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ABSTRACT 

! A study of air f10w characteristics ls reported for a \ 
Ivortex chamber consisting of an upper cyjindrical section 122 cm 

in diameter and 61 em high. and of a lower conleal section 108 cm 

high. Quantitative measurements were made with a five-channel 

pressure probe of the radial profiles of tangential and axial 

velocities. as a function of the inlet air velocity (4.9. 8.6 and 

12.3 mis) and of the axial distance from the top of the chamber. 

Measurements of the statie pressure profiles were made simul-

taneously. Finally, the angle of flow of the air entering through 

the single tangential inlet could be adjusted, and its effects on 

the flow recorded. 

From these quanritative results and from a theoretical 

derivation based on the Navier-Stokes and the Continuity equations, 

generalized expressions for the tangential veloeity profiles were 

obtained for the two regions of flow. forced-vortex and quasi-free 

vqrtex, which prevail in a confined vortex chamber, as a function 

of the entrance air velocity and of the radius at the point con-

sidered only. Surprisingly, the angle of entering air was found 

to have no effect on the tangentia1 velocity. and only a minor 

effect on the static presture distribution. On the other hand, the 

outlet diameter of the chamber was found to have a large affect on 

the profile of the axial veloeities. 

j. 

1 
l, 
1 ! 
1 
! 



l, . 

Il 

( 

• 1 

( 

ii4 

, . 
RESUME 

Une étude a été faite des caractéristiques d'un écou!e~ 

ment tourbillonaire dans une chambre expérimentale consistant d'une 

section supérieure cylindrique d 'un diam~tre de 122 'cm et d'une, 

hauteur de 61 cm. et d'une section inférieure conique me~1Qnt 

cm de haut. Des mesures quantitativès ont été faites :vec une 

108 

sonde de pression à cinq canaux des profils' radiaux des vitesses 

tangentielles et axiales, en fonction de la vitesse d'arrivée de 

l'air (4.9, 8.6 et 12.3 mis) et de la distance axiale mesurée en 

dessous du plafond de la chambre. Les profils de la pression 
1,'1 , 

statt"que ont été obtenus simu! t-anement. Finalement, l'angle 

d'alimentation de l'air entrant dans la chambre a été varié et 

son effet sur l'écoulement a été observé. 

A partir de ces données et aussi d'une étude théorique' r 

. 
basée sur. les équations de Navier-Stokes et de la Continuité, des 

expressions d'ordre général ont été dérivées'pour les profils de 

vitesse tangentielles pour les deux régions d'éco41ement (vortex 

forcé et vortex quasi-libre), en fonction de la vitesse de l'air 

entrant dans la chambre et du rayon au point considéré. Il a êté 

surprenant d'observer que l'angle d'admission de l'air n'a aucun 

effet $ur la vitesse tangentielle et seulement un effet mineur sur 

le profil des pressions statiques. D'autre part, le diamètre de 

la sortir de la partie conique de la chambre e~erce une grande 

influence sur le profil des vitesses axiales. 
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GENERAL INTRODUCTION 

Vortex flows constitute an importan~ clasa of fluid motion 

characterized by large-seale rotation of the mean 'flow around an 

axis. In addition to their natural occurrence as atmospheric vor-

tices ranging widely in size from small dust-devils to very large 

tornadoes and hurricanes, vortex flows are finding a eonstantly .,. ~ 

increasing range of applications in technical operations and proces-

sing equipment. In these applications, use is made of the ability 1 

of a vortex to promote mixing and dispersion, to improve the s'tabi-

lit y of jets or to separate substances of different specifie gravit y 
t .• 

or phy~ieal characteristics. From this, it e~be ~nferred that the 

major field of applications will be in heterogeneous systems, where 

the dispersed phase will consist of entrained droplets or solid 

.particles. A vortex also off ers the added advantage of a longer 

contacting path betw~en the two phases, as compared with a straight 
p 

axial flow. 

In cyèlone dust separators, for example, vortex flow is 
D 

uaed to sepa~te suspended particles or droplets from effluent or 

process streams. Among other technical applications in wide use are: 

spray-dryers (l, 2); processing equipment such as spray-coolers; gas 

scrubbers, absorbers, cyc1one'"Cevaporators (3); centrifugal burnera 

(4,5); oil-watêr separators (6) and, more,recently, plasma flame 

stabilization (7, 8, 9). TQe Ranque-Hilsch vortex tube is a unique 
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example of single-phase vortex motion, which causes much interest 

in the refrigeration field (10). 

In spite of the wide range of applications,~the cechanics 

of vortex flow are not completely understood, principally Jecause ,,. 

of the three-dimensionàl character of the motion and the c0mplexi~y 

introduced by the co-existence of two or more r~gimes of flow in 

the same piece of equipment. In the past, investigations nave been 
" 
largely concerned with the measurement of the gross behaviour of 

the equ1pment such as pressure drop and separation efficie~cy. 

Only a few a~alyses have considered 

of the confining equiprnent (11, 12) 

varia~{ons of the geometri~ shape 

and rnkny investigations have 

oversimplified the complexities of the flow. It is only recently 

that an effort has been initiated to obtain a better understanding 

of the fundamental principles involved. From a practical ?oint of 

view, the prediction of the three-dimensionnl velocity profiles as 

a fun~t~on of the geometry of the vortex system and of the operating 

conditions i3 probably the most important asp~t of the design and 

operation of the equipment in which vortex motion is used. These 

profiles, in turn, dictate the flow pattern of the motion and the 

general performance of the vortex system. 

The present study constitutes a continuation of the work 

'~itiated in this laboratory by Nader Bank (13, 14, 15). Using a 

-.. . 
single hot-wire anemomefer probe rotated in eight different az-

'" imuthal directions at a given position in the flow, for which 

specifie response equations had to be develope~ (14), Bank measured 

1: 
1 

i 
i , 
! 
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the veloeity profiles of an ambient temperature air vortex flow 

generated in a chamber with a eylindrieal top and a conieal bottom. 

His investigation was limited to low volumetrie flow rates, not 

exeeeding 3.2 mis in inlet veloeity. Because of the poor response 

of his measurement ?echnique at very low velocities, he was not 

able to make any measurement of the radial velocities and ex- 0 

perienced serious restrictions in the deter~ination of the axial 

eomponent at any except the higher velocities. On the other hand, 

the use of a hot-wir? anemometer probe permitted him ta provide 

interesting data on the radial distributions of tangential and 

axial intensities of turbulence, which are among the first to be 

published in this type of system. 

In the present study, use has been made of the same 

chambe~. Ho~ever, the range of volumetrie flow rates has been 

greatly increased and provision has been made to control the inlet 

flow angle, a parameter which BanK ideutified as of possible im-

portance. Another important departure from Bank's experimental 

technique was the adoption'of a three-dimensional five-ohannel 

pressure probe as the measuring device, to improve the resplution 

and simplicity in recording the velocities. More specifically, the 

objertives of the investigations were: 

a) To study the variations of the velocity and 

static pressure fields as funetions of the 

following parameters: gas flow rate, angle of 

inlet flow, and axial and radial position. 

\'1 
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b) To attempt to derive fr m first principles a 

correlation for the tan~ential velpcity as a 

\ 
funct,ion of the above parameters and to compare 

this prediction with the experimentally-observed 

values. 

A great deal of effort was expended in the detailed 

measurement of the tangential velocity profiles, in vi~ of their 

paramount importance in the design of process equipment. 

". This thès}s i8 divided into two parts. The first part 

consists of a Literature Revi~w which has e~te~ded Bank's fairly 

complete review of the prior literature to i~clude some recent 

additions to the body of experimental eVidenc~. It 3lao includes 

a discussion of the more promising instrument'l techniques avail-

,able for the characterization of swirling motion. 

In the second part, a report ia 
\ 

prese'/;lted of the exp er-
\ 

imental investigation proper. 
\~ 

This part of the thesis is written 

in the format of a paper, and i8 complete in itself. This format, 

80 familiar to readers of the scientific literature, has been used 

to facilitate the presentation, interpretation and comprehension of 

the work. 
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,"<:~tNTRODUCTION 

As stressed by many researchers (15, 16) vortex fluid flow 

is, by its very nature, three dimensional in character. This im­

plies othat the velocity vectors must be deco~osed into their three 
1 

componeJts and the natural choice has been to use cylindrical co­

ordinates to represent these components because of the axisymmetric 

pat tern ,of' the flow field. This approach has been taken by aIl 

authors whose worka ware surveyed here. 

This 6urvey i6 divided into two parts: the first~deals 
with vortex flows and their properties, while the second covera the 

characteristic6 of the measuring probes which are most appropriate ,. 
for swir1 flow investigations. 

As a fairly complete review of vortex flows has a1ready 

been presented by N. Bank, which can be found in references (13, 

15). only the more pertinent of past studies will be recalled here. 

, 

ln addition, reference will be made to recent work which has appeared 

in the published li terature sinee the c'ompletion of Bank' s inves-

tigation, as weil as to some other studies not reported by Ban~. 

Whenever possible, comparison between the results of 

different investigators will be made, although this task i8 often 

, rendered diffifult by the different ~est géometries as weIl as 

conditions of operation ~hich have been used. 
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VORTEX FLOWS \ , , \ 

\ Marshall (1) described in 1954 the/vo tica1 velocity dis-
1 

1 tribution for air flow in spray dryers. He the presence of 

a central forced vortex where the air rotates as a igid bodYowith 

zero velocity at the axis, surrounded by a free vor'tex in which the 

tangential ~elocity varies inversel~h the radius. Hè\~lSO 

mention'ed that the tangential veloJities might be from ten \0 
fifteen times higher than the axial velocitles, and that the~ 

axial components had little rea1 significance for computing pa~ 
\ 

ticle motion. \ 

In 1958, Rietema and Krajenbrink (17) presented a theo-

retical derivation of tangential velocity profiles in a fIat box 

vortex'chamber. The derivation of their expressions included the 

influence of eddy viscosity and of wall friction. The most 

important parameter controlling the tangential velocity profile was 
\ 

\ound to be 
\ , 

\ 
\ 

À = -uoR/ (v + e:) (1)! 

where \0 is the radial velocity at the outer radius! of the vortex 

ch~ber, v is the kinematic viscosity and E is the kinematic eddy 

viscosity. For values of ~greater than about 10, the tangential 

velocity profile was found to be nearly hyperbolic, while for ~ 

smaller than 1 the tangential velocity decreased towards the centre 

approximating a straig~t line dependence on the radius (solid body . 

rotation) . 

Schowalter and Johnstone (18) measured flow variables in a 

n st 1t 
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vortex tube and in a c~nventional cycloné separator. They showed 

\ -
, that the sensitivity of the patterns of flow were small relative 

" ~. to changes in flow rate' and were large relative to geometrical 
, ' 

\ ' changes. They did not obtain a symmetric flow in either of the two 

system configurations. The tangential velocity profiles measured"' 

for the cyclone werê roughly approximated by the theoretical dis-. 
tribution ~erived by Rietema and Krajenbrink (17) and observed 

before by Marshall (1) and others (15). 

In 1962, Kenda~l (19) in his study of compressible viscous 

'.. 
vortice~~ated that the shape of the tangential velocity dis-

tribution was controlled by the radial Reynolds number defined as 
. 

(Re) = ur/v, where u and v are the radial velocity. and kinematic 
r 

viscosity, respectively. and ~ ,is the rad1us. For very low Reynolds 

numbers, the ta~gential velocity was found to be proportional to 
. b' 

11' 

the radius (sol id-body rotation). As (Re) increased, the velocity 
r 

approached war- 1 (vortex flow) , except near the axis, where solid-

body. rotation always occurred. lt should be noted that this radial 

'Il 
Reynolds number i8 similar to Rietema and Krajenbrink's À discussed 
~ 

before, but does not include the eddy viscosity. 

Kendall also noted that two-dimensional models can fail to 

'. 
sheâring r~present three-dimensional;~xperiments unless turbulent 

'" stresses are accounted tor. As an example, he de~cribed in', detail 
\ 

the behaviour of the flow near the top and bottom closures of à 

cylindrical chamber. On these :wo fIat surfaces, there are very 

strong pressure gradients towards the axis right inside the two 

, ,. 

, , 

, , 
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boundary layers caused by the centrifugaI forces in the main flow. 

Even thougQ these l~yers are thin compared to the dimensions,of a 
; 

vortex chamber, he explained that the tadial~elocity within these 
,.. 

layers is 50 much larger than that of the vortex that it could not 

be neglected as carrier of msss flow. Clearly, this situation 
a 

cannot be acc0unted for by a two-dimensional model. Later, Kotas 

(20) performed experiments provin~.that fluid calO enter and leave a 
'\ 

fIat box vortex ch~ber (a cy1i~rical ctamber in which the tan-

gantial entry extends over the whole hei~h~ of the chambar) without 

passing through the main part of the flO\, being tran~ported only 

in the boundary laye~6: Besides velocity\measurements through the 
\~ 

boundary layers, Kendall also performed s~atic pressure m~asurements 

for the three cylindrical chambers he uset! in,his experimental 

inveseigation, of which the largest was 6 ~n (15.24 cm) in diametet.:....-

" One of these was rotated at very high speeds (up to 13,000 RPM). 

In 196 T, Baluev and Troyankin from the Moscow)'ower 

Institute published two papers (Il, 12) dealing with the study of 

the aerodynamic structure of gas flow in a cyclone chamber and with 

the effect of the design parameters. Their investigation was ma1nly 

experimental. They obtained an empirical equation, derived from 

their experimental resu~s, for the estimation of the tangentia~ 

velocity over the radius and'height of a cylindric~l chamber, for 

1 
various geometrical inlet and ~utlet configurations, and for various 

degrees of surface roughness. ,A IBO-mm diameter cylindrical chamber 

was used, with air as fluid meci-ium being inj'ected tangentially near 

1 ,; , 

" 

lj . , 
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( 
the top and withdrawn at.the bottom. The measurements were ob-

tained with the aid ot a calibrated five-hole probe. No other . 
j j 

tietails about the measurement m~thods were given. l i 

The~ noted the existence and the importance of secondary 
\ 

flows and their effect on the efficiency of the çyolone, and alsQ. 

reported a lack of symmetry relative ta the cyclone axis. They 

showed that this asymmetry was larger for the axial velocity com-

ponents, particularly near the exit. According ta their results, 

i 
it can be concluded that the cyclone volume contains a number of 

circulating vortex zones and reverse streams. The configuration of 

the tangential nozzles/d~d ~t exert a decisive effect on the flow ~ ~~u p 
patterns, bJt the throat diameter (that i5, the diameter of the 

exit pipe) was observed to be One of the main design 'parameters of 

the cyclone chamber, although they did not specify its effect. 

They identified two main downward flows, rotating co-

• axially: the wall flow, and a stream located in the";egion, where 

the maximum tangential velocity occurs. They also measured a 

stream going upwards at the axis of the chamber. The statie pressure 

profiles were determined as having their maximum values nearAthe 

II> 1 

tonfining walls and the minimum at the axis of the flow. These' 
1 

pressure profiles were shown ta decrease drastically in the region 

of the maximum tangential velocities. Figure 1 shows a diagramatic 
, 

representation of their results for their double tangential inlet 

chamber. The 8ame authors continued their study in 1969 with an 

( experimental paper, on the aerodynamic re8ist~nce or a cylindrical 
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cyclone chamber (21). 

) 

In 1972 Koval and Mikhai10v (4) published an investigation 

on the general equations of the dynamics of swirl flow for a rea1 

C (viscous) liquid. They substituted the turbulent kinematic vis-

cosity coefficient to the kinemati~ viscosity in the Navier-Stokes 

equations and, using a1so the continuity eqUition, they obtaifed 

general forms for the tangential velocity and static pressure pro­

files in various regions of the flow. Their ~onclusions concerning 
, 

the form of the velocity profiles generally a~reed with those
o 

, , 
reached.by Baluev and Troyankint Kendall, and \Rietema and Krajen-

brink. The eq~ations for the r~ions of the f~ow other than the 

\ 
free vortex were derive~ on t~e basis of the m1ximum tangential 

. \ velocity and its radial pos~tion as parameters. This approach 

considerably restrict~ the use of this type of equati~n in pre­

diction models. 

For the free vortex region, the tangential velocitf profile 

was found to be given by: 

(2) 

where ~ and ~ àre the tangential velocities at radius rand at !, 

the radius of the chamber, and ~ 15 of the same form as Kendall's 

tRe) wlth, however, the eddy viscosity replacing the kinematic 
r 

viscosity. 

t 
Syred and Beer 'R(1974) in a study of the utilization of 

, -
\ 
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l 
swirling flows for combustibn (5) exp1ained that. because of their 

complexity, these flows are poorly understood. They stressed the 

importance of vortex motion for the improvement of flame stability 

as a result of the formatiolt of toroidal recirculation zones and 

for the' reduction of combustion lengths by producing fast mixing 

and high rates of entrainment of the ambient fluid. They noted that 

cyclone combustion chambers have large internaI reverse flow zones , 

which provide very long residence times for the fuel/air mixture and 

that they are weIl suited for rhe combustion of difficult materials, , 
such as poor quality coal or vegetable refuse~. They suggested that 

angling the tangential inlet jets could alter the direction of the 

flow and intensif y it near the wall of the chamber. 

In 1975, Ogawa published,. his work oh the pressure drop 

through cyclone du st collectors (22) which a1so inc1uded measure-

ments of velocity profiles performed with a pressure probe. These 

p~files were needed for the development of an equation for the 
1 , 

pressure drop. The following year, Ogawa pub1ished a paper on the 

flow patterns of the turbulent rotational flow in the returned type 

of vortex chamber (23). Figure 2 shows this chamberls configuration. 

He recognized that (he sq;ucture of the rotational flow is of a 

very complicated nature due to the action of the turbulent fluc-

tuating ve1ocity. He derived a theoretical equation for the tan-

gential velocity. the statie pressure and the eddy kinematic ( 
viscosity, starting from the continuity equation, Reynoldts-equa~ion 

for turburent rotational flow and the energy equation. 

1· 

1 
1 • 

o 

1 
1 
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Ogawa compared his theoretica1 equation with experimental 

resu1ts obtained with a 3-mm diameter cy1indrical pitot tube in a 

I40-mm diameter cy1indrical returned type vortex chamber. The 

agreement was reasonable in spite of the many simplifications 

introduced in the c~urse of the, theoretical derivations. His 
, 

results also agreed qualitatively ~ith those reported by eariier 

~ i~vestig~tors. 

mentation. 

No details were given for the measurement instru-" 

Finally, in 1977 Oga~a published results on the motion of 

fine sol id particles in the turbulent rotational flo~ (24). He 

derived equations from a balance of forces on a particle (centri-
\ ;. ' 
fugal,' drag and gr~vity) using velo city data obtained in his 

previous paper. These equations were compared with experimental 
.. 

results optained by collect!ng particles with a small adhesive tape 

inserted in the flow at kno~ positions. ~e agreement was fair. 

SUMMARY 

It has been sho~ that flow patterns exert a major effect 

on the efficiency of the operation of industrial equipment utilizing 

vortex flow. 

Small attention has been given~n the literature to vortex 

cha~er geometries different from the cy1indrical. Most of the 

~vestigations dealt with vortex tubes. 

Many investigations not report.ed here were limite<t to 

,. 
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\', 

measurements and predictions of temperature and static pressure 

profiles based op assumed velocity fields. 

Since the test geometries were generally different, with 

many details 1acking, it is difficult to compare quantitatively the 

results cf diverse researchers. In reference (15). Bank noted that 

adequate 

tions of 

descriptions of the experimental apparatus a~~~ifica­

the instrumentation were generally not given by most 

authors, with tqe result that many pub1ished data are unduly biased 
) .' " 

owing ·to la~k of complete information. 

In a genera1 sense, experimental and theoretical results 

of most workers agree in the fol1owing important characteristics of 

confined vortex flows, most of which were noted by Bank and Gauvin 

CD, 15): 

• 
a) The confined vortex flow pattern ls three-dimensional 

in nature (4, Il, 12, 13, 15, 16, 23). 

b) The tangentia1 ve10city component i8 pre4Pminant and 

the radial velocity component is very smaii in the entire vortex 

flow (1, 11, 12, 13,15. 17, 18,23). 

c)~n important downward axial flow occurs in the annular 

region adjacent to the wall (11. 12, 13,15, 23). Sorne workers 

observed a180 a substantial axial flow in the maximum tangentia1 

velocity component region (11, 12). 

d) The axial velocity ~~ow a 

the vorte. cbomber (11. 12. 13. ~. 

reversaI near the axis of 

'1 
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( 
"-

e) The tangential ve10city component profile is composed ) 

mainly of two regions: a peripheral ~gion of quasi-free vortex 
='J' 

(where wr ~ k 1 ia approximated) and a central region of quasi-

foreed vortex flow (where w = k 2 r is approximated). w here ia the 

tangential ve10city component, r 19 the radius, ~ and k 2 are 

constants (l, 11, 12, 17, 19). 

f) In a vortex flow. there may be a ~al-.hape dynamic 

axis of symmetry (13, 15, 18). } 
i 

g) It seems that the angle of inlet may change the axial 

f10w pattern, mainly near the walls (5, 13, 15). 

h) The statie pressure Is high near the vortex flow con-

finlng walls and decreases drastlcally near the axis, where it 

reaches its min~um (4, 19, 23). 

This survey made it clear that more detailed measurements \ 

, 
of the vortex flow characteristics, together wlth a sound theo-

retieal analysis. are required to permit the elaboration of 

generalized expressions for the ~rediction of the component 

velocities, suitable for design purposes. Of thes~, the tangential 

velocity i8 by far the moat important. Other geometriea than 

cylindrica1 chambers ahould also be studled for, the complete 

generalization of these prediction models, and careful attention 

shou1d be devoted to the effect of the inlet flow angles. 

( 

L. 
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MEASUREMENT TECHNIQUES IN VORTEX FLOWS 

Visualizations of the flow for qualitative descriptions 

"-' of parts of the vortex flow field have been reported many times but 
ti? 

~ttempts to quantify these visual observations were rarely success-

fuI. 

Almost aIl the reported measurements of velocity patterns 

are basad upon the introduction of probes into the flow. In quite 

~ few cases the size of the probe relative to the dimensions of thè 

flow was not small enough to avoid instabilities and local disturb-

ances. However, àccura~e velocity measurements can he ohtained if 

the distùrbing effects of the probe are minimized. 

In this section of the literature survey, some of the more 

promising techniques of measuring in the special case of swirling 

flows will be reviewed, with particular emphasis on the five-channel 

(three dimensional) directional pressure probe, which was the 

instrument selected for the pres~nt study. 

Hot Wire Anemometer 

This device consists of one or more small electrically-

keated cylindrical wires whose rate of hest loss ta the surrounding 

fluid ia a complex function of the local veloci~y. With the aid of 

a suitable circuitry, the instantaneous velocity of the fluid can 

be measured and serve as a maans to calculate turbulence character-

iatics and mean velocity components. 

1\ 

,1 

L 
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In Bank's case (15), for example, a wire l.l~mm long of 

tungsten O.OOS-mm in diameter, supported by nickel 

pins was used. The body of the probe ~as 7-mm in diameter. As i8 

common in this type of probe, the temperature of the wire 18 main-
\ 

taine\constant. 

For three dimensional flow rields the components or velocity 

have be,n determined by tw: methods: introduction of single wires 

and ~ary~ng the orientation of the probe to the main flow direction, 
\ \ 
1 \ 

or introd'~ction of a three-wire probe for which each wire requires 
\ 

a separat~ anemometer circuit. Bank used the former method (13) 
\ 
1 

after deri~ing theoretical~y ~pecial response equations for it (14). 

More detail$ and bibliography" can be found in references (15)· and 
" \ 

(16) • \ 

\ 
The kain differentiating charaoteristicB of this measurement 

device 18 its high frequency response. In rererence (13) mentioned 

above, the frequency response of the 4nemometer was always found to 

be 8uch that its 3dB down point ~oll-off trequeney) was greater 

than 5Hz. 

Arys and Plate (25) stated that as long as the fluctuating 

veloeity component was smaller than about 20% of the local Mean 

velocity, the measurements w.ere reliable and turbulence measure-

ments by means of hot-wire ~nemometer could be made. If there are 

also temperature fluctuations in the flow field, eare must be taken 

to separate ita effects on the hot-wire. Methods for this are also 
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; 

described by Arya and Plate. Crrevray and Tutu (26) stated that 

constant-current hot-wire anemometers (as opposed to the constan~ 

temperature hot wires discussed so far) have been used to measure 

mean as weIl as fluctuating velocities in non-isothermal flowa, 

albeit it is well known that the outpu~ from such a device is not 
<-1 

yet amenable ta linearization. 

, Among other conditions for the reliàbility of the hot­

wire are (2 7') :<~he wire temperature should be low epough to make 

the highly non-linear radiat~on effect negligible; the length-to-

diameter ratio Bhould~be large enough'so that end conduction can be 

neglected; on the other hand, the shorter the wire, the better it 

will sense the local variables. It was a1so concluded (28) that 

the presence of a mean-velocity gradient along the length of a hot-

wire operated at constant temperature causes a skewed wire tem-

perature distribution which influences both the steady-state and the 
' .... . 

dynamic responses of the wire. If a uniform flow calibration curve 

i8 used to evaluate the local mean velocity at the tentre of a wire 

exposed to mean shear, sorne accu~aéy will be lost. By the same 

token. frequent calibrations of vpltage as function of velocity and 

compensation for ambien~ temperature and density variation must be 

made. 

When comparing the features of a hot-wire anemometer with 

thase'of a total-~ead tube, one finds that the former instrument 
'-\1/ 

'r. has better sensitivity at low velocities than the latter, which ~as 

a re~onse proportional to th~ square of velocity, while the hot-

1 

1 

\. 
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wire response iB approxima~ely proportionai to the square root of 

velocity. In addition, a liquid manometer, when used as an adjunct 

to the tube, cannot follow rapid pressure fluctuations and theré-

fore cannot be used fo~ measufing turbulent fluctuations. 
\ 

The limitations of the hot-wire anemometer aS a research 

tool for measuring velocity components are weIl documented (27), 

and are due partly to the transport phenomena involved, and to the 

!:; 

high degree of instrumental complexity which most cases require to 

be employed. ~~ 

Five-Channel Pressure Probe 

The five-channel pr~ssure probe, the instrument used in 

,the present study, offers particular advantages for the measurement 

of mean flow characteristics, namely rea80nably small size causing 

negligible disturbance when the confined flow i8 not too small, and 

the absence of complicated electronic circuitry. It Is used to 

measure yaw and pitch angles, as weIl aB t~al and statie pressures • . 
Five prèssure tappings are distributed on a cylindrical tube. 

VariouB configurations have been proposed for these distributions 

and are compared by·Bryer. Walsche and Garner (29). For the~em-

ispherical type. one of the tappings is on the axis and the other 

four are spaced equidistant from the first, as shown in Figure 3. 

Figure 4 shows the cylindrical wedge-probe type which has been 

chosen for this study. 

The principle of operation (16) of the probe is based-Upon 

1 
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'REMISPHERICAL-TYPE FlVE-CHANNEL PRESSURE PROBE 
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FIGURE ,4 

CYLINDRICAL-WEDGE-FIVE CHANNEL PRESSURE PROBE, 
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the surface pressure distribution around the probe. If the probe 

is placed in a floy field such that the total mean velocity vector 

Is at sorne angle to the axis of the center tapping, th en a pressure 

differential yill be set up across these holes, the magnitude of 

which will depend upon the geometry of the tappings 1 positions on 

the prob~. and the magnitude and direction of the velocity vector. 
~ 

Each probe requires calibration of the pres'/u;e differentials 

, between holes as a function of yaw and pitch angle. For Mach num-

1'>\ 
bers less t~ 0.2, calibration is independent of Mach number, 

Reynolds number and turbulence intensity up to 30%. It is pre-

ferable to rotate the probe until the yaw pressures are equal, 

measure the angle of probe rotation (yaw angle) and determine the 

pitcG'angle from the remaining pressure differentials. The use of 

a pressure transducer fo~measurement of pressure differentials is 

recommended, particularly for differential pressures of the order 

of O.104Dm water gauge or less. 

If the probe is rotated to give P2 a P, (see Figures 3 and 

4), the yaw angle i8 read from an orientation gear and 

e = C (P .. - P,) / (P 1 - P2 ) (3) 

(PT - P ) / s (Pl - P2 ) = K(8) (4) 
, 

(Pl - PT) / (Pr - {s) = F(e) (5) 

The equations permit the calculations of the velocity componenfs. 

The ~urves for C(S), K(a), and F(e) are obtained from calibration ... 

,Bryer and Pankhurst (30) show that calibration charts obtained for 
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" a Jrobe comprising five tubes of outside diameter 1.2-mm and in-

side diameter O.9-mm were essentially the same at wind speeds of 

18 mis and 27 mis. 

When PT - Ps 18 found from the above equations it gives 

\ us the vector velocity intensity through equation: 

/ 

PT Ps 
.. C l/2pV2 

P 
(6) 

I~, 

where C ::1 

p 
f (VD/v) f (Re)n (7) 

"' The value of C 18 very near 
J: 

unity. It wa8 8tated (31) 

that a Reynolds number of 30, where the characteristic size 18 tbe 

measuring tap diameter, ls the mInimum necessary to avoid viscous 

effec~~t lower Reynolds numbers, the indicated pressure becames 

higher than the aetual stream impact pressure due ta vlscosity 

effects. This i8 a1so the conclusion drawn by Chue (32). This 

condition is attained in air for velocities under 3.5 mis with 
\ 

impact holes of O.25-mm. 

Bryer and Pankhurst (30) stated that the Iower limit of the 

Reynolds number (~ased on the e,xternal diameter), where vlscous 

" effects bekin ta be significant, cau be a serioUti disadvantage for 

a smail probe at low wind speeds. For example, a spherical probe 

wouid not be suitable for a range of wind speeds extending below 

5 mIs unless the sphere Is of at least 6-mm diameter. 

From the above considerations, one would alwaY8 choose a 

probe that is large enough to avoid viscous effects. However, it 
\> 

;) 
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should not be to~ big to cause interferences with the flow. Re-

ference (33) shows that for a probe's crÔss sectiona1 area smaller 

or equal to 1% of the cross sectional area of the stream, these 

secondary errora are negligible. 

Although the effect of turbulence on the performance of 

five-channel probes has not been extensively investigated, there 18 

~~ evidence (30) that where the size of the probe is small com-

pared to the scale of turbulence, the centre tube gives at least 

as high a time-average value of total pressure as a plain pitot 

tube of the sarne inside-to-outside diameter ratio as that of the 

individual tubes of the five-tube probe. It was also found that 

static pressures can be obtained with an accuracy similar ta that 

given by most other probes. Measurements made in ~he fluctuating 

wake flow behind a fIat plate held normal to the stream have shown 

fair agreement between the measurements of velocity with a five-

tube probe and with a hot;wire probe. 

The variation of C with Reynolds number (see E!}uations 6· 
..1 

and 7) that may be caused by changes of turbulence in the stream ia 

a secondary effect of turbulence. A more direct effeet (32, 34) la 

due to~ pressure changes at the total-head and statie orifices 

produced by the turbulent velocity fluctuations that practically 

always occur. The flow may be regarded as having 8 steady velocity 

on which i8 tuperimposed a random turbulent velocity which has an 

average value of zero taken over a 8uffieiently long time interval. 

The fluctuating components of the v,elocities are v , v , v par aU el 
~J..3:. 

, . 

, , 
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ta the axes of a three-dimensional system of cartesian coordinates 

with the x-axis along the direction of the mean fl:ow. At any 

instant, the velocity component in the x~direction is V + v ; v 
x ~ 

may be positive or negative, but its average value i9 zero and 

similarly for v and v. The assoeiated pressure changes, however, 
J Z 

depend on the squares of the velocities, and the mean value ,of these 

is not zero and, consequently, the turbulent velocity components 

affect the readings of the pitot and statie tubes. These effects 

were investigated theoretically by Goldstein (35), neglecting pos-

sible effects of such factors as frequeney, damping, resonance, and 

lag in the 1eads. Subject to these limitations, it was shown that 

the pressure measured by the pitot tube in incompressible flow is 

not Ps + pV 2 /2 but Ps + p[V 2 + ~ + ~ + ~)]/2, where ~, ~, ~ 
x y z ~J~ 

are the mean squares of the turbulent component9 v , v , v. Gold-
2.. J.. 2-

stein's analysie showed a1so that the statie tube might be expected 

JI ta record a pressure equal to Ps + p[(l/2)(V; + ~)]/2.' In iso­

tropie tu~bulence the reading of the pitot-statie combination will 

The above results have been used extensively. But tur-
1 

bulence can also be regarded as a statistieal assembly of a vast 

number of eddies of various sizes and Barat (36) pointed out that 

its effects depend not only on the turbulence intensity measured by 

vY, etc., but also on the Eulerian scale of turbulence. When the 
x 

size of a typical eddy is small eompared to the diameter of a 

statie-pressure tube, the pressure fluctuations at the sevêral 
'; l, 

• 
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orifices 'Will not be c'orrelated. The opposite would happen with 

~ 
large eddies, as if the flow direction at any instant were incl1ned ,1 

to the tube. The tuhe would then be expected te read low, by an 
1 

amount corresponding ta sorne sort of time average of the fluctu-

ating angle of yaw or angle of pitch (31) in the case of a three-

dimensional sensor. 

It was shawn that the error in the limit of indefinitely 

large scale turbulence is equal in magnitude and opposite in sign to 

the limit for indefinitely smaii scale, although no information ls 

available about how th., errors vary between 

were found to be ±p(VT + VT)/2. 
y z 

the two limits which 

Presently, it is suggested that a pitot-statie eombinatian 

in isotropie turbulent flow will record (34) pV 2 (1 + a ~/VT)/2, 
x 

where l<a<5 and the lower and higher limits correspond ta in-

finitely smaii scale and infinitely large scale, respeetively. Thus 

even if' the R.M.S. turbulent velocity fluctuations are as great as 

10 per cent of V, the error in velocity measurement, if the tur-

bulence effects are neglected, amounts only ta 0.5 - 2.5 per cent. 

As a value of ~/V of 0.1 represents a fairly high intensity of 
x 

turbulence, we may conclude that turbulence effects on pitot-statie 

readings are often negiigibie. 

It ia known that the wedge shape probes cause less lnter­

~ ference to the flow (30) then most other types, besides being easier 

to introduce in the flow field through the ports. The effeets of 
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the gradients of velocity, static pressure and total pressure Can 

be of sorne importance when the direction of the gradient is from 

one senaing hole to another. The separation distance bet~n the 
) 

holes should then be as small as possible. It i8 found in prac-

tice that errors in angle measurements due to gradients of total 

pressure, with little variation in static pressure, depend on the 

type of probe being used and that, for a given separation of sensing 

holes, the wedge-types are least subject to error. When comparing 

wedge and traverse cylinder probes which have the tappings drilled 

on the cy~indrical surface and no wedge form is incorporated, 

errors from total-pressure gradient effects are found (37) to be 

much larger for the transverse-cylind~r probe than for the wedge 

probe, having similarly spaced sensing holes and recording pres-

sures close to the free-stream statie. Due to the geometric 

similarity between the wedge-type probes and the cylinder-type 

shawn in Figure 4, one may eonclude that they present similar 

eharacteristics. 

Flow Sense Indicator 

Sometimes it lB neceBsary ta determine the general direc-

tion of the velocity vector in the vortex flow before introducing a 

measuring instrument into it. For example, introducing aS-channel 

pressure probe pointing in the direction opposite to the main flow 

will result in erroneous measurements, although the indications of 

yaw tappings' pressure are that the probe i9 aligned with the flow 

direction. Chigier (16) recommends that the direction of the flow 

J , 
i 

! , i 
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be first ascertained Py means of tuft grids or of a simple flow 

sense indicator consisting of a tube with two pressure taps in the' 

side walls facing OPPOSi~ directions. This probe is also claimed 
""-----

ta be use fuI for the determination of reverse flow boundaries. 

Static Pressure Sensors 

Static pressure gradients occur in aIl vortex flows as a 

consequence of tangential veloeity gradients and of the associated 

centrifugaI forces, as weIl as of variations in turbulence intensity. 

Care must be taken (15) in the measurement of statie pressure in 

turbulent vortex flowa in arder to avoid contributions from the 

dynamic pressure. The static pressure measuring surface must be 
.~~ 

aligned with the local velocity vector. Miller and Commings (38) 

used a dise static probe in their study of single and dual air jets~~ 
J 

and the reliability of the results obtained was good when they 

balanced pressure and shear terms in the equation of motion. 

Chigier and Beer (39) modified this probe for use in swirling flows, 

by fitting a simple yaw meter - two hypodermic tubes with edges 
"\ 

sawn off at 45° - fitted to the underside of the dise with the tubes' 

axes parallei ta the disc's surface. The dise is rotated until the 

pressure dlfferential ln the yaw tube is zero and then the statie 

pressure ls measured via the statie-pressure tapping. This was the 

only type of specifically static-pressure measurin~ devices reported 

to have success in vortex flows found in the literature • 

.... 
The most eommon example of statie-pressure probe consists 

,- \ 

"/ 
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of a body of "revolution with its axis aligned with the flo.-. The 

measuring orifice is located at a position whére the pressùres on 

the surface aligned with the flow are equal. This only happens a 
i .. 

/1:" 

stem diameters ~wnstream from the tip. 

"1 

few In order to reduce 

errors due ta misalignment with the flow, it is usual to provide 

several orifices around the probe which intercommunicate inside the 

instrument, Ba that the mean pressure i8 recorded (30). In sub-

sanie flows, the effeet of the stem of the instrument is ta inerease 

"0 
the upstream statie pressure above that of the free stream, and sa 

the pressure field of the stem can be used to balance locally the 

pressure fall eaused by the nose. A pressure tapping loeated in 

the regian where the head effect and the stem effect balance can 

therefore reéord the free-stream static pressure aeeurately. In 

practiee, if the balance is not exact, the error will be known from 
,( 

calibration. In arder to have gaod aecuraey in vortex flows, the 

type of probe should consist of a stem with the sarne curvature as 

the vortex flow at the measuring point or, alternatively, the length 

of the stem should be negligible relative ta this curvature. This 

is due ta the requirement that the probe axis should always be 

parallel ta the mean velocity vectar t~'avoid secondary dynamic 

pressure effeets. 

It has already been mentioned that five-channel pressure , 
probes can measure static pressures as accurately as most other 

static pressure probes. These.stat~e pressures can be easily 

caleulated from 
1 

the value"of , 1 
\ 

Equations (3), (4), and (5) and 

, 
l 
j 

\ 
, 

! 



_-III"'"------------------"S.i2I!11SIl: 11131112_2_'.&_2l1li2.;;112.21&$._ •••••• 10111lIlllINIiII .... u.s., .... , .' •• 11111_1 ___ .""" ___ ' ----.- ••• 

é. 

( -
) 

( 

(p 1 - Pt)' a m 

SUMMARY 

31 

It can b~ concluded from this part of the review that the 

simplicity, good resolution and accuracy of five-channel pressure 
• 

probes makes them most appropriate for vortex flows' velocity 

measurements. For static pressure measurements. these instruments 

show an accuracy similar ta that of other static-pressure probes 

(30) and have the great advantage of permitting the simultaneous 

measurement of this pressure along with the velocity components. 

However, they are not weIl suited for measurement~ at very low 

velocities or in close vicinity to a solid surface. 

Hot-wire anemometers are also weIl suited for mean 

velocity measurements, as weIl as their fluctuating components, 

although they are more delicate and require electronic circuitries. 

They are the most probable choice if turbulence or transient 

responses are required. They are capable of measuring lower 
. 

velocities than the five-channel pressure probes. Obviously, no 

statie-pressures can be measured. 

It was noted that turbulence effects are likely ta be 

small on the pressure instrument (34, 35, 36) although care has to 

be taken in very turbulent cases. Viscous effects can a180 be 

neglected if the probe 16 chosen carefu11y (30, 31, 32, 33). When 

these effects are_unavoidable, correction 16 pos~ible (32). A 
f-

(/ 
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compromise for the size of the probe has to be found: its cross­
f 

sectional area should not be larger than 1% of that of the flow 

(33) so that interferences in the flow pattern became negligible. 

and it shou1d be large enough to have a Re
d

>30 ta avoid viscous 

effects (31. 32). The distance between the sensing holes should 

be as small as possible in arder to avaid vel;city~ and pr~ssure 

gradient effects. Far this. the wedge-cylinder type seems the 

most suitable (37). 

, 
v 

, . 

f 

• 
-

1 ',' 



t 

( 
f 

- )~ 

.... 
•• 

\ 
NOMENCLA',l'URE 

r , . 
.', 

p 

{ 
"" 

I~ 

... 1 

\, 

/ 

l; 

\ 

1 
l 

1 

( -

.. 

'~ 

,; 
l' 

" ,-, 

\-
~-

.j 

, 
1 

, j 

-, 

'. 

f 
1 
! 
t 

, 



( 

) 

( 

C 

C 
P 

o 

f 

F 

k 

K 

p 
atm 

r 

R 

{Re)d 

(Re) 
r 

ù 

- '\ 

o -

2l b d .s, ....... _ MU 4Y<; 

NOMENCLATURE 

Five-channel probe calibration factor 
, 

Pressure-pr0be calibration factor 

Outside diameter of pr'essure probe 

Il 

Function 

Five-channel probe calibration factor 

Koval and Mikhailov's tangential velocity 
profile parameter 

Constants 

Five-channel probe calibration factor 

Probe's centre tapping pressure (see Figure 4) 
J y"':V l 

probe's side tappings' pressures (Bee Figure 4) 

Atmospheric pressure 

Static pressure 

Total pressure 

Radius 
\ ~ 

Radius of chamber 

Reynolds number where characteristic size is 
probe's external diameter 

" Reynolds'number where characteristic ~ize 18 
probe's tap d1ameter 

Reynolds'number tased on radial position 1n 
chamber and radial velocity 

Radial velocity 
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\ 
\ 
1 

;-
Rad~l velocity ~t the outer radi1F of chamber 

Velocity \ 
1 !I 

Turbulent velocity fluctuations in cartesian ' 
coordinates 

Tangential velocity 

Tangential velocity at radius R / 

/ 

• Turbulence scale coefficient 

Eddy (kinemati'c) viscosity (" 

Rietema 'and Krajènbrink' s tangentia" 

<4 

elocity 
profil'ê parame ter (Equation 1) 

Fluid kinematic viscosity 

Fluid density 

Pitch angle 
~ 
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INTRODUCTION 

\ 

For the past many years this laboratory has been engaged 
l'\ 

in the study of the fundamentàl principles of the spray-drying 

process, only a few of which will be mentioned here (l, 2, 3). 

These investigations have demonstrated the importance of draplet 

trajectories, since tijey completely govern the transport phenomena 

involved in the drying process. These trajectories, in turn, are 

entirely dependent on the patterns of the entraining gas in vortex 

motion and the magnitude of the three components of its mean-fiow 

velocity. This is only one of the many examples of the importance 

of a sound knowledge of vortex motion faIr the proper design and 

operation of indus trial equipment in which use is made of this type 
( 

of motion. athers are cyclone dust separators, gas scrubbers, 

absorbers, spray coolers (4), oil-water separators (5). centrifugaI 
" 

burners (6, 7), and. recently, plasma flame stabilization (8, 9, 10). 

In its major field of applications, namely, heterogeneous systems 

in which dispersed droplets or small particles are contacted with 

the entraining gas, use ia made of the aptitude of the swirl te 

promote dispersion and mixing, to separate substances of different 
/' 

specifie gravit y or physical charaeteristics, and to lengthen the 

f contacting time between the two phases. 

The prediction of the three-dimensional velocity profiles 

as function of the operating conditions and geometry of the vortex 
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system i8 probably the most important aspect for its proper design 

and operation. The comp1exity introduced by the three-dimensional 

character of the motion and the existence of secondary f10ws in the 
{/ 

confining equipment have sa far hindered the complete understandlng 

of the detai1ed rnechanics of vortex f1ow. Many investigations have 

oversimp1ified the comp1exlties of the f10w and only a few analyses 

have considered the effect of geometrlca1 parameters (Il, 12, 13). 

From a review of the published llterature, experimental and 

theoretica1 results of most workers agree in the fo11owing important 

'\ properties of the confined vortex f1ows, rnost of whlch were noted by 

Bank and Gauvin (3, 14): 

i. The confined vortex f10w pattern is three-dirnensiona1 

in nature (3, 6, 12, 13, 14, 15,.18). 

ii. The tangential ve10city cornponent is predomi~ant and 

the radial ve10city component ls very small in the entire vortex 

flow (3, 12, 14, 15, 16, 18, 20). -
"iii. An importan t downward axial f10w occurs in an annular 

region adjacent ta the wall (3, 12, 13, 14,15). Sorne workers also 

measured a substantial axial flow in the maximum tangentia1 ve10city 

component region (12, 13). 

iv. The axial velocity may show a reversaI near the axis 

of the vortex charnber (3, 12, 13, 14). 

v. The tangential velocity profile ~n the radial direction 

Is composed maln1y of two regions: a periphera1 region of quasi-free 

,; 
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vortex (where wr = k 1 lB approximated) and a central part of 
l' 

\ 
quasi-forced vortex flow (where w = k~r 18 approximated) (12, 

16. 17. 19). 

vi. In a vortex flow, there may be a helicsl-shaped 

dynamie axis of symmetry (3. 14, 20). 

13, 

vii. It 8eems that the angle of inlet flow may change the 

axial flow pattern, mainly near the walls of th~ortex chamber (3, 

7, 14). 

viii. The statie pressure is high near the vo~tex flow 

confining walls and decreases drastica11y near the axis, where it 

resFhes its minimum '(7,15, 19). 

The present study i8 a continuation of Nader Bank's work 

in this laboratory (3, 21, 14). Brief1y summarized, Bank's measure-

ment technique was based on the use of a single hot-wire anemometer 

probe, rotated in eight different azimu~hal directions at a given 

position in the flow. Appropriate response equations for this 

special condition first had ta be derived theoretically (21). He 

then me~sured the velocity profiles of the ~mbient temperature air 

vortex flow generated in a chamber with ~lindrical top containing 
. --~~ 

six small symmetrically d1stributed inlet ports, and a conieal 

bo~tom (3). His experiments were limited to low volumetrie flow 

rates and his inlet velocity did not exeeed 3.2 mis. Because the 

velocities werè sa small, his experimental technique prevented him 

from measuring any radial velocities, as weIl as the axial velocities 

at any except the higher velocities.~ On the other hand, he was able 
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to provide one of the first reparted measurements of radial dis-

tribut ions of tangential and axial intensities of turbulence for 

swirl systems. He did not attempt ta make any statie pressure 

measurements. 

Nader Bank's chamber was modified for the present investi-

gation to provide visualization inside the equipment and the control 
,b 

of the inlet flow angle, a parameter identified as of possible 

,,,' importance by Bank and a1so by Syred (7). Most importantly. the 

range of volumetrie flow rates was inereased considerably. 

A five-channel pressure probe was used in the present work 

to improve resolution and s}mplieity in the measurernent of the mean 

velocity components and, additionally, to obtain static pressure 

profiles throughout the vortex chamber. 

The objectives of this study were. more speeifically~ to 

'investigate' the effects of the inlet gas flow rate and of the angle 

of inlet flow on the statie pressure and velocity fields, as a 

function of the position in the chamber. The experimental program 

was preceded by the theoretical deriva~ion of a correlation for the 

tangential veloeity from first principles as a function of the flow 

parameters, to permit the subsequent cornparison of this prediction 

with the experimental+y-ob~erved val~es. 

THEORETICAL DERIVATION 

Sorne theoretical studies on the equations for the tangential 
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velocity profiles have been p~bIished in the Iiterature. In 

general, they agree on the existence of a central forced-vortex 

region while the main ~art of the flow'approximates a free-vortex 

pattern. Most of these authors attempted to derive equations for 

the velocity and statie pressure profiles. the most important of 

which is the tangential velocity profile. The experimental data 

obtained on the patterns~f flow of liquids and gases in swirl 

chambers of different types permitted the adoption of initial 

assumptions in the theoretical derivations. One important 
\J 

assumption concerna the applicability of the Navier-Stokes equation 

of motion ta describe the fl?w, replacing the kinematic viscosity 

~ by the total kinematic viscosity l (6,17). The value of f is 

v + E, where ~ i8 the turbulent kinematic viscosity. In practice, 

the kinematic fluid viscosity can be neglected with respect to the 

turbulent kinematic viscosity. The turbulent kinematic viscosity' 

coefficient is dependent on the scale of turbulence and on the 

Reynolds number given by Equation (10) of this section. 

This section will concentrate on the development of a 

theoretica1 equation of a general farm for the main part of flow 
". 

(quasi-free-vortex) with the 1east possible'restricting assumptions 

in the governing equations. A conieai geometry can be assumed for 

aIl derivations. This will be followed by derivation for a theo-

retical foreed-vortex tangential velocity profile. 

For the free-vortex region of the flow, the Navier-Stokes 

and continuity equations, replacing the kinematic coefficient of 

" 
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viscosity by the tota~ kinernatic viscosity, are: 

u(ou/or) - (w2 /r) = -(l/!) (op/or) + 

f[(o2u/ôr 2
) + (l/r) (ou/ôr) - (u/r 2)] 

u(ow/or) + (uw/r) = f[(o2w/or 2
) + (l/r) (ôw/ôr) 

(w/r 2
)] 

û(ov/or) = -(l/p) (ôp!oz) + 

f{(l/r) %r [r(ôv/or)]} 

o(ru)/or = 0 

The assurnptions in the above ~9uations were: , 

a. No time dependence, i.e., steady state is reached. 
\ 

\, 

b. Body forces are unimportant. 

( 1) 

( 2) 

( 3) , 

( 4) . 

c. The variation of the phY6ical quantities in the angular 

direction is zero, or, the flow is axisymmetrlc. That is: 

/ 
ou/oe == ow/oe == ôv/oe == ôp/Q8 == Q. ,It 16 known that in sorne cases 

the axisymmetry i8 not attained in real vortices (14). 

d. The vertical (axial) gradients of circumferential, 

axial and radial velocities are much smaller than these gradients 

in the radia~ direction. This assumption was supported by results 

of measurements made by Ogawa (15). ", 

constant. 

e. Density (~) and turbulent total viscosity (i) are 

Integrating equation (4), one obtains: 

u = Cdr 

'" 
Making a mass balance through a cylindrical sur~e of 

, 
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, 
radius !J where r>Ro ,(radius of chamber's outlet) for the free-

vortex region, and a height h measured from the top of the chamber. 

to the intersection of r with the wall of the chamber, one obtalns: 

W .. -21Truhp 

u .. -W/27Trhp 

, . 
( 6) 

(7) 

where ~ ~ total roass flow rate entering the chamber. A constant 

radial vefocity was assumed for aIl axial positions (this 18 

assumption 'd' abSve). 
\' .. 

Equation (2) can be rearranged as follows' 

" 

(u/r) ô/ôr(rw) [{élOr ((l/r) o/ôr (rw)]} ( 8) 

Integrating this Iast equation, the angular momentum re- t7 
lative to the chamber's axis i5 obtained: 

rw = C2 f r exp [J(u/f) dr] dr"-+ C, . --( 9) 

Substituting (7),1n (9): 

r (u/f) dr -k i.n r (10) 
t> 

.. where k ,. W/21Thfp (11) 

The physical signif~ance of either side of ~quation (10) 

is that they represent the Reynolds number for the veloclty and 

radius considered. ... 

Substituting (10) in (9): 
~ 

• 
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rw = C2 f r exp [-k ln r] dr + C, 
\'1' 

r 1
-

k dr + C, or' rw .. Cl f \ (12) 

A) For k .; 2: 

~J, 

2-k ' ::0' ~ .. 

rw C2 r / (2-k) + Cs , 
2-k "-.. 

or rw CI, r + Ca (13) 

where Cio = C2 / (2 - k) 

The boundary conditions for an axisymmetric vortex are: 

i. When r + 0, wr + 0 and so, C3 s 0 

• In other words, as the axis of the chamber i8 appràached, 

the momentum wr approaches zero. \, 
ii. When r + R,"Îill' + w R " R 

ln other words, as the wall, qf the chamber 18 approached, 

the momentum approaches wRR where w
R 

is the tangential velocity at 

radius Rand R is the internal radius of the chamber. ,,,,-. 
Substituting for Ca and CI,: 

w 
-k 

wR(r/R) 1 

B) For k = 2 in Equation (12): 

(14) 

Accounting for the same boundary conditions as before, one 

obtains: 

, , 

/., 

" ~' , 
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i. When r .... 0, rw .... 0 and 80, C2 - 0 

11. When r .... R, rw .... RW
R 

and SO. C3 • Rw R 

\ 

Substituti~~ for C~ and C3 in this case, one obtains: 

W = w
R 

(R!r) (15) 

l " 1 

Equations (14) and~(15) predict theore~~ca11y the behaviour 

of the tangential velocities for the free-vorter regi~n at any axial 

position as a function of the chamber's height the flow rate passing 

through the chamber and the total viscosity. 

very difficult to obtain beforehand for the 

these veloe i ty prof iles 0, 

rhiS last parameter ià 

Pfrpose of predictin~ 

1 
l , , 

For the central forced-vortJx regiof' the derivation ia as 'l,' 

follows: " 

" .:.Q. From the vorticity~equation (22) an~ assuming that constant 

~ , 1 

angular velocity exists in the forced-vort~ region, one obtains: 

t 

" 
Il = 2w z z (w/r) + (ow/~r) 

(l/r) (ou/oS) {= constant (16) , 

il 
Assuming that the variation of al1 physical quantities with 

."... 

e are equal to zero. th~s equation reduces to: 

11 = (wlr) + z 
(~w/ôr) = constant (17) 

1 

This equation can :oe written as: 

(l/r) ~/ôr (wr) - Al (18) 

'\ 

.J 
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Integrating: 

or w ... Ar 

The constant of integratio,n was made "lzero from the con- \ 

(\ - , dition w - 0 at r = O. Equation (20) represents'" a fluid rotating 

like a solid body. 

Togethèr, Equations (14) a~d (20) represent theoretica1 

approximations of the tangentia1 velocity profiles for the entire 
(' 

radius of the chamber. 

(' EXPERIMENTAL 
\ 

\ 
" 

APPARÀTUS 

A schematic diagram of the experimenta1 system is 'shown in 

Figure" 1.' A photograph of the vortex ehamber usefl in the investi­

""" 
,/ 

gation.is g!ven in Figure 2, and its diagrammatical representation 

i8 illustrated in Figure 3. It had an overa11 height of 172 cm and 

consisted of a ey1indrical and conieal section. The upper cy-

1indriea1 section was 61 cm in height and 61 cm in radius (internaI 

sizes). It was constructed of 20-gauge galvanized steel with. 
i' .. windows. top and tangen;ial inlet made of plexigl~ss. a transparent 

'c 

material which permitted flow visualization. A single out1etl of ) 

7.48 in (19 cm) was located at the apex of the conical section. In 

order to study the effect of the out1et size an Il-cm high frustum 

L 
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FIGURE 1 

SCHEMATIC DIAGRAM OF EXPERIMENTAL SYSTEM 
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FIGURE 2 

~, ! 

PHOTOGRAPR OF THE VORTEX CHAMBER 
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\FIGURE 3 

SCHEMATIC DIAGRAM OF THE VORTEX CRAMSER 
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1 of a cone could be adaptea to the outlet. 

A rnotor-blower assernbly, consisting of a 5-HP. 550-volt. 

3-phafe A.C. electrie motor driving mode1 Clarage-9~1 blower made 

by Canada Fans Limited and equipped with a type SS wheel, was used 

ta provide different air flow rates to the cnamber, with a maximum 

of 1300 CF1! (0~6l rn 3 /s) at a statie pressure of 7 in (17.8 cm) of 

H2 0. A 200-mesh stainless steel wire cloth :ilter with a total 

filtering area of 1550 crn~ was adapted ta the blower inlet. The 

outlet of the blower was connected to a three-way double-butterfly 

valve which controlled the flow. One of the valve's branches was 

"1:" ~ connected to the tangential 1nlet of the cha~ber through a flexible 

connection to prevent the propagation of vibration to the test 

section. 

The air flow rate Was measured by a flowmeter consisting 

of a squate~~ged orifice of 2.78 in (7.06 C~) radius, installed 
v 

in the outlet 1ine of the b1ower, which had an inside diameter of 
\ 

8 in (20.32 cm). The pressure differentials were measured between 

'radius taps' located at the same 1ine by means of a V-type mano-
1 

/ 

meter filled with 'meriam' lliquid of--,density = 1.0 gjcm 3 (see 

1 Figure 10). The orifice flowmeter/Was ca1ibrated by means of a 
1. 

standard lü-point traverse. 

The atmospheric pressure was obtained from a barometer and 

was necessary to ca1culate the velocity pressures measured with the 

five-channel pressure probe. The inside teoperature of the air in, 
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• 

tbe ch~ber was similarly recorded. 

The air from the blower entered the cylindrical 8e~tion 

tangentially at an angle which w~s contr611ed by a system consisting 

of ten paraI leI aero-foil-shaped vanes linked to a common lever 

device. The sizes of the vanes were 12 cm x 10 cm and their maximum 

thickness was 0.6 cm. To the top and bottOID vanes were attached 

plexigla8s half-cylinders which turned together with these vanes. 

At any vanels angle. these cy11ndrical surfaces were pressed against 

a layer of synthetic felt attached to the top and bottom walls of 

the inlet. to ensure that no straight-flowing currents would per-

turbate the angle of flow • 

.. 
The tangential inlet had a cylindrical cross section 

it-measuring 40 x 12 cm and ls shown on Figure 4. 

Along one vertical side of the chamber wall. eleven 

measuring ports were connected. These ports consisted of 7/16 in 

(1.11 cm) i.d. bushings with a 5/S in (1.59 cm) thread to permit 

the installation of the probe's seal. Rubber corks were used ta 

plug the ports when not in use. The locations of these ports are 

given in Table 1. The distances shown are relative to the top of 

the chamb;~r. Stations 1 and 2 were located on the cylindrical 

section and the others on the conieal section. 

At the, position on the wall of the chamber diametrically 

opposite to port 6. another port, 6', wes insta~ed for the purpose 

of comparing results when traversing the five-channel probe from 



-( 

( .. 

53 

C -J 

FIGURE 4 
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PHOTOGRAPH OF THE TANGENTIAL INLET TO THE CHAMBER 

-or 

" 



. "" ~~ \ -~ 

, ,,_'>. 

( 

() 

\ JI 

.," 

" j' 
" 

.' . 



r. 

, 
o 

œ:~ "- w~ , •• -2J œ 

'( 

, 

" 

tJ, 

a 

'f 
0 

c\ 

JtCu ste as a_ .u ..... t .... tt .. ________ • 

" , 
,'T \ -

1 

54 ,(-

TABLE l 

\ j 

" 1[ , . 
1 

s1/ 
1 1 

AXIA~ AND RADIAL 'LOCATIONS OF THE MEASURING STATIONS 

( , 

~ 

STATION NUMBER AXIAL DISTANCE CHAMBER RADIUS 
(See Figure 3) z-(cm) R-(cm) 

1 25.1 61.6 

2 50.2 61.6 
'1 

,3 64.2 59.8 

4 , 74.3 55.1 '. 
5 84.5 50.3 

~ 
/:1 '6 94.6 45.~ • 

6' 94.·6 "~)45 .5 

7 109.9 38.4 .. 
8 125.1 31.2 1 J 

" î \ 9 140.4 24.0 • 
~ 

~ 

10 t 155.6 17.0 

11 170.8 10.0 

Equations for radius R 'of the conical section Ji,1f the 
-

chamber, as a function of the axial position ~ are: 

\f " R = -.47z + 89.83 in cm 

o r 

R -52.17 (z zo) + 61. 26 in cm 
Z 

" 

\ 
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Five plexiglass observation windows (three ~f 700 cm2 

, and two of 460 cm 2
) on the conie al section, totether with the 

entirely plexiglass-marle top. provided good illumination and 

visibility for flow visualization. 

INSTRUMENTATION 

, 
Five-Channel Pressure Probe 

" 
A close-up picture of the three-dimensional probe used 

for the measurement of the velocity and static pressurelprofiles 

in this work is shawn on Figure 5.w 

fi The pressune probe was manufactured by United Sensor 

'~nd Control Corporation vith the speci; icatton DA-250-48-H-44-Cd. 

~t was 6.4 mm in ~iameter up to a distance of 101.6 mm from the 

tip. At this position, the diam~er increased to '7.9 mm ta avoid 

> vibrations. This reinforced part of the probe was 1117 mm in 

length. The tip extended two diameters beyond the measuring taps. 

The five holes were distributed symmetrically on the five·planes 

provided on the cylinder as can be seen from Figure 5. A een-
~ 1 

\ trally-located hole measured Pl' the pressure which permits the 
r, 

) 

'" , 
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total velocity pressure calculation, while two lateral holes 

measured P2 and P3 , the y~w angle presSures which were a~so used 

ta calcula te the stream statie pressure; the other lateral hales 
r ' 

measured P4 and P5 , the pitch angle pres~res. Âli tappings were 

0.8 mm in diameter. -.. / 

"An individual calibration was SU~ied for this probe by 

United Sensors and Control Corporation, which had been obtained in-

• their wind tunnel at vèlocities similar to those expected to be 

encountered in this study. This calibration chart i8 shown on~ 
f) 

Figure 6 and the procedur~ for the calculation of the velocity 

components is described in detail in the Appendix. It is claimed 

that this type of probe can be used up to Mach 0.7. 

,References (23, 24) stated that an (Re) d of 30 '(Reynolds 

,number where the measurement hole diameter on the probe Is the 
, "' 11 

charact~ristic size) i8 the minimum value for 

are negligibIe.\ At Iower (Re)d the indicated 

" ' 
which Visco~s ~fect~ 

impact pressure be-

Q 

cornes higher than the actuai stream impact pressure pue to these 
CI 

effects. This condition was satisfied for fluid velocities as Iow . 
'as l mis for the ~aw angle and total pressure, tappings. 

The other restriction was that the cross-sectional area 

of the probe should not exceed 1% ôf th ow area to avoid 

\ , , 
", 

"­
statie pressure measurement interferêhces. the size of ;,,' 

t 
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FIGURE 6 

'-
CALIBRATIQN CURVES FOR THE FIVE-CHANNEL PRESSURE PROBE 
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CALIBRATION DATA FOR TYPE DA & DAT 3-DIMENBIONAL DIRECTIONAL PROBES 

( 
'u 

. 80 
P4 - P§ 

Pl - P2 .60 

• 40 
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!' 
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ro4O 
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~ __ K 
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Pl ,- Pt 

P - P 
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:1,f01 

"J 
• 1.10 

-- ,O( Il 
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.70 

:Pt - Ps 
.si 

Pl - P2 

T( r~ P~ESS URE COEFFICIENT 
VS. PITC 

Pt : TOl'AL PRESSURE 
Ps : STATIC:O~" 
Pl : INDIC'!_ TCYrAL PRESSURE 
P2 : INDIC~ED STATIC PRESSURE 
P4, P :" rCI! ANGLE PRESSURES 

H ANGLE 

.. . 
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WATIIITOWN • MA" 

PROBE TYPE: ,L)/1 - .2 .:St'" 
SERIALNO.: éj-,<::::'-;I' 
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the chamber (L 7 m in height and a smallest diameter of 0.2 m) a-

probe of 6.4 mm diameter shouid not perturbate the flow pattern 

noticeably or increase local static p~ssures. Pitch angle 

..... 
effects a~e unavoidable for measurements very near th~ wall~ as 

explained in references (25, 26) for aIl pressure probes, but 

correction charts are available for most of the simple cases. 

The pressure responses of the five chànnels were fed to 
il 

the scanning valve and U-tube manometers described below, through 

five 3.2 mm (0.125 in) diam~t~r ~inyl tubings. 

) 

Traverse Unit 

\ 

The measuring probe w~moi.mte'd on a manuai traverse 
, .r 

unit made by United Sensor and C ntro'! Corporation. model C-lOO-48, 

with a-collet which Iocked it firmIy in position without danger of 

denting the stem. This sys~m is shown ~ Figure 7. The position 

of the centre measuring hole of the probe~as measured on a scale 
\ 'l. 

graduated in divisions of 0.1 in (0.254 cm)\and a vernier with 
.. ., \ 

accuracy of 0.01 in (0.0254 cm). The scale ength was 122 cm 

(48 in). The lock could be Iocked-' firmly at 

) 
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FIGURE 7 
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PHOTOGRAPH OF THE HORIZONTAL POSITION 

AND ANGLE VERNIERS 
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'Measureinen t of Angles 

\ 

The angle of rotation of the probe, ~hich was equivalent 

to the yaw angle ,. was measured i,n increments of 0.2 0 over a full 

3600 on a protractor gradu9ted in 2° divisions for easy read-

ability and a large scale vernier with 0.2 0 divisions. 
~ 

Both 

vernier and protractor were friction-loaded with adjustable 

~rings and balls. Easy and accurate rotation for any angl~ was 

obtained. The vernier was, ~djust'able. permitting the zero angle 
<!.. 

point to be set at àny tim~ without loo8ening the probe in the 

collet aud 108ing the distance setting. 
/::>' 

Veitical Positioning 

The entire system was mounted on a heavy-du}y high-

speed camera tripod which was equipped with adjust~t of angle 
IX 

• with respect ta horizontal level around two axes, ~nd vertical 

positioning for ne~al~ positions required in the experiments. 

J 

Th~ entire set-up i5 shawn on Figure 8. For the measurements 

at the two lower ports a smal~ei tripod was used • 

. ) 

-' 

" 
.'11 
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FI~URE8 
JI .-

PHOTOGRAPH OF THE PROBE'S SUPPORTING SYSTEM 
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Pressure-Averaging Choke 

This is a device manufactured by United SenBorB and 

Control Coq'!oration, with the denominati~n USe-826l-3, i'-ihich 
~ r [T 

receives as input two different pressures and its output is the 

average of those pressures. All,signals are pneumatic. 

The probe was aligned with the flow by turning the pro-
, 

tractor and the yaw angle of the probE. was thus changed until P:z 

= P3 was attained. Then, the pressure-averaging choke decreased 

the oscillations in P2 by averaging it with ~, resulting in a 

pressure pJ for measuring the differential of this pressure with 

other pressures. The degree of accurady was increased very~uch 

by the use of this device. 

tluid Wafer Switch 

This'switch permitted the meas~rement of differential 

pressures between two tappings of the probe or between one of the 

tappings and the atmospheric pressure,~cCOrding to the switch 
\ 

~ 
positioning. It was made by Scanivalve lnc. , under t~e specifica-

tion W0601/2P-6T. and was equipped with a hand-drive of specifica­

tion WNOB 12. ~ 

au ..... 

A simplified.diagram of ~he pressure stanner i9 shown on 

Figure 9. A few examples will explain its operation: at position 1, 

pressure f.L i6 connected to one port of the t.ransducer '(x), while 

P t is connected to the other reference (r) side. 
am.. ~ 

The differential 
'-. 

.~ 
( 

\ 
, 

o . . 

. 
l, 
j' 

'1 
" 

\ 
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FIGURE 9 

, 
DIAGRAM OF THE PRESSURE-SCANNING VALVE 
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"" ,.,-
pressure (P 1 - P ) if: then read on the eli!ètronic pressùre ·,meter • 

a~ 1 
In position 2, the transducer reads (Pl - P2'). 'ln POS:i::ti't>n.6, it 

reads a differential pressure of zero because the port'~of the 

transducer head are interconnected and the pressure on both sides 

of the membrane i8 P • This last position was used for the calibra~ 
~) c 

tion of the transd~cer.· 

Pressure Tran8ducer 

-' .hhe differential pres8ur@~elected by the saanning valve 
. 

was measured on a pressure transducer when it was lower tban its 

maximum range of 3 mm Hg. Higher pressures were measured on 

methartoi-fitted'U~tube manometers. 

The transducer vas manufattured by MKS Instruments, IDe., 

and specified as MKS BARATRON TYPE 77 ELECTRONIC PRESSURE"METER 
, --, 

, 
using a TYPE 77H-3 PRESSURE HEAD and a TYPE 77M-XR PRESSURE 

INDICATOR. It ls shown on Figure 10. 

'<i ' This pressure meter was a precision instrument that 

measured lo~pressures and vacua with an accuracy equal to that 

~ obtained at higher pressures. The instrument provided a five-tlac~ 

digital, null-balance readout for higher precision. True pressure 

. ' 
(force per unit area on diaphragm) i8 measured, r1a her than 

ionizatien or thermal equivalents of p,ressure • 

The pressure scanner outlet tubéS Wéré connected to ports 

Px and Pr , with, the normally higher pressuré at P • _. • x Thi!, provided , 
. 
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FlGURE 10 
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, 
PHO~OGRAPH OF THE S~C-VALVE, P~SUlE '~SUR1;NG HEAD, 

l 

-
tlLECTttONIC PQSSURE INDICA'roR AND U-TUBE @OMETERS 
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.... 
posi:t\ive. rCildings. The nccur3cy,vas generally good e~ugh for the 

pUFPoses of this investigati~n,to us~~~e pane1~ indica~or instead 

" , 
of the digital readout for reading pressure differentiais. 

J 

.. 
The equipment was verified for zero anc( full-seaie sta-

, '" ,bility before and 4uring operation and the necesS4ry adjustmenl:s 

were made where small deviations occurred at the lover range scales 

uBing a ~alancing \ystem incorporated in the instrument. For this, 

'" . 
the p,reasure scanner was used at position 6, Le., ~e tran&ducer 

• 
P9rts P 'and F were interconnected. as stated before • . x r 

-' 

U-Tube Manometers 

Two U-tube manometers fill.ed with Methanol (density = 0,.79 

g/cm 3
) were installed for the measurement differential pressures 

(PL - P ) vhen they vere higher than 3 mm Hg, which vere observed atm 

for'(the higher inlet velocities. 

OPERATING PROCEDURE 

Orifice Calibration and Flow Rate Measurements 

The orifice d1scharge coefficient is significantly affected 
\ 

by ~low disturbances originat~g i~ bends, valves and other fittings ~ 

located upstream from the orifice. As a general rule, the orifice 

plate should be placed 50 pipe d1ameters downstream and la pipe , , 

diameters upstream from any disturbante. Since these conditions 

could not be met in the present experimental set-up, a calibration 

• 

, , 
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of the orifice against pitot ~ube measurements was nece8s~ry. The 

pressure prObe,~the vortex flow measurements was aiso, used 

for this purpose.~ A straight probe canti1ever~d out ·from the wall , 

away from the boundary layer causes a flow distortion showing up 
~ ~ 

as a secondary flow,along the axis and around the tip. A local ac-

celeration in flow- i8 thus created near the Up of the probe which 

increases as thè tip approach~s the 'opposite wall. This causes a ' 

statie hole located near the tip to show a steadily dropping statie 

pres,sure, as the probe 18 tiaversed from one wall to the other. A 

calibration chart c?rrec~ing for these effects was obtained specif­

ically for the probe used in this study from United Sensors and 

Control Corporation through measurements in a section of the sarne , . 

size as the tubing where the traverse was performed, and it was 
.,' 

used in the orifice flowmeter calibration procedure. 

~ '" ,,'V 
A ten-point trayerse w~s made across the duct in a, s~raight 

.. 
section of the outlet line from the blower, between the blower ,and 

the orifice, from which the average veloeity in the duet, and hence 

the volumetrie flowrate to the chamber, were calaufated. (Fig. Il) 

The ~ocal velocity was calculated from the following 
.> 

equat1on: 
A -

(~ 

Flow Visualization 

-
In order to visualize qualitatively the direction and 
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( 

1 

-j 



• .. ~ 

l, 
k. 

,; 
\ 
1 
\ 

t 
1 

( 

.. 

. . • 

CI 

'" ,. 

' J 

,. 
,. 

68-A " 1 

f 

, 

• 1 

• 

FIGURE 11 

.. 
ORIFICE FLOWMfTER CALIBRATION CURVE 

.. 

-./ 

/0 • 
\ 

o.Iil:D 
.. ... ~. 

"" 

'r-
-\ 

"'. 
1\ , 



f'~-', '_\ _' _-___ Jl_ ....... 1 ·I1111' .... _.r_.' ___ .' .: -------------~--____ L: 

t 

.. 

-
~ 

l 
; " 

(1)1 ,/ 
ft) ~' 

E .. 
(0 .. 

: LU 
l ti 1 f ct: 

'.' 

" ~ , 
" } 

\ LA.. 
Î 

1-

" 

A 
1 , 

t 

0.58 
1 

r 
r 

0.42 

0.14 

L 

, 
• 

o 

'l' 

If 

l' 

r 

.. 

0.5 1.01 1.5 2.0 2.5 

( 6H )"2. (C~ H
2
0 ) 1/2 



i 
, t 

! 
~ 

t 
f 

f, ' 

, 

.J 

.... _...-... w:, Ni •• !fIl k Pl 

( 

•• b 
lib d llU Ft 'n 

69 

. 
pattern of flow, small w061 tl"tfts fast-cll.ed_1:O _the heads of 3/16 

- .,-
in (0.476 cm) diameter stainless steel rods were used. It has 

already heen mentioned tha,t it was necessary ta kno,", the main 

direction of the' flow for the proper positioning of the probe. This 

was partiqularly important near the centre of the ch~be~. wpere 

'reverse axial flow occurred. 1 : 1.., 
r l 

MEASUREMENTS WITH THE FIVE-CHANNEL PRESSURE PROBE 

. 
Prior to an experiment. the pressure meter and the re-

gulating heating system for the pressure head were both switched 
ç 

on. These were warmed up for half an hour. Then, full-scale and 
CI 

zero adjustments were made', while t:he pressure head ports were 

interconnected. The probe was then inserted in the vortex chamber 

, through the seal which was threaded on the particular port being 

studied. The probe supporting system was next checked for probe r 

horizontal leveÜing with a spirit leve!. With a plumb line in- , 

serted through a port installed in the roof of the chamber, exactly 

at the axis position, it was verified whether the probe was in-
, 

sertëd in a truly radial direction, following which the plumb line 

was removed. 

'l 

The five-channel pressure probe was now ready for measure-
, ", 
, 

ments. The blower was swltched on, the flow rate was controlled 

with the butterfly valves at the outlet of the blow~r and the angle 

of inlet w,s adjusted with the inlet vanes. Wben stable flow 

condi~ions were reached, the radial traverse was begun. For e~ch 

f 

. . 

, J 

1 

.. ! 1 
i 
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/4 

single velocity-static pressure measurement the~probe was posi-

tioned radially an~ts position measured on the linear scale 

vernier of the traverse un~t, which could be read accurately to 

0.01 in (0.0~54 cm). The scanning valve~was set at position 3. 

At this position the d~fferential pressure (P 3 - Pa) was read on 

. the transdueer system uslng the scale with the highest readable 
'. 

deflection. The protracLor of the probe was then rotated until 
11> 

~3 - P~) read ze~. A smaller scale on the pressure meter was 

selecterà and t~ angle of the prob~ changed until the roovements of 

the needle were negligible for aIl available seales. The angle 

of thè flow (l/I), could now be read directly from the protractor 
""-" " 

with an accuracy or. 0.2 0 
•. At this fixed angle, the scanning valve 

was set at aIl other positions and the respective.differential 

pressures _were registered. If~'a differential pressure was larger 

than" 3 min Hg, which on1y oecurred for the rneasurements of (P 1 -

Pa). (Pl - P ). and (P 2 - P ), it was· read on the m,ethanol-atm atm , 
" filled U-tube manomete;s. Figure 12 shows the agreement between 

the results obtained from the transducer and the.ones obtained , 
':J 

from U-tube manometers. F~ every measurement, the temperature 

in thé' chamber and the baromet rie pressure were noted. 

At any axial location, measurements had to be performed for 
. 

at least twenty-five radial positions for each condition of JloW 

rate and inlet flow angle. This large number of measurements was 

necessary because of the large variations in the axial velocity 

component and in flow angle along a radial traverse. 
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CQMPARlSON ~ETWEEN THE DIFFERENTIAL PRESSURES MEASURED 
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WITH TH~ TRÂNSDUCER AND THE U-TUB' ~OMETERS 
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. ' 

In e~periments of this kihd, which involve a large 

number of variables, the number of experiments increases very 
1 

. 
rapidly with the number of levels chosen for'each variable. An 

experimental design metfiod was used (27) to choose the number of 

levels for each variable that would,represent best the effect it 

has on the vortex flow pattern, without requiring a prohibitively 

large number of experiments. el 

In the Appendix, the method used for the calculation of 
1 .. 

the velocity components and of the static pressure is explained. 

A small programable desk calculato~ proved to be very useful in 

this case, where three different curves gave calibration factors 

as functions of rntermediate results of the calculations. After 

• being read from these curves. these factors were used for further 

processing. 

When the probe was alig~d with the flow by yawing it > 

until P2 • P3, the velocity pressurJ (PT - Ps) and the direction 

of the velocity vector relative to the probe were calculated from 

the following equations: 

" (22) 

(23) 

(24) 

where f.. !. f, are the calibra t,ion factors of the fiye-channel 

pressure probe, read from the calibration chart shown on Figure 6. 

li • 

.1 

. 
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~ should be noced that the t)'rve for !..l!l i. hOri~~,tal and 
~ 

stays at zero ,for the ran~Q of l ~ f~ -300 ta +30 0
• This indicates 

that Pl is equal to ~ for this r~~e\of e and no error W09ld 
- Jo \. 

result if the value of e were not accurately measured. The sensi-

tivity of ~ to'an inaccuracy in the measurement of a is also 

very smail. 

Due ta its very small size, the pitch angle, ~, the ang1e 
, 

of deviation of the velocity vector from a constant radius path, 

could not be obtained accurateIy. The âifferential pressure (P 4 -

, 
used to calculate this angle oscillated within a certain range 

• • 
~d the average between ~he maximuland minim~ values was used. 

As .already discussea before, the error resulting from tbis procedure 
1 

i~ small, due ta the relatively small sensitivity of the calibra-

\ 

~ion factors ta the pitch angle, for the ranges of ~ encountered in 

our experiments. Thêonly ~locity component fot whic)1 calculation 
\ 

was hampered by this inaccuracy was the radial velocity (u). For 

(PT - PS)' the maxi~um possible érror was 8i.. 

The magnitude of the velocity vector was obtalned from 

II., equation (21). Hs velocity components were obtained from the 

geometr~cal relationship shawn on Figure 13. 

\. 
When the probe was aligned with the f1~. after being 

\ 
\ 
\ 

~ ~ 
yawed by an angle ~. the vecta~: velocity c~uld be decompased into 

its three/~omponents ~, ~. and ~, as given by: 

• 0 

~I 

f 
J 

1 
• 1 

l' 
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DIAGRAH OF THE RELATION BETWEEN THE VECTOa VELOCITY 
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"- "" 

u • V· sin e (25) 
~-

'~ 

v .. V Ain !JI cos e (26) 

w = V cos !JI cos 6 (27) 

, 
The statiç pressure relative tO,the atmospheric pressure 

.was f ound f rom: 

Il 

(28) 

where (Pl - PT)' (PT - PS)' and (Pl - Patm) were obtained from 

Equation (24), Equation (23) and direct measurément, respectively. 

RESULTS AND DISCUSSION 

? 
VARIATrONS~OF FLOW VARIABLES WITH POSITION 

i) Tangential Velocity 

J' 
The profiles for othe tangential ve10city showed clearly 

8 
the existen~e of two main f10w regions, namely, a forced-vortex 

near the axis of the chamber and a free-vortex in the main part of 

the flow. This can he ohaerved in Figure 14, which presents the 

radial profile of tangentia1 'velocity fo~ different axial posi- . 

tions. maintaining the inlet velocit~ constant st 8.6 mis and the 

o (J .• 
inlet flow,Angle at 0 .' lt can be seen that the pattern of flow 

is the same for aIl verti~al positions.-

.J 

Jl 

, - , , 
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In the lower regions of the eonieal chambet,~in which 

the radius is obviously smaller, Figure 14 "'t:learly indicates a 

shift of the dimensionless radial position (r/R) t at which 
~' max 

the maximum tangential velocity OCClJl'S. However. the actual 
~ 

radius (r) ,where this maximum Decurs 
max 

stays relatively con-

stant and se\ms, ta be Independent o.f the axial position. The 

mean value of this radius i8 (r) • 7.2 cm, vith a standard max 

deviation of s * 0.8 cm. The probable reason for this deviation 

Is the smaii degree 04asymmetry in the flow imparted by the 

single inlet, and it can he inferred that the radial position of 

maximum,tangential velocity would be constant if the flow was truly 

symmetrical. As a result, the free-vortex region in the lower 

part of the cone is reiatively smaller than for positions with 

larger radius higher up in the chamber. 

Extrapolating the velocity prnfiles to positions near the 

wall, wi thout accounting -for pound~;Y- layer effects. t~e extra-

polated tangential velocity for port 6 was found ta be approx-

imately equai ta the inlet velotity to the chamber. 

At the lower stations, the flow accelerated due to the 

amaller radius and at the higher stations the tangential velocity . 
near the walls vas ~er than.the entrance velocity (the in1et 

velocity to the chamber was calculated by dividing the total flow , 

rate,~asured at the calibrated orifice flowmeter by the total ~ 

in1et crOBS sectionsl area, 480 cm 2
). 
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iii) Axial Velocities 

1 

Radial profiles of 'the axial meàn velocities for port 9 

are shown in Figur~ 16, for an fnlet vel~city of 8.6 mis and an 

inlet angle of 0°. Although the measurements in the region near 
1 

the centreline of the chamber were very difficult due ta a high 
>, 

degree of turbulence observed in thi~ region~ the results showed 

clearly that a reverse"flow occurred in this region. This was 

confirmed by the static pressure measurements discussed abnvè 

and, at le.st qualitatively, by flow visualization. In Figure 

16, this flow ~eversal 18 shown by the negative axial velocities 
o 

measured in the axis region. It can he noted that a strong 

asymmett'y existed for the axial velo city profile. The s'ing1e 

tangentiàl entrance i~·the vortex chamber caused the formation 

of preferentia1 paths for the secondary fIowB. Consequently, the 

reverse f low was a1so asymmetrïc . 

• 
Comparing'Figure 16 with Figure 14, it can he seen that 

\ ' 

the tangential veloaities were always much larger than the axial 
\, 

VelO~tieS, and bei1 characteristic of the vortex flow, the, 

tangentiel velocityfrofiles were of a more symmetric nature, , 
1 

while the axial velocity pr~files ~ere deformed by the secondary 

flows. It should also be noted that the maximum axial velocities 

occurred in the region of maximum tangential velocities, and ~hat 
, 

the axial velocities wer. relatively high near the walls. 

·The axial ~elocity profiles' measurements were checked by 

, 

r . 
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installing a new port (No. 6') on the'charnber at a position 

diarnetrically opposite ta port 6, and cornparing the axial velocity , , \. 

profiles rneasured from the two sides. The profiles measured by 
'1;; 

inserting thp probe frorn the opposite sides agreed satisfactorily 

and the asymmetry was confirmed. 

The axial veroclty profiles found in this work disagree 

with the ones reported in Reference (3), for different inlet 

conditions and a small diameter outlet. In this reference, the 

profiles obtained increased exponentiilly with the ra~ius and the 

maximum was reached"near the wall of the ~amber. However. the' 

profiles reported in References ~. 13, 15) aIl follow the same 

pattern as observed in this work. 

In Figure 17~ a comparison of the axial velocities for 
/. 

two different axial positions 18 shawn. It can be noted that the 

axial velocities are larger at the lower position in the chamber 

(where the chamber .radius i8 smaller), as should be expeç-ted frol}1 
1 • 

a mass balance. Mass balances could be obtained from the inte-

gration of the axial velocity profiles over the cross-sectional 

area of the flow and shou1d equa1 the total inlet volumetrie flow4 
II' 

rate measured througr the orifice flowmeter. The flow rate cal-

culated would be the true flow rate if the profiles were repre-

senta~ive of a symmetric ideal profile. Su ch integrations were 

indeed performed bU,t only in a few cases did the calculated flow 

rate agree with the measured flow rate. Measurements and inte-

gration over complete cr.oss sectional pla~s of the chamber ~ould 

!j" 

f 
1 , 
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have to be performed to avoid errors caused by thè asymmetry of 

~he flow. lt w8S not feasible in this study to inetall more ports 
( 

to perform these measurements. From Figure l7,'it can also be sèen 

that the asymmetry is larger for port 6 than for port 9. The smal~ 

1er nidius-"dt the lower position ln the chamber increased t~ axHl1 

li'" \ velocities and caused them to heeome symmetrical. , 
. ' .. -EFFECTS OF THE lNLET VELOClTY AND FLOW ANGLE 

• 

i) Iangential Velocity 

o 

! Figure 18 shpws the effect\of the 

tangential veloèity profiles. As ex~cted, 
tnlet velocity op th& 

J' • ' 

ponent of velocity increased vith 
~ ~ 

rate passing through the chamber. 

~ " 

the tangential com-

the in~et velodty ~ow 
lt i~ interesting !O notIce 

that the peak of the velocity oecurs at the same (r/R) val~e for 

different inlet'velocities, for the ,range of air flow rates used 

in these experimants. 

~ 
) 

One 9f the most striking observations made in this study 

was that the effec,t of the inlet angle on the tangeotial component 

of vel~ty was n~gligible at positions not t9 ne~r the entrance. 
1 ~ f ~' 

Repeated measurements and flow visualizataon experiments clearly , , 
indicated that although the main flow was initially deviated from 

Il> ' 

" its hori~ontal path 'by the directing vanes, the effect of this 
\Id Il 

)rd~viation qulCkly disappeared do~stream as the entering air was 

entrained into the rotating bulk flow. 
,t 
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ii) Static Pressure 

Figur~ 19 shows the effect of the inlet velocity on the 

static pressure profiles. ~9 expected, the larger inlet velocity 

\ ' 
~hich caused larger tangential vel~cities resulted in higher 

static pressures near the walls of the chamber. Most interesting 

is the observation that the inversion in static pressures always 

occurred at the sameJdimensionlesB radial position for each axial 

position in the chamber, independent of the inlet "velocity. This 

point was in the region of the maximum tangent1al velocities. It 

was also noted t~at the inlet flow'angle again had np influence on 

the static pressure profiles. 

Iii} Axial Velocities 

Figure 20 shows the effect of the inlet velocity on the 

axial velocity profiles for port 6. As expected, the axial 

velocities are larg~r for larger inlet velocitiea. It should be 
... 

mentioned that because of their much amaller values, the measure-

ments of the axial velocities are less accurate than those of the 

tangential ve,loci.ties and static pressures. However, the results 

obtained showed clearly ttiat" for the SalUe axial position, the 

radial profiles of the axial veloeities show a very good similarity 

of flow pattern for the'different inlet velocities. 

" /1 

The inlet flow angle had a slight effect on the axial 

velocity profiles which 18 shawn on Figure 21 for p~rt 6. This 

axial position seemed the most represent~tl~e of the conieal 

, a 

Il 
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sec tion of the chamber. Figure 21- clea,rly shows thè 'distortion 

in the axial velocity profile, whJch ls enhancéd near the walls 

when the flow angle goes from 0 0 to 30°., This observation is a 

good proof that the flow asymmetry ia caused by the entrance 

co~ditions. Near the centreline no effect of the inlet angle was 

noticed. Due to the three-dimensionality of the flow, it 18 

difficult to draw more conclusions aboùt this effect without 

performing many more complete traverses slong different dia-

metrica1 dir,~ttions for aIL axial positions. If this were done, 
\ ) 

- it i8 probable that a preferential spIral path could be identified 
, 

~ich in turn',would be affected by the angle of inlet flow. 

INFLUENCE ON THÉ OUTLET SIZE OF THE AXIAL VELOCITY PROFILES 

The radical differences already reported between thé work 

of N. Bank (3. 14, 21) and the results of the present author, par-

ticularly in connection with the observed values of the axial 

velocities and their radial profiles. prompted a close examination 

of the respective operating conditions, sinee the two studies were 

ferent entrance conditions 

"" the sarne ~ornetry. 

which have)already 

Outslde of the dif-carried out in chambers of 

been pointed out, 

Ban~ used rnuch smaller volumetrie flow rates of entering air. He 

also used a very small diameter of 7.62 cm for the chamber outlet 

at the bottom. The immediate c~ngequence of the latter would be a 

considerable increase in exit velocity (everything else being 
, , 

constant) and hence in the pressure drop across the exit; sinee the 

. ' - ---- -~ .... ~_.- ........ ,. .. ~ ... .". . .,.. .. - ......... ...-.-.,-,----., ,l' .1 
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oC' 

latter i9 proportional to the square' of the exit velocity. The 

< 

overal1 result would be an appreciable increase in the chamber's 

static pressure, although Bank di~ not measure the latter. It was 
...,.., 

therefore decided to perform additiona! experime,pts to study the 

effect of the outlet size on the~axial ve10city profiles, as it 
t 

was expected th:t this parameter Irght have q good deal of in­

fluence on the axial flow hehaviour. 

An outlet of diameter of 7.62 cm was acco~dingly installed 

on the ehamber for comparison with the diameter of 19 cm uti\ized 

in the previous experiments. Measurements were made mainly near 

the apex of the chamber because better symmetry of f10w existed i~ 

this region (less influence of the single tangential in1et) and the 
,~ . 

axial component of veloeity w1ts relativel~ larger, resulting in a 

better accuracy in the ~easurements. 

Figure 22 shows the axial velocity profiles for port 10, 

for differeri't outlet diameters and flow rates. For 0.24 m3 /s and 

19 cm outlet diameter, a central reverse flow was observed as 

previously noted. However, for the larger flow rates and smaller 
• 

diameters studied, no upward axial flows were observed. It i8 

intere:ting to note'that the axial ve10city profile for 0.24 m3 /s 

and 7.62 cm diameter outlet very nearly reaches zero at one point. 

In other words. a decrease in the flow rate or an increase in the 

outlet diameter would have caused reverse flow to oecur. This pair 

of values could theref6re be considered as ~ critical combinat ion 

for the particu1ar vortex chamber. From more of these combinations, 

j 
1 j 

1 

" 
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AXIAL VELOCITY PROFILES FOR DIFFERENT OurLET 

DIAMETERS AND FLOW RATES - PORT 10 
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... , 

a curve cou1d be abtaW~-,!;;.fot" f10;- rate versus diameters. This 

curve wo~ld allow the prediction of the onset of backflows in 

vortex chambers if the fluid flow rate i5 varied and one could 

avoid them by changing the outlet diameter. This argumen7 still 

holds, of co~rse. if the outlet dischargès into a duet or,other 

processing equipment. This would allow fq; a better werking 
, 

efficiency for conditions where a baekftow is detrimental, such as 
1 

in a spray dryer, a cyclone evaporator, a centrifuga! absorber, 

and in many ether types of Fontacting, equipment. 

A~ expected, the~effect of the size of the outlet on the 

statie pres~re was shown experimentally to be very large, for the 
\. 

reasons given a?ove. A typical case ia shown in Figure 23. The 

statio pressure i~ dras~ically l~er for smal1 out let diameters 
\ 

due ta the sharp iocrease in the exit pressure 1088 (equal to the , 
, 

value of the kinetie energy in the gas just ahead of the exit). 

\ 

From these observations, the influence of the sizing of 

the outlet diameter'on the performance of a~ottex flow equipment 

becomes qui~e clear. Need1ess to say, t&!s inf1uenc~ i5 a1so 

reflected in the size of the blower required. For example, with 

• the lar,er outlet the blower used in this study could deliver up 
.~ ,1. 
to o~ m3 /s, but with thïmall diameter the capaeity was reduced 

to a maximum of O._mlll • 
,f!I 

" One can also observe from Figure 23 that the dimensionless 

radial posit~on where the statie pressure becom~8 equal to the 

, 
\' " 
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FIGURE 23 

EFFECT OF THE OUTLtT DIAMETER (Do) ON THE 

STATIC PRESSURE PROFILES - PORT 10 
~ 

Q = 0.24 mS /a 

INLET 'VELOCITY = 1f) m(s 

t 

, 

0-

\ 



r -, " .,,, ; _; 1 • '. • ,. fi: ,,'" .J \ ,_ ...... ",,.... ____ ."_ .... ,, .... _ .. ___ ... II.a~ ______ ) .. ' _J _q __ .... __ .. __________ ..:..:...~~ "\ 

\ \ ' 

( . 
~; 

" ; , 

,~ . .: 
20 ,P 

A 

~.- ! 

16 " 1 

0' 
:z: 
~E 
E 12 

.. 
\ -e - 8 0.0 

" 
1 

1 

(J!t -
~ 

4 
\ 

-::> 00 .19.0 c .. Cf) 
'CI) 

0 IJJ 
a:: .. a. , 

0 - -4 , ta ~ 1 
~ fi 

~ 
CI) , 

-. -8 
• 

" 
<, 

.~ 

~ 
0' 0.2 0.4 0.6' 0.8 1.0 , , 

~; 

~; r/R '" 

Cl' \;1 \ 
'", 



MI nlCUE 

< 

~,-
1 
1 

\ 

1 
1 

[ 1 

rI 

L rI Il <, 7 

95 

atmospheric pressure a1so depends on the diameter of the out1et. 

This figure ~an be compared with Figure 19 whi~h shows that the 
~ 

static pressure ~ecomes eq~al to atmospheric p~essure at the same 

radial position for different flow rates. 

The tangential velocity profiles were of the same form as 

the ones obtained with the large diameter outlet. However, the 

ma~ifted to a position nearer to the centreline of the 

chamber. 

)COMPARISON OF THE THEORETICAL MOpELS.FOR THE,TANGENTIAL 

VELOCITY PROFILES WITH THE EXPERIMENTAL RESULTS 
!-) 

In order to ~btain a correlat~on relating the tangentia1 

velocity to the inlet velocity, for any radial and axial'posit~on~ 
. 

,a computer statistical analysis of the experimental data was per­
~ 

formed and multiple regressions gave the deslred equations. 

# 
For the free-vort x art of the-"flow, the basis for tl1e 

multiple regression was Equation <14) derived in the section 

'Theoretical Derivation.' This equation ls repeated here: 

(29) 

This equation was 1inearized by taking the logarithms of 

both sides: 

log (w/wR) - (l-k) log (r/R) (30) 

Jl 

1 
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" 
For maximum genera1ity, ~ was taken as' being dependent on 

the entrance ve10city, vo. This is expressed by: 

k (31) 

Renee, Eq~ation (30) becomes: 

At this point a function had to he as~umed fo~ wR• After 

many trials of furve fittings on the experimental data for wR the 

function which gave the best result was found to be: 

! 
, 
• (33) 

An important conclusion from this result i5 that the free-

vortex tangentia1 velocity profile 1 extrapolated' to positions ,near 
, 1 

the wall, is direct1y dependent on the radius of the chambèr at the 

particu1ar axial position. No term was needed for other influences 

of the axial ~osition. 

It i5 now assumed that k' = k, for simplification of the 
, . 

equation. This assumption was confirmed 1ater hy the perfect fit 

obtained for the experimental points~ Equation (32) now becomea: 

log (w/vor) n = log c~ - Cl (Va) log r (34) 

To ohtain_ the numerical values o! ~, ~ and ~ in Equation 

.. 

• 
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(34), a regre8sion analysis was next performed ~ith )pe aid of a 

set of statistical programs in the McGill univerfity computing , 
centre. The value of n wàs varied until, for n = 0, the best fit 

was obtained for the hundred experimenta~ data points for vàrious 
. 

inlet velocities and positions in the chamber. This confirmed that 

l i8 a constant independent of the flow rate tbrougb the chamber or 

of the inlet velocity to the ehamber (see Equation 31) anf agrees 

with the results obtained by other rese.rehers, Bueh a~ Ogawa (15) 

and Koval (6), The assumption that k' = kwas similarly confirmed. 

The correlation coefficten~'obtained was 0.997. The value of ! 

was 7361 and the probabi1ity associated with ! was 1.00000 . .. 
The constants obtained were: 

Cl = 1.72 and Ca = 14.79 

The final equation for the tangential velocity profile in 

the free-vortex region is therefore: 

(35) 

/ 

From this equatlon, it can be concluded that the taugential, 

veloeity in the fre~-vortex regions depends on1y,on the inlet 

ve10city and on the radius E at the point of interest, and not on 

the axial position of this point in the chamber (nor on the radius 

R of thé cone at the -particular axial position). This conclusion 

i8 'fully supported by Figure 14. 
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The value of k ~as found to be 1.72. This means that the 

f10w was no~ a completely deve10ped free-vortex, which wou1d have a' 

Ok value of 2. It 

lt is difficult to compare the value obtained for k in this 

~ork with the ones reported in the 1iterature because of the dif-

ferences in set-ups and the difficulty encountered in the measure-

ment of the eddy vis,cosity. Ogawa (15) shows curves obtained by 

different authors for the relation (elv) versus a Reynolds number 

defined by: 

(Re)o = IUpvh (36) 

From these curves, on1y a very rough estimate for ,the 

eddy kinematic viscosity for our experimenta1 conditions cou1d be 
, 

deduced because the curves obtained by the different 'authors differ 

very much. depending on the type and size of the vortex chamber. 

The curve which gave the nearest estimate for the eddy 

kinematic viscosity at the experimental flow rate conditions used 

in this study was the one for Ogawa's cyclone. His resu1t was 

1.3 g/cm whi1e the value for this study, calcu1ated from the 

value of k and Equation (11), was 2.2 g/cm. 

For'the forced vortex part of the f10w (in the central 

part of the chamber) Equation (20) was used with a correction to . 

account for the transition to the outer free-v~rtex region. The 

modified form of Equation (20) was: 
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(' 

w/vo· ... k 1 r exp (-Àr) "'" " (37) 

This was th~ fO~ show.d the be.t Ut' for the ex­

perimental data abtained in this study. This form was proposed 

earlter by Ogawa (15) • 

. 
For gènerality, ~ waS assumed to be of the form: 

n 
À • -ka Va 

Substituting (38) in (37): 

, 

(38) 

(39) 

This equation was linear~ed to obtain the 'constant ~1 and 

~2 by regression analyses, while varying the value of n. For n = 

-0.17 the best fit was obtained. 

• 
Al~hough the expe~imental measurements we accurate 

in thls reglan, with very Bteep curvea of tang velocitles -
.< ' 

versus - dimensionless radlus~ a correlation coefficient of 0.93 
'\ 

was still obtained. , 

The final' equation for the central part of the flow 

(force~ vortex) was: . ' 

w/Vo D 1.03 r exp [-0.153 (VO)-O'17 r] (40) 

Equations (35) and (40) providè a good estimate of the 

tangential velocity at any position in the vortex chamber. 

r ...; 
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Figures 24 and 25 show the experimentàl results for the 

tangential velocity profiles for different conditions, compared 
. . 

. wit~ the ~urves predicjrd by Equations (35) and (40). 

/ 

CONCLUSIONS 

It i8 hoped that the theoretical analysis o,f the tan­

gential velocity profiles, ~ether w!th the experimental results 
. \.., 

on the measurement of the tangential velocity and axial velocity 

profile-s, as well as of the static pres,sure profiles, which qave 

" been presented in this thesis, will contribute ta a better under-

standing of the t1uid mechanics of cOnfined vortex flow. 

From a~experimental point of view, ~he five-channel 

pressure probe used in this investigation proved to be more than 

adequa(e for the kind of measurements encountered in this work, 
\ 

with the possible exception of 'the radial velocities, which are so 

small as to defy aIl the techniques of measurement known to the 

author. 

The main objective of this res~arch project was to obtain 

mathematical expressions for the tangential velocity profiles as a 

function of the inlet air velocity and af the geometry of the 

sy,stem, and in this respect, it can he said that the objective was, 

attained. From a statistical analysis of the experimental data, , "-
the predictions of the theoretical analysis based on the Navier-
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/" 
Stokes ~nd on the Continuity equations were ~ullY confirmed in the 

1 
~ 

1ight of the assumption~that were made in its deriva~ion. lt is 

~ 
therefore fe1t that the fOr$s of the expressions proposed for the 

two regions of flow have suffie1ent generality to be appl~cable ta 

al1 ey1indrica1 and conieal configurations of confined vortex f10w. 

The va1idity of thiS, stat~ment i8 further confirmed ~y the 

that the resu1ts of the present study generally agree with 

fact 

the ex-

per~men~al trends and theoretical predictions of other workers in 

the field. Since tangèntial velocitles are by far the MOst im-

'portant characteristic of aIl equipment in which vortex flows are 

used, lt ls fe1t that this work .hould have iDpor~an~mplis.tlO~S 
in the design and 'operatiô~ of such equipment. 

~e discrepaney between the present,work and t at of Nader 
"> 

Bank (14) is puzzling. Bank used smaller flow rates an a much 

sma11er outlet diamet~r. which W8S shown in'this study t be 

conducive to a considerab1y higher static pressure in the hamber. 

Also.1six inlet ports were used instead of one. Bank's tangential 

ve10city profiles showed a very large force~vortex portion and a 

~eriomu~h smaller,free-vortex reitme. contrary to the findings of 
. 

the present study and of other workers in the.field. Although the 

effect~of ~smaller outlet diameter an~ of a higher operating 
" \. . 

static pressure have been examined in a preltminary manner in the 

present work. more work 1s ~bviously required ta elucidate the 
1 

reason for the discrepancy. 
I, 

J 

The main conclu~ions of th~ pres~nt study can nov be 
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\summarized as fol1ows ( ~I' 

1. The magnitude of the inlet velocity does Dot change 
~ , , 

the form of the tangential velocity. axial veloeity or statie 

pressure' profiles. An increase in inlet velocity increases aIl 

these quantit~es" but the forma of the profiles remain the seme. 

2~ The angle of inlet flow has a small effect on the 

axial ve10city proflle~, deereasing the symmetrY of the flow 

relative ta the axis of the vortex. No effect was observed on 

the static pr-essure and tangential veloeity profiles. 

3. The size of the chamber outlet has very important 
VI b 

effects on the operating charact~ristics of the equipment. With 

smaller diameter outlets, the p08sibility of having reverae axial 
1 

flows decreaaes and the static pressure levels increase. In 

addition, the position of maximum tangential vélocity approaches 

the axis of the chamber. There appears to exist a critical . 
outlet diameter size be!ow which no reverse axial fl~ occurs. 

~ 

This aspect of the work,was on1y examined in a preliminary vay, 

and a mote detailed study i8 indicated. 

4. A~he diatneter of the cbamber decreases in the i 

conieal section, the free-vortex regime of the tangential velocity 

profiles d~creases ~n propprtion to the total profile. 
J' l 

, 
- 5. The fluid velocity component in the radial dire~tion 

ia very small and can be neglected for most design purpoees. 

( 

Il 

, 
. '" 
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,. 
6. The prediction equattons derived in tb1s the.l. for 

the tangential velocity P~OfiJrS~ which are the mOBt important 

characteristic of the flow. can be used directly for equipment 

of_similar geometries and a1so for different configuration. if 

the values of the constants are evaluated./ The constant k 11 
, -

the mast important parameter for the characterization of the 
-.,...-

degree~of free-vorticity in the main part of the flow. 
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NOMENCLATURE 

..J 

A' - Constant 

- Const,ants 

C - Five-channel probe calibration factor 

D 

Do 

f 

,h 

K 

,.. K 

k 

k.' 

n 

(See Equation 1) 

- Constants in EquatiQns 31 to 34 
• 

Diameter of 5-channel pres8ur~probe (mm) 

Diameter of chamber outlet (cm) 

- Diametrica~osition (cm) 

~ Probability f~ction 

- Total kinemat~c viscosity • v + ~ 

- Height of chamber at radius. r (cm) 

- Constant (See Equation 38) 

Five-channel probe calibration factor -
(See Equation 2) 

. 
Constants.(See Equations 37 and 38) 

- W/2w hfp (See Equation ll~ 

Constant (See Equation 33) 

General exponent (Equation 31) 

- Prob~" s center tapping pressure (mm Hg) 
(See Figure 8).-

P~ • (Pi + Ps )/2'- Whènûprobe i8 aligned'with flow, i.e., ' 
Pz ~ Ps (mm Hg) 

Probe's side tapping pressures (mm'Hg) 
. (See, Figure 9) 
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(Re)d 

(Re)r 

Ro 

T 

u 

v 

v 

w 

107 

• 
- Atmospheric pressure {mm Hg> 

-
- Pressure when the ports of transducer he~d 

are 1nter~onnected 

~ - Pressure R (reference) port of transducer 
head (mm Hg) 

Static pressure (mm Hg) , 

Total pressure (mm Hg) 

Pressure ~asured on x port of transducer 
head (mm Hg) 

- Pressure (mm Hg) 

- . Volumetrie flow rate through vortex chamber 
, (mils) 

- Radius of chamber at specified horizontal 
section (cm) 

(cm) 

Ids number defined by'Equation 3? 

- Reynolds number based on externâl diameter 
of probe 

- Reynolds number based on tapping diameter 
for probe 

Reynolds numb~ base~)on radial position in 
ehamber ând radial velocity - ur/v 

Radius of chamber's out let (cm) 

Abso1ute temperature (OK) .. 
- ,Radial velocity (cylindrical coordinates) (mIs) 

- Velocity vector intensity (mIs) 

Axial ve10city (cylindrical coordinat!s) (mIs) 

- Entrance velocity (mIs) 

MaS9 flow rate entering the chamber (gIs) 
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'" - Tangential component of velocity (cylindrical 
coordinates) (mIs) . 

Tangential velocity at radius R (mis) 

Height in cbamber (measured from the top) (cm) 

.' 

Oonstant (See Equation 38) 

Fluid kinem~ic visco,Üy '(cm2 /8) 
, 1 

-' 
- Vorticity (z component) 

Angle of flow relative to a horizobtal 
( 

plane (0) 

Fluid density (g/cm3
) 

\ ' 

Pitch angle ,(degrees) 

,0 
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APPENDIX 

METHOD OF CALCULATION OF VELOCITY COMPONENTS AND STATIe PRESSURES 

FROM THE FIVE-CHANNEL PRESSURE PROBE READINGS 

, 
The method described below was developed for the' pro gram-

able ca1culator HP-25C manufactured by Hewlett Packard Company. 

It i5 based on Equations (22) to (27) of the·Experimental Section. 

This program ..... calculates the values of JPT - P
S
)' (PS -

Patm), e, y~ ~. and ~~ in mm Hg, degrees, and mis, respectlvely. 
\ 

The parameters needed as input are P ,(Plo - p s ), (Pl - P 2 )," 
atm ~ ",.. .. 

(P 1 - P ) T, and 1jI, given in 
atm - - mm Hg, oC, and gegrees, respective-

ly. In thesè experiments these parameters were measured with the 

fiv~-channel pressure prrbe aS explained in the section Operating ~ 

Procedures. The probe's calibration curves (see Figure 6) were 

used to obtai~ intermediate factors used in the calcu~ations. 

The program'steps are presented below: • 

LINE CODE KEY ENTRY 
ljI 

00 0' 

01 24 01 RCL l ' 

02 71 .f-

03 74 R/S 

~ 04 24 01 RCL 1 

05 24 04 ReL 4 

111 

L 

1 

J ; 
~ " 

1 
1 



0.: ,~ ir - .-~ ... III •• ~ \ f""",---.. ~_ ... :".i ] - , .. 
J& 

U2 
1 

" Q 

( 
~ 1 • CODE KEY ENTRY LINE -

/ 

06 61 x , 
,'; 

, 07 74 • Ris • t >4 

.; 

t 
' 08 23 06 ~TO 6 

q 09 24 05 ReL 5 

61 i. 10 x r 
l 

11 24 06 ReL 6 
y' • 

12 51 + • 
• ; ~ 

l 

'\ _13 ", 24 ;2 ReL 2 

14 41 , 

o' 15 32 CRS ) 
16 74 Ris 

23 51 00 
.. 

17 STO + 0 
---

"- 18 24 03 ReL 3 1 

19 ta 24 ,--27'3.15 

25 51 + 

26 24 00 ReL 0 

27 71 t 

9';>' 28 24 06 ReL 6 
<1) 

:;\' ~ 
tlo; ,J> 29 61 x 1 

, fli 
' , 

J 30 1l~ ~2 .. \ 
" 31 24 07 ReL 7 

32 61 x 
; " 

i 33 74 Ris 
1 

() 34 
r~ 

- 22 tR , 

, 

~ 
"i> 

~ 
" \ <:;} ... ,~ • 
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LINE 
n:-

35 

36 

37 

38 

39 

40 

41 

42 

• 43 .. 
44 , 

.4> 
46 

47 

" 

.nst~ctions for 

keyed in were: 

INPUT DATA .. 
p 

atm 
(P 1 - P:a) 

(Pl-P f ) a m 
" 

T 

y 23.94 

(P,.-P,) 

,~ 

113 

~ 
,: 1 

~ KEY EN'l'RY 
I 

\ 
21 x :t 'y 

L .. 
~ 

1 

" 

< 14 09 f -+ R 

21 , x :t y "-_ .. 
22 ~R 

21 " X;;ty 

22 tR 

~ 

14 09 f -+ R 

74 ' RIS ,= 
• 

22 -l-R 

~. 
RIS 

+R 

74 RIs 
cr,]). 

13 00 GTO 00 
,., 

the uses of the program after it was 

'~ 

t' 
1 

!!!§. - OUTPPi ;' 

STO 0 

~T00' 
STO 2 

STO 3 

STO 7 

f PROGM 'f 

if 

RIs -(P,,-p,) 1 (Pl-;-P:a) 

~ '. 
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i ·l· 
t 
1 

displayed. For this value, e, !. and ! were read f1;om the probe' s. 

calibration turve. cNow, the instructions below were followed: 

7 0 

ç 

-~ INPUT DATA KEYS OUTPU'!' 
t 

K STO 4 

F STO,5 

RII (l' -p ) . 
T S , 

'RIs 

RIS 
~ • 

r 
. . 

1 

ENtER 

RIs w 

# 'RIs v 

1 RIs \ u 

In the present cas~ there ~ere inaccuracies in the 
" ( 

," measurement of e wh$ch hampered ~e reliability of the calculation 
, 

of ~f which 18 the component dependent on this ~ngle.· So, this 
.. i. \ 

(-~ 
component was not calculated. But this program is shawn in a 

can be used ln any case where a five-channel 
~ , ., 

u8ed for fldw character1stic measurements in 
'. 

air. 
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