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B i s a——

Ideally this could be achieved by varying the angle of a very large number of small
holes evenly distributed over the wall. As a compromise we used a porous cylinder
with 6 tangential injection jets and designed the flow system for independent con-
trol between the radial flow thru the pcrous cylinder and the tangential flow. A

4 inch diameter cylinder was a convenient size with which to work for the available
laboratory compressor air system. An internal view of the model is given in Fig.
2s

Fig. 2 Internal View of Pcrous Cylinder and Radial Plenum

Two features were incorporated in the neighborhood of the exhaust hole to en-
hance the containment of very small droplets. The geometry of this exhaust region
is shown in Fig. 3. Cyclone separators have long used a so-called "vortex finder"
to improve the efficiency of separation by preventing the boundary layer on the
exhaust end wall from carrying the particles directly into the exhaust'7), This
"vortex finder" is a thin cylindrical sleeve extended about 1 exhaust radius into
the chamber. This forces any flow escaping directly from the end wall boundary
layer into the exhaust to negotiate a very sharp turn which aids in separating out
any particles in that flow. Extensive studies at the Aeronautical Research Labora-
tory 3) have shown that injection of flow with a high angular momentum directly
into the end wall boundary layer can also be quite effective in preventing flow
from passing directly from the boundary layer into the exhaust. We included an in-
dependently controlled boundary-layer-control (BLC) flow thru four 1/16 inch dia-
meter holes evenly spaced around the perimeter of a circle about 1/4 inch outside
the exhaust radius. The holes met the plexiglass surface at a 20° angle in such a
way that the major velocity component of air leaving the holes was tangential. The
BLC flow was introduced with the same swirl direction as the primary tangential
flow.



Fig. 3 Close-up View of the Exhaust Region

Air was supplied to the model from a 60 psig pressure compressor thru an alum-
ina pebble bed dehumidifier. Suitable valving permitted the flow to be divided
into 4 branches leading respectively to the radial flow thru the porous cylinder,
the main tangential flow, the boundary-layer-control flow, and a cross flow intro-
duced downstream of the vortex chamber which permitted some control of the exhaust
pressure and the exhaust gas humidity. Each of the 4 branches could be independ-
ently controlled and their flow rates measured.

The exhaust from the vortex chamber was connected to a steam ejection vacuum
system (minimum pressure 2 psia) thru a pyrex glass cross which can be clearly seen
in the overall view given in Fig. 4. The vortex chamber is connected to the bottom
arm of the cross, the right arm is connected to the exhaust system, the previously
mentioned cross flow is fed into the left arm, and the top is covered with plexi-
glass to make it possible to look down into the vortex chamber. Both end walls of
the vortex chamber are plexiglass with the exhaust hole in the top end wall.

Measured amounts of liquid could be introduced into the vortex chamber thru a
hollow screw in the bottom plexiglass plate. The top of the screw was raised
slightly above the inner surface of the plate to permit radial injection of the
liquid thru 3 holes in the screw at a flow rate suitable for adequate momentum
transfer from the gas vortex to the liquid.

We used two different exhaust plates, one with a 1 inch diameter exhaust hole,
and the other with a 1/2 inch diameter exhaust; and three different porosities in
the porous cylinder. The basic cylinder used for most of the results was 0.0245
inches thick with uniformly distributed holes of 0.005 inch diameter for a 1% open



Fig. 4 Overall View of Experimental Apparatus

area. This open area for the radial flow was reduced by a welding seam and by the
tangential jets and the soldered area around them to 0.5% for one cylinder and to
0.7% for another. It was further reduced to 0.3% by partial taping of the holes
for other tests. The pressure drop characteristic of each of these cylinders is
given as a function of radial mass flow in Fig. 5. Flow was in each case single
phase, and vortex chamber pressure was slightly in excess of one atmosphere abso-
lute.

3. LIQUID CONTAINMENT LIMITS

There are three mechanisms by which the liquid can be lost from the chamber:
1) it may vaporize and escape with the gas, 2) small droplets may be entrained into
the exhaust gas, or 3) an instability can cause the liquid to leak radially outward
thru the porous cylinder. The vapor losses are primarily determined by the vapor
pressure of the liquid and the extent of the interaction between the liquid and
gas. This section deals with the last two mechanisms. Small droplets may be ex-
pected to be lost when there is not a sufficient swirl angle in the exhaust flow to
separate out the droplets as the gas exhausts. On the other hand, when the swirl
angle is large and the radial flow thru the porous cylinder is continually de-
creased, a point is reached where the pressure drop across the porous cylinder is
not adequate to stabilize the liquid-gas interface against centrifugal instabili-
ties and the liquid ie forced radially outward thru the porous cylinder.

Figure 6 shows the containment limits for 3 different fixed tangential flows.
The left hand side of the containment envelope marks the flow ratio at which
increased radial flow makes water droplets detectable in the exhaust flow. Two









Figure 8a and b are photographs of the vortex chamber as viewed from above.
Figure 8a is a view of the empty chamber. The gray outer annular region is the
interior of the porous cylinder. The rings near the center are the BLC jets and
the "vortex finder". The unfocused region in the center is the water injection
device on the bottom plate. The tube and fitting attached to the top plate is the
BLC feed pipe. Figure 8b is the same view of the chamber while it is in operation
with approximately 100 milliliters of water (over 10% of the chamber volume). The
water appears to be, confined largely to an outer annular region of approximately
1/2 of the chamber volume. The ripples on the under surface of the top plate indi-
cate the spirals visible in the end wall boundary layer. Water continually spirals
inward thru the 2 end wall boundary layers but little of this appears to be lost
out the exhaust. Instead, it is centrifugally separated out from the exhaust gas
and returned thru the main part of the chamber to the outer annulus of liquid.

a) no water

*._-_—

Top view of
vortex cham-

b) approximately

100 grams of
water —

Figure 9 gives a clue to what happens within the chamber as the liquid loading
is increased. The radial pressure gradient is balanced by the product of the
density and the centrifugal force, i.e.

1'O ’V2
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In order for Ap to decrease as p increases it is necessary to have a sharp drop in
v. The drop in v is brought about by a loss in recovery factor, v /v_, as the wall
shear increases with increasing density. As loading is continually increased v is
decreased until a point is reached where the water droplets can no longer be con-
tained and water sprays out of the chamber.





































































































