Characteristics of the Mean Flow Patterns
and Structure of Turbulence in Spiral Gas

Streams

W. R. SCHOWALTER and H. F. JOHNSTONE

Measurements were made of the flow structures in two types of spiral flow fields. The first
was a vortex tube in which air entered one end of an 8-in. pipe through an involute entry and
feft at the opposite end. The second was a conventional cyclone separator in which the same entry
was used.

The experimental results show that the mean and turbulent flow structures are not sensitive to
changes in the flow rate, but they are greatly affected by the geometry of the system. In the
vortex tube the angular velocity is nearly constant at radial distances less than one-half of the
vadius of the pipe. The flow patterns in the vortex tube and in the cyclone are not symmetrical
with the pipe axis. The asymmetry can be explained by postulating a dynamic center line with
helical shape. The longitudinal intensity of turbulence increases sharply near the center of
the vortex tube. This is caused primarily by the abrupt decrease in mean velocity near
the center. The radial intensity also increases near the center, but neor the wall it decreases
rapidly with distance from the center. The longitudinal intensity of turbulence in the cyclone is
highest near the center and near the wall. The high intensity near the wall is caused both by the

decrease in mean velocity and the increase in root-mean-square turbulent velocity.

Spiral flow is used in pulverized coal
bumners, flash vaporizers, cyclone sep-
arators, and other industrial equipment
to promote mixing and to separate
droplets and particles from gases. A
better knowledge of the flow patterns
and turbulence profiles in this type of
flow should be useful in the design of
industrial equipment. In this paper the
mean flow patterns and components of
the turbulence intensity and velocity
products are reported for two types of
spiral flow fields.

A diagram of the flow system used is
shown in Figure 1. The test section was
an 8-in. pipe with the involute en-
trance shown in Figure 2. In one design
the end of the pipe next to the entrance
was closed, and the opposite end was
open. This will be referred to as a
“vortex tube.” In the second design the
end opposite the entrance was closed,
and the exit piece shown in Figure 3
was installed next to the entrance to
form a conventional cyclone separator.

At points along the test section 5/16-
in. holes were drilled through the pipe
for insertion of the instruments used
to-measure the flow characteristics. The
holes that were not in use when the
measurements were being made were
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plugged with modeling clay so that
the inside of the pipe had a smooth
surface. The location of the holes rel-
ative to the entrance is shown in Table
1.

MEASURING INSTRUMENTS

The pressure probe shown in Figure
4 was used with a hot-wire anemometer
probe to find the direction of the mean
velocity vector at points in the flow
field.

A constant-current hot-wire anemom-
eter with a crossed-wire probe was

used to measure U and the turbulent
quantities (9, 10, 11, 13). The probe
was made of 0.00014 in. tungsten
wires supported on nickel-plated em-
broidery needles. The probe was cali-
brated in the potential cone of a stand-
ard nozzle.

The instruments were placed in the
desired position in the test section by
means of a traversing mechanism which
could be moved in radial and vertical
directions by means of a turning screw
with small pitch. With this device the
probes could be located within = 0.01
in. of the desired position. A similar
device was used in the calibration of
the instruments.
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COORPINATE SYSTEMS USED
TO DESCRIBE FLOW

Three sets of coordinate systems are
used to describe the flow field. Their
geometry and spatial relationship are
shown in Figure 5. One is a set of
coordinates fixed with respect to the
main axis of the test section and shown
in Figures 5a and 5b. The positive z-
direction is towards the end of the pipe
opposite the entrance section. The posi-
tive ¢-direction is chosen in such a way
that U, is always positive. The other
two sets of coordinates are local sys-

tems determined by the direction of U.
As shown in Figure 5b, z, r, and ¢ are

the axes of the fixed system, and U is
the direction of the mean velocity vec-
tor at a point. Transformation from the
fixed axes to the first local system is
made by specifying a rotation, ¢, about
the r-axis which determines the % ¢ {-
axes (Figure 5c). A second rotation, ,
about the {-axis determines the x’ v z-
axes. (Figure 5d). The x’-axis is in the

direction of U. The ¢-axis is coincident
with the r-axis, and the {-axis is coin-
cident with the z’-axis.

EXPERIMENTAL PROCEDURE

Measurements were made when the
temperature and mean velocity of the air
stream were constant. The angle 8 was
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TasLE 1. LocaTioN oF TEST
STATIONS IN RELATION TO ENTRANCE

Axial distance
from upstream
edge of inlet
farthest from
Station test station, in.

1 6.9
2 9.4
3 11.9
4 12.9
5 14.9
6 159
7 16.9
8 189
9 199
10 20.9
11 21.9
12 22.9
13 23.9
14 249
15 25.9
16 26.9
17 27.9
18 29.0
19 31.4
20 324
21 33.4
22 36.5
23 38.5

found from the position of the pressure
probe when there was no differential on
an inclined manometer connected across
the pressure probe taps. For measuring
the mean velocity and turbulence quanti-
ties the calibrated wires were placed at
the desired position at the angle 8. In this
way the axes of the wires were in the

same plane as the vector U. For measure-
ments near the wall adjacent to the
traversing mechanism the procedure was
changed so that only a portion of the
hot-wire assembly was inside of the duct
and the intersection of the cross wires
could be placed in a horizontal plane con-
taining the pipe axis (13).

The compensation necessary for each
wire was determined by the method des-
cribed by Kunstman (9). The wire tem-
peratures were predetermined so that the
compensator settings for the two wires
were nearly the same. Then the resistances
of the wires at the air temperature were
measured, the wires were heated to their
respective temperatures, and measurements
of the mean current and voltage for each
wire were made. After this measurements
of &, &, (—e, —&)% and (—e, +6,)°
were made. The relation of these measure-
ments to flow structure is explained in
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the Appendix.* Temperature and velocity
of the air entering the test section were
also recorded.

The mean flow patterns in the vortex
tube and in the cyclone were found from

the velocity vector U measured at different
points in the flow field. The velocity of
the air entering the vortex tube was 100
'ft./sec., while that entering the cyclone
was approximately 86 ft./sec. A few
measurements were also made at inlet
velocities of 62 and 87 ft./sec. in the
vortex tube and 42 and 61 ft./sec. in the
cyclone. All inlet velocities are average
velocities based on the 2-x 4-in. rectan-
gular entry. The turbulent intensities u’,

Unliy

and «'r, and the product were also

U2
measured.

The influence of the pressure probe on
the angle 8 was investigated by changing
the shape of the probe rod. The effect was
less than = 1 deg. The effect of radial
velocity on the measurements with the
probe was less than =+ 1 deg.

Similar tests were made to estimate the
effect of the hot-wire probe rod on the

measurements of U and the turbulent
quantities. The errors in U and ¢ were
negligible, but there was a small but
significant effect on turbulence measure-
ments. The error is believed to be no
greater than 10%.

The validity of the wire response equa-
tions derived in the Appendix was checked
by making measurements in the manner
described above, calculating ¥, rotatin
the hot-wire probe by this angle, ang
repeating the measurements to see if ¢,
as calculated in the new probe position,
was zero. In only one case was tﬁe error
in y larger than 2 deg., and in most cases
it was approximately 1 deg. The longitu-
dinal and radial intensities of turbulence
(v and ., respectively) which were
calculated from data obtained before the
probe was rotated agreed within about
10% of the values found when the probe
was not rotated. The measured values of

Urtty
the velocity products, such as ———, were

highly sensitive to errors in ¥, and errors
as little as 2 deg. in this quantity caused

® Appendix has been deposited as document
6426 with the American Documentation Institute,
Photoduplication Service, Library of Congress,
Washington 25, D. C., and may be obtained for
$1.25 for photoprints or 35 mm microfilm,

appreciable errors in the turbulent velocity
products (9). However the consistency of
the trends shown by the products in-
dicates that the relative values were
significant. Tests showed that the small
degree of roughness caused by the holes
in the pipe wall did not affect the results
significantly.

MEAN FLOW PATTERN

Figures 6 and 7 show the flow pat-
tern of the lines of constant pitch angle,
8§ = (90 — |g]). Negative distances
from the center line denote positions
on the side of the pipe axis opposite
the side on which the entry is located
and toward the side containing the
traversing mechanism. The pitch angle
is not sensitive to changes in the inlet
velocity. This agrees with the results of
Eckert and Hartnett (2). The pro-
nounced asymmetry of the flow field
is especially evident in the vortex tube.
Asymmetrical spiral flow fields have
also been reported by Iinoya (6). Fig-
ure 6 shows that the flow near the wall
is a spiral leading away from the entry
section at a pitch angle that varies in
a quasiperiodic manner but which in-
creases slightly with increasing distance
from the entrance. The undulations in
the lines of constant pitch angle are
present to a lesser degree in the cy-
clone, as shown in Figure 7.

Profiles of the tangential and axial
velocity components in the vortex tube
are shown in Figures 8 and 9. No data
were taken within about 1 in. of the
center line because of the relatively
high disturbance of the flow caused by
the probes in this region (2). Instead
of flow with constant angular momen-
tum expected in a true vortex the
flow in the central portion of the vor-
tex tube is one of nearly constant angu-
lar velocity as shown in Figure 8; that
is the eddy viscosity appears to be high
in this region. The velocity profile ap-
pears to be a result of a combination
of this effect and the requirement of
zero rotation at the wall. The shapes of
the tangential velocity curves are sim-
ilar to those given by Eckert and Hart-
nett, who worked at inlet velocities
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Fig. 1. Schematic diagram of the flow system.
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Fig. 3. End fitting for cyclone.

near 500 ft./sec. The similarity is addi-
tional evidence of the insensitivity of
the flow pattern to changes in the inlet
velocity.

Figure 9 shows that the downstream
axial flow takes place principally in a
zone near the pipe wall. The width of
this zone increases with distance from
the inlet.

The secondary flow in the vortex
tube is shown in Figure 10. The arrows
indicate the direction of the velocity
vector compounded from the axial and
radial velocity components (I13). Sec-
ondary flow exists in any curved
bounded flow. In a curved pipe inward
flow takes place near the pipe wall
because the velocity in this region is
lower than that near the axis and the
fluid is not being acted upon by a
centrifugal force which is equal to the
force caused by the surrounding cen-
tripetal pressure gradient. The second-
ary flow in the vortex tube and in the
cyclone is caused, at least in part, by
a similar action at the boundaries of the
flow. Consequently one would expect
the geometry of the system to have a
pronounced effect on the secondary
flow pattern. This may explain the
marked difference between the second-
ary flow pattern obtained in the cy-
clone, as shown in Figure 11, and that
obtained in the vortex tube. It should
be noted that the secondary flow pat-
tern in the cyclone is quite different
from the symmetrical profiles reported
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Fig. 4. Pressure probe.
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by van Tongeren (19) and ter Linden
(17). The fact that the cyclone used
in the present work did not have a
conical base may account to some ex-
tent for the different secondary flow
pattern. It is also possible that the re-
sults of van Tongeren and ter Linden
are based on data obtained on only one
side of the cyclone axis.

The asymmetry of the results indi-
cates that the axis of rotation of the
fluid is not on the center line of the
pipe; rather it is on a curved line which
follows the undulations in the lines of
constant pitch angle and moves from
one side of the z-axis to the other. This
undulating, or dynamic, center line is
shown by the curved center line in
Figures 6 and 7. Undoubtedly the true
center line is not in a singe plane, but
it has the shape of a drawn out helix
which makes only a few revolutions
throughout the length of the tube.
When the values of U, in Figure 8
which are equidistant from the z-axis
and within 2 in. of it are compared for
opposite sides of the center line, they
are seen to be nearly symmetrical with
respect to the dynamic center line.
Near the wall a different situation ex-
ists. Figure 8 shows that, at a given
station, a lower value of U, near the
z-axis is accompanied by a higher ve-
locity near the wall, compared with the
velocity on the opposite side of the z-
axis. The rate of increase of tangential
velocity with radius is greater on the
side of the z-axis containing the dy-
namic center line because the area
available for flow on this side is smaller
than on the opposite side. This explains
the asymmetry in U, near the wall.

It is interesting to note that the
secondary flow pattern shown in Figure
10 can be divided into three different
subpatterns and that the planes divid-
ing these are at points where the dy-
namic center line crosses the fixed cen-
ter line of Figure 6. It is evident that

\

Fig. 5. Transformation of coordinates.

the position of the dynamic center line
is related to the secondary flow pattern.

The asymmetry suggests that a spi-
ral flow pattern cannot always be in-
ferred from data obtained on one side
of the pipe axis only.

Figures 12 and 13 show the asym-
metry in the tangential and axial veloc-
ity profiles of the cyclone. Only for a
small range of radial distance can the
tangential velocity profiles be de-
scribed accurately by one equation, as
proposed by Shepherd and Lapple (15)
or Broer (1). Previous workers (15,
16, 21) have described the tangential
velocity profiles in cyclones as those of
a free vortex, with deviations caused
by the viscosity of the fluid. The pres-
ent profiles show a tendency toward
leveling off 2 to 3 in. from the z-axis, or
fixed center line. Since it is certain that
the tangential velocity decreases rap-
idly within a distance of about 0.7 in.
of the center line (15, 16), the tan-
gential velocity profile in the cyclone
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by the presence of the inner spiral.
This superposition explains the tend-
ency toward a flat tangential velocity
profile in the regions from 2 to 3 in.
from the z-axis.

Hughes (5) has reported that the
method of Einstein and Li (3) may be
used to describe the tangential velocity
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profiles in cyclones. The latter solved
the equations of motion for the tangen-
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tial velocity in a real vortex by assum-
ing that

d _ 0 5]
o oz or
that
U. << U,
and that
_.__Qur
U,=———r<r, 1
Qa0 (L)
—Q.
U=—=2" s>,
Qarl

They also assumed that an eddy vis-
cosity can be defined for a curved flow
by the relation

] U
Ty = peETr —— (—0 ) (2)
ar T

Solutions of the equations of motion
are represented by the nondimensional
curves shown in Figure 14, where the
parameter A” = Q,/2xl(v+e€). Also
shown in Figure 14 are some of the
data obtained in the present study and
some of the data of Shepherd and Lap-
ple (15). All of the cyclone data are in
the range 1 < A” < 10. Hughes has
reported that reasonable values of e can
be obtained for cyclones by using this
method, and some of the profiles ob-
tained in the present work also could
be used to obtain similar values. This
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agreement however is probably caused
fortuitously by cancellation of errors
rather than by applicability to cyclone
flow fields of the assumptions made in
solving the equations of motion. For
example Equation (1) does not hold
in the vortex tube. Yet reasonable val-
ues for ¢ can be obtained from the
parameter A” in Figure 14. The valid-
ity of Equation (2) is especially open
to question. Various workers (4, 20)
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Fig. 10. Secondary flow in the vortex tube.
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have shown that the shear stress in
two-dimensional curved flow does not
vanish at points where 3/8r(U,/r) =
0. This is not in agreement with Equa-
tion (2).

TURBULENCE MEASUREMENTS

Figure 15 shows that the longitudinal
component of turbulent intensity in the
vortex tube tends to increase with de-
creasing distance from the center line.
The increase in intensity is caused more

by the rapidly decreasing mean velocity

than by the intensity in ‘ju’,,. The in-
tensity profiles are affected by the posi-
tion of the dynamic center line. For
example near the inlet and at points
near the z-axis there is a higher inten-
sity on the positive side of the z-axis.
This is consistent with the lower mean
velocity that exists here for reasons al-
ready given.

Eskinazi and Yeh (4) have pre-
sented the turbulent energy equations

—2U, 1 -
(u, ué) +__( 8r)
W U, 1 dp
— =, ——
r P ar
[ W, 92 6u¢]
+ urv2 U, — 3
g woETE A ®

u-u; 9 1 98
— (U,) + —— (ru. o
ar (rUs) 2r Br( 2

r

u, o’ 1 a
LAY
r pr dd
4 [ - uz¢+2 au,](4)
u Up — — + — g ——
v ¢ ¢ , 1'2 ¢a¢

for fully developed two-dimensional
flow with mean flow in the ¢-direction
only. These conditions are approxi-
mated near the wall, and Equations (3)
and (4) may be applicable in this re-
gion. One other approximation is nec-
essary, since

U, U, = U U, sin§ —u, u;cos § (5)

No data are available for u,u;, but in
all cases sin 8 is close to unity and the
contribution of the second term is
probably not large. The unusual in-
crease in u’, on the positive side of
the center line at Station 1 is in ac-
cordance with the relatively large val-
ues of u, u, which were found here as
compared with the values at similar
radial distances at other measuring sta-
tions. The larger values of u,u, give
larger negative values for the first term
of Equation (4), which is indicative of
a greater creation of u% from the mean
flow. A negative sign for the first term
of Equations (3) and (4) represents
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Fig. 11. Secondary flow in the cyclone.

a production of turbulent energy and
vice versa. Similarly the low values of

V/u’,, near the wall opposite the entry,
that is on the negative side of the cen-
ter line, are consistent with the change
in sign of u,u, which was found in
this region since the sign of 4/dr
(rU,) remains constant. The validity of
the energy equations is highly ques-
tionable in regions where the radial
velocity component is appreciable.

Changes in the sign of u,u, were
found at points where the angular mo-
mentum was not constant with chang-
ing radius. This is a common occur-
rence in curved flows (4, 20).

The radial intensity of turbulence in
the vortex tube is shown in Figure 186.
The suppression of «’, near the wall
agrees with results obtained in other
bounded shear flows, such as pipe flow.
Again the marked increase of ', near
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Fig. 13. Axial velocity in the cyclone.

the center is due primarily to the low
mean velocity in this region.

Profiles of components of the turbu-
lent intensity in the cyclone are shown
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in Figures 17 and 18. As before many
of the characteristics of these curves
can be explained in terms of the mean
velocity and the dynamic center line.
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DISTANCE FROM CENTER

LINE, ( INCHES )

INLET VELOCITY = 100 FT./SEC,

Fig. 16. Radial intensity of turbulence in the vortex tube.

The fact that «’, is consistently higher
on the positive side of the center line
may be caused by the influence of the
probe rod on the turbulence.
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Fig. 17. Longitudinal intensity of turbulence in the cyclone.

Figure 19 shows that the asymmetry
of the turbulent intensity profiles of u’,
is not caused by changes in U only

but that the values of _u—"’, are also
strongly affected by the distance from
the center line. Equation (3) and val-

ues of u,u, indicate that the asym-

metry in \/u"', near the walls may be

caused by the alternate suppression and

generation of turbulence from the mean
ow.
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PRACTICAL CONSEQUENCES OF THE
FLOW PATTERNS

Only the radial component of tur-
bulence has an effect on the efficiency
of collection of small particles by cy-
clones. Quantitative calculation of this
effect requires a more thorough knowl-
edge of the turbulent structure. than is
available from this study. However the
values of the root mean square fluctuat-
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Fig. 18. Radial intensity of turbulence in the cyclone.
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ing velocities in the radial direction in-
dicate that the effect of turbulence on
separation is likely to be of the same
order of magnitude as the effect of
secondary flow.

The results also show that the high
intensity of turbulence in the central
core of a spiral flow field requires that
a correction be applied to velocity
measurements in this region when
these measurements are made with a
Pitot tube.

The extreme differences in the flow
patterns of the vortex tube and the cy-
clone indicate one reason why the per-
formance of a Ranque-Hilsch tube is
dependent on the fraction of gas leav-
ing at each end (18).

CONCLUSIONS

Tangential velocity profiles in the
vortex tube show that the angular ve-
locity of the flow is nearly constant
at points where r <0.5 r,,.. Tangential
velocity profiles in the cyclone can be
described by a superposition of two
concentric vortex tube profiles.

The flow patterns in both the vortex
tube and the cyclone are not sym-
metrical with the pipe axis. Much of
the asymmetry can be explained by
postulating a dynamic center line which
has the shape of a helix.

The longitudinal intensity of turbu-
lence ', increases sharply near the cen-
ter of the vortex tube. This is caused
primarily by the abrupt decrease in

mean velocity near the center.
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The radial intensity «’, in the vortex
tube shows a similar increase near the
center. Near the wall it decreases rap-
idly with distance from the center, as
does «’, in the cyclone.

In the region studied the longitu-
dinal turbulent intensity «’, in the cy-
clone has the highest values near the
outer wall. The high intensity near the
wall is caused both by the decrease in

mean velocity and the increase in \/u",,.

Some of the phenomena shown by
the turbulent intensity profiles near the
wall are consistent with a turbulent en-
ergy balance based on fully developed
two-dimensional curved flow.

The shapes of the profiles of both
the mean and turbulent quantities are
not significantly affected by flow rate
in the range studied.
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NOTATION
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empirical constant
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empirical constant
heat capacity

mean voltage across wire at
B~/sin g8

rate of heat loss from wire
current

time constant of wire
volumetric  discharge rate
through an exit of radius r,
wire resistance at some base
temperature T,

wire resistance at T,

wire resistance at T,

base temperature for com-
puting wire resistance

= temperature of air passing
hot wire

temperature of heated wire
magnitude of mean velocity
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mean velocity component
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= electric power supplied to
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= fluctuating voltage across wire
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14 = fluctuating static pressure
r = distance coordinate in radial
direction
I = radius of exit tube
t = time
= fluctuating velocity in the
direction of U
v = fluctuating velocity at right
angles to U as defined in
Figure 5
x = distance coordinate in the
direction of U
x” = axis coincident with the axis
of the calibration nozzle
y = distance coordinate defined
in Figure 5
z = distance coordinate along axis
of test section
z = distance coordinate defined
in Figure 5
Greek Letters
a = thermal coefficient of resist-
ance
B = angle between wire I and x”-
axis
B = angle between wire II and
x"-axis
y = E.I/(R.—R.)
8 = pitch angle, = (90— |9|),
deg.
F:\/U (Ro—R.)"
81’ = 2I1Ru )
-\/ sin(8; — )
sin 8,
F.~/U (R,.—R,)*
8, = 2L.R,
\/ sin (B + )
sin 8,
€ = kinematic eddy viscosity
e = distance coordinate defined
in Figure 5
7 = distance coordinate defined
in Figure 5
6 = angle between horizontal
plane and a plane contain-
ing U and the r-axis, defined
in Figure 5
v = kinematic viscosity
£ = distance coordinate defined
in Figure 5
P = average density
) = shear stress due to turbu-
lence
¢ = distance coordinate in the
tangential direction with pos-
itive direction taken in the
direction of U,
¥ = angle defined in Figure 5
Subscripts
c = value taken during wire cal-
ibration
r = component in r-direction
w' = value taken at wall of test

section

A.1.Ch.E. Journal

« = component in x’-direction
%" = component in x"-direction
y = component in y’-direction
z = component in z-direction
z = component in z’-direction
4 = component in {-direction
7 = component in x-direction
13 = component in ¢-direction
¢ = component in ¢-direction
1 = value of wire I

2 = value of wire I1
Superscripts

0 == instantaneous value

’ = when used with a fluctuating
quantity it denotes the in-
tensity of that quantity, for

example vy = Vu',/U
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