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On Flow Development in Jet-Driven Vortex Chambers

Ali Jawarneh,* Georgios H. Vatistas,” and Henry Hong*
Concordia University, Montreal, Quebec H3G IMS8, Canada

This paper presents a cohesive study of flow in a jet-driven vortex chamber for a wide range of Reynolds numbers,
contraction ratios, inlet angles, areas, and aspect ratios. Dimensional analysis furnishes the general functional
relationships between the fundamental dimensionless quantities. Application of the integral equations of continuity
and energy over the control volume, along with the minimum-pressure-drop or maximum-flow-rate postulate,
provide the required analytical means to relate the predominant nondimensional parameters such as the chamber
geometry, core size, pressure drop, Reynolds number, and viscous losses. The theoretical results successfully capture
most of the salient properties of the flow. A parametric examination explores how the pressure coefficient and the
core size vary with the different dimensionless properties. The observations show the pressure drop to decrease
with the length. At first this appears to be counterintuitive since one habitually expects the pressure drop to be
larger for longer pipes. A closer consideration, however, reveals that in addition to the radial-axial plane flow
there is also a substantial centrifugal force, which decays with the length, thus shaping the development of the
overall flowfield. Last, the current theory confirms that the previous published models are only applicable for high
Reynolds numbers where the inertia dominates the viscous forces.

Nomenclature
Ain = total inlet area
A, = cross-sectional area of the vortex chamber
C, = pressure coefficient (2AP/ pqizn)
D, = diameter of the exit port (2R,)
D;, = diameter of the inlet port
D, = chamber diameter (2R,)
L = chamber length
P = static pressure
P, = ambient static pressure
P = static pressure at the inlet
[0 = volumetric flow rate
Gin = total velocity vector at the inlet
R. = core radius
R, = radius of exit port
R, = radius of the chamber
r,0,z = radial, tangential and axial coordinate respectively
V., Vg, V., = radial, tangential and axial velocity components
Vzou = axial velocity component at exit
Voin = inlet tangential velocity component
o = arearatio (Aj,/A,)
AP = static pressure difference (P, — P,)
) = vortex decay factor
¢ = aspectratio (L/D,)
Kin = vortex strength at the inlet (R, Vy;,)
Kout = vortex strength at the outlet (6 R, Vyin)
& = diameter ratio (D,/D,)
o = density of the fluid
© = angle between the total velocity vector and the

tangential velocity component at the inlet
(inlet angle)
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dimensionless core size at exit (R./R,)
dimensionless core size (R./R,)
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I. Introduction

DVANTAGEOUS properties of swirling flow in cylindrical
confinements have long been put into use in several techno-
logical devices and industrial processes. The most notable of them
include vortex separators, pumps, gas turbine combustors, inciner-
ators, furnaces, and the swirl atomizer. In the range of intermediate
aspect ratios (length/diameter), the vortex separator is one of the
most widespread of the applications. The vortex combustor can pro-
vide easy ignition, efficient and stable combustion, and low levels
of emissions for a wide range of air-to-fuel ratios. In furnaces and
incinerators, swirl keeps the solid fuel in suspension, increases its
residence time, and compels even the most difficult (low-calorific-
value) fuel to burn completely. Energy separation can be achieved in
vortex tubes. The vortex valve has been used in fluidics, as a means
to prevent floods, and as a flow rate sensor. The supporting effects
of swirling fluid motion have also found applications in magnetohy-
drodynamic power generation and the stabilization of electric arcs.
In addition vortex tubes have become the laboratory tool to study
the phenomenon of vortex-breakdown phenomenon and to exam-
ine the main properties of high-Rossby-number geophysical vor-
tices. The general area is also of value to ion flow dynamics, to low-
temperature physics, and to several other related fields. The plethora
of journal articles, monographs, and industrial/laboratory reports on
the subject have shown this area to be under continuous scientific
scrutiny since the late 1940s. As a result, an enormously large num-
ber of articles have been written. In order to avoid the production of a
review article and limit an otherwise long list of references only the
contributions that are pertinent to the present investigation will be
cited. For a through review of the subject the reader should consult
the fine contributions of Lewellen,' Gupta et al.,> and Ogawa.>
The physics of strong vortex flows, particularly the confined type,
are theoretically cumbersome because in addition to the usual forces
they also include a powerful centrifugal acceleration and complex
boundary conditions (oftentimes unknown), which exacerbate the
situation. These complications have prevented analytical or even
numerical solutions from being able to capture the physics ade-
quately. For this reason the majority of the theoretical studies have
been limited to either simple solutions of the equations of motion or
numerical flow descriptions using very approximate exit boundary
conditions.
The bulk of experimental work has dealt primarily with specific
applications. Consequently, the data are restricted to the geometry
and flow conditions of the individual study. The main obstacle to
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reliably compare results is the lack of lucid rules with which dy-
namic similarity among flows can be secured. The experimental
studies can be divided into two categories: those directed toward
the characterization of the overall flow behavior, concentrating on
the pressure drop and flow rate through the device, and those aimed
at the elaboration of the internal flow structure. Tests to explain the
flow features include visualization, pitot probe, and hot wire, as well
as laser doppler anemometer (LDA) measurements. Yet the experi-
mental side of the problem is not free from impediments. Intrusive
measuring techniques tend to slow down the vortex, thus altering the
flow structure.* Visualization, on the other hand, can only be limited
to low Reynolds numbers because the tracer particles at high flow
rates are prone to diffusion, producing a fuzzy picture of the flow
field. Due to centrifugal instability and depending on the flow con-
ditions, vortices are known to host a variety of waves.>® These are
generated near the axis of rotation and then are diffused outward.
The last action modulates the main flow properties in the vicinity of
the axis of rotation, causing temporal variation. Consequently, the
location of the vortex center may vary significantly with time. If this
is the case, even the LDA data will not provide the actual magnitude
of the tangential velocity but rather an averaged value.

Vortex chambers in general have a cylindrical configuration with
a centrally located outlet located on the top or the bottom plate.
Fluid entering the tube acquires swirl via either 1) inlets placed
tangentially around the circumferential 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, or both, or cover
the entire length of the chamber. Inlet(s) with both rectangular and
circular cross-section(s) have been used in the past. The present
paper will focus on jet-driven vortex chambers, case 1).

As the fluid enters the vortex chamber it immediately faces a
strong centrifugal force. In its attempt to find paths to the exit with a
minimum opposition it divides itself into two streams. The first prop-
agates along the circumferential wall where the centrifugal force is
constant, and is then directed to the outlet at a point near the top
plate. The second flows toward the center through the bottom plate.
In both plates the presence of Ekman’s boundary layers reduce the
velocity thus diminishing the centrifugal force. Because the path
through the top plate the tangential velocity has undergone decay it
presents the least centrifugal opposition of the two streams. Conse-
quently the first stream is stronger than the second. A large toroidal
recirculation flow area that exists between the exit radius and the
cylindrical wall (see Georgantas et al.,” Baluev and Troyankin,?
Escudier et al.?) has its origin in Taylor—Goertler instability. How-
ever, a recent study by Mattner et al.'® indicated otherwise. Depend-
ing on flow conditions and chamber geometry, the axial velocity near
the core could develop a distribution resembling that of a pure jet,
a jet-like profile with a velocity deficit at the axis of rotation, or
even a wake-like profile. The last flow state is characterized by the
development of entrained flow.

One of the important operational characteristics in vortex cham-
bers is the pressure drop. The last has been the subject of a few
studies in the past. The early studies of Binnie and Hookings!' fo-
cused on the discharge of water through trumpet-shaped circular
weirs. Lewellen! utilizes the maximum-flow-rate hypothesis to de-
termine the core size. Shakespeare and Levy'? reported experimental

findings with respect to the pressure drop and the core size in a vor-
tex chamber with a rotating permeable inlet, assuming a potential
flow. Their analytical development veers away from the last hypoth-
esis and unfortunately creates a theoretical contradiction. Vatistas
et al.'*!* also used the extremum assumption to analyze the flow
inside vortex chambers.

The work to be presented here deals with the main flow properties
in chambers having one axial outlet port. Based on dimensional anal-
ysis the functional relationships of the main dimensionless groups
will be given. The analytical work, which is an extension of previ-
ous work by Vatistas et al.'*!'* in single-outlet chambers, provides
the formulae that relate the dominant nondimensional parameters.
For strongly swirling flows with small inlet angle, the experimental
results will be shown to agree reasonably well with the theoretical
findings.

II. Experiments

Vortex chambers are in general cylindrical with outlets located
on the top plates. A similar type of flow can be accomplished using
a rotating chamber with a porous circumferential wall, from which
fluid can easily enter into the chamber.

The present experiments have been conducted using a jet-driven
vortex chamber that is shown in Fig. 1. The chamber has a constant
diameter (5.5 in.), whereas the rest of the geometrical parameters
are variable; see Table 1. Swirl is imparted to the fluid via the vortex
generator shown in detail in Fig. 1. Its modular design makes the
variation of the area ratio (A;,/A,) and the inlet flow angle ¢ easier.
The required sets of inlet conditions are realized by insertion of
the appropriate vortex generator blocks (swirlers) into the vortex
generator assembly. Along the periphery of the vortex generator
block, a number of openings of circular cross section are drilled at a
specified angle ¢. The static pressure is measured by a series of taps
located ahead of the tangential ports and is averaged by connecting
in parallel all the pressure pickup tubes into a common tube. The
measurements of the mean gauge pressure, P;, — P,, were obtained
using a U-tube filled with Meriam oil, having a specific gravity equal
to 1.00. A rotameter was used to measure the volumetric flow rate of
the inlet air. This was carefully calibrated under standard conditions
(1 atmosphere and 0°C). For the flowrates used, the uncertainty was
estimated to be from 1.4 to 2.0%.

The geometrical characteristics of the vortex chamber used for the
present experiments are given in Table 1. The chamber has a cylin-
drical shape with constant cross-sectional area. Its length, defined as
the distance between the two end plates, was varied. The axis of the
vortex chamber was horizontal with respect to the ground, with the

Table 1 Geometrical characteristics of the vortex chamber

Inlet Air

No. of
¢ (deg) Dj (cm) inlet ports  Ajn (cm?) D, (cm) L (cm)
20 0.7874 16 7.787 1.879, 1.976,
30 1.267 16 20.177 2.164,2.413, 22,42,
40 1.905 8 22.79 2.649,2.794, 83,128,
40 1.905 4 11.395 3.175,3.81, 164,225
60 1.905 8 22.79 4.191, 5.588
| Vortex
rRo | Generator
Re |
Vortex Chamber |
. t
I

Fig. 1 Schematic of the vortex chamber.
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swirler placed opposite to the outlet plate. 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 working fluid.
A typical experimental run involved the following simple routine.
A specific size outlet was fixed onto the end of the chamber. The
flow rate was set at at a specific flow rate and the static pressure was
recorded using the manometers mentioned earlier.

III. Analysis

A complete theoretical study of this flow requires a differen-
tial characterization of the internal flow through the solution of the
Navier—Stokes and continuity equations. Quite often, however, an
adequate description can be achieved by concentrating on the over-
all features (integral approach) and thus avoiding the particulars of
the interior flow. The present research will use the second method.

Consider the steady, incompressible, swirling flow within the vor-
tex chamber of Fig. 2. Experiments have shown the pressure drop
across the vortex chamber (A P = P, — P,) to depend on the vortex
strengths at the inlet (ki,) and outlet (ko ), the flow rate (Q), the
inlet area (Ay,), the length of the chamber (L), its radius (R,), the
radius of the outlet (R,), the vortex core radius (R,.), and the fluid
density (p) and its viscosity (i), or

Py, — P, = fn(kin, Kou, L, Ry, Re, Re, Ain, O, p, 14)

Therefore, because there are 11 variables and 3 basic dimensions
involved with the problem, the same phenomenon must be equiva-
lently described by the 8 dimensionless parameters,

Al =1n(x,§, 9,8, 2,8, Reo)

where
2(Pm - Pll) Rc Ra
AH = 42, X = —, E = —
0y R, R,
in L Ain K
¢=cosl<9>, = —, a=—=, 5= -
qin D, A, Kin
outlet r-z plane
QDUY, |
—D - Re
4.‘ 19@_}.___ ) r_ ‘.‘ fout 0
TO STy
I | fidtee
!l i/_ cv _., — R,
I | ’ RU

the coordinate system

z

Fig. 2 Schematic of the problem.

and the Reynolds number (R.,) based on the average axial velocity,
defined as

R, =4Q/vn D,

The above analysis furnishes the expected functional relations
among the main dimensionless parameters associated with the
problem.

Under these assumptions, the energy equation over the control
volume is given by

P 1,
—+-q" |J]gondA+F=0 (1)
e AP 2

where F is the loss due to vortex decay. Furthermore, the flow field
is assumed to be axisymmetric, the radial velocity component at the
exit is considered to be negligibly small in comparison to the other
two, whereas the total inlet velocity and static pressure are both
uniform, and the exit pressure is equal to the ambient; thus Eq. (1)
simplifies into

Py 1, ke
7 + Eqin 0=P, . V. ou2mr dr

Re | X i
+ E (Vw out + Vz out) Vz (,ut271r dr + F (2)
R,

e

In order to evaluate the integrals in Eq. (2), the variations of both
tangential and axial velocity components as a function of the radius
must be provided. Based on the work of Vatistas et al.'> the axial
velocity at the exit is regarded as uniform:

2 2
Vzoul = Q/H[Rg - Rr]
whereas the tangential velocity is given, as in a free vortex, by
Voou = Skin/ T

where Q = GinAin, Kin = V(pinRo, and v(pin = ¢in COS(9).

The anticipated diminishing strength of the tangential velocity ev-
ident from the LDA results of Yan et al.!> is mathematically denoted
by the factor §, which takes on values between zero and one.

Energy losses F can be taken into account if the detailed flow
field inside the chamber is known. Because the latter is currently
not available, an attempt will be made here to include it through the
reduction of the swirl kinetic energy between planes 1 and 2 (see
Fig. 2),

Ak-egn 1 [ 2 2
Fe——t=g (V2 = VE)Veo2mr dr
where
V= Vh=(0=8)V) =1 —8)(kn/r)
and

V., = Q /7 (R} — RY)

In view of the above-mentioned simplifications, Eq. (2) reduces to

AP =P, — P, = (pC, [24}) Q0 A3)
where
c o 8267 cos* () la(x)
O (1=
2 2
(1= 8% cos’(p) En(x/é‘) _1 @
1= (x/%)
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0 0.2 0.4 0.6
1=r/R
e

Fig. 3 The extremum condition.

Given that the geometry of the chamber and § are fixed, taking the
derivative of Eq. (3) with respect to y, results in

dAP d 2dc
B _ 2 (0% £ &)
dy A dyx 2 dy

For a given flowrate Q the above equation yields

dAP _ p 02dC,

dy A 2 dy
If now one fixes AP, Eq. (5) gives
d0 _ 0 dc,

dy =~ 2C, dy

At the extreme, for y =0 and 1, AP will be unbounded, whereas
QO will be zero. Between these values of x, there is a critical value
Xe where AP and Q attain extrema, an absolute minimum for the
former and an absolute maximum for the latter; see Fig. 3. There-
fore, the last principle can be used, as the supplementary condi-
tion required for the determination of the vortex core size. Binnie
and Hookins!'! first introduced the previous postulate in their in-
vestigations with regard to the discharge of swirling flow through
trumpet-shaped circular weirs. A similar approach was also taken
by Lewellen! and Vatistas et al.'3 in their analysis of vortex flows
confined in tubes.
The static pressure drop in dimensionless form is

ATl =2AP /pg;, = C,
The minimum ATT principle yields

(201 1% — {1 = XPHLP2 a(x) — 11+ 1)1 = (x/€)°]

+as(1 = x> {1 — [x/EV[2ta(x/E) — 1]} =0 (6)
where

ar=0’¢", ;=88 cos’(p), a3 =(1-25%)cos’(p)

Given the values of &, ¢, &, and § the above equation can be solved
numerically for x using any of the traditional root-finding methods.
In order to know the value of § one must know how the vortex decays.
Because the last is not available its value will be found based on the
experimental results using a modified version of the least-squares

technique.

200 | r
| I 4
Re,=1.14x10

©=30°

150 o =0.13
£=3.00 /

E \ /
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E . N
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0 I
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3
Fig. 4 The minimum squared error criteria.
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Fig. 5 Pressure drop in an intermediate-aspect-ratio chamber for a
small inlet angle for different Reynolds numbers.

The observations will provide the data on ATI across a vortex
chamber operating under specific conditions. The above theory will
then be applied to curve-fit the results assuming values of § and
calculating the squared error according to the formula

N
E =) (Allyp; — Allpesi)?

i=1

The last will generate a graph such as the one shown in Fig. 4. The
optimum 6 for a given set of data will then be the one that produces
the least squared error (E).

IV. Analysis of Results

First, consider the pressure drop across a chamber with config-
uration ¢ =20 deg, o = 0.05, ¢ =3.00, where the flow field is ex-
pected to be under intense swirl conditions. The results for this case
are shown in Fig. 5. A good correlation between the present theory
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Fig. 6 Pressure drop in an intermediate-aspect-ratio chamber and in-
let angle for different Reynolds numbers.
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Fig. 7 Pressure drop in an intermediate-aspect-ratio chamber for a
large inlet angle for different Reynolds numbers.

and experiment is evident as the maximum difference between the
theory and the experiment is less than 10%. A similar level of corre-
lation is also the case for the configurations ¢ =30 deg, o =0.131,
¢ =3.00, and ¢ =40 deg, « =0.148, ¢ =3.00, when £ is larger
than, say, 5 and 6, respectively; see Figs. 6 and 7. For all three cases
the conformity of the analytical result to the observations is better
in the region of high & values.

The LDA experiments of Yan et al.'> have shown that the core
size inside the chamber stays nearly constant along the height. As-
suming that the core at the exit plane is the same as that inside the
chamber, the present theory is employed next to predict the core size
and compare it with the observed values. The results are shown in
Fig. 8, where an acceptable correlation between the two is apparent.
In this case the experimental x.,(x.R./R,) values have been ascer-
tained by fitting the Vatistas et al. n = 2 vortex model'¢ to the LDA

0.8 T T T T T
\ l Present theory eq. (6)
07 | | | L P S i
B Exper. Yanetal |
06 | - aiA — —
| | | |
0.5 ‘ [ I
|
Lo 04 | —— ——o — —
¢ =30 » a=0131 , £ =300
\ ‘
| | 4
03 | A Rey=1.14x10 l |
|
02 | — —}\ — —
' |
01 |- — = i —
0 I | | |
0 1 2 3 4 5 6 7

g

Fig. 8 Core size variation.

velocity data using the least-squares method with one of the un-
known variables being the core size, whereas the other is the vortex
strength.

Any of Figs. 5, 6, and 7 point out that § increases with R,
tending toward one for larger R, values. The last makes the pres-
sure profiles approach the formulation of Vatistas et al.,'* which
assumes 8 = 1.00. This propensity is amply evident for configura-
tion ¢ = 40°, « =0.148, ¢ =3.00; see Fig. 7, where the pressure
coefficient is seen to come within the reach of Vatistas et al.'> The
preceding does not, however, imply that friction is less for higher
R., numbers but rather that under these conditions the inertia be-
ing considerably larger overshadows the viscous effects. After all,
this is precisely the definition of the Reynolds number. Hence the
theoretical development of Refs. 1 and 13 must be limited to the
high-Reynolds-number region where the inertia dominates and ig-
noring friction (one of their main assumptions) will not produce
large discrepancies. This by no means suggests that the present de-
velopment is free of limitations. Because the frictional losses due
to the secondary flow, taking place in the r—z plane have not been
considered, discrepancies in the flow regime where these are no
longer insignificant are anticipated. The regime where the last may
be substantial is for £ < 6 (¢ =40 deg, o« =0.148, ¢ =3.00) where
a maximum of 32% difference between the theoretical and experi-
mental pressure drop was observed.

Having demonstrated that the present theoretical formulation can
reasonably correlate the pressure drop in a vortex chamber, we are
proceeding now to examine analytically a number of flow features.
The pressure drop is made up from the axial inertial term,

In=a/(1 - 52
the swirl term,
52 2 2 7[
Sw = 28208 @) i)
(I—x»

and the friction term,

(=) cos’ () bn(x/8)
1= (x/)7

Itis apparent from Fig. 9 that as £ increases and in order to minimize
the pressure drop across the chamber, the vortex core x. decreases,
but the effective outlet area o,

o=A//A, = (1 _XCQ)/%-CZ

F =
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Fig. 9 Variation of the various flow components in a typical chamber.

contracts, giving rise to the increase of inertia term. Since the core
always occurs between 0 < x. < 1.0, as £ becomes larger the vortex
is focused, the swirl term increases, and the frictional effects rise
also. For & < 1.5 (large exit port diameter) the F' term is significant,
whereas the In is negligibly small in comparison to the other two. For
& > 1.5 the In term begins to overtake friction, whereas for £ > ~6.8
it surpasses even Sw.

Traditionally the degree of swirl in a given flow field is expressed
by the swirl number S, which is defined in Gupta et al.> as

S = GQD/GZU

where Gy, is the momentum flux in the 6-direction,
Ry
Gy = / Voo Voo 2mr dr
Re
G, is the momentum flux in the z-direction,

Ry
Gm=/ pViandr
R

e

Therefore in our situation the swirl number is given by
S = [28 cos(p)/a](1 — xc/§)

For the first configuration, where swirl is the strongest, the current
analytical development is applicable for the full set of data. The
previously mentioned good correlation between the theory and the
experiment is achieved for larger values of S (say 10).

It is evident that for large & ratios the agreement of the theoretical
pressure with the experiment becomes better. However, given the
chamber geometry and flow conditions, the compressibility effect
when

Viw 082
VYRT — A,JyRT(1 - x?)

e =

< 0.333

provides an upper limit for & beyond which the present theory is
not applicable since density variations have not been taken into
account. The variation of the exit Mach number for the two config-
urations ¢ =20 deg, « =0.05, ¢ =3.00 and ¢ =30 deg, « =0.131,
¢ =3.00 as a function of £ is given in Fig. 10. As anticipated, the
compressibility limit for ¢ = 20 deg, &, because the swirl effects are

1 T T
4

Re =1.14x10

0 I
¢ =3.00 |

-— incompressible limit

|
|

B S <R B
]

M, = 0333 “
/
! 7
M 7

0: 7

|
/ ¢ = 20 I :
| .
\—> | i
€ . = 8.3701 ‘ | §
0.01 I I | |
2 4 6 8 10 12 14
g
Fig. 10 Compressibility limits.
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Fig. 11 Pressure drop for an intermediate inlet angle for different
lengths.

stronger, forcing the exit area to contract, moves toward the lower
values.

The pressure coefficient for various aspect ratios for a chamber
with configuration ¢ =30 deg, o =0.131, is given in Fig. 11. The
analysis suggests that § becomes smaller as ¢ increases, producing
a weaker vortex at the exit plane for longer chambers. If P, remains
constant it means that P, must be decreasing. At first the last appears
to be counterintuitive, because one expects the pressure drop to
increase as the length is increased. However, here, in addition to the
r—z flow, the centrifugal force must also be accounted for, which
influences the flow considerably.

In addition to the previously mentioned variables, the pressure
drop also depends on the area ratio «. In order to examine the last,
half of the inlets were blocked for the configuration ¢ =40 deg,
o =0.148, £ =3.00 and A P was measured. The results are shown
inFig. 12. For the smaller o, the pressure coefficient (C,,) was seen to
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Fig. 12 Pressure drop in an intermediate-aspect-ratio chamber for
large inlet angles for different inlet areas.
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Fig. 13 Pressuredrop in an intermediate-aspect-ratio chamber for dif-
ferent inlet angles.

drop, the actual pressure difference (A P) increased, and the friction
(F) rose.

All the vortex chamber configurations used up to this point have
different s and therefore it is unsuitable to discuss the influence of
the inlet angle on the flow development because two variables will
be changing at the same time. However, the swirler with ¢ = 60 deg
has exactly the same « value as that of 40 deg. The results of the
study are shown in Fig. 13. It is expected that a stronger vortex is

produced for smaller inlet angle and thus the pressure drop for small
@s must be large. The latter is amply evident from the same figure.

V. Conclusions

The flow in jet-driven vortex chambers over a wide range of
Reynolds numbers, contraction ratios, inlet angles, areas, and as-
pect ratios was carefully examined. The theoretical tool to inves-
tigate the flow analytically was based on the integral equations of
continuity and energy, along with the minimum-pressure-drop pos-
tulate. When swirl is strong, the formulation has been found to suc-
cessfully capture the main characteristics of vortex chamber flow.
A parametric study gave the details of how the core size and the
pressure coefficient change with each of the dimensionless groups.
For longer chambers the present analysis suggests that latter flow
property is smaller than for shorter chambers. The present inves-
tigations have shown of this peculiar flow behavior to the control-
ling nature of the centrifugal force. The current theoretical devel-
opment has also shown the previous models to be applicable only
to high Reynolds numbers where the inertia dominates the viscous
forces.
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