them by means of two correlations [7]:

:2.75. 1010 Re-2

for Re > 48000 and

Dłwe
: 11.5

for Re < 48000,
These correlations approximate the results of experimental investigations ob-

tained in [7] with the accuracy of. Ł22%. The above investigations have not
showed the influence of the geometry of the orifice on the jet breakup length
-L6, due to the fact that the ratio llD did not appear in the above correlations.
This can probably be attributed to the applied simple experimental technique,
which was the only available in those days (a stroboscopic lamp with the visual
assessment of the jet quality).

L6

-
DłWe

(1)

(2)
L6
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The ratio llD t'as been varied in the rungeIf D:0.105+0.285 in the present
investigations. The our data of the jet breakdown lengths in the region I, and
hence the values of Z7 are shown in Fig, 8. F}om this figure one can see a
pronounced influence of the orifice diameter D on the length .L7. These data lie
significantly below the values obtained by Lienhard and Day [7] and calculated
from the Eqs, (1) and (2).

The same situation as above occuls also for the jet breakdown length L1,1ll,
as can be seen from Fig. 9. In the latter case, however, differences are not so

significant, and in the case of }arger values of the Reynolds number the results
of both considered experiments coincide. This fact suggests, that Lienhard and
Day [7] have investigated in fact the jet breakup length Li711 lot the length.L7.

It is seen a distinct influence of the orifice diameter on the breakdown lengths
,L7 and Li 111 from Figs. 8 and 9. Looking at these results we can observe a quali-
tative change of the jet break-up lengths at some critical Reynolds numbers in the
Iange Re"" * 40000 + 50000. At lower values of Re there is a tendency to increase
and then to decrease of the term L6l(D W"o,'), whereas at values of Re greater
than Re", there is clear and monotonic decrease of the term L6f (D We0,5). Srrch
variation of the term L6f (D W"o,u) versus the Reynolds number is qualitatively
consistent with the results of Lienhard and Day [7],

It has been indicated at the beginning of the present paper on the role of
the initial motion perturbances on the jet breakup length. These disturbances
generaliy come from the two soulces i.e.: from the feeding installation and from
the considered orifice. The former investigations enclosed in [5] and obtained
for the contoured orifice together with the present ones for sharp-edge orifices,
have been performed on the same test rig and for the similar ambient conditions
including the installation. Hence, it seems to be a reasonable assumption, that the
differences in the results of breakdown lengths L6 for both orifice configurations
will reveal only the influence of different orifi,ce geometries, since the influence of
the installation vibrations is the same for both configurations. It has been shown
in [5], that the experimentai correlations, in the case of the contoured orifice,
which had a general form of

(;ft),:/(Re) (3)

took the following forms:

L1 : !.67. 106 Re-1,24Dłive
(3u)

Li lrl : I.74. 105 Re-0,98
DVWe

for the region I and

(3b)
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for the region III, with the corre]ation coefficient R2 : 0.97 for both expressions.
Taking above into account, the general relations will be sought in the form

( h \ _,.( L6 \\Dffi/,: ^ \.ilffi/.
That is, the jet break up length, in the case of a sharp-edge orifice, will be referred
to the resPective length, in the case of a contoured orifice, through the correction
coefficient K. Assuming the coefficient K in tlre form Ki: (tlD)m; (n-here
'i : 7,3 in the case of regions I and III) we obtain the general relation for the
sharp-edge orifices ( Lu \ _/!)-'(,,rr=rr) 

r*^,\ołw"), - \p/ \Dm).
The exponent mi, in the coefficient ki, will be made dependent on the ohne-
sorge nunrber Z,which, according to the definition, is equai to Z : We0.s/Re:
t"lbDo)0'5. This number accounts for the influence of the orifice diameter and
the jet physical properties. Having in mind the above considerations one can
arrive at the pertinent re]ations for the first region I:

o For Re ) Re", : 40000

L' ^ / t \ml

ffi:7.67 ,o'(;) Re-1.24

where the exponent rn1 is given by the relation

rnt:886 2_0,87 (5u)

with tlre correlation coefficient -B2 : 0.93. Dtrring investigations the value
of that exponent was varied in the range: rnt : -0.10 + 0.7. The variation
of the exponent ml in tlre function of the ohnesorge's number z is given in
tlre Appendix irl Fig. 44. Three lowest points with values m1 ś 0 conceTns
the diameter D :9.5 mm.

o For Re ( Ęę".

where the exponent n1 ! 0.5, the correlation coefficient is ,R2 : 0.97.
Following the similar steps for the region III one can arrive at the

following relations:

o For Re ) Re",

(5)

(6)

k: I.74 ,r'(*)"'Re-.98 (7)
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where the exponent m3 is given by the relation

mz:421 Z-0.36 (7a)

with the correlation coefificient R2 : 0.75. During the investigations the
value of that exponent varied in the range: ms: -0.6+0.4. The variation
of the exponent m3 in the function of the Ohnesorge's number Z is shown
in the Appendix in Fig. A5. Two lowest points with the valrres mg 1 0
concerns the diameter D :9.5 mm.

o For Re ( Re".

Ll lll_
DłWe

where the correlation coefficient in the case of the exponent n3 is equal to
R2 :0.99.

Relations (5) + (8) are valid in the following range of the pertinent parameters:
12000 < Re < 180000, 0.0008 < Z <0.0018, IlD :0.1+0.285, 50 < We < 47000.

For comparison reason the experimental data of the jet break-up lengths ,L7

and Li 771 together wit}r their calculated values according to the Eqs. (5), (6), (7)
and (8) for the orifice diameter D:9.5 mm are plotted in Fig. 10 and Fig. 11.
This is the largest orifice diameter used in the present investigation. In the case
of this diameter the experimental values of exponents rn1 and m3, in Eqs. (5) and
(7), vary respectively in the ranges] rnt : -0.10*0.1 and rns : *0.03+0.14. If
the values of rn1 and rn3 reaclr zero m| : TTL3 :0 then the correction coefficient
is equal kt : 1. In other words, the results for the sharp-edge orifice are the
same as for the contoured one. For the case of mi ś 0 then the coefficient Kiż l
which, according to Eq. (4a), would mean that in the case of the sharp-edge
orifice the jet break-up length is larger than for the contoured one. Tlris is rather
not a plausible result and it shall be attributed rather to the measLlrement errors
and different motion perturbations in the installation during the experiments for
both considered cases i.e. for contoured and slrarp-edge orifices. Negative values
of exponents 7n1 and rn3 appeaTed only at three measuren].ent points with orifice
diameter D : 9,5 mm (see Fig. A4 and A5). In tlre ca§e of smaller diameters
the values of. m1 and rn3 were always positive, It is worth to note, that vrith
tlre increase of tlre diameter D, and hence the decrease of the ratio (//D) the
sharp-edge orifice approaches the contoured orifice, as far as the flow situation
is concerned. This finding is also confirmed by the work of Iciek [8], (Fig. 3).
Then, small changes in external conditions (installation vibrations) can rerrder a
situation described above.

= const (*)"' : I.47 (?)"' (8)
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3 Concluding remarks

The paper contains the results of the investigations of the stability of the
liquid jets flowing out of the sharp-edge orifices for three diameters and in the
range of the Reynolds ntrmber 12000 ( Re < 180000. The obtained results
confirmed, similarly as in the case of the contoured orifice [5], the existence of
three characteristic regions in respect to the jet break-rrp length, namely: the
continuous region (I), the transition region (II) and the dispersed phase region
(III), The length of the region II is practically comparable with the length of the
region I, similarly as in the case of the contoured orifice investigated in [5].

As expected the jet breakup lengths L6,, in particular regions, are generally
lower than ones for the contoured orifices, This is due to tlre existence of addi-
tional motion disturbances in the case of sharp-edge orifices. This kind of orifices
causes the decrease of the cross-section area of the flow (vena contracta), whiclr
introduces additional flow disturbances. This effect is dependent on the ratio of
the cylindrical part of tlre orifice to its diameter (llD). Hence the introduction
of the ratio (l lD) into the breakdown lengtlr descriptiorr seems to be jtrstified.

Based on the obtained results, the Eqs. (5), (6), (7) and (B) lrave been pro-
posed, which describe the jet break-up length for regions I and III. The correction
coefficient appeared in these relations in the form Ki: (llD)m;. It shorrld as-
sume the values lower than unity. That was the case in all investigated orifices,
apart from three cases, which occurred for tlre largest diameter and were caused
probably by the measurement errors. Generally, the value of the coefficient Ę
reflect the difference between the sharp-edge orifice and the contotrred one in
respect to the jet breakup length ,L6.
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Appendix

The experimental data shown below concern the results of the nreasurements
of tlre jet breakuP length .L7 and Li 11r in the frrnction of tlre mass flow rate of
water for three different orifice diameters.

Table 1. Results of measurements for the orifice with diameter D : 3.5 mn
Lp, T1 T2 ?3 tank T4 air V- Lt 102 Li, ttt ,102 P, Pbo,

rC] rC] rC] rC] Il/min] [-] [*] IkPa] [kPa]
1 45.94 43.58 22.8 22.I 2.23 22.6 36.7 130.4 101
2 38.79 37.39 22,6 22.I 5.06 46.9 68.0 209.1 101
3 32.39 31.8 2|.4 ,9 1 10.05 30,3 93.8 511.9 101
4 26.28 26.08 20.7 22.7 13,79 25.7 78.8 873.3 101
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Figure A1. Variation of the jet beak-up lengths L1 and.Lł lrr versus the flow rate for
D :3.5 mm nozzle.
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Table 2. Results of measurements for the orifice with diameter D = 6.0 mm

Lp. TI T2 73 tank T4 ait V- Ll 102 Ll III 102 P- Pt.,
rC] rC] rC] rC] l/min] [*] [*] IkPa] [kPa]

1 48.7 46.26 24.9 21.5 2,43 21.1, 45.7 110.5 101 ,1

2 42.gl 42.19 24,5 2I.5 5.5 5I.7 86.7 l20.2 101.1

37.27 37.19 24,3 2I.5 10.5 64,2 96.9 151.9 101 1

Ą 33,22 33.26 24,I 2r.5 15.72 67.9 116 199,9 101.1
5 30,31 30.26 24 21.5 20,22 65.6 I40.4 272.8 101.1
6 27.09 27,03 2L9 21.5 30.62 43.4 118.3 489.7 101.1

7 23.76 qa ż, 2I.2 2L5 40,28 49.3 118.4 769,8 101. 1

Figure A.2 versus the flow rate for



Table 3. Results of measurements for the orifice with diameter D = 9.5 mm

Lp, T1 T2 T3 tank T4 air v- Lt 102 Lłttt,L02 P- Pbo"
rC] rc] rC] rC] Il/min] [*] [-] [kPa] [kPa]

1 62.o9 60.25 29 22.1 2.64 20 44.9 108.6 99.12
2 5o.7 49.83 3I.2 22.7 5.31 73 132.5 109.5 99.12
3 44.42 44.37 ,)ó 22.1 11.16 92.2 I45.3 115.5 99.12
Ą 40,19 40.73 34.2 22,L 20.57 104.3 156.1 I3l.2 99.12
5 36.24 36,44 30 22.1 30.37 108.8 207.3 164.6 99.12
6 29,61 29.79 28 22,I 40,67 108.3 209.3 213.8 99.12
7 27.88 zl,t I 25 22.1 50.85 lo,l 207.3 273 99.12
8 27.3 27.24 22 22.7 61.44 81.3 180.3 356.3 90.12
9 22.35 22.04 20.5 22.1, 75.84 75 166.8 481.9 99.12

A

];
jl,,

0

200

150

100

50

0

l_
lE

o

lJ

|_łI"E
b]cIo|-

lo

l

l

10 20 30 40
l/lolumglńc flow

I

50

rate lyminl
I

Figure A3. Variation of the jet beak-up lengths Lt and ,Li 1ri versus the flow rate for
D = 9.5 mm nozzle,
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Figure 44, DePendence of the exponent rn1 on the Ohnesorge number for three consiclered
diameters.
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