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MEASUREMENTS OF FLOW CHARACTERISTICS 
IN A CONFINED VORTEX FLOW 

by 

Nader Bank 

ABSTRACT 

i 

A study of air flow patterns by hot-wire anemometry is reported 

( \ 

1 for a vortex chamber consisting of a cy'lindrical upper section 122 cm 
, 

in diameter and 6l-cm high, with a conical bottom section l83-cm high. 

Quantitatlve data are pr~sented for flow angles, proflles of mean tangen

tial and axial velocities, and radial distributions of tangential and 

axial intensities of turbulence as a function of air entrance velocities 

(1.6, 2~4 and 3.2 mis) and axial distance from the top of the chamber. 

The mean outward radial velocity was found to be very small. 

The experimental technique depended on the use of a single 

inclined hot-wire probe in various azimuthal positions of the inclined 

wire. Appropriate response equatlons for the velocity components and 

turbulence intensit,ies were derived from a theoretical analysis w~ich 

constitutes an important contributlon pf the work. 

In general, the quantitative results confirm the theoretical 
1 

predictions and the experimental trends reported in 4 the literature. / In 
• 

particular, they fully support the conclusion that the flow pattern is 

relati~ly insensitive to the entrance volumetrie flowrate. 

M.Eng. (Chemica1 Engineering) 
March 27, 1975 
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ÉTUDE SUR li ECOUtEMH{T TOURBllLONNA)RE CONFINË . ( 
~' par Nader Bank 

. ' 
) 

Une étude a été faite de l'écoulement tourbillonnaire de' 
, 

l 'air dans une encelnte consistant d'une section cylindrique supérieure 

d'un diamètre de 122 cm et 61 cm de hauteur, et d'une section conique 

inférieure de .183 cm de hauteur. Au moyen d'un anémomètre à fil chaud, 

les vari'ableY ~;vantes ont été mesurées en fonction de la vitesse 

moyenne de l'air à l'entrée (1.6, 2.4 et 3.2 mis) et de la positlon 

axiale dans; l'enceinte: profiles des vitesses moyennes tangentielles 

et ax;alè~~-~-t-proflles des intensités de turbulence tangentielles et 
if 

axiales. Les vitesses moyennes radiales mesur~es étalent trè~ petites. 

La technique expérimentale a été basée sur l'utilisation 

d'un seul fil chaud inCliné, dans des positions azimuthales différentes 

e7 pré-9êterminées. Les équations de réponse pour les composantes de 

~itesse et pour les intensités de turbulence ont été dérivées à partir 

d'une analyse théorique qui constitue une contribution importante de 

cette thèse. 

En gél'léral, l'es résultats conflrment les prédictions théo-

riques et les observations expérimentales rapportées dans la litérature 

scientifique. Plus particulièrement, ils confirment le fait que l'angle ' 

de l'écoulement est très peu affecté par la vitesse d'entrée. 

Thèse M. 'En9. le 27 mars 1975 
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• NOMENCLATURE 

Unless ~pressly stated otherwise the fol1owing notation 
·JIl 

is appl i cab1 e. 
1 

Roman Symbo 1 s 

) alto al 3 

A~B.C.D.E.F.G 

K 

m 

ml 

_______ .... 1" ". ~---_._'----

~ - ,., -
1 Qz 

'1 

r 

Ro 
-u. v~ w 

U l , wl 
, wl

' 

~ 

V. ln 

Vo 

Vout 

w e 
. 

t-
e; 

Constants defined in equation A33 

Constants- defined i~ equation A26 
t 

Yaw factor 

Slope of calibration curve, m/s/volts 

Adjustable constant in linearized respon~e, 
equati o,n (9) 

Effective coo1ing ve10city mis 

Instantaneous resu1tant velocity vector 

Components of instantaneousnvelocity vector in 
X, Y, Z directions. 

\, ' 

\ "'-" 

f-wt-Hi 0'1& -dQIll-ÙHlOt mean \telocit}! vecfor-Tn - ,-- ---,-----
,Z di recti on ==='~-=-_. - ==== 

Radial position, cm. 

Radius, cm. 

Mean ve10cities in radial, axial and tangential 
directions respective1y, mis 

Fluctuating ve10cities in radial. a~ia1 and 
tangentlaî' arrEù::tîOris respective1y, mis 

Instantaneous voltage across the wire, input to the 
1inearize~, volts 

- , 
Adjustab1e constant in linearizer response, equation (4) 

Linear;zer output, volts 

'Tangentia1 component of ve10city in vortex f10w, 
onlpage 1 and equation (1), mis 
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.) 

Roman Symbols 

Wo • 

X, Y, Z 

x 

Greek Symbols 

a 

al 

ix 

Total inlet velocity,. mIs 

Coo,r-di nates in ra di al, axi al and tangent; al di recti ons 
respectively 

Also noted as amplification factor in linearizer 
response, equation (9) 

Angle between me an flow direction and normal, to the 
wire axis, degrees 

Angle between mean flOw direction and hot~wire axis, 
degrees 

a Angle between instantaneous resultant velocity vector 
"~~.~ and the normal to t~é wi re ax i s, deg rees 
" 

~~ -
Angle bepween the instantaneous resultant velocity 
and hot-wire axis, degrees' . 

6,1 
~ - ---

, . 
e Azimuthal angle of hot-wjr.e, degrees 

v Kinematl c Tiquld viscos,; ty, equati6n-f5-f~--- ,-------

<J ' 

; 

--------------=-=--~ - - - ~-- - -- --- - -=--==-:==-===---"-..!{--'----== 

, , 
~ 

Kinematic eddy viscosity" equation (5) , 

. ; 
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GENERAL INTRODUCTION 

Revolving fluid flows in which the tangential velocity dlstribu-

tion is at least crudely described bywr const. are classed as vortex 

flows, and are of interest in connection with their natural and induced 

occurrence. 

Vortex flows ln which there is large scale rotation of the mean 

flow occur ln many types of f1uid motion. In turbo-fluid machlnery 

rotatl0n ~i~parted directly to the flow by mechanically rotating rotors. 

Flow in tubes can be made to swirl by passage through stators with vanes 

angled 50 as to direct the flow tangentially to the tube walls. Vortex 

tubes have tangential slots in the tube walls 50 that flow enterl~ the 

tube through the slots spirals along the tube. Trailing v~ices are 

formed when the separated flow over wlngs or blades rolls'up' into a vortex 

core. Atmospheric vortices range widely in scale from small dust-devlls 

"and whlrls to cyclones and hurpicanes WhlCh may exceed 1 000 miles in 

dlameter. 

Interest in vortex flows', and especially inten,slve study of them, 
r 

have followed the proposal of their application to various technical uses. 

Among these are: a method for the separation of gases of different 

molecular weight, one variation of which is described in (1); a nuclear 

propulsion scheme based on the above (2); Ranque-Hilsch vortex tube for 
\ 

refrigeration (3,4); magneto-hydrodynamic power.generator (5); cyclone 
, 

separator (6); swirl atomizer (7); gas turbine cyclone combu~tion 

chamber (8); vortex-contained nuclear rocket engine (9); rocket en'ine 

thrust modulation (10); oil-water separator (11); a~d spray dryers (12,13), 

to name only a few. In all, the use of vortex, or swirling flow, is 

, 
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mainly to enhance the exhaust velo~itles, to promote mixlng and dispersion, 

and to separate droplets and particles from gases. 

Oespite the interest created by these applications, the mechanics 

of swirling flow are not clearly understood, especially with respect to 

the flow patterns and turbulence profiles. Probably the most important 
1 

aspect in design and operation of the above-ment1oned industrial equipment 

is the pred1ction and control of the fluid-flow patterns. However, little 
, 

is known of the complicated details of vortex flow because the obJect of 

most of the past investlgatlons was only the measurement of the gross 

behavlor of the equipment. 

Previous analyses have been based on various ldealizations of 

internal flows, which overs1mplify its complexities; moreover, they have 

not considered the slgnificant var1ations of this flow in equipment of 

djfferent geometric shapes. Hence, it can be said that the past information 

'teiy IIfSofficfelit to plovide a clêà'" picture of the spiral f1m~ 

behavior. The need for more detailed 1nvestigafioITSOIT vortex +low has--

been pOlnted out by Gauvin et al. (14), and Katta and GaUV1n (15) ln 

their study of the three-dimensional motion of droplets ln a spray-drying 

chamber and its application to the prediction of the thermal efficiency 

and evaporative capacity of the equlpment. 

The objectlves of the present study were twofold. The flrst was 

to analyze a three-dimensional centrlfugal flow field and to derive a 

modified set of response equations from the assumption of cosine law 

cooling, which would permit.the determinations of the components of the 

mean ve~oclty vectors, turbulence intensities and Reynolds stresses, from 

\ 

\ 



-) 

3 

(, 

a single inclined hot~wire probe {ntroduced in various orientations in 

the flow field. 

The second objective was to apply this fu~asurement technlque to 

an experimental study of the flo~ behaviour in a vortex chamber having an 

upper cyl indri cal section w;th a tangentlal air inlet, and a conical 

lower part. This geometry combines in a single apparatus the two major 

forms of vortex flow. It is also typical of many types of industrial 

equi pment, such as spray-dryi ng chamber and cyclone separators. 

The purpose of the experlmental work was to characterlze the spiral 
J 

n~tlon of alr as it swirls through the chamber and ta measure veloclties 

and turbulence intensitles. in the aXlal, radial and tangential directions, 

in an attempt to generalize these findings as a function of the flow 

parameters. Predictions of these characteristlcs are essential for the 

sound design of a large number of chemic~l }focessing. ~~J.~~~n!_jn~61virlg 

the contacting of a dlspersed phase of droplets or particles wlth a 
-----------~._-

~. - --- --- .. 
conveying gas, such as spray dryers. cyclone evaporators. spray coolers. 

gas scrubbers and absorbers, pneumatlc transport reactors and combustion - ;. 

deVlces involving fuel sprays. 
,) 

ThlS theslS "';s dlvided into two ritior par,ts: the first presents 

--------

a review of the llterature on vortex flnws, and contains a descriptlon of 

some of the measuring techniques available. including a brief summary of 

hot-wire anemometry. The second part consists of a presentation of the 

experimental work and the interpretatian of the obtained experlme~tal data. 

Detalled theoretical analysis underlying the specialized method of measure-

ment used ln this work is presented in Appendix 1. 
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L ITERATURE REV 1 EW 

INTRODUCTION 

Velocity vectors in vortex flows are, as pointed 0 t by Chigier (16), 

composed of axial, radial and tangential A 

cylindrical co-ordinate system is usually the 

vortex centre, where radlal and circumferential velocity components 

are zero. The established vortex flows,.?re generally axi-symmetnc but 

during formation of the vortex flow ,the symmetry is often dlstorte~. For 

the axi-symmetric flows, measurements of velocity flelds mfY be made along 

any one radial line at a particular axial station. F,or non axi-synmetric 

flows, measurements need to be made over many more poi nts in arder to map 

out the flow field. 

Vortex flows are generally turbulent in the core regions, with 

high intensities of turbulence and high turbulent shear stresses in the 

regions of tangential yelocity peaks. Determlnatlon of velocity in vortex 

flows, therefore, requLres measurement of three velocity components, detec-
. ' ~ 

tion of direction and reduction of instantaneous velocity measurements into 

time mean-average values and root mean-square of fluctuating components of 

velocity. 

Experlmental work on"a vortex chamber, in general, divides itself 
,; 

lnto two main types. The fHst conslsts of parametric studies of the 

effects of varyl ng the geometry of the vortex chamber components on the 

overa 11 operati ng characteri sti cs, ma; n ly pressure drop and temperature 

differences. 

Hilsch (3). 

The earliest i,rvestigation in this category is ~one by 

Other major investigations of this type were published by 

4 
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Dornbrand (17), Martynovskii and Alekseev (18), Westley (19,20) and 

Suzuki (21). 
, 

The second type of experime,n.tal investigation concentrates on 

the flow within the vortex chamber by measuring the pressure, veloclty 

and temperature profiles at varlOUS axial stations ln the chamber. The 

earliest of these was by Scheper (22). 

The present study places itself in the latter category and deals 

with the mean._ flow characteristics and turbulence structure in a splral 

gas s treim occurrl ng especi a 11y i n v~r.tex chambers of spray-dryer type. 

ThlS llterature review is dlvided into two sections. The flrst 

section is devoted to the experimental work done on the vortex flow 

behavior and begins with consideration of flow in a vortex chamber of 

5 

simplest geometry, namely the vortex tube. In the second sectlon emphasis 

will be put on the review of theoretical and analytical studies of the 

problem, and since spiral flows occu~'in many engineering works, an 

attempt i5 made to present a concise'review of the most signiflcant studies 

dealing wlth different applications. The reader should be aware that this 

divisiOn is artificial and that there wlll be ~omè overlap between the two-

areas. 

SURVEY OF EXPERIMENTAL STUDIES 

In the early 1900's, G.r. Taylor (23) dominated the work in general 

vortex motion with a series of articles in the proceedings of the Royal 

Society of London. However, most of Taylor's work did not directly apply 

. . 



e. 
to the conflned vortex flow field. The interest in confined ,vortex 

"p 

studles began ln 1931; when a French meta11urgist, G. Ranque (24) noticed 

a temperature decrease in the vortex of a cyclone separator. Ranque con-

s tructed a devi ce whi ch attempted to use the vortex temperature effect 

6 

as a refrigeration process. A typical configuration of this devlce conslsted 

of a cylindrical tube with tangentlal lnj-ection nozzles around the penphery 

of one end of the tube. The "cold" stream was eJected through an orifice 

near the vortex centre 1 i ne at the i nj ecti on end of the tube. The "hot" 

stream was eJected through a back pressure valve at the opposite end of 

the tube. After patenting the device in 1932, Ranque indicated after 

further investigatlOn that his device was too inefflcient to compete ,with 

the conventional refngeratlOn. 

From 193~ ta 1946, the vortex tube and, for that matter, the 

entire field of contlned vortex f~ow lay dormant. In 1946, at the end of 

Wor1d War II, papers were found in R. Hi1sch's (3) 1aboratory that showed 

the results of a parametric stud.l' to determine the effects of tube_~~()'!letry __ _ 

and operating conditlOns on the efflciency of the Ranque-Hllsch vortex 

tube. When these papers were brought back to the Uni ted States, they 

created such interest that by 1954 West1ey (19) compiled a list of 116 

papers dea1ing with the Ranque-Hilsch tube and in 1960 Donaldson (25) 

reviewed an 

done duri n9 

descnptlon 

additiona1 112 papers on the subject. :1 bu1k of the work 

this period was similar~o Hilsch's, who gave a qualitative 

of the flow in the vorte5Ctube and postu1ated an outward flow 

of kinetic energy due to interna1 friction. 
h . 
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Hartnett and Eckert (26,27) experimenta11y studied the basic f10w 

characteristics of a cylindrica1 vortex chamber in 1956. They vlsualized 0 

the f10w using wool tufts supported on a flne Wlre, and reported ve1ocity, 

pressure, and temperature profiles for a number of lnlet conditions and 

differen,t "hot" stream exit geometrles. They a1so lndicated that the 

radial VelQClty component was negllglble throughout the entlre tube. 

Another significant findlng was the fact that the predominant aXlal velocit~ 

was concentrated in an annular region adjacent to the wall, while in the 

lnterlor of the flow the axial velocities were sma1l. Their in1et ve10cities 

were near 150 mis, and they a1so showed that the ve10city vector (f1ow 

pattern) was quite insensitlve to changes in the inlet ve1ocity. The two 

most important findings in this investigation were the areas of reversed 

axial flow and that the energy separatlon ln a vortex seemed to be independent 

of the flUld Prandtl Number. 

The shapes of the tangential velocity curves obtained by Eckert and 

Hartnett were conflrmed by the work of Schowalter and Johnstone (28), who 

measured and reported the mean flow patterns and components of the turbulence 

intensity for two types of spiral flow fields: vortex tube, and cyclone 

separator. They worked at lnlet veloclties near 30 mis, and showed that 

the mean and turbulent flow structures were not sensitive to change in the 

f10w rate, but were greatly affected by the ~eometry(of the system. This 

agreed wlth the resu1ts of Eckert and Hartnett (27) as mentioned above. 

Schowalter and Johnstone a1so reported that the flow in the central 
, /, 

portion of the vortex tube was one of near1y constant angular ve10C1ty 

(forced vortex), and this conflrms the ear1ier assumptions made by Kassner 

1· 



and Knoernschild (29), and by Marshall (30). Moreover, they found that 

the spiral flow patterns were not symmetrical with the centreline axis, 

and postulated a dynamic centreline with helical shape as explanation for 

this asynmetncal behavlOr. However, Soo (31), in his theoretical study 
'0 

of cyclone separators, associated this helical shaped core with the 

unsymmetrical inlet configuratlon usèd, and by solving the basic flow 

equations, he obtained the radial and axial veloclty distrlbutions, and 

showed that the vorticity is decreased as one goes toward the bottom of 

" the cyclone separator. 

Reference (28) contains also a study of longitudinal and radial 

8 

intenslties of turbulence. The longitudinal intensity showed a sharp increase 

near the centre of the vortex tube, due to the abrupt decrease in mean 
~ 

~velocity near the centre. This was found to be slffiilar for radial lntenslty 

which decreases near the wall ln contrast with the hlgh value observed 

for longitudinal lntensity near the outer wall. Schowalter and Johnstone 

also attempted to explain the differences between predicted and measured 

values of conflned vortex flows by the phenomenologlcal theorles of 

turbulence. That ~s, the eddy diffusivity was either as~umed constant or 

a function of an appropriate mlxing length. 

Lay (32), in the first of a"O'two-part paper, presented an experi-

mental study of compressible flow in a uniform vortex tube. His objective 

was to provide a better understanding of the separation of a gas stream 

into regions of high and low stagnation temperatures in a vortex field. 

The emp~asis of his study was directed to a vortex which was generated a~ 

the en tnance b l ock, and wh i ch proceeded in one di recti on down the tube to 



be discharged through the exit at the far end of the tube. This is the 

so-called unlflow type of vortex tube. He presented the measured values 

of the velocity, temperature, and pressure proflles at a number of axial 

stations along a 5.G8-cm. diameter vortex tube made of lucite to permit 

flow visualization studies. Pressure, temperature and veloclty traverses 

"werf ta'ken by means of hypodermic probes, and velocities were checked by 
\ 

means of a ml nl ature hot-w; re anemometer. "F rom these measurements, Lay 

recognized the three-dimensional character of the flow field and reported 

that the aXlal velocltles were small when compared to the tangential 

velocities, and that the predomlnant aXlal velocities were concentrated 

in a small annular reglon near the wall of the tube, but tangential and 

total velocity peaks were located more toward the centre of the tube. 

Actually, the axial velocity fell off sharply toward the centre, and 

lndlcated a reverse flow near that region. Another important pOlnt made 

by Lay was revealed wh en his traverses for flow angle showed that the 

flow ang-le was rather indeperident of changes in inlet pressure, a tact -

shown by Hartnett and Eckert (27), and Schowalter and Johnstone (28). 

In part two, the analytical portlon of hlS study, Lay (33) used an 

lnvlscld model to describe the flow fleld ln the vortex tube. Solutions 

for the two-dimensional form of this model were obtained with the use of 

a hodograph transformation of the inviscid general eq~ions of motlon. 

From the axial momentum equation, Lay then showed that'the superposition 

of a uniform axial flow does not affect the two-dimensional form of the 
JI 

solution. Thus, the solutions obtained were represented by superposltion 

9 

of a potential vortex and,a radial sink flow on a uniform aXlal flow fie~d. 
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In 1961, Ho1man and Moore (34) expenmentally showed ~hat a _,; 

relatively simple analysis predicts the functional variat;~n of temperature 

and pressure in a vortex ,~~ber with radius and inlet ve10city. The , 
app.âf'atus used was similar ta a Ranque-Hl1sch tube ~,xcept th,t al1 the flow 

passed out one end and no attempt was made to separate the ~01 gas in the 

'centre from the hotter stream at the outer peri phery. ~~ortex was ' 

created in the chamber by injecting air tangential~thrOugh two diametri

cally opposed feeder tuoes at the outside edge of the chamber. They 

solved the energy balance equation for an axially-sYl11l1etnc flow by 

assumlng a general vortex ve16clty dlstributlon of'the form: 

wrn 
= const. = Cl (1) 

where w_ is the tangential component of ve--lo€ity in vortex flow, r is the 

radius, ~ a genera1 vortex exponent and ~/a constant. 

Their experimental results showed that it was quite satisfactory 
, 

" 

~ ____ t_9_~~su~~~_~~ the flow occupied sorne effective area ~t the inlet and tkât 
--- ~ ~ --- ~- - -- --~ -- --- - ~ - --~- --- ~-- -- - -- -~--- -- ----

, 

this area was essentially independent of flowrate. 'rhus, they presented ' 

the following simple correlations for vortex chamber pressure and tempera

t~re, which are useful for engineerlng purposes: 

(2) 

and 

. 2n 
- T /T 1 = a [ ( r 1/ r) - 1] (3) 

ln the above equations 1. ,Q., and rare respectively the temperatur~, - . 
pressure, and the radius; subscript "1" denotes outside edge of chamber, 

or entrance candi tions; .!!. and.!!..!. ..are the genera 1 vortex exponent and the 

polytropic exponent, respectively; and lia" is a defined parameter depending 

~ _l~ ...-... 



'. 

11 
1 

, ... { 
---(>-- - --

on the chamber dimens i'ons anJ the fl ui d properti es at the entrance . 
• 

Around 1962, the vortex-contained nuclear rocket engine' replaced 

the Ranque-Hilsch tube as the dominant dev1~e initiating confined vortex 

flow studies. However, because ot the slmilar1ty of geometries, many 

stud;>es per,~aining to the nuclear rocket engine could also be related to 

the vortex tube. A lar.ge number of experimental investigations in this 

period (Savino (35), Ragsdale (36)) attempted to explaino the differences 

between predicted and measured values of confined vortex flows. 

Ragsdale (36) performed the measurements necessary to evaluate the 
, 

universal conStant for the Pr,andtl and von Karman mixing-length theories. 

Th& essential weakness of all these studies was brought to light in two 
'.1 

sep,arate, very carefully-controlled 1nvesti9ations. The first study by 

Kendall (37) showed that near~y the entire system of radial mass flow 

~as contained in the boundary layers of the end walls of a cylindrical 

vortex tube. The second investigation by Donaldson and W11liamson (38) 

exp~~imentally confirmed that the predominance of the radial mass flow, 

was.contained ln the end wai~ boundary layers. The latter investigation 

also measured very low turbulent intensities in the vortex mainstream. , 

~us, the one and two~dimensional turbulent models used by the previous 

investigators (discussed in detail in the following section) could not 

possibly explain the actual flow field in the conf1ned vortex. These two , l ' 
inv~stigations also dramatically demonstrated, for the first time, the 

important effec.t of .the solid wall boundary layers ,.on the flow of a 

confined vortex. 

-------- ---

r 
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Pivirotto (39), worklng on the gaseous core n~clear rocket 
.~ 

engine, observed that even a very small probe lnserted radially across 

a cyllndrical vortex drastical'ly dlsturbed the side'walLstati~ pressure 

profiles. The same physical reason explains the importance of both the 

wall boundary layers and the disturbance of the probe in vortex flows. 

Tbe centrifugal forces created by the tangentlal vortex velocities are 

~~by a radial statlc p'ressure gradient. That is, the 

12 

static pressure ln a vortex is higher in outer reglons of the vortex than 

lt is near the vortex centreline. When something such as a probe or 
1 

the viscous shear of the wall locally destroys the centrifugal force, the 

radia' pressure gradient imposed by the undestroyed portlon of the vortex 

flow pumps fluid radially inward toward,tne vortex centreline. Thus, 

it is seen that secondary flows (boundary layer flows) are very important 

in the determinatlon of the overall flow field in a confined vortex. 

Schultz-Jander (40), was another investigator who, ,in 1963, 

experimentally studied the flow field ln a cylindrlcal vortex chamber. 

A vortex flow was created in a cylindrical chamber by tangentlal injection 
-

of a fluid a~ ,the outer edge and the subsequent dlscharge of this fluid 

,through an ôriflce or nozzle in the centre of one of the end closures. 

Such a flow had become of interest as a result of its application to the 

stabilization of electric arcs in plasma Jet generat~rs.,gThe merlt of 

this investigation was the effect of wall friction on the velocity and 
- , 

pressure distributions, using water as incompressible fluid with a 

relatively high viscosity. It was found that for an incompressible 

medium the flow pattern was mainly determined by the wall friction. 

, .. 
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Schu1z-Jander's ana1ysis which was based on ~his fa ct and which neg1ected 

the fluid viscasity was found to agree very well with hfs experiments. 

In 1964, Collins and Stubbs (41) dealt with the similaritles 

" 

ex 1S ti ng between the s tandard vU r tex tube {t.ll'OA wJ:Hch W}s-t-of---..t. ..... he'-'---1poLta.."sut<------____ -----" __ 

work has been done) and two vari atians: (a) the tapered vortex tube, 

a~d (b) the vortex caoler. As mentioned before, the standard vortex tube 

consists of a cylindrical tube with a nozzle enterlng the cross section 

tangentially at the outer periphery, near one end of the tube's length. f 

rJ 

The end away from the nozzle has elther a valv~ or a variable annular 

opening neat the tube's outer periphery and is known as the hot side. 

The end of the tube near the nozzle consists of an orifice plate with a 

central circula~ orifice. This is the cç>ld side of the tube. In operation 

the gas enter-s the nozzle, creating a vortex due to the nozzle's tangen-
• l ' 

tial position~ Depending on the oriflce size and the hot valve setting, .--
a portion of the gà~ passes through the hot side and discharges ta the 

surroundings. The remainder passes through the orifice of the cold side 

ta the surroûndi ngs. Collins and Stubbs 
-------. 

was similar to the !tandard tube except that the tube had a decreasing __________ ___ 

taper from the inlet nozzle ~ection to the hot-side discharge. The 

second configuration used in this study was an improved vortex tube 

called "vortex cooler" by its inventors Blatt and Trusch (42).' This was 

a vortex tube wh; ch had been modifi ed by rep laci ng the "hot" valve with 

a diffuser section and clQsing 'the COrd orifice comp;ete1Y, making ft 
. 

a no-cold-flow device. c The abject ta be caoled was ta be placed inside 

the tube at the centre of the sw;-r1 chamber. 
~ 

1 
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7 .. ..-,i" ... --.. -, .... ~ r ... •• ... r ....... - ~: 

Collins and Stubbs (41) showed that all the thY'ee conf-i-gu·ra-t-f'ons' .. ' / ? , 
, ~J ')< ~ ---..--. .~'" 

contained no fundamenta1 differences and further, the variat)on-of the 

tube performance, with respect to the setting of the exit gas uh,ot" valve, 
.' 

was exp1ained in terms of compresslble flow. ITfthe1r wm1r-:-1TTiffupm;m.-:t+-------1 

treatments were kept to a minlmum, and instead emphasis was placed,upon 

the experimental results obt~ined from the tests performed on the variations 

of the standard vortex tube. 

A confined vortex flow which contains an annular region of hlgh 

axial velocity near the peripheral wall was proposed by Travers and 

Johnson (43,44) in 1965 as one possible f10w configuration for use in 

a gaseous core nuclear rocket engine. For several flow conditions they 

determined the flow patterns and velocities of water by photographically 

recording the traces of neutrally-buoyant plastic partic1es and dye which 

were inJected into the vortex tube as tracer materlals. The flow near 

the peripheral wall of the vorte, tube was found to be turbulent for 

al1 test conditions, and the vortex-centreline was found to be displaced 

as much as four percent of the vortex tube radius from the geometric 

centrellne of the tube at sorne axial test stations. _ 

Also in the same time period, 1965, McFar1in (45) conducted some 
. 

experiments to investigate the effect of the peripher-al ~~aH---i1Tj-e€t-i-o~ 
~~ 

technique used to derive an air vortex on the levèl of turbulence in the 

vortex. Two air vortex tubes with different5periphera1-wall injection 
"'-J , 

configurations were used. Both vortex tubes were...._.driven by the lnjection 

of air in essentially a tangential' direction along the wall. 
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In one configuration, the vortex tube consisted of a cyllndrical 

metal tube, 25.4-cm in diameter and 76.2-cm in length. Air was injected 

through a O.462-~ wide slot éxtending the entire 1ength ,of the tube, 

--------------~a~n~d1w~iHt~-h~d~r~awn through ports at the centres of the end closures. ------

,1 

"', 

In the second configuration the vortex tube consisted of a 

cylindrica1 1ucite tube, a1so with a diameter of 25.4-cm and a 1ength 

of 76.2-cm. lhis tube was mounted concentrica11y inside another lucite 

tube which was 35.56-cm in inside diameter and 76.2-cm in length, and 

which served as an injection chamber. 'A total of 2144 injection ports, 

1.524-rnm in diameter, were 10cated in 119 staggered circumferentia1 rows 

6.4-m~apart. The centre11he of each injection port was at an angle of 

19-deg. relative to a tangent ta the inner wall of t~ vortex tube. The 

injected alr was withdrawn ln the same manner as ~the single-slot 

vortex tube. 

Hot-wire anemomete,r measurements of t,angential velocity proflles 

and root-mean-square veloclty fluctuations were made near the peripheral 
"1 

wall of each tube at three different radial distances from the centreline, 

in a plane normal to the latter, and these results lndicated that for the 

single-slot injection configuratlon the tangèntial veloclties increased 

toward? the centre of the t~be with increasing radial Reynolds Number 

(Re based on radial velocity), and that the flow in the 2l44-port 

configuration was considerably less turbulent than the flow in the single-

slot configuration throughout the region s~rveyed. 

It has been suggested (39,44) that the boundary layers on the 

end closures of the vortex tube are capable of transporting a large 
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, 

fraction of the ma~low, which otherwise would have passed through the 
~ 

main vortex flow, th~reby weakening the vortex, and the degree of thlS 

weakening depends on-whether or not the boundary layer flow is returned 

to the-maln- flow before lt leaves the vortex tube. The influence of 

this boundary layer mass flow on the relation between the mass flowrate 

16 

and the strength of the vortex (the degree of weakenlng) was clarified by 

Nakamura (46) in 1966.' He assumed that the fraction of the flow passlng 

through the boundary layer should decrease as the length-to-dlameter ratio 

of the vortex tube becomes larger, 50 by varylng thlS ratio the effect 

of the end closure boundary layers should be separated from those of the 

boundary layers on the cyllndrical walls. To thlS end he constructed a 

vortex tube with q~variable length-to-diameter ratio, and carrled out 

experiments for several radial Reynolds Numbers for a wide range of 

length-to-diameter ratios. He then concluded that the turbulent eddy 

vlscosity can be reduccd by making the vortex tube longer, thereby reducing 

" the boundary layer dissipatlon. 

Perhaps more important than the large number of parame~ric studles 

of this particular period was the small number of investigators who 
-

studled the basic flow characterlstics of the confined vortex flow for 

different applications. In 1952, Ter Llnden (47) consid~red dlfferent 

types of air cyclones and concluded that, based on economy and size, a 

cyclone with upper cylindrical' and 1'0wer conical section with tangential 

" inlet was the most efficient. The same author (48) measured the velocity 

and pressure distributlons in a cyclone dust collector. This investiga-

tion gave the first indicatlons of the marked three-dimensional character ., 

\ 
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of the confined vortex ln a cyclone. 'In particular, in the radlal direc-

tion, Ter Linden found evidence of flow reversal rtear the vortex centreline. 

He also concluded that the tangential component was predominant in the 

entlre chamber, with the exception of the turbulent core ;n the centre. 

Unfortunately, the importance of this investigatlon was to go unnoticed for 

some time. 

The flow pattern in liqUld cyclones has been examined experimentally 

by Kelsall (49), who used an ingenl0us technique of measunng the trajec

torles of suspended alumina partlcles. Also 'worthy of mentlon ;s the 

experimental study of Yoshioka and Hotta (50) who used a pitot tube to 

obtain veloclty data. Quantitative measurements on the flow pattern have 

been carried out by Bradley and Pulling (5J) by means of dye injection. 

Smith reported both an experimental study and an an~ytlcal 

investigation of the vortex flow in cyclone separators with ~ central exit 

tube. In his flrst paper (52) he reported the eXlstence of three flow 

regimes (laminar, turbulent and perlodic) occurring ln different parts 

of a cyl indri cal cyclone chamber with a flat closed bottom WhlCh was 

constructed from a laa-mm glass tube. The perlodlc reglme was characterlstic 

of the region where the vortex turned and attached to the wall of the 

inner tube. The point of attachment rotated in a horizontal plane tbus 
o 

producing strong periodic fluctuations in the flow. Smith's apparatus 
... 

was designed to produce an axially symmetric flow rather than the asym-

metric flow normally occurring in ~clones. This symmetric vortex was 

studied with the aid of smoke, and was probed for the distribution of the 

V~lOClty; the smoke used was either a fog made by condenslng oil vapor or, 
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on a few occasions, tobacco smoke. In this investigation the changes in 

the flow pattern with flowrate were not measured because several lnvestiga-

~' tors, First (53), Iinoya (54), Hartnett and Eckert (27), and Schowalter 
-

.--------__ -'lallnild~J,!JollhJ!lnl2sJ,tQon[!!e~( 2_8_} ~_h_a_d_~h_ow_n_t~~_~~_~~e nonna 1 operati ng range of ve l ocity 

the, flow pattern did not vary with flowrate. In his second paper, 

Smith (55) made a slgnificant contribution to the understanding of the 

mechanism of cyclone separator operation. By consldering the effects of 

radlal ;nstabilities in the boundary layers on the walls, he deduced that 

the boundary layer on the outer wall of the separator was unstable to 

radial disturbances and the random separation of th,;s' boundary layer was 

the source of the high turbulence in the separator. Furthermore, h~ 

postulated that the turbulence resulting trom the unstable làyer was 

jnherent ln any device employing a rotating flow withln a stationary 

container. 

Thordarson (56) made some observations of the alr flow patterns ... 
in a transparent plastlc vortex chamber having the geometry of a spray 

dryer. The model was 61 cm in diameter and was designed to permlt 

observation of rotatlonal or straight-lire air f1ow. By injectlng balsa 

dust in the air stream, it was possible to photograph air flow patterns 

for various air in1et arrangements; when the air entered through a 

single tangential in1et at the top of the tower, a steep spiral path was 

deve1oped, but when the air entered through four inlets at an angle to 

the radius, the diameter of the spiral appeared to become smaller the 

more closely the in1ets coincided with the radius. These observations 

are sketched in Figures l, 2 and 3. When thé air entered at an angle of 
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FIGURE 1 

Diagram of Spiral Air-Flow Pattern Observed by 
Thordarson (56) in Lucite Model Oryer When Air 
Entered Through Four Inlets Set at 30° to the 
Circumference of the Tower . 
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FIGURE 2 

Diagram of Spiral Air-Flow Pattern in Lucite' 
Model When Air Entered Through Four Inlets Set 
at 45° to the Tower Circumference (5&). 
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FIGURE 3 

Diagram of Spiral Air-Flow Pattern in Lucite 
Model When Air Entered Through ~our Inlets Set 
at 90° to the Tower Circumfere~ce . 

<t , 
'. 

21 



,"' i ___ , / ., ,. , 
f I ---" \ , ( , ' 1 
1 \ /, 
\. '--' " . 

/ '\ /~ 

--
1 

1 ..... , " 
........ '1 ' ........ , 

1 r}" ".....\/~\/ ~ )/" . 
1 Il \ ~ " /., 1 \ _ \ '- _ -+ 
1 1I1~/~ ,~ I~ 1 ~ I~ 
1 11 11 1 Il Il 1 l ,'1 
1 IVV\J\.j V V' 
1 1 
1 J.-I ____ _ 

, . 
-.-

.r _ 



, , 

30 0 ta the circumferenc~, Fi"gure l, the spiral diameter near1y equa1ed ' 

the diameter of the chamb~r., At ~Oo, Figure 2, the diameter of the 
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vortex becam~Jsmaller, whi1e at 90°, Figure 3, thé spiral motion was due 

main1y to the angular momentum the air possessed before entering the '~ 

dryer. In othe.r words, for'this "Case the tendency of the air to move in 

a circumferential dir.eclion in the bust,le duct was not comp1etely 

removed when i t was 'caused 'to enter the dryer throug,h the perpendi cul ar ' 

1 ouvers. 

An identical vortex chamber was,also used earlier by Edeling (12) 

who did an e1egant experimental and theoretical jnvestigations on air and 
" 

particle m6tions within the chamber. 

An'experimen~ was devised in 1973 by 50 (57) to study the behavior 
[ 

of rotating /low ln a conical diffuser, with the primary objectivé of v 

examining various vortex f10w regimes. A secondary purpose was to gain an 
, " , 

unders tandi ng of the mechani Slll of vortex decay*. The fHst obJecti ve was'-

sought entirely through experiments, whereas the second was aided by a . 
mathematieal mddel using the lntegral equations of mass, axial momentum, 

angu1ar momentum, and moment of axial momentum. The flow considered was 

assumed ~o be stea~y, incompressible, and axially symmetric, and no ene~gy 
. ' 

__ ~ ______ c_o_nsideration waS mjRie. 50 's study resulted in the establ i shment of five 
- - ~- - -~ -- - r - 1'" 

distinct 'flaw regimes representing three basic types of vortex f10w and two 

transitional phenomena . 

.------------'-------- ----- ------~-~- ~-~ ------

* The characteristic behavior; of~ a decaying swh-Mng motion is that the 
axial variati'on of the tangential ve10city distribution ;s much greater 
than that'of tne axia~ velocity distribution. - ~ 

," 
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So's results were presented ln terms of strength of the vortex' 

flow: weak swirl, medium swirl, and strong swirl; the amount of swirl 

was varied by adjusting the volumetrie flowrate. He generalized his . 

findings by postulating tha:\for a weakly rotating motion (small swirl), 

a flow rate gradually increasing from zero slowly changed the laminar 

flow to a turbul ent one, ,with a 1 ami nar vortex breakdown phenomenon 
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1), 
brldging the two. If the amount of sWlrl was increased further, the transi-

tion from laminar to turbulent flow occurred in a shorter range of flow 

rate. The turbulent flow seemed to be the limiting flow pattern for a 

sufficiently small swirl. 

For motion with a larger $wlrl, the transition from laminar flow 
"
'---

o to turbulent happened very rapidly, and the first phenùmenon generally 

observed as the flowrate was increased was the formation of a small 

reversed flow, or two-celled, region nested on the centre of the end 

closure. Downstréam of this region, the vortex flow remained one-celled. 
f -. . \' 

Decay of tWlrl ln turbulent floW has been studied recently for 

different geometrles,'and Wolf et al. (5~resented an experimental study 
~~'Y '-..... 

of the decay of turbulent swirllng flow in tubes. They dete~ined the 
e, 

local values of the total and statlc pressures and flow direction with 

a cyl indri cal probe that spanned the tube diameter, and also-investtgated 

the structure of turbulence with a hot-wire anemometer. They showed that, 

unlike pipe flow, the turbulent intensity as well as t~e turbulent fluc-
~ . 

tQation~ th~mselves increased to very high levels near the axis of th~ 

tube ang were relatlvely independent of axial position. About the decay 

of swirl, which was approxlmately exponential with axial position, they 



) 
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concluded that it decreased with increasing axial Reynolds Number and 

was independent of initial swirl angle, and they postulated that as the 

swirl decayeq, the pOlnt where the tangential velocity was maximum 

moved radfally inward. 

Vortex breakdown (an abrupt change, in the structure of the core 
, 
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of a swirling flow) has bee~ observed,to oCcur under a variety of circum-

stances such as ln cyclone separators. Its occurrence is marked by a 
, 

rap1d deceleration, deformation, flow reversal, and changes in the 
1 

velocity and pressureC''distribution in the surrounding swirling flow. In 

connection with this phenomenon, Sarpkaya (59,60) studied swirling flows 

in a mildly-diverging cylindrical tube and report,ed the occurrence of 

three types of vortex breakdown: double-helix and spiral forms (followed 

by turbulent mixing), and axisymmetric form (often followed by a spiral 

breakdown, then by turbulent mixing). The type and locatlon of the 

breakdowns were found to be dependent upon the Reynolds Number. 

In 1968 Lineberry (61) experimentally studled the behavlor of 

swirl1ng a1r flow in a conical converging nozzle. He observed that the 

spherical radial component of velocity apptoached the same magnitude as 

the tangential component as the apex of the cone was approached. As 

did Ter Linden (48), Lineberry found areas of reversed radial flow ln 

f'-
the core of the vortex. Internal flow characteristics of a swirfing 

flow chamber or of a noz~le was also investigated by Batson and 

Sforzini (62). Flow~irection was measured by miniature probes and 

observed by wool tufts. They assumed negligible radial velocities and with 
....... 

the know1edge of flow angle, Mach number and tempèrature, calculated ;he 

tangential and axial velocities. 
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SURVEY OF ANALYTIC 
'1.....1 

In hlS pioneering paper, Hilsch (3) gave a qualitative description 

of the flow in the vortex tube and postulated an outward flow of kinetic 

energy due to internal friction. An analytical approach following the 

qualitative description of Hilsch was made by Kassner and Knoernschild (29). 
\ 

They assumed that the veloclty proflle of the air near the entrance was 

similar to that of a free vortex (constant angular momentum) and that as 

the air moved towards the exit of the tube the velocity profile was converted 

to that of a forced vortex (constant angular velocity or "wheel flow") by 

the action of viscosity. They-also postulated an "adiabatic" temperature 

distribution due to turbulent mixing. 

Another analytical approach was given ~y Scheper (22). He postulated 

a flow model based upon experimentally-determined flow patterns ln which 

the vo~tex tube was considered to act as a counterflow heat exchanger. A 
:t 

third a~alytical approach was initiated in an Appendix due to Dornbrand (17). 

In this study the vortex tube is replaced by a steady two-dimenslonal. 

forced vortex having yeloclty and temperature profileswhich are identical 

in all sections perpendicular to the aX1S of the vortex. The Dornbrand 

analys~s consjdered only the momentum equation and the transfer of energy 

due to shear work. bILL incl.udeçi the effect ~f radial flow. A IItwo-dimensional 

vortex tube" based upon this flow model was built, but is stated'tà\have been 

lI~cessful" . 

Another two-dirnensional vortex analysis with only circumferential 

flow was made by'Van Deemter (63) who used the complete energy equation 

". 
\ 
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-----~-to ca}cûlate the temperature distributions corresponding to several 
./ ' , 

// 
,,/./ assumed velocity distributions. 

One drawback of the two-dimensional approach to the vortex tube 

based upon purely çircumferential flow is-that the only steady velocity 

dlstribution which satisfies the momentum equation is that of constant 

angular velocity, and this leads, in the case of a statlonary wall, to 
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no velocity at all. It was perhaps consideration of this' problem which 

led'Pengelly (64) to consider again the two-dimensional vortex with radial 

inflow. His analysis extended Dornbrand's (17) solution to include the 

effects of dissipation but not of heat conductlon. 

The most complete solution of the steady vortex has been given 

by Deissler and Perlmutter (65), who included both radial and axial flow 

and used the complete energy equation. The solution i$ stlll essentially 

two-dimensional, however, in that the circumferential velocity and the 
. ' 

temperature profiles are identlcal ln all sections perpendicular to the 

axis of the vortex. In another paper, Deissler and Perlmutter (4) 

presented one-~imensional analytical lnvestigations of the energy dis~ibu

tion in vortex flows, and neqlected the thermal conductivity of the fluid 

ln comparison with the transport of energy by the radial mass flow. As 

one would expect, the vortex energy transport in these cases was found 

to be a functlon of the radial mass flow. Deissler and Perlmutter's 
1 

, results showed that vortex energy separation cannot occur if the Reynolds 

1 Number based Qn radial mass flow is greater th an four. Therefore, they 

reached the conclusion that turbulence is of the utmost importance to the 

energy separat(9n process. 
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Mack' (66) a1so presented a one-dimensiona1 ana1ytica1 study of 

the energy separation in cylindrica1 vortex flows. He neg1ected the 

radial mass flow in the vortex and found that the energy separation in 

the vortex is a function of the f1uid Prandtl Number. 
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Swir1ing flow patterns ln cyclones have been studied theoretically 

by Fontein and Dijksman (67), Yoshio~a and Hotta (50), Rietema (68) and 

others. In a11 cases only the tangentia1 velocity has be,en invesligated 

although the outward rad1al velocity is also required. Fontein and 

Dijksman assumed that the tangential velocity, ~, is given by: 

W = K~/R + K:lR (4) 

1 
where R is the rad1al dlstance and ~ and ~ are constants which were to 

be determlned by _the operatlon of the cyclone. No values of h and &. 

were given. Rietema (68) assumed that ~ was independent of the height l, 

and that ~e horizontal velocity was as,obtained by Kelsall (49). He 

th en solved the radial component of the Navier-Stokes equations for a range 

of Reynolds numbers based on the radi velocity, radius of cyclone and 

an eddy viscosity. 

As part of.a study on the h drodynamlcs of a cyclo~e separator, 

a theoretical investigation of th flow pattern in a flat box cyclone 

(cylindrica1 b~x with a tangent1~1 inlet extending over the total helght , 
1 

and only one central outlet) was'-earried out by Rietema and Krajenbnnk 

(69). Expressions were derived for the tangentlal velocity profile as 

influenced by internal fri~tion (eddy viscosity) and wall friction. The 

most important parameter controlling the tangentia1 ve10city profile was 

found to be: 

( 5) 
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where ~ is ~~:-'ocitY at the outer radius Ro of the cyclone, 

~ the~;tic liquid viscosity and ~ is the kinematic eddy viscosity. 
//" 

~or values of À greater than about la, the tangential velocity profile 
./ -
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was found ta be nearly hyp~rbollc, while for À smal1er than 1 the tangential 

velocity decfeased towards the centre. It was also shown how À and also 

the wall friction coefficient could be obtained from experimental velocity 

'profiles with the aid of sUltable graphs. They finally pointed out that, 

'because of the close relation between eddy viscosity and eddy dlffusion, 
1 

measurements of velocity profiles in flat box cyclones would also provide 
r 

information on the fluctuating motlon of partlcles in a cyclone, a motion 

reducing its separation efficiency. 

Einstein and Li (70), after studying the "bath tub" vortex formed 

by emptying ~ ~ontainer, propo;~d one of the earliest vortex models 

appllcable tO~he vortex tube. In this model, it was assumed that the flow 

could be reprèsented by a plane vortex which was divided into two areas: 

the area qutside of the actual draln opening and the area lnslde~the,draln 

opening. Outside the drain opening, the mass flow across any concentric 
, 

circumference is considered to be constant and ins~e the drain opening. the 

mass flow is assumed to vary inversely as the square of the radlal 

distance fram the centre. With these assumptions, it is no~ surprising 

that the authors found solutions that are a functlon ~f two nan-dimenslonal 

parameters: the ratio of the radius to the .drain radius and a Reynolds 

Number based on radial mass flow. The limlting forms of these solutions 

show that for very large radial Reynolds Numbers, the tangential velocity 

profile approaches that of a potenti~~ vortex (constant circulation) and 

-
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for very small radial Reynolds Numbers the tangentlal veloclty proflle 

approaches that of a forced vortex (wheel flow). Lewellen (71) showed -

that the solutions of Einstein and Li are the " zero th order" terms' of a 

power series expanSlon solutlon for confined vortex flows. In order to 

29 

apply their model ta turbulent flows, Einsteln..and Li made a "Boussinesq", 
1 

type assumption. That;s, they assumed that he turbulent Reynolds 

stresses could be presented by a constant ddy diffusivity (virtuaJ 

viscosity) times the local rate of str othe mean values of the flow 

viscosity. Unfortunately. a number of investigators who followed Einstein 

and Li attempted to experimentally measure this virtual viscosity without 

accounting for the effects of the wall boundary layers on the mainstream 

flow. Keyes (72), using the turbulent model,proposed by Elnsteln and Ll, 

calculated the eddy dlffuSlvity necessary to match expenmental values 

of the confined vortex flow. 

Donaldson (25) in 1957 presented a particular class of vortex 

solutions to the incompressible Navier-Stokes Equations. These solutions 

were obtained in the fol1owln9 manner: Working in cylindrlcal coordinates, 

DO'naldson assumed that the tangential velocity was axisYlTllletric and 

furthermore a functi on of radi us on ly. With thi s ass umed form of tangent; al 

velocity, an analysis of the general equations of motion showed that the 

radial velocity must be a function of the radius on1y\ and that,the 

axial velocity must be a function of the radius, tlmes the axial distance, 

plus an arbitrary f(unction of the cylindrical radius. Substitutlon of 

these forms of the velocity components into the general equations of 

motion transforms the equations to a set of nbnlinear ordlnary differential 
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1 

equati ons. Dona 1 dson app 1 i ed these transfonned equations of moti on to 

the viscous, incompresslble flow field inside a ratating, porous cylinder. 

"Close<f fo~sututtons--'fo~ HTe very viscous and nonvi scous cases were 

abtained. General cases were then solved by means of a power series 

expansion about these limiting solutions. Donalds.Qn and Sullivan (73) 

extended this work by numerically obtaining the complete class of solutions, 

five distlnct types of solutions, which depend upon the radial Reynolds 

Number and an axial pressure gradient parameter, 'were obtained. MUltl-

celled vortex motions, that 1S, areas of reversed axial flow, seen in 

previous experimental stud1es were ex~iblted analytically in these 

solutions. The solutions of Burgers {74} were shown to be a special 

,case of this complete set of solutions. These two investigations repre

sent' the earl i es t ana lyti ca l evi dence of the important effect of the 

V1SCOUS stresses on the three-dimensional character of confined vortex 

f1 ows. 

The three-d1mensionality of swirling flows is also discussed by 

Loitsyansky (75), Gortler (76), and Steiger and Bloom (ll) for the case 

of lamwar flow, and solutions were obtained using the assumptlon of 

slmllarity of the veloc1ty proflles. Turbulent swirling flow was 

considered by Chervinsky (78) who showed that simi lar solutlOns of the 

components of the velocity exist in the two limiting cases depending on 

whether the flow lS controlled by linear or angular momentum. 

Long (79), in his attempt ta explain the large vertical velocities 

" in a tornado, assumed that the vortex circulation approaches a constant 

as the cylindrical radlus approaches infinity. F'rom an analysis of the 
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momentum transfer, Long obtai ned a s imil arity transfonnation. He then 

combined the s;l11i lanty transformation with the boundary layer assumptions 

to reduce the Navler-Stokes equations to a set of three ordinary differen

tial equa:t1ons. Although no numencal results were given, -a qualitative 

discussion of the ordinary differentia1 equations lndicates that as the 
~ 

vortex becomes more concentrated (sma 11er vortex radi us) near the vortex 

centreline, the vertlcal velocity continually increases. Lewellen (71), 

commenting on tms solution, -notes that even at large cy1indrical radii, 

the axial velocity does not disappear; therefore, he doubts the usefulness 
, 

of this solution for the prediction of tornado velocity'profiles. 

of a 

Lewellen (80,81) a1\0 considered a flow model which is composed 

strong cylindrical tan~entlal rotation and a radial sink flow WhlCh 

exhausts aXlally inslde a finite radius. With this model, the incompres-

slb1e Navier-Stokes equatlOns cou1d be reduced to two coup1ed partial 

differentla1 equatlOns ~n terms of the stream function and circulation. 

These equations contalned three nondlmenslOnal parameters, the radial 

_) Reynolds t-.lumber, the ratio of Illass flow per umt length to circulation, 

and a ratio of characteristic axial and radlal dimensions. Lewe fl en 

showed that for s trong vortex flows the rat; 0 of mass flow per uni t 

length to circulatlon was very small. Thus, a solution of the two 

partial differentlal equatlons was Qbtained by means of à power series 

expansion in terms of the last two dimensionless parameters. The zeroth 

order terms of thlS expansion were shown to represent the solutions 

obtained by the vortex flow model of Einstein and Li (70), as mentioned 

above. The difficulty wlth this solution was that it could not be carried , 

l' 
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into the side wall boundary layers. That is, inside the boundary 1ayers 

the ratio of mass f10w per unit 1ength ta circulation could no longer be 

considered smal1; thus, the series solution was invalidein the boundary 

layer region. A number of investigators: Rosenzweig et al. (82), 

Logan (83), and Linderstrom,Lang (84) had c1rcumvented this difficu1ty 

by matching the power series solution for the vortex mainstream to a 

boundary layer solutlon near'the container wa11s. In a11 three cases, 

however, only_ the zeroth order terms of Lewellen's power seri~s had been 
l 
\ 

used ln the vortex mainstrèam. 

Lilley (85) ,made a theoretica1 analysis to predict a swirl 

velocity field; his argument was based on a direct-finite difference 

~ol \ti on and di sputes .the i sotropy assumpt i ons for tu~bu1 ent swi r1 i ng 
• ~ , 

f10ws. Contributions on the behavior of the vortex flow at high swirls 

32 

can a1so be attributed to Bosse1 (86). He formulated~the problem Py the 
. ~ 

method of weighted res1dua1s, using Bess€l functions as approxlmating 

functions, and th1S analytical approach showed that, at hig~ swirls, the 

invisc1d equation of rotating flow controlled the flow behavlor of vortex 

flows. He develpped a computat10na1 method for the solution of the above 
,) 

mentioned inviscid equation for a variable outer stream surface. H1S , 

method explains the vortex breakdown bubb1es in divergences, tubes and 

free flows. 

Mathematical trea.tment of incompressible flow in a con1cal 

hydra-cyclone was presented by B100r and Ingham (87) in 1973. Their 

theory presents a simple model for the determination of velocity com-

ponents at various'1evels ln the conical chamber, and can be used as a 

.. 
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basis for assessing theoretica1ly the performance of equipment involvlng 

swirling flows. 

law1er and Ostrach (88), and Bu~ton (89) studied the influence of 

gravit y on the performance/of a conical vortex separator. The fonner -
1 

defined a Froude Number for the qualitative evalu~tion of the relative 

strength of the gravitational and inertial forces. Their analytical 

results were obtained by considering the body force to act on the fluld, 

both within and outside the boundary layer. ' Burton's wôrk differs from 

Ref. (88) in that he n~lected the effect of gravit y in the th; n reglOn 

of fluid outside the boundary layer. Such an assumption a1lowed explicit 

prediction of the effect of a body force on the boundary-layer flow, and 

resulted in definition of the limitfng condition for use of a vortex 

separator in an adverse gravit y field. 

The effects of the mainstream viscosity and that of the wall 

boundary layer were considered recently by Crow (90). He presented a 

composite solution for the flow field of a three-dimenslonal, incompressible, 

laminar, v;scous vortex confined inside a conica1 converging ~ozzle. His 

confined vortex f10w fleld was dlvided into mainstream and boundary layer 

regions. He used a particular class of solutions of the general equations 

of motion to represent the vortex flow in the mainstream reglon, then the 
, 

velocity and pressure prot'11es from the mainstream region were used as 

boundary conditions to generate an integral momentum solutiQn in the 

boundary layer'region. 

Converging nozzles were a150 studied analytical1y and experimenta1ly 

by Norton et al. (91); they deve10ped a correction for the effects of 
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viscous dissipation and derived governing equations fo~ the rotating, 

inviscid, adiabatic a~ compressible flow:of a perfect gas. 
'( 

Mager (92), 

also, analytically studied the incompressible, viscous swirling flow 

field in a converglng-diverging nozzle. In this study, the' nozzle flow 

field was divided into a vortex core and a mainstream region. In the 

vortex core near the nozzle centreline. a boundary layer 1ntegral momentum 

" solution was matched to a potentlal vortex in the m~instream region. 

Conservation of total system mass flow and momentum was the crlterion 

used to change this solution as the flow progressed axially through the 

nozzle. K1ng (93) cons1dered an inviscid, compressible case of the same 

problem and found that the mass flow through the nozzle was strongly , ~ 

dependent on the ratio of inlet tàngential to radial velocity. Above a 

critlcal value of this ratio, reversed flow occurred ln the subsonic 

portion of the nozz}e. but no reversed flows were found to occut in the 

supersonic portioh of the nozzle. Both of these studies neglected the 

effects of the nozzle wall boundary layers, which must bé included 1f 

~hè..analytlcal model is to describe conflo,ed vortex flows accuratE;ly. 

Additional lnformat1on on the subJect of conf1ned vortex motion 

,. can be found in references (94. 95 and 96). However, it lS belie~d that 

the references briefly summarized ln this literature review arê the most 

significant in a body of vast published articles. 

SUMMARY 

, Flow patterns and structure of turbulence have been shown to exert 

significant effect on the efficiency and operation of industrial equipment 

involving swirling fTows. 

1 
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In general, most investigations reported in the literature have 

been limited ta measurements and predictions of temperature and concentra-

tion profiles, based on sorne assumed velocity fields. Altho4gh particular 

attention w~s paid to vortex tubes, none was given to other geometries. 

Very few investlgators have tried to measure turbulence structures in a 

confined vortex flow, and none have attempted to deflne the turbulent 

pattern occurri ng in a sprây-dryer type vortex chamber. 

Comparlson between results of different 1nvestigators is rendered 

diffi cult, if nat l mposs; b le, si nce the test geometn es (si ze and in let 

and outlet geometries, etc.) are generally nat similar and the measurement 

errors cannot be estimated wlth su(fic;ent confidence OWlng to lack-of 

details. Moreover, from a critlcal analysls- of the literature, it is noted 

" 
that adequate descrlption of the experimental apparatus and specificatlons 

of the electronic instrumentation are generally not given by Illost authors, 

w1th the result that most avai lable data are unduly biased o~ing ta lack of 

camp lete 1 nformati on. " 

In general, experimental an-d theoretical results ofmostworkers 

agree in demonstrating the follow1ng signiflcant points about confined 

vortex fl aws : 

(a) The confined vortex f1'ow fleld is three-dimensional ln 

nature {14,32,47,75,76,77,78}. 

(b) High turbulence is 1n.herent in any device employing a 

rotatln;J flow with1n' a statlOnary contalner. 130undary layer on the outer 

wall of the contalner 15 unstable to-rpdially inward displacement and the 
\ 

separation of thi5 Dourrdary ~ayer--irl certaln locatlons of_ the appft.~us is 
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the sou~ce of high turbulence (40,43,52,55,70). 

( c) 
'* "'Ir'~" 

The tangential component of the velocity is p'redom'inant"ln , . . 
the entire vortex flow, with the excepti~~he tur~ulent core in_the 

centre (47,48). > , 

(d) In a swirl flow, the radial component of vel_ocity is very 

--sillall (26,27,28,32). 

(e) '" In a confined vortex flow, the predomlnant axial veloc1ty is 
r 

concentrated in an arinular reg10n adjacent to the wall, while ln the .1ntenor 

of the flow the axi~l ve)oclt18s are small (25,26,27,28,32,37,3~,19). 

(f) In a conf1ned vortex flow, the axial velocity fal1s off 

~- sharply toward the .centre of the vorte~, and may exhibit a reverse flow 

near the centre (26,27,32,39,47,61,73,93). 

"" (g) FPüw in the central portion of the vorte~ tube is one of 

nearly constant angular velocity (forced vortex) (28,29::9Y' 

(h) In a ,Vortex flow, there is a helical-shape dynamic axis of 

'svmmetry {28,34,43). 

(1) Spiral flow patterns are quite lnsensitive to changes ln the 

inlet velocitles (26,27,28,32,53,54). 

In conc,lusion, a survey of literature dealing wîth_~xperimental 
.' -

and analytical studles on vortex flows transport points ta tHe necessity 

of detailed ,tbrbulence measurements? which eventually will lead to more 

rea lis ti c analyti ca l fonnul aHons. 

, ,') 

I
--~-~--'-~-

t' 

l 



----

, " 

-', 1 

-~~~.~~----------~==========~ 

ô -

; 

\ 
~ 

,,' 

" ~~~-'~-~~~"'''~~~-~--..~~-~~~~~~~~-

\ 

~ETHOD OF MEASUREMENTS IN VORTEX FlOWS 

« 

)' 

J 
) 

, J 

.. 

'/' 



METHOD OF MEASUREMENTS IN VORTEX FLOWS 

INTRODUCTION 

,r" - 'l'lL..-

Many of the reported observations of vortex flows have been ~ased 

- ------~l-l-Zati.oLOf -the flow_.9f'.1ing quaiitative descriptions, of part of 
- --------

the flow field. ~,Attempts to quantify these visual observations were 

rarely successful. Almost all the reported measurements of velocities 

in vortex flow field have been based upon the introduction of probes into 

the flow. However, the latter is part;icularly sensitive to the introduction 

of 1 oca 1 dl s turban-c-es whTctf may- tri g-ger i nstaln1i ti es- ând--cause--vo~-

breakdown. When the probe dimens lons are small with respect to the vortex 

core and particular care is tàken to minimize the 
.,. 

probe, accu rate measurements of velocitles can be obtalned. 

measurements were made with pressure impact tubes 

the 

dimenslOnal dHectional pressure probe nt measurements have 

been made with hot wire anemometers. 

THREE-DIMENSIONAL DIRECTIONAL PRESSURE PROBE 

The three-dimenslonal directional pressure probe, sometimes 
. 

referred to as a five-hole pitot tube, lS used to meas~re yaw and pitch 

angles, and total and static pressures. Flve pressure tappings are 

drilledJn the hemispherical probe hea.d,' one on the axis and at the pole 

of the hemlsphere, the other four spaced equidistant from the first and 

from each other at a latitude of 30° ta 50° from the pole. The principle ' 
-< 

of operation of the probe (97) is based upon the surface pressure distribu-

ti on around the probe ti p. If the pr"be 1 s pl aced in a fl ow fi el d such 

37 



• 38 

------that the total-mea~---v-eetor is àt some angle to the.axis ofw~~---~

probe, th en a pressure differential will be set up across these holes, ... 

the magnitude of which wlll depend upon the geometry of the probe tip, 

-----rel-ati .. e positlon of the hole~ and the magnitude and direction, of the -

• velocity vector. Each probe requires calibration of the pressure dif-

ferentials between holes as a function of yaw and pitch angle. For Mach 

numbers less th an 0.2, calibration is independent of Mach Number, ~Reynolds 

Number and turbulence intensity (up to 30%). 

If the system allows, it is preferable to rotate the probe unti1 

the y~~ pressures are equal, measure the angle of probe rotation (yaw 

angle) Jnd determine the pitch angle from the remaining pressure differen

tia1s. The probe can be used without rotation by using the çomp1è{e set 

of calibration curves but the complexity of measurement and calculation 

is increased and accuracy is reduced. Difficulty is often found ln 

obtaining accurate measuremenr-near the vortex centre and lnterpolation 

lhrough the vortex centre may be required. Meas~rements have been reported .• 
. 

using tips"with a diameter'of 3.2 mm and holes with diametérs of 0.25 mm. 

Use of a pressure transducer for measurement of pressure differentials 

is recommended, particularly for pressure differentials of the order of 

0.10 mm water gauge which arise at various flow magnitudes and angles. 

Velocity components are calcù'lated from total pressure, static pressure 

and yaw and pitch angle measurements!_ 

FLOW SENSE INDICATOR 

Flow reversal, as mentioned in the Literature Review, can arise in 
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some patterns of vortex flows an-d-rfTs necessary to detenllirre -the g-enera+--~ 

di'rectlon of the velocity vector before introducing a me,asuring instrument 

into the flow. For exarnple, introduc1ng a directlOnal pressure probe, as 
'-~---.../" described a~ove, into a flow wlth the sensing head pOlnting in a dlrection 

Opposlte to the main flow dlrectlOn wlll result ln complete1y erroneous 

measûrements. Flow sense can be detected by use of tuft grids, or alter

natively a simple flow sense indicator can be constructed using a closed 

____ ~tube with 'two pressure tappings in the side walls faclng ln opposite 

directions (180° spaclng). Carrying out a traverse through thé flow and

measuring the pressure differentia1 with such a probe indicates the main 

flow direction. Such a probe is also useful for determination of 

reverse flow boundanes in rec'l rcu1ation eddles .'~ 

STATIC PRESSURE MEASUREMENTS 

Static pressure gradlents occur ln all vortex flows as a consequence 

of tangentlàl veloclty (and assoclated centrifugal force) gradlents, as 

well as due to varlations ln turbulence lntensity. Care lS required ln 
-

the measurement of static pressure ln turbulent vortex flows ln order ta 

avoi d erroneous conTri buti ons from the dynanll C pressure components. Thl s 
, , 

can be achieved by allgning the statlc pressure measuring surface 50 that 

the local veloc1ty vector lS in the plane of the s~rface. A dlSC static 

probe was used by Miller and Comings (98) for non swirling flows where 

they showed the rellabl1ity of results obtalned wlth a dise probe in a 

single and dual Jet flows by,balanclng pressure and shear terms (from 

hot Wlre anemometer measurements) in the equation of motion. The dise 
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probe has been-modiflecr-for use~;nswîrlîng rlùw-s (9Ç}-;-by fittlng il 
.., ~ 

simple yaw meter--two hypodenn~c tubes with edges sawn off at 45°--

fitted to the underside of the dise. The dise is rotated until the 

pressure differentia1 in the yaw tube is zero and th en the static pressure 

lS measured via the static pressure tapping. 

Measurements of static pressure can also be made~by using the f1ve

ho1e pressure probe previous1y described, and calibrating the probe as a 

function of yaw and pitch angle. 

THE HOT WIRE ANEMOMETER 

The hot wire anemometer (the instrument used in the preseQt study), 

has the particu1ar advantages of sma1l size (5-micron diameter wires) 

causing minimal disturbance to the flow coupled with high sensitiv1ty at 

low f10w ve1ocit1es. The high frequency response of more than 100 KHz 

allows measurements of velocity, turbulence intensity, shear stress and 

correlation. 'Provided that sufficient care is taken to make frequent 

calibrations of voltage as a function of velocity, and that compensations 

for ambient temperature and density variations are made, measurements of 

mean ve1oc1ty can b~ made with an accuracy of better than 1% with relat1ve 

ease. In regions of high turbulence as encountered ln vortex flows~ tlmé 

averaging as long as 2 to 3 minutes is required for each measuring point. 

Accuracy has been shown to be improved (100) by using higher order poly-

nomia1s for fitting experimental calibration curves of the form: 
1 / / / 1 

E 2 = P. + BU 1 2 + CU (6) 

1 / / 1 

where E i s the mean voltage; U i s the mean ve 1 ocity and ~, Band C are 

constants. 
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e~c1uded, since spurious values of ~ are generated due to free convection 

effects. This leads to curve fits with a standard deviatiDn of 1ess than .. 
, _ . ./'" 

i%. For a f10w which is not normal to the probe wire the .instantaneoüs 

velocïty is given by*: 

U· l 

• 1 

(7) 

where ~, "Uy ' ~ are components ?f the ve10city vector and ~ and ~ are 

constants which must be dete~{ned for each individual probe by calibration 

-of the wiTe -as -a functlon of yaw and pi tch angle. CarefU+- prong spaclflg 

and gold plating of the sensing wire near the prongs results in values 

of ~~1 and k-+0.05. Developments in manufacturing techniques of probes 

should, in the near future, lead' to e1imination of the,nècessity to 

ca1ibrate for ~ and ~. 

For three-dimenional flow fields the components of the velocity 

vector have been determined by two methods. The first, developed at 

Sheffield Universi ty by Davies (100), Allen (101), and -S,1red (102) 

invo1ves the introduct1on of single wires and varying the orientation 
" 

of the probe to the main flow directlon. Two probes are generally used--

one with the wire inc1ined a~ 45° ta the main flow direction and the 

other the standard probe with the Wlre normal to the main f10w direction. 

Initia11y (100,101), measurements at each measuring point required 

orientation of the wire in six different positions. The instantaneous 

* This case 1s discussed in detai1 in Appendix 1. 

1 : 
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velorny-vector w~s calculated from t~~~f six measuremen~~_ and ________ ~ __ 

subsequently by assuming that the six output voltages are of si~ilar 

~hape and frequency distrlbution, and also that the ,six output voltages 
f 

are ln phase, ea1culations were made of mean veloeity components and 

normal and shear components of the Reynolds stress tensor. 

Syred (102) has improved on the previous methods by taking four 

measurements at each pOlnt, using a single probe. He also discusses the 

significance of the effect of non-linearity of the calib'ratjon curve and 

the assumptions of similar regular shape and of ~milar' frequency distri-

bution of the four relevant voltages on the evaluation of the turbulent 

f1uetuating velocity components. 

A three-wire probe is also used'for measuring vortex flows. It 

has the advantage that measurements with eaeh wire are made at the same 

'instant of time and thlS may be the eritieal factor ln choosing a method 

for flows ln whieh the vortex is not stationary with tlme. A separate-

anemometer Cl reul t i s requlred for each wi re. It has the di s advantage 

~hat the fluld volume, in which the measurement is made, as well as the 

interference to the flow, are increased. 

In the present study, as shall be described in the Experimental 

Section of th~s thesis, the eomponents of the veldc~ty vector and turbu-

lence intensïties were determined by means of a single-wlre probe lnclined 

at 45°, as deseribed above. However, in the pr.esent work the dominant 

f10w was not in the plane of the sensor-prong plane; hence, lt was 

necessary ta derive a new set of incHned hot-wire response equations from 

the assumption of the cosine law cooling, and the analysls substantiating 

this derivation is given in detail in Appendix I. 
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EXPERIMENTAL SECTION , 

lNTRODUCTION 

The review of the pub1ished literature which Was been presented 

has made it abundant1y clear that a knowledge of the charaFteristics and 

structure of a spiral turbulent f10w is of prime importance in the design 

and performance of many industrla1 pieces of equipment. More specifically, 
, 

this laboratory has been engaged for many years in a continuing program of . 
research lnto the fundamental principles of the spray-drying process. 

Recent attempts to 1ay the foundations for the design of spray-drying 

chambers (14,15) have c1early demonstrated the importance of droplet, .. 
t! ... r' 

trajectorles which are in turn entirely dictated by the f10w patterns of {~ 

r 
p the entraining gas and by the magnitude of the three components of its 

mean-f1ow velocity. It is in support of this program that the present 

s tudy was i ni 'ti ated and that the geometry of the vortex 'chamber--whi ch 

, 
, ( 

resemb1es that of a spray dryer--was selected. Using ambient room air as.' 

the working f1uld, the f10w pattern and turbulence characteristlcs were 

studied as a function of the entrance ve10city of the air. 

EXPERIMENTAL APPARATUS 

A photograph of the chamber under investigation is glven ~n 

, 
, 

Figure 4, and its di agrammatical presentation illustrated in Figure 5. 

This is typical of a down-flow, vertical spray-drying chamber, and it 

consists of two main sections: an upper jacketed cylindrica1 section and 

a lower conical part. The chamber had an overall internal height'of 

six feet (183 cm), the upper cy1indrical section being two feet (61 cm) in 

43 . , 
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$chematic Diagram of the Chamber 
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height and foUr and o~-half feet,(137.2 cm) in diameter. It was con-
,'. 

~~ructed of 20-gage galvanized steel. 

A motor-blower assembly (Figure 6) consisting of a 3-H.P., 
. ' l ' 

5~O-volt, 3-phase A.C. erlectnc motor, connected tO,.a V belt-driven blower, .. 

1 • , mode 1 6 CI type SS YJhee.1, made by Canadi an Fans L lnll ted, was used as a 
- - - - -

me'ans of providing dlfferent air flowrates to the chamber. ThlS.-could 

supply a ma~lmum air rlowrate of 931 cfm (584 m'/s) at a static pre~sure 

of 7-ion(17.8-cmro-r~ ih-elnl"e-t--an-dou'Elet of the blower- had ol1ter - ---

diameters' of 6-in (15.24 cm) and were connected, respectively, to an inlet 

blast gate for contrù11ing the flow, and to an approprlate enlarging section 

1--'--_____ -LO----il.CC:oIIJIlU(ld.te...the.--B~i n_ (2D. 32 cm) gal vani zed du-ct enteri ng the chamber . 
• 

/ 

e_---

A 200-mesh stainl~ss steel wire cloth was also attached to the iplet of 

the blower ln order to filter the entering aH. 
\ 

The vOlu~etriç, flowrate of air was measured a,nd controlled by 

tWQ sqUare-edged)orifices having ~.86 and 6.99cms. These w.ere placed, ,me 

at a tlme, in the outlet line of the blower, and their pressure 

differêntials were lneasured betwe.en "Radius Tap's" located on the same 

llne, and were read on aU-type manometer filled with dyed ethanol. Two 

other U-type manometers fi lled wHh ethanol were used 't9 read pressures 
" ' 

in the inlet ~and the'outlet.pipes ,of the chamber; both were referred to 
""~" ...,1 .. j) 

, ./ 

thft atmospheric pressure. These varlOUS m~nometers, together wit~ a 
,. 

barometer (used t~ rea-d atmospheri'c pressure nece,ssary in' the cafibration 

of h'ot-wi re pro~), -and a thermometer~ t, rze ord t~e ,amble": tempe~at,u,,:,. 
were installed on a ~ingle pane) which 1 shown in Figure 7.-

~ J 

/ 
. , 

d-
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of the Motor-Blower Assembly 
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The temperature of the inlet air to the chamber was also recorded 

during each run. This was done using a thermometer inserted in the 

suction line of the blower. 

The air from the blower entered the jacketed cyl indri cal section 

tangentially, and was properly distributed to the chamber by six lt-tn x 

6 in (3.81 x 15.24 cm) slot5 in the inside wall at an angJe_ Ot 45 degrees. 

----------.A-A~t_1plC.loints along ~e_ chamber wall, eleven holes were dril1ed 

(F1gures 4 and 5), and 1:-in (1.11 cm) 1.0. bushings were soldered to them 

for the insertion of the traversing mechanism and probes. Corks were used 

to plug the holes that were not ln use, 50 that the internal flow patterns 

were not disturbed. The location of these holes relat1ve to the top of 

the chamber is shown in Table 1. lt may be noted that only station 1 was 

located in the cyl indri cal part of the chamber. SlX observation windows 

were also lnstalled, one at the top and five on the side of the cone, for 

the purpose of lighting the inside of the chamber, and for flow visualization, 

respectively. 

Finally; 1t should be mentioned that the vibration of the test 

section (chamber) induced by the fan was reduced to a negligible level by 

using a small section of light-weight flexible connect1on, made by 

"Flexaust Co.", in the outlet line of the blower. The fabric was impreg
l 

nated and coated with neoprene compounds, ~nd had a close pitch spiral 

wire reinforcement embedded within the fabric piles. 



• 

1 

SPECIFICATIONS OF MEASURING INSTRUM~NTS 

Processing Equlpment 

The anemometer arrangement is shown in Figure 8. The mean 

~nd fluctuating veloclty components were measu~ed with a DISA type 

__ .~, ___ ~5M~Ql constant temperature anemometer. 

an overheat ratio R = 0.80, where 

The anemometer was operated at 
(1 

50 

Res1stanc Reslstance (8) 
Cold Prone 

No corrections were deemed necessary for small varlations ln ambient 

temperature. 

The fre"quency response of the anemometer was always fO,und to be ' 
, 

such that its 3dB down point (roll-off frequenq.'-) was ~eater than 5KHz, __ 
il" 

a level much hlgher than the highest frequency of interest in the present 

investlgation. The response of the anemameter was fed"ta a DISA type 55010 

linearizer which incorporated logarithmic amplifiers ta glve a response 

V = X(V. 2 - V 2)m' (9) 
1 ?ut 1 no, 

where!, Vo and m were all c~nstants adjusted 50 that the output voltage 

was a llnear functlon of the veloclty of the gas flow past the wires. 

The D.C. compa~ents of the signals were measured by a 55D31 

digltal voltmeter of the electronlc type WhlCh read on a lOO-volt scale 

ta an accuracy of O.l~~ of full scale ~ l digit. Even at high flb~rates. 

it was necessary to operate,this with a smoothing filter of time constant = 

3 seconds, in order to obtain an easi ly readable signal. 

A DISA type 55035 RMS voltmetér was a1so used', to measure the A.C. 

c~ponents, and the 1atter Gould be read to ± 1% within the ,wave-band 
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la Hz-100 KHz. This incorporated an integrator of variable time constant., 

and agai n was usua lly set to 3 seconds. 

Probes 

Two probes were used: a DISA type 55A22 standard normal wire and 

a I1lSA type 55A25 inclined W1re. Details of these are given in the manu-

facturers catalogue -but ~Ol11T1~JJ feÈture i s ~he 1. l mm long pla tinum-

coat~Q_ tungst~~_ wire.s, 0~05 mm in d1ameter, supported by rickel pins. 

The bodies of the probes were 7 mm ln dlameter. 

The angle of inclined wires was measured with a SOX Nikkor profile 

proJector, and the probes were calibrated using a DISA type 55A60 calibra

tion unit, whose background turbulence was less than 0.15% at a flow rate 

of 300 f.p.s. (91.4 mis). The wires, normal and inclined, were normalizeâ 

ta an output of 3.0' and 1.5 volts respectively, at a free stream velocity 

of 30.0 rn/sec. A typical linearized calibration cu;ve is shown ln Figure 9 . 

An _oscilloscope was also used ta vlsualize.the responses from hot-wire 

probes. 

- -- -~- - -- -~--

\~ 
" .1' 

, ,) ( 

A photograph of the WhoIè-R~-Rce~,1~9 equipment is shawn ln Figure 10./ 

Traversing Mechanism 

The probes were supported by a DI SA type 55A42 press ure ti ght 

probe support, and the whole system was placed in the desired position in 

the test section by means of a manua l traversing mechanism made by United 

\ 

Sensor and Control Corp. 
, 

a tripod of adjustable length The probe'system was supported on 

for the verti ca l traverses, and Figure 11 represents a photograph of the 

whole traversing mech~nism. 
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Measurements of Distances 

. Distances were measured on the traversing unit in increments of 

O.l-in (2,.54 mm) on a vernier. "Standardlsca1e length of 24-in (61 cm) 

was chose~ as appropriate for this work. 

Linear movement was restricted by friction of flat:springs sliding 

on the scale, adjustab1e by a thumb screw which could be Hghtened to 

lock the proDe at any location (Yigure-t2-}. 
1 

Measurements of Angles 

Angle of rotation of the probe was measured over a full 360
0 h 

on a protractor graduated ln 2° diviYl0ns for easy readabillty and a 
\ , 

special large scale vernier (Figure 12). 

Both vernier and protractor were friction-loaded with adjustable 

springs and balls for easy, accu rate rotation to any angle. The adJustln~ 

spring screw could be tlghtened by a thumb screw or an Allen wrench to 

lock the probe at any angle. The vernler was also fully adJustab1e, 

permittlng the zero angle pOlnt to be set at any time without loosenlng 
1 

the probe in the collet and losing the distance setti~' 

OPERATING PROCEDURE 

Orifice Calibration and Flow Rate Measurements 

The orlfice discharge coefficient is significantly affected 

by flow disturbances whicJt originate in valves, bends, and other 
/ 

fittlngs located upstream from the orifice., It is less affected by 
c-

I downstrearn dlsturbances. As a general rule, the meter sh'ould be place~ 
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FIGURE 9 
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Typ'ical Lïnearized Hot-Wire Calibration Curve 
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C1ose-up Ph,otograph of the Travers; ng Dev; ce 
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50 pipe diameters downstream and 10 pipe diameters upstream from any . . " 

disturbance. Since allowance for t~e above lengths was impossible in 

our laboratory, it was decided to calibrate the variou'S-orifice-p'--iftes~-

used in the 9rific~ meter~against a pitot tube. 

A simple pitot tube of standard design was used. The lIelocity 
~, 

of flow was then calcul àted from-~the di fference bEttween the dynaml c 

(or stagnation) pressure and thelstatic pressure, by means of a 
'" precision inCline~nometer, using methanol "as the indicating fluid. 

The loc'l ~CitY w.s determined from the follàwing equ.tion: 

ua ... c, hg[(Pm-po)/po]t:.H (10) 

, 

where Uo ... the local .velocity, ft/s 

c = a constant coefflcient (assumed ta be 1.0) 

Pm = density of manometer liquid (methanol) at ambient )0 

temperature, lbm/ft 3 

Po = density of flowing fluict (air) at ambient temperature, -

lbm/ft 3 

6H = difference;n fluid levels in the manometer. ft . 

. 
A ten-point traverse was made across the duçt in the suction 

line ta the b10wer, from which the average velocity in the duet, and 

h~ce,the volumetrie flowrate ta the ehamber, were ea1culated. From 

simultaneous readings on the orifice manometer, an accurate calibration 

curve for the latter was obtai ned. A typi ca 1 ori,fi ce cal ibrati on curve 

for the 6.99 cm orifice is presented in Fig. 13. 
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Typical Orifice Calibration Curve 
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Flow Visualization and Determination of Flow Angles 

Ta visualize the direction and pattern of flow, small wool 

tuf,ts w~~re--fas-tened to the heads of e1eVérï j/tô- in-. ffr:~16 cm} -----
._---------

diameter stainless steel'~ods, and inserted into the chamber through 
, . 

the measuring statlons. at different radial distances. The directions 

of the tufts were then visually recorded through the plexiglass windows 

of the chamber wall. This procedure was used for the three different 

inlet velocities under investigation (1.6, 2.4 and 3.2 m/s).* 

It is, of course, realized that this method of determining the 

angle of flow was somewhat qualitative and the errors involved will 

be di scussed in a 1 ater secti on. '1 
An attempt was also made to measure the 110w angles quanti ta, 

tively by means of a single-straight hot-wire probe. Since such ~ 
, .... 

'w1re lS virtually, insensitive to a flow parallel to itl axis, ~he 

direction of flow could be found as the directlon of the wire for 

minimum D.C. OUtput signal. The stra~ght hot-wire probe was therefore 
, ' 

rotated, in intervals of two degrees, at the desired location until 

the minimum D.C. '~voltage was read. The angle at Wh/thlS minimum 

D.C. voltage occurred was read by means of a protractor, Figure l~, and 

then recorded as the flow angle . 

• 

1 

* All inlet veloc,t,ties were average velocities based on the total 
cross sectionay'area of the,(3.8l x 15.24 cm) 510ts in 'the inside 
wall of the jacketed cyli.ndri ca) section. 
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Th;~ procedure was carried out for the three inlet velocities 

-----~·---under imlesti~atiQn and also for different radial and axial positions -- -_ ... _~_ r_ - _r __ . - __ ______ _____ __ _ 

----------Ulrôugnour- the challlber-r .~'--------- --- ______________ ~ 

Mea~urements of Velocities and Turbulence Intensities 

An inclined hot-wire probe, described in a previous section, 

Qwas used ln these measurements. This was maintained at a constant 

" temperature determined by its resis.tance, and the usual overheat ratio 

of 0.8 was employed, as this gave a wire temperature of about 30QoC 

and the best sensitivity without danger of burning out. After the 

ambient temperature had reac~,ed a steady level, the cold Wlre resistance 
.. " 

(was measur~d (~~ and then t~e op~r~ting.res~stance set to ~ = 1.8 Rg' 

) AdJustments ta the, 11nearlzlng~Uit were then carried out 
-

with the wire heated while the probe tip was still encased in its 

p'rotective sheath.· The reason for this procedure was that the wire 

should be surrounded by still air at the correct temperature. If this 

were indeed ~o and Co11is' law (109,110) applied right down to zero 

velocity, th,en the voltage input to the-linearizer would be ARw(~-R ) 
- , 9 

and by putting V 2 equal to this (se~\equations (6) and (g))*. a ' 
o ,1 

h' . 
voltage sjgnal proportional to the m'nt power of velocity would be 

produced. In practice. the air 15 not still becavse of natural convection, 

alt~ough the sheath protects the wires from large eddy current5~'n the 

laboratory. and it is necessary to reduce ~ to R~ 50 that when the 

* Equation (6) i& also written as 

R ) .. 
9 

,-

f 
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'. 
adjustment to the linearizer is made to give zero output voltage, 

, . 
2 

V2 ';s set e..9..u~l 1:.9 y! ,where a +00-------------- - ---

·---n;~~;_:~~__:::_::::_:_=,__==:_::::_;_~::_:::;:_;;~~.~:_=:___--------V! = AR'(~' - R ) + the natural convection contri6ution 
1 no w ''w 9 

Thus R~ must be chosen so that the coefficient of heat transfer by 

natura1 convection at e' is equal to the theoretical "forced" convection w 
coefficient for zero velocity at 8w' It was observed that a chpice of 

~ so that . 
Vino 0.9 Vino 

gav~ the closest extrapolation of Vout to the origin, where Vina was 

the mea'sured input voltage at zero velocity.' Jt remainéd to put 

m' =-l/n in arder ta obtain a voltage signal linearly related ta 

velocity, and m' = 2.3 (corre~ponding to n = 0.435) was found to give 

llnearity over a large range (see Figure 9). 

When the linearizer had been adjusted in t~e manner indicated, 

the sheath was removed and the wire temperature returned to e. Calibra- ~' w - .(d, 

tian was -then èarried out in the calibratjon unit previously described. 

It is interesting to note that sorne of these calibrations were observed 

to hold perfectly over a period of 48 hours. 

At this stage. the inclined hot-wire probe was ready for 
i 

measurements; it was then plugged into the probe support socket and 

the latter mounted on thè traversing mechanism with the aid ofo a guide 

tube. The whole system of probe, probe support, and guide tube was then 
: 
l 

inserted into the chamber at,a particular station and radial traverses 

made. This was repeated along the first ninemeasuring stations. 
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To deduce the ve10city components and intensities of turbulence, 

mean and fi uctuatîngi R. M. S :-~V{) ltage) readi ngs W~eq.uir.e..cLa,-"t __ ------------- -

different azimutha1, e, positions of the inc11ned WHe. Readings were ------

therefore taken at azimutha1 'angles of 0°, 45°, 90°, 135°, 180
0

, 225
0

, 

2700, and 315°. The ve10city components and turbulence intensities 

were then derived from the fo11dwlng'equations (the detal1ed ana1ysis 

substantiating thes~quations is given in Appendix 1): 

and 

v/W = o 
B1 (e90 - e270)/2a 1 a,cosaWo 

J 

.. BJe:': euo)/2a 1 a 2 cosaWo 

--r 
w' /W :: o 

-' ' 
-;r- <r ---y 

l/a: [B~Ce: + e'~eo)/~a~cos2aW~) -,,:a:(u' /W~) 

--r 
u' /W 2 

o 
2[ 2(~ ~) 2 2 W2) = l/a, Bi el" + e225 j(a1COS a 0 

2 ---y 2 ---y Z ~ 
\ 2a2(W' /W~) - a,(v' /W.~) - 2a,(u V) /W~) 

~ -

( 11) 

( 12) 

(13) 

(v'w'/Wô){{v/W
o

)(4a 2a e + 4a 2a6) + (u/wo)(4a 2a6 ~ 4a~ae)} 

_ ~U'W'JW~){("v/Wo)(4a2a6 - 4a2aS) + (u/W Q)(4a 2aS + 4a 2a 6)}] 

(16 ) 
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Equations (14), (15) and (16) are, of course, the normal Reynolds 

stress components; therefore the corresponding turbulence intensities 
__ n ________ _ 

-- -- -- -- ~ --- -- - - -~- ~ -- -- -----. 
wi 11 be: 

/ 

[A7/~o)/(W/Wo) ] x 100 ( 17) 

.. 
" ' [lv7~)/ (v/Wo)] x 100 

and 
[Ço/Wo)/ (u/Wo) ] x 100 \ (19) <:! 

In the analysis, the mean velocity readings were taken to the 
(1 ~ \ : 

second arder, and the fluct~atlng to the third~A~~d it can bè,seen that 
• :> • t 

U and v were' derived from th~ difference'betwee~' two 'readiDgs 1800 apart, 

and w from the sum of two readi ngs at a = 00 0 anA, 8 = 180'0. The 
--"T ----y --""2"" "; • 

fluctuating velocities wl 
, Vi and ul were otytalned from the sum of 

two readings at a = 0° and 180°, 8 = 90° and 270°, and e = 45° and 225°, 
~,'L • Y ~ 

respectively. 1 ~ •• 

. 
Every set of the above mentioned readings (at different ais 

correspanded on1y to one radial position on1y at a particular station 
• 

(i.e., only one axial position); hence, to obtain the radlal distribution 

of mean velocities and~ntensities of turbulence, radial traverses were 

made and D.C. and A.C. (R.M.S.) voltages were recorded at the first 

nine stations (see Figure 5) down the chamber (Table 1), and Appendix .II 
1 

presents the collected experimental data. Data for runs with inlet 

velocities of 1.6 mis are shawn in Tables 1 to IX of" Appendix II. Tables' 
i '. 

X to XVIII of the same Appetldix present the data for an in1et ve10city 
--- ~ , , 

. -
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LOCATION AND RADIUS OF THE MEASURING STATIONS 
4 • 

" 
Ax~ Distance from 

'adius 
'< Stati on Nurnber the Top of the Chamber 

see Fig. 5 ' (cm) Cern) 

1 .' 50.20 61.60 

2 '64.20 61.00 " 

3 74.30 57.80 

4 84.50 52.70 

)5 r 94.60 47.00 . 
6 

, 109.90 40.00 1 
l <, , 

7 125.10 32',40 
"" 

\ 8 "4~ 140.40 24.80 

· .. 9 ' 155.60 17.80 

10 170.80 10.16 

11- 181. 00 3.80 

~ 

1 

( 
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of ~.2 mIs ~flowrate of 5.6~'/min), and finally Tabl~ XIX ~~ows the 

dataI for a ~n with a third inlet velocity of 2.4 mis '(4.25 m3 /min). 

These. latter data are only for station 7, and were collected for compari-

son purposes. 
" 

It should be mentioned that during each run the inlet and 

o'utlet pressures of the èhamber, and also the entering air otemperatures 
1 ,. 

were cons tantly monitored and thei r average values for each run are 

also presented in Tables 1 to XIX of Appendjx II. 

RESULTS AND~ISCUSSION 

FLOW PATTERNS - VISUALIZATI0N AND MEASUREMENTS 
, 1 

- The results of flow ang measurements, for the test inlet 

velocities, are pres~nted Fig. 14, as the flow angle versus the 

dimensionless axial dist ce, hfH. The latter was'obtained, for a 

particular radial posi ion, fr9m the ratio of the distance of a measuring} 

ch ambe rf'lli) . 

flow increases s 

steady-, yielding 

c11amber (~) to the total hei ght of the/J' 

that, going down the chamber:, the angle of 
. \ 

arply to a maximum value of 15 6 and\ th en becomes 

a pattern\. of a1most parallel cirCU1~r streamline~. 
This agrees/wit the results of Schowalter and Johnstone (28). 

1 

Another important finQlng sho~n in Fig. 14 is the insensitivity 
1 • 

"of the flow patterns to chaf)ges"in the inlet velocities, an obs~rvation 
J . 

reported by m/ny previous in~estigators (26, 27, 28, 32, 53, 54) •. 

," , 

, 

J 
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FIGURE .14- . 
,. -

Flow Anglés for Inlet Velocities of 1.6, 2,4 and 3.2 rn/s . 
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. 
These resu1ts w~re a1so·observed qu~litatively with the tuft 

.................. 

probes described in the previous section. However, the-p~cedure is 

\--subject to the fo11owing error: the connection betwee~the~thread and 
" . 

the probe had a certain stiffness, so that the position of the probe' , 

influenced the indicated direction. This fact could easi1y be seen by 
) 

turnlng the probe by severa~ degrees. Wlthin a range of about two 

degrees the thread wou1 follow the rotation of the probe. On1yat 

larger angles would it djust itself to a different position. Other 

errors could be due to drag of the thread in connection with the 

spiràl paths of the air~ 
" 

Near. the wall. the 

a large circumferential compone 

flow was prdbably caused by the 

tufts were moved away from the 

component became negligi~ a 

t~fts i~dicated a flow direction with 

a small a~ia1 component. This 

ry 1 ayer at the wa 1,1. As the 

y layer region. the axial 

imp1ying 

t~e existence of a central turbulent core. 

MEAN VELOCITl ES 

Mean ve10city measurements were made for different radial ana 

axial pOlnts in the flow field at inlet air ve1ociti~s of 1.6 and 

3.2 rn/s. A few additional measurements were a1so conducted for 

different radial locations but at,one axial position on1y (i.e., 

station 7 (see Fig. 5n at an in1et ve10city of 2.4 rn/s. All inlet 

ve10cities are ave4age velocities,based on the total cross sectional 

area of the (3.81 x 15.24 cm) slots i~ the inside wall of the jacketed 

cy1indrica1 section. 
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Radial profiles ~f the tangentia1 mean ve10cities are shown ~n . 
Fi'g. 15 and 16, at nine axial locations (stations 1 to 9 (see Fig. 5 

and Table l for, location)) for f1.owwith an in1et velocity of 3.20 rn/s. 

No data were ta ken in the region near the chamber centre1ine because of 

the re1ative1y high turbulence, and the high disturbance of the flow 

caused by the probes. It is s,een that the tangentia1 velocity 

increases with increasing radius and reaches a maximum value near the 

.. 

wall and then fa11s off sharpl~ to meet the requirement of zero rotation 

at the wall. \ 

.\ 
J 

As shown in Fig. 15 and 16, instead of flow with ~onstant 

i 

angular momentum expected in a true vortex the tangential ve10city 

distribution near the wall approaches the one of nearly constant 

angular velocity (i.e., the velocity varies approximately as l/r). 
".) 

This. as suggested ~n Ref. {28) , indicates the appearance of a high 

eddX viscosity in the central region. At smallE!r radii, the motion 1#* 

\. resembles a solid body rotation, where the tangentia1 ve1oC'ity is 
i . 

proportiona1 to the radius. The boundary between these two regions of 

f1ow, marked by maximum tangentia1 velocity, moves radial1y inward as 

one goes down the chamber. This gradua1 downstream decrease of the 

slope of the,tangentia1 ve10city in the order of stations is an indica-

'tion of decaying vortex (57). 

Radial profiles of the axial ve10cities are pres~nted in 

Fig. 17, 18 and 19, at nine locations (stations 1 JO 9) for f10w with 

an in1et ve10city of 3.20rm/s. It is seen that the axial ve10city 

approàches zero at the chamber centreline. This is characteristic of 

r 
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Radlal J'rofiles of the Tangential Mean V.eloctties 
at Stations '. 3, 5, 7 and 9. 

/ 

\ 

70 

\ 
\ 

\ 
\ 

,-

\ 

" 1 

1 

, . 

.--

/ 

\ 



8\ 

Q 
r~\rt 

fi 

;' -- f, 
.~ 

1 

, 

« f ,? 
, 1 

3.0 

/ 

f 

(J r / ... 1 ! 
1 

CI) 

f ....... 2.~ 
E .. 
>-

ç ~ --t 

~ U 
0 
..J l, 

~ 

lLJ 
> / ..J 

~ 
î 

Z 
.... ~~ 

1) 
LU 

j 
(!) 

! Z r , 

~ 
~ 

'f, 

';.-\ , 

, 11 , INLET VELOCITY • 3.20 MJI 
i 

" 

o 0.2 0.4 0.6 0.8 1.0 

,) r/R 

- l, 



il. 

• > 

" 

\ 

\ 

\ 

• 

r, 

o' 

/ 

FIGURE 16 

Radial Profiles of the Tang~ntial Mean Velocities 
at Stations 2, 4, 6.and 8. 
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Radial Profiles of the Axial Mean Velocities 
at Stations 7,8 and 9. 
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swirling flow that enters a stationary container. It should be noted 

that the axial variation of the tangentia1 ve10city distribution is 

much greater than that of the axial ve10city distribution. This may 

c 

. 
be explained from a pressure increase near the axis and pressure decrease 

near the wall which tends to counteract the development of the axial 

profile. This was demonstrated ana1ytica11y by Lavan (103) and 

Talbot (104) for laminar swirling f10ws and was one of the assumptions 

made by Kreith (lOS) and Rochino (106) in their studies of turbulent 

swirl ing flows. 

It should be mentioned that sorne prablems were encauntered in 

the measurement of axial velocities at very low v!lues, owing ta the paor 

response of the hot wire anemometer under these conditions. For this 

reason, measurements at higher velocities which are c~dered valid are 

indicated in Fig. 17, 18 and 19 in solid lines. They can easily be veri-
~, 

fied from a'mass balance on the total flow. Values at low velocities were 

calculated from the mass balance, according to the equation of the valid 
2.5 

1ines, Vay = C(r/R) and are shown in dotted lines. 

Uompar;son of Fig. 15 and 16 with Fig. 17, 18 and 19 shows that 

the axial velocities are sma11 when compared to tangentia1 ve1~cities, 

and a1so that the tangential velocity~peaks do not coincide with the 

axial velocity peaks, but are located more toward the centre of the tube. 
, -

This can be explained 

in both the axial and 

on the basis that wall fric~auses a decrease 

tangential velocities near t~~'l as the flow 
-' 

moves along. From conti nuit y considerations, this results in an increase 

in axial and tangential velocities' in regions farther away fram the wall. 
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It indicates that sorne air must move in toward the centre as flow 

progres~es.down the chamber. In so doing, the air tends to conserve 

its angular momentum, thereby resulting in an increase in angular , 

velocity in those reg',ons farther away from the wall. The tangential 

velocity, as seen above, drops off at the centre of the chamber, for 

as was shown by Lay (33), there is theoretically only axial flow in 

. that region. 

Fig. 20 and 21 present the radial profiles of tangential and 

axial velocities at station 7, for three different inlet velocities.' 

As it can be seen, these velocities are.larger in the case,of larger 

inlet velocity, but their dis~ributions are almost similar indicating 

once more the insensitivity of the flow patterns to changes in inlet 

ve l'oci ties. 

It should be mentioned that the radial component of the velocity 

was also determined, for eacp run, from equation (A49) of Appendix 1. 

but no attempt was made to present these data graphically, sint~'the 
..-

values were very small and would present an almost straight line .. 
distribution close to the axis of zero velocity. For the same reason, 

the radial distributions of the radial intensities of turbulence will 

not b'e presented in the following section, for in tbis study the ratio of 

the R.M.S. fluctuating velocity to the mean velocity at a point will , 

define the inte~ity of turbulence at that point. Since negligible 

radial velocities occurred. such a ratio would yield radial intensities 

of turbulence of the order of 300 to 400%. Of course, one can plot the 
<./ 

root-mean-square of turbulent radial velocity and in fact this result 
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FIGURE 20 

Radial Distributions of Tangential Velocity 
at Station,7, for Different Inlet Velocities. 
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is presented for s,ation 7 in the following section tFig. 28). 

, , ( 
TURBULENCE INTENS IT l ES 

, 
l" 

, ~ 

~9 

Radïal distributions of the tangential components of the turbulent 
',' 

intensities are plotted as functions of the radial-distance in Fig. 22 

and 23, for various axial distances from the top of the chamber 

(stations l to 9). Agaln, these curves. are on1y for the inlet velocity 

of 3.20 rn/s. It can be.seen that these iotensities tend to increase 

with decreasing distance from the centreli~e. The increase, in intensity 

is caused more by the rapidly decreasing mearr -tâl1gential ve10ci ty th an 

by the intensi"ty'~n /w·
2

• Unfortunate1y, no data are availab1e for 

stresses, for the behavnor of intensities cou1d be explained in terms of 

these parameters using the turbulent energy equations of Eskinazi and 

Yeh (107), buttone would expect to have relatively large values of wrvr 
in this region. 

Actual1y, using equations 60A, 61A and 62~ of Appendix l, in 

conjunction with equations 49A to 58A of the same Appendix, and the 

tabu1ated experimenta1 data presented ln Appendix II, one can obtain 

,,:the three Reynolds shear stressas (w·v·~ .. u·v·, and w·u·), but due to 
, " 

the high1y non-1inear nature of these response equations, one has to-
~"'" .... 

J... ' t 

use a spetial iteration technique to solve all nine equations simu1-
, . 

, 
taneous1y. A few attempts were made to do this, but had to be abandoned 

'because of time limitation. 
-

In contrast with the mean tangentia1 veloc1ty profiles, the 

tangential intensity profiles show sorne dissimilarities in the sense 
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Radial Distribution of Tangential Intensities-.j" 
of Turbulence at Stations 1,3, 5, 7 and 9~ 
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_~ that they show a stronger dependenëê on the axial position. Ino fact, 
,..~ ~ 

'~t~ngential intensity of turbulenée increased w;~ increasing axial 

distance from the top of the chamber, and the highest leve1s, about 

11-12%, were obtained at stations 8 and 9. 

Figures 2~--.a_nd 25 show radial profiles of axial intensities 'of 
"" turbulence at stations 1\ to 9, and for the same inlet velocity, of 

3.20 rn/s. Here, the intensities are expressed as Root-Mean-Square 

values of the axial fluctuating velocities, ;';~=. The behaviour of 

these curves is seen to be somewhat similar, indicating an ;ncrease 

i n Iv~ as one goes from centre to the wall, but thei r dependence 

... 14' 

r .'~,....... 

on the axial direction does not fol1ow a regular pattern. The suppression 

of /~2 near the centre disagrees with the results obtained in other " 

bounded shear flows (l08). 

Fig. 26 and 27 pre~ent the distribution of tangential inten-
" 

o 

sity of turbulence and R.M.S. values of, axial fluctuating velocities, 
/, . .... "' .. 

respectively, at station 7, ,Jor different flow rates. Again the rela- , 

tive insensitivity to changes in in1et velocities is to be noted, 

plthough there seems to be some departure in the case of axial fluctu-

'. ating velocity for the highest inlet velocity (Fig. 27). For both 

parameters, however, larger inlet velocity produced lower turbulence 

levels, indicating an indirect relationship. This is again because 

of the larger values of mean velocities obtained at larger in]et 

velocities. 
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Radial Distribution of R.M.S. Fluctuating 
Axial Velocity at Stations 2, 4, 6 and 8. 

L 

o 

84 

.' 

( 

r • 



e-
&() 

C\I 

~ ,.$," 

cn • 
....... 
E 

0 
C\I 
fC') 

Il 

>-
t-
U 
0 
....J 
I.JJ 
> 
f-
LLI 
....J 
Z 

é 
C\I -- o &0 

o 

SloW 'Al.l~013" 1~IX'11N31n8~nl °S·VtJ·~ 

• 

~ 
o 

CD 
o 

~ 
o 

fi) 

0 

&() 

0 

q-
0 

rt') 

0 

C\I 
0 

-
0 

o 

Cl:: 
........ 
'-



, . 

/ 

.. 
lJl 
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Distribution of Tangential Intensity of 
Turbulence at Station 7, for Diffèrent Inlet 
Veloéi tîes. 
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FIGURE 27 

Di stribution of R.M.S. turbulent AxiaJ Velocity 
at Station 7, for Different lnlet Veloc1ties. 
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Finally, Fig. 28 presents the root-mean-square value of the 

radial' fluctuating velocity, J7, at station 7, and for an inlet 

veloçity of 3.20 rn/s. Tangential and axial intensities of turbulence, 

at the same conditions, are ~lsQ presented for purposes of comparison. 

The radi al turbu1 ent, velocity i s very sma 11 compàred with the other two 

components, and it varies v%ry little with radial distance. 

CONCLUS IONS 

It is believed that the data which have been presented on flow 

angles, profiles of mean tangential and axial velocities and radial 

distributions of tangential and axial intensities of turbulence 

represent one of the most exhaustive attempts ever made to characterize 

the vortex flow occurring in a chamber of the design under study, as 

a function of the inlet velocity as the main variable. The experimental 

approach depended on the use of a single"inclined hot-wire probe which, . 
in turn, relied on a set of response equations which have been derived 

in the analysls presented in Appendix I. Although the experimental 

technique is not new in itself, it is felt that the theDretical 

analysis, and hence the response equations derived from it, are more 

accurate thaQ those which have been proposed sa far in the llterature. 
,..,..... ' 

In~genetal, the quantitative results of thè present study confirm 

the theoretical predictions and the experimental trends reported in . 

the literature. ' In particular, they fully sup'port the conclusion that 

the ~low pattern is relatively insensitive to the entrance volumetriè 

flowrate. They also show that the value of the mean outward radial 

• 1 
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FIGURE 28 

Root-Mean-Square Fluctuating Radial Velocity 
at Station 7, for Inlet Velocity of 3.20 rn/s. 
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velocity is very sm~~and could be neglected for design purposes. 

Taken together, these two facts should greatly facilitate future attempts 

to derive generalized equations of motion for vortex flow. 

One of the great-and-remaining difficulties in the complete 

characterization of vortex flow is the large dependence of the flow 

pattern on the entrance condi~ions, as i11ustrated in Figures l, 2 and 3 

shown in the Literature Review section of thlS thesls. A more striklng 

example is afforded by a comparison between the fèsults of the present 

work and those reported by Gauvln, Katta and Knelman (14), who studied 

the mo~ion of entrained droplets ln ~ chamber of exactly the same 

geometry and dimensions as the present one, with the single and lmportant 

difference that the entrance slots were inc1ined in the opposite 

direction. Although the quantitative data on tangential and axial mean 

velocit~eported by these earlier authors are rather meagre, they are 

sufficient to show that the flow patterns, and in particular the flow 
~ 

an~les, were completely different. In view of these fïndings, no 

attempt was made in the present work to derive generalized equations 

for tangential and axial motions, Slnvê a proper entrance parameter was . 
lacking. 

Before the complete characterization of the flow in a vortex 

chamber, and hence its design for lndustria1 applications, can. be . 

attempted, it is obvious that more information ~st be obtained on the 

effect of entrance conditions. It can be predicted that the initial 

f10w angle will be an important parameter, but will it be the on1y one? 
J 
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Further work will obviously be needed to answer this question, and 
o 

studies along those lines will be continuing in this laboratory. In 

the meantime, it i5 hoped that the· present investigation has provided 

useful information towards an understanding of this interesting field. 
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APPENDIX 1 

HOT WIRE ANALYSIS 

YAW CALIBRATION 
1 • , 

For a complete description of the hot wire response, we have to 

determine the instantaneous effective coo1ing ve1ocity. This will not 

be the component of velocity normal to the wire, but wi11 take account 
1 

of the component a10ng it. If the ratio of the effjciency of the two 

components in coo1ing the wire is denoted by K, then 

(A 1 ) 

where qi is the instantaneous ve10city vector making an angle ea with 
... ~ 

the normal to the wire. Even when the effect h~s ~een reduced to these 

terms, the determination of the magnitude of K for a particu1ar situation 
.) 

is extreme1y comp1icated. 

According to Ch~mpagne, Sleicher and Wehrmann (1) and Davies 

and Davis (3), Equation (Al) gives the best representation of the 

effective coo1ing ve10city qe of a hot wire inc1ined to the mean f1ow. 

They a1so conc1uded that the v~}ocity component"a1ong a wire of finite 

1ength results in an asymmetric di'stribution of heat transfer coefficient, 

and an increase in average heat transfer coefficient with increasing 

yaw angle for a fixed normal ve1ocity. The tempe~ature of the gas 

flowing around the wire increases downstream a10ng the wire, but the 

temperature distribution on the wire itse1f is not appreciab1y asymmetric, 

nor is the difference in the end conduction lasses ta the two supports 

A-1 



s ignifi cant. 

j 

i 

! 
/ 

Careful studies by the above researchers using various 

support sizes and a flow visualization technique respectively have 

also shown that the distortion of the flow by the supports is not a 

factor that need be considered. Thus results for different probe 

support geometries should be comparable, but the yaw effect is likely 

ta be influenced by the value of mean wire temperature above amblent, 

A-2 

by the length-to-diameter ratio of the wire, and by the velocity of the 

flow. 

By considering overheat ratios of 0.8 on1y, we can eliminate 

the first of these factors. The dependence of K on the second is shawn 

in the results of Champagne et al. (1), who measured K = 0.21 ± 0.04, 

when ljd = 200, fa11ing steadily as the wire-length increases to approxi-

mately zero for l/d = 600, at a velocity of 35 m/sec. However, 
1 

webfter (4), who yawed his probe in a different way from Champagne (see 

Figrre Al), reported a mean value of K = 0.20 ± O.O,'with no significant 

dep~ndence on l/d over a range from 86 to 1456. Neither Champagne nor 

webs~ found any really significant dependence on velocity (for a 

_ stat;st~l analysis of Websterls results, see Kjellstrom and Larsson (5)) 

but Webster's were in a narrow range around 5 rn/sec. Taken with the 

suggestion -(of Rasmussen, qU~J.:~5LbJ'-~lstrom\ and Larsson (5), that 
---

K = 0:26 ± 0.03, the results suggest that 0.23 is rnost appropriate for 

DISA probes (ljd = 200) at ve10cities of the o~er of 30 rn/sec. 

Another effect complicates the ana1ysis of the yaw calibration. 

This is the increase in measured velocity by 18% when the pin supports 

-.----------ar~mtated through 90° about the axis of a wire which is normal ta the 

« n. 
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flow, ,to a position perpendicular to the flow (see Figu~e Al-C). It 

has been reported by Hoole and Calvert (6), "and Eyre (1). who shows 

theoretically that it éould be due to xarying end losses by conduction 
1 

when different parts of the supports lie within the wake of the wire. 
" 

Thus the probe must be calibrated in the positio~ in which"it ts to be 

'. 

A-4 

______ "--_~~ __ -___ us~d~ or_a furth~r corr_ectlCln Jl1ust be apQlied. This mechanism of 
- - --,-------- --'-----------------,-~ ----------1 

'() 

.' 

.' 0 

changing end conduction 10S5 would be expected to apply ta the other 

yawing situatio'ns (a and b in Figure Al), so it is s-urprising that it 

was not measured by Champagne et al. 

ANALYSIS 
.. 

The wire calibr~tion gtves a-mean voltage corresponding to a 

mean uniform velocity normal to" or at a knOWfl angle,' tà.,.the 'wire, the 

turbulence in the calibrating stream beJng negligible. Measurements 
/ 

in the chamber give a mean voltage as well as the R.M~( value of the 

fluctuating voltage, and one has to relate these voltages to mean and, , 

fluctuating velocities using the calibration, ~---...-

The present analysis is an attempt to obtain a modified set of 

response equations (using the calibration data), which would'permit the 
. 

determinations of the components of the mean velocity vectors, turbulence 
\ . 

intensities and Reynolds 'stresses, from a single inclined hot-wire 

probe int~D4uced in various orientations in, a flow field ~aving a 

"dominant tangential Yelo~ity component", In what follows, the 

corrections for blockag~ and pitch are neglected, and thiyaw factor 1s 

def)oted by K • 

.... 

1 . . 
" 
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The coordinate system used and the velocity component diagram 
• 

are shown in Figures A-2 and A-3 respecti'vely. In the diagram qi 

represents the instantaneous resultant velocity vector*, and qx' qy' 

and qz are the component instantaneous velocities in X, Y, and Z 

directions. Qz is a fictitious dominant mean velocity, included for 
. ' 

. - ---the-purposs-of-nonnalizing the fjllaJ re5Qonse equations. __ 

As mentioned in the previous section, the instantaneous 

effective cooling-velocity is ,given by the cosine law as 
, 
" 

q -e ~. ' 

where ~ is the angle petween the instantaneous velocity vector and 

the normal to the wire axis. 

(Al) 

The sketch of Figure A-2 shows the hot-wire oriented at an 

angle ~ relative to the mean v·eloc!ty Qz' and at an angle 8~ relative 

to the instantaneous velocity, then it can be shown that 

(A2) 

and 

Cl = 90 .. Cl 1 (A3) 

where Cl is t~e angle between the normal to the wire and-the mean flow 
~ .. ! 

direction. 

Equation (Al) can also be written as 

\ 

* The direction of this res~ltant instantaneous velocity vector i5 
. mistakenly presented in References (2) and~9). 

, . 

J 
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l FIGURE A-2 

Coordinate System Used 
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but 

• cos2a + sin2a + (K2-1)si n:l S; 

... cos2a[1 + tan 2 a + (K2 -l)sin28s/cos 2 a] /~ 
L 

_ cos:la[l + K2tan 2 a + (K2-1)(sin2Ss/cos 2a - tan2a)1 

- or 

cos2S! + K2sin2Ss • cos 2 a[1 + K2tan 2 a + (K2-l}{co!lia(Sin 2as - sin 2 a)}1 (AS) 

and hence, 

'Havi ng defi ned ~ and ~ as above, our inmedi ate objecti ve will 
~ 

be to express 11. in tenns of ~ and defi"ned angles ~, and ~ 

(Fig. A-2). This can be obtained from the cosine law of trigonometry 

as follows: 
, 

Considering triangle ABC, we'çan write 

AC 2 '"' AB2 + BC 2 - 2(AB)(BC)cosS', 

or 

Now we ~ave to find band c: 

from triangles BCO, BOE, and ABE, we get 

b .. (a COSa'/COSfh)COSS4 

(A8) 

(Ag) 

_ __ _ _ _ ___ ~nd _from ~ri ang} es. AC~ we wi 11 have --~~~~--~~~~~~~~~ 

c2 = (AE)2 + (EF)2 + 2(AE)(EF) + (FC)2 (A10) 

Substituting. fQr AE, EF, and FC from triangles ABE, BCO, and BDE 

respectively, yields 



, \.. 

41 
~-------~--~ ~---';; , 

c2 
a a2 [sin2'a' + cos 2al.tan 2S2/COS 2a,. + 2 sina'cosa tan82/cosS" 

+ COS 2 a tan2S,,] 

,SUbstitut~uations (Ag) and (A11) into (A8) and dividing through 

by ~ we ~ll haye 

-
-cos S; ... [COSfh·cOSS,./2 cosal] [sin 2al + cos 2al. tan282/cos 28,,-

+ 2 sinalcosa1tan8 2/cosS" 

Substituting equations (A2) and (A3) into (A12) yie1ds 

A-9 

(A 11 ) 

- sin2a/cos2~2·Cos2S,,] (A13) 

Equation (A13) agrees with the results of a similar derivation 

presented by Heskestad (8) and Champagne and Sleicher (2). 

The angles S2 an~ a" ~re defined by (see the diagram) 

sin8 z = q [(Q + q )2 + q 2 + q'2J-l/2 (A14) 
y z z y X 

cosS 2 c [(Q + q )2 + q 2Jl/2. [(Q ~ q )2 + q 2 + q 2J-l/2(A15) 
z z x z z y x 

_ q [(Q + q )2 + q 2]-1/2 
X Z Z x (A16) 

cosS" -- . [Qz + qz] [(Qz + qz) 2 + qx 2J _1/2 
--~~~~~~~~~~~~-

(A17) 

, 

Introducing eqns. (A14) ta (A17) into eqn. (A13) and rearranging gives 

-sin 8, • [{Qz + qz)-l.qy'cosa - sinaJ[Qz + qz][{Qz + qzP + qx 2 + Cly2fl/2 

(A 18) 
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Squaring (A18) and dividing through by Qz~,yields 

+ cos 2 a q 2/Q 2 J 
y . z (A19) 

'Now, if we expand the denominator of the abave equatian in binami~l 

series, taking the first four terms, and neglecting all the 4th arder 

tenns we get:. 

[(1 + q /Q ri + (q :1 + q 2}/Q ar 1 
- 1 - 2qz/Qz + 3qz2/QZ2 

Z Z X y Z 

j 

_ (q 2 + q 2)/Q 2 
x y z 

+ 4(q q 2 + q q 2)/Q S 
z x z y z 

+ 4q 3/Q 3 
z Z 

(A20) 

~ SUbstituting (A20) inta (A19) and neglecting the 4th arder tenns gives: .,. 

sin 2 Ss = sin 2 n + sin 2 a[-(qx 2 + qy2)/QZ2 + 2(qzqx2 + qzqy2)/QZ3] 

+ cos 2a[q 2/Q 2 _ f~ 2)/QA3] 
Y Z Y z, . ' 

(A21 ) 

Introducing (A21) into (AS) yields: 

, 
" 



+ (q 2 + 2q 2)/Q , 
x Y.Z 

2(qzq/ + 2qZqy2)/QZ3 

- 2tana (qy/Qz - qyqZ/QZ2 + qyqz'/QZ3 

_ q q 2/Q li _ q 3/g li)}] 
Y x z y·z 

From Fig. A-2 the instantaneous resultant velocity q. is giv~n by , ] 

or 

A-ll 

(A22) 

qi' = Qz2[1 t 2qz/Qz + {qx' + qy 2 + qz2)/QZ2] (A23) 

now sUbstituting eqns. (A22) and (A23) into (A4) we get the fo110wing 

expression of the effective coo1ing velocity: 

q 2 = Q '.cos'a[l + 2q /Q + (q , + q 2 + q 2)/Q 2] 
e Z 'ZZ x y z Z 

2(q q 2 + 2q q 2)/0 3 zx zy z, 

2 tana(qy/Qz - qyqz/Qz' + _'!y9z~!9L!I __ _ 

_ q g r :2 /Q ., _ q 3/Q 3,) l] 
y x z y z 

. (A24) 

Mu1tiplying through and neglecting terms of.order higher than 3, 1 

gives 
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) 

+ E[q 2/Q 2] + F[q 2/Q 2] + G[q q /Q 2]l (A25) 
y z x Z, yz z 

where • 
A .. 1 + K2tan 2 a 

B = 2(1 + K2tan 2a ) = 2A III 

C .... l + K2tan 2a '"' A 

D ... 2 tana(1-K2) (A26) 
t-

E .. tan2~ -t K2 

F - sec2a 
,-

G - 2 tana(1-K2) ... D 

are all constants for an inclined wire with a yaw factor of ~. Champagne 

and Sleicher (2) expand theseoas Taylor Series; however it is more 

convenient to evaluate them exactly. 

As q is required, an approximation to the squaré root of e ' 

equation (A25) must be sought. This can be achieved by expanding into 

a Taylor series in terms of qz: 

The terms of equation (A26) are as follows: • 

z z z Y z 
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15 A_ 7
/
2BD3 q 3/96 Q 3 + A_ 1

/
2Gq /2Q 

y z y z 

_ A- 3
/
aDGq 2/4Q a _ A<j(~EGq 3/4Q 3 

Y z Y z 

_ A- 3/ aFGq q a/4Q 3 + 3A- 5/ 2D2Gq 3/16 Q 3] (A29) 
y X Z y z 

where a11 the-terms of fourth order or greater are dropped. 

Simi1ar1y, 
1 

f"(O} qz2/2! q 2/2Q a[_ A- 3
/
a82/4 + 3A- 5/ aB2Dq /BQ z z y, Z 

1 

+ 3A- 5/ 2B2Fq 2/BQ 2 _ 15 A_ 7/
2
BaDaq a/32 Q.a x Z y Z ' 

" 15 A- 7/ 2B2DEq 3/16 Q 3 

Y z 

_ 15 A-7/2Ba~Fqx2qy/16 Q~3 
1 

+ 35 A- 9
/
aBaD3q '/64 Q 3 _ A- 3/ t BGq /2Q 

y z y z 

+ 3A- 5/ 2 BGDq 2/4Q a + 3A-,/a BGEq 3/4Q 3 

Y z Y z 

+ 3A -5/2BGf~ q 2/4Q 3 + A-1/aC 
y X Z 

_ 15' A- 7/"BGD 2q '/16 Q 3 - A- 3/"CDq /2Q 
y z y z 

_ A- 3/"ECq 2/2Q " _ A -3/
2
CFq 2/2Q 2 

Y .z." X Z 

+ 3A-5/"CD~q 2/8Q 2 + 3A- 5/"CDEq '/4Q 3 
Y z y z 

+ 3A- 5/ 2CDFq q 2/4Q , 
Y X z 

----,--
(AJO) , 

and finally 

flll(O)q//~! .. q//Q/.(A_
5
/
2
B'/16 - A-

lS
/

2
BG/4] (A31 ) 

#II 



2 

Substituting équations (A28, A29, A30~ana A31) into equation (A27), 

and collecting tenns gives: 

where 

qe ... a1 Qzcoso.{ l + a2 [q/Qz~ + as [qz 2/QZ 2] 

+ a,,[q/tQz'] + as[qy/Qz] 

+ a6 [qy 2/Q/] 4- a7 [q//Q/J 

+,a~[q//Qz2] + a,[qyq/Q/] 

+ al0[qyq//Q~~ + all[qy~q/Q/J 

+ au[ q/q/Q/J + au[ q/qy/Q/J} 

as =_A- 1 C/2 - B2A-'~ 

a" = BS A- s /16 - BCA- 2 /4 

a, ... DA- 1 /2 

~6 ~ EA-'2 7 D2 A- 2 /8 

a 7 = A- 3 DS /16 - A- 2 DE/4 
'" 

-1 -2 
a, - A G/2 --A 8D/4 

... ",J-

. ' 

alO IZ 
3A-'B 2 0/16 - A- 2 BG/4 - A-

2
CD/4 

3A-3BO~/16 - A- 2 SE/4 --A- 2
GD/4 

-~ _.- ---- -A-- 2 0 1:"/4' ----1Il2-.--- -ur --

'> 
\ 
\ 

,,' 

-2 
au = - A OF /4 

A-14 

(A32) 

(A33) 

. '" r 
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, 
For most applications, in particular low inten~ity turbulences, 

the third-order turbulence terms are often negligible, and dropping 

these terms from equation (A32) yields: 

q .. 
e alQZc~~Cl{l + a2 [q/Q~] + ~3 [qz :l./Qz 2] + a:s [qy/Q}] 

) 

To get separate e.xpress i ons for mean and,. fl uctuati ng components t we 
-:: 

can decompose the instantaneous velocities into mean and fl uctuafi ng 

parts: 

qe - q + ql 

Qz "" Wo 

qz = w + wl 

qy .. (u + u l )cos e + (v + VI )sine 

qx = Cv + VI )cose - (ü + u')sine 

Substituting (A35) into .(A34), taking t~e mean and separating the 

fluctuating part, gives: 

2 -'Y. -

q - alcO~ClWo{l + a2 [w/WoJ + a3 [.(w + w' )/.w:o] 

+ a:s [{ü cose :- v sine)/Wo] 

1 

(A35) 

(A36 )'I!» 
< 



~ 1 

---

.e 

, -------------------- -------,--

1 • 

~ 
, t 

and 

" 
q' .. a1cOSoWO{a2 [W'/WO] + ~2a5lwwl/W02J 

'" / 
( 

+(2a~/w02)ruuICOS28 + vv ' sin28 + sin8cos 8(UY' + u'V)] 

A-16 

, ' 

), 

+12ae;wO-i[Vyl,COS_28 __ + ~~in2~ - s.i_~e~~s_~~~~~ +-~I-v)l ---, --- ---- ----

(A37) 

It is to be noted that in the above equation 
o 

u' = w' = o 
, 0 

U :: u- .. 
--2 -2 -2 

u ' , yi ,w ' -/. 0 
l '> 

IViS pos~ible to .obta~ the velocity components W. V. and ü 

from equation (A36), but it will not yield the coupled velocities: 

are Q,btained from square of eqn. (A37). 

----:r 
, q' 

--:r --2 

~, + a!l2[(u" cos 2e + yi sin2e+2ü'v"sin8CosS.)/W 2] 
" 0 

.. -. 

+ 4a 2ae[(y'w'VCOs 28 + u'w'u sin 28 v'w'û sin8cos8. 
, 

1 t 

" 

these 

./ 

----- -----• 
'. 



• 

.~ 

. " 

_ 2 

+ si nSeos 2 S (vv' 
_ 2 

- vu' )) /W 0 '] 

'1 

" -
+ sin6eosS(2 wüïV' + vuïW1 +- uv'w' )}/W 'J 

" 0 
(A38) 

where again all the fourth order terms (with the exception of 

2~ 

W w' ) have been dropped. 

EVALUATION OF CALIBRATION CONSTANTS -... ~ 
, Before equations (A37) and (A38) can be used, a relationship /' . .. 

----;r -,. I~ • 

between the measured voltages e and e' and q and q' must'be found. 

'V 

or 

It was noted in equation(A4) that, 

" 

'0 

, -
" 

(A4) 

"'(A39 ) 

• 1 

} l 



• 

expan~ing in binomial series and taking the first two terms gives 

qe = qicos S,[l + !K2tan2~3J 

- but during the calibration, the flow was one dimensional so that. 

therefore 

ql · 
• and accordi ng to eqn. (A~6) 

A-18 

(A40) 

(A4l) 

-- Je (A42r . 

or 

--~", '. q. ,. q lA cosa 
1 e (A43) 

the relationship between the instantaneous linearized output voltage, 

e., of a constant temperature anemometer, and the instantaneous cooling 
l 

q ., ve loci ty i s 
l 

) e. = m.q. 
l l 

where m is the slope of the calibration curve 

or 
qe qe 

e.·- = m·q .. -
l q. l q. 

-------'-+.-1 --- - __ ~ l 

or A·cosa·e·/m = q = ~ + ql 
l e 

'Letting B1 = A.cosa/m, and expressing the instantaneous voltage as 
\ 

mean and fluctuating components gives 
'. 

B 1 (e + el) q + ql 
" 

\ 

or q = Ble 

and ---y -,. 
ql B 2e l 

= 1 

(A44) 

(A45) 

, 

(A46) 

(A47~ 

(A48) 

'! 
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,;;> 

which may then be used in equations (A37) and (A38) to find the mean 

ve10city and coup1ed velocity ter.ms respectively . ... " . 

EVALUAT-ION OF VELOpTY TERMS· 

The'three ve10city components can all be obtained from a single 

inclined hot w;re, each via two readings taken 1800 apart. In the case 

of the present study a was mea~ured to be 45°, and Kwas ta ken to be 0.2, 

hence the following simplified equations were derived from eqns. (A26, 

A36.and A47). It is to be noted that in th;s case the constants a;, 

and ag became zero. 

u/W' = B1(eo '- e180)/(2ala5cosaWo) 0 {A49} 

v/Wo = B1(e90 - e270)/(2ala~cosaWo) (A50) 

w/Wo = Bl(eo + e180}/(2ala2cosaWo} 

EVALUATIO~ OF TURBU~ENCE INTENSITIES 
'" 

The turbulence terms are each found fram the sum of two 

readîngs fram an inclined hot wire (180 0 apart). Again taking a = 45°, 

and K = 0.2, eqns. (A26), (A37), and (A48) yield: 

.~ 

- 4a2ae(VÎWo)(vlw' IWo 2") 

- 4a2a6(Ü/Wo)(u}w'/Wo2)] (A56) 

\ ' 

-



and 

~ 

Vi /W 2 

o 

--y ~ 

- 2a 2
2

(W ' /W
0

2
) - a5

2 (v l /W
0

2
) 

. 
+ (u/Wo)(4a2a6 - 4a 2ae)} 

- . ~-- --

- (u'w l IWo 2){ (v/Wo)(4a 2 a 6 - 4a 2 ae) 

, A-20 .-

(A5?) 

The above are, of course, the normal Reynolds stress components, 

therefore the corresponding turbulence intensities will be: 

[~~/W02) / (w/Wo)]x 100.0 
~-r----

(/(7/wo 2J / (v/Wo)] x 1~0_._9 __ (A59 ) 

and [;(7/w0
2

) / (u/Wo)]x 100.0 
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.. 
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EVALUATION OF REYNOLDS SHEAR STRESSES 

,The Reynolds shear stress terms are found by difference 

between two readings from a single inc1ined hot wire, 180 0 apart. The 

same values are taken again for a and K. 

(A60) 

(A61 ) 

and 
-2 ~ 

(a52 + 2I2a 5a6 v/woJ- 1 

[B12(e~5 - e~35)/(2a12cos2aWo2) 

o~ " 

:'( 
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~-

It ;s to be mentioned that the above equations are s-imfrar to 

the equations obtained by Phill ips .{9} who, in his S~dY of turbulent 
~ 1..~ '_11_ 

trai1ing vortices, inc1uded the effects of b1ockage';a'.nd pitch as well 

ë!~ .. a correction for yaw. In the present case the dominant flow was 
, .-

taken to be in the tangential direction and only the yaw factor was ,. 

included, hence, yie1dMng different constant coefficients for the 

parameters under inves~igation, than the oneS obtained in Ref. (110) . 

.. 

\ 

r------------~-----------------------------------------~-----------------------___ ~ 

• -:. i 

, 
< ' 
~ ... 

1 
~ 
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NOMENCLATURE 

ACl R.M.S. voltage at e:a 00 

AC2 Il Il. Il 8 = 45 0 • 

AC3 
AC4 

AC5 
AC6 

AC7 
-ACa 

DCl 
DC2 

DC3 
DC4 

DCS 
DC6 

DC7 

DCa 

Il Il 

Il Il 

Il Il 

Il IL 

Il Il 

Il Il 

Il 

\1 

Il 

IL 

IL 

1\ 

e = 90 0 

e "'" 1350 

e = 1800 

e = 225 0 

e = 270 0 

e - 315 0 

Mean va 1 tag,e a t e ... 
Il 

Il 

Il 

Il 

Il 

Il 

\1 

J 

Il " 
Il \1 

Il \1 

Il 1\ 

e - 45 0 

e = 90 0 

e a 135 0 

a = 180 0 , 
!l:'-~ .. u. e:= 2t[~ _." ---- -----
Il Il 

"--fI - It-- - o 

- - - -- -0 - - - - -- 4 
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