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. . o EXPERIMENTAL STUDY OF THE EXIT'VELOCITY DISTRIBUTION L
- X - I.IN A SHORT VORTEX -CHAMBER

; - . . ‘ L . -
\\ ABSTRACT ' - .
2 L " Lot . . ) L.op . v
o . . - ‘ ,.. . N

A 10- Tnch vortex thamber (WTth Tnﬂependent]y B i

.contro11ed -tangential and radTal flow Tnlets) had been

~ built. Deta11ed measyrements of»the yg10c1ty profile ' ‘;’

» . N . 4 ~

: ' " at the exit plane of fﬁé vortex chambet revealed ‘the’
- , existence f a strong reverse.axial flow near the chamber
. - ’ . ' A}
axiS,_and the,interﬂependgncy of. this f]ow-with the -

N . o, tangentia] input momentum. RadTal’ve1oc1ty detr1bution ' ‘w~

studies Tnchated the existence the counter rotating

’
<

. . Tay]or Gort]er type vortex rTngs whose rotating motTons ' K

are, superrmposed upon the vortex spTra11Tng f]ow pattern

— -

o~ . "The experTmental resu]ts provided may yie]d T

- f L.
N

f 1nS1ghtS Tnto the Comp]ex f1ow conﬁTguratTons of vortex'
- i flows with high swirl conthTons. Some of these‘f1nd1ng&

-will aid the de§19n.9f ﬁev1qes based on voRtex mﬁtiQng.‘ \ . o

-

« v ’ '
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: Co e NOTATIONS ~ . -

, DY . - v, > U
Yo a -, cross-sectional. area of Probe,t§q.Ain. s :1 |
A - fwa aréa—pf exhaust port, sq. in. \” R ; oo .
| Dexﬁ o e%haust pprt diametegr, Tnl"' ) . | .
Py | ' iqdicaté& tota]vpresﬁhré T j
"PZ,P3 : indigatéd'staticfpressure‘ . f -
.o P;,Ps © pitch angle pressure ‘. e o | B
s | : Pe static.pﬁésshre : ‘: " - PR ‘
| Psll ﬁrue static Pressure - ' ~¢‘ " .; -
< Py : true tota] pressure ' d
\ . Q. \tota] flow- rate, ft /min. o ’ ‘
v Q ‘Q ~4 chontro]pf]ow rate, ft /min. ) S 'i\\.“’ .
fQ[‘;‘° supply fTow: rate, £t3/min. v S , *f
v '" ‘ Ve]oc1ty, ft/m1n.~',' , "' B S '_ - ;’
‘ ; , r,ﬂiz o Cy11ndw1ca1 qoord1naté' j. . . S c;; -
. “vé}Vﬁgvz radial, ‘tangential, and axial. ve]ptity componen;srfl oo
. o : ﬂcy11ndrica] coord1nate, ft/sec. Ce ;
;*’°§;”; Lo _pﬁtch angle; degrees f“ - . {
‘ .,'4. i-? - c fluid denslty, slug/cu.ft. o R ¥
’ "’Q’ P r , ;yaw angle; Hegreés o ; '(ﬁingili Wﬂi«_:“~w_*_bﬁj
: :ij»;“ TS @; ’ dynam1c viscos1ty. 1bf-sec/ft ' ‘ - . : e
{ “a; - N apparent dynamic v1scos1ty f  ’ g 7 g ,
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ST DU : INTRODUCTION o

4 A “ i
s / P-4
“ / *

- ) o J o ‘ . - . . !
- g ~ The study of vdrtex°f1ow phenomena has aiways L

been a key subJect for research in the fleld of fluid

/

: mechan1cs. Many pract1cal‘app11cattons 1nv01ve the use

'S

e

.+ .of vortex f]ow phenomena, sych as in nuc]ear reactors,‘

) gas turbines and chemical 1ndustr1es. . ; S
. ., . “ .
. - The .emergence of fluid log1c as an upcoming “ -

! techno]ogy has st)mulated the creat1on of many 1ngen1ous

lated further 1nterest in app11cat10ns of conf1ned vortex'

. AN

mot1on.

v 1 -

. N
i , L -

-+ In the past thirty years, swir]vng flow phenomena
- have ‘been d1scussed by many, authors and analyzed by prominent
papp1e in the f1e1d of f]uid mechanics. Since the early

fortves, a vast amount of 1nformation on the sw1r11ng flow

!
v »
'Phenomena was’ pub11shed attempt1ng to 1nterpret the .experi-
W ’ ) menta] 'results abtained from viscous vortex motion by

theoretica] solutions, of the Navxer Stokes equations using

e1ther approx1mate or numerical methods. T el

) The majority of the ana]yt1¢a1 work in this per1od
- attempted to deve]op a vortex flow model either by assuming

an 1nv1sc1d flow or by-using a. V1scos1ty equal to that Pound

3}
1deas-and Tascinating concepts, many of which have stimu- .

. 1n a 1aminar flow. For examp]e, Rott (1) d1scussed the dis-:'

LN .' s#pat1onaof a vortex of infinite extent by assumrng radia] and




-

..'\ r

axial ve]ocity distributions to find an exp]icit so]uli
for tangentia] ve1oc1ty Later Dona]dson and Su111van (2)

1ntroduced a more genera1<301ution for vortex motion appli-

cab]e, however, only in & laminar region The Navier- §tokes

a

equetiohs inwcylindrical form were solved numerjcally using.

~boundary conditions applied for the specifdc‘problems con-

sfdered. '
* !

Very few art1c1es are qvailab]e concérning the
, resu]ts of detailed measurements of flow velocity prof11es .
within the vortex'chamber. Kendall (3) used en optical-
methoo to mEasure the tangential, ax1a1 and‘radial ve]ocity‘
- components by track1ng fine aluminum partic]ﬁs at selecte&

pos1t10ns within a- hydrau]ic cyclone whose 'vortex motions

were generated w1th1n.a rotating porous: ring which induced

coa sw1rf to the-fTuid péss1ng.through\it. He used a. fldattened

p1tot probe to determine'fﬁow direction and total pressure
. The resu]ts indicated that the max1mum f]ow occurred at the
measuring station closest to the solid boundary, and gradu§11y
N decreased when moving away -from the wall. A more revealing

) experimental 1nvest19ation concerning eonffned vortex flow was

' B repeated by Kwok (4) who measured not on]y the wall static

pressure distributions of a short vortex chamber of aspect
ratio* 0, 02, but also conducted detailed measurements of the '’
e]ocity profile at the gxit plane of the’ cehtcgl exhaust

port. He c%mpared the experimental meesurements withfhis‘

tyo-cell analytical Wode) and found that strong reverse flow
'-*xspect ratio 1s defined as the ratio.of tHe‘Eﬂamber height

_to its diameter..




bt 3

‘- ..

. existed for confined vortex fLow with high swir]. dnd that f‘ i c
4:,the apparent viscosity associated- with the flow was of a

1aminar\case. i ’ - ' . u

L 4

|
- 1
magnitude several thousand times greater than that for ;he _—

Savinno and Ragsda]e (5) made detailed measurements
‘of’ velocity components and pressure distrtbutions within.a
//particular vortex chiamber of aspect ratio 0. 5 They used 48’
atcurately aligned tangentiai guide’ vanes to generate the
vortex motion in the chamber and used a 3- tube pitot-yaw
,probe capab]e of indicating both the. pressure and flow ‘ f '
direction to accurately determine the veioc1ty components.
Beverloo et al. (6) _made radial traverses of the tota] |

pressure within short vortex chambers of 4arious aspect -

ratios for.a variety of outlet owifices, and tangentia]

3

injection porf’?éhfigurations The resu]ts provided “infor-

mation on 4he=radiai distribution of tangentia] veiocity .

“profiies only. - . ’ . "'. \ - f‘ iﬂ".
In the ear]y sixties. experimenta] work on confined’ ¢

vortex flow was greatiy intensified fol]owing the 1957 pro- e
posal by, Kerrebrock and Heghrebiian {7) of the cavity reactor &
concept for nuclear rocket propu]sion and their 1959 vortex
magnetohydrodynamics power generator (8) WHilliamson and ‘ ;
.McCune (9) conducted experimental measurements on a confined

1]

vortex’ chamber of aspect ratio from 0.713 ,to 0. 218 They '
'f conducted: axia] traverses of the . total pressure and calculated
che radial distribution of: tangential velocity based\on these :
measurements: . | - PR

- . LI -
' .
¥ N 4
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w1111amson and Dona]dson (10) made measurements of

" the tangentiai and rad1a1 velocity. components within a C e

cy11ndr1ca] chamber of aspect.ratio 0.167. Air was . 1nJected

atnrough’an outer porous ring and'remQVed through a stationary,

.concentric porous inner cylinder. ‘Yaw probes were used -to

A

determine the velocity components. The results indicated .
that the ve]ocity'dfstriﬁitions oorresponded qui te closely
to those fouhd by Kenda11 (3). - o ).

Recently, King (11), Neber (12), Ostrach and Loper

4

(]3) have considered the deve]obment of the boundary layer onu :

- the eng wall of- a vortex;chamber. as a resglt of the swirl

) f]dwl But perhapsttheQ§pstf fgnificant recent contributionn

. 1s the work of Wormley (T%),. who-oerformed experimental
1nvestigat10n using ‘a‘vortex chamber of 7 inch diameter.

Var1ous flow: patterns were studied for a range of ve]ocity

' rat1os within the vortex chamber.® A mbmentum 1ntegra1

analysis was devéloped for the 1ncompre;sib1e; steady, axi-
‘symmetric fjow 1n a short vortex chamber which confirmed the
findings- of -some previon investigators. ‘
¢ .f', “In"many rézently developed devices where vortex
“motion 1s ut1lized, such as the vortex atomizer, vortex

r

amplifiers and Vbrtex meters, jets of fluid are introduced’
tangent1ally at the peripheral wall of the circular: vortex
) chamber. This f]ow‘¥?sembles flow along concave walls where
the destabil1zdng effects of the centrifugai‘forces created
Taylor Gbrt]er vortices a1ong€$he flow path. L . ¢
¢ . S The destgn of,such devices 1is by no means a simple

—d

-

,)

Ll
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) . :‘task since, at present, even tho:gh'hundreds,of papers have
‘been pub]ished‘on subjects’related to vortekaotions, the
" _ complex flow mechanism is still not/fully understood. Further
' ’, experimentql inﬁestigations are needed to acquire a better B 4
physical insight into the flow field existing in a confined' ‘

&

vortex chamber. , ) - .

LY
¢

The present 1nvestigption was initiated following
the findings described by Thinh (15), Wei (]6), and Kwok and
Lin (17) Thinh (?5) deve]oped an ana]ysis of the vortex
motion by inc]uding the apparent visc051ty_factor._ Thee
- numericaﬁ solutions were compared w1th those of existing
. . B experimentai measurementslby Savino (5). The_anelytical
‘ results proved that the values of the apparent Miscosity
serious]y affect the velocity profiles within the vortex
chamber, The resuits also show that the apparent viscosity
withinithe vortex chamber varies from,7000p at the chamber
periphery to 4500y et the edge of the central exhaust port,
where p is the operating fluid.viscosity
Y , ’ In references (16) and (17), the authors performed
. measurements of the ve]ocity profiles in the exhaust port of
a short cy]indrical chamber, and tried to interpret the

v

results from a physica] standpoint to ‘achieve 'a better under-

fmJﬂ standing of the comp lex flow mechanism.s ¥
i The ‘aim of the present study is to further exteﬁ'i(~
\ the measurements described in refErences (16) and (17) for
\ : \\a variety of exhaust port configurations. Experimental

Y results-will be critical]yﬁana]yzed ‘and discus . The experi-

|
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ments dgsér:lbed ih\th\‘i‘s dissertation .were perforiied .under
" similar circumstances .?o\those described in references (16)
, and (17)"and the author is indebted to Wei, Kwok apd Lin for
' . , " their lucid explanations ;vhich provided an 1nsp1ratidn for
parts of this dissertation. The results will be useful for
’ ' - comparison with the results of future theoretical work on
,, three-dimensional flow in the "xhaust port in order to
‘ es'?ftgb'lish the value of appa'r'e'ht v1>$c\osity. ‘
; - S Voo . ~
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CHAPTER 2 " = . _

EXPERIMENTAL SET-UP AND PROCEDURES

. >

In order to achieve the stated objectives, it was .

o

’ necessary to acquire three majnr pieces of Sgparauuwz
a) A cy]1ndr1ca1 vortex chamber with buiTt-in
flexibility for adjustment of aspect ratio and o
~_ for control of. 1nput velocity ratio. )
A _ 'K ) 5) A probe capable of measuring the flow‘ve]ocity\ -
" at the exhapst port. . S
c)~A traversing m%chani%m:mrgziding a:three-

dimensional adjustment with 1inear movement

5

= ]accurate to 0 05 inch. /

R - .
3 Each“piece of apparatus 1s descr1bed 1n deta11 1n '
| . ~ it 1 S
SR the fol]owing sen;ions . f,
. . , »‘x,‘ :}’ /~‘,\)""‘l§§1 ,'. . ,
s’ ' ‘_ o

2.1 The Vortex_Enamber

) The»p}esent investigatiaqn utilizes a vortex chamber }
- f .~ which was designed by employing a concept similar to that
of the vortex aéplffier used in fiuidic technology. The

~— ’ .4‘

-general configuration of a vortex amplifier can be described

¢

as hnv1ng radial supb]y flow inlets and tangential flow in-
> . - S .- ]ets ,}fhe'finn'through these inlets 1is refgrred to as'the
‘ | power flow, and control flow respectively The snpply.on :
power flow enters behind a qircular plate\xmd_then pa;ses'u' - ;;\3l

around the plnte into. the vortex,chamber as khgwn ¥n Fig. 1. L




This cdnfiburation forces the»supply'flbh to'enter the vortex -
o " chamber through an-annular gap. The control flow 'issues from
tanbentia]]y a]igned jets introduced fnto the annulus at
' r19h§7angles to the radial flow. Hhen ‘mixing.of the two ‘
flows takes place, swirl 'is imparted to the'sdbp}xﬁflow by
the tangential velocity of the control jets in the annulus.
B The 10 inch diameter vortex chamber used in the -
study has a total of eight 1dent1cal tangentlal nozzles,
each.0.219 inch in diameter, symmetrically placed a]gnghthe
o peri-phery ot the chamber. Theé intensity of swirl is governed '
i \kx\\i\ by the strength of the control jets which in turn fis deter-
CT . mined by the pressure 1n the contro] jet p]enum chamber.
L | F1ow 1s discharged into the atmosphere through a central . '
exhaust pdrt. The exhaust port is designed to faci]itate : | |
.C*\\“’(Th§tallation'6f various sizis,and shapes ofioutlet as shown. 4 ) \f
in Fig.lgl There are three dnterchangeablenoutlet ports, '
“two -of which are cylindrical with 1nside‘dtaMeters‘of 1.5 and . P
2.0 inches. The third exhaust port has an exit hole diameter
of 3.6 inches hith an included anjle of 30°. Interchangeab}e .
‘chamber spacers are‘made to allow the/adjﬁstment of'the vort;i{
- chahber hetght froh 0.0 to ].625‘inches. In other Qords.
experimental measurements may be conducted on a vortex chamber A

- ! T (
vy ' TN L

of aspect ratios from 0.0 up to 0.1625.
The end wall onxthe‘side ofvthe outlet port was

fabricated with a total of 22 wall .static pressure taps at

vartous-radial poshtions. A]l the pressure taps were 0 0625

inch Ln diameter, and. were carefuljylmachined with clean square

S




. :.n' edges to;ensure validityxof‘thefexoerfmentedﬂy‘measuredﬂ.

pressure values. " ' S AR
Pl . ) N "* : ; .
L¥S

2.2 D1rectioua1 Probe o

~ M
B tvy T

The maJor obaectﬁve of this experimenta] study is .

' ) ' to measure accurate]y thg\ve]ocity profiles at the exit : !

p1ane of the vortex exhaust core- region. T2’9f1ow 1eav1ng
h

-

the vortex chamb r, as may be expected, ‘is hly comptex in

nature. -Therefore, in order ~EO° obtaln the corrx:t veloC1ty

. -¥th0rfvthe~£Jou_dinegt1on at any po1nt must first be deter-f- N

- mined carefully. = ' - . f LI
InLthis study, it was decided.to use a f1ve ho]e~
. 3 d1mens10na1 probéfjmodel:bklzs produced by United Sensor , -‘W
. and Contrg] Corp This probe .has a fiye hole, pr'].‘sm-shaped~ .

- . ansuring section and. 1s capab]e of . measuring yaw and'pitch

. CT ang]es, static and total pressures accurately withir

. range stated by.thg)manufacturer.

— - : s "‘ 4 ,‘“ ;oo
=:—-. » . - / ' ) ‘. ) . 5
\ e 2. 1 Iraversing Mechanism L ”,1. ’ : i
| ' ’ ‘ »t The traversing mechanism used was desi ned previously,__~
L o o for use in turbulent flow measurements (shown 1 Fig 3) The
‘ S main traversing system permfts movement in thre 'djmensions
x B with an accuracy of 0. 05 1nch separate unif, mointed on ~

14

the-fz“ traverse “axis, has a prob -holder: capgble of 8dd1ttona1
- threeudimensionaI movement for spaCe correlations. The - -

accuracy of this unit is approximately 0.00f5\1nch. An edgust-'

-

o
p—
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cap be\rotated in the hor1agnta1 or vertica] plane Accuracy

" of the angular calibration of the dial is’ m%thin two degrees
: \

N

-~

2.4 Test Procedure

On the two inch diameter cy11ndr1ca}\exhaus€.port.
fl] sets of exper1ments were carried out coverimg supply flow
rates of 10, 20 and 30 scfm, and contro1 flow rates of 5, 10

15 and 20 scfm. For a typical run, the supply and control

/ ‘ . o , )
flow rates were adjusted to:the desired values. Error in

f}emmeterereadihgsedue_xo_baek;pnessure effects weré corrected

- using the manufacturer s recommended procedure. For the ]15~

LY

,1nch diameter cylindrica] exhaust port, eight sets of results ¢
were obtained covering supp]y flow rates of 10, 20 and 30
.. scfm, and.control flow rates of 5, 7, 10 and 15 scfm, For

t

the 3.6 inch exit diameter conical exhaust port, there are
nine sets of resu]ts with supp]y f]owwrates ranging from 0
to 30 scfm and tontrol flow rates from 10 to 20 s¢fm., A1l
these results were obtained using the 10-inch diameter chamber
with an aspect ratio of 0.05 inch. | |

Since it takes time for flow to reach its steady
state with- eac change of the test conditions, special pre-
caut1ons were_ tdken so that at least five minutes e]ahsed to

allow the flow, as well as the manometers. to reach steady

P S

. state values,  The wall stat1c pressure was measured by water .
S:manometers. Airflow Deve]opment Ltd. 11qu1d-f111ed,1nc11ned
manometers using special liquid of S.G. = 0.787 were used to:

" measure the pressure of the five-hole probe. These manometers




N

were readaQIe'to wifhin 0;05 inch accuracy., Tﬁe probe was
first'aligned in a horizontal p]gne‘by meanQ of a transit
and later placé 0.0625 inch ewax from the exit plane of the

" exhaust port, The probe was then rotated uﬁtié’the'pressure
differeﬁce between the two yaw pick-off ‘tubes was zero.

I fhe yaw angle. "y" of the flow ve]ecity yéctor‘qt.thenmeasurinjr
'point was theﬁﬂiﬁdicated ‘on the dial of thertregversing.°
@echanism; \ \g _ - T,

v “ L]
P P and P~, from the

2’ "3’ 4 5]
f1ve ho]e directiona] probe, as shown in Fig. 4, were

A1l the pressures, P], P

recorded.. Pitch angle "8" was determined by calcu]ating
[(P )/(P -P,)1: ‘and using the calibration curves- of the
probe supp11ed by the manufpeturer. 0nce/the pitch angle
~was known, the velocity pressﬁre coeffigieht [(Pt{PS)/(P]-PZTj:__‘__
~and total pressure coefficient [(P1;Pt)/(Pt-Ps)3;'cohld be
‘read directly from other calibration curves supplied by the
manufacturer of the probe.« P, and Ps“are‘ihe tota]’and static N
pressures‘respective]}. With the velocity ‘pressure and total
pressure coefficients known, Pt, Ps, anqg(ﬂt Ps) ceu]d be ‘
calculated. C . N

~ The static'pressure F" fo ind in this manner is -
subject to error. When a probe i 1ﬁtroeuced°1nte'the flow,:
the cross- sectional area of the ffow is:reduced and static , -
pressUre changes. In other words, the static" pressure Pg
der1ved from the measured values W11l not be the same as the
true static pressure, Pgy. When(this type .of probe is placed.

in the flow, the actual drop in Ytatic pressureiet the probe

-
.
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Cross=- section and downstream from it is approximately*' e
(PP )/ (Pe-P ).

" passage area A blocked by the cross secttonal area of probe

: 1.2 a/A, where a/A is the fraction of :

[y

a. Since Rgs> Py» A and a vere all known,,the true static

cs’
g1° Was found from‘the-last equation.

el

pressure, P As soon .

.

J
as the corrected total pressure Pt’ static pressure’P g1° Yaw

Yy o

: and pitch angles (p,08) were known, the veiocity and velocity

: . o
cohponents were determined by means¢of Bernoul]i's equation.
The detai]ed"data reduction» fs shown in Appeildix 1.” The

vector diagram in cylindrica] coordinates is sh6wn in Fig '

5 . . . -' . .

*This expression for correction was recommended‘By United
Sengor Corp., manufacturer of the 5- hole directional
probe.

. - . ' L
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S _of supply flow rates,-"Q.", of 105 20 and 30 scfm. ‘Unlike in

‘\\\sst_an}rsé 3

ANALYSIS OF RESULTS' "

3.1‘ Presentatioh of Test Data o ,. 1 ‘ R ~ ,/-

A number of tests were conductedton the experimenta]
vortex chamber descr1bed in Section 2.1. Tests covered ranges
g
nEferences (16) and (17), where ;>ly one twb inch diameter
1 -

g

.

“< the angular momentum imparted -to. the rortex flow.

exhaust Dort was used, this expe

three different exhaust port configurat1on§g two cy11ndrica1 .
and one 30° conical, with exit diameters of 1 5, 2 0 and 3.6
- inches respective]y ' | ,

. Detailed experimental'data of velocity pr fides “‘
are presented in Figs. 6 to 14 cover1ng cases of all 'three
different exhaust ports, A]though for each geometric configu-
ration data on tangential, radial and axitl.xelocity com-
ponents are presented together for constant supply {low rat

AN

“and varytng control flow rates, discussion will be carried !
.out on the radia] distribution of each velocity component
separately It must be understooi;that the term “contro1_f1ow“

~ does not carry the'sime connotatioW as in the vortex amplifier.

- The control flow in this context represents the magnitude of Ly

- / M

&3
Wall static pressure distributions were recorded forl ,

different test runs and are pﬁEsented tn Figs. 15, 16 and 17

These pressu&e ‘readings represent pressures in the annular.
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region before flow entgred ‘the- central exhaust port. Because

of the strategic location of these.pressure taps described in

' reference (16), it 1s possib]e to check the flow symmetry as

b

well as recognize the genera] trend of the pressure drop

across " the vortex champer.

3.2 ‘Radidl Distributiol of Axial NVelocity Component

3.2,1 The 2 inch diameter cylindr1Ea1.exhaust4p6rt

j The results of the radial distribution of axial

. e by
velocity components for a constant supply flow rate. of 10,

servation of momentum, the tangential velocity‘component is

20 and 30 scfm and values of control flow ratesof 53 10515
and 20 scfm for the two inch djameter exhaust port are
. M ’-

presentea in Figs. 6b, 7b and‘8p1 There are certain ‘common

" features in these curves. First, they 511 indicate positive

(outward) maximum flow near the'edge ¢f the exhaust port-

! and negative (reverse) flow near the centre, Thé%mgﬁnitudes

_of the outward and reverse flow are very -much dependent on

%

the control flow. ft may be-exp]aiped that as the control

& .
~flow is increased, the tangentifa] momentum imparted to the

flow is also increased. Accordind to the principle 6r con-

. ‘ .
bound to increase as thE flow spirals its way towards- the

centre. The 1increase in velocity will result in a decrease

in static pressure which eyentually will reach a -level below
that of the ambient. At this moment, the anbjent air will

L8

be ﬁucked into the flow. This 1s indicated by the ex erimental
results shown in Figs 6b; Z‘ and 8b, For higher conTro]
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o - -, flow rates, the magnitude of the tangentia] ve]ocity near 45

o the centre is also. 1ncreased and the drop in static pressure
' is correspondingly 1ntensff§ed This is substantiated by
| : %he fact that both the outxg;d and reversed axial velocity ~
63, ‘ ' components are increased W1th 1ncreasing control flow N R

As the axial ve]ocity component is decreas1ng, its

™ o 'magnitude changes from the outward to the inward direction,

—

'and‘at“a certain intermediate radial position, the axial
ve]ocity,'Vz, becomes zero. It may be observed that at that

point, the rate of change of'axd velocity in the radial

4

w Lo directly proportional to the veloc

direction, 3V, /or, is at its maximum

Since shear force 1%

griadient, the ax1a1

3

( , of the agunt where V,
. | T ' The tangent1a1 momentum imparted to the tota] floT

shear stress will also approach its maximum in the’ v1c1nity ) ~\'

/ remains constant at constant control flow rate, and'the .
ol 1ntensity of swirl wi]) ‘not v%yy significantly even with
" different supply flow rates, Experimental results 1ndieated‘
e also that the area in which reverse flow occurs decreases
. ,slightly as supp]y flow rate 1ncreases for constant control
?ﬂow rate conditions. This may be due to the fact that all
CL L the exhaust flow has to~be discharged through the annular ‘:_ ,
- region.. Th e:are onlv three possibilities: e1ther the -
, Qosdtive aiZfd velocdty.is 1ncreased; or the discharge annular '.~"
‘:area 15'1hcr ased, or both, Since the true increase in the |
-axial velocfgvf1s not as high as tﬁat-of\;he total f]dw rate._

_ the annular flow area must be increased in order that all




the flow be discharged to maintain steady flow conditions.

The 1increase in annular discharge area causes, of course. a
corresponding reduction in: the reverse flow area.

It should be noted, too, that the negative axia]
Velocity component in the reverse fiow region is quite con-
stant and independent of the supp1y flow rate. T1Ts. magnitude.
therefore, should depend on the tangentiai momentum sincerfiow
in the reverse region is-caused by the 1ow'pressure'generated
by the increase in tangential ue]ocity nean the.core. If the

"1nitial tangentiai‘fiow is the same, the reverse axiaf velo- .
ftityftompogent~shou+d~aiso~remain~%he~sameT~~Results;in_ﬁigsc:J
6b, 7b and 8b support this argument.

It can. a]so be seen from the figure$s that the nega-
tive (inward) axjal ve]ocity component is not affected by
changes in the positive (outward} fiow rate In all the;é ‘ R
'e iments. integration of. the axia] fiow velocity was carried

.out across the exhaust port area’ in order to check the conti-
nuity- between the inlet and exhaust f]ow. Detailed procedures
and results are presented in Appendix I1. -

®»

3.2. 2 The 1.5 inch diameter cylindricai Elhaust port

The discussion described An the 1ast sectiona
applies to -this 1.5 inch diameter case as well. Although ‘the
experimental\results shown in Figs. 9b. iob and 11b are T o
sl1ightly different in magnitude, thé deneraiptrends exhibited | :\
by the results are ;practically identical. o

' The magnitude of the positive or outward axial velo-

city for the 1.5 inch diameter case is higher than that for




i

the 2 inch diameter case at‘the +same supp]& rate. This is ].. :’:r
simply because ‘the same flow rate has -to go through a smaller |
annular cross-sectional area, therefore,’ the axial velocity is
increased. ) ' "

"It should be noted that the magnitude of the reversed
flow rates is also increased.: As a, resu]t ,of the decreasing

exhaust port diameter, and the conservation,of tangentia] Co.

momen tum, the 1ncrease 1n tangential ve]ocity for the 1.5 ~ ¢
inch diameter exhaust port configuration is much hdgher than\v .

that of the 2 inch diameter case. The increase in tangentiad

._.1s significant]y 1ncreasedi First, the reduction of outward

'exhaust port. In other nords, the exit area{increases as the

. veToc1ty*resu1ts“tn—an—evenvmore—rap%d—deerease~o£—stattc_a__ﬁ*m__"_

prgssure wh1ch 1nduces stronger reverse flow.

For consta‘f‘tontroJ flow raté, the reversed flow

arey decreased when supply f]dJ raté.was increased. The

|
exp]anation for thik 1s' the same as as that biven in -the ”_'-}: :

i

prevfous section. ¢

3.2.3 The 30°; 3.6 inch outlet diaweter conical

exhaust port

V'

e . The axial velocity and'the'magnitud;”of’the .

reverse flow rate for the case shown in Ffgs. 12b, 13b end
14b are smal]er than both the previous Cases under the same

\

supply and control flow rates. The reverse flow area, however,

axial velocity component may be explained as. follows. The,

centrffugal force keeps the flow near the wall of the conical

LY
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ffeh sp;rn;L#ng.oui pf'the con1ce1‘§eetfon. " Therefore, the

magnitude of‘fhe ax1a1~velocity is substantial]yj%écrea;eé. ' f“\

As shewn'by the experimental r&ults, the point at=

which the axial velocity 1s zero is much closer to the wall

-

than-in the two previous cases.. Furthermore, the pqints are
acthg]iy closer for the wall for cases of']oWer supply flow
rate. ‘The physical explanation ofﬂthjs ;%enomenon is exactly
the same as that given previously and the effect is further -
accentuated'due"boothe eivquing configurat[on of the exhaust
port. . < “a |

It is - also noteg that the stope of the outward axial

.

ve]ocity versus radia] position curve becomes steeper as the ‘

control f]ow rate increases. This is -due to-the increase in , 1

tangential ve]ocity causing the .severe drop in static pressure

which reduces reverse flow. . S o - s

A .
N SRR
7\ ~

3.3 RadidW Distribution of Taqgghtiai Velocity‘hompenent

3. 3 1. The. 2 1nch diameter cylindrical exhaust~he?t

°

Under the flow condition of a supply flow rate ‘

fof 30 scfm and‘eqntrol_f}ow rates of 10, 15 and 20 scfm, the.

radial vefocity distributions of the exhaust hole are shown

An Fig. 11c. ‘The experimental curves indicate that, as the.
‘control glow rate is increased, a corresponding-increase in
.. the tangential velocity i1s realized. Hence, the maghitude ¢

'Uof tangential components is wholely dependent upon the input

control Jets.

The magﬁitude of the tangehtia] velocity.initially
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decreases very rapid]y until it reaches the region where = |
axia] reverse flow starts when the rate of change is drasti-
cal]y.reduced as the flow moves tovardgrmhe centre. It is:

also shown dn this curve that the swirl never reverses' its

directfon and is always in the same direction as the contro]

B L4
- .

input flow.

4

%

The axia] ?everse f]ow which is being sucked 1nto
the vortex core region, has no’ gu]ar momentum 1n1ti§11y.
Its tota].momentum is imparted to it by the friction of
primary exhaust flow through compfex momentum exchange
mechanisms. Therefore, the maximum tangentialfve]ocity
dradient (avglar) occurs in the region where axial reverse~‘:2
flow starts (1'9f where Vz = 0). In other words, thjs is
the point. where maximum transfer of tangential momentum is
takiné p]ace 'Eiper1mental results confirm this finding. )
Since the reverse flow which is being sucked into the core

of the vortex has no jinitial momentum and all 1ts tangent1a1

momenthm is imparted to it by the exhaust f]ow, 1t is there-
fore reasonable to expect that the vortex motion in the core
region resemB]es that of a solid body rotatjon"as also shown
from the experimental data. ‘
The fact that maximum shear stresg occurs in, or
near, the ripfbn where axial 'reverse flow starts is of real

practical significance. For example, in order.to minimize the

*losses 1n praotical devices where strong\:jrtex‘motion 1s

utilized, i1t may be desirable to eliminat part1a11y or

~ completely, the reverse flow phenomenon.- for examo]e, a solid

. N~
-
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cyfindér'or cone with diameter approximating that of the
reverse flow area may be 1ncorporated into 5'; core region

of a vortex chaq%fr This presents a very 1nterest1ng subject
for future 1nvestigat10n -~ )

It may be of interest to compare various cases with

“varied supply flow and constant control flow. The results

‘'verify the previous work of Wei (16), and Kwak and Lin (17).

A high‘maximum tangential velocity corresponds to
a high supply flow, Qs. If'comp1ete mixing of the control
and supply glow occurs within the exhaust port, the tangential
momentum of the control -flow must be tota11y’impar§ed to the
main flow. Dncreasiﬁg the total flow rate tﬁerefore tauses
a reduction in the rete of angu]?r‘moﬁehtum loss, for constant
control f1ow rate, since frjctidnklosses depeqd beth on
velocity gradient and eiscosiiy; A

~

. . R . . .
~ " Friction losses depend on the contact surface area

‘times the maximum  shear stress which occurs at. the point of

zero axial ve]bcity. As flow rate increases, the point of

" zero axfal velocity moves inward leaving a smaller area for

tgg shear stress to act on. Thus, as shown in the experi-
mental results, a larger total flb; rqte gives lower friction
losses and 3 smaller reveés; axial flow area, ’
These factors are marginal but additive and cer- ,
respond to the difference in radial d?str1butioe of the tan-

gential velocity shown in Figs. 6c, 7c and 8c.
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'3.3.2 The 1.5 inch diameter cylindrical exhaust

- . 4

Qort . - o

Thelexperiﬁental results for the case of a .

1.5 inch diameter exhaust port (shown in Figs 9c, fOc ahd
11c) an% very similar to those of the ‘2 inch diameter case,
except for the fact that the.tangential velocity 1n this

- |

case is slightly higher. This can- be explained simp]y by the
i

concept of conseryatdon'of-tangehtia1 momentum. When thé*
exhaust hole diameter is reduced, the max i mum tangential o

velocity attained is also expected to increase.’

\\\ g The maximum shear stress occurs also very.close to

the point where the reverse flow starts and the core of the )

reverse f]ow region exhibits solid body rotation~with a

_gradua] decrease of tangentia] velocity near the centre.

k
-

3.3.3 The 30°, 3.6 inch outlet diameter conical

exhaust port

“These experiments were performed under the

same conditions as those in the two previous cases with
- ¥

~ cylindrical exhaust ports; however, the results. are quite

" different, " - o

The tangential velocity is zero at the wall. It
1ncreases rapidly to a maximum at.the non- dimensiona]ized
radial posit1on of approximate?y 0 8 and then tapers. gentiy
back to zero at the centre of the port. Notice that the

maximum tangential velocity here is much lower than those in -

the preceding cases, The centrifugal forces make the exit,

l, ‘

©




flow adhere to the wall of the exhaust port. By conservation

of. angular momentum,a§ the radius of.the swirl flowotncreaseQ,

~the tangential velocity decreases_correspondingly. .

Nith the diverging cone exhaust port configuration, i
aﬁ] the positive axfal flow leaves the chamber w1th1n a fairly
thﬁn annular regfon. As a result{ the reverse f]ow occupies y !
most of the exhaust port region: Solid body rotatton of the :
reversed flow is espec;ally evident in this set of experi- -

4

mental results.

3.4 Radial Distribution .0f Radjal Ve]ocitx Component

\x The sign convention used for radia] flow in this
'_ dissertation corresponds to that of Wei (17), that is, ’ /.

inward flow ts.positive, ' . ,?5- .

'i3;4.1 The 2 inch diameter cylindrical exhaust
‘po\wt’ |
Experjmenta] results of the radial velocity

distribution aig’shown in Figs. 6a, 7a and 8a. The epiral-

W

Jing flow from the exhaust port resembles flow along con- '
cave walls. Stationary faylor-GBrt]er rinos,rotating\about

a helical axis along the spirgl path were caused by the de-
stabilizing centrifugal forces. The Taylor-ﬁortler‘rings are
supérfmposed‘onmthe main_flow., A ring is expected between

the wall and the first point of zero”raoial velocity; how-
ever, the 1imited data obtained jn'th1§ region are not

\

" adequate to confirm its presence.
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A second ring 1s induced’ by'the first, odcurring

between the first and second po1nts of zero radial ie]ocity

and rntati ng jn ] opposite direction to the first,

-
13
‘

“The “Taylor-Gértler vortices reported by Wei (17V*

N

were confirmed:

‘

- A third vortex ring is 1nduced opposing the second ring end .f'

"The most significant discovery from the
experimenta] data is that the radial velocity
distributions reveal the existence of comp]ex
Taylor-Gortler vortices. Accord1ng to the

flow ‘described above; the resu]tant radia]

.velocity distribution must approach that of- a

sine wave. In order to clearly understand this

phenomenon', it may llinstructive to consider

the prOJected linear velocity of a point moving -

around a circuTar path as in simple harmonic
motion. The magnitude of the ve]ocity of the
point when it is projected onto the plane per-
pendicular to-the path must necessari]y resemble
that of a sine wave. In the present case, the
flow may be visua]ized using this high]y simp11-
fied model, althoughﬁ}he actual f]ow is more

é

cgﬁp]ex dye to the sdperposition of a main spiral.

outward flow. Nevertheless, the resu]tS‘gn Figs.

6a, 72 and 8a clearly 1nd1cate uch a trend and

A substantiate the 1nterpretation of the flow

model " Ca v'

-
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occurr1ng 1n the reg1on between the edge of the second ring
(where V. = 0) and the centre of the channe] The direction
of the rotation of the three rings is such that. the tangentia]
ye1ocities at adjacen sides of adjacent rings af@\in the

“same direction so th;i the:rotatfon qf adjaqent\rinés is
always in oppositf'direptionsp The directien of rotatfi
can be determined in experinentél date’from:positive or
neéative variations in:therradial velecity distrihution.

The results described in th1s disgsertation gre

different from those obtained by We4i .(16), and Kwok and Lin
(17). 1In thespresent”work only three vortex rings were

g observed, while in references (16) and (17), four .vortex

rings were described,. It was found that an error was 1nvo1ved

in the calculation of the experimental data préesented in -

. | fos . .
references (16) and (17), and the Fourth vortex ring describe%.

was in fact not ppesent. '

.
7 -
v o, . . - . : .ot
. .
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¢ - 3.4.2 pThe 1.5 inch diameter cylindrical exhaust

Lo port , : ‘ a .

r

;o

s

10a and 11a are stmiiar to those described in the preceding
section. As the.faqtus of the port decreases, the outward

'redia1 velocity increased. £s a result, the intensity of the
vortex ring nearest the wall is also significantly increased.

As in the previous case, three'epunter-rotating vortex rings

were observed.

-4 . ‘ . L ° ’
Comparing the radial velocity component for the"

The experimental results ehown in Fige. 9a,




L --a

cases of the 2 inch and 1.5 inch diameter exhaust ports,
it can be seeﬂ that the mangitude of the radial velocity i

Ifar the iatter case is siight]y,hjgher; The total flow C

rate -

g : Q = (2nrh)v,, C (3.4.2-1)

. As r-is reduced from 2 to'LJ%ineh, for .constant flow rate,

[

"'vr is expected to increase correSpbndingiy In genera1
) _the’ 1ntens1ty of the Tay1or Gortler type vortex for
the 1. 5 dinch d1ameter exhaust port is stronger than that of
- the 2 inch dlameter exhaust port.
| The experimental,resu]ts,a]sd exhibit a gradual

<9

" decrease in the radéa] ve1ozity componént’with constant
supply” f]ow rate, QS, and d

creas1ng control f]ow rate, Qc'
~ According to equat1on (3 4.2-1)y V will a]so decrease for

_decreaSIng control f]ow rate. ) .

> ; "3.4.3 The 30°, 3.6 inch outlet diameter conical

' R ' ‘ -exhaust port

The resnlts shown in Figs. 12a, 13a and 14a
‘are’basica])y similar to those in the prerious two cases'

- "Due to the conical shape af the exhaust port, the centrifugal

¢

force keeps’ the flow a]ong the diverging wall of the conica]

exhaust port, Us1ng equation (3.4.2-1), as r is increased,

Vr will decrease correspond1ng]y. This is why the intensity

of the Taylor-Gortler vortex for thiS type of conical n\\\\

exhaust port is relatively weak,. It is also evident that

.

the third ring closest to'the centre is particularly weak.

. 3
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p
The relatively large reverse flow area coupled with the Tow

intensity of tife seggpd/VbrEei’ring écoounts for this observa-~ ;
- N /_. N . :

\

%4
L

tion. — . '

13
+

/

3.5 - Radial nistribution""‘r\wm Static PresSure |
2 - Static presiures measured at various radial 1ocat1ons
in the annulus of the vortex chamber are shown in Figs 15 to
17. Pred1ctab1y, high static pressure corresponds to high
control flow rate, since additional pressure is needed ‘to :
induce fl&gﬂT;;o\the vortex chamber.

The static pressure gradient a]ong a radial line
1ncreases with increased control flow rate Too, the"tan-
gential veloqity in the chamber and henge the friction loss

‘ ‘ + ‘ :
increases with increased control flow. The drop in static

wall pressure indicates an increase in the usual and tangen-

‘tial velocities as can be predicted from the principles of

conservation of angular momentum and continuity.

;, For a smaller exhaust port, the static pressure
should be higher for the same flow rate. This is evident

N ) N
since more pressure jis required to force the same amount of

flow throuéh a smaller orifice., However, it is expected that
the static pressure drop will be higher for the case with
smaller exhaust port diameter, This is due to the substantial- °
increase in both“the tangential and radial velocity components.

The decrease in wall static pressure a function of the square,



.
K]
L4

!

The data obtained .using various control flow rates -
‘ . awith fixed supp]y flow aré shown in Figs. 15, 16 and 17 The
| marked sensitivity of~ atic pressure to centrol f]ow rate,

‘ : wh{ch is evident in these data, is utilized in vortex ,ampli-
| fiers to produce a high turn down ratio since a ‘'small change

' -+ 1in control flow causes a large 1ncrease in" pressure in the
chamber, preventing f]ow intothe- ch%hber. Thus, a high

pressure.control'sjgna13 even at a very low flow rate, can

be used to control a much larger supply flow.

o

,.\ . b . * 0 . )

EL RN




. CHAPTER 4

N . . .
. '
.
. v - Lt
. . v, &
N i
. t
L . . -
N . [ ' 4 \

A . .

! - . . o
F) “"
.

" CONCLUSTONS

L, o
\ N
Y . "
R o ‘ T, ‘ . . '
" N e . ’ .
" 1 4 ! - R
, . ."’

A 10 1nch vortex chamber was built for the experi-

‘men§a1 1nvestigafion of the. exhaust flow velocity profi]e.‘
The chamber was designed to a110w 1nvestigat10n of various .

.exhaust port diameters, 1nput velocity ratios, and chamber o

heights. n ) N o ]“ v, A

' Detai]ed measure%ents of the exit’ ve]ocity profi]es
‘indicate the fol]owing' ‘ . \
a) A-strong axial reverse flow region exists 1n
i ' the vortex core region ‘under high swirl cbnditions. g
The reverse flom area is strongly dependent on the-
‘the total input tangential moméntum. _
'B),The existence of the Taylor Gort]er vortices is
demonstrated by the rad1a1 distribution of radial
velocity: components. The present wesults,indicate s
o that a total of three oounter-rotating vortex
o rings exists.for exhaust ‘ports with cylindricel
or conical cohfigurations. In each case, the:two ‘ |
o ) ,ohter vortex rings move in an outward direction (

while the 1nmer one moves in the opposite direc-
tion.

Al

‘ 4c)‘The experimental resu]ts of the velocity distribu-
- tion at the exit plane of the exhaust flow provide
T a good understanding of the complex flow mechanism.,{

¢ -
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Regions where maximum shear stress occur
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revealed important information for enginee

vortex phenomenon,

‘designing practical devices utilizing the
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"~ 'CHAPTER 5 TN

» . LI
. .
v ) . , N
- - ) - R
. . : ¢ / : o

\ - RECOMMENDATIONS*FOR FUTURE STUDIES g ’

- . ;E ' ‘ ' : » .
: ,Future work: shou]d be EEFFTEEdEEt by investigating

*

the effect ‘of vortex chamber aspect ratios on Ehe velocity
profiles under various supply-aqd control flow conditions.
‘In order to 1mp¥ove-symhetry of‘the vortex flow, it will be

. necessary to increase the numbef of«tangentﬂ%l nozzles in

~ ¥ > '
the vortex chamber, " o .

. .

. . Too, it would be interesting to place sma11 solid
bodies different shapes 1nside the exhaust port to . -
1nvest1gat the effect-of the 1ntroduction of the solid body

on flow ai velocity distributions._ ‘ -

v
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. . ) APPENDIX I .- :
‘ 7 N | : " "t , 5
DATA REDUCT,IOVN‘ ’
Al 1
. -
From the energy equation: :
. Pl . - 2
P't —_PS] = DV /2 ,
V = SQRT(2(Py-Pgy) /)
» ’ ) r ” L
| / where p = 0.002378 slug/ft3
— ‘ L] “ .
. Fig. 5 shows diagrammatically that the velocity vector can )
l ‘be resolved .into tangential, radial and éxia] coniponeﬁts,. ‘ ¥
by the following procession:‘ e :
) 2 _y 2 2. 2. Ny
VE =S vty (1)
( < . ' - 9 : 3
: 202, 02y 2,2 K |
) Vez" 5 Vo + V" =V, .%/sin%e (2) .
- .~ .
g - - 2 _ 2 2 _ y 2 2
‘ ¢ . . vaz "' v¢‘ ‘+ Vz = V‘g /Sin w (3)
; from eq. (2) ~ o~ \_. ) .
- ‘ R . L . . M . 2« _ 2 2 ”"'\-».»‘ . ' l .
AT . IS ﬂ-\- V."(1/sin7e-1) , (4);,
' ... from eq. {3) -~ ‘ : . - . .
. - ',VZZ = Vb'zv(]/sinz\p'-j).‘ . s 2, “’I_.(g)a‘
) eq.'(#4)=eq, () .. T s R
: g = Y B(ysine-1)/(17siny-1)) o (6) 7,

g =

®




. APPENDIX I - page 2

‘ . .
eq. (4) and eq. (6) into eq. (1) ~ = °
. RS N -
V% v B+ ((1/sinPe-1)/(1/sin?p-1))v 2 + (1/5inZ0-T)V 2 =

1 Q

2 Ve P=v2sin®e(1-sin?y)/(1-sin%e siny))

e

r

4

LN Mb =V2(§in2w(1-§€n29f/(l-sinZG-sjnzw)) '

[
d

'yg :stnw'coselsqrt-(l-sinzgsinw)

- -
o

-

e V2 = (Vsines1)v 2-v2(1-sin%0(1-sin2p)/(1-5in20 sin%p)

v, =Vcose-cosw/sqrt-(ljsinge-sinzw)

o FVsihQ-cosw/éqrt-(T-sinZQ-sinzw) - "(f\\\,

8




Jated is Shon in Tab]eﬂ1, and is defined as fellows:

Axial velocity v,

- Y
s . APPENDIX I . -

ANALYSIS BY THE CONTINUITY EQUATION
For estimating the accuracy”df'theleiperimentaI
result, the f1ow rate from the exhaust port, Q, was calculated
from the ve10c1ty compenent in the ax1a1 d1rection determined
by the exper1menta1 data in COmparison w1th the supp]y flow "

rate, Q, Q]US the control flow rate, Q A difference method

c’

‘was used to calculate the flow rate from the e}hau%%bport; this

¢

is shown in Fig. 1.. The deviation of the measurement calcu-

 +a) -9 . . !
€ = x 100% .
. Q. Q-

<

7 Fﬁom,Thble 1,‘it is seen that the maximum deviation

of the measurement is + 30%. . = . :
LY ! -
v © €

) - .

“ , “J -

A;//4//, | | 1
R i

i 0 r
> L)
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Fig. 1 * Calculation of flow rate from exhaust port.
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