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Pressure Drop Across a Double-Outlet Vortex Chamber

Georgios H. Vatistas* and Peter Sakaris’
Concordia University, Montreal, Quebec H3G IMS8, Canada

The properties of the pressure drop in a medium-aspect-ratio vortex chamber with double outlets are examined
both experimentally and theoretically. Dimensional analysis provides the functional relationships between the
main dimensionless groups. Application of the integral equations of continuity and energy over the control volume,
along with the minimum-pressure-drop principle, furnish the required formulas that relate the predominant
nondimensional parameters. In the vortex-dominated regime, the theoretical results, given in terms of the pressure
drop across the chamber, are found to agree with the experimental observations. The larger outlet has been shown
to control the flow. A considerable reduction in static pressure drop across the chamber can be gained by adding

an extra outlet at the opposite end-plate.

Nomenclature
Ai, = total inlet area
Ay = cross-sectional area of the vortex chamber, ﬂRé
p = static pressure
P, = ambient static pressure
P, = static pressure at the inlet

static pressure at the outlet

e volumetric flowrate through exit e

inlet volumetric flow rate

volumetric flowrate through exit u

total velocity vector at the inlet

e core radius at exit e

core radius at exit u

. radius of exit e

radius of exit u

radius of the chamber

radial, tangential, and axial coordinates,
respectively

radial, tangential, and axial velocity components
e axial velocity component at exit e

axial velocity component at exit u

inlet tangential velocity component

swirl parameter based on exit e,

{(Ain/ Ag)/[R./ Ry cos(@)])?

swirl parameter based on exit u,
{(Ain/AO)/[Ru/RO COS((p)]}Z

vortex strength at the inlet 27RVp i,

static pressure difference, P, — P,

static pressure difference, (P, — P,).

static pressure difference, (P, — P,),

fraction of the volumetric flow rate trough exit
eQe/ Qin

fraction of the volumetric flow rate trough exit
u Qu/ Qin

= square of the diameter ratio of the exits, (R, /R, )?
= density of the fluid

= angle between the total velocity vector and the
tangential velocity component at the inlet
(inlet angle)

dimensionless core size at exite, R, /R,
dimensionless core size at exit u, R,/ Ru
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I. Introduction

HE behavior of concentrated vortices confined in cylindrical
tubes and their interaction with the host flowfield is important
for three mainreasons. First, swirl can be foundin many engineering
applications. In some, the presence of the vortex is an essential
element for the proper operation of the equipment, and the designer
tries to produce it efficiently. In others, swirl is a parasitic flow
manifestation superimposed on the main fluid motion. Its presence
reduces the efficiency of the equipment and produces vibrations
and noise, and the designer strives to suppress it. Second, important
phenomena such as vortex breakdown and the main characteristics
of high Rossby number geophysical vortices may be reproduced
in tubes and then analyzed under controlled laboratory conditions.
Third, the general area is also of interest to ion flow dynamics, low-
temperature physics, geophysics, and to several other related fields.
The favorable properties of swirling flows confined in tubes have
been employed in many engineering systems. The vortex separator
is one of the most widespread and probably the oldest of the in-
dustrial applications.! Energy separation may be achievedin vortex
tubes?>™* The vortex pump takes advantage of the vacuum con-
ditions developed inside the core and is used to pump liquids’6
The experimental work on double-outlet vortex chambers had as
motivation the improvement of collection efficiency in hydraulic
cyclones. The work of Dahlstrom’ dealt mainly with the flow dis-
tribution and the pressure drop in a water-plastic sphere system,
whereas Kelsall*® used a water-quartz fines. Rietema'® investigated
the same flow properties using a water-glycerol mixture. In addi-
tion to the hydraulic cyclone, the dust separator, the vortex pump,
the Ranque-Hilsch tube, and others utilize a doublet-outletarrange-
ment. Despite the extensive technical literature on vortex chamber
flows, the paucity of any substantial analytical work dealing with
the flow in a double-outletchamber was surprising.

One of the most important operational characteristics in vortex
chambers is the pressure drop. This has been the subject of sev-
eral studies in the past.!!"!® However, previous work has focused
on vortex chambers with a single outlet placed at the top or on the
bottom plates. The work to be presented here deals with the main
flow properties in chambers having two axial outlet ports. Based
on dimensional analysis, the functional relationships of the main
dimensionless groups will be given. The analytical work, which is
an extension of previous work by Vatistas et al.,!>! in single-outlet
chambers, provides the formulas that relate the dominant nondi-
mensional parameters. For strongly swirling flows with small inlet
angle, the experimental results will be shown to agree reasonably
well with the theoretical findings.

II. Experimental Facility

Vortex chambers in general have a cylindrical configuration with
a centrally placed outlet(s) located at the top, the bottom plate, or on
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both plates. Fluid entering the tube acquires swirl via either 1) inlets
placed tangentially around the wall, 2) rotation of a porous wall,
or 3) admission through radial or axial vanes. The inlet(s) may be
located near the top plate, the opposite end, both, in the middle, or
coverthe entire length of the chamber. Both inlet(s) with rectangular
or circular cross section(s) have been used in the past. The present
experimentshave been conducted using a jet-driven vortex chamber
similar to the one utilized by Vatistas et al.' The main difference
between the two is that in the latest version, shown schematicallyin
Fig. 1, an arrangementhas been made such that two exits instead of
onemay be incorporated.The swirl generator,which canbe placed at
any intermediate position between the two endplates, offers a wider
flexibility in the selection of the inlet conditions. Its modular design
makes the variationof the arearatio (A;,/ A,) and the inlet flow angle
geasier. The requiredset of inlet conditionsare realized by insertion
of the appropriate vortex generatorblocks (swirlers) into the vortex
generator assembly. Along the periphery of the vortex generator
block, a number of openings of a circular cross section are drilled at
a specified angle ¢. The static pressureis measuredby a series of taps
located ahead of the tangentialports,anditis averagedby connecting
in parallel all of the pressure pickup tubes into a common tube. The
values of the pressure were recorded using pressure taps drilled on
the cylindrical wall, just above and below the swirl generator. The
measurements of the mean gauge pressure, P, — P,, were obtained
using a well type inclined manometer filled with Meriam 100 unity
oil, with a specific gravity equal to 0.787. The manometer can be
adjusted to several inclined positions,which gives an uncertainty
of £1.27 x 107* m of H,0 (lowest) and £2.54 x 10~> m of H,O
(vertical) positions. A rotameter was used to measure the volumetric
flow rate of the inlet air and has been calibrated at standard pressure
and temperature conditions.

The geometrical characteristics of the vortex chamber used for
the present experiments are given in Table 1. The chamber has a
cylindrical shape with constant cross-sectional area. Its length, de-
fined as the distance between the two endplates, was kept constant.
The axis of the vortex chamber was horizontal with respect to the
ground, with the swirler placed in the middle. The design of the
swirler was made in a way that the total inlet area did not change
with the inlet angle ¢. Air at standard temperature was the work-
ing fluid. A typical experimental run involved the following simple
routine. A specific size e outlet was fixed onto the two ends of the

Table 1 Geometrical characteristics
of the vortex chamber®

o, Ain, EXxit orifice radius, Total length,
deg cm? cm cm

20 29.03 1.40,0.94,0.79,0.71 39.370
30 27.25 —_— —_—

40 —_— _ R

60 —_— —_— —_—

"D =14 cm

AIRIN

chamber. The flow rate was set at Q;, = 1.89 x 10* cm?/s (this value
was used for all of the tests). The static pressure was recorded using
the manometers mentioned earlier. The size of the u outlet was then
changed, and the process was then repeated. In every test run, the
size of the e outlet was kept constant while the u outlet varied.

III. Analysis

It has been shown previously!® that, when the centrifugal forces
dominate the flow, the nondimensional core size (radius of maxi-
mum tangential velocity) and static pressure drop across a single-
outlet vortex chamber are given, respectively, by

X(‘e = f‘ﬂ(ﬁf)

and
(2AP [ pgi, + 1) (Rl R0’/ cos*(9) = f(%ee)
where y. = R../R,, and

5 _ [ Aul 4o ?
7| R,/Rycos(@)

Consider now the flow inside the double-outlet vortex chamber
shown in Fig. 1. In the case where two outlets are involved, the
functional relationships of the main parameters are assumed to be
given by

R(‘u = fn(rina Qin, Ru)»

APu = fn(rina Ru, R(‘u)»

Ree = fu(Tin, Qins R,)
AP, = fu(Tin, Re, Ree)
From continuity,

5, +06,=1

where 6, = Q./ Qi, and 6, = O,/ Qi,. Dimensional analysis gives,
respectively,

Xew = ful(1 = 8.)B.] (1)

Xee = fu(8eBe) 2)

(2AP, /pgl + 1)(R/ Ry [ cos*(9) = fu(xea) (3
(2AP. /pgl + 1)(R./ Ro)* [ cos’ () = fu(xee) ()

where 2= (R,/R.)?, ¥cu = Reu/ R, and

B, = Al Ag :
“ \ R,/ Rycos(¢p)
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Fig. 1 Schematic of the vortex chamber.
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Fig. 2 Assumed exit conditions.

The swirl parameter 8 is the reciprocal square root of the swirl
number (defined as the square of the ratio of the angular to axial
momenta) often quoted in the technical literature. Realization that

AP, =AP,
leads to the relationship
2 fu(8Be) = ful 1 =8B, =0 (52)
or in functional form,
8. = fu(A Be) (5b)

The preceding analysis furnishes the expected functional relations
among the main dimensionless parameters associated with the
problem. Based on the energy and continuity equations and the
minimum-pressure principle, formulas relating these parameters
will be presented. To simplify the problem, several assumptions
(as was the case with the flow in a single-outlet chamber) are also
employedhere. These are 1) the pressureand the total velocity at the
inlet are both uniform and 2) the radial velocity componenton both
exits is neglected, the axial component is constant and extends as
far as the core size, and the tangential component has a hyperbolic
profile (see Fig. 2).

Energy balance over the control volume enclosing the chamber,
assuming that at both exits the pressure is ambient and neglecting
viscous effects, yields

Py 1, Bip, 1w\,
— + =4, ) Oin= —+ =l =) + V.| Veulnrdr
P 2 R L P 2\ 2nr <
R 2
“(pP, 1[/[ Ty,
+/ = +=|{=) +V2|{V.2nrdr (6)
Re L P 2\ 2xr ¢

Performing the integration, followed by simplification of the results
using continuity, and furthermore noting that

_ Qinéu V. = Qinée
~ n(R2-R2,) ~ n(R2-R2)

ze
cu

V.

u

Eq. (6) becomes

—_ 2AP Rg Ry)? &2 " 2 cu 5u
AP:( 2 +1>( mr (526G |a
P cos?(o) (1-22) (1—x2) | *

cu

52, 2 ba(xce)
+ < - S, @)
|:(1 —xfe)z (1 —Xfe):|

where AP =P, — P,.

A careful study of Eq. (7) reveals that

i, ) = i, ) =
and
lim (ﬁ) = lim (ﬁ) =00

Xeu—>1 Xee = 1

The described behavior of the pressure drop is attributed to that, as
Xc. and ., both tend to zero, the tangential velocity component at
the exit goes asymptotically to infinity. On the other hand, when .,
and x., both go toward one, and to satisfy continuity, the exit axial
velocity component tends to infinity. There must exist 0 < y, < 1
and 0 < y. < 1 such that A P is minimum. The latter requires the
following conditions.
Condition 1:

Condition 2:

0ce
Operation of conditions 1 and 2 on Eq. (7) yields,

22 tn(e) = 14222, [14 (1= 80Py = )] = 1=0 ®)
and
2A2 () — 4222 [1 4+ 8B, — balxe)] = 1=0 (9

respectively, where B, = AS,.

There are two equations available, that is, Egs. (8) and (9), and
there are three unknowns, x.., X, and 8,. The necessary third
equation to close the system comes from the comparability of the
pressure:

P = AP, (10a)
and
AP =AP, (10b)
where
— 2AP, R,/ R, 82, 2 b
AP”:{ 2u+ }( u/2 0) — ”:B - — e""(%()
ol cos*(¢) (1 - Xf,,) (1 - Xf,,)
(10c)
and
—  [2ap, R,/R,) 8B, 2 0a(¥e0
APE:{ 2 }( Ry __ %P _ be) (104,
Pas, s’ () (1-52)" (1-22)
Equations (10a) and (10b) also imply that
AP, =2AP, (10)

Substitutionof A P, and A P, in Eq. (10) and multiplicationthrough
by (1 — x2)*(1 — x2,)*, followed by simplifications and collection
of terms give

5182 + b3S, + b3 =0 an
where
2
2
X(‘M
blzl—/lz( )2 b, = =2
1—x2
and

B 1—x2,
by = 2_(1 - Xi){lﬁ b Xee) — ﬂ«(xw)} +1
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The solutionto the systemof Egs. (8), (9), and (11) is obtained using
the following procedure:

1) Assume a value of 6, (0 < 5, < 1).

2) Calculate the roots of .., and ., to the desired precision from
Eqgs. (8) and (9), respectively, via a root-finding numerical method.

3) Obtain from Eq. (11) the value of &, using the quadratic
formula.

4) Is 8, calculated sufficiently close to the assumed value? If it
is not, go to step 2. If the answer is yes, then the solution has been
reached, and the remaining properties can now be calculated.

Knowing the values of .., x.., and &, the pressure drop can then
be calculated. From Eq. (9) we have

82— 2(1= 22) b (x2)
={(1=22)[(1 = x2) =222 talxe) |} /222 (12)
Rearranging Eq. (10d) yields
AP, =628 —2(1 = x2) b)) /(1= 22)" (13)
Inserting Eq. (12) into (13) gives, after some obvioussimplifications,

2
ﬁg _ 1 X(\e[l +2MXM)] (14)

222 (1 - xfe)

The preceding equation provides the pressure drop across exit e as
a function of y.. alone.

IV. Discussion of the Results

A typical variation of the two core sizes as a function of the
diameter ratio 4 is given in Fig. 3. For A=1, a reduction of the
outlet diameter of the u exit, keeping 8, constant, will result in a
contraction of the core size at the e exit. For A > 1, increasing 4
results in a decrease of y,,, while y., becomes larger.

Figure 4 shows the qualitative properties of flow rate distribu-
tion when R, varies while R, remains constant. Two special cases
are worth noting. The first case, A — 0, may be represented by the
flow situation where R, = const, while R, — 0. For this condition,
6, — 0. Equation (8) simplifies to

X:‘u[z e""(%(‘u) - 1] + 2}((2,4[1 - e""(%(‘u)] -1=0

This equation has only one positive root, which it is located at
X = 1. Under this condition, b, and b; — 1, and Eq. (11) points
out that 5, = 1, while for continuity, 6, — 0. In the other side of
A, that is, for A > 1, the distribution of flow rates between the two
outlets exhibits the opposite behavior.

The second case, A — 1, representsthe symmetric flow where the
outlets are of the same size and, thus, §, = 8,. This suggests that
Xce must be equal to y.y. If ¥ce = Xeu, then Eq. (11) becomes

258 bl b3 = O
1 N H H i
¥ "= constant
0.9 ) B e
\\ o X cu /
0.8 A
p
Xc 07 " /< x

0.6 o

05 |

0.4

0.4 0.8 1.2 1.6 2
A

Fig. 3 Typical variation of the core size with \.

\ f . = constant JPPE
08 =

\ ‘¢’\
0.6 ™ e
5 < 4
0.4 ast <
0.2 o
0

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
A
Fig. 4 Typical flow distribution as a function of \.

indicating that 8, = 0.5, and, therefore, 5, = 0.5, or that the flow is
equally distributed between the two exits. The last results makes
Egs. (8) and (9) symmetric, and by induction, the conjecture is
validated.

The behavior of the pressure drop across the vortex chamber
(based on e) is shown in Figs. 5a-5d. Comparisons of the exper-
imentally obtained A P, with the theory are given in Figs. 5. For
small inlet angles (Figs. 5a-5c), the agreement between the two is
seen to be excellent. This is to be expected because the analysis is
based on the assumption that the centrifugal effects dominate. For
a larger ¢ (see Fig. 5d), where the basic assumption is not met, the
agreement between the two deteriorates. From Figs. Sa-5c, we see
thatfor A < 1, exit e, whichis the larger outlet, controls the pressure,
whereas for A > 1, the controlis transferredto the u outlet. Also see
Fig. 6 for pressure drop based on e and u outlets.

All of the mentioned graphs indicate that as parameter A — 0,
whichin turnimplies that R, decreases(while R, remains constant),
pressure A P, asymptoticallyapproachesthe value of a single-outlet
chamber given by Vatistas et al? (see Fig. 6, Ref. 3). In this case,
from Eq. (10), AP, — 0.

It is important to further explore the circumstances where A =1,
or when the flow is symmetric, which implies that y.. = x., and
AP,=AP,.Consider the event where we have two chambers, one
having a single outlet and the other two outlets. Assume that the
geometric and flow parameters in both chambers are the same. In
this case, the single- to double-outletpressure drop is

2AP,, 2AP,
ATl = —F) +1 —— +1
PYi, P4,

B [1 —x2, Tﬁed —=8(1—=22,) tulXcea)
ﬁes - 2(1 - X?ej) e""(%(‘es)

1s)

1= Xfed

The results of Eq. (15), shown in Fig. 7, hint that a considerablere-
duction in static pressure drop across the chamber can be achieved
through the incorporation of two instead of one outlet. The degree
of pressure reductionis also seen to increase with parameter 3,. Be-
cause the development of the tangential velocity component inside
the chamber depends principally on the inlet and outlet geometric
parameters, the incorporationof the second flow exit will not affect
the centrifugal force field in any fundamental way.

All of the given results were obtained with the swirler located
midway of the chamber. The position of the swirler was originally
expected to influence the developmentof the flow componentin the
r-z plane. However, experiments have shown conclusively that the
pressure drop is not a strong function of the location of the swirler.
Hence, the results apply irrespective of the swirler’s location. The
latter findingis consistentwith the assumption that the swirling com-
ponent of the flow dominates the one taking place in the r-z plane.
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Fig. 5 Experimental and calculated values of the pressure drop across the chamber as a function of A (curves represent results obtained from the
present theory).
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V. Conclusions

The present paper has examined the static pressure drop across
a vortex chamber with multiple outlets. In the vortex-dominated
region, the theoretical results, given in terms of the pressure drop
across the chamber, were found to be consistent with the obser-
vations. As the size of one of the exits decreased, while the other
remained constant, the pressure drop was seen to approach the value
of a single-outletchamber. The experiments revealed that the loca-
tion of the swirler does not significantly affect the pressure drop
across the chamber. The theory suggests that the flow is controlled
by the larger diameter exit. It was also shown that a considerablere-
duction in static pressure drop across the chamber may be achieved
by adding an extra outlet (of the same size) to a single exit cham-
ber. Although in the present theory the ambient pressure at both
exits was assumed to be the same, other conditions may be easily
accommodated by a simple modification to the present theory.
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