" REPORT

EXPERIMENTAL INVESTIGATION OF FLOW
PATTERNS IN RADIAL-OUTFLOW VORTEXES
USING A ROTATING-PERIPHERAL-WALL
WATER VORTEX TUBE

by Arthur Travers

Prepared by
UNITED AIRCRAFT CORPORATION
East Hartford, Conn.

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION « WASHINGTON, D. C. » FEBRUARY 1968

b



NASA CR-991

EXPERIMENTAL INVESTIGATION OF FLOW PATTERNS
IN RADIAL-OUTFLOW VORTEXES USING

A ROTATING-PERIPHERAL-WALL WATER VORTEX TUBE

By Arthur Travers

Distribution of this report is provided in the interest of
information exchange. Responsibility for the contents
resides in the author or organization that prepared it.

Issued by Originator as Report No. F-910091-10

Prepared under Contract No. NASw-847 by
UNITED AIRCRAFT CORPORATION
East Hartford, Conn.

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for Federal Scientific and Technical Information

Springfield, Virginia 22151 - CFST! price $3.00






FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Corporation Research
Laboratories under Contract NASw-84T7 with the joint AEC-NASA Space Nuclear Propulsion
Office. The Technical Supervisor of the Contract for NASA is Captain W. A. Yingling
(USAF). Results of the fluid mechanics portion of the investigation conducted
during the period between September 15, 1965 and May 30, 1967 are described in the
following four reports (including the present report) which comprise the required
fifth Interim Summary Technical Report under the Contract:
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Experimental Investigation of Flow Patterns

in Radial-Outflow Vortexes Using a Rotating-

Peripheral-Wall Water Vortex Tube

SUMMARY

Experiments were conducted using a water vortex to investigate the conditions
under which turbulence exists in radial-outflow vortexes with and without super-
imposed axial flow. The vortex test apparatus used had a 10-in.-dia by 30-in.-long
rotating porous peripheral wall, a 1.0-in.-dia rotating inner porous tube located
on the centerline, and end walls that could be rotated with the peripheral wall or
held stationary. In the tests without superimposed axial flow (basic vortex con-
figuration), plain end walls were used. Flow was injected thrcugh the inner porous
tube, flowed radially outward, and was withdrawn through the rotating porous
peripheral wall. In the tests with superimposed axial flow (axial-flow vortex con-
figuration), one plain end wall and one end wall with a 3/4-in.-wide annulus near
its outer edge were used. Flow was withdrawn through the annulus and was injected
either (1) only through the inner porous tube, (2) through both the inner porous
tube and the rotating porous peripheral wall, or (3) only through the rotating
porous peripheral wall.

The characteristics of the flow were determined from observations and micro-
flash photographs of dye patterns for different combinations of the flow conditions
(values of tangential, radial and axial-flow Reynolds numbers) and the peripheral-
wall, inner-porous-tube and end-wall rotation speeds. Tangential velocity profiles
were measured for some basic-vortex flow conditions by means of a photographic
particle-trace method using small, neutrally buoyant polystyrene spheres. Summary
plots indicating criteria for the flow conditions that lead to laminar, alternating
laminar and turbulent, and turbulent flow patterns were constructed for both vortex
configurations.

The results of the tests indicate that radial-outflow vortexes are generally
characterized by turbulence with large eddies that convect fluid from the central
region of the vortex to near the peripheral wall. These flow patterns exist for
both basic and axial-flow vortex configurations and for wide ranges of the flow
conditions. Laminar flow was encountered only with low rates of radial outflow
and low superimposed axial velocities. Rotation of the end walls had a signifi-
cant effect on the flow patterns in the basic vortex configuration for a limited
range of the flow conditions; rotation of the inner porous tube had no significant
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effect. Rotation of the inner porous tube and end walls had no significant effect
on the flow patterns in the axial-flow vortex configuration.




(1)

(2)

(3)

(4)

(5)

RESULTS AND CONCLUSIONS

Basic Vortex Configuration

With stationary end walls and no fluid injection through the stationary
inner porous tube (radial Reynolds number, Re, = 0), the flow in the
rotating-peripheral-wall vortex tube was laminar at all radii.

For the same configuration as (1) (stationary end walls and stationary
inner porous tube) but with fluid injection through the porous tube (e.g.,
Re, = -30*%), the flow was laminar from the centerline to a radius of
approximately r = 2.5 to 3.5 in. and was turbulent at larger radii. The
radial extent of the laminar flow depended upon Re, and the tangential
Reynolds number, Re,,0

For the same configuration as (1) and (2) (stationary end walls and sta-
tionary inner porous tube) but in a jet-driven vortex tube (nonrotating
peripheral wall), the flow was previously observed to be turbulent at all
radii, indicating that jet injection has a detrimental effect on the
entire flow field.

For the configuration of (2) but with the end walls rotating with the
peripheral wall instead of stationary, the flow was laminar at all radii

for small amounts of outflow ( Re, > -37) at tangential Reynolds numbers

up to Rego = 300,000. For larger amounts of outflow and/or larger tan-
gential Reynolds numbers (values of Re, to -110 and Re,,o to 330,000 were
investigated), the flow was at least partly turbulent. Within a small

range of flow conditions, the flow oscillated between laminar and turbulent.
Thus, the beneficial effects of end-wall rotation on radial-outflow flow
patterns in basic vortex configurations are limited to flow conditions

with small amounts of radial outflow.,

For the configuration of (2) but with the inner porous tube rotating
instead of stationary, the flow was completely turbulent for all ratios
of peripheral-wall speed to inner-porous-tube speed. With inner porous
tube and end walls rotating, the turbulence was decreased but could not
be eliminated by very large peripheral-wall speeds.

* Negative values of Re, indicate radial outflow; the more negative Re,, the
larger the amount of radial outflow.



Axial-Flow Vortex Configuration

(1) The axial-flow Reynolds number, Re, w » and the ratio of average axial
ve1001ty in the vortex to the velocity of the rotating peripherel wall,
,w’/V¢p , Were observed to be the two major parameters which affected
the flow patterns. For radial outflows, the radial Reynolds number, Re, ,
and the condition of the end walls and the inner porous tube (i.e.,
whether stationary or rotating) had very little effect on the flow patterns.

(2) For values of Rez, w less than 3,000 and V w’ Vé,o0 less than 0.01,
(i.e., for small amounts of axial flow), the flow was laminar from the
centerline to a radius of approximately t = 2.5 in. and was turbulent
at larger radii.

(3) For values of Re, w and \-/Z,w/v¢'o greater than in (2) above (values
up to 21,000 and 0.3, respectively, were investigated), the flow was tur-
bulent at all radii. Thus, the flow in the central region of a radial-
outflow, axial-flow vortex is laminar only for small amounts of axial flow.

(4) The turbulent flow observed for values of Re, w greater than 3,000 and
vzw,/v¢o greater than 0.0l was characterized by large eddies (approxi-
mately the size of half the radius of the vortex tube) in both the
azimuthal (r-¢ ) and axial (r-z ) planes. These eddies convect fluid
rapidly from the central region of the vortex to near the peripheral wall.

(5) A limited number of tests of radial-inflow vortexes with axial flow
(vortexes in which a portion of the flow is removed through the thru-flow
ports at the centers of the end walls) were also conducted in the rotating-
peripheral-wall vortex test apparatus. Laminar flow was observed in the
central region, even at large values of Re; and Vhw/whowhere radial-
outflow vortexes were observed to be turbulent.




INTRODUCTION

An experimental and theoretical investigation of gaseous nuclear rocket
technology is being conducted by the United Aircraft Research Laboratories under
Contract NASw-847 administered by the Joint AEC-NASA Space Nuclear Propulsion
Office. The research performed under this contract is applicable to two vortex-
stabilized gaseous nuclear rocket concepts: the open-cycle engine concept and the
nuclear light bulb concept.

In the open-cycle concept,hydrogen propellant is injected from the peripheral
wall of the rocket chamber to drive the vortex. It then flows axially in a narrow
region near the peripheral wall into an exhaust annulus at one end of the chamber
md through the exhaust nozzle. Gaseous nuclear fuel is contained in the central
region of the vortex flow. Heat is transferred by thermal radiation from the
gaseous nuclear fuel to the hydrogen propellant passing over the fuel region.
Details of the engine concept -- including the fluid mechanics, heat transfer,
nucleonics and structure -- are described in Ref. 1.

In the nuclear light bulb concept, propellant is heated by thermal radiation
passing through an internally cooled transparent wall located between the fuel and
the propellant. Coolant gas to drive a vortex is Injected tangent to the inner sur-
face of the transparent peripheral wall. In the nuclear light bulb, a vortex flow
pattern is utilized to contain gaseous nuclear fuel and keep it away from the trans-
parent wall.

Two factors which determine the flow patterns in confined vortexes are (1)
whether or not there is a superimposed axial flow near the peripheral wall, and
(2) whether or not the net flow of fluid is radially inward or outward with respect
to the centerline of the vortex. In a vortex with superimposed axial flow, fluid
is injected at the peripheral wall and is withdrawn through an annulus located near
the outer edge of one end wall. The radial-inflow vortex is formed by removing a
small amount of fluid through ports at the centers of the end walls. The radial-
outflow vortex also is formed by injecting fluid at the peripheral wall, but in this
case some fluid is also injected through the ports at the centers of the end walls.

Flow visualization tests of radial-inflow vortexes (Refs. 2 and 3) have indi-
cated that the flow in the central region can be relatively laminar and, hence, may
lead to satisfactory containment of gaseous nuclear fuel. However, two-component-
gas tests with radial-inflow vortexes (Refs. L, 5, and 6) have indicated that the
density of the heavy gas in the simulated fuel-containment region of the vortex
(i.e., the relatively laminar central region) can be only slightly greater than
that of the surrounding light gas before instabilities and turbulence occur. In an
open-cycle engine the density of the fuel must be considerably greater than that of
the surrounding propellant; performance studies indicate that the fuel-to-propellant
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density ratios attainable with a radial-inflow vortex are not large enough for such
an engine. However, since the nuclear light bulb engine could utilize a heavy gas
such as neon between the fuel and the transparent wall, radial-inflow vortexes
appear suitable for nuclear light bulb engines.

Initial flow visualization tests of radial-outflow vortexes (Ref. 2) indicated
that the flow was turbulent in the central region. However, two-component-gas tests
(Refs. 5 and 6) indicated that the density of the heavy gas in the simulated fuel-
containment region could be increased to a value substantially greater than the
density of the surrounding light gas. However, very few measurements have been made
of heavy-gas loss rates, particularly for conditions with large amounts of super-
imposed axial flow. Thus, further research was required to determine whether
radial-outflow vortexes would be suitable for application to an open-cycle engine,

Three different experimental investlgations were conducted concurrently to
investigate the characteristics of radial-outflow vortexes for potential applica-
tion to an open-cycle engine. The results of flow visualization tests directed
toward obtaining fundamental information on flow stability and flow patterns in
radial-outflow vortexes are presented in this report. The results of an explora-
tory investigation that included flow visualization tests, flow-field velocity
measurements and heavy-gas containment tests are reported in Ref. 7. The results
of heavy-gas containment tests conducted at Reynolds numbers up to those that would
be required in a full-scale engine are reported in Ref. 8. A summary of the princi-
pal results of the fluid mechanics research conducted under Contract NASw-8L4T and a
comparison of the observed flow characteristics with those that would be required in
both an open-cycle engine and a nuclear light bulb engine are presented in Ref. 9.

Background and Objectives of This Investigation

Previous tests of radial-outflow water vortexes driven by fluid injection
through slots and jets in a stationary peripheral wall have indicated the existence
of substantial amounts of turbulence (Ref. 2). Two possible sources of this turbu-
lence were recognized: (1) mixing caused by the high-momentum fluid injected at
the peripheral wall, and (2) an instability that might be inherent with the flow
of fluid radially outward from the centerline of the vortex. To eliminate the first
of these two possible sources, a rotating-peripheral-wall water-vortex apparatus
was constructed in which the fluid enters or leaves at very low velocities relative
to the moving wall of the vortex tube (and hence with low turbulence) through a
large number of small holes drilled normally through the peripheral wall. Two
other features, a rotating inner porous tube and end walls that can be rotated or
held stationary, were also included in the new apparatus to permit investigation of
the effects of these factors on the flow patterns. Both basic vortexes (no axial
flow) and vortexes wilth superimposed axial flow can be investigated with this
apparatus.




The objectives of the investigation reported herein were (1) to determine
whether the turbulence that is observed in radial-outflow vortexes is caused by
fluid injection at the peripheral wall or by an instability inherent with the flow
of fluid radially outward from the centerline of the vortex, (2) to develop criteria
for the flow conditions that lead to turbulence, and (3) to determine whether a

rotating peripheral wall, a rotating inner porous tube, and rotating end walls have
significant effects on the flow patterns.




DESCRIPTION OF EQUIPMENT AND PROCEDURES

Description of Test Equipment
Vortex Tube

The transparent-wall water vortex apparatus used in this investigation had a
rotating peripheral wall, a rotating inner porous tube, and end walls that could be
rotated with the peripheral wall or held stationary. A photograph of the apparatus
is shown in Fig. 1. The vortex was contained within a 10-in.-ID by 30-in.-long
rotating lucite cylinder (the peripheral wall) having 16,000 holes of 0.062-in.-dia
drilled normally through the wall. This rotating peripheral wall (Fig. 1) was sur-
rounded by a 1lh-in.-ID stationary lucite cylinder that formed a plenum for inject-
ing or withdrawing water through the holes in the peripheral wall., The apparatus
could be operated with or without a separately driven inner porous tube (not
installed when the photograph in Fig. 1 was taken). The inner porous tube was
fabricated from porous metal and had an OD of 1.0 in. The peripheral wall was
driven by a 3/h-hp d-c motor with a variable-speed controller which regulated
rotational speed to * 1 percent from 4O to 456 rpm. The inner porous tube was
driven by a l/h-hp d-c motor with a similar variable-speed controller that pro-
vided regulation to within *1 percent from 100 to 2400 rpm. The end-wall drive
spool (see Fig. 1) could be locked to the peripheral-wall drive or to the test
stand. This allowed the end wall to be rotated with the peripheral wall or held
stationary.

Experiments were conducted using vortex tube configurations with and without
superimposed axial flow. Details of the configurations investigated are shown in
Fig. 2 and sketches of the fluid injection methods used are shown in Fig. 3. In
tests without superimposed axial flow (the basic vortex configuration, Fig. 2a)
plain lucite end walls were used. Fluid was injected into the vortex tube through
ports at the centers of the end walls or through the 1l-in.-dia inner porous tube;
fluid was withdrawn through the rotating porous peripheral wall (Fig. 3a). In tests
with superimposed axial flow (the axial-flow vortex configuration, Fig. 2b) one
plain lucite end wall and one lucite end wall with a 3/h-in.-wide annulus near its
outer edge were used. Flow was withdrawn through the annulus at the axial-flow end
wall and was injected either (1) only through the inner porous tube, (2) only
through the rotating porous peripheral wall, or (3) through both the inner porous
tube and the rotating porous peripheral wall (Fig. 3b).

Tests were also conducted using the Elhh-port-injection vortex tube of Ref. 2
(a jet-driven vortex) with additional fluid injection through an inner porous tube.
The results of these tests are discussed in the Appendix. This vortex tube had a
stationary peripheral wall with 214l injection ports of 0.060-in. dia; the inward
injection angle for all ports was 19 deg measured with respect to the tangent at




the wall at the point of injection. A complete description of the 21lh4k-port-
injection vortex tube is given in Ref. 2.

Flow Control System

In the basic vortex configuration, water was pumped from a storage tank through
the inlet pipes leading to the ports in the end walls or to the inner porous tube.
Measurements of the total flow injected into the vortex tube were made using
rotameters located in the inlet pipes. In the axial-flow configuration, similar
flow measurements were made for the flow injected through the porous tube. The flow
injected through the rotating porous peripheral wall was measured using a turbine
flow meter located in the inlet flow pipe leading to the injection plenum surround-
ing the rotating peripheral wall. The desired flow conditions were obtained by
separate adjustment of control valves located upstream of the inner porous tube and
peripheral-wall plenum. Measurements of water temperature were made using a
thermometer located in the storage tank to determine the actual kinematic viscosity
for calculating Reynolds numbers.

Optical System and Flow Visualization Techniques

Flow visualization was provided by injection of fluorescent dye into the vor-
tex through the inner porous tube or through the thru-flow ports at the centers of
both end walls. A sketch of the optical system used to photograph dye patterns is
shown in Fig. 4 (the chopping wheel was not used). Photographs of dye patterns were
taken through an end wall of the vortex tube with illumination through an adjustable
slit (usually 1/k in. wide). Time exposure photographs of the dye patterns were
also taken through the side wall of the vortex tube by interchanging the locations
of the camera and light source. A microflash lamp having O.l-microsecond flash
period was used as the light source for photographs of the dye patterns taken
through the end wall. The mercury vapor lamp used as the light source for the
photographs taken through the side wall was powered by a l-kw d-c power supply.

Tangential velocities in the primary-flow region of the vortex were measured
for some flow conditions. The velocities were determined from time-exposure
photographs of neutrally buoyant polystyrene spheres injected into the flow through
a special port located on the inner porous tube near one end wall. The optical
system shown in Fig. 4 was used to photograph the particles. The chopping disc
contained 20 or 4O slots, depending on the flashing rate desired, and was driven by
a variable-speed d-c shunt motor which allowed the flashing rate to be varied from
60 to 3000 flashes per sec. Intermittent illumination of the suspended particles
caused them to appear as a series of streaks on a time exposure (see typical
particle-trace photograph in Fig. 5). This technique permitted quantitative evalua-
tion of the tangential velocities within the confined vortex without using probes
which would tend to disturb the flow.



To select test particles, small quantities of expandable polystyrene spheres
were heated and then dispersed in water. Those which remained suspended after 30
minutes were drawn off, dried and sized. Particles selected in this manner were
almost neutrally buoyant. The particles used in these tests ranged in diameter
from 0.033 to 0.078 in.

Description of Test and Data Reduction Procedures

Range of Flow Conditions Investigated

A summary of the combinations of geometric and flow parameters that were
investigated using the basic vortex configuration is presented in Table I. The
geometric parameters varied were the end-wall configuration (i.e., whether held
stationary or rotated with the same speed as the peripheral wall) and inner porous
tube configuration (stationary or rotating). The flow parameters varied were the
tangential and radial Reynolds numbers. The tangential Reynolds number is defined
as

2
TNy T

Ref’o TX/ (l)

vhere N, 1is the peripheral-wall speed in rpm and v 1s the kinematic viscosity
for the water temperature at the time the tests were conducted. Peripheral-wall
speed was varied from Ng = 40 +to 250 rpm in the tests; the corresponding tangen-
tial Reynolds numbers were from Re;, = 67,000 to 410,000. The radial Reynolds
number is defined as

Q

Re, = ——
o 2wl

(2)

where Q; 1is the total volume flow rate of fluid injected through the ports at the
centers of the end walls or through the inner porous tube. Using the sign conven-
tion adopted, when the net flow is radially outward in the primary flow (for most
of the tests described herein), Re, is negative. For these cases, the more nega-
tive Re, the greater the amount of fluid flowing radially outward. Radial
Reynolds numbers from O to -105 were investigated in the basic vortex configuration.
When the net flow is radially inward (in some tests of the axial-flow vortex con-
figuration, flow was withdrawn through the ports at the centers of the end walls),
Re, is positive.

A summary of the flow conditions that were investigated using the axial-flow
vortex configuration is presented in Table IT. This table is divided into four
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sections, each listing the combinations of geometric and flow parameters investi-
gated for the respective fluid injection methods. The same geometric parameters
were varied as in the basic vortex configuration. Peripheral-wall speed was varied
from N, = o to 240 rpm; the corresponding tangential Reynolds numbers were from
Reto = 67,000 to 39%,000. Radial Reynolds number was varied from +90 (radial
inflow) to -150 (radial outflow). Two other flow parameters, the axial-flow
Reynolds number, Rez,w , and the ratio of the average axial velocity in the vortex
tube to the tangential velocity of the peripheral wall, Vzwv/V¢,o , Were also
varied. The axial-flow Reynolds number is defined as

Q

Rz = FTRTT TG (3)

Values of Re,, from 880 to 21,000 and \72’W /Vg,0 from 0.003 to 0.313 were
investigated.

Reduction of Particle-Trace Data

The first step in the procedure for obtaining local tangential velocities in
the primary-flow region was to determine the radius of a particle-trace from a
photograph (see Fig. 5). Two points at the ends of dashes were selected and the
circumferential distance between them was calculated from the radius and the cen-
tral angle subtended. The time of travel was determined from the number of dashes
between the points and the light flashing rate. The tangential velocity was then
calculated by dividing the circumferential distance by the time of travel. The
photographs from which the tangential velocities were determined were taken with
light illumination at the axial mid-plane for all profiles presented in this report.
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REVIEW OF THEORETICAL CONSIDERATIONS FOR RADIAL-QUTFLOW VORTEXES

Tangential Velocity Profiles

Theoretical radial-outflow tangential velocity profiles for rotating flows
without superimposed axial flow are shown in Fig. 6. This figure will aid in
interpreting differences in tangential velocity profiles measured in the basic
vortex configuration. The profiles were calculated for a velocity distribution
of the form

(ne-1)
Vg o T r (%)

Profiles of this form are solutions to the Navier-Stokes equations for laminar
radial outflow in which the local radial Reynolds number (Re,p =V r/v ) and
viscosity are assumed independent of radius. According to theory,

nI- = 2 "Rer'p (5)

Calculations were made for various values of Re o (Fig. 6) to simulate certain
measured tangential velocity profiles (see following section).

The effect of the ratio of total-to-laminar viscosity (pe€/g, an indication
of turbulence level) may be noted in Fig. 6. TFor a constant value of Renp , the
effect of increasing turbulence (increasing pe/p) is to drive the profile
towards solid-body rotation (towards Vp & 1, the profile for Renp/(pe/;L) =0).
Turbulence reduces the effective outflow radial Reynolds number and increases the
tangential velocities in the central region of the vortex. It is known from
observations of the flow patterns that F«’e,,’p and pe / p are not constant with

radius; therefore, the information in Fig. 6 is only useful to help explain general
trends.

Stability Criteria

There is no existing single theoretical stability criterion that covers all of
the possible disturbances which might lead to instabilities in the types of flows
considered in this investigation. Although a large body of literature exists on
the stability of rotating flows, a major part treats only axisymmetric disturbances
of the type identified by Lord Rayleigh. Only recently have there been studies
which considered the effects of axial velocity gradients in the flow and
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nonaxisymmetric disturbances. Results of analyses of the stability of inviscid
flows in the annulus between two closely spaced concentric rotating cylinders are
given in Refs. 10 through 12. Disturbances of arbitrary asymmetry are allowed,
including disturbances in both the azimuthal and axial directions. References 10
and 11 consider the special case of a constant-density flow with linear tangential
and axial velocity profiles in the annulus, i.e., with constant tangential and
axial velocity gradients. The local slope of the tangential velocity profile given
by Eq. (4) can be related to the linear profiles of Refs. 10 and 1l. According to
the theory of Refs. 10 and 11, the flow will be stable for values of n. > 2.667
for all axial velocity gradients.

An extension of the basic Rayleigh criterion to flow with radial density
gradients is given in Ref. 13 but, like the Rayleigh criterion, the criterion is
valid only for axisymmetric disturbances. The criteria of Refs. 10 and 1l have
been extended to cover the case of linear radial gradients of density in Ref. 12.
The results of Ref. 12 are in agreement with the results of Refs. 10 and 1l in the
limit of constant density. The criterion of Ref. 12 predicts stability for all
disturbances including tangential shear modes in constant-density radial outflows
with linear tangential velocity profiles and no axial velocities. Shear instabili-
ties are encountered in parallel flow when there is an inflection in the velocity
profile. The corresponding criterion for tangential shear instabilities in rotat-
ing flow is an inflection in vorticity (Refs. 14 and 15).

The results obtained in Refs. 10 through 12 appear to represent the most
applicable stability criteria for gaseous nuclear rockets available at the present
time. These criteria are clearly not adequate, however, because (1) they do not
treat the general case of arbitrary tangential and axial velocity profiles, and
(2) they do not include the influence of viscosity. It is not likely that
significant improvements in these criteria can be made in the near future due to
the complexity of the problem. Therefore, the results of experiments such as
those discussed in this report must be relied on for empirical knowledge of the
stability of rotating flows.
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DISCUSSION OF RESULTS

Results for Basic Vortex Configuration
Sketches of the two fluid injection methods which were used with radial-
outflow vortexes without superimposed axial flow are shown in Fig. 3a. A summary

of the flow conditions investigated is presented in Table I.

Effect of Vortex Driving Method

Microflash photographs showing typical flow patterns in the rotating-
peripheral-wall vortex tube and 2lkh-port-injection vortex tube (the latter from
the tests reported in Ref. 2) are shown in Fig. 7. These and all other photographs
in this report that were taken through an end wall show flow patterns at the axial
mid-plane. In all photographs, the flow is rotating counterclockwise as indicated
by the arrow. It is sometimes difficult to determine whether the flow is laminar
or turbulent from photographs of dye patterns. For radial inflow vortexes (e.g.,
Ref. 2) it is clear from the appearance of fine dye that the flow is laminar. In
radial-outflow vortexes, large turbulent eddies are often visible. For other cases
where the photographs show slightly irregular or diffuse dye patterns, observations
from a series of tests are needed to determine whether the flow is laminar or turbu-
lent.

The effect of the vortex driving method on the flow patterns can be observed
by comparing the flow patterns in Fig. 7a with those in Fig. Tb. TFor these tests
the end walls of both vortex tubes were stationary. The upper photographs in Figs.
Ta and Tb show the flow patterns without fluid injection through an inner porous
tube (the inner porous tube was not installed), i.e., for Re, = 0. 1In the
rotating-peripheral-wall vortex tube, where the vortex is driven by the rotating
wall, the flow was laminar at all radii as shown by the fine spiral dye filaments
(upper photograph of Fig. Ta). In the 2llli-port-injection vortex tube, where the
vortex 1s driven by fluid injected through the fixed ports, the flow was turbulent
at all radii as shown by the diffuse dye pattern with small eddies (upper
photograph of Fig. Tb). The lower photographs in Figs. Ta and Tb show the flow
patterns with fluid injection through a stationary inner porous tube. In the
rotating-peripheral-wall vortex tube (lower photograph of Fig. Ta), the flow was
laminar from the centerline to a radius of about 2.5 in. as shown by the strati-
fied structure of the dye pattern. The noncircular appearance of the dye filaments
is due to slightly nonuniform fluid injection through the inner porous tube. At
radil greater than 2.5 in., the flow was turbulent as indicated by the dye filaments
breaking up into eddies. In the 2lkk-port-injection vortex tube (lower photograph
of Fig. Tb), the flow was turbulent at all radii. Thus the flow was partly or
completely laminar in the rotating-peripheral-wall vortex tube with and without
fluid injection through the inner porous tube while the flow was completely
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turbulent in the 2llk-port-injection vortex tube. This indicates that the vortex
driving method is important and that Jjet injection has a detrimental effect on the
entire flow field.

For all cases tested in the rotating-peripheral-wall vortex tube with station-
ary end walls and fluid inJjection through the stationary inner porous tube, the
flow was laminar from the centerline to a radius of approximately r = 2.5 to
3.5 in. and was turbulent at larger radii (i.e., flow patterns like the one in the
lower photograph of Fig. 7a). The radial extent of the laminar flow depended upon
the radial and tangential Reynolds numbers. With no net outflow ( Re, = O; upper
photograph of Fig. Ta), the flow was laminar at all radii. Although Re, =0
indicates no net outflow, there is usually local radial inflow in the end-wall
boundary layers and corresponding local radial outflow in the primary-flow region.
The presence of local radial outflow at the axial mid-plane can be inferred from
the spiral nature of the dye pattern in Fig. Ta and from a comparison of the mea-
sured tangential velocity profile for Re, = 0 1in the rotating-peripheral-wall
vortex tube (Fig. 8) with the theoretical profiles in Fig. 6. Assuming that
pe/p =1 (a valid assumption since the flow patterns were laminar), the measured
profile for Re, = 0 1is very similar to the theoretical profile for R’el,’p = -6;
therefore, a small radial outflow existed in the primary flow. The fluid which is
being driven by the rotating-peripheral-wall flows axially into the end-wall
boundary layers at large radii, flows radially inward in the end-wall boundary
layers, flows axially out into the primary flow at small radii, and again flows
radially outward in the primary flow. Thus the above results indicate that local
radial outflows are laminar for very small outflows; however, they are inherently
unstable (most likely a tangential shear mode instability) with any significant net
radial outflow.

The effect of the vortex driving method on the measured tangential velocity
profiles is shown in Fig. 8. 1In general, no large differences are observed in the
shape of these profiles; they are all basically the type encountered in radial-
outflow vortexes. However, the small differences in the prcfiles for a given radial
Reynolds number in the two vortex tube configurations can be explained with the aid
of the theoretical profiles in Fig. 6. It will be noted in Fig. 6 that an increase
in turbulence for any constant value of Re,,p tends to drive the tangential
velocity profile toward solid-body rotation, i.e., toward Vg &r. The effect of
turbulence is to reduce the effective outflow radial Reynolds number of the flow
which increases the tangential velocities in the central region of the vortex. It
will be noted in Fig. 8 that, for the same value of Re, , the measured tangential
velocity profile in the 21hkh-port-injection vortex tube (in which the flow was
turbulent) is closer to solid-body rotation than the corresponding profile in the
rotating-peripheral-wall vortex tube (in which the flow was laminar).

As noted in the preceding section, criterion for tangential shear instability
in rotating flows is an inflection in the vorticity. The tangential profiles shown
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in Fig. 8 do not have either an inflection in the velocity or an inflection in
vorticity and, therefore, should be stable by the above criterion. However, it
should be noted that this criterion is only valid for two-dimensional inviscid
flows without consideration of the axial velocities induced by secondary-flow effects.

Effect of Fluid Injection Method

Tests were conducted with fluid injection through the thru-flow ports located
at the centers of the end walls in order to compare this injection method with
fluid injection through the inner porous tube. Sketches of these fluid injection
methods are shown in Fig. 3a. Typical flow patterns for fluid injection through
the thru-flow ports and through the stationary inner porous tube are shown in Fig. 9
for both stationary and rotating end walls. For fluid injection through the thru-
flow ports, the flow was very turbulent with both stationary and rotating end walls.
The flow with fluid inJjection through the inner porous tube was laminar as indi-
cated by the stratified structure of the dye patterns in the upper and lower photo-
graphs of Fig. 9b. Thus, all further tests were conducted with fluid injection
through the inner porous tube.

Effect of End-Wall Rotation

As discussed previously, the flow patterns with fluid injection through the
stationary inner porous tube and with stationary end walls were laminar from the
porous tube to a radius of approximately 2.5 to 3.5 in. and were turbulent at
larger radii. Typilcal flow patterns for these conditions are shown in Fig. 1Oa.
The upper photograph was taken approximately 25 sec after dye injection and the
lower photograph was taken approximately 50 sec after dye injection. The fluid
moved radially outward from the porous tube through the laminar region, past a
radius of about 2.5 in., and into a region of flow containing high-angular-momentum
fluid where the tangential velocities varied from about 0.1 ft/sec at a radius of
3.5 in. to 3 ft/sec at the peripheral wall (see the measured velocity profiles in
Fig. 11). Because the fluid injected through the inner porous tube had no angular
momentum, turbulent shear occurred in thils outer region as indicated in the lower
photograph of Fig. 10a. This situation would lead to the tangential shear insta-
bility previously mentioned.

For the same fluid Injection method, but with the end walls rotating with the
peripheral wall, the flow was laminar at all radii for moderate amounts of radial
outflow (Re, from O to -37). Typical flow patterns for these conditions are shown
in Fig. 10b. The flow moved radially outward from the porous tube as shown by the
stratified laminar dye layers in the upper photograph of Fig. 10b to a radius of
approximately 2.5 in.; then, most of the flow moved axially toward the end walls
with the remaining flow moving very slowly radially outward as shown in the lower
photograph of Fig. 10b,
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Typlcal tangential velocity profiles for cases with stationary and rotating
end walls at the same Re, as the flow patterns shown in Fig. 10 are shown in
Fig. 11. The shape of the profiles are similar; no inflections in the tangential
velocity profiles that could be associated with possible turbulence-producing
mechanisms are observable. The difference in the profiles can possibly be explained
on the basis of a difference in the local radial Reynolds number. For the case with
rotating end walls, most of the injected flow was pumped axially at small radii and
entered the end-wall boundary layers; hence, the local radial outflow in the primary-
flow region was small. For the case with stationary end walls, the injected flow
moved radially outward at all radii except near the peripheral wall where some of
the flow moved axially.

A summary of the laminar and turbulent flow conditions observed with rotating
end walls and with fluid injection through the stationary inner porous tube is
shown in Fig. 12. As indicated previously, flow patterns for small amounts of
outflow ( Re, > -37) were laminar at all radii for tangential Reynolds numbers up to
about 300,000 (Fig. 12). At Re,'o = 300,000, the flow became very unstable and
oscillated between turbulent and laminar flow. This is a particularly interesting
result because the transition Reynolds number for the flow on a disk rotating in an
infinite medium is also approximately 300,000 (Ref. 16). At Re, = -37, periodic
transition to turbulent flow was observed (that is, the flow was alternately laminar
and turbulent) in the boundary layer on the right end wall at a radius of about
3 in. This turbulence in turn caused portions of the primary flow to be alternately
laminar and turbulent. The axial extent and the duration of the observed turbulence
varied with the peripheral-wall rotational speed. For example, at a rotational
speed of 4O rpm ( Reyo = 6T7,000), the axial extent of the turbulence was about 5 in.
from the right end wall; the duration of the turbulent flow was about 50 sec and
the duration of the laminar flow was about 90 sec. The remaining portions of the
vortex flow, including the left end-wall boundary layer, remained laminar at all
times. As rotational speed was increased, the axial extent and duration of tur-
bulence was increased until the entire flow field became turbulent at Ret o =
280,000. At Re, < -37 (larger amounts of outflow), turbulence occurred continu-
ously near the right end wall (see the "Partly Turbulent" region in Fig. 12). Tts
axial extent was a function of peripheral-wall rotational speed; the other portions
of the flow remained laminar. Also, as the outflow was increased, the rotational
speed at which the entire flow became turbulent decreased. An example of the above
phenomenon is shown in the photographs in Fig. 13 for Re, = -45. The upper photo-
graph (taken through the front of the vortex tube) shows the dye trace for
Ng = 73 rpm. The turbulence extends approximately 13 in. axially from the right
end wall. 1In the lower photograph, at Nj = 156 rpm, the turbulence extends approxi-
mately 24 in. axially from the right end wall. Tt is not known why transition to
turbulence always started at the right end wall.

A comparison of the measured tangential velocity profiles for two different
radial Reynolds numbers leading to partly turbulent and completely laminar flow
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patterns is shown in Fig. 14. The profile for partly turbulent flow ( Re, = -L48)
corresponds to a flow pattern similar to the pattern shown in the upper photograph
in Fig. 13. The profile for completely laminar flow ( Re, = -30) corresponds to a
flow pattern similar to that in Fig. 10b. The small difference in the profiles can
be attributed to the difference in the amount of radial outflow for the two cases.
However, again there are no observable inflection points or other significant
differences in the profiles which could be associated with a driving mechanism for
unstable or turbulent flows. In general, there is a lack of any distinguishing
differences between the measured tangential profiles for laminar flow, partly turbu-
lent flow and completely turbulent flow in Figs. 8, 11, and 1k.

Figures 15 and 16 supply the information necessary to construct a sketch of
the streamline pattern for a typical completely laminar flow condition. TFigure 15
presents photographs of three dye patterns in the r-z plane near the right end®wall
for Re, = -15 and Reho = 117,000. These photographs were taken at various times
after dye injection. The upper photograph in Fig. 15 shows fluid which has been
injected through the stationary inner porous tube moving radially outward, moving
axially toward the right end wall, entering the end-wall boundary layer, and again
moving radially outward (see sketch in Fig. 17). The middle photograph shows the
lower portion of a recirculation cell which has formed and, below that, a horizontal
annular dye trace which moves radially outward with time. The photograph also shows
the minimum radius of the recirculating flow which reenters the end-wall boundary
layer (shown in Fig. 17); note in the photograph the indentation in the horizontal
dye trace at the end wall. The lower photograph in Fig. 15 shows that the hori-
zontal annular dye trace has moved outward to a larger radius and has joined the
lower portion of the recirculation cell.

The variation of local radial Reynolds number with radius at the axial mid-
plane for the same flow conditions is shown in Fig. 16. Photographs of the
horizontal annular dye trace were taken at different times at the axial mid-plane.
A curve of the radius of the dye trace vs time was constructed from the photographs
and its slope was measured to determine local radial velocities and local radial
Reynolds numbers. The curve in Fig. 16 correlates very well with the dye pattern
photographs. The decrease in local radial Reynolds number in the primary flow
between radii of 2 and 3.3 in. indicates that the flow is moving into the end-wall
boundary layers. The flow in the end-wall boundary layers reaches a maximum at a
radius of 3.3 in. (the minimum point of the curve). At this point, Ren =1.1;
this value of Rer'p indicates that approximately 92.5 percent of the total
injected flow was in the boundary layers. This radius compares closely with the
minimum radius of the recirculating flow noted in the middle photograph in Fig. 15.
At radii greater than 3.3 in., the remaining 7.5 percent of the flow and the flow
which reenters the primary-flow region from the end-wall boundary layers continues
to move radially outward (note the increase in outflow at large radii in Fig. 16).
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A streamline pattern constructed from the above information is shown in
Fig. 17. Note that a portion of the flow that enters the end-wall boundary layer
flows into recirculation cells formed at both end walls. A possible explanation of
this phenomenon can be described with the aid of Fig. 18. This figure shows the
theoretical radial outflow (in terms of the radial Reynolds number) in the laminar
boundary layer on a disk rotating in an infinite medium at several rotational
speeds (relations obtained from Ref. 16). For No 110 rpm, note that the total
flow demanded by one end-wall boundary layer at r = 5.0 is equivalent to Re, =
-31. However, in the experimental case for Re, = -15 (Figs. 15 through 17), assum-
ing that the injected flow divides evenly, only flow equivalent to Re, = -T.5 is
avajlable for each end wall. Thus, to satisfy the flow requirements of the end-wall
boundary layers, flow is recirculated into the end-wall boundary layers from the
primary-flow region. This is the mechanism for formation of the recirculation
cells in portions of the primary-flow region.

It was stated previously that the transition Reynolds number for flow on a
disk rotating in an infinite medium was approximately Reto = 300,000. The radial
Reynolds number associated with this Reto is Re, = 40" at v = 5.0 in. (one
end wall). It can be seen in Fig. 12 that for small radial outflows, transition
to turbulence at Re;, = 300,000 was observed. However, for large radial outflows
( Re, < -37, or < -10.5 for one end wall), transition to turbulence occurred at
the right end wall for very small values of Reto (e.g., Re,o = 67,000 which
was the lowest tested). One possible explanatlon for this premature transition to
turbulence could be described on the basis of the flow in the corner between the
peripheral wall and the end wall. For low radial outflows, the flow can negotiate
this corner without separating and forming eddies; however, for large radial out-
flows, separation occurs in the corner causing transition to turbulence in the end-
wall boundary layer. The adjacent portion of the primary-flow region also became
turbulent because of the recirculation cell.

Effect of Rotating Inner Porous Tube

Tests were conducted to determine the effect of rotating the inner porous
tube on the flow patterns. Tests were conducted with both stationary and rotating
end walls with the inner porous tube and the peripheral wall rotating at low and
high rotational rates. With stationary end walls, the flow was completely turbu-
lent for all values of the ratio of peripheral-wall speed to inner-porous-tube
speed, N, /N;. Typical flow patterns for these cases are shown in Figs. 19a and
20a. With the end walls rotating with the peripheral wall, the flow was turbulent
for low values of N, (less than 190 rpm) for all values of No /Nj ; the turbulence
was decreased but not eliminated for values of Ny > 190 rpm and Ng/Nj < 0.3.
Typical flow patterns for these cases are shown in Figs. 19b and 20b.
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Results for Axial-Flow Vortex Configuration

Tests of radial-outflow vortexes were conducted in the rotating-peripheral-
wall vortex tube with superimposed axial flow using three different fluid injection
methods. Sketches of these fluid injection methods are shown in Fig. 3b. A
fourth method, not shown in Fig. 3b but discussed later, was used in tests of
radial-inflow vortexes. Table II is a summary of the flow conditions investigated
for the four different fluid injection methods.

The fraction of total flow injected through the peripheral wall for different
combinations of the radial and axial-flow Reynolds numbers (Rer and Rez’w) is
shown in Fig. 21. The curves in this figure will enable the reader to determine
the relative amounts of flow injected through the inner porous rube and the periph-
eral wall from the values of Re, and Regw‘ For fluid injection through the
inner porous tube only, combinations of Re, and Rez,W will lie on the extreme
left-hand curve in Fig. 21. For fluild injection through the peripheral wall only,
combinations of Re, and RezyW will lie along the abscissa. Combinations of
Rey and Re; y falling between the above limits indicate that fluid was injected
through both the peripheral wall and inner porous tube in the fractions indicated.
The ratio of the average axial velocity in the vortex tube to the peripheral-wall
velocity, Vz’w /Ngo 5 1s also a parameter in tests with axial flow.

Effects of Re;y and V,,/Vg o

The results of tests conducted at values of Rezw less than 3000 and
VZw /Vp,0 less than 0.0l indicated that end-wall configuratlon (whether station-
ary or rotating) and fluid injection method had little effect on the flow patterns.
This result is in strong contrast to the results for the basic vortex configuration
where end-wall configuration and fluid injection method had appreciable effects on
the flow patterns. For these low values of ReZw and \Q,N/M¢o the flow patterns
were laminar from the centerline to a radius of approximately 2.5 in. (the central
region) and turbulent at larger radii (the outer region). Photographs of the dye
patterns for cases with stationary and rotating end walls are shown in Fig. 22.
The upper photographs in Figs. 22a and 22b show laminar flow in the central region
(indicated by the stratified structure of the dye patterns). The noncircular
appearance of the dye traces is due to slightly nonuniform fluid injection through

the inner porous tube. The lower photographs in Fig. 22a and 22b both show turbu-
lent flow in the outer flow region.

The effect of fluid injection method on the flow patterns at these low values
of Re,, and v, W/ Vé,0 can be seen by comparing the photographs in Figs. 22a,
23a, and 24a. In Fig. 22a, fluid was injected only through the inner porous tube;
in Fig. 23a, fluid was injected only through the peripheral wall; and in Fig. 24a,
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fluid was injected through both the peripheral wall and the inner porous tube.
The flow was laminar in the central region (note the stratified structure of the
dye traces) for all three injection methods. Although not shown in Figs. 23a and
2ha, the flow was turbulent in the outer region.

Tests at Re,, > 3000 and Vg /Vgo >0.01

For tests conducted at values of Re, W greater than 3000 and Y, / Vg, 0
greater than 0.0l (values up to 22,000 and 0.3, respectively, were 1nvest1gated),
the results showed that end-wall configuration and fluid injection method had no
effect on the flow patterns. The same result was obtained for tests with Rez W
less than 3000 and V; ,/ Vg0 less than 0.0l. However, in contrast to the par'tly
laminar flow patterns obta.lned in tests with Re, W less than 3000 and V, W / V0
less than 0.01, all the flow patterns for Re; w grea.ter than 3000 and VZ w’/ Vg0
greater than 0.0l were turbulent at all radii. These results indicate 'that Fiez1W
and \_/z,w / V¢,o were the two major parameters which affected the flow patterns.

The effect of fluid injection method can be seen by comparing the photographs
in Figs. 23b, 23c, and 2kb. 1In Figs. 23b and 23c¢c, fluid was injected only through
the peripheral wall; in Fig. 24b, fluid was injected through both the peripheral
wall and inner porous tube. The flows in all three photographs are turbulent with
large-scale eddies. Similar size eddies were also noted in the r-z plane. The
difference in the scale of the turbulence for flows at values of Rez,w less than
and greater than 3000 can be seen by comparing the above photographs with the lower
photograph in Fig. 22a. For Rez,w > 3000, eddies having diameters up to half
the radius of the vortex tube were observed. These eddies convect fluid from the
central region to the outer region of high axial velocities. For R’ez,W > 3000,
eddies having diameters up to approximately 0.25 in. were observed.

Effect of Rotating Inner Porous Tube

No improvement in the flow characteristics was observed in tests conducted
with the inner porous tube rotating at various speeds. Typical flow patterns at
low and high axial-flow Reynolds numbers and with three different fluid injection
methods are shown in Fig. 25. In all tests, the inner porous tube was rotating.
The photographs show that the flow was turbulent at all radii in each case.

General Discussion of Test Results

The results of all tests conducted with radial outflow in the axial-flow
vortex configuration with rotating and stationary end walls and with the inner
porous tube stationary are summarized in Fig. 26. Flow conditions that were
observed are indicated on a plot of V;y/Vgo VS Re, ,w - The ratio Vv, w/ Vg0
is equal to Rezw / Rey 0 3 lines of constant Ret o (corresponding to constant
peripheral-wall rota‘tional speed, N ) are also shown in Fig. 26. Flow conditions
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observed to be laminar in the central region (from the centerline of the vortex to
a radius of approximately 2.5 in.) are denoted by circle symbols; flow conditions
observed to be turbulent in this region are denoted by triangle symbols; and flow
conditions observed to alternately change from laminar to turbulent are denoted by
cross symbols. This form of presentation does not show any differences in radial
Reynolds number or end-wall conditions (i.e., whether stationary or rotating)
because, as indicated previously, these factors were found to have very little
effect on the flow patterns.

A possible boundary between the laminar and turbulent conditions has been
drawn on Fig. 26. 1In the region of the boundary, most of the flow patterns were
alternately laminar and turbulent. The unstable nature of the flow in this region
was characterized by the onset of a periodic radial oscillation which resulted in
the deformation of the initially laminar circular streamlines progressively into
ellipses and then into large eddies. The laminar flow would then reappear and the
break-up process would repeat. Dye photographs in Fig. 27 show this process before
(Fig. 27a) and after (Fig. 27b) the onset of large eddies.

The principal results of these radial-outflow tests are that the flow was
laminar in the centrél flow region only for small amounts of axial flow; Rez’w
less than 3000 and Vzw / Ve,0 less than approximately 0.0l. However, for values
of Re,w greater than 3000 and Vz,w/ Vg,0 greater than 0.0l, the flow was turbu-
lent at all radii and was characterized by large eddies. Thus, large superimposed
axial flows and the associated axial shear only caused an already turbulent flow to
deteriorate even further.

The shaded boundary in the upper right-hand corner of Fig. 26 encompasses com-
binations of \_/z,w / Vg0 and Re; y  that were used in the two-component-gas vortex
tests discussed in Refs. T and 6. The present results provide additional evidence
that the poor containment characteristics of radial-outflow vortexes are caused by
mixing of the heavy and light gases due to turbulence and large-scale eddies.

Several tests with superimposed axial flow but with radial inflow instead of
radial outflow were also conducted. The inner porous tube was removed; flow was
withdrawn through the axial-flow exhaust annulus and the thru-flow ports at the
centers of the end walls. Two flow conditions having large values of Re; w and
VLW /V¢,0 are indicated by the solid circle symbols in Fig. 26. TFor these and all
other radial-inflow conditions that were investigated, the flow was laminar in the
central region. A comparison of radial outflow and radial inflow patterns at large
values of Re,, and V2w / Vg0 1s shown in Fig. 28.
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LIST OF SYMBOLS
Total area of injection ports at peripheral wall of 21l4l-port-injection
vortex tube, ft°
Diameter of vortex tube, ft
Length of vortex tube, ft

(nr'l)

Exponent in equation V¢ ar , Where nr =2 - Re,,’p
Inner porous tube rotational speed, rpm

Peripheral-wall rotational speed, rpm

Volumetric flow rate through four slots in nonaxial-flow end wall (see
Appendix), £t3/sec

Volumetric flow rate of injection jet which drives vortex, ft3/sec

.Volumetric flow rate through one end-wall suction annulus (see Appendix),

£t3/sec

Volumetric flow rate through inner porous tube or thru-flow ports, ft3/sec
Volumetric flow rate through axial-flow exhaust annulus, ft3/sec

Local radius from centerline of vortex tube, ft or in.

Outer radius of vortex tube, ft or in.

Radial Reynolds number (negative for radial outflow), Qi/s2mvl ,
dimensionless '

End-wall injection radial Reynolds number based on injection flow rate
through four slots in nonaxial-flow end wall, Q; /2wmvL , dimensionless
(21kh-port-injection vortex tube only; see Appendix)

Local radial Reynolds number in primary-flow region, (V,r)/v , dimension-
less

End-wall suction radial Reynolds number based on total suction flow rate

through 3/8-in.-wide annulus at r = 3 in. in both end walls, 2Qg/2mvL,
dimensionless (2lhk-port-injection vortex tube only; see Appendix)
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Tangential injection Reynolds number based on average injection velocity
in 214k-port-injection vortex tube (see Appendix), Vit /v = Qry /AjY
dimensionless

Tangential Reynolds number based on peripheral-wall rotational speed,
7rN°Q$/3Oy, dimensionless

Axial-flow Reynolds number, Q,/ (7/16)mryv , dimensionless
Time, sec

Average tangential injection velocity in 21l4h-port-injection vortex tube
(see Appendix), Qj /A ft/sec

Local radial velocity, ft/sec
Tangential velocity, ft/sec
Tangential velocity of rotating peripheral wall, mN,ry/ 30, ft/sec

Average axial velocity through annular region having an area equal to
T/16 of tube cross-sectional area, Q, /(7/|6)W'Q$

Distance measured in a direction parallel to the axls of the vortex tube
from right end wall or nonaxial-flow end wall, in.

Total (laminar plus eddy) viscosity, ftz/sec
Laminar viscosity, lb-sec/ft2

Kinematic viscosity, ft2/sec

Density of water, slug/ft>

Azimuthal coordinate
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APPENDIX

RESULTS OF RADIAL-OUTFLOW TESTS IN THE

2144 -PORT-INJECTION VORTEX TUBE

Prior to conducting tests in the rotating-peripheral-wall vortex tube, tests
were conducted in the 21kk-port-injection vortex tube of Ref. 2. The objective of
these tests was to determine the influence of increased tangential velocilties near
the vortex centerline on the turbulence in radial-outflow vortexes. The inner porous
tube was rotated at various speeds to vary the tangential velocities in the central
region. A brief description of the 21hh-port-injection vortex tube is given in the
section of this report entitled DESCRIPTION OF EQUIPMENT AND PROCEDURES; a detailed
description is given in Ref. 2. Sketches of the fluid injection methods that were
used are shown in Fig. 29.

Results for Basic Vortex Configuration

Flow visualization tests of the basic vortex configuration with fluid injection
through the inner porous tube were performed for Re, = 0, -30 and -60 with inner
porous tube rotational speeds of N; = 0, koo, 800, 1200, 1600, and 2000 rpm. The
results show that rotation of the inner porous tube did not reduce turbulence in
the primary-flow region of the vortex. Photographs of typical flow patterns show-
ing the effect of inner porous tube rotation for Re, = -60 are presented in
Fig. 30. The photographs show turbulent flow at all radii for N; = 0, 400, 1200,
and 2000 rpm.

Tangential velocity profiles for the same inner porous tube rotation rates but
for Re, = -30 are shown in Fig. 31. The data show the presence of two regions
within the vortex tube with different types of tangential velocity profiles. Tangen-
tial velocity profiles of the form Vg & i/r existed at radil from 0.5 in. to
approximately 3 in., and tangential velocities of the form Vg e , Where
n>2, existed from a radius of approximately 3 in. to the peripheral wall. Flows
having tangential velocity profiles of the latter type have been observed to be
turbulent in previous tests (Ref. 2) as well as in the present tests.

Since an increase in the tangential velocities in the central region did not
reduce turbulence, it appeared that modification of the tangential velocity pro-
files near the peripheral wall was also required. To achieve this, an attempt was
made to establish a weak radial inflow instead of radial outflow over the region
from r =3 in. to the peripheral wall. The plain end walls used with the rotating
inner porous tube assembly were modified to include a 3/8—in.-wide suction annulus
at a radius of 3 in. through which a portion of the flow was withdrawn. This
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configuration is shown in the lower sketch of Fig. 29a. The flow injected through
the inner porous tube (amount given by Re, ) and the flow withdrawn through the
suction annulus (amount given by Re,’S } could be adjusted independently.

Flow visualization tests were conducted for several values of Re, from O to
-100, Rers from 0 to 150, and N; from O to 1200 rpm. Depending on the combina-
tion of these parameters, two different types of flow patterns were observed. One
type was turbulent at all radii; the patterns were similar to those shown in Fig. 30.
The other consisted of two or more well-defined axial vortex rolls (referred to
here as "multiple vortexes"). These multiple vortexes (see Fig. 32) extended the
complete length of the vortex tube; their centers were at a radius of approximately
3 in. The multiple vortexes had rotation in the same sense as the mean flow
(counterclockwise in Fig. 32). Typical multiple-vortex flow patterns for flow
conditions with and without inner porous tube rotation, and the corresponding tan-
gential velocities profiles, are shown in Figs. 32 and 33, respectively. DNote in
Fig. 33 that the tangential velocities in the radial region between 3 in. and the
peripheral wall are much larger than the tangential velocities in the same region
shown in Fig. 31.

Combinations of Re, and F?e,,,s that produce multiple-vortex flow patterns
for N; =0 and 800 rpm are shown in Fig. 34. The shaded regions indicate the
combinations of Re, and Re, s for which multiple-vortex flow patterns were
observed. For all other combinations, the flow was turbulent. The effect of
inner porous tube rotational speed on the number of multiple vortexes produced for
a typical case (Re, = -T5 and Re g = 150) 1is shown in Fig. 35. The number of
multiple vortexes 1ncreased with increased inner porous tube rotational speed.

Results for Axial-Flow Vortex Configuration

A similar serles of flow visualization tests was conducted for the axial-flow
vortex configuration with fluid injection through the rotating inner porous tube.
Sketches of the fluid injection methods used are shown in Fig. 29b. The flow was
extremely turbulent. It was characterized by large eddies similar to those observed
for large values of Rez,w in tests in the rotating-peripheral-wall apparatus
(see, for example, Fig. 2ib).

A configuration with swirl injection through an end wall was also tested. 1In
this configuration, shown in the lower sketch of Fig. 29b, the inner porous tube was
removed and fluid was injected tangentially through four 1l-in.-long jet slots at
the nonaxjal-flow end wall. The slots extended from ¥ = 0.75 in. to r = 1.75 in.
Photographs of typical flow patterns are shown in Fig. 36 for values of the end-wall
injection radial Reynolds number of Reni = 0, 25, 50, and 80. Injection using
this method appeared to have little effect on the flow; the flow remained turbulent.
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Rotating-Peripheral-Wall Vortex Test Apparatus in the Basic Vortex Configuration

Peripheral Wall:

TABLE I

Summary of Flow Conditions Investigated Using the

See Fig. 3a for Sketches of Fluid Injection Methods

Fluid Withdrawn Through Peripheral Wall
10-in,-dia Lucite Tube with 16,000 0.062-in.-dia holes

Inner Porous Tube:

1-in.-dia Porous Metal Tube

RADIAL TANGENTIAL PERIPHERAL FLOW PATTERNS*
CONFIGURATION REYNOLDS REYNOLDS WALL CENTRAL OUTER
NUMBER NUMBER SPEED REGION REGION
Rer Ret,o0 No , RPM r= 0 to r=2.5 to
about 2.5 in, 5.0 in.
No inner porous tube,
fluid injection 0 120,000 73 SEW-T, REW-T SEW-T, REW-T
through thru-flow ] 240,000 144
ports, each flow -30 120,000 73
condition tested * 240,000 144
with both stationary =75 120,000 73
and rotating end walls 240,000 144
‘ 330,000 200
410,000 250
Fluid injection through
stationary inner porous 0 120,000 73 SEW-L, REW-L SEW-L, REW-L
tube; each flow condi- ] 240,000 144
tion tested with both -23 67,000 40 SEW-T, REW-L
stationary and rotating 100,800 61
end walls 120,000 73
144,000 87
168,000 101
- 198,000 120
240,000 144
276,000 169
300,000 183 SEW-L, REW-0 SEW-T, REW-0
324,000 197 SEW-L, REW-T SEW-T, REW-T
=30 67,000 40 SEW-L, REW-L SEW-T, REW-L
100,800 61
120,000 73
144,000 87
168,000 101
198,000 120
240,000 144
276,000 169
300,000 183 SEW-L, REW-0 SEW-T, REW-0
316,800 193 SEW-L, REW-T SEW-T, REW-T
-37.5 67,000 40 SEW-L. REW-PO SEW-T, REW-PO
100,800 61
120,000 73
144,000 87
168,000 101
198,000 120
240,000 144
276,000 169 SEW-L, REW-0 SEW-T, REW-0
312,000 190 SEW-L, REW-T SEW-T, REW-T
=45 67,000 40 SEW-L, REW-PT SEW-T, REW-PT
100,800 61
120,000 73
144,000 87
168,000 101
198,000 120
240,000 144
276,000 169
-55 67,000 40 SEW-L, REW-PT SEW-T, REW-PT
100,800 61
120,000 73
144,000 87
168,000 101
198,000 120
240,000 144 SEW-L, REW-T SFEW-T, REW-T
=75 67,000 40 SEW-L, REW-PT SEW-T, REW-PT
100,800 61
120,000 73
144,000 87
160,000 97 SEW-L, REW-T SEW-T, REW-T
-105 67,000 40 SEW-L, REW-PT SEW-T, REW-PT
104,000 63
120,000 73
133,000 81 SEW-L, REW-T SEW-T, REW-T

*For stationary und walls (SEW) or rotating end walls (KEW):

L = Laminar

0 = Oscillating between laminar and turbulent
PO = Purtly oscillating between laminar and turbulent

PT = Fartly turbulent
T = Turbulent

Cont tnned
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TABLE I (Conclud-d)

RADIAL TANGENTIAL PERIPHERAL INNER END
CONFIGURATION REYNOLDS REYNOLDS WALL TUBE No /Ni WALL FLOW
NUMBER NUMBER SPEED SPEED CONFIGURATION PATTERNS
Rey Ret,o No, RPM Ni, RPM
Fluid injection All flow
through rotating 0 120,000 73 73 1.00 SEW & REW patterns
inner porous turbulent
tube; end wall -45 120,000 73 73 1.00 SEW & REW in both
configuration de- 120,000 73 260 0,281 SEW & REW central
noted by (SEW) 240,000 144 35 4.114 SEW and outer
stationary end 240,000 144 73 1.973 SEW regions
walls or (REW) 240,000 144 400 0,360 SEW
rotating end 240,000 144 600 0.240 SEW & REW
walls 327,000 195 195 1.00 SEW
327,000 195 600 0,325 SEW & REW
327,000 195 740 0,264 SEW
327,000 195 469 0.416 REW
-75 120,000 73 73 1.00 REW
240,000 144 144 1.00 REW
240,000 144 400 0,360 REW
240,000 144 520 0,277 REW
240,000 144 650 0.222 REW
324,000 197 620 0.318 REW
384,000 234 620 0.377 REW
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TABLE II

Summary of Flow Conditions Investigated Using the
Rotating-Peripheral-Wall Vortex Test Apparatus in the Axial-Flow Vortex Configuration

See Fig. 3b for Sketches of Fluid Injection Methods
Fluid Withdrawn Through 3/L-In.-Wide Annulus Near Outer Edge of Axial-Flow End Wall
All Flow Conditions Tested with both Stationary and Rotating End Walls
Peripheral Wall: 10-in.-dia Lucite Tube with 16,000 0.062-in.-dia holes
Inner Porous Tube: 1-in.-dia Porous Metal Tube

AXIAL-FLOW TANGENTIAL RADIAL PERIPHERAL INNER FLOW PATTZENS*
CONFIGURATION REYNOLDS REYNOLDS REYNOLDS Vz,w /v $.0 WALL TUBE CaiNTRAL GUTZR
NUMBER NUMBER NUMBER SPEED SPEED FAGION FZGION
Rez’u Re, Ret,o Ny, RPM Ni, RBM|r =0 to | r = 2.5 to
“400dt 5.0 in.
2.5 in.
Fluid injection 880 67,000 -30 0.0131 ] 0 0 T
through inner 120,000 0.0073 73 0 L
porous tube only 198,000 0.004L 120 0 L
240,000 0.0037 1bL 0 L
288,000 0.0030 175 0 L
1,310 67,000 -L5 0.0196 L0 o 0
120,000 0.0109 73 0 L
198,000 0.0066 120 0 L
240,000 0.0054 jenn 0 L
288,000 0.0045 175 0 L
120,000 0.0109 73 500 T
240,000 0.0054 1hy 600 T
327,000 0.0040 195 600 T
2,200 67,000 -75 0.0328 s} 0 0
120,000 0.0183 73 0 o]
198,000 0.0111 120 0 L
240,000 0.0092 1LL 0 L
288,000 0.0076 175 0 L
3,180 67,000 -115 0.0475 %0 0 T
120,000 0.0265 73 J T
198,000 0.0161 120 ¢ T
288,000 0.0110 175 0 -
4 250 67,000 -150 0.063h Lo 0 "
198,000 ‘ 0.0015 120 ] b
L 327,000 0.0130 195 €00 o
Fluid injection 880 67,000 o] 0.0131 Lo ¢} v 7
through peripheral 120,000 0.0073 73 o] -
wall only 198,000 0.00bN 120 0 T
288,000 0.0030 175 [ :
1,310 67,000 0.0196 L0 o
120,000 0.0109 73 o .
196,000 0.0066 120 o i
240,000 0.005k4 1hh o !
288,000 0.0045 175 o L
2,820 67,000 0.0k21 Lo 0
120,000 0.0235 73 o
198,000 C.o1L2 170 0
288,000 0,0098 175 0
5,650 67,000 0.08h3 [} o
120,000 0.0L71 73 0 .
198,000 0.0285 120 o -
288,000 0.0196 17 0
14,000 67,000 0.209 Lo N
l 188,000 0.07hS 110 o
188,000 0.07hs n: 6o
21,000 67,000 0.313 Lo "
120,000 0.175 (3 o
148,000 0.140 a0 :
198,000 0.106 1o Q0
2L0,000 0.0875 Thi o
288,000 0.0779 175 0
329,000 0.0638 00 0
120,000 0.175 i3 W00
120,000 0.171% IR e

® For both stationary and rotating end walls:
L = Laminar
0 = Oscillating between laminar and turbulent
T = Turbulent
Continued
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TABLE 11 (Concluded)

AXTAL-FLOW TANGENTIAL RADIAL PERIPHERAL INNER FLOW PATTERIS*
CONFIGURATION REYNOLDS REYNOLDS REYNOLDS Ve w/V WALL TUBE CENTRAL OUTEK
NUMBER NUMBER NUMBER 1w’ Y¢.0 SPEED SPEED REGION REGION
Rez v Rer Re o N,, RPM Ni, WPM| r =0 to |r = 2.5 to
’ 2 about 5.0 in.
2.5 in.
Fluid injection 1,760 67,000 -30 0.0263 40 0 o T
through peripheral 120,000 0.01k7 73 0 0
wall and imner 198,000 0.0089 120 0 L
porous tube 288,000 0.0061 175 0 L
2,620 120,000 -45 0.0218 73 0 T
240,000 ) 0.0109 14k 0 L
2,790 67,000 -30 0.0416 40 0 T
120,000 0.0232 73 ¢}
148,000 0.0188 90 ¢}
197,000 0.01k42 120 o}
240,000 0.0116 1hk 0
288,000 0.0097 175 o}
329,000 0.008% 200 o}
394,000 ) 0.0071 240 0
3,530 67,000 -60 0.0527 Lo 0
120,000 0.0294 73 s
198,000 0.0178 120 0
288,000 0.0122 175 o}
4,750 67,000 -30 0.0709 L0 0
120,000 0.03%96 73 0
148,000 0.0321 90 o}
198,000 0.0740 120 0
2k0,000 0.0198 144 0
288,000 0.0165 175 0
329,000 0.014Y 200 0
394,000 0.012°0 2ho 0
9,680 67,000 0.1h4 Lo 0
120,000 0.0807 73 0
148,000 0.06%4 90 o]
198,000 0.0L89 100 ¢}
240,000 0.0k03 1k 0
288,000 0.0336 175 ¥
329,000 0,029h 200 0
39k, 000 0,04 240 0
14,000 67,000 -Ls5 0,00 Lo 0
9,000 0. 1h9 56 0
188,000 0.07h5 110 0
281,000 0.0h98 168 0
21,000 67,000 0.313 Lo 0
120,000 0.179 i3 0
148,000 O.1he 90 0
198,000 0. 106 120 0
240,000 0,087 1kl O
288,000 (G700 175 0
300,000 0.0t s8 200 0
369,000 0,050 00 0
394,000 00543 2o 0
67,000 -5 0.313 Lo 0
10,000 [UR e T3 Q
1h8 000 O 1 ho 90 0
198,000 0.106 120 o
2h0,000 0. 087 1hh 0
288,000 0,070 15 o
309,000 0.06 38 AR 3l
No jnner porous 16,600 €1, 000 7 0.ohf Lo 0 |
tubes fluid injec- 83,000 +75 0,00 50 0 I ‘
tion through poeri- ..
id £7,000 +90 0.8 ho 0 I

pheral will and flu
i awal through
at.

{(not. shown in Fig.

sh)

* For both stationary smd rotating end walls:

1= Lundnay

O = Osclllating between laminar and turbulent

T = Turbalent
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FIG.
SKETCHES OF FLUID INJECTION METHODS USED ©

IN ROTATING-PERIPHERAL-WALL VORTEX TEST APPARATUS
a) BASIC VORTEX CONFIGURATION

FLUID INJECTION THROUGH THRU-FLOW PORTS
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FIG. 4
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TYPICAL PARTICLE-TRACE PHOTOGRAPH
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FIG. 6
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FIG 7
COMPARISON OF TYPICAL FLOW PATTERNS IN ROTATING- PERIPHERAL-WALL
AND 2144-PORT-INJECTION VORTEX TUBES

BASIC VORTEX CONFIGURATION

STATIONARY END WALLS
SEE FIG. 8 FOR CORRESPONDING TANGENTIAL VELOCITY PROFILES

FLOW ROTATION

a) ROTATING - PERIPHERAL-WALL VORTEX TUBE, b) 2144-PORT - INJECTION VORTEX TUBE
N, = 73 RPM
Re, =0 Rey, = 120,000 Re, = O Rey | = 120,000
NO INNER POROUS TUBE NO INNER POROUS TUBE

Re, = -20 Rey = 80,000 Re, = -20 Re; j = 80,000
FLUID INJECTION THROUGH STATIONARY FLUID INJECTION THROUGH STATIONARY
INNER POROUS TUBE INNER POROUS TUBE
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FIG. 8

COMPARISON OF TYPICAL TANGENTIAL VELOCITY PROFILES

IN ROTATING - PERIPHERAL-WALL
AND 2144 -PORT-INJECTION VORTEX TUBES

BASIC VORTEX CONFIGURATION

STATIONARY END WALLS

SEE FIG. 7 FOR CORRESPONDING FLOW PATTERNS
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FIG. 9

COMPARISON OF TYPICAL FLOW PATTERNS FOR FLUID INJECTION THROUGH
THRU-FLOW PORTS AND THROUGH STATIONARY INNER POROUS TUBE

BASIC VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = -30

PERIPHERAL-WALL SPEED, Ny =73 RPM
TANGENTIAL REYNOLDS NUMBER, Re?o = 120,000

FLOW ROTATION

a) FLUID INJECTION THROUGH THRU-FLOW PORTS b) FLUID INJECTION THROUGH STATIONARY
INNER POROUS TUBE
STATIONARY END WALLS

STATIONARY END WALLS

QA
‘\\“ ! "’ll'
I‘,’

iy

ROTATING END WALLS ROTATING END WALLS
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FIG,

COMPARISON OF TYPICAL FLOW PATTERNS FOR STATIONARY AND
ROTATING END WALLS

RADIAL REYNOLDS NUMBER, Re, =-30
FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE
PERIPHERAL —WALL SPEED, N =73 RPM
TANGENTIAL REYNOLDS NUMBER, Rer,o = 120,000

FLOW ROTATION

7N

a) STATIONARY END WALLS b) ROTATING END WALLS

DYE NEAR CENTER DYE NEAR CENTER

DYE NEAR MID-RADIUS DYE NEAR MID— RADIUS
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F1G,

COMPARISON OF TYPICAL TANGENTIAL VELOCITY PROFILES

FOR STATIONARY AND ROTATING END WALLS

BASIC VORTEX CONFIGURATION

= -30

Rer
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INJECTION THROUGH STATIONARY

FLUID

73 RPM
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000
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R't,o = 80
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FIG.

SUMMARY OF LAMINAR AND TURBULENT FLOW CONDITIONS

OBSERVED
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]
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-20

ROTATING - PERIPHERAL-WALL VORTEX

IN BASIC VORTEX CONFICURATION

ROTATING END WALLS

TEST APPARATUS

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE
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FIG.

EFFECT OF PERIPHERAL-WALL SPEED ON AXIAL EXTENT
OF TURBULENCE

BASIC VORTEX CONFIGURATION
ROTATING END WALLS

RADIAL REYNOLDS NUMBER, Re, = -45

FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE

. a) PERIPHERAL- WALL SPEED, N, :73RPM; TANGENTIAL REYNOLDS NUMBER, Re,, 120,000

b) PERIPHERAL-WALL SPEED, N, =156 RPM; TANGENTIAL REYNOLDS NUMBER, Ref‘o = 256,000
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FIG.

COMPARISON OF TANGENTIAL VELOCITY PROFILES FOR TWO DIFFERENT
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FIG. IS
FLOW PATTERNS NEAR RIGHT END WALL SHOWING FLOW INTO AND

OUT OF END-WALL BOUNDARY LAYER
BASIC VORTEX CONFIGURATION

ROTATING END WALLS
RADIAL REYNOLDS NUMBER, Re,=-15
FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE
PERIPHERAL-WALL SPEED, N4 =110 RPM
TANGENTIAL REYNOLDS NUMBER, Ret,o: 117,000

PHOTOGRAPHS TAKEN AT INDICATED TIMES AFTER CESSATION OF DYE INJECTION THROUGH INNER POROUS TUBE

DISTANCE FROM RIGHT END WALL, 2z -IN.
6 S 4 3 2 [ 0
| | | | | | |

r-IN,

RADIUS,

IN,

7 =

RADIUS,
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FIG,

IN FIG. I5

BASIC VORTEX CONFIGURATION

ROTATING END WALLS

RADIAL REYNOLDS NUMBER, Re, * -1I5

INNER POROUS TUBE

INJECTION THROUGH STATIONARY

No = 11O RPM

WALL SPEED,

PERIPHERAL -

TANGENTIAL REYNOLDS NUMBER,

: 117,000

Ro,

i

FLUID

VARIATION OF LOCAL RADIAL REYNOLDS NUMBER WITH RADIUS

AT AXIAL MID-PLANE FOR FLOW PATTERNS SHOWN
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Fi1G.

RADIAL OUTFLOW IN LAMINAR BOUNDARY LAYER ON A

ROTATING DISK

-1/2 FOR FLOW PUMPED RADIALLY OUTWARD, BY ROTATING DISK

0.8867 r2wRe,

THEORE TICAL EQUATION: QL

Re'v/r 2

LETTING 0L= Qo AND SUBSTITUTING IN ABOVE EQUATION, OT=Rer21rVL-, w

0.886r Re,'/z/ZL

THUS, FLOW IN BOUNDARY LAYER IN TERMS OF Re, IS Re,

R TN
N T B

. S

-
1

=50

tay 1998'0) =

pl

O
"
|

3y ‘Y3IAVT ANVANNOS XSIQ NI MOT41N0 widvy

IN

RADIUS, r -
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FIG. 19

EFFECT OF END-WALL ROTATION ON FLOW PATTERNS WITH
INNER POROUS TUBE AND PERIPHERAL WALL ROTATING
AT LOW SPEEDS

BASIC VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = —45
FLUID INJECTION THROUGH ROTATING INNER POROUS TUBE
PERIPHERAL - WALL SPEED, N, =73 RPM
TANGENTIAL REYNOLDS NUMBER, Rey, = 120,000
INNER - POROUS-TUBE SPEED, N, = 73 RPM
Ng/Ni = |

FLOW ROTATION

7N

a)  STATIONARY END WALLS b) END WALLS ROTATING WITH PERIPHERAL WALL

DYE NEAR CENTER DYE NEAR CENTER

CYE NEAR MID- RADIUS DYE NEAR MID - RADIUS
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FIG. 20
EFFECT OF END-WALL ROTATION ON FLOW PATTERNS WITH

INNER POROUS TUBE AND PERIPHERAL WALL ROTATING
AT HIGH SPEEDS

BASIC VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = -45
FLUID INJECTION THROUGH ROTATING INNER POROUS TUBE
PERIPHERAL - WALL SPEED, No'll 195 RPM
TANGENTIAL REYNOLDS NUMBER, Ret, = 320,000
INNER - POROUS - TUBE SPEED, N; = 600
No/Ni % 0.3

FLOW ROTATION

a)  STATIONARY END WALLS b) END WALLS ROTATING WITH PERIPHERAL WALL

DYE NEAR CENTER DYE NEAR CENTER

DYE NEAR MID- RADIUS DYE NEAR.MID-RADIUS
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FIG,

FRACTION OF TOTAL FLOW INJECTED THROUGH PERIPHERAL WALL

FOR DIFFERENT COMBINATIONS OF Re, AND Re,

AXIAL-FLOW VORTEX CONFIGURATION

TEST APPARATUS

VORTEX

ROTATING - PERIPHERAL - WALL
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FIG. 22
EFFECT OF END-WALL ROTATION ON FLOW PATTERNS FOR FLUID
INJECTION ONLY THROUGH STATIONARY INNER POROUS TUBE

AXIAL -FLOW VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re; = -45
AX{AL —FLOW REYNOLDS NUMBER, Rezyw=|5l0
RATIO OF AVERAGE AXIAL VELOCITY TO PERIPHERAL-WALL VELOCITY, VZYW/V¢,0=O.OIO9
PERIPHERAL - WALL SPEED, Ny=73 RPM
TANGENTIAL REYNOLDS NUMBER, Re',o = 120,000

FLOW ROTATION
a) STATIONARY END WALLS b) ROTATING END WALLS

DYE NEAR CENTER DYE NEAR CENTER

DYE NEAR MID- RADIUS DYE NEAR MID-RADIUS




FIG. 23
EFFECT OF AXIAL-FLOW REYNOLDS NUMBER ON FLOW PATTERNS

FOR FLUID INJECTION ONLY THROUGH PERIPHERAL WALL
AXIAL-FLOW VORTEX CONFIGURATION

STATIONARY END WALLS
RADIAL REYNOLDS NUMBER, Re, = O
STATIONARY INNER POROUS TUBE

FLOW ROTATION

a) Rezw= 1310
Vzw/ Vep,0=0.0109
N, = 73 RPM
Ret o = 120,000

b) Re;y = 14,000
Vz,w/v‘#o:o.zoe
Ny = 40 RPM
Re, , = 67,000

¢) Re,, =21,000
Va,w/ Vo= 0.175
N, =73 RPM
Re, , = 120,000
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FIG. 24
EFFECT OF AXIAL-FLOW REYNOLDS NUMBER ON FLOW PATTERNS

WITH FLUID INJECTION THROUGH BOTH PERIPHERAL WALL AND
STATIONARY INNER POROUS TUBE

AXIAL-FLOW VORTEX CONFIGURATION

STATIONARY END WALLS -
RADIAL REYNOLDS NUMBER, Re =-45

SEE FIG.21 FOR FRACTION OF FLOW INJECTED THROUGH PERIPHERAL WALL
FLOW ROTATION

o) Re, , = 2620
Vy w/ Vo= 0.0109
Ny = 144 RPM
Rey o = 240,000

b) Re, = 14,000
Vy w/ Vep 0700745

Ny = 112 RPM

o
Rey o * 188,000
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FIG. 25
EFFECTS OF AXIAL-FLOW REYNOLDS NUMBER AND FLUID INJECTION METHOD

ON FLOW PATTERNS WITH INNER POROUS TUBE ROTATING
AXIAL-FLOW VORTEX CONFIGURATION

ROTATING END WALLS
FLOW ROTATICN

s

a) FLUID INJECTION ONLY THROUGH ROTATING INNER POROUS TUBE

Re, , = 1310

Vi / Vip 0=0-0109
Re,. & =48

Ny = 73 RPM
Rey, = 120,000

] N, = 500 RPM

b) FLUID INJECTION ONLY THROUGH PERIPHERAL WALL

Re, w = 21,000
Vaw/ Va0 20175
Re, = O

Ny = 73 RPM
Rey, = 120,000
Nj =500 RPM

rrrrsriit?!

c) FLUID INJECTION THROUGH BOTH PERIPHERAL WALL AND INNER POROUS TUBE ™

Re, w = 14,000

Vo w/ Vo =0.0498

Re, = -45
Ny =168 RPM
Re,, = 280,000

N, = 600 RPM

*SEE FIG 21 FOR FRACTION OF FLOW INJECTED THROUGH PERIPHERAL WALL
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FIG. 26

SUMMARY OF LAMINAR AND TURBULENT FLOW CONDITIONS

OBSERVED IN AXIAL-FLOW VORTEX CONFIGURATION

ROTATING - PERIPHERAL - WALL VORTEX TEST APPARATUS

BOTH STATIONARY AND ROTATING END WALLS

INNER POROUS TUBE

ALL VALUES OF RADIAL REYNOLDS NUMBER,

STATIONARY
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FIG, 27

TYPICAL OSCILLATING LAMINAR AND TURBULENT FLOW PATTERNS
AXIAL-FLOW VORTEX CONFIGURATION

SEE FIG. 26 FOR COMBINATIONS OF Regy AND VZlW/V‘#YOLEADING TO THESE FLOW PATTERNS
FLOW RETURNS TO PATTERN a) AFTER APPROXIMATELY 45 SEC IN PATTERN b)

FLOW ROTATION
-— T~

a) BEFORE ONSET OF LARGE EDDIES

b) AFTER ONSET OF LARGE EDDIES
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FIG. 28
COMPARISON OF TYPICAL RADIAL OUTFLOW AND RADIAL INFLOW
FLOW PATTERNS IN ROTATING -PERIPHERAL-WALL VORTEX

TEST APPARATUS

AXIAL - FLOW VORTEX CONFIGURATION
¢ T 745, Ny =56 RPM, Re, (93,000,

a) RADIAL OUTFLOW: Re,,= 14,000, Vz,w/v¢p:o.|5, Re o
FLUID INJECTION THROUGH STATIONARY INNER POROUS TUBE

b) RADIAL INFLOW:  Re,,=16,000, V;,/\45025, Re, =90, N, =40 RPM, Re, ;= 67,000;
FLUID INJECTION THROUGH PERIPHERAL WALL AND FLUID WITHDRAWAL
THROUGH THRU-FLOW PORTS AT CENTERS OF END WALLS




FIG. 29

SKETCHES OF FLUID INJECTION METHODS USED
IN 2144 -PORT - INJECTION VORTEX TUBE

NOTE: FLUID WAS ALSO INJECTED THROUGH PERIPHERAL WALL IN ALL CONFIGURATIONS SHOWN BELOW

a) BASIC VORTEX CONFIGURATION
FLUID INJECTION THROUGH INNER POROUS TUBE

WITHDRAWAL THROUGH FOUR PERIPHERAL
IR NN NN BYPASS PLENUMS
Py Py by T Uy Tyt

\INJECTION THROUGH 2144 PORTS AT ANGLE
OF {9 DEG WITH PERIPHERAL WALL

]
T ] T | ] ] |
| ' J J ' J J WITHDRAWAL THROUGH 3/8 -IN.-WIDE SUCTION
/ ANNULUS AT RADIUS OF 3 IN.
- r {BOTH END WALLS)
R I I O O O I O O
— o=

b} AXIAL-FLOW VORTEX CONFIGURATION
FLUID INJECTION THROUGH INNER POROUS TUBE

INJECTION THROUGH 2144 PORTS AT ANGLE
L e ot e
N IPHERAL 8Y wi WAL
JEN NN N B N O T O O O O R R O
448
L L

TANGENTIAL FLUID INJECTION THROUGH FOUR I-IN.-LONG JET SLOTS AT NONAXIAL-FLOW END WALL
(SLOT EXTENDING FROM r = O75IN. TO r =1.75IN.}

I S S N U O O N U O I FLOW ROTATION
IR

—

JET SLOT

=

—
N
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FIG. 30

EFFECT OF INNER POROUS TUBE ROTATION ON FLOW PATTERNS
IN 2144- PORT - INJECTION VORTEX TUBE

BASIC VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = -60
FLUID INJECTION THROUGH INNER POROUS TUBE
TANGENTIAL INJECTION REYNOLDS NUMBER, Ren = 120,000

TANGENTIAL INJECTION VELOCITY, V‘ = 3.16 FT/SEC

FLOW ROTATION

7N

a) INNER POROUS TUBE SPEED, N; = O RPM b) INNER POROUS TUBE SPEED, N;=400 RPM

c) INNER POROUS TUBE SPEED, Ni=\200 RPM d) INNER POROUS TUBE SPEED, Ni =2000 RPM
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FIG. 3I

EFFECT OF INNER POROUS TUBE ROTATION ON TANGENTIAL VELOCITY

V¢ - FT/SEC

VELOCITY,

TANGENTIAL

PROFILES IN 2144 -PORT-INJECTION - VORTEX TUBE

BASIC VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = -30

FLUID INJECTION THROUGH INNER POROUS TUBE
TANGENTIAL INJECTION REYNOLDS NUMBER, Re, ) 120,000

TANGENTIAL  INJECTION  VELOCITY, Vj = 3.16 FT/SEC
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F16. 32
TYPICAL MULTIPLE-VORTEX FLOW PATTERNS IN 2144 - PORT-
INJECTION VORTEX TUBE WITH FLOW WITHDRAWAL THROUGH
END — WALL SUCTION ANNULUS

BASIC VORTEX CONFIGURATION

TANGENTIAL INJECTION REYNOLDS NUMBER, R’e,’l = 120,000
TANGENTIAL INJECTION VELOCITY, Vi = 316 FT/SEC
SEE FIG.290FOR DETAILS OF SUCTION ANNULUS CONFIGURATION

a) END-WALL SUCTION RADIAL REYNOLDS NUMBER, Re, =135
7

FLOW ROTATION

RN

Re, = - 45
Ni = O RPM

b) END-WALL SUCTION RADIAL REYNOLDS NUMBER, Rer,s: 75

FLOW ROTATION

5N

Re, o O
N; = 800 RPM
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FIG. 33
TYPICAL TANGENTIAL VELOCITY PROFILES IN 2144 -PORT-INJECTION

VORTEX TUBE WITH FLOW WITHDRAWAL THROUGH
END-WALL SUCTION ANNULUS

BASIC VORTEX CONFIGURATION

TANGENTIAL INJECTION REYNOLDS NUMBER, Re?l = 120,000

TANGENTIAL INJECTILN  VELOCITY, Vi

SEE  FIG. 290 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION

= 3.16 FT/SEC

CURVE | Re, Re, | N, - RPM
A" 75 o] 800
8 75 0 400
c* 135 -45 o]

*SEE PHOTOGRAPHS IN FIG. 32
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FiG. 34

| * 120,000

3.6 FT/SEC
O RPM

WALL SUCTION ANNULUS
Re,

J

v

oPEED

REYNOLDS NUMBER,

N

Re,

66

COMBINATIONS OF FLOW CONDITIONS THAT PRODUCE

MULTIPLE -VORTEX FLOW PATTERNS

BASIC VORTEX CONFIGURATION

2144 - PORT - INJECTION VORTEX TUBE WITH END

INJECTION

TANGENTIAL

INJECTION VELOCITY

TANGENTIAL

SEE FIG. 290 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION

a) INNER POROUS TUBE
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EFFECT

FIG. 35
OF INNER POROUS TUBE ROTATION ON MULTIPLE-VORTEX
FLOW PATTERNS

BASIC VORTEX CONFIGURATION

2144 - PORT — INJECTION VORTEX TUBE WITH END-WALL SUCTION ANNULUS

TANGENTIAL INJECTION REYNOLDS NUMBER, Ret; = 120,000
TANGENTIAL INJECTION VELOCITY,

Vi = 3.16 FT/SEC
RADIAL REYNOLDS NUMBER, Re, = -75
END-WALL SUCTION RADIAL REYNOLDS NUMBER, Reyq = 150

SEE FIG. 292 FOR DETAILS OF SUCTION ANNULUS CONFIGURATION

FLOW ROTATION
Fa

N

a) INNER POROUS TUBE SPEED, N; =400 RPM

b) INNER POROUS TUBE SPEED, N; = 800 RPM

C

) INNER POROUS TUBE SPEED, N; = 1200 RPM
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FIG. 36
EFFECT OF TANGENTIAL INJECTION THROUGH SLOTS IN NONAXIAL-
FLOW END WALL ON FLOW PATTERNS IN 2144 -PORT - INJECTION
VORTEX TUBE

AXIAL-FLOW VORTEX CONFIGURATION

RADIAL REYNOLDS NUMBER, Re, = 0O
NO INNER POROUS TUBE
TANGENTIAL INJECTION REYNOLDS NUMBER, Hehj = 120,000
TANGENTIAL INJECTION VELOCITY, Vv = 3.16 FT/SEC

SEE FIG.29b FOR DETAILS OF END-WALL INJECTION CONFIGURATION

FLOW H({T»\TKON
N
a) END-WALL INJECTION RADIAL REYNOLDS b) END-WALL INJECTION RADIAL REYNOLDS
NUMBER, Rer,i =0 NUMBER, Reri=25

¢) END-WALL INJECTION RADIAL REYNOLDS d) END-WALL INJECTION RADIAL REYNOLDS
NUMBER, Re, ;850 NUMBER, Re,; = 80
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