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AZSTARACT

A study was conducted to determine the tehavior
of swirling alr flow in a converging nozzle, Special
instrumentation was constructed to obtain radial traverses
of the flow at four axlal positions. The data collected
consisted of velocity, static pressure, and stagnation

temperature.

The flow pattern demonstrated the Ranoue-kEilsh
effect and reversed axial flow in the core region.
As the flow entered the nozzle, it had the characteristics
of 2 free vortex. At the exit pl2ne the cunarzctaristics
were those of a forced vortex. The converging nozzle
caused an increase in the magnitude of the axial velocity

component.
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I. INTROOUCTION

This thesls presents the results of an experimental
study of swirling alr flow through =2 converging nozzle,
A similar study was made by Thompson (13) for values of
radius ratio between zero and 0.5, The object of this
work was to supplement the data collected by Thompson,
and to provide velocity, static pressure, and stagnation

tenperature data corresponding to values of radius ratio

between zero and 1,0,

A direct analytical approach to this problem involves
solving the three dimensional, viscous, compressible
flow ecuations., A solution of these ecuations re-ulres
simplifing assumoptions which can only be substantiated
from a thorough understanding of the flow pattern itself.
To obtain this understanding it is only logical to resort

to experinment,

Vortex flow of a gas produces effects not exper-
ienced in other flcow patterns. The circular motion
generates centrifugal forces in the fluid, and causes
large veloclty gradients which cause frictlicnal effects
to become an important factor. A particular character-
istic of vortex flow is the Ranque-Hilsh effect. This
effect 1s the separation of the gas stream into a core of
low stagnation temperature and an annular region of high

stagnation temperature. It is generally agreed that the



Hangue~Hdilsh effect is caused by internal friction in the
fluid, but complete agreecment as to the mechanism of the
tencerature separation does not axist. A4nother character-
istic is reversed axial flow in the core region., This is

due to the low static pressure in the core.

3wirling flow in a nozzle has possible apvlications
in the field of rocket propulsion. By utilizing the
Ranque-Hilsh effect the stagnation temperature of the
provellant could be raised. Another possible apolication
is in tharust regulation. Inducing a component of swirl
in the mass presinzg throuzh a nozzle would decrease the
axisl velcoclty component, thus reducing tha thrust.
An cven more sochlsticated application, is to employ
the centiifvgal forces developed by the circular notion
to rexovz the heavy uranium ions from the propesllant of

a nuclear rocket,

To date, the studies of vortex air flow have been
confired to tubes. The results of these investigations
are cf some use in predicting the behavior of this
type of flcw in a nozzle, but would not be directly

applicable in the desisgn of such a nozzle.



IT. REVIZEW OF LIToRATURE

The temperature senaration in a gaseous vortex
was first reported in 1931, G. Hangue, a french
metallurgist, noticed the effect in connection with
cyclene separators. EHe constructed and patented a
device to duplicate the effect, hoping it could be
employed as a refrigerator. Further investigzatlon,
however, indicated that the vortex motion was %too
inefficlent as a refrigeration process, and thils caused
a loss of enthusiam. Interest was not renewed until
1946, when R. Hilsh published a paper relating his

experlence with the device.

Eilsh (6) constructed two vortex tubes of different
radius and determined some of the variables affecting
the performance. He found that inlet gas conditions,
external pressure, and flow rate, all affect the degree
of stagnation temperature separation within the tube.
After examining the thermodynamic efficiency of the
device he concluded that it was too low for practical

use.

In a more recent study, J.Z. Lay (8) conducted
an experimental and analytical investigation to provide
a better understanding of vortex flow in general., Press-
ure, velocity, and temperature traverses were taken

at different axial poslitions along the tube., He



compared this to a simple analytical model and found
that as the flow progressed along the axis of the tube
thie influence of friction was to change the flow from

a free to a forced vortex.

Savino and Ragsdale (11) studied a vortex cenerated
within a right circular cylinder by means of guide
vanes, Their experimental measurements indicated that
the Ranscue-Hilsh effect can be obtained without passing

the flow through a long axial tube,

Keves (7) measured properties in a vortex to
determine the nature of the flow and the affect of
lmportant veriables on the velocity profiles. He con-
cluded that the nost inmportent parameters were the mass

flow rate and the diameter of the tube.

Revnolds (10) presents data collected on a vortex
tube with a blockage at the exit. The blockage eliminated
the reversed flow common to all other experimeatal work. |
He found that the temperature separation occurs without

reversed axial flow in the core.

Thompson (13) measured velocity and temperature
distributions in the same flow system used in this in-
vestigation. He presents values of data for radius ratios

from zero to 0.6 at three axial positions.



With the exception of Thompson's work (13), all
experimental data have been collected by inserting
relatively large probes into the flow. Since this
creates disturbances that cannot be completely eliminated,
2ll data must be somewhat suspect. All investigators
have experienced the Ranoue-Filsh effect. Based on
these previously published results, it may be concluded
that the tempefature separation is an inherent feature

cf the flow pattern.,

The analytical work done in the vortex flow field
is limited in zopllication to the assumptions nec:oscery

to obtain solutions.

Donaldson and Sullivan (5) present solutions to
the Navier-3tokes egquations for different classes of
vortex flow. Their solutions indicate that regions of

reversed axial flow are possible.

Diessler and Perlmutter (4) analyzed the total
temperature separation in vortex flow. They concluded
that the stagnation temperature separation is due to
the shear work done on the fluid as it traverses its

spiral path,

hager (9) arrived at solutions for swirling flow



through a nozzle by assuming the flow frictionless, He
indicates that the swirl would induce a void region
along the axis of the nozzle which would restrict the
area of the nozzle throat and offer some means of

thrust regulation.

All previously discussed work concerned vortex
flow of a compressible fluid. In 1956 Binnie and
Hooking (3) conducted experiments with vortex water
flow through a nozzle. Their findings 4id not produce

any new conclusions pertinent to this report.



IIT. Oz3CRIFTION OF APPARATUS

The measurement of velocity and stagnation teaper-
eture in a gas stream requires the insertion of instru-
mentation into the stream. This obstruction causes
distrubances which, if not minimized, can be detri-
mental to the results of such measurements. For this
reaéon, the main consideration in the design of the

following arparatus was to minimize this induced error.

The apparatus is classified and discussed in four
main groups: A) the air supply, B) the vortex generator
and nozzle, C) the sensing tubes and support rechanisn,
and D) the positioning apparatus. Figure 1 is a photo-

graph of the test installation.

A) The Air Supply

To obtain apprecisble velocitles inside the nozzle,
2 large a2ir supply was required. It was provided by twvo
compressors operating in perallel. The compressors were
an Ingersoll-Rand model 50-B and a Gardener-Denver npodel

R3125A.

The discharge from the compressors was fed into
a uWertnington receiving tank, and from there, passed
into the primarv supply line of the vortex generator.
in orfice type flow meter was placed in this line to

nmeasure the flow rate. The upstream pressure at the



FIGURE 1. Photograph of Test Instaliation
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orificé was measured by a U.3, pressure gage snd the
pressure differende across the orifice was indicated by

a Meriam manometer model A-844 filled with mercury. The
static temperaturé of the air in the primary stream was
measured By an lron-constantan thermocouple placed in the
primary supply line; A schemétic layout of the air supply

is shown in Figure 2,

B) The Vortex Generator and Nozzle

Figure 3 shows the general structure and internal
characteristics of the vortex generator and nozzle. Two
concentric sections of pipe formed the chambers of the
vortex genefator. The sizes were 20-in. 0.D. and 14-in.
O.De Alr entered the annular chamber.formed by the
pipes from the secondary supply lines. It was injected
with a direction tangent‘to the inside surface of this
chamber, Once in this region the air had an initial
circular motion. From the outer chamber the alr was
forced through sixteen equally spaced gulde vanes that
wefe cut through the surface of the smaller pipe. In
passing through the guidc'vanes a strong swirl was
induced and a vortex resulted in the central region of
the generator. From this point the swirling flow pro-
gressed through the converging nozzle which was nmounted

on the front of the vortex generator.



VORTEX GENERATOR & FLOWMETER

RECEIVING TANK
NCZZLE
Gage No. 2
Thermocouple T ,
iron-constantin @’ 15=45 psig
Vaive No. Valve No. Vaive No,
5 | 4 3
O L
Thermocouple- center .
O iron-constantin
Gage No. |
Mercury Manometer 0—100 psig
O Thermocouple - exit
iron-constantin )r\
NN
>4
y Vaive No. | > Valve No.2
-< INGERSOLL - RAND GARDENER - DENVER
COMPRESSOR COMPRESSOR

FIGURE 2. Schematic Layout of Air Supply

07



Secondary  Supply Lines

Megsurement Stations

Guide Vones

VORTEX GENERATOR NOZZLE

FIGURE 3. General Structure of Vortex Generator & Nozzle
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The nozzle was conical in shave with inlet and exit
diameters of 11 15/16-in. and 3 15/16-in, respectively.
The total lensth from inlet to exit was 20 1/16-in,
Located at three posltions along the axis of the nozzle
were measurenent stations, which were simply snort
threaded sections of 2 1/2-in. 0.D. steel pipe. These
statlons were fastened perpendicular to the axis of the
nozzle, znd served as support for the instrumentatlion.
The spacing of the stations and all general sizes of the
nozzle are given in the appendix, Figure 18. Two iron-
censtantan therimocouples were attached to the outside
surface of the nozzle to indicate the heat loss to the

atiposphere.

This portion of the apparatus was avallable from
a previous investigation. It was constructed by S.A.
Thompson for use in his research, For further infor-
mation on the vortex generator and nozzle, refer to

reference 13,

One rodification made in the nozzle was the add-
ition of three plexiglass windows. These were located
at the three measurement stations to allow for visual
positioning of the sensing tubes., Also, a fourth sta-

tion was constructed at the exit plane to allow for the
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collection of data at this position.

C) The Sensing Tubes and Support lechanism

A pitot tube and a stagnation temperature probe
constituted the sensing probes. The pitot tube served
to measure total and static pressure, and the stagnation
probe was equipped with a copper-constantan thermocouple
to indicate stagnation temperature. Details of both

probes are shown in Figure 4.

The pitot tube was constructed of hypodermic
needles. A small needle was placed inside a2 larger
orie to form the desired pressure chanbers, Sizes of
the pressure taps are shown in the figure. All lengths

and sizes were wlthin ASiZ regqulrementse.

One unique characteristic of the pitot tube was

th

[¢]

head to which it was fastened. The head was con-
structed of a swall brass cylinder, and all parts
threaded together. Liquid steel was used to seal the
threads upon final assembly. Threaded joints were em-
ployed because of problems that developed in hot solder-
ing the reguired seams. Besldes forming the pressure
chambers, the head contalned hose connections for trans-
mitting the pressures to a manometer. This manometer

was a Meriam model 10BAl10, filled with water.



Static Pressure Taps
Four holes .021" dia.

1.25"
Two Hypodermic Needles
Large needle .072"0.D.
Small needie .016" |.D. J
"ﬁ’é = goils
0.60'—»|
< 160" —
PITOT TUBE
No. 25 gage copper- —s
constantan wire
Two Holes "
" 125

016" Dia.

STAGNATION TEMPERATURE PROBE

FIGURE 4. Details of Sensing Tubes
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After the pitot tube was assembled it was bent through
a right angle. This was done in order that readings
close to the wall could be obtained. It also elim-
inated alsturbances near the measuring tip by placing

the tip well below the support systen.

The stagnation probe was fabricated from a section
of small brass tubing. Two holes were drilled perpen-
diculer to the exls of the tube to allow the stagnated
alr to leak off slowly, after coming nearly to rest
axound the thermocouple Jjunction. Number 25 gauge
cooper-constantan thermocouple wire formed the measuring
Junction., A Honeywvell model 2745 potentiometer, indicated
the voltage at the junction. The length dimensions and
shape of the stagnationvprobe were the same as those

of the pitot tube.

3ince the function of the pitot tube was to measure
both the magnitude and direction of the velocity, it
needed complete flexibility of position and direction,
This was accomplished by developing a semirigid support

mechanisme.

The basls of support was a 2.5-in. diameter sphere.
A system of brackets was constructed to mount the sphere

at any desired measurement station with enough freedom



tc be partially rotated. A sectioned view of the mount-
ing 1s shown in Figure 5, and a photograph of the actual
system is shown in Figure 6., Two 1/4-in. 0.D. aluminum
tubes were mounted through the center of the sphere and
passed down into the nozzle., These could be locked at
any desired length by means of a set screw, In addition
to serving as the basic support for the sensing probes,
the aluminum tubes provided a means of transmitting the
pressure lines and thermocouple wires, necessary for

the operation of the sensing probes, out of the nozzle.,

A small bracket that contained a mechanism for
rotating the sensing tubes vertically was fastened to
the bottom of the aluminum tubes. This mechanism
contained a short section of 3/32-in. diameter shaft,
The shaft had a small spur gear on one end, and threads
on the other, Tne threaded end screwed into the head
of the sensing tube to support it. A lock nut on the
shaft prevented the sensing tube from working loose.,
By driving the spur gear with a matching worm gear
the shaft could be rotated. This in turn rotated the
sensing tube in a plane parallel to the support tubes,
The worm gear was mounted on a 1/16-in. diameter steel
rod that passed up through the sphere to allow the

system to be operated from outside the nozzle. A pointer
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Scole to indicote rototion
—— of sensing tube

T > Support tubes

Lock plate

2.5-in. diometer
indexing sphere

Scale to indicatse
horizontal rotation

Support cup
Measurement station

!
Worm - Spur % Threaded shaft for
gear mechanism mounting sensing tube

FIGURE 5. Support Mechanism



FIGURE 6.

Photograph of Support

Mechanism and Sensing Tubes



19

fastened to the shaft, snd a scale calibrated in decrees
were mountsd at the tocp of the supwort tubes. This svstem
allowed the inclination of the s=nsing tube with resvect

to the support tubes to be read directly.

The sphere was mounted in a cup of ecual radius
that fit inside the measurerent station. A bracket
#with & horizontal scale calibrated in degrees threaded
¢n the outside of the station. The sphere itself was
graduated horizontally in one dearee intervals. It
2150 had one vertical line inscribed on its surface,
The graduations allowed the angular rositions of the
supvort tubes to be read dircctly. These angular
positions were needed teo determine the direction of

the flow at the tip of the pitot tube.

D) The Positioning Avnaratus

To acqguire related data at each axial station, it
weg necessary to make a radial traverse of the flow,
This recuired readings at different radlus ratics along
a line of constant total radius. The flexibility of the
instruncntation enabled any point to be obtained, but
presented probless in maintaining the tip of the pitot
tube at & Zesired point, while rotating it to sense
the naximum flow direction. To overccome this difficulty,

a visual rositioning systen was enployed in which the



tip of the pltot tube could be observed while its

direction was being adjusted.

As mentioned previously, a plexizlass window was
installed in the nozzle surface at ecach of the reasure-
nent stetions. Circumferential lines 1/16-in, wide
ver

I

painted on the inside surface of the nozzle, at

m
1]

»

eac

o

1 station, to indicate a plane perpendicular to the
axis of the nozzle. This line allowed the oper=ztor to
visually maintain the tip of the pitot tube in a plane
of constant axial position. To locate the desired
radial position, a Spectra-rhysics laser model 130-C
vvas mounted outside the exit of the nozzle., Its been
vizs directed into the nozzle, and its mounting enabled
the beam to be shown through any desired radius ratio
by tipping the laser through a predetermined angle.
The system i1s shown in Figure 7. The laser support
was constructed of plywood and consisted of a platform
that pivoted about a line perpendicular to the beam.
The system rotated by ralsing or lowering the rear of
the support platform,

By visuzlly maintalning the tip of the pitol tube
in the team and between the lines designating the
desired axial plane, the operator could keep the pitot

tube's tip at a desired pcint and sense for the directlon



_———Visual line of sight

Support platform

¢

/

Height adjustment

FIGURE 7. Positiching Apparatus
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the flow. The positioning svstean allowed the dzta

nts to be lecated within + 1/16 in.

N
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IV, EXPaRIGZNTAL PRCCEDU
*

The General Electric motor-generator set was
started to provide power for the priae mover of the
Ingecrsoll-Hand compressor and the cooling water punp.
After the water pump was primed and stzrted, 211 air
valves were opened and the compressors wefc started.
Valve no., 3, Figure 2, was then sdjusted vntil the
maxioum flow rate was indicated at the orifice. The

system was then allowed to run until it reached steady

flo7 cenditions.

Steady-state was indicated by the thermocouples
that were a2ttached to the outside surface of the nozzle,
Assuming the convectlon coefficent of the rnczzle surface
did not change, steady-state was taken as the conditlion

when the surface temperature reached a coastant value,

The pitot tube was threaded énd locked on the
support mechanisn, and ali scales vere adjusted to give
their zero rcadings. DBeginnine at station one, the
instrunentation vas mounted and the radial traverses
were bezun, Readings were started at the wall, so that
the initial position of the laser beam was parallel to the
inside surface of the nozzle. With the tip of the pitot
tube a2t the desired point, the system wes rotated and

tipped mntil a maximun velocity was indicated. The



2k

sphere was then locked in position and the data were
recorded., The values recorded were, (1) the magnitude
of the velocity, (2) the horizontal rotation of the
support tubes, (3) the verticzl inclination of the
support tubes, and (4) the inclination of the pitot
tube with respect to the support tubes. After the
velocitly and position were recorded, the total pressure
side of the manometer was opened to the atmosphere.
This procedure gave the value of local static pressure
by cowmparing it with atmospheric. The pressure differ-
ence was then recorded and the system was set for the

next data point.

Successive data points were obtained by changing
the angle of the laser and repcating the previous
orocedure. The readings were started at the wall and
progressed to the center of the nozzle. Velocity
traverses were talken at three internal stations and
at the exit plane of the nozzle., Only five data points
coculd be obtained at the exit plane, becauéc the lower
end of the support tube caught on the 1lip of the nozzle

exit and msde the center points inaccessible.

The velocities were initally obtained, and then
checked in a second run. It should be noted here that

during the second run of the third and fourth statlons,



and during the collection of the staznation teanpersturss,
the orfice manometer was out of service. The upstrean
pressure i'as the same as in the first run, but the Jiff-
crental across the orifice was not available. Therefore,
it wss necessary to assuume that the flow rste in the scc-
ond run was the same as in the first. This assunption
szems valld since the internal velocities measured in

the two diffcrent runs corresponded.

Once all Gesired veloclitics were measured, the
pitot tube was replaced by the stagnation temperature
probe., Bv returning to the rccorded nositions the
corresponding stagnation temperatures were obtained.
When reading the values of stagnetion temperature, the
laser vas d;sconnected in order that any neating by

the light would Le eliminated,

After all data were collected, some flow visual-
ization was performed. Due to the low pressure in the
receivine tank, the Gardener-Denver Compressor wa
losing oil through its separator. The 01l was carried
into the nozzle and presented a nulsance during the
collection of data, but it did provide flow visualization
at the windows. The circular flow caused the heavy oil
to be immediately thrown onto the inside surface of

the nozzle, It formed the streamlines at the wall which



showed up auite well on the plexiglass windows. Finely
ground chalk ws s injected iato the vortex gencrator

to 2110w these streanlines to be photoarapvhed.



Ve UISCUSSION O 2isSULTS
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exoerimental data ar resented in Figures
experimental dat e presented in Fig

Py

p—
CN
.

10 - The variables are plotted versus the diwen-

sionless rzdius for ease of comparison.

Figure 10, presents the total velocity distri-
butions at tne four axial vpositions. A comparison of
Lhe total vclocity distributions to thelr reswective
tangential velocity distributions, Figure 11, showus
that the two are sinilar in both shape and wagnitude,
This couaparison indicates that the tengential velocity
1s the Jonineting ccmponent, and in thils case was the

cetersining factor in the beshavior of the flow,.

The zeneral trend of the tangential velocity
Jag to increase from the wall to a maxigum value, and
decreease from there to the core. To explain thils trend,

consider a simple elenent of frictionless fluild moving

with a clrcular motion, Figure 8,

A

FIGURE 8. Element of Fluid
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The argular momzntum oy be written as 37T = (im)i&EVG) .
dt

~

Since friction is negclecteda 2T = 0,

Therefore, 0 = (dm)gig%il or d(rVe) = 0

Integrating this expression vields, rV, = ccnstant
or Vu = g,
T

This exvressicn indicates that the tangential
velocelity of a frictionless fluild is a2 hyperbolic func-
tion of radius. A velocity distribution as shown in
rigure %9a, would resvlt from this type of motion. It
wonld aprzroach zero at large radius, and vould be inf-
inate at the ceunter. The exnerimental distributions
inc¢icate and increcase of this type from the wall, but

deviate when the voint of maxirum velocity is reached.

Next consider a fluld moving in a circular path
with friction dominating the flow. The friction
causes the fluid to move with a rotation similar to
a rigid body 1l.e.(with a constant angular velocity).

This vieclds a tangential velocity with Ve =wWr,

a, frictionless b. frictional ¢, combination
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FIGURE 10. Total Velocity vs. Rodius Ratio
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TANGENTIAL VELOCITY
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32

Station No. 3

180 F

160 L

140 L

120 L

100 L

(fps) 220 - .
Station No. 4
200 L
180 L
160 |- e
140 |-
120 L
100 L.

80 L ©

0 fmmmmm@mm@wm@mmwwgmrﬁ
Ol 02 03 04 05 06 O7 08 09 10

Radius Ratio (LR)

FIGURE 1l. (contd)



A distribution of this type i1s shown in Figure 9b,
Comparing the frictional mwotion to the experimental
Ttangential veloclty distributions, it can be seen

that the experimental results indicate a motion similar

to this in the center region.

Trnis analysis would indicate that the actual
tengential veloclity distributions are a comblnation
of the two preceding types, Figure 9¢c, or that frictlion
is the domxinating factor in the center of the vortex

and is negligible in the outer region,

The axial chaage in the tangential velocity indi-
catez that as the flow prozresses through the nozzle,
friction becomes more doninant. That 1s, upon entry
a small region in the center is moving with wheel type
flow, but as the axial position increases, a larger
pertion of the fluid is moving in this manner. At the
¢xit olane the tangential velocity is practically
linear with radius and the maximum velocity occurs

near the wall,

A tangential distribution of thls nature also
compiies with angular momentum requirements. As the
fluid enters the vortex gernerator, it is given a spec-

ifie angular momentum. The torque on the fluid due to



e

friction will tend to dissipate this momentum. Upon
entry, the frictional torque has not affeccted the flow
considerably, so the mass near the center of the vortex
nust move with a greater velocity to conserve its ang-
ular momentum. As the fluld moves through the vortex,
the viscous forces tend to distribute the momentum of
the high velocity region to the slower moving outer
regicn, This will cause an increase in the velocity

of the fluild in the outer region, and will cause thne

tanzential velocity dlistributions to change accordinzly.

Examination of the axial veloclty distributions,
Flzure 12, reveals a region of reversed axial flow in
the core of the vortex., This is induced by the low
static pressures in the center, Figure 13. The low
static pressures correspond to the high velocities,
Hear tne entrance of the nozzle, the maximum velocity
occurred near the center. As the fluld moves toward
the exit, the velocities increase due to the area

change and the static pressures decrease accordinglye.

The axial distributions at the third and fourth
staticons indicate an outward flow at the very centerxr
of the nozzle. Since the data points at the center
of the exit plane were not available, this characteristic

can be substantiated by considering the total mass flowing
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STATIC — AMBIENT PRESSURE
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through the system. The msseg leaving the svstem
throuech the anmular region near the vall at tne exit
plane, can be calculated by integrating the axial
velocity distribution over the region indicsting out-
ward flow. This procedure is shown in the avpendix.
The value of mass flow rate obtalned was 0.247 lbm/sec.
The mass flow rate into the system from the air supsly
was 0,287 lbm/sec. Since the system was operating at
steady state conditions, the excess mass must be leav-
ing the system through the center of the exit plane.
This means thet the axial velocity at the center of

the exit plane has an outward direction.

Figure 14, is a photograph of the streamlines
at the windows of the nozzle. As can be seen, the
flow angle increases with increasing axial position.
Previous rflow visualization in a plexiglass tube of
constant radius (8), did not reveal any appreciable
changzs in the flow angle. These results indicate
that there was an increase in the axial velocity com-

ponent due to the convergence of the nozzle.

Redial veloclity tended to increase from the center
of the vortex to a maximum value, and then decrease
from there to the wall, Figure 15. Except at the wall

the radial veloclties are away from the ceater line.



FIGURE

14.

Photogroph of Streamlines at the Windows
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trhe nozzle., The values at the wall are invard in
that the flow 1s moving in a2 path parallel to the wall

of the cocnverging nozzle,

As the flow progressed through the nozzle, the
main effect on radial velocity was to decrease its
magnitude. This mizht be attributed to decreasing

centrifugal forces due to decreasing total radius,

The stagration temperature distributions, showm
in Ficure 16, indicate that the RBanque-Hilsh effecct

existed, At station one, the stzgnaticn temperature

o}

s nearly constant. The remaining stations indicate

a szparation of approximately elight degrees Rankin

9]

The owverall loss in stagnation temperature can be
attributed to heat transfer from the nozzle surface

to tha atuosphere,

L2
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STAGNATION TEMPERATURE
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VI. 28A0R AlALYSIS

BError in the experimentzal data can be attributed
to two main factors. First of all, some flow distur-
bince due to the instrumentation must be acxnoviledzed.,
The larsze nozzle and sazll probe sevved to minimize
this disturbance, but since the probe and support
tubes were in the flow, the error could not be completely
eliminated. 3Secondly the oil from the Gardener-icnver
compressor would tend to alter the properties of the

fluid passing through the nozzle,

An attenot was made to calibrate the sensinsg probes.

Ji

The protes were checked inslde a s:all subsoaic wind
tunnel, The maxiwmum veloclity in the tunnel was fifty
feet per second. At the low alr specds the probes
demonstrated recovery factors of unity. Since this
wind tunnel wss the only means of calibration available,
the recovery factors of the sensing probes were assumned

equal to unity at all air specds.
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VII. COLCLUDIONS AJY HACO.LI < IATIONS

Tne conclusions gathered from the experimental

study may be stated a2s follows:

1.) The tangential or swirl component of velocity
was the largest component.

2.) The tangentiel velocity distribution changed
from that of a frictionless or potential
vortex at the entrance to that of a rotazticnal
vortex at the exit.,

.) A rezion of low static pressure 2nd reversed

2

axial flow existed in the core of tne vortex,
L,) The discharge of mass was mainly from an
annular reglion near the wall of the nozzle, with
possibly some discharge in the very center of
the exit plane.
5.) The radial velocity component had a magnitude
which was too large to neglect.
6.) A convercing nozzle tended to incresse the
magnitude of the axial velocity couponent
wiith resp:ct to the total velocity.

97.) The Banoue-Hilsh effect was verifed,

-~

The follcuing is a 1list of recommendations for
further work of this nzture.
1.,) 'ore axial staticans snould be constructed

to allow for the collection of data at more
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axizl »ositions.

2.) When a larger air supply is availatle, a study

3

of variable flow rate should be wade,

arger alr supply will allow chokxing of

0
*
N
=
o

ths flow and & supcrsonic flow =2nalysis,

L,y 4 divergent scction should e 2d2ed to the
converging nozzle,

5.) A thorouch analytical study of the flow psatiern

would e of value.
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NCLENCLATURE

Py = atmospheric pressure psia
Po = local stagnation pressure psia
Py = local static pressure psia
Pyp = upstream pressure at orifice psia
AP = differential across orifice psia
e = local density of air 1b/rt3
T, = atmospheric temperature OF
T, = atmospherlc temperature ©R
To = local stagnation temperature ©OR
Tg = local static temperature ©R
V = total velocity ft/sec
Vo, = axial velocity componet ft/sec
Vr = radial velocity componet ft/sec
Vo = tangential velocity componet ft/seec
Z = axial distance from nozzle centrance 1in,
AY, = atmospheric pressure 1in. of HG
AH = manometer reading Py-Pg 1in. of HyO
Ah = manometer reading P, -Pg 1in, of Hy0
] = total radius 1in,
r = radius 1n.
Re = VDP = Reynolds Number

A
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Constants

Ay =
Cp =
DO =
Dp =
Z =

c =
R o
J =
k =
Pw =
AL =

orfice area = (Dg/(h)(luh)) £t

constant pressure sovecific hest = ,24 ZETU/CR
dismeter of orfice = 1,50 in.

inside diauweter of priumaryv line = 2,068 1in.

loc2l acceleration of grevity = 32.2 ft/sec?

4
Q
N

20 t/S'

[AV]
Y

gravitional conctant =

)
(

gas constant for oir = 53.3 1bp-ft/1b,°R

i

proportionality factor 778  ft-lbp/BTU

: ratic of specific hents for air = 1.4

standard denslilty of water = 624 lbn/ftB

viscosity of air = 1.35 x lO'5 1bm/sec~ft

Anculsr nositions of the support tubes

Refer

)\ =

to Figure 17,

horizontal rotation of positioning
sohere - degrees

vertical incliration of the support
tubes - dcgrees

rotation of sensing tube with respect to

the support tubes -~ degrees
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Angular Positions
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Anblent Pressure = 29.12 in. LG liozzle Surface Tempsratures
Ambient Temperature = 74° T T center = 3,155 nv
Recelving Tank Pressuro = 3.5 psig T exit = 3,046 mv
Inlet Alr Temperature = 3.391 mv Orfice DataaP = 3,01 in. HG
Pup: 5.0 psig
Sensing tube positions Velocity (P, - Pg) To
A (in.) r/R [\ B - (fn. of Hz0) | (in. of Hg0) (1iv)
5,35 1.0 71° 7.00 -0,89 1,50 -2.80 °.755
5.05 0.2 68° 7,00 15,09 2.25 -3,55 2,772
4,71 0.8 740 g,8° 21,00 2,53 ~0.25 2,775
4,40 0.7 66O 8,00 | 18,0° 2,05 -7,C2 2,780
4,06 0.6 1089 10,0° 18,00 3,40 -5,90 2,761
3,75 0.5 1110 12,00 21,0° 4,31 -5,25 R Ar2?)
3. 38 0.4 1040 12.0° 15.0° 4,75 -4,25 2,778
3,07 0.3 96° | 10.0° 13,09 5.03 1.45 2,775
2.74 0.2 ¢6o 10,0° 13,00 4,01 5e35 2.762
2,43 0.1 920 14.,0° 15,0° 2.62 .56 2,724

2s



TABIE I (continued)

DX PERTINEY

L L‘AT y

Statlion No.

2

2= 9.,9375 in,

Ambient Prsssure = 29.12 in. HG
Ambient Temperature = 74° F
Recelving Tenk Pressure = 3,5 psig

Inlet Alr Tempersature = 3,391

Nozzle Surface Temperatures
T center = 5,155 mv

T exlt = 5.046 mv

Orfice Data AP = 3,01 in. EG

Pyp= 5.0 psig

Senging tube positions Velocity (P, - Pg) To
A (in) r/R A 8 - (in. of Hy0) (ins of Eo0) | (mv)
5,35 1.0 730 5,09 ~3,00 1,96 5417 2,904
5,05 0,0 740 7,00 14.G9° 2.85 ~7.75 2,662
4,71 0.8 740 ¢,00 17,00 3,00 =7,722 2,774
4,40 0.7 £4© | 10,0° 22,00 3440 -6,52 2,772
4,086 0.6 989 | 10,09 20,0° 5.85 4,37 2.,75¢
3.75 0,5 110° 11.0° 28,0° 4,40 -2,08 2,702
3452 0.4 1020 11,0° 23,00 4.05 -2,05 2,765
3.07 0.3 104° 15,00 26,0° 4,90 0.0 2,760
2,74 0.2 930 11.0° 27,09 4,20 2,60 2.75C
2,43 0.1 01° 11.0° 24,09 3.10 556 2,719




TARLE I (continued)

Ambient Pressure = 27,70 in. EG
Ambient Temperature = 71° F
Receiving Tank Pressure = 3.0 psig

Inlet Alr Temperature = 3,271 mv

Nozzle Surfacs Temperatures

T center

T exit

3,041 mv

2.912 mv

Orfice Data AP = 3.05 in. EG

Pup: 5.17 psig
Sensing tube pnositions Velocity (Pg - Pg) To
e r/R A 8 o (in. of HyC) (1n. of EgO)| (mav)
5,35 1.0 560 11,00° 7,00 3,42 ~6435 2,503
5,05 0.9 750 10.0° | 14.0° 4,75 -6.20 2.502
4,71 0.8 910 13.0° 17.0° 5,50 -4,75 2,495
4,40 0.7 cz0 14,0° | 20,59 5,92 -2.65 2.491
4,06 0.6 910 5,00 21,59 6,05 -1.35 24430
3,75 o5 930 15.5° | 18,0° 6,20 1.05 2,464
3438 0.4 920 13,00 | 17.0° 5,75 2.63 2,448
3,07 0e3 330 14,00 | 18,09 4,47 4,15 2.405
2.74 0.2 3590 15,0° | 20,59 2,60 7.05 2,372
2.43 0.1 840 15.0° | 22,0° 2,02 8,55 24335 |

H5



TABLE I (continued)

EXPERIMENTAL DATA

Statlion Wo., 4

Zz = 0,0
smolent Pressure = 28,70 in. HG Nozzle Surface Temperatures
Ambient Temperature = 71° F T center = 3.040 mv
Receiﬁing Tank Pressure = 3.0 psig T exit = 2,912 mv
Inlet Alr Temperature = 3,270 nv Orfice Datas ? = 3,06 in., G
Pyp = 5.17 psig
Sensing tube positions Velocity (P, - Pg) To
A(in.) r/R A 8 o« (1. of 1p0) (in. of pg0)| (mv)
5055 10 4*30 2000 -l.OO 12.19 -0095 2.425
5.05 0.9 520 2,0° -2.0° 8,65 2440 2.320
4,71 0.8 720 3,0° 14,00 5¢14 2,62 2.276
4,40 0.7 37° 5400 16.0° 5.20 3,17 2,250
4,06 0.6 100° 5,00 22,00 1.45 3.55 2,235
3.75 0.5 030 6,00 22,59 0.85 4,67 2.234
5408 0.4 - - - - - -
3,07 0.3 - -- | - -- - -
2.74 0.2 - - |- - - -
2,43 0.1 -- - == - -- -

99



TABLE II

LILCUTATED DATA

Station No, 1 = Z/L = 0.495
Arbient Pressure = 14,29 psia Nozzle Surface Tempcratures
ambient Temperature = 534,C0° R T center = 601.3° R
Receiving Tank Pressure = 17.59 psis T exit = 5907.3° R
Inlet Alr Temperature = 609.3° R Orflco Data AP = 1.478 psia
Moss Flowrate = 0,2827 1lb,/sec Pyp = 19.29 psia
Volumetric Flowrate = 198.5 £t°/min
T T N 5 Ancles Velocitises (ft. per sec,)
r/R P/P, | (°R) (°R) | 1b/f% & & v v, Vo v,
1.0 1,024 | 611.86 611,21 | 0646 71° | -5, 5° 88.20 82.26 ~14,55 PASRRGES
0.9 1.022 } 612,10 611,21 | ,0645 63° 8,00 108,12 £0.29 15.04 40,06
0.8 1,021 | 612,20 | 611,10 | .0644 749 | 10, 5° 118,76 102,55 21.07 Zledl
07 1,019 | 612.38 611.09 | 0643 | 86° | 11,0° 124,09 121,49 25,70 8.42
Oe6 1,017 | 612,41 610,94 | ,0642 |105° 3,0° 133,04 127,23 13,49 -34,11
Ded 1,015 612,10 609,12 | 0643 |111° 9,00 149,07 138.25 23,32 -52,99
Oe4 1,011 | 612,31 610,24 | ,0639 |104° 4,00 158,43 183.21 10,03 -38.,07
Oed 0,996 | 612,20 | 609,24 | ,0630 96° 3,09 163.71 162,56 8.51 -17.15
0.2 0.992 | 611.76 ¢09,68 { ,0827 06° 3,0° 156,84 155,75 8.10 -16.45
0.l 0.985 | 610.21 609.24 | 0633 020 1.0° 118,74 118,80 2.80 -4.,18

9s



smblent Pressure = 14.29 psia

Ambisnt Temperature =
Receiving Taniz Pressure

Inlet Alr Tenmperaturs =

534,0° R

TA3LE

N
CALCULATED DATA

T?‘

TT (continued)

Station

N0, 2

-~ 2/I, = 0,495

= 17.590 psia

609.3° R

Nozzle Surfsce Teuperaturses

m

T center =
T exit

Orfice Dsta AP =

601.3° R
= 507,3° R

1.478 psis

Nass Flowrste = 0.2827 1lb _/sec Pyp = 19.29 psis
Volumetric Flowrate = 19%8.3 fts/min
To Tq 4 Angles Velocities (ft. per sec.)

r/R | 24/P. | (°R) (°r) | /155y & T v, Vo Vg
1.0 | 1.0211 617.80| 616,94 | .0638 73% | -9,0% | 100.99 5.29 | =15,75 29.10
0.0 | 1.020| 616.12 | 614.89 | .0£40 7491 7,0° | 122,08 116,48 14.89 39.0%
0.8 | 1,019 €12.48| 611.19 | .N€43 740 | 7,00 | 121,90 119.19 15,2 507G
0.7 | 1.016] 612,41 610,94 | .0642 8491 11,00 | 132,04 122,73 25,41 13.70
0.8 | 1,012 612,21 610,56 | ,0640 98° | ©,0° | 142.13 138.38 22,17 | -10.40
0.5 | 1.008| 612,17 | 610,12 | .0824 | 110° | 16,00 | 153.62 138,62 42,25 | -80.45
0.4 | 1,008 612,07 | 609,96 | ,0636 | 102°| 15.C° | 161.55 | 151.83 44,43 | 32 00
0.3 | 1,000 612,00 | 609,87 | ,0632 | 104° | 12,0° | 160.93 152,87 33,47 | -3g.00
0.2 | 0.993] 611,02 | 809,11 | .0629 93° | 15,00 | 149,57 144,14 20,61 Z7 55
0.1 | 0,586 610,32 | 608.92 | ,0625 91° | 12,C0 | 128,84 125.88 26,79 -2.20

A9



TARLE II (continued)

CALCULATED DATA
Stetion No, 3 - 2/L  0.23%
Amblent Pressure = 14.09 psla Nozzle Surface Tempcratures
Ambient Temperature = 531,0° R T center = 591.6° R
Receliving Tank Pressure = 17,09 psis T exlt = 586,6° R
Inlet Air Temperature = 587.6° R Orfice Dato AP = 1,497 psia
Mass I'lowrete = 0.2370 lby/sec Pyn= 19.26 psis
Volumetric Flowrate = 201.2 ££3/min
7 " ingcles glocities {(ft. per sec,)
‘LO g 'Q necle 3 o Vv ¢ ) /vh'"J
r/R| 2g/P, | (%) (°z) | 1p/£8° [ g v W] V| v,
1.0} 1.018 601,63 600,16 | .0644 560 | =4,0% | 155,42 110,27 ‘ ~-2,29 f 74 ,35¢
0.9{ 1.0156 601,54 £69,80 1 0645 740! 2.07 | 134.16 | 128.80 | 4,89 | 36.86
0. ] 1.014 601,04 508.66 | ,0543 0191 2.0° | 160,17 | 168.83 | £.90 —P.vg
0,71 1,007 | 601.03 | 598,45 | .0640 9391 3,89 1 176,07 ! 175.36 | 10,75 | .10
0.6 | 1.004 | 600,93 | £98,29 | ,0633 | 919 4,89 | 176,838 | 177.61 | 12,30 | -3.11
CedS | 0,087 509,867 597.12 | JCEB3S 089 1.59 | 150.63 C 178,54 5016 1 -25.10
Q.4 ] 0,004 509,21 50C.7C 1 0083 620, 2,7° | 174.55 , 174,00 | £.08 | =£.,08
03| 0.987 507,47 508, 50 0632 889 2.0% | 153,95 ; 153,83 ; 5.37 | £.37
0.2] 0.281 | 596,08 | 594, L0827 £5°) 3,891 117.89 1 117,18 7.19 7,19
0.1} 0,278 594 .47 503 RB 03827 840‘ 5,09 | 103,92 | 103.02 i 9.056 | 10.82
| i |

85



ABTE II (continued)

TOTIYT AMITTY Ty A
CATCULATED DATA

Station No, 4 - Z2/L = 0,0

Amblent Pressure = 14.09 psisa Nozzle Surfsce Temperatures

Amblent Tempereturs = 551,00 R T center = 5%1.6° R
Recelving Tenk Pressure = 17.09 psia T exit = 536.6° R
Inlet Air Tempersture = 597.6° R Orfices Data AP = 1,457 psia
Mass Flowrate = 0,2870 1b /sec Pyp = 19.26 psia

Volumetric Flowrate = 201.2 £t°/min.

T, go % Lncles __Velocities (ft. per soc.) |
r/R | Pg/2, (°2) (°2) | 1o/t v @ v Vs Vi v
1.0 1,002 807,97 592,690 | 0845 4371 «9,0°] 251,99 182,00 -39,31 [169.860
0.9 0,004 596,11 032432 | 40640 5201-10,0°] 213,07 | 165,38 -30.86 128,07
0.8 0.093 ogl.78 589,54 | ,0641 720 5.0°1 164,01 182,07 | 14,27 50.40
0.7 0,002 500.69 589.28 | 0640 87° 7.0°( 129.23 128,06 ? 15.77 6 C7
0.6 0.990 590,07 o8¢.48 | ,0540 10001 11,0° 87,183 84,32 16,56 |-14.39
0.5 0.9088 590,02 958G .65 | 0837 ga0 ! 10,59 67,08 65,81 12.21 ~3.40
0.4 - - - - -- - - -- - i -
O.S - - - - bl - - - - - - et
0.2 -- - - - -- -- - - - -
Ool o - - - -~ an o - Lo Rad - - - - - - -




SAMPLE CaLCULATICHNS
Sample calculations are performed for station one,
at /R = 0.6, In 211 calculztions, alr is assumed to be
a perfect gas,
(1.) Calculations for atmospheric conditions,
Po = (AFE3)(0.491 paia/in. of EG)
Ta = Tg + 460° R

(29.12) (0.491) = 14.297 psia

I

Samples Pg
Tg = 74 + 460 = 5349 R
(2.) Calculations for static pressure.

Sincet P, - Pg = gﬁg%igu

Therefores Pg = Py - (i~%é—w )

Sample: Ps = 14.297 - “%g‘fg{%ﬁ” = 14,564 psia

(3.) Calculations for static temperatures

2
1 cnTa = cnla + Y. (ensrgy eruation)
[] p+o p*s zgcJ

[2] v =\J§EO(P0 - Pg)(144)

¢
snbstituting eo.2 into ec. 1 ylelds,
[3] ©pTo = cpTs + %;C(Po - Pg) (144)

2g.d
and for an 1ldeal gas,

[4] Q==Pquﬂh)
RTg
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substituting eq. 4 into eq. 3 yields,

6T = ¢ Ta + 20C(Po = Pg) (144)
[5] epTo = eps JTPs (IFE)/75Ts) (224)

solving eq. 5 for Tg yields,

6] s = To
cpd (Ps)
samples ’
Ts= 612.‘4’1
1.0+ __(53.3) 228 (62.0)(1/184)

Ts = 610.94° R
(4.) Calculation cof densities.

gssuning air to be an ideal gas,

[4] ¢ = Ps(1lk)

et st e

2T 4

Sample:

= (A4.556) OU4) L 5.0643 1b/rt3
(53.3)(610.94)

(5.) Calculation of total vclocitiles.

2] V= \j_z_g_c (Po - Po)(1h4)

Sample:s T
7= \U2)(32.2) (3.40)(62.4) _ 133.04 f£i/s
Y N 0.06434)  (12) 133.04 ft/scc

(6.) Calculations for resolving the total velocities
into components, Figure (19).
The direction of the veloclity vector at a data
point can be obtained from the angles X, B, and V.

The geometry of the system 1s related as followss



FIGURE 1S. Geometry of Support Mechanism
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YV = Cos™lA cosv= A
Y Y
Y = Cos~1A cosd = A
X Y
o = Cos~1Y cosa= XL
X X
inds A =AY
Y X

Therefore:

and

The

cos ¥ = (cosv)(coss)
since § = Tan”l% , S can be obtained.

worst possible condition (i.e. the larzestg§ )

would occur at station three in the center of tre nozzle.

At this position,

D

)

d =

and,

L,56 in,

0.75 in.

ten & = O-Z = 0,164

.

S = 9.5°

Then for this position cos ¥ = cosv(.987).

The

V =) does not introduce apprecitle error.

above analysls indicates that the assumption

Witn this

assumption the spherical coordinates of the velocity

are as

With these coordinates,

follows:

A
(V-03)

the velocity components can

be calculated.
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Ve =V sing
Vcos ¢ cos ¢
Vo = Vcos ¢ sin¢

$D<
il

Y = 105°

¢ = (180~ 100) = g°

Vr = (133.04)(sin 8°) = 18.49 ft/sec
(123.04)(cos 8%9)(cos 105°)
(133.04)(cos €°%)(sin 105°) = 127.23 ft/sec

~34,11 ft/sec

1]

&
i il

(7.) Calculations for laser positions.

To shine the laser beam through a desired point
inside the nozzle, 1t was necessary to pivot the beam
through a specific sngle, corresponding to the desired
point. The polints of interest at each station were
located at radius ratios of 1, 2, «3, 4, ¢ee.e 1.0,
Since the beam was plvoted sbout a point corresponding
to the apex of the nozzle, the besam position for a
pérticular radius ratio at station one, was also the
position for that same radius ratio at ststion two, or
any other zxial stetion. This can be shown, by considering

two difrerent stations along the nozzle axis, Figure 20.
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FIGURE 20. Beam Geometry for Two Axial Stations

- Position i

r‘ 4 (@
al 6| ) - B
R L,/,_J }.,/’”, L - 1y Lﬂ

Pcsitiono -
_NOZZLE L ASER

FIGURE 2!. Beam Geomefry for @ Single Station



66

5 A
ta = Il . I2
an 91 A]_ AZ
rl = le
where m and n are fractions less

T, = nRk than 1.0

2
ten 81 = 31 - nBo

Al Ao

substituting for Aoj

this yields » = n, so the angle 64 is the sane

for corresponding radius ratios at different

cstations.

The velues of©4 were calculated as shown below,
for values of radius ratio from .1 to 1.0. These values
are tabulated in table 3. (Figure 21) tan &; = 0,1(1)R/A

For the ten desired radius ratios tre subscript
1 texes on wvalves of 1 through 10, in increments of 1.

They were calculsted using the dimensions of station one.

Ssmples r = (,1)1(R)
, _ 0.1(6)(4.95) .

6.7°

i

Tan=l 0.1173

]
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The ten positions of the laser were laid off
using the related distance l&. /@;corresponds to the
distance of a point on the laser support from a ref-
erence surface. This distance is calcuvlated by consid-
ering the geometry of the laser table, Figure (22),

The wvalues of?{{are listed in table 3.

q

Position /(A,

Position i ,(0

e AT D

FIGURE 22. Geometry of Laser Support

€ =180 - (90 - §/2) - a = (90 - a + &/2)
D'= 2Csin 6/2

= Dsin(é) = 2Csin¥/2 (sing)

= /o + Ly[

> b
i



Sz2mples
a = Tan~l 3,5/16.7 = 0.2095
= 11.8°
=90 - a +8¢/2
= 90 - 11.8 - 3.35 = 74,850

QO ™~ o™ P
|

= 4(3.5)2 + (16.7)% = 17.06 1in.
AL = 2(17.06) sin (6.7/2) sin (74+.85)
Al = 34.12(0.058)(0.965) = 1.956 in.
/;= 2,10 + 1.956 = 4,056 in.

C

TABLE III

LASER POSITIONS

i 1 2 3 | & 5 6 7 8 9 10

r/3 o1 2 ¢3 o4 .5 .6 o7 .8 .91 1,0

Bi° 1.1 2.2 | 3.4 | #.5|5.58/ 6.7 | 7.8 {8.9 |10,0{11.,0

in.l2.83]2.74] 3,070 3.38] 3.75|4.06]4.404.71]|5.05/5.35
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(8.) Calculations for flowrate,
The coefficlient of discharge of the orifice was
calculated using a relationship ziven by the ASKE.
Cq = K(1.0 - 8%
where, Cq = coefficlent of discharge

B = Do/Dy

]

K = K5(1.0 + B E/Re)

with,

E = D_(830 - 5000B + 900022 - 420083 + 530/Dp%

Ke = 0.5593 + 0.007/D,% + (0.364 + 0.076/Dp%)5“
+ (65/Dp2 + 3.0)(B - 0,7)5/2

Ko = Ko (10%)(Dg) /(10804 + 158)

From the definition of the discharge coefficient

Wy = C4 Wge. UWnere Wy is the actual mass flowrate
and Wi 1s the theoretical flowrate,

As shown by Benedict (2), the theoretical flowraite can

be obtained from the following relationship.

' t ? 2A2V2 .
. - k-~ 2

(2x/k-1)(1 = (P,/P1)"%) Pyefy (P/Py)%

=
i

E

o~

2 h
(1 - (P2/P1)"EB )
where the subscript 1 refers to the upstreanm

conditinns, and the subscript 2 refers to the

dovmstream condlitions.

This equation vields the theoretical flowrate, but
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S2mples
1.56/2.068 = 0,725

to
i

T1 = 149.3 + 460 = 609,3° R

Py = 5.00 + 14,25 = 19.29 psia

P =P - P=15.29 - 1.478 = 13,812 psia
@1 = T (14)/3T7y = (15.29) (1k4)/(53.3)(609.3)

Ay = (2.14)(1.50)/(h)(14) = 0.01227 rt?
P,/P; = (13.812)/(15.29) = 0.903

Ay = J01227 | {2)1(1- 0.9037(‘286>)(19.29)(32.2)

1 - 0.903 (+15)
(.06729)(.903)('15) k
(1.500)%

dy = 0.46 1by/sec
E = 1.50(630 = 5000(0.725) + 9000 (0.725)% -4200(0.725)3
+ 530/(2.068)%) = 1057.0
0.5993 + 0.007/2.068 + (0.364 +o.07(>/(2.068)%")(0.725)2+

N
il

+ (65/(2.068)% + 3)(0.725 - 0.7)5/2 = 0.720
0.720(106)(1.50)/(106 X 1.50 + 15 x 1.507 x 103) =0.713

=
il

After evaluating these constants, the iteratlion
process 1s carried out as follows:
1. Assuming an initial value of RE = 2.0 x 105,

the corresnonding value of K is calculated.
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K = 0.713 (1 + 0.725(.057 x 103)/2.0 x 105) =
0.716

and

Cq = 0.716(1 - (0.725)")% = 0.609

so, Wg = 0.609(0.45) = 0,2801 lbm/sec

The Reynolds Number corresponding to the actual

flowrate \is,
Ra. = H(43)(gc) - (4)(.2801)(32.2)(12)

c
(Dp) 4 (&) (2.068)(3.14)(1.35x10"3) 22.2

Re, = 1.5336 x 107
Since this value does not correspond to the
assumned value, the iteration must continne,

To continue the process, change the value of

the initially assumred Reynolds Number as follows;
RE = RE + 3(RE, - RZ). Changing the value in
£his manner will réduoe or increase 1t depending
on vhich 1is necessary to bring the assumed value
and the zalculated value together. Therefores

RE = 2.0 x 105 + 3(1.5336 x 105 - 2.0 x 105)

L

RE = 2.0 x 105 - .2332 x 107 = 1.7668 x 10°
Repeat steps ons through three, using the
corrected value of Revnolds Number for the

inital value.
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This procedure 1s repeated until the 3evnolds
1unber converges to a single value, The computer
progran employed to solve this problem iterated
until the two values of Reynolds nunmber differed by
0.25 or less.

The Volumetric flowrate 1s cslculated using
the relationship Q = W, (1/p)(g/gc) (60 sec./min.).

0 = Pyp (144)/RT = 19.29(144)/(53.3)(609.3)

P = 0,08553 1by/ft-

Samples
<

3]

(10.) Intercration of the Axial Velocity Distributlon

(0.2827)(1/0.08553)(32.2/32.2)(60)
198,3 £t3/min

il

at the exit plane.

\

TR

leq.8

———

The velocity distribution is practically linear
in the region of intercst,

The dcfining equation is V= Vinax (r - .7R).

] - .78)

Continuity equation, mass flowrate = (’VdA
A



mn

For an annulsar region dA = 2f7rdr.
The density is assumed constant and egual

to 0.0640 1by/ft3,

R
m i///vmax (r -.7R)27rdr
7K(R - «7R)

Therefores

Viax = 169,8 ft/sec
R

= (1.95/12) = 0.1625 ft

Integreting the above expression ylelds, R

_ (0.0640)(169.8)T (2) | r2  .7ax”
3 R 3" T2

-
l

78

m = 0,247 1bm/sec
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