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Experimental Investigation of Radial-Inflow Vortexes in

Jet-Injectlon and Rotating-Peripheral-Wall Water Vortex Tubes

SUMMARY

Experiments were conducted in water vortex tubes to determine the effects of
peripheral-wall injection area and axlal bypass on the flow pattern and location
of the radial stagnation surface in radial-inflow vortexes, The particular type
of flow pattern investigated contalns a central cell region which 1s bounded on
the outside by a radial stagnation surface which appears to be laminar. At the
radius of the radial stagnation surface, all radial flow passes through the end
wall boundary layers. The flow in the vortex is laminar for radil less than that
of the radilal stagnation surface and is turbulent at larger radll.

Two 10-in.=-dla by 30-in.-long lucite vortex tubes were used: a Jjet-injection
vortex tube and a rotating-peripheral-wall vortex tube. 1In tests with the jet-
injection vortex tube, flow was injected through the peripheral-wall and was
removed (1) through two axial bypass exhaust annull (a 1/8-in.-wide annulus was
located at the outer edge of each end wall) and two 1.0-in.-dia thru-flow ports
located at the centers of the end walls, or (2) through only the thru-flow ports.
This vortex tube was tested with different peripheral-wall injection areas. In
tests with the rotating-peripheral-wall vortex tube where there was no provision
for axial bypass, the flow was injected through the rotating peripheral wall and
was withdrawn through the thru-flow ports.

Tests were conducted with different combinations of tangential injection and
radial Reynolds numbers, different amounts of bypass flow, and different peripheral-
wall injection areas. The characteristics of the flow and the radius of the radial
stagnation surface were determined from observations and photographs of dye
patterns. The results of the experlments were compared with the results of a
previous theoretical investigation of confined vortex flows.



RESULTS

In the jet-injection vortex tube with no bypass, vortex flow patterns with
laminar radial stagnation surfaces were obtained uging small peripheral-wall
injection areas. The ratio of the radius of the radial stagnation surface
to the radius of the vortex tube, rs/ro, increased as the peripheral-wall
injection area was decreased.

In the jet-injection vortex tube with axial bypass, rs/rO increased with
decreasing radial Reynolds number for constant peripheral-wall injection flow
rate, 1.e., rs/ro Increased with increasing percent bypass flow. The maximum
ratio of rs/r0 at which laminar radial stagnation surfaces were observed was
0.7.

In the Jjet-injection vortex tube with axial bypass, axlal waves were observed
along the laminar radial stagnation surface for Vi/v¢ p > 0.02, i.e., when
the average axial velocity in the reglon outside of the radial stagnation
surface was greater than about 2 percent of the tangential (circumferential)
velocity at the peripheral wall.

In the rotating-peripheral-wall vortex tube without bypass, laminar radial
stagnation surfaces were observed at values of rs/r0 as large as 0.89. This
increase relative to the values measured in the Jet-injectlon vortex tube is
attributable to the reduction in turbulence near the peripheral wall due to the
decreaged wall shear and the absence of injection jets.

The trends observed in the variation of rs/r0 in both the jet-injection and
rotating-peripheral-wall vortex tubes agree with those predicted by theory.

In the jet-injection vortex tube, the ratio of the tangential velocity at the
peripheral wall (after the injected flow has been slowed down by diffusion,
Jet mixing and peripheral-wall friction) to the average tangential injection
velocity decreased with decreasing peripheral-wall injection area.
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INTRODUCTION

An experimental and theoretical investigation of gaseous nuclear rocket
technology 1s 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 1s primarily directed toward
the vortex-stabilized nuclear light bulb engine concept.

In this concept (Fig. la), the propellant is heated by thermal radiation
passing through an internally-cooled transparent wall located between the gaseous
nuclear fuel and the propellant. A buffer gas is injected tangent to the Inner
surface of the transparent peripheral wall to drive a vortex. The primary reason
for using a vortex flow 1s to prevent nuclear fuel and fission products from coming
into contact with the transparent wall.

Previous fluld mechanlcs experiments have indicated that a radlal-inflow
vortex appears especially promising for thils application. Many of the character-
istics of radial-inflow vortexes have been investigated in previous studies at
United Aircraft (Refs. 1 through 1k) and elsewhere (Refs. 15 through 19). The
particular radlal-inflow pattern of interest for the nuclear light bulb engine 1s
illustrated in Fig. 1b. It 1s characterized by a laminar radial stagnation surface
across which there is no radial convectlon. A central recirculation-cell region
occurs inside of the radial stagnation surface, and a region of axial flow toward
the end walls occurs outside the radial stagnation surface. At the radius of the
radial stagnation surface, all of the radial flow passes through the end-wall
boundary layers. Previous flow visualization studies in jet-injectlon vortex
tubes (Refs. 2, 5, 6, T, and 10) have shown that the flow 1s essentially laminar
at radii less than that of the radial stagnation surface and is turbulent at larger
radii. The turbulence outside of the radial stagnation surface is due in part to
wall shear and jet mixing. Tt is expected that the stabilizing effect of the
radial temperature gradient 1n a nuclear light bulb engine would reduce the
turbulence observed in the outer region in these constant-temperature laboratory
experiments (see dlscussion in Ref. 14). The central laminar-flow reglon would be
suitable for fuel contalnment in the engine, and the axial flow in the outer region
would carry away fuel and fission products that diffuse radlally outward.

According to the theoretical investigation reported in Ref. 1, radial
stagnation surfaces and cells occur when the secondary flow resulting from friction
on the end walls and the radilal gradient of pressure in the vortex is greater than
the flow withdrawn through the thru-flow ports at the centers of the end walls.

A secondary-flow similarity parameter, By = (D/L)(Ret,p0'8/Rer),was introduced in
Ref. 1. 1In this expression, D and L are the dlameter and length of the vortex
tube, Ret, is the tangential Reynolds number (a measure of the tangential velocity
at the periphery of the tube), and Re, is the radial Reynolds number (a measure of
the mass flow withdrawn through the thru-flow ports). The magnitude of the



parameter B, provides an indication of the type of flow pattern that will occur.
The three general types of flow patterns and the corresponding ranges of values of
Bt are shown in Fig. 2. The flow regime of interest in this investigation is shown
at the top of Fig. 2; it occurs for values of,Bt greater than about 25. Ref. 1
also indicates that in this flow regime the radius of the radial stagnation surface
increases with increasing Bt'

The jet-injection vortex tubes used in previous flow visualization studies
(Refs. 2, 5, 6, T, and 10) were designed with large peripheral-wall injection
areas. This allowed large amounts of flow to be injected into the vortex tube to
overcome the momentum losses due to peripheral-wall shear and Jet mixing. However,
if all gf the injected flow were withdrawm through the thru-flow ports, the ratio
Ret 0. /Rer would be small, gnd values of/?t considerably less than 25 would
resﬁgt. Therefore, to establish radial stagnation surfaces with these large
injection areas, it was necessary to remove a large fraction of the injected flow
before it moved radially inward into the vortex., This permitted the amount of
flow withdrawn through the thru-flow ports to be reduced. Thus, Re,, was decreased,
the ratio Ret,po'S/Rer was Increased, and values of By greater than 25 were obtained.

The removal of a large fraction of the Injected flow was accomplished using the
peripheral bypass configuration shown in Fig. 3a. However, it would be undesirable
in a nuclear light bulb engine to remove bypass flow through the peripheral wall
because of interference with the transparent wall configuration and the added
complication of extensive ducting. Bypass flow could be removed through an annular
exhaust (axial bypass) at one or both ends of the engine ag indicated in Fig. 3b.

In this case, it would be desirable to minimize the amount of bypass flow necessary
for the establishment of a flow pattern with a laminar radlal stagnation surface (to
minimize the ducting and load on the fuel recycle system). Ideally, it would be
best to operate without any bypass flow at all. This appeared to be possible if

the ratio Ret, 0. /Rer could be increased by using very small peripheral-wall
injection areag which would result in larger values of Ret,p for a given Re,..

Accordingly, the objectives of the Investigation reported herein were (1) to
determine the effects of peripheral-wall injection area and axial bypass on the
stability of the flow and the location of the laminar radial stagnation surface in
Jet-injection vortex tubes, (2) to determine whether or not the desired vortex
flow patterns can be obtained without bypass in jet-injection vortex tubes, and
(3) to determine the influence of the peripheral-wall turbulent mixing regilon
present in jet-injection vortex tubes on the location of the radial stagnation
surface,

[



DESCRIPTION OF EQUIPMENT AND PROCEDURES

Description of Test Equipment

Vortex Tubes

Two transparent-wall water vortex tubes, one the jet-injection vortex tube of
Ref. 10 and the other the rotating-peripheral-wall vortex tube of Ref. 20, were
used in this investigation. Photographs of the apparatus are shown in Figs. L and
5, respectively.

— e w — G W v— —

The jet-injection vortex tube (Fig. L) consisted of a 10-in.-dia by 30-in.-
long lucite tube with 2144 injection ports of 0.060-in.-dia. These ports were in
119 staggered circumferential rows (60 rows of 20 ports and 59 rows of 16 ports).
The injection angle for all ports was 19 deg measured with respect to the tangent
at the wall at the point of injectilon. Peripheral bypass plenums extending the
full length of the vortex tube were located at 90-deg intervals around the
peripheral wall. This 10-in.-dia tube was mounted concentrically in a 1h-in.-dla
lucite tube so that the annular volume between the two tubes served as an
injection plenum. The peripheral bypass plenums used in the investigation i1n
Ref. 10 were not used in the present investigation; however, some of the data
obtained during the investigation of Ref. 10 are presented herein for comparison.

Experiments were conducted in the jet-injection vortex tube with axial bypass
for four different peripheral-wall injection areas (Aj = 0.118, 0.236, 0.6T79 and
6.0 in.?). The peripheral-wall injection area was deereased from 6.0 in.2 by
blocking the required number of injection ports with modeling clay. Details of
the vortex tube, bypass geometry and peripheral-wall Injection geometries are
shown in Pig. 6a. Lucite end walls, each having a 1/8-in.-wide annulus for axlal
bypass at its outer edge and a 1.0-in.-dis thru-flow port at the center, were
used. Flow was injected into the vortex tube through the peripheral-wall injection
ports and was withdrawn either (1) through the axial bypass and thru-flow ports,
or (2) through only the thru-flow ports.

The rotating-peripheral-wall vortex apparatus (Fig. 5) contained a 10-in.-TD
by 30-in.-long rotating lucite cylinder (the peripheral wall of the vortex tube)
having 16,000 holes of 0.062-in.~dia drilled normally through the wall, This
rotating peripheral wall was surrounded by & 1lh-in.-ID stationary lucite cylinder
that formed a plenum for injecting water through the holes in the perlpheral wall,
The peripheral wall was driven by a 3/h—hp d-c motor with a variable-speed
controller which regulated rotational speed to %l percent from 40 to 456 rpm. The



end-wall drive spool (see Fig. 5) could be locked to the peripheral-wall drive or
to the test stand. This allowed the end walls to be rotated with the peripheral
wall or held stationary.

Due to the independent control of Ret,o and Rer, radial stagnation surfaces
can be established without bypass in this vortex tube. Moreover, the turbulence
level near the peripheral wall is low due to the absence of large amounts of wall
shear and Jet mixing.

Experiments were conducted in the rotating-peripheral-wall vortex tube without
bypass and with stationary end walls. Additional details of the vortex tube are -
shown in Fig. 6b. Plain lucite end walls with 1.0-in.-dia thru-flow ports at their
centers were used. Flow was iInjected into the vortex tube through the injection
ports in the rotating peripheral wall and withdrawn through the thru-flow ports at
the centers of the end walls.

[ERNLARN

Flow Control System

Water was pumped from a storage tank through the injection plenums into the
vortex tubes. The desired flow conditions were obtained by adjustment of control
valves downstream of the thru-flow ports and downstream of the axial bypass
plenums. Measurements of the total flow injected into the vortex tube were made
using a turbine flowmeter located in the inlet flow pipe leading to the injection
plenums. The thru-flow rate was determined in a similar manner by measuring the
flow rate leaving the end-wall thru-flow ports. 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
vortex through ports in the end walls or ports in the peripheral wall at the axlal
mid-plane. A sketch of the optical system used to photograph dye patterns is
shown in Flg. 7. Photographs of dye patterns were taken through an end wall with
1llumination through an adjustable slit (usually 1/4-in.-wide) located at the
axial mid-plane of the vortex tube. 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 a O.l-microsecond
flash period was used as the light source for photographs of 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 jet-injection vortex
tube 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 in the peripheral wall at the axial
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mid-plane of the vortex tube. The optical system shown in Fig. T was also used to
photograph the particles. The chopping disc contained 20 or 40 slots, depending
on the flashing rate desired, and was driven by a varilable-speed d-c shunt motor
which allowed the flashing rate to be varied from 60 to 3000 flashes per second.
Tntermittent illumination of the suspended particles caused them to appear as a
geries of streaks on a time exposure (see typilcal particle-trace photograph in
Fig. 8). This technique permitted quantitative evaluation of the tangential
velocities within the vortex without using probes which would disturb the flow.

Description of Test and Data Reductlon Procedures

Test Procedures and Range of Flow Conditions Investigated

A typlcal series of flow visualization tests using the jet-injection vortex
tube was conducted in the following manner. With a fixed peripheral-wall injection
area (A,) and jet-injection flow rate (Q:), the bypass flow rate was changed so
that the percent bypass ((QBP/Q') x 100) varied between O and 100%. As the percent
bypass increased the amount of #1ow withdrawn through the thru-flow ports (Q;) was

decreased (Qj = Qpp *+ Q)

The pertinent flow parameters specified in these tests were the tangential
injection and radial Reynolds numbers. The tangential injection Reynolds number
is defined as

V.ro
Ret,j = —f——' (l)

where V. 1s the average tangential injectlon veloclty, Ty is the radlus of the
vortex %ube, and v 1s the kinematic viscosity for the water temperature at the
time the tests were conducted. In this test program, Rey ] was varied from 80,000
to 1,800,000. ’

The radial Reynolds number is defined as

%

= 21yl

(2)

Re,

where Q¢ is the total volumetric flow rate of fluid withdrawn through the thru-
flow ports at the centers of the end walls and L is the vortex tube length. Values
of Re, from 20 to o were investigated.

As will be shown, the ratio of the average local velocity near the peripheral
wall to the jet-injection velocity varied markedly with peripheral-wall injection
area. Consequently, a more meaningful tangential Reynolds number based on average
flow conditions at the peripheral wall rather than at the jets was also calculated



for the tests in the jet-injection vortex tube. This tangential Reynolds number
is defined as

r

Ret)p = v

where V¢ 1s the tangential velocity at the peripheral-wall determined by
extrapolé%ing the measured tangential velocity profiles (obtained by the particle-
trace method) to the peripheral wall. A sketch illustrating this extrapolation ig
shown in the insert of Fig. 9. Data indicating the approximate variation of

V¢ P/V, with peripheral-wall injection area are shown in Fig. 9. Although
inéufficient data were obtained to define the curve shown in Fig. 9, the curve
must have the shape shown (asymptotic to Vg P/V- = 1.0 at large values of Aj). In
this program, Rey . ranged from 47,500 to 262,000,

Typical tests in the rotating-peripheral-wall vortex tube were conducted by
varylng the peripheral-wall rotational speed (No) between 40 and 145 rpm with a
fixed volumetric flow rate (Qj) through the peripheral wall. The flow parameters
specified in these tests were also the tangential and radial Reynolds numbers.
The tangential Reynolds number in the rotating peripheral-wall vortex tube ig
defined as

TN r 2
0’0
Ret,o — _36.1/__ (l;)

In this program, Ret o ¥as varied from 67,000 to Ehh,OOO. The radial Reynolds
number is defined by Eq. (2); Rer was varied from 97 to 154. Since there was no
bypass, Qt was equal to Qj in all tests.

Comparisons of the results of the tests using the two different vortex tube
configurations were made using calculated values of the secondary-flow parameter,
Bt' As discussed previously, vortex flows having equal values of’Bt have similar
flow patterns (see Fig. 2 and Ref. l). For the Jjet-injection ang rotating-
peripheral-wall vortex tubes, respectively, Bt is defined as

0.8 0.8
_ D (Rey p)™" D (Rep,0)"

By = (5)

L Re,. L Ren

Although,@t was derived in Ref. 1 for flows without bypass, it 1s shown in the
results presented in this report that this parameter provides an indication of the
trends observed in the experiments even with axial or peripheral bypass. For the
flow conditions Investigated, B, ranged from approximately 18 to approximately 128,
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Reduction of Particle-Trace Data

The first step in the procedure for obtaining local tangential velocitles in
the primary-flow region was to determine the radius of a particle trace from a
photograph (see Fig. 8). Two points at the ends of dashes were selected and the
circumferential dlstance between them was calculated from the radius and the
central 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 all
taken with light illumination at the axial mid-plane.



DISCUSSION OF RESULTS

Results of Tests in Jet-Injection Vortex Tube

Effects of Perlpheral-Wall Injection Area and Axial Bypass on Location of Radial
Stagnation Surface

Typlcal dye pattern photographs illustrating flow patterns in the jet-
Injection vortex tube are shown in Fig. 10. 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 rotation is counterclockwise, and the dye
was Injected elther through ports in the end walls or through ports in the
peripheral wall at the axial mid-plane.

The dye patterns shown in Fig, 10 illustrate the effect of axial bypass on
the radius of the laminar radisl stagnation surface. These results were obtained
with one peripheral-wall injection ares (A; = 0.679 in.2) and a constant tangential
Reynolds number (Ret p = 47,500). The radial stagnation surface appears as the
distinct dye annulus’at the end of the radial arrow, r - As the percent bypass
((QBP/QJ) x 100) was increased from O to 65 percent, the ratio of the radius of the
radlal stagnation surface to the radius of the vortex tube, rs/ro, increased from
0.30 to 0.70. Since the percent bypass was increased while holding the tangential
Reynolds number constant, the ragdial Reynolds number decreased from Re = 102.5 to
35.9 and the secondary flow parameter increased fromBt = 18.0 to 51.3. The trend
of increasing rs/ro with increasing B; shown in this example (Fig. 10) is in
agreement wlth the theory of Ref. 1.

Figure 11 presents a summary of the effect of percent bypass on the radius of
the laminar radial stagnation surface. The data for peripheral bypass are from
Ref. 10. The data in Fig. 11 indicate three general trends: (1) for constant
peripheral-wall injection ares, rs/ro increased with increasing percent bypass;

(2) for constant percent bypass, rs/r0 increased with decreasing peripheral-wall
injection area; and (3) for constant rg/r,, the percent bypass required decreased
with decreasing peripheral-wall iInjection area. This latter trend is of particular
Interest for the nuclear light bulb engine where it is desired to establish a
radial stagnation surface at a large radius with little or no bypass.

The trend of decreasing percent bypass requlred to obtain the same rs/rO as
peripheral-wall injection area decreases would be expected based on consideration
of the secondary flow parameter, Bt‘ Periphergl-wall injection area does not enter
Into the development of the theory of Ref. 1. According to the theory, two vortex
flows having the same 8, will have approximately the same rs/ro, regardless of
peripheral-wall injection area. (For a given Bt, there 1s a very small effect of
changes in Re, on rs/ro, but this effect is negligible.) The equation for'Bt

10
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(Eq. (5)) may be written as

0.8
Rey P 1l
: 8 \Re, . A,
g D, (Fer,p)00 2md (&%) T (6)
Y Re,, Q, v 1 - Qgp/Qy

As shown in Fig. 9, the ratio Rey /Ret’ decreases with decreasing A;. The
following values of the parameter’%Ret,p Ret,‘)/Aj: which appears in %he numerator
of Eq. (6), were calculated using the data points in Fig. 9:

Aj; in.? (Ret’p/Ret}j)/Aj, in.=2
6.00 0.15

0.679 0.k

0.236 0.89

0.118 1.02

This table indicates that when the injection flow rate (Q,) remains constant, the
numerator of Eq. (6) increases as Aj decreases. To maintain B, constant so that

rs/ro remains constant, the denominator must also increase as A. decreases. This
in turn implies that the percent bypass ((QBP/Q') x 100) must decrease, which is

the result obtained in the experiments (Fig. 11).

The maximum value of rs/r0 that could be obtained with axial bypass was
about 0.7 for all four injection areas tested (see Fig. 11). The maximum radial
extent of the lamlnar radial stagnation surface appeared to be limited by the
width of the turbulent mixing region near the peripheral wall. With small increases
in percent bypass over the values at the right ends of the curves in Fig. 11, no
increase in rs/rO was observed. Instead, the radial stagnation surface began to
deform elliptically as shown in Fig. 10d. With further increases in percent
bypass, the laminar radlal stagnation surface deteriorated, and no radial stagna-
tion surface was discernable.

Under certain flow conditions with axlal bypass, disturbances in the form of
traveling waves in the laminar radial stagnation surface were observed. These
waves ran in the lengthwise direction 1n the vortex tube and appeared to be caused
by high axial shear. Associated with the waves were reglons of increased turbu-
lence nesr the end walls. Typical dye patterns illustrating the effect of these
waves on the radial stagnation surface are shown in Fig. 12. The radial stagnation
surface became rippled and increased turbulence was noted in the region outside the
stagnation surface near both end walls. A summary of the flow conditions for which

11



the waves were observed is presented in Fig, 13. 1In Fig. 13, the ratio of the
average axlal veloclty outside the radial stagnation surface close to the ends of
the vortex tube to the tangential (circumferential) velocity at the peripheral
wall, Vk/v¢’P, is the ordinate and percent bypass is the abscissa. Data are shown
for all peripheral-wall injection areas and bypass configurations that were tested.
Data from tests in the rotating-peripheral-wall vortex tube are also shown (these
tests are discussed in a later section). Axial waves in the laminar radial
stagnation surface were observed for values of VZ/Vﬁ,P > 0.02 (above the shaded
boundary in Fig. 13), i.e., when the average axial velocity was greater than about
2 percent of the tangential velocity at the peripheral wall. As indicated in the
figure, these waves were observed only with axial bypass 1in the jet-injection
vortex tube with Aj = 0.679 and 6.0 in.2, Note the large differenceg in the values
of V;,/Vy p for A; = 6.0 in.2 with peripheral and axial bypass (compare solid circles
with open circles). Also note the differences in the measured values of rg/ry for
these two configurations in Fig. 11. Consequently, for the largest peripheral-wall
Injection area tested, axial bypass had generally less deslrable fluid mechanics
characteristics than peripheral bypass because it resulted in lower values of rs/rO
and, under some conditions, caused waves in the radial stagnation surface.

Effect of Peripheral-Wall Injection Area on Location of Radial Stagnation Surface
without Bypass

Figure 11 indicates that laminar radial stagnation surfaces can be obtained
without bypass if the peripheral-wall injection area is made small enough. The
data show that with zero-percent bypass the maximum extent of the radial stagnation
surface was rs/rO = 0.64 for the range of conditions tested. This was obtained
using the smallest injection area available at the time of the tests, Aj = 0,118 in.2.

In previous tests using jet-injection vortex tubes (Refs. 5, 6, T, and 10)
vhere a large injection area was used (A. = 6.0 in.2), flows with laminar radial
stagnation surfaces could not be obtained without bypass. These flows had values _
of[?t less than 10 and were turbulent from the centerline of the vortex tube to
the peripheral wall. In the present test program, laminar radial stagnation
surfaces were obtalned without bypass for injection areas of A. = 0.679 in.2 and
less. Typical dye patterns showing the effect of decreasing ingection area for
constant radial Reynolds number are presented in Fig. 14. The ratio rs/ro Increased
from 0.3 to 0.64 ag the peripheral-wall injection area was decreased from A. =
0.679 in.2 to 0.118 in.e. Tt is interesting to note that the calculated vaiue of
Bt for Fig. 1lha is only 18 while theory predicts that a radial stagnation surface
would not occur for By less than about 26 for Re, = 102.5 (see Fig. 2). This
illustrates that although changes in Bt provide a reasonably good indication of
the trends observed in the experiments, there are uncertainties in the application
of the theory and in the method used to calculate Bt (e.g., Fig. 9) which cause
differences between the predicted and observed flow patterns.

12



Results of Tests in Rotating-Peripheral-Wall Vortex Tube

Tests were conducted in the rotating-peripheral-wall vortex tube without
bypass to determine the effect of a reduction in turbulence near the peripheral
wall on the radius of the laminar radial stagnation surface. The turbulence level
{s less in the rotating-peripheral-wall vortex tube than in the jet-injection
vortex tube due to the absence of large amounts of wall shear and jet mixing.
Thus, the hypothesis that the maximum radius of the radial stagnation surface 1s
limited by turbulence near the peripheral wall can be investigated by comparing
the results obtained in the two vortex tubes.

Dye patterns illustrating the effect of changes in the peripheral-wall
rotation rate on the radius of the laminar radial stagnation surface for a
constant radial Reynolds number (Re, = 131) are shown In Fig. 15. As N, was
increased from 50 to 130 rpm, rs/ro inereased from 0.62 to 0.85. This is the
trend that would be expected since Bt increased from 21.9 to 46.T.

The results of all tests in the rotating-peripheral-wall vortex tube are
sumarized in Fig. 16. The maximum value meagsured was rs/ro = 0.89; larger values
probably would have been measured if nigher peripheral-wall rotation rates Were
used. The data Indicate that rs/ro is strongly dependent u,pon,Bt and weakly
dependent upon Rey, which are results expected on the basls of the theory of
Ref. 1.

Values of the ratio vZ/Yﬁ,O for some of the flow conditions shown in Fig. 16
are given in Fig. 13. As would be expected since there was no axial bypass flow,
VZ/V¢’P was less than 0.02, and there was no evidence of axial waves in the radial
stagnation surface.

Summary of Results and Comparison with Theory

A summary of the measured radil of the laminar radial stagnation surfaces in
both vortex tubes and the theoretical results from Ref. 1 is shown in Fig. 17.
This summary clearly illustrates that the main trend observed in all of the
experiments agrees with the trend predicted by the theory; that is, rs/rO increases
as Bt increases. It also indicates where the results are in apparent dlsagreement
with the theory, and shows differences in the results obtained using the two
different vortex tube configurations. TFor the case with a rotating peripheral
wall, which closely approaches the assumptions of the theory, there is reasonable
agreement; the main areas of disagreement are for some of the jet-injection vortex
tube results.

One important result is that laminar radial stagnation surfaces were obtained
at values of Bt less than about 25, i.e., below the minimum value of Bt for which
radial stagnation surfaces would be expected on the basis of the theory. As
mentioned previously, there are uncertainties in the application of the theory to
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vortex tubes having axial or peripheral bypass because the theory was originally
developed for vortex tubes without bypass. In addition, the accuracy of the
empirical correlation of Ret,p/Ret,j with Aj (Fig. 9) is also uncertain. The
theory assumes that tangential shear in the primary-flow region is governed by
laminar viscosity; this assumption is obviously not rigorous for the reglon outside
the radial stagnation surface. The theory also employs as input quantities a
serles of formulas for tangential and radial shear on the end walls and for the
shape of the tangential and radial veloclty profiles in the end-wall boundary
lgyers. These formulas cannot be any more accurate than other formulas employed
in the analysis of turbulent boundary layers. Considering the limitations of the
theory, the agreement between experiment and theory 1s surprisingly good.

Another important result is that the maximum value of T /rO that could be
obtained with axial bypass was 0.7. As Bt was increased beyond the values at the
right ends of the curves in Fig. 17, the laminar radial stagnation surface deteri-
orated and was no longer discernable. In the Jet-injection vortex tube with
peripheral bypass, larger values of rs/r0 were obtained (compare the curves with
Ay = 6.0 in.2 in Fig. 17), although these values were not as large as would be
expected on the basis of the calculated values of/?t. Moreover, larger values of
rs/ro were obtained using the rotating-peripheral-wall vortex tube where the
turbulence near the peripheral wall was considerably lower. This seems to support
the hypothesls that turbulence near the peripheral wall limits the maximum radius
of the laminar radial stagnation surface in Jet-injection vortex tubes.

The conditions existing in the rotating-peripheral-wall vortex tube near the
peripheral wall may be more representative of the conditions that would exist in a
nuclear light bulb engine. It is expected that the density gradient caused by the
radial gradient of temperature in the englne would reduce turbulence near the
peripheral wall. This should allow a larger radilus of the laminar radial
stagnation surface to be obtained than could be obtained in the tests conducted
during this program using the Jet-injection vortex tube.
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LIST OF SYMBOLS
Total area of injection ports at peripheral wall of Jet-injection vortex
tube, £t2 or in.2
Diameter of vortex tube, ft or in.
Length of vortex tube, ft or in.
Peripheral-wall rotation rate, rpm

Total volumetric flow rate through axial bypass exhgust annuli or
peripheral bypass ports, ft3/sec

Total volumetric flow rate injected through peripheral wall, ft3/sec
Secondary flow in one end-wall boundary layer, ft3/sec

Total volumetric flow rate through thru-flow ports, ft3/sec or gpnm
Volumetric rate of flow toward one end wall through annular region
between radial stagnation surface and peripheral wall; Qt/2 for no-bypass
and peripheral-bypass configurations, and (Q + Qpp)/2 for axial-bypass
configurgtions; ft3/sec

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

Outer radius of vortex tube, ft or in.

Radlus of radial stagnation surface, ft or in.

Radial Reynolds number, Q./2miL, dimensionless

Tangential injectlon Reynolds number based on average injection velocity
in jet-injection vortex tube, ero/y, dimensionless

Tangential Reynolds number based on peripheral-wall rotational speed,
7N r 2/30v, dimensionless

Tangential Reynolds number based on velocity at peripheral wall of jet-
injection vortex tube, Ve Pro/u, dimensionless
b

Time, sec
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Il

Average tangential injectlon velocity in jet-injection vortex tube,
Qj/Aj’ ft/sec

Tangential (circumferential) velocity of flow in vortex tube, ft/sec
Tangential velocity of rotating peripheral wall,'vNor0/3O, ft/sec
Tangential velocity at peripheral wall of jet-injection vortex tube after
injected flow has been slowed down by diffusion, Jjet mixing and peripheral-

wall friction, ft/sec

Average axlal velocity through annular region between radial stagnatlon
surface and peripheral wall close to the ends of the vortex tube,

Q, /7 (r,2 - r.2), ft/sec

Distance measured in a direction parallel to the axis of the vortex tube
from the axial mid-plane, ft or in.

Dimensionless secondary flow similarity parameter, (D/L) Reg po'8/Rer or
(D/1) Re O-8/Re, ’
2

Leminar viscosity, lb-sec/ft2
Leminar kinematic viscosity, ft2/sec
Density of water, slug/ft3

Azimuthal coordinate
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FIG. 1

SCHEMATIC DIAGRAMS OF NUCLEAR LIGHT BULB ENGINE
AND DESIRED FLOW PATTERN
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FIG. 3

SKETCHES OF PERIPHERAL BYPASS AND
AXIAL BYPASS CONFIGURATIONS

NOTE: GEOMETRY IDENTICAL AT BOTH ENDS OF VORTEX TUBES

a) PERIPHERAL BYPASS CONFIGURATION

PERIPHERAL BYPASS PLENUMS (4)

BYPASS SCREEN FOR FLOW
REMOVAL
PRIMARY FLOW

PERIPHERAL
BYPASS FLOW

/— AXIAL BYPASS ANNULUS

AXIAL BYPASS
¥ FLow

\ THRU-FLOW

END WALL

PORTS FOR INJECTION OF
FLUID TO DRIVE VORTEX
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TYPICAL PARTICLE-TRACE PHOTOGRAPH

FLOW ROTATION
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FiG. 9

APPROXIMATE VARIATION OF TANGENTIAL VELOCITY AT PERIPHERAL WALL WITH
PERIPHERAL-WALL INJECTION AREA

JET-INJECTION VORTEX TUBE

DATA FROM EXTRAPOLATION OF VELOCITY PROFILES
OBTAINED BY PARTICLE-TRACE METHOD

EACH DATA POINT IS AVERAGE FOR TESTS AT TWO VALUES OF Ret,

PERIPHERAL-WALL INJECTION AREA, AJ-—IN.2
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FIG. 10
TYPICAL DYE PATTERNS ILLUSTRATING EFFECT OF AXIAL BYPASS
ON RADIUS OF RADIAL STAGNATION SURFACE

JET-INJECTION VORTEX TUBE

SEE FIG. 6o FOR DETAILS OF INJECTION CONFIGURATION
PERIPHERAL-WALL INJECTION AREA, 4; - 0.679 IN.2
Rey,j - 144,000 ; Re, , 47,500

FLOW ROTATION

77\

a) NO BYPASS b) PERCENT BYPASS, (Qgp /QJ-) « 100 - 15%
Re, - 102.5; By = 18.00; r, /ro - 0.30 Re, - 87.2; B, - 21.10; r, /1o =0.44

c) PERCENT BYPASS, (Qgp /Q;) » 100 - 40% d) PERCENT BYPASS, (Qgp /Qj) « 100 - 65%
Re, = 61.5; By = 30.00; ry /ro = 0.68 Re, = 35.9; By = §1.30; r, /1, - 0.70
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FIG. 11

EFFECT OF PERIPHERAL-WALL INJECTION AREA AND PERCENT BYPASS FLOW
ON RADIUS OF RADIAL STAGNATION SURFACE

JET-INJECTION VORTEX TUBE

RANGES OF FLOW CONDITIONS: 8x104 < Req < 1.8x106, 4.7x104< Re, , < 2.6x105

20 < Re, < 442 , 18<B, <128
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FIG. 12

TYPICAL DYE PATTERNS ILLUSTRATING WAVES IN RADIAL STAGNATION SURFACE

JET-INJECTION VORTEX TUBE
PERIPHERAL-WALL INJECTION AREA, A, - 6.0 N2
SEE FIG. 6o FOR DETAILS OF INJECTION CONFIGURATION
Re, 100; Re,;=120,000; Re,  =108,000; f3, 42
PERCENT BYPASS  88%; V; 'V p-0.0676

PHOTOGRAPHS TAKEN THROUGH FRONT OF VORTEX TUBE AT DIFFERENT
TIMES, +, AFTER CESSATION OF DYE INJECTION

DIRECTION OF AXIAL FLOW QUTSIDE OF RADIAL STAGNATION SURFACE

=

a) t= 20 SEC

b) t~ 40 SEC
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SUMMARY OF FLOW CONDITIONS FOR WHICH WAVES IN RADIAL STAGNATION
SURFACE WERE OBSERVED

SEE FIG. 6 FOR DETAILS OF INJECTION CONFIGURATIONS

FLAGGED SYMBOLS DENOTE FLOW CONDITIONS FOR WHICH WAVES WERE OBSERVED

AVERAGE AXIAL YELOCITY OUTSIDE RADIAL STAGNATION SURFACE

_ Q
v, = _
7t 2-r2)
2 BYPASS
SYMBOL | A~IN, CONFIGURATION VORTEX TUBE Re, o
PERIPHERAL
® 6.0 BYPASS (REF. 10) JET-INJECTION 72,000
0 6.0 AXIAL BYPASS 108,000
A 0.679 47,500
X 0.236 131,000
0 0.118 Y / 85,780
O _— NO BYPASS ROTATING-PERIPHERAL~WALL 118,000*
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e SEp IR RE S 7
0.05 1+ ———— —— —+
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FIG. 14
TYPICAL DYE PATTERNS ILLUSTRATING EFFECT OF PERIPHERAL-WALL INJECTION AREA
ON RADIUS OF RADIAL STAGNATION SURFACE IN FLOWS WITHOUT BYPASS

JET-INJECTION YORTEX TUBE
SEE FIG. 6a FOR DETAILS OF INJECTION CONFIGURATIONS
Re, 102.5
FLOW ROTATION

VRN

a) PERIPHERAL-WALL INJECTION AREA, A; - 0.679 IN.2
Rey,j - 144,000 ; Reyp - 47,500;

ry re - 0.3, 4 - 18.00

b) PERIPHERAL-WALL INJECTION AREA, A; - 0.236 IN?
Rey ;- 415,000 ; Re,, 87.200;

0.6 ; 3y - 29.15

fs'To

¢) PERIPHERAL-WALL INJECTION AREA, A; 0.118 IN2

Reyr,j - 1,244,000 ; Re, , 149,400

- 0.64; By 29.65

Ty 'fg
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TYPICAL DYE PATTERNS ILLUSTRATING EFFECT OF PERIPHERAL-WALL ROTATION RATE
ON RADIUS OF RADIAL STAGNATION SURFACE IN FLOWS WITHOUT BYPASS

ROTATING-PERIPHERAL-WALL VORTEX TUBE
SEE FIG. 6b FOR DETAILS OF INJECTION CONFIGURATION

a) ROTATION RATE, Np - S0 RPM

Re, o - 82,000; 3 -21.9;

b) ROTATION RATE, Ng - 90 RPM

Re,o 150,000; 5, - 35.2;

rg re - 0.76

¢) ROTATION RATE, No - 130 RPM

Re, o - 214,000 ; 3, - 46.7 ;

Ty 'Tg 0.85

Re, 131
FLOW ROTATION

VR

FIG. 15

3l
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FIG. 16
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FIG. 17

COMPARISON OF MEASURED AND THEORETICAL RADII OF RADIAL
STAGNATION SURFACES

SEE FIG. 6§ FOR DETAILS OF INJECTION CONFIGURATIONS

s

¢

SYMBOL AJ.-IN? BYPASS CONFIGURATION YORTEX TUBE
o — NO BYPASS ROTATING-PERIPHERAL~WALL
o) 6.0 PERIPHERAL BYPASS (REF, 10) JET—~INJECTION
X 6.0 AXIAL BYPASS
A 0.679
8] 0.236
°® 0.118
T R RN RN AR EE R R JERREEARR A NS TR i H
L HEH 3 EH A T FE ] THEORY FOR 20<Re,< 200 H
T ST T = H(REF, 1) Hif \
- i - 1L Wy ]
- - EEEERRSRS ‘H"‘, w ”L ]
SRERTEESRNLE e L
- SR R TOTITL | ﬁrl {1]] ]
-~ ROTATING-PERIPHERAL - = 7 seeil
" WALL; NO BYPASS TN e L 1 H
- L IENUA T4 . H
= - =ieii g
AR a1 “1 L ny af »
-1 - ST LAY 1 besss 5
=~ JET-INJECTION; 14 g e g :
;;AXIAL BYPASS N \:\h‘& . 4 i | i
— N i -
B R T 1
i o o - ERRNERERE 1 H | -
3 1
ER e N i £

RADIUS OF VORTEX TUBE

RADIUS OF RADIAL STAGNATION SURFACE

' EXISTENCE
. 3 ’ SE R ORDING TO
- 7 k i E ':‘*’ 1 }i]f R
e R :
B ENERESEaEs R o ih == EEECRRRRE
O - S i i 1 E‘ o 4
= H- SR=ERE EE ~ H - 4 HTTT
St FESEE= e ERTE=E=REIEcE i EEREE SEiE
= EEES T aNgN SEEEEE i B == ey ;
EEARE H. L o RERS. ERENE
SRREEREEERRE EEESABNEEERIEE il _ i EEEENEEE: i
g = 113
20 50 100 200

SECONDARY FLOW PARAMETER, B8,

36 NASA-Langley, 1968 — 22 CR=-1028



