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CHAPTER I
INTRODUCTION

Fluid flows with regions of closed streamlines or stream-
surfaces away from the solid boundaries may be called self-confined
flows. These phenomena can occur either naturally or by design. A
particular example of this is the "vortex breakdown" in a spiraling
flow (Figure 1-1). It has been observed to occur over delta wings
(Refs. 1 to 7) at large incidences and in axisymmetric flows in tubes
(Ref. 8). And it has been the subject of extensive theoretical and
experimental studies for more than a decade (Refs. 9 to 15). The
difficuities, both mathematical and experimental, involved in des-
cribing the nature, predicting the location, and identifying the

occurrence of the phenomenon have been well documented (Cf, Hall in

Ref. 16, P. 53 et seq.).

i. Motivation of the present study

For these self-confined flows, like that of the axisymmetric
mode of the vortex breakdowm consisting of a nearly self-confined re-
cireculation zone, there could bhe useful applications in the fields of
combustion, chemical or general fluid mechanical processes where a
region of fluid or fuel must be contained within a flowing medium.
In a gas turbine combustor. for example, with the help of turbulence
across the region interface, diffusion as well as containment, and as
a conseguence, combustion of the fuel could be better controlled.

In the recent past, there had been considerable interest in

-1 -
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Figure i1-1. Axisymmetric vortex breakdown in a spiraling flow.
Flow enters the pipe from the left througth a series
of vanes in order to acquire swirling velocity. As
indicated by the dye lines, an axisymmetric bubble
is formed on the centerline and the outer flow rotates
in a spiral form (From Ref. 15).

harnessing the nuclear energy by using a concept of the gas-core power
reactor. But it was clear that this energy could not be efficiently or
effectively utilized without drastic improvement of the thermal effi-
ciency. This meant that the maximum power cycle temperatures would have
to be increased far above the 1000°F level of today's nuclear power
plants. Therefore, the entire energy-conversion process would have to
be rather independent naterial limitations. One of the conceptual

design of the gas-core power reactor was that a gaseous uranium cloud

would undergo fission, became extremely hot, and transfered heat by
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thermal radiation to a working fluwid introduced between the cloud and
the reactor vessel wall. If the cloud could be contained without
touching the walls, its temperature might be permitted to rise to tens
of thousands of degrees, and presumably a magnetohydrodynamic generator
could be used to derive electrical energy directly from the working-
fluid plasma in a closed circuit. This arrangement would provide a
power-generation system of very high efficiency without undue damages
10 the enviromment. In order to meet today's challenges of a rising
energy demand and minimm pollution into the environment, with more
extended developmental work, this gas-core power reactor may yet be a
possible method for future usage of the nuclear energy.

Above are just a couple of examples where self-confined flows
could play an important role. These enclosed reglions of fluids can be
confined relatively independent of the chamber walls. The confining
mechanism is provided by the resistance of the voritex lines, because
of rotational inertia, to the streiching process involved., This is
analogous to the resistance to lateral defieclion of magnetic field
lines in a conducting fluid. C(onceivably, these two resistance forces
could be combined to provide a powerful mechanism for fiuid containment.
Interest in such fundamental fluid mechanical phenomena motivated us to

investigate another possible form of seli-confined flows.

2. The problem
The heretofore mentioned axisymmetric vortex breakdown in swirl-
ing fiow occurs only when the swirl to axial velocity ratio reaches a

certain magnitude. An analytical study based on inviscid-flow theory




indicated that another form of self-confined region, different from the
vortex breakdown, should occur in a purely meridional, swirl free flow
field with a certain prescribed ring-vorticity distribution (see Noure
and Leibovich, Ref. 17). By ring-vorticity distribution is meant an
axisymmetric distribution of azimuthal vorticity in the fashion of a
bundle of coaxial smoke~rings in axial motion. This vorticity induces
an axisymmetric velocity field with no swirl component about the axis of
symmetry. According to the analysis, when the vorticity in each ring is
simply proportional to the distance from the axis in an inviscid, incom-
1 ~ible, steady flow field, a self-confined region of spherical shape:
should occur on the axis. One may think, in this regard, of Hill's
spherical vortex (A description of Hill's spherical vortex can be found
in Refs, 18 and 19) in which vorticity is continuously distributed in a
sphere and there is no vorticity at all beyond the sphere.

Then the question may rise, is this flow unigue? Given the
above initial distribution of outer vorticity, the sphere is perhaps the
only shape within which fluid can be confined. A different vorticity
distribution might well yield another shape, provided the duct walls
were also modified in the proper way. There seems to be no flow of this
character in two dimensions, nor should it be expecied; a straight vor-
tex line can pass around a cylinder without stretching and hence with-
out exerting a containing force. Therefore, the plane~flow experiment
by Ragsdale and Lanzo (Ref. 20) is probably only superficially compara-
ble to the flow we have just proposed to study. We feel that the
axisymnetric geometry may be fundamental to the success of the approach.

Another question may rise very naturally. One may ask, can this
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kind of confined region exist in a real situation? Turbulence and
separation characteristics of the flow may undermine its existence,
&nd then even if these problems can be brought under contxol, would
the self-confined region be stable? Can a region of fluid be confined
by the resistance of smcke-rings in the outer flow to the stretching
process involved in passing around this region? In fact, the Hill's
spherical vortex flow is not statically stable without the inter-
position of, for example, surface tension at the sphere.
Theoretical analysis of the exisience and stability questions
is difficult for the proposed self-confined flow in a real situnation.
It is obscured by factors like turbulence, viscous effect, separation,
flow symmetry, etc. Examples of such flows are scarce., Most closely
relatel example occurs in the physiological phenomenon of peristaltic
pumping actions of the ureter, the gasiro-intestinal tract, the bile
duct or other glandular ducts., In their paper (Refs. 21 and 22) Shapiro,
Jaffrin and Welnberg described the discovery of a surprising phenomenon
called "trapping" in the peristaltic pumping process, In their theore-
tical model, they assumed an inertia-free flow of constant density and
viscosity fiuid, and that the wall motion consisted of an infinite sinu-
* so0lidal wave train of infinite wave length. In the wave frame of refer~
ence, the velocity had a parabolic profile --- similar to our test con-
dition in the incoming pipe (see Chapter III for further details); and
under certain pumping range, ‘the center streamline split to encleose a
bolus of fluid particles describing closed streamlines or the so called
"trapping” phenomenon. In the laboratory frame of reference, this bolus

moved as a whole at the wave speed as if twapped by the wave. Accoxdingly,

¥




the fluid particles contained in the bolus moved at a mean speed of
advance exactly equal to the wave speed. This trapping phenomenon does
have some similarity to the self-confined flow we have proposed to
study here.

More recently, Hung and Brown (Ref. 23) have reported the finding
of a trapping region in their experimental study of solid-particle motion
in two-dimensional peristaltic flows. This trapping region formed a
pair of vortices as viewed in the moving frame of reference. Again,
this £inding has some similarity, though maybe only superficially, to
‘the flow patiern in our self-confined region as indicated by the tuft
probe (see Chapter IV). Both examples of the peristaltic flows mentioned
above were for the low Reynolds number cases. The present study, how-
ever, has shown that a self-confined region (described in later chapters)
exists in a flow of very high Reynolds number (about 150,000).

Attempting to answer some of , if not all, the questions raised,
this experimental study was undertaken. The main effort has been made
on trying to produce this flow in the laboratory, if possible, and to
map out the flow field after it had been successfully produced. Then
based on the measured flow data, attempis are made to clear up some

aspects of the important guestion about the flow stability.

3. Outline

In the second chapter, a prior theoretical analysis based on
inviscid-flow theory for an assumed inviscid, incompressible, steady
flow in a conservative force field is reviewed. Pertinent eguations

are obtained; and proper solutions are found.
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In the third chapter, experimental methods and the description
of the apparatus are presented to establish an experiment which will
represent the theoretical model. The method of generating that crueial
ring-vorticity distribution by the "vorticity generator” is delinegted.
The stability of the generated velocity profile is analysed. Further-
more, flow measurement eguipmenis for both the mean speed and turbulence
intensity are described in.spme detail. They consist of the constant-
temperature hot wire anemoneter system and its associated equipments,
the traversiné mechanism, pitot-static probes and micromanometers. An
visualization scheme using a piece of short, soft tuft at the end of a
small hypodermic tubing is employed in the whole test chamber to give an
approximate visual indication of the flow field. The rough picture thus
obtained is then compared with the hot wire measurements to form an idea
of the flow.

Visualization results from the tuft probe as well as the guanti-
tative resulis of the speed and turbulence intensity from hot wire mea-
surements are given in the fourth chapter. Situations inside the in-
coming pipe, both with and without the vorticity generator, and iﬁ the
test sectioﬁ are included. Important information summarigzed in the
form Qf graphs is presented. Samples of measured data are included in
the Appendix. Furthermore, a flow rate calcnlation is performed to
verify the existence of the self-confined region in the test s~cetion.

Finally, some discussions and conclusions on this‘experimental
study are presented in the fifth chapter, Its potential applications

and the direction for future studies are suggested.
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CHAPTER IT
THEORY

In this chapter, we investigate the confining mechanism of the
flow provided by the resistance of the vortex lines to the stretehing
process involved, and also find the necessary conditions required of
the flow field such that general criteria can be established for the

realization of an experiment in the laboxatory.

i. The governing eguations

Vorticity is the key clement in this problem. ‘herefore, mathe-
matical equations can be more eom:.enienﬂy analysed by starting with
the vorticity equation rather than the usual momenium egnation. Con-
timiity and vorticity equations may be written in the form of Cauchy's

equations of motion as follows,

t 20 4 pv é?f 0 (2-1)

“‘3 =(@WE- w(v?)qtvpr(———-—)

.

+ Vx)? + v (—é— (ijv.) (2-2)

Where P ' ? s EJ ’ P ' f ' andg:.:j represent the fiuld density, velccity,
vorticity, static pressure, volume force and viscous stress tensors
respectively.
In oxder to make things simple, we now assume that the fluid is
-8 -

L T ot o A MMM Mo 40T MM | & 0 A€t et aar e A | IR T P |



inviscid and incompressible. Furthermore, the flow is steady, and in

a conservative force field. Then the following relationships hold:

9
ot

| Vxf =0

——
p—

Zquations (2-1) and (2-2) can thus be simplified to:

rv-? =0 (2-3)

(?V)Eo‘: (?3“7)'31 | (2-4)

Since we are looking for the solutions of a confinement regicon
in a vorticity field without swirling component, an axisymmetric geo-
metry will be assumed. For this case, a cylindrical coordinate system
(r, e, X ) is most convenient (Figure 2-1A). In this figure, Cr: 8y
& are the unit vectors in the direction of their respective coordinates.
As a consequence, all derivatives with respect to 6 will vanish, i.e.,
9%-= 0, Velocity has only two compoments in the /= and X directions

and the vorticity has only one component in the azimuthal direction.

They may be written as:
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(2-5)

(2-6)

- -ér
s
b
A

i1
& u_ %
%

1

1

t
!
1
i
!

Flgure 2~1B. Spherlcal polar
cooxrdinate system.

Figure 2-1A. Cylindrical coordinate
system,

Bquations (2-3) and (2-4) are then reduced to the following form:

r—},—_—(r*v)-l- -j%;(ru)=0 (2-7)

)
~uc;jx (&;Js)_i_vddr &r{a)=0

Equation (2-7) suggests a stream function which will satisfy the con-

(2-8)

tinuity equation identically. Hence we define a stream function W

such thats
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(2-9)

r
ry =-— _c)_%_’: - % (2-10)

Substituting equations (2-9) and (2-10) :’Lntolr’ X (2—8)] s we obtain:

hdr(4)- A ()0 e

It is obvious that if we let (&p/r) = - F(If), it would satisfy this

equation identically. Therefore, from eguation (2-6), an expression
can be derived for a)a s the & ~component of the vorticity, in terms of

the stream function %‘ . It is:

W =Vx3:

5“_1_

2“'7“,_(%-:"" Vo™ %") (e-12)

By substituting (U = -rF(yf ) into equation (2-12), we can arrive at
the following relations in terms of the stream function W and an un-

Inown function F(‘&‘ ) as:

Vot Yop = Yo =1 F W) (-1

(2-14)
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This then becomes the set of governing eguations for the flow problem

we seek to explore.

2. Solutions

The set of equations shown above involves an unknown funetion
F(glf). Once a certain value of F(gb’) is specified, a solution to
equation {2-13) can then be attempted. Such a solution has been found
by Moore and Leibovich (Ref. 17), and is presented below. The simplest
case is when F(g.,/f ) vanishes everywhere in the flow, This would represent
an irrotational flow field and the sitream function is simply that of a
potential flow. However, this is not the ~ise we are interested in.

Now if we assume that F(Y) is a constant, i.e., the vorticity
is simply proportional to the radial distance from the axis of symmetry,
s not just along each stream surface, but throughout the flow; that
Wy = -Ar'. Then the right-hand side of eguation (2-13) becomes just
al"z. A suitable solution for our purpose can then .be constructed as

follows:

W=Kri(xier) M+ (Nfr 7 (2-15)

Substituting (2-15) in to (2-13) and matching the coefficients, we can
determine X. By differentiating equation (2-15), following relations

are found:

=2Kr'y — 3N EE +r)_,,.,2




_ r rx
V:/m—-ZKr 3NW e (X + )72
!?. = 2Kral +4Kr3+2Mr +2N(xz+,;-==) 3z
_ re
3N (xz+ '—.2)572
2N 3nr®

/
- Y. =2Kx* +4Kr° +2M + (x3r%)2 - (3C+1r?)%?

o\ e L2NE 15N
7 %r— SR~ g rga T (x*+1r3)72

The value of X is then found to be & /10, Hence equation (2-15) takes

the form;
= & P +r)+ Mro+N r-
;Z/- io X (x*+ r.a).}a-_» (2-16)

This solution involves the sum of a particular solution, a free stream,
and a potential doublet., For Hill's spherical vortex (Refs. 18 and 19),
one uses the first and second terms inside the sphere, and the second

and third terms ocutside. The values of the constants M and N can be
appropriately chosen to make a sphere of radius /3 a stream surface.

A different set of choices was made by Lighthill (Ref. 24) who was
concerned with the rotational flow behind a curved bow shock washing
over the forward part of a sphere. Thus, he determined M and N by apply-
ing a shock condition and a requirement that the sphere be a stream sur-
face, In his case, the vorticity was outside the sphere.

In a similar manner, we will find the values of M and N by
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applying equation (2-16) outside the sphere and requiring that both
components of the véloci*by‘ vanish on the sphere, So that the sphere,
or the boundarxry of the confined region will become a stream surface,

Recall from equation (2-9) and (2-10), we have the following relations:

Ly —a 2 2= r)
U=l =g (x+2r)+2M~Npsliayas 1)

ey & 3SNxr ~
V=—l = 5xr+(x,_+rz)_4,72 (2-18)

—

If we let Us and ¥ be the components of veloclity, 31 ; in the direc-
tions of -—é; and é;é of a spherical polar coordinate system (R,gﬂ,é‘)
(Figure 2-1B); then =1}x2+ i"z is the spherical radius. By a simple
transformation, expressions for Uy and |g can easily be found in

terms of quantities in cylindrical coordinates.

Us= u Sl'.ﬁ p ‘“VCO$P

rm %
R VR

2 3 2 2 2 2
o arxr. . 2r° xr 2Mr N(zxr—r—zxr)
"$(R+R+R)+R+R‘ R

U

arRk +2M7€— -N—-%,_—

2y o

2 a2 r
= ak +2M— “‘ﬁz)

Y= uCosgo + V.S}‘nﬁo
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—a /X, xR _ x"z).;. 2MX 4 A(zxg--xﬁ'isxr’)
TS5 IR IS r R I3 R

- 2Mx | _2NX

=X/ 1K 2N )
- R(€QR+2M+ 3 ' (2-20)

Now we apply the required boundary conditions to Ug and I , i;e., Us
and Vs both vanish on the sphere of radius /g . Then, at R =/3 the

following conditions hold:

[ M =—g’- ard (2-21)
\ , -
L N = /—'57 af; (2—22)

Substitute the values of M and N in equations {2-21) and (2-22) into
(2-16), (2-17), (2-18), (2~19) and (2-20), final solutions are found.

yfzarf(r')z[fg(/?')z—- L+ L (/é:)s ] (2-23)

_an )2 W] _roy 2060 =(r Y _
U = 5{3[{:;) raryfl-5+ ) (2-2)
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X
v=2&(3rx") (2-25)

/
(R)* —/]
”s=%}ir’[6(ﬁ)z-5 +2(-§’7)3] (2-26)
v =—“‘,—§'— X [3R7 -5 +2(7) ] (2-27)

Where primed quantities are non-dimensionalized with reference to G .

:_ r i Ra:: g — .!’xzar.z =.\/(x,)2+ (!"')2
3. Evaluation of the solution

The solutions obtained above are for the specific conditions
that we have previously established. C(learly, both &4 and Y or ¢ and
V5 vanish on the surface of the sphere F?'= 1. Now, for given values
of the constanis @ and /g, the solutions can be evaluated for velo~ity
and pressure distributions. Siream surfaces can also be found. Figure
2-2 from Ref. 17 shows the essential features of this flow. Streamlines
are curves in the upper half of the figure. The velocity at f",= 1.4,
X’= 0 is denoted as W.. , and all other resultant velocities are indi-
cated at varions positions on the streamlines as the ratio U/ W- .
Pressure distribution is given by curves in the lower half of the figure.
The axial velocity at “X = 1.8 is indicated.

Figure 2-2 shows that the streamlines are reasonably shaped for
flow over a sphere. But it should be noted that there is no free siream
in this flow; velocities apﬁroach infinity far upsiream and far down-

stream. Thus, there is no characteristic velocity fox this problem,
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Also note that, since velocities vanish on the sphere, the confined
region at the center is at rest and at constant pressure E? .

It is quite remarkable that the velocity remains nearly constant
over the central portion of each streamline path., This is reflected in
the pressure contours as well., . In the i‘egioﬁ 50°to either side of the
central vertical, where pressure is hiéher than }3- , pressure is nearly
Jéonstant along streamiines. L

Now one may ‘asI.s:', is the flow unigue? Given an initial ring-
vorticity distribution, linear with /”, the sp_herz; is pe::;haps the only
shape within which fluid can be confined. A different voriticity distri-
bution might well yield another shape, provided tlr.:me duct wallls were also
Iﬁ‘odified in the proper wWay. There seems to be no flf)w .of this character
?;n two d.'iz'rllensions, nor should it be expected; a straight wortex' line can
pass a.;cound a cylinder without stretching and hence without exerting a
contaﬂﬁng force. Therefore the plane-flow experiment by Ragsdale and
Lanzo (Bef. 20) lS probably only superficially comparable to the flow
phenomendil jus% deseribed. It is felt tha.t the axl:.s;nmne{‘;ric‘geome'bxy
is fundamental to®the success of the approach..

) As for the stability of the flow just mentioned, we will try to
'énswer some aspects of this questioh by_f the .following experimental study.
Obviously, the gquiescent center is :E'a.vo-r,:_a.ble, as is 'bhe' positive outward
ﬁressure gra:dien't. The weak st;'eamwise pressure gradient is no doubt
helpful for bounc. .y layer stability. As shown in Figure 2-2; pressure
is nearly constant along streamlines. This circﬁnstance should be help-

ful in maintaining an attached boundary layer along the duct walls,



CHAPTER ITI
EXPERTMENTS

As stated in the introduction, the primary objective of this
study is to find out whether the zself-confired flow described in the
previous chapters does exist in a real situation: whether the flow
turbulence and separation characteristics would undermine the existence
of the confined region. Also, if the flow does exist, we hope at least
some aspects of the stability question can be answered by the informa-
tion obtained from mapping out the entire flow field,

First, and experimental apparatus was designed and developed in
the laboratory in accordance with the theory formulated in the last
chapter., The fiow medium was air, and the initial assumptions of an
inviscid, incompressibple, and steady flow were closely met. Then a
visualization method using a piece of short, soft tuft was used to iden-
tify the self-confined region and its surrounding flow field. Finally,
quantitative measurements of flow mean velocity and turbulence daia were
taken with a constant temperature hot wire anemometer system. Analysis

of ‘these quantitative resulis are presented in the next chapter.

1. The flow apparatus

In oxder to conform to the initial assumptions made for the
theoretical model of being an inviscid, incompressible and steady flow,
a low speed (maximum Mach number was less than 0,07) flow apparatus was
designed using air as the flow medium, Room air was drawn into an inlet
chamber through high efficiency filters, then went through a turbulence-

- 19 -




RN SR | 1 Ceead I 1 {

- 20 -

manipulating section--consisting of a honeycomb and a flat screen--into
a straight pipe. Thus the turbulence of the stream was reduced to an
acceptable level. A vorticliy generator was placed in the stream, at an
appropriate distance behind the turbulence manipulator to shape the
velocity profile and to produce the desired vorticity distribution.

When the generated velocity profile was well established, a boundary
layer removal section peeled off the boundary layer of the flow before
it entered the test chamber. Combined with the low turbulence level in
the flow, the effect of viscosity could thus be minimized.

The test chamber was machined out of Plexiglas, Its intericor
wall was shaped to be one of the stream surfaces obtained from the theo-
retical solution without any boundary layer correction because the
estimated boundary layer thickness was small and its eff'ect would be
negligible. Attached to the downstream side of the test chamber was a
four-way traversing mechanism; it could make axial and radial traverses,
azimithal rotation as well as tilting in any meridional plane. Then the
flow went into a settling chamber through a slowly diverging diffuser,
and exited at the blower outlet into the room, A schematic diagram of
the flow apparatus is shown in Figure 3-1, and two photographs of the

actual experimental set up are shown in Figures 3-24 & 3-2ZB.

1.1. Entrance section

The room air was drawn into the flow appsratus and then exited .at
the blower outlet into the room in an open refurn circuit. During the
initial hot wire calibration stage, a severe dust problem was encountered.

Both the wire and its supports were coated with a thin layer of fine,
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brownish dust powder causing the calibration curve to continously drifi
with the running timé. Therefore, alr filters of ¥ery high efficiency
were used to solve this probl‘em."

Two layers of filters were used on all five sides of a cubical
inlet chamber; the remaining side was the inlet bellmouth. The first
layer was a common furnace filter (24" x 24 sife). Tt was used as a
pre-filter to remove the larger sizes of 'pa.w;*ticuia.te matter, 1int and -
other contaminants. The second layer was a Model 7A10-I Flanders -
Airpure Absclute Filter, made by the Flanders Filter Inc., Washington,’
North Carclina. The overall filter dimensions were 24" x 2% x 5?/ g -
with a flow capacity rated at 775 CFM.' This wWas a very high éfficiency'
air filter; the minimum efficiency was 99.97% by the DOP (Dioctyl
Phthalate) test for a homogeneous smoke of 0.3 microns in diameter
(Ref. 25). At the maximum test capacity of approximately 1500FM, pres-
sure drop across each filter was about 0.05" of water gage. After these
air filters were properly installed and sealed, a very ¢lead g.ii' flow'
was achieved inside the flow apparatus and the problem bf hot wire drift
due to dust was completely eliminated.’

An aluminum bellmouth was installed at the centér of the remain-
ing side of the inlet chamber and connected t6 a straight alumifum -ipe
of 4,1b4" inside dlameter. A%t the entrance section , flow straighteners
and "turbulence menipulators” were used to eliminate any swirling velo-
city component and to manage the turbillence level such that a low tur-
tulence, axial flow was established in the stralght pipe. A sectlon of
a precision, hexagonal, aluminum honeycomb (0.25" cell size x 1.45" long),

manufactured by the Aerospace Technology Corporation, New York, N. Y.,
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Was used both as a flow straightener and as a part of the turbulence
manipulator. The turbulence manipulator mentioned hexe consisted of a
honeycomb section and a flat gauze screen (30 mesh/inch, 0.012" mire
dia,) 1.04 inches downstream of the honeycomb. The choice of the honey-
comb, the flat gauze screen and their relative spacings were experimen-
tally found in order to achleve the desirable flow characteristics.

. These manipulators suppressed the level of the incoming turbulence and
generated new turbulence with scales characteristic of the device and
its shear layer. As pointed out by Loehrke and Nagib (Ref. 26) that the
process of turbulence generation might be due to instabilities of wakes
caused by the device or to boundary layers generated within the device
(as in honeycombs at high Reynolds numbers), or to the action of the
Reynolds stress on the mean shear. And the ultimate effect of these
generation processes might at times be an overall reduction in the
turbulence level. Hence, they could be used to control, manage and
modify the incoming flow of high turbulence level to a low turbulence
flow for practical applications.

The level, structure and decay of the generated turbulence
depended, in part, on the instabilities and therefore could be modified
by passive devices acting on the shear layers immediately downstream of
the manipulators., For honeycombs, the suppression of the incoming tur-
bulence appeared to mostly due to the inhibition of lateral components
of the fluctuating velocity. It was conjectured by Loehrke and Nagib
that part of the energy in the undesirable larger scales of motion
drains away through the action of the Reynolds stresses of the smallexr

scale laminar and turbulent motions {including the instabilities). 4n
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experimental study on the management of free-stream turbulence had been
carried out by them and a guite extensive bibliography, on theoretical
and experimental information of the effect of screens, honeycombs and
other devices on turbulence, were included in their AGARD report.

The resuliing flow in the pipe downsiream of the turbulence mani-
pulators were chiecked with both pitot-static probe and hot wire measure-
ments., A swirl-free low turbulence stream (turbulence intensity about
1% of leocal velocity —-- see Chapter I for detailed results) were estab-

lished three to four pipe dlameters downstream of the flat ganze screen.

1.2, Vorticity generator

It has been shown in the last chapiter that one of the key fea-
tures of this self-confined flow is the ring-vorticity distribution.
Vorticity is axisymmetrically distributed throughout the flow in the
fashion of a2 bundle of coaxial smoke-rings in axial motion; and the
vorticilty in each ring is simply proportional to the radial distance,
I, from the axis of symmetry ( i.e. F({¥/) = -&)/r =a).

Cne of the main problems we faced at the begimning of the ex-
periment was how to generate the regquired vorticity distribution in the
‘flow apparatus conveniently. It should be noted that there was no free
stream in the theoretical flow model; velocities approached infinity
far upstream and, far downstream (Cf. Figure 2-2)., Ideally, the wall
of the flow apparatus should correspond to a particular streamline such
that the field velocity would have both axial and radial components as
shown by equations (2-24) and (2-25). However, in order to simplify the

construction, two separate sections were designed for the flow apparatus
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~--'a test section and a’ straight;ibipe section, The test section was
centered around the self-confined region, and its wall was machined in
accordance with a particular streamline shape calculated from eguation *
(2-23) (see Section ITT.1.1.%4.). 'A straight-pipe section was used up-
stream of the test section in order to avoid difficult contour machin-
ing in a pi;pé.r Tn doing this, it had been assumed that even the' Proper
ra.dJ.a.l velocity component was not generated in the incoming pipe, the
general cbnfihemen"ﬁ characteristics would not be affected o any signi-
ficant extent as iong as the proper vorticity distribution dould be
produced at the entrance of the test section. It was expected that once
the flow entered the test chamber, due to the divergence of the wall,
radial velocity components would be developed to provide the suitable
flow field for confinement without any flow separation.

In a s{raight pipe flow, velocity had an axial but not a radial
component. Therefore, the axial velocity profile had to be modified so
that a prescribed vorticity distribution was established. If F( }V ) =
-C()o /f" =, a éonstaalt; the corresponding axial veloclty profile

could be found. Recall that:

5

Wo=—al = =% *9x~ or

There was no V component ih the wipe. Integrating once with respect

to V, we get: ™

o Iz,
- u:l a(':d'g_‘-[-u‘. = *é*af"f' Us (3-1)
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Where ¢ is a dummy variable, and W, is the velouity on the axis of
symmetry,..” When the dimension of the test chamber was specified, o
could be chosen as the axial veloclty at the chamber entrance according
to the calculation of equation (2-24). This parabolic velocity profile
would provide the proper vorticity distribution as well as the correct
axial velocity on the axis of symmetry at the entrance of the test
chambey,

In order to generate the parabolic velocity showm above for the
proper vorticity distribution, a vorticity generator was used. The
straight-pipe section was divided intc two parts. The first part cons-
tituted the entrance section with flow straightener and turbulence
manipulators. The second part was Jjust a straight pipe. These two
parts were joined together with flanges and the vorticily generator was
installed between these two flanges in a holder. Both parts of the
pipe were made of aluminum pipes of 4.144" inside diameter and 18" & 12"
in length respectively., A4long the centerline of both pipes, 1/8" dia-
meter probing holes were drilled at 1/2 of a pipe diameter intervals
starting from the flat gauze screen so that probes (both pitot-static
& hot wire) could be inserted for measurements. The downstream end of
the second pipe was also flanged to provide convenient joint to the test
section through spacers. The length of each pipe was selected for the
best results in velocily profile and turbulence irntensity.

Various devices were irled as the vorticity generator. All these
devicés were designed to have variable resistance across the pipe diame-
ter in order to produce a parabolic velocity profile with larger velo-

city at larger radins., Some of the devices which were able to produce
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this kind of velocity profile are described below.

| The first device tried was a non-uniform shear screen (Figure
3-34). It consisted of concentric xings of various diameters suitably
spaced to give the desired solidity. The entire shear screen assembly
was bounded to a2 metal honeycomb and mounted in a metal frame. The
honeycomb sexrved to stiffen the assembly structurally and to prevent
Tlow instabilities., This non-uniform shear screen redistributed the
energy of the incoming stream by selecitively introducing losses. The
static pressure immediately downstream of the sereen was not constant
over the screen because the sereen losses were not uniform. Far down-
stream, the flow readjusted to a condition of uniform static pressure.
Consequently it was not possible to simply extrapolate the desired
velocity distribution back to the screen to determine the required
distibution of screen losses. A theory for such a screen design and
calculation was provided by Vidal and Curtis in their report (Ref. 27)
along with some experimental results. This non-uniform shear screen was
tested in the present experiment; the velocity profile generated, while
generally conformed to the requived form, did mot have good axdsymmetry.
It was difficult to fabricate a series of goed quality concentric rings
and mount them accurately on the honeycomb support in our machine shop.
For this reason, other methods were tested.

The second device tried was a shaped foam screen (Figure 3-3B).
A piece of Scott industrial foam (fully reticulated polyurethane foam},
made by Scott Paper Company, Philadelphia, Pa., was first soaked in a
1liquid epoxy, then cleaned with compressed air and hardened in room

temperature so that a thin, hard coating was applied to the entire foam




A. Non-uniform shear screen

C. Shaped gauze screen and holder

Figure 3-3
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structure without any hole blockage. The liguid epoxy used wWas composed
of a Hysol resin R8-2038 and a hardener H2-3404 made by the Hysol Divi-
sion of The Dexter Corporation, Olean, N. Y. After 2l hours of curing
time, this piece of ha:rden:‘ed'foam was _then,soa.ked in liquid wax and
allowed to cool down till a solid piece of mold was formed, The wax
mold was then machined on a lathe to a deSiré.ble shape which could be
fitted into a holder and installed in the incoming pipe. Then the wax
was melted down and the foam was cleaned with appropriate wax solvent.
The finished foam screen had a flat surface on the upstream side and

a curved surface on the douwnstream side. It also provided variable
resistance across the pipe diameter and produced the required velocity
profile., The shape of the curved surface could be obtained with a few
trials. However, like that of the first deviece, although the velocity
profile thus prodﬁced generally agreed with the shape required, it did
not have good axisymmetry. The created velocity profile appeared to be
quite sensitive to the pore uniformity of the curved surface. It was
difficult to get a good pore uniformity on any surface of a porous foam.
Therefore, this foam screen was not used for our experiment,

The third device tested was a shaped gauze screen, (Figure 3-3C)
and (Fignre 3-%4), furnished by Livesey and Laws. This method of pro-
ducing a required axisymmetric velocity profile in a pipe was worked out
by them and reported in Refs. 25 and 29. A piece of gauze screen of
known mesh size (20 me-s?t:\/in.) and wire diameter (0,016 inch dia.) --
thus of known gauze porosity and resistance coefficient -~ was succes-
sively pressed and annealled inito a pre-determined shape. A specially

made steel punch and hard rubber die arrangement was used to form the
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shape of the gauze screen, and it was necessary to anneal the gauze
between each press to prevent the screen from tearing., The edge of the
finished gauze screen was then rigidly sandwiched between two metal
rings which in turn could fit into a holder. The whole gauze screen and
holder assembly was then tightly boltec. between the flanges of the up-
stream and downstream sections of the incoming straight pipe. The
velocity profile produced by this shaped gauze screen agreed generally
well with the required form, and it was reasonably axisymmetric (maximum
velocity deviation from the corresponding averaged value was about 5%

in the azimuthal distribution --- see detailed results presented in

the next chapter). Among the various devices tried, the shaped gauze
screen provided the best velocity distribution and was finally used as
the vorticity generator for this experimental study.
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Figure 3-4, Gauze screen installation,
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For a given velocity profile, the required gauze screen shape
could be found with the method cutlined as the "Indirect Problem" in
the papers by Livesey and Laws. ‘he solution, in this case, employed
an iterative mumerical technique with the loczl screen angle,@ y 25 an
unknown. Gauzes with the same resistance and deflectlon coefficients
would produce the same dowmstream velocity profiles, By varying the
gaure mesh size and wire diamefer so that the screen porosity remained
constant, the effect was to vary the turbulence characteristics (e.gz.
intensity and scale) of the downstream profile. 1In such a way, it was
possible to vary the profile shape and initial turbulence structure of
the profile independesntly. The analysis also provided the method of
calculation for the "Direct Problem” -~ i.e. for a given gauze screen
shape, the dbwnstream velocity distribution could be caleulated. Some
experimental resulis were also presented in these papers.

There was another work by Sajben, Kroutil, Hoffman and Sedrick
(Ref. 30) on generation of arbitrery axisymmeiric velocity profiles.
It used plane screens of variable solidity, fabricated by electroplating
a uniform screen in a rotating apparatus. A wide range of screen mesh
sizes could be used, permitting control of the overall turbulent inten-
sity as well as velocity profiles. Good resultis had been found for
relatively fine screens (2% mesh/in.). This method was not tried in

our experiment.,

1.3. Boundary layer removal section
In order to minimize the effect of the viscous boundary layer,

a boundary layer removal section was btuilt at the junction of straight



pipe and test section (Cf. Figures 3-1i, 3-2 & 3-5). Immediately before
the established flow, with the prescribed velocity profile, entered the
test chamber, fiuid in an anmulus of 3 inches inside diameter and 4.144
inches outside diameter were peeled off into the boundary layer removal
section. Thus the flow entering the test chamber were free from any
Previous boundary layer build-up. Of course, new boundary layers would
build up again in the test chamber; nevertheless, the effect of this
new layer would be kept to a minimum by the removal procedure.

The incoming straight pipe had an inside diameter of 4.1i4% inches
and was bolted to the test section, with an entrance scocp of 3 inches
of inside diameter, through six spacers. A chamber, made of Plexiglas,
Was built around the gap bridging the downstream section of the straight
pipe and the test section. It was sealed on both sides so no outside
air could leak into the chamber, Two furnace pipes, 6 inches in dia~
meter, connected the boundary layer removal chamber to the rear setiling
chamber as shown in Figure 3-1. In each of these pipes, a butterfly
valve was installed to allow controls on removal rate.

In the original de51gn, the entrance scoop of the test section
had a rather sharp leading edge., Very turbulent and unsteady flow
conditions were found in the test chamber which was later traced %o
having been caused by the leading edge separation at the sharp leading
edge. This problem was corrected by blunting out the sharp edge to a

semicircular shape.

1.4, Test section

The test section was Just 2 hollowed chamber in which the self-
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confined region was to appear. It consisted of iwo halfs, both machined
out of solid Plexiglas material (Figures 3-5 & 3-8). The essential fea-
tures of. this section; besides the entrance scoop of the upstream half,
was the speecial interior wall confignration of the whole section. It
mist be shaped as one of the sfream surfaces as prescribed by equation
(2—23) so that the condition of no flow across the stream surface was
satisfied,

Before designing the test section for manmufacturing, a series of
streamline calculations were made, First, the stream function l// was
non~3imensionalized with af;4 , and then the non-dimensionalized stream
function W : was assigned a series of constant values for streamline

coordinate calculations, Namely:

,2 / / o
5&’ Ql““'“ (l"')[ (R —_6/— ?7/_@_‘3‘] (3-2)

Different sets of streamline coordinate values calculated from equation
(3-2 ) were then plotted on a graph for design purpose.

As stated in the last chapter, the constants M and N in the
stream function solution of equation (2-16) were found by choosing a
sphere of radius f; to be a stream surface lﬁ= 0 such that both velo-
city components, ¢ & V , vanished on the sphere. Now the size of ihis
spherical confinement region was chosen to have a diameter of 3 inches,
3.6, f5= 1.5 inches., Then a value of {[/’: 1 was selected for the
evaluation of wall configuration, This would give us a reasonable wall
size of }~ = 3.033 inches at the center of the test section, and =

1.499 inches at X; = 4.9 inches at the entrance scoop. The final coor-
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dinate values for the test section interior wall are showm in Table 1
in the Appendix.

At the very center of the test section wall, a slot was cut along
the center line to provide access for various probes into the test cham-
ber. This slot could be tightly sealed against air leaks with an insert,
~ flush with the inside wall, without causing any disturbances in the flow.
At the rear end of the downstream half, a precision traversing mechanism
was mounted on a pipe through a needle bearing seated on the test sec-
tion. On the ontside, a rubber ring sealed +the air passage so that the
whole traversing mechanism and pipe assembly could rotate around with

respect to the test section without any air leakage into the flow,.

1.5. Bxit section

The flow, coming out of the test chamber, went through a section
of straight pipe (for mounting the traversing mechanism) into a conical
diffuser, passed into the rear settling chamber, and then exited into
the room at the blower outlet, The diffuser was made of sheet metal and
had a small angle of divergence of 4.7°in oxder to prevent separation,
The diffuser had dimensions of ! inches inside diameter at the inlet,
12 inches diameter at the outlet and a length of 49 inches, At the
Junction of the straight pipe and the diffuser inlet a thin layer of
furnace filter material was placed across the entire area, supported
by criss-crossed wires, in order to damp any downstream disturbances.
For the same reason, a gauze wire screen was placed at the jJunction of
the diffuser outlet and the rear settling chamber to insure that minimum

chamber fluctuations could propagate upstream into the flow,



The rear settling chamber was constructed of heavy plywood panels.
The diffuser exit and two boundary layer removal pipes were connected to
this chamber as shown in Figure 3-1 & 3-2A. There Were several baffle
plates inside the settling chamber to further damp any ﬂuctué.tion that
might be caused by the downstream suction blower. A 5 HP centrifugal
blower, made by Baffalo Forge Company, was comnected tb the rear end of
the settling chamber. The maxinum flow speed obtained in the incoming
straight pipe, without the vorticity generator; was about 92 ft/sec. A
gate valve with vernier scale was installed at the blower exit to con-

trol the flow rate through the apparaitus.

2. Measuring equipment and traversing mechanism

The measuring equipment used in this experiment included pitot-
static probes, manometers, micromanometers, tuft probes, thermocouples,
the constant hot wire anemometer and its associated instrumentation,
digital voltmeters, a microvolimeter, an oscilloscope, a Dynograph
chart recorder, etc, The arrangement of the equipment can be seen on
FMgures 3-1, 3-2, and 3-7. An instrumentation schematic is shown on

Figure 3-6.

2.1, Pitot~static probes; manometers and thermocouples

The initial pipe flow velocity and its profiles were measured
with standard pitot-static probes and a manometer. Later, a micro-
manometer was used with the standard pitot-static probes for more accu-
rate measurements as well as for the hot wire calibrations. After the

initial measurement stege, a pitoi-static probe Was permanently
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Figure 3-8. Test section and traversing mechanism
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installed in the upstream section of the incoming pipe %o continually
monitor the flow velocity during the test. It was located 6.25 inches
downstream of the flat screen where a plug flow profile existed, The
probe was carefully aligned with the flow direction and raised above
the pipe centerline to 0.50 inch away from the wall and outside the
boundary layer so as to minimize the disturbance and obstruction caused
by the probe stem.

Pwo sizes of the standard pitot-static probes were used, an 1/16
inch 0,D. and an 1/8 inch 0.D.; they were both of the Prandtl type and
made by The United Sensor and Control Corp., Watertown, Mass. They were
calibrated by the mamufacturer and had an accuracy of 0.5% for a Mach
number less than 0.5, The micromanometer was made by The Meriam Tnstru-
ment Company, Cleveland, Ohio. It had a range of differential pressure
readings of 0,001 inch to 10 inches of water. A special indicating
fluid was used in the micromanometer for accurate readings; it was a
mixture of 1 part of Meriam 1000 green finid concentrate into 9 parts
of distilled water such that the mixed green indicating fluid had a
specific gravity of 1.000.

Another specially made miniature pitot-static probe was used to
obtain qualitative velocity and pressure information of the flow in the
test section. It was inserted from the top and away from the center of
the test section so that the tip of the probe would measure the flow
condition across the central diameter. Guantitative measurements were
later carried out with the hot wire anemometer.

A copper-constantan thermocouple was also installed in the up-

stream section of the incoming pipe, in front of the permanent pitot-




- -

static probe, to monitor the temperature of the flow. The thermocouple
output signal was fed into a Keithley Model 149 milli-microvolimeter
and a Type R, Beckman Dynograph so that accurate temperature readings
and a record could be obtained. These temperature measurements were

important during the hot wire calibration and measurement.

2.2. Constant Temperature hot wire anemometer sysiem

Because information on turbulence iritensity was needed 1o provide
some insight into the flow stablility question, and also due to the
divergent~convergent nature of the flow in the test section with cuxved
streamlines, the hot wire was chosen over the standard pitot-statice
probes for the final quantitative measurements. The flow direction
inside the straight pipe; except in the regions immediately behind the
turbulence manipulator and the vorticity generator, was well defined.
Also the flow in the test section was in the meridional plane (no swirl-
ing component). Therefore, as long as the sensing element of the hot
wire probe was placed perpendicular to the meridional plane, both the
turbulence intensity and flow speed counld be measured without too much
difficulty.

The instrument used for the final quantitative measurements was
a constant temperature hot wire anemometer system made by the Thermo-
systems Inc., St. Paul, Minn. The system was of a No, 1050 series
consisting of the following components (Ref. 31):

Model 1051-6 monitor and power supply unit

Model 1050 constant temperature anemometer

Model 1052 signal linearizer
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Model 1057 signal conditioner

Model 1047 averaging circuit

Model 1055 linearizer

Model 1060 true RMS voltmeter

Model 1015C correlator

Model 1260 straight miniature probe

The straight miniature probe had a main body size of 0,06 inch
in diameter and 2 inches in length. Rooted on one end of -the probe body
were two small gold plated sensor supports. The distance between the
tips of the sensor supports was enlarged from 0.06 inch to 0.082 inch.
A plain platinum coated tungsten wire of 5 micron in diameter (instead
of the TSI supplied sensor element) was stretched over this distance and
spot welded at the tip of each support by a special welder eguipped
with a microscope. The reasons for this modification were to obtain a
larger length to diameter ratic for the sensor and also ithat a damaged
sensor could be more conveniently replaced by ourselves in the labora-
tory. In our case, a length to diameter ratio of 416 was achieved,
According to Champagne, Sleicher and Wehrmann (Ref. 32), the correction
factor due to sensor length ranged from 0.2 to 0.0 for length to dia-
meter ratios of 200 and greater than 600 respectively. So in this
experiment --- under most circumstances, the flow was perpendicular to
the sensor —-- the effect of the correction factor could be assumed to
be very small.

The miniature probe was fitted into either a straight or a bent
support tube. Both support tubes were made of 1/8 inch diameter, thick-

walled stainiess steel tubing. The straight tube, 6,785 inches in
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length, was used for flow measurements in both the incoming straight
pipe and in a 1.2 inches diameter cylindrical tunnel around the axis
cf the test section. For measurements in the incoming straight pipe,
the suppoxrt tube was inserted through the probing holes in the wall;
for that in the test sectior, the support tube was inserited from the
section exit for minimum disturbances, The bent tube, 7.643 inches in
length, had a 45°bend 1.383 inches from the end. It was also inserted
from section exit into the test section for flow measurements in the
areas not reachable by the straight tube. Finally, there was a 12.97
inch long support tube extension. Tt was made of 3/16 inch diameter,
thick-walled stainless steel tubing with a 90’ bend 6 inches from the
end. This extension was used to join the support tubes to the travers-
ing mechanism for flow measurements in the test section,

Model 1051-6 monitor énd power supply unit was a six channel
unit. It was capable of supplying steady, regulated power to six hot
wire channels, At the same time, it could monitor, on a taut-band
panel meter with 1/2% of full scale accuracy, either the bridge output
voltage or the linearized output voltage for any of the chamnel selected:
Each model 1050 constant temperature anemometer unit was equipped to
handle the input and output signals for a single hot wire channel. It
had all the necessary electronic circuits for the bridge, feed back,
amplifier, stability control, trim control, temperature and resistance
measurement controls, square wave calibrations as well as filters and
resistors. For more detailed information on both the model 1051-6 and
1050 units, readers are refered to the TSI Bulletins and Manuals (Refs,

31 and 33).
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The Model 1052 signal linearizer was used to linearize the out-
put of a constant temperature anemometer, Calibration curves of hot
wire sensors generally would not follow any analytical expression and
varies in shape for different sensors and fluids. These non-linear
calibration curves were frequently linearized for convenient data analy-
sls. Linearization was accomplished by approximating a curve with a
fourth degree polynomial. The four coefficients of the polynomial were
determined by using a computer program based on the standard least-
sqﬁare curve fitting technique. Then these foul coefficienis were set
into the linearizer for a calibration run. If the result was good, the
linearizer was ready for operation. Detailed information can be found
in the TSI Bulletin and Instruction Mamual (Refs. 31 and 3%),

The Model 1057 signal conditioner was a precision device for
making more accurate, controlled measurements with anemometer equipment.
signals from either the anemometer, linearizer or other sources could be
zero suppressed, filtered oxr amplified in various mammers. The Model
1047 averaging circuit was a low pass filter used for mean flow measure-
ments by averaging a volitage signal with selectable time constants.
More information on these two uniis could be found in (Refs. 31, 33,
and 35).

The primary function of the Model 1060 true RMS meter was to
measure the true RMS value of a random signal or a turbulence quantity
in the flow on a 1/2 % linearity taut-band panel meiter. A mean square
output was also provided. Now suppose that jf(t) is an arbitrary, time

dependent function where t represents time. The mean square value of

)C (t) is:



Nermally a transducer is used to convert these to voliage signals for

measurement purpose. In actual practice, the mean square meter or root
mean square meter is generally coupled with a capacitor so D.C. voltages
are not processed. Therefore, the measurement is rezilly for a variance

or standard deviation quantity. Variance is

Va 2
£y = fim “%‘/ [f(t)—f(t)]d't (3-3)
A

and the standard deviation is:

Va

W: fom £ %[ufff)‘}?@]zdf (3-8)
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Therefore, the mean square value with the Model 1060 meter is really a
measurement of variance while the root mean square value is a standard
deviation measurement, The term "trus" root mean square meter is often
utilized for a meter to distinguish it from the "untrue" meters. The
later are essentially rectifier units that give an accurate root mean

square reading only on a sine wave input. A "true" RMS meter gives an



accurate BMS reading independent of wave forms as long as the bandwidth
and crest factor limitations of the meter are not exceeded. More de-
tailed information can be found in (Refs. 31 and 36). The Model 1055
linearizer was modified to provide readings for the squared values of
input signals., Both this unit and the Model 1015C correlator were not
used for this experiment.

Three types of voltmeter were used. The first one, a DANA Model
4800 D.C. voltmeter was used to measure the D.C, component of an analog
voltage. The anemometer bridge output signals were first routed to the
Model 1047 averaging circuit then fed into this volimeter to monitor
the mean bridge output voltages for accurate mean velocity measurements
through the use of the calibation curves. The second one was a DISA
Model 55D31 D.C. volimeter with a built-in averaging circuit. Linear-
ized signals from Model 1052 linearizer went first to the Model 1057
signal conditioner for zmero suppression, were then fed into this volt-
meter to monitor the mean, linearized voltage for direct velocity mea-
surements. The third one was a Keithley Model 149 milli-microvoltmeter,
Tt was used in conjunction with a2 multi-channel, Backman Type D Dyno-
graph to simultaneously monitor the thermocouple signals so that a more
accurate reading could be obtained when it was needed,

A Tektronix Type 545A oscilloscope with a Type CA plug in unit
was used to monitor various fluctuating voltage signals, The stability
and frequency response of the anemometer were set and adjusted with the
aid of +this oscilloscope, Both the mean flow and the turbulence gquan-

tities could be monitored and photographed by the scope.
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2.3. Hot wire calibrations

The hot wire anemometer has been used for many years as a re-
search tool in fluid mechanics and heat transfer fields., Recently, the
application of anemometry has expanded greatly due to better equipments
and more interest in details of fluid flow. A hot wire is a small, elec-
trically heated element exposed to a fluid medium for purpose of mea-
suring a property of that medium, Normally, the property being measured
is the velocity. Since these elements are sensitive to heat transfer
between the eliement and its environment, temperature and composition
changes can also be sensed, Two types of anemometry are in general use,
i.e., the constant current and the constant temperature anemometers.
The constant current type of anemometer operates by taking the voltage
signal caused by wire resistance changes and compensates for frequency
lag with a non~linear amplifier while maintaining a constant current
through the wire sensor. The constant temperature type of anemometer
operates by utilizing a feedback controlled bridge circuit to maintain
the sensor at a constani temperature. In this experiment a constant
temperature anemometer was used. This type of anemometer has gained
rapidly in acceptance recently because of its versatility over the con-
siant current type. The performance characteristics of these anemometers
can easily be found in mumerous papers (see, for example, Refs. 31, 36
and 37).

The hot wire sensor is a small resistance element which is heated
and controlled at an elevated temperature. The amount of elecirical
energy dissipated from the sensor is a measure of the cooling effect

of the fluid flowing past the heated sensor. This cooling effect depends
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on both the mass flow and temperature difference between the sensor and
the fluid. The relationship, however, is a non-linear one, It could
only be expressed in an empirical form. Calibration of a particular
sensor in a certain flujid has to be done first before any quantitative
measurenent can be carried out. Generally, the basic bridge output
signal of the anemometer is a voltage which is related to fiow approxi-~

mately as follows:

£~ A+B(g>7f)'“ (-Te) (3-5)

Where A and B are constants depending on fluild properties; P is the
flvid density; 3’ is the fluid velocity perpendicular to the sensor;

N is the exponent that varies with range and fluid (usually about 2);
7s is the sensor operating temperature (hot); and Je is the fluid or
environment temperature (cold). The original work on this relationship
was done by King (Ref. 38). In practice, the cylindrical sensors do
not follow the King's Law precisely. As shown by Colli and Williams
(Ref. 39), the value of ¥ for a very long wire varies from 0.48 for
low velocity ranges to 0.51 for higher velocity ranges. For sensors

of finite length, the variation in )1 is greater. Eguation (3-5) illus-
trates the non-linearity of the anemometer output with the fluid density,
velocity and temperature. Therefore a careful calibration of the hot
wire is required for each particular test condition. It is clear that
when fluid density and temperature are kept constant, velocity (both
mean and fluctuating quantities) can be found.

Before taking the final guantitative measurements in this
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experiment, many test runs as well as hot wire calibrations were carried
out to make sure that the whole system was in good rumning condition.

As mentioned previously in section IIT.1.i.1., the "Entrance section”,
there was a severe hot wire drift problem due to dust collection on the
sensor in the beginning. This problem was later solved by using very
high efficiency air filters at the flow inlet. From time to time, the
hot wire sensor was cleaned by dipping into a solution of potassium
dichromate in sulfuric aecid, and then wWas rinsed in distilled water and
acetone, This wWay a dry and clean sensor could be maintained.

Another common problem associated with the hot wire anemometer
operation was due to the change in the enviromment (fluid) temperature
or the change in the actusl cold resistance of the sensor, Many methods
can be used to correct this problem., However, if the amount of change
is small, the problem can be corrected by slightly adjusting the over-
heat ratio so that the same mero flow bridge voltage is obtained as
that in the original calibration. And then a few more calibration
points are needed to verify the accuracy of hot wire outputs. This
method has been used successfully in general practice with very little
sacrifice in accuracy. Good results Were reported in a study by Hollasch
and Gebhart (Ref. 40) using variable overheat ratios for a hot wire
calibration procedure at low velocifies in water with variable fiuid
temperatures. Generally, as long as a large temperature difference is
maintained between the fluid and the sensor, errors in the hot wire
outputs are small even if the overheat ratio is not adjusted. For ex-
ample, if the sensor is at W70°F, and the fluid at 70°F, a 4°F change

would represent about a 1 % error without any corre~tion,
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A1l hot wire calibrations were performed in the far downsiream
side of the incoming sitraight pilpe against a standard pitot-static tube
and a micromanometer system. Sensors were carefully oriented so that
they were normal to the . w, The flow there was well defined and had
very low local turbulence in..unsity (about 1 %). Two hot wires, simi-
lar in their characteristics, were used for the final quantitative mea-
surements. The calibration curve for the last hot wire used is shown
in Figure 3-9, and the data are shown in Table 2 in the Appendix, In
both cases, an overheat ratio of 1.6 were used. The overheat ratio is
defined as the ratio of the hot sensor resistance, RH y to that of the
cold (unheated) resistance, A,. . The relationship between the overheat

ratio and the operating temperature is as follows:

’;: =/ +0(Ts~ Te) (3-6)
Where 0(,_. is the temperature coefficient of resistance for the sensor
material referenced to temperature [z . For a tungsten hot wire 0(c =
0.00' *”%, Once an overheat ratio is selected, the hot wire operating
temperature can be determined from equation (3-6). In our case, with
an overheat ratio of 1.6 and ?6°F room temperature, the sensor opera-
ting temperature was approximately at 336.9°F. When an accurate deter-
mination of sensor operating temperature is required, an actual tempera-
ture vs. resistance curve should be ploited for the specific sensor of
interest. For most work with anemometers, the sensor is calibrated for
flow measurement and knowledge of the exact sensor operating temperature

is not important so long as conditions can be repeated. With this large

-
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temperature difference between the hof sensor and fluid, very good sen-
sitivity was achieved for velocity and turbulence measurements while
maintaining a very low sensitivity to small temperature fluctuations.
Based on the final hot wire calibration data, a set of four iin-
eariver coefficients was generated by fitting a fourth degree polynomial
to the calibration cuxve. A computer program based on the standard,
least square curve fitting technique was used for this procedure. Two
sets of linearizer coefficients were found for the two hot wire sensors
used in the final quantitative measurements. The first set, in ascend-
ing order, was 0.2071, 3.6907, 2.4803, and 3.6219. The second set was
0.8927, 2.2530, 2.,0311, and 4,8222. Then the values of these coeffi-
cients were individually set into the potentiometers in the linearizer
and a calibration run was carried out to determine the accuracy of the
linearizer outpunt. The linearizer calibration curve 1s shown in Figure
3-10, and the data are shown in Table 3 in the Appendix. During the
experiments, output signals from the linearizer were fed both into a
RMS meter for turbulence readings and into a signal conditioner then
to a volimeter for direct mean velocity readings. Detailed calibra-

tion procedures for the hot wire and linearizer can be found in (Refs.

31, 33 and 34).

2., Traversing mechanism

Three different traversing units were used in this experiment.
To traverse the pitot-static probe which monitored the flow veloecity,
a traversing unit was mounted on the incoming straight pipe 6% inches

'

downstream of the flat screen (Figure 3-2B). It had a micrometer to
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control the vertical position to within 0.001 inch and a protractor
and a rotary vernier scale to control the yaw angle to within 6 minutes,
The probe vertical position and the initial orientation were calibrated
with a precision gage using the pipe wall as a reference. Another
traversing unit of the similar typeg except having a vertical slide
and a linear vernier scale instead of the micrometer, was used to
traverse the hot wire probe for pipe flow measurements. The unit could
be moved from one axial location of the pipe to another without too much
difficulty. Vertical position of the hot wire was also calibraied with
the same precision gage against the pipe centerline. The yaw angle,
however, was calibrated by the hot wire outputi signal. 4 maximum bridge
output would indicate that the wire was perpendicular to the main flow.
Du; 1o the particular test section configuration, a special
traversing mechanism had to be developed to measure the flow inside the
test chamber (see Figures 3-2B and 3-8). The chamber wall was machined
according to a particular streamline shape which had a 3 inch diameter
at the inlet and outlet, and 6.066 inch diameter at the center section.
It 2lso had a boundary layer removal section at the entrance. So it was
impractical to dxill probing holes through the chamber wall, and the
hot wire probe had to come into the chamber through the exit. In order
for the probe to reach all the places inside the test chamber, two probe
support tubes were made (see section ITI.2.2.2., the section on “Constant
temperature hot wire anemometer system"). The straight tube was for flow
measurements in a 1.2 inch diameter cylindrical tunnel around the axis
of symmetry in the test chamber, and the bent tube was for that of re-

maining areas. Either of these tubes was fitted into a support tube
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extension and fixed onto the traversing slide.

This traversing mechanism consisted of a section of aluminum
pipe, two precision Unislide assemblies, pitch control assembly, mount-
ing blocks, bearings, housings, vernier scales, seals, adapters for the
hot wire leads, etc. The straight pipe had an inside diameter of 3
inches and a lengith of 18.875 inches; and it was force fitted with a
stainless steel sleeve as the hard bearing surface at each end, The
ends of the pipe were then assembled into needle bearings housed in the
test section on one side and a diffuser Jjunction block on the other
(see Figure 3-5). Both ends were sealed against air leak with rubber
rings, A 0.75 inch wide by 13.25 inch long slot was machined out from
the top of the pipe and a sealing lip, flush with inside wall surface,
was molded into place with a silicone rubber compound, Through a slit
in the rubber 1ip, the support tube extension could traverse back and
forth in the pipe without any air leak., A Unislid-» assembly with a 15
inch travel was fixed to the pipe through a mounting block and plate to
control the movement of the probe in the axial direction. Another Uni-
slide assembly with 4% inch travel was then mounted on the slide of the
Tirst assembly to control the radial probe movement. Both Unislide
assenblies, made by Velmex, Inc., E. Bloomfield, N, Y., were of the pre-
cision lead screw type capable of movemenis with 0.001 inch of accuracy.
Lastly, a pitch control assembly was fastened to the slide of the second
Unislide assembly. The support tube extension mounted on this control
assembly could pitch with an accuracy of 6 minutes by readings on a set
of protractor and a vernier gage.

Therefore, besides providing controlled movements for the probe
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in axial, radial and pitching directions, the whole iraversing mechanism
could rotate in the azimuthal direction with an accuracy of 6 minutes by
readings on a yet another set of protractor and vernier gage. Before
the final flow measurements, position calibrations were performed for
the probe with both the straight and bent support tubes. The test sec-
tion center and the central cross-sectional plane were used as the bases

for this calibration.

3. Some experimental procedures

In the early stage of the experiment, a long pipe with axial
probing slot wzs installed downstream of the vorticity generator in
order to find an appropriate length for the second part of the straight
pipe. Measurements of the generated velocity profiles were taken at
different locations along the axis to locate the position where it would
have the desired profile shape without too much boundary layer build-up.
This distance was found to be 12 inches downstream of the vorticity
generator and then the second part of the straight pipe was fabricated
to this length. The boundary layer thickness at this point was 0.3 inch
and was subseguently removed before the flow entered the test section,

The opening of the valves in the boundary layer removal pipes
were first approximately set with the aid of a tuft probe. A piece of
short tuft at the end of a hypodermic tubing was used to indicate the
flow pattern and to determine whether the boundary layer was properly
removed into the removal section. Final adjustments of the valve open-
ing (56.25u to the pipe axis) were done with reference to the quantita-

tive velocity profile measurements at the test section entrance such
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that the entering flow would have a negligible boundary layer and a good
velocity profile.

During the initial test runs, the tuft probe was inserted into
the test chamber from the downstream side by the traversing mechanism
for flow visualization, The flow rate in the apparatus was varied from
very small to full capacity; and for each flow rate, the tuft probe
would traverse the entire test chamber to see whether there was a con-
finement region in the center, any separation along the wall, or just
to find the approximate flow directions, This information was later
combined with the initial hot wire test results to select a particular
flow rate for detailed gquantitative measurements.

The final phase of the experiment was the detailed hot wire mea-
surements of the mean flow velocities and the turbuience intensities in
both the pipe and the test section. Because the hot wire was a very
delicate and difficult instrument to use, extreme care had to be taken
in so far as to its physical condiiions as well as to its calibration
characteristics. ¥First we must have accurate calibration curves and
corresponding sets of good linearizer coefficients. Then at the begin-
ning of each data taking session, these conditions were carefully check-
ed to insure the repeatability of the insiruments. Temperature was con-
tinuously monitored so that minor adjustment could be made on the hot
wire overheat ratioc if it was needed. A few points on the calibration
curve were tested to make sure that the original calibration was still
valid, Flow rate in the apparatus was also constantly watched with the
pitot-static probe and micromanometer system, while the velocity profile

at the test section was chechet by hot wire measurements, After all
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these steps were performed then the final measurements were carried out,

L, Stability of the generated velocity profile

As stated in section III.1.1.2. on "Vorticity generator", the
velocity profile generated in the incoming pipe was of a parabolic form
specified by equation (3-1). It consisted only of axial component yet
had the same vorticity distribution as that in the theoretical model,
i.e., C{)e= ~aF . The velocity had a larger magnitude fuxrther away from
the axis. However, due to the no slip condition at the pipe well, a
thin boundary layer was built up. This would cause a inflection point
to appear on the generated velocity profile (see Figure 3-4). Thus a
question would be raised: due to the particular characteristics of this
velocity profile, would inviscid instability occur in the flow?

The inviscid instability problem for the flow in a circular pipe
had previously been studied. As shown by Shen (Ref. 41), in the case
of an axially symmetric basic flow with rotationally symmetric distur-

bances, a stability criterion was established. Consider the case:

<l

=WwW=0; & =w(r)

Where 1L, V , and &7 are the velocity components of the basic, steady

flow. Then inviscid instability would occur only if, within the fluid,

al g (3-7)

&=

v gt 7
Consequently, this term[ - ( U / r‘) ] played the part of U in the
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two-dimensional case. So a velocity profile with a point of inflection
was no longer necessarily unstable, at least with vespect to rotation-
ally symmetric disturbances, in the inviscid limit.

In order to answer the inviscid instability question about the
flow in our incoming straight pipe, equation (3-7) was used as a crite-
rion for the test. However, before this test could be pexrformed, the
velocity profile, as a function of |” had to be found first. This fune-
tion could be easily constructed such that the function would represent
the velocity profile in the inviscid core as specified by equation (3-1)
and represent the boundary layer profile adjacent to the pipe wall.

Assuming that the velocity inside the boundary layer slowed dowm
exponentially from its maximum value of U,at the boundary layer edge
to zero at the wall. As an approximation, a function of the following

form was used.

. -ﬁEQZSQ?
H=[-e ] (5-8)
p=8E L Re=4F-

Where Rp vwas the inside radius of the pipe, d the boundary layer
thickness, /e the Reynolds number based on pipe diameter]), and 2} the
kinematic viscosity of the fluid, The boundary conditions for this
function were (1) mero velocity at the wall, (2) maximum velocity at

the boundary layer edge to match that of the invisecid core, (3) vanish-
ing shear at the boundary layer edge.

Tt was a simple matter to check whether equation (3-8) met all
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these three boundary conditions.
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So equation (3-8) satisfied all the boundary conditions. It then could
be combined with the velocity profile in the inviscid core to provide a
composite velocity function valid for the whole cross-section. Eguation
(3-1) was simply multiplied by equation (3-8) to become:

225 Rp-t
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Numerical evaluation of this profile for a Reynolds number of 150,000 in
our experiment showed that the parabolic profile in the inviscid core
was not disturbed by the modification in equation (3-9) and it had a
very thin boundary layer adjacent to the pipe wall.

Now the criterion specified by equation (3-7) could be applied
to the velocity profile of eguation (3-9) to determine whether inviscid

instability would occur in the pipe.
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If there was to be any inviscid instability, equation (3-7) must be

satisfied, i.e.:
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To solve for this polynomial equation, a standard IBM '"POLRT® prograii
was used, No real solution could be found, which meant that eguation

(3-7) could not be satisfied Yy any real values of [~ inside the pipe.

Therefore, inviscid instability would not occur anywhere inside the pipe
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and the flow in the pipe was either stable or neutrally stable to any
rotationally symmetric disturbances., Later quantitative measurements
by the hot wire also confirmed that the flow inside the pipe was a very

stable one.
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CHAPTER IV

RESULTS

In order to see the unique phenomenon of this experiment, test
runs were conducted for two different conditions. First, flow visuali-
zation with a tuft probe and hot wire measurements were performed with-
out the vorticitly generator in the incoming straight pipe to acquire
some base information about the flow without the prescribed vorticity
distribution. Then the vorticity generator was installed in the pipe
and the same procedures were repeated. Finally detailed quantitative
measurements were made, These results are presented in the following
two sectiu.as. In the last section, mass flow rates at both the entrance
and the central plane of the test section were calculated from the mea-
sured velocity profiles to verify the existence of a self-confined
region as described in the second section of this chapter. A pitot-
static probe inserted into the test chamber through the central slot
and traversed along the vertical axis confirmed that the statlc pressure
did increase from the center outwardly toward the wall as mentioned in
Chapter TI. However, no detailed pressure measurements inside the test

chamber were made,

i. Visualization

A tuft probe, as described in the last chapter, was used to
visualize the flow inside the test section. It was inserted into the
test chamber through the central slot and traversed up and down the
vertical axis. For the test condition without the vorticity generator,
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flow rate was varied through the full range by changing the opening of
the exit valve at the blower ocutlet. For all the flow rates, no self-
confined region was indicated. At low flow rate, owing to the small
amount of stiffness in the tuft and very low fluid speed, the tuft probe
was not a good flow indicator, Therefore, a higher flow rate was used
in the test.

Then by using the precision traversing mechanism, another tuft
probe was inserted into the test chamber from the chamber exit to probe
the entire regin. Flow separation was seen to occur at the diverging
wall almost immediately behind the entrance. A large, anmular recir-
culating cell formed adjacent to the wall stretching from the separa-
tion point to a point about three gquarters of the chamber length. The
flow in the central portion-of the chamber was similar to a straight jet
issued from the entrance, There was no self-confined region at the cen-
tral portion of the chamber. Figure 4-1 shows the general flow pattern
inside the test chamber as indicated by the tuft when there is no vor-
ticity generator in the straight pipe to produce the proper vorticity
distribution.

The same procedures as those stated above were repeated for the
test condition with vorticity generator installed in the straight pipe.
For all the higher flow rates (in order to see the tuft movements), no
flow separation could be seen anywhere along the chamber wall, and there
was no recirculating cell adjacent to the wall. The flow was very
orderly and the fluctuations were very small. In the central portion
of the test chamber, a distinct region approximately the size as pre-

scribed by the theory existed. Inside this region, very low flow speed
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Flgure 4-1, Flow pattern inside the test chamber as indicated
by the tuft probe (without vorticity generator).

in the reversed flow direction (toward upsiream) was indicated. Flow
patterns in this case are shown in the figures of the next section as
confirmed by the hot wire measurements.

Flow visualigzation by smoke was aitempted, but no good result
was obtained. A small cigar smoke generator was used to send smoke
through a tube directly into the self-confined region from chamber exit.
The amount of smoke was not large and dense enough to give any good
flow visnalization. Then a sky diver's smoke flare (Kilgore smoke
signal) was used to send dense orange smoke into the flow apparatus
from the inlet chamber. This did not work well either because the
flare burning time was very shceot and the amount as well as the way to
channel the smoke could not be controlled, TFor good flow visualization,

a well designed, controllable simoke generator must be used along with a
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proper ventilation system for the flow apparatus.

2. Quantitative resulis

The guantitative measurements were performed with a constant
temperature anemometer system described in the last chapter. Prelimi-
nary measurements inside the test chamber were carried out for the two
test conditions both with and without the vorticity generator in the
straight pipe. When there was no vorticity generator, the hot wire
measurements confirmed the general flow patterns as visualized by the
tuft probe and shown in Figure 4-1. At the point of separation, large
turbulence levels as well as base fluctuwations were detected. There
were also large fluctuations along the interface of the jet and the
recirculating cell. Approximaiely one guarter of the chamber length
downstrean from the entrance, the flow became increasingly chzotic
(2bout 15--20 % absolute turbulence intensity) then quleted dowm a 1it-~
tle near the exit (about 14 % absolute turbulence intensity)., After
the vorticity generator was installed, the flow became very orderly at
the former separation point with very small {turbulence level, In the
chamber center, a region of very low speed was found having about the
same size and location as that indicated by the tufi probe. The situa-
tions were approximately the same for different flow rates. For the
final detailed measurements, & higher flow rate was chosen so that more

accurate hot wire readings could be obtained,

2,1, Incoming straight pipe

During the entire datz taking periocd, flow yate was caxefully
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watched by the upstream pitot-static tube and micromanometer system to
insure identlcal test conditions at all times, Fluid temperature was
monitored by the thermocouple, chart recorder and a milli-micro volt-
meter, Hot wire and linearizer calibrations were also checked every
day for accuracy.

Results of the hot wire measurements in the straight pipe are

presented in the graphs of Figures 4-2A & B, and 4-34, B & C¢. In Figures

4-24 & B, local average fluid speeds (Q in f£i/sec), and local turbulence
intensities (3’/@ in %) at different axial locations are plotted against
pipe radius. For the test condition without vorticity generator (V.G.),
local average fluid speecds are represented by thin solid lines and the
local turbulence intensities by thin dashed lines. For the test condi-
tion with vorticity generator, the local average fluid speeds are re-
presented by heavy solid lines, and the local turbulence intensities by
heavy dashed lines,

From these results, one can see that the local turbulence inten-
sity decreases quite rapidly to 1--2 % in a few pipe diameters down-
stream of either the flat screen or the vorticity generator. Without
the vorticity generator, the speed profile at the location of 5% pipe
diameters downstream of the fiat screen is reasonably smooth over the
central portion and has a boundaxy layer of 0.37 inch thick adjacent to
the wall. After the vorticity generator is installed, it can be seen
that the speed profile is inverted to have a higher speed atl a larger
radius and small speed at the center, and at the same time the boundary
layer becomes thinner., Turbulence intensity is increased to 3--L %.

Further down the pipe, the inverted speed profile becomes smoother; the

f -
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thickness of the boundary layer increases againj and the turbulence in-
tensity dies down to 1--2 % at about half a pipe diameter upstream to
the test section entrance. The boundary layer is subsequently removed
and the flow entering the test section has a speed profile similar to
the one shown in the last graph of Figure 4-2B (central portion of the
heavy solid line on the last graph -~ 2} diameter downstream of V.G.).
The actual speed profile at the test section entrance are presented in
the next section.

In oxder to find out the axisymmetric characteristics of the
generated velocity profile, hot wire measurements of the local average
velocities and turbulence intensities were made at an axial location
one diameter downstream of the vorticity generator. The hot wire sen-
sor was placed at a certain radial location and readings were taken
while the vorticity generator was being rotated through twelve different
azimuthal angles (30° apart). Then the sensor was moved to a new radial
location, and the same procedure was repeated. In Figures 4-34, B & C,
for various xadial locations, graphs are plotted with axial velocity
deviation (Q/Q, in %), along the axis of ordinates and azimuthal angles
of the vorticity generator (& in degree), along the axis of abscissa.
Where @ is the local average speed and Q. is the average speed of twelve
@ values at the same radius. It can be seen that the maximum axial ve-
locity deviations from Q, are +3.9 % and - 4.8 %. In view of the fact
that these data are taken only one pipe diameter downstream of the vor-
ticity generator, the generated velocity profile can be considered to
have a reasonably good axisymmetric property. Turbulence intensity along

radial direction is generally lower at the center, increases, decreases



- T -

r=0,UnG=66.04 ft/sec -
0] 180
Ot — T T ee— e 160
-0k 140
e o O e e O g =P e — —— _..:;20
2\: ; 4 + ' 4 + + O
r=0.2, Upvg.=67.68 ft/sec -
IOF 180 __
& e de B
< 0 o 60 <=
O i - o
- -} a0 £
,Q o-—-&.__.____.___.___._.[_._--o---o—--.._-o-—-:‘:‘z.o o
= _ -
3 N — . o £
Q r=0.4", Uavs.=68.19 ft /sec : =
- IO 180 <+«
5 Ob————— 60 o
S Lo o
L -Or 140 o
— .—--o-__..--o--..__-o—-_.--[”-—+—-0--+—-<2,0 B
= | 5
3 PR | o B o
r=0.6",Uavg. =68.6l ft./'sec .

-10¢ 40

- e e — =T O s 2.0

O 60 120 180 240 300
6 (Degree)

Flgure 4-3A, Azimuthal distribution of velocity & turbulence intensity
profiles in the straight pipe (6 dia. downstream of flat
screen and i dia. downstream of the vorticity generator).




- -

10 r=08, Uave. = 11’0.5,10 ft/sec - 80
"'IOL // \\ 40
/ 1
e TS Y20
2 10" Unvg =74.33 ft/s 0
() r=1.0 ,VavG = 4. sec -
=~ 10K 180
(- O"‘\‘- . ™ _ —— . N - :60 ’3
< \ PR et
C “'O"’ e \\’/A\ /A\\ /L.- N\ 40 (@ ]
- N v ) ~
& 20 ©
a - >
gg ——t — T — @) Eg
T r=12",UavG. = 77.33 ft /sec X &
o |Of 4180 "2
¥ oy | A =
6 OW‘L —- > I‘\ 6-0 )
g -0} ST / \ao &
2 N Y 3
X TR O
< r=1.4", Upyg =80.07 ft /sec J
IO e 180
O'Wr - v\\—*—'"\' 60
/ .
or N SN T \ A40
v/ \ /’. \ 7z -
d ~v 120

1 1 1 1 i i O
0 60 120 B8O 240 300
8 (Degree)

Flgure 4-3B. Azimuthal distribution of velocity & turbulence intensity
profiles in the straight pipe (6 dia. downstream of flat
screen and 1 dia, downstream of the vorticity generator).




- P -

p—

r=16" Unvg -82.76ftkec = .

IOF 180

Opb——— e, =60

S Jof lao
(; 1——0-—**_4—4~4—4—4~—¢__4—~;2.O’;5
~ | b ! + 4 : : ; . ; O <
o r=18", Uave, =88.13 ft/sec 1 9
= |IOF 180 &
S : R
35 C)“"—_.""“"—'.—‘_~‘\“=; - >— +6.0 5;?
2 _iof {40 &
e — O —.— —4”".\7:_" e ' {g
> - N o —e— ~1"2.0 =

S

o — e R 0] Eg
9 r=2.0" Uave.=83.31 ft/sec 17 <
—. 10OF 180 =
= > "E

-lof TS =340

120

1 i 1 1 1 . | 1 1 1 1 O
0] 60 120 180 240 300

8 ( Degree)

Fgure 4-3C, Azimuthal distribution of velocity & turbulence intensity
profiles in the straight pipe (6 dia, dovnstream of flat
screen and 1 dia, downstream of the vorticity generator).



- 74 -

and finally increases somewhat close to the wall. This particular si-
tuation is directly related to the special properties of the vorticity
generator, For different vorticitiy generators, turbulence characteris-
ties are different. TImmediately behind the shaped gauze screen, a large
amount of flow is being diverted toward the outer region of the pipe
and is subsequently forced to make an adjustment in its flow direction;
This creates strong shearing effects at the middle range of the radius
producing higher turbulence intensities at the same time. Murther down-
stream, the turbulence levels are reduced as can be seen on Figure 4-2B.
Figures 4-44 and B are the oscilloscope pictures of some RMS
signals of tl -~ linearized bridge output at three different axial loca-
tions on the axis of the straight pipe. Tbese RMS signals represent the
fluctnating velocity components perpendicular to the hot wire sensor,
Two conditions are shown here, one with the vorticity generator install-
ed in the pipe and the other without. It can.be seen that the RMS values
increase right behind the vorticity generator and decrease further down
the pipe. BExcept for the magnitude differences, these signal traces
appear to have the same general turbulence characteristics. DMagnitudes
of each trace are gquite uniform, and the frequencies are all quite high

(estimated at about 1200 -- 2000 Hz.).
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2.2, Test chamber

The detailed hot wire measurements inside the test chamber were
conducted only for one flow rate and with the vorticity generator in-
stalled in the incoming straight pipe. Results for fluild speed and tur-
bulence intensity measurements are summarized in the next ten figures
(Figures 4-5, 4-6A, B, and C; 4-7A, B, and C; and 4-84, B, and C), They
are organized into three sets; each contains the information for one
meridional plane. Therefore the three sets represent the three meri-
dional planes of (° - 1805 60°- 2405 and 120°- 300° respectively. Bach
set represents the normalized speed profiles (Q/Q,..p), the local turbu-
lence intensities (fF/Q) and the absolute turbulence intensities
(3f/Qref). Where Qpef is the reference speed at the chamber entrance
X = +5.2 inches and on the axis }~ = 0.0 inch.

Numerical data for these graphs are included in Table 4 of the
Appendix. Actual measurements were carried out for stations along the
axis in 0.5 inch increments and generally for 0.2 inch radial increments.
For briefness and clarity, only the data on aliermate axial cross-sec-
tions are presented here. The ones not presented show the same basic
characteristics and trends. At locations X, = +1.75 inches and X =
~1.25 inches along the axis, hot wire measurements indicated two minimum
average speeds of 1.58 fi/sec and 3.47 ft/sec respectively. Therefore,
detailed measurements were taken for these two cross-sections also,

In Figure 4-5, each circular dot represents a single data point
where hot wire measurement has been taken. Numerical values for these
data points are shown in Table 4 of the Appendix. It can be seen that

the velocity has very small magnitude in the central region of the test
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Figure 4-5. Normalized speed profiles (Q/Qper) in %, in the test chamber,
0°- 180° plane. Data points inside the confinement region are
presented only as an indication for their possible maximum values.

T T
WL

- -

i o paiand b il it Rl aane o



00 50 O
| M T—




~

l

N

i,

t
[}
_/-—'___““—&_.__‘__

\
; \\
T
\\ / ‘
j | 5 4/‘\ /f
K\h‘ 00 50 O

Flgure 4-6B. Local turbulence intensity ($7/Q) in %, in the test chamber, 0°~ 180°plane,

-6l ~




HOB-
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chamber, Although the speed reading in this region is not very accurate
(see later explanation), it still gives an indication for its possible
maximum values. While all the profiles represent only the velocity
magnitudes, not its directions, it should also be noted that there are
flow reversals inside the central region as indicated by the tuft probe.
Data for the other two meridional planes have the same general character-
istics. A dashed circle of 1.5 inches in radius has been drawn in the
central portion of the test chamber. It represents the spherical self-
confined region as mentioned in the previous chapters. From tuft probe
visualization results, we know that there is a self-confined region and
its approximate location. With the aid of this rough picture and after
the three normalized speed graphs (Figure 4-6A, 4-7A and 4-84) are plot-
ted, we then try to place a circle of 1.5 inches in radius in the cen-
tral portion of the test chamber such that the speed on the boundary of
this circle will be minimum (if not zero). The result is quite good; a
self-confined spherical region fits into the graph very well. However,
the center of this spherical region is shifted to 0.25 inch upstream of
ihe chamber center and off the axis of symmetry by the amount shown in
the Figure 4-9 below. In order to visualize such a confinement region
in the test chamber more easily, tie above mentioned circle is placed on
to each of the remaining nine figures in the same manner, and inside the
dashed circle speed profiles are not presented.

Because of the skewness of the confinement region, speed profiles
on either sides of the region are not symmetrical as can be seen in the
normalized speed profiles. Although the speed on the region boundary

does not vanish, iis magnitude is very small. The local turbulence



Self-Confined Region

Figure 4-9, Location of the self-confined region at
the cross-section of X = + 0,25 inch.
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intensity there is high. This small speed is thought to be related to
the local iurbulence across the region interface, So the self-confined
region does not have a very clear-cui, solid boundary. Rather, the
boundary is a fuzzy zone with small turbulence velocities in different
directions. Therefore the dashed circle ounly represents a time average
position of the region., In spite of this situation, the confinement
region still exists. The existence of the self-confined region as de-
scribed above is further confirmed by the flow-rate calenlation in the
next section.

As indicated by the tuft probe, there are flow reversals inside
this region and thus the flow would rash over the probe support first
before it reaches the hot wire sensor, The disturbances created by the
probe supporit would render the hot wire signals inaccurate. Besides,
inside this region, the flow pattern may be very complicated. Further
experimental work, especizlly good flow visnalization, has to be done
in order to completely undersiand the phenomenon. HNevertheless, hot
wire measurements inside this region have indicated that the speeds are
generally low with some regions having slightly higher speeds than
others (Figure 4-5}. “Local turbulence intensities are high due to the
low loczl mean speed, bu’ the absolute turbulence remains low through-
cut the entire region (see numerical date in Table 4 of the Appendix).

A speed profile indicated by the dashed curve is also shown at
the chamber entrance on each of the three normalized speed graphs. It
represents the profile required by the theory in order to have the pro-
per vorticity distribution. One can see clearly that the actual, gen-

erated speed profile at the chamber entrance pocesses a greater amount

C. .o
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of vorticity than what is theoretically reguired. Therefore, it is con-
Jectured that the shifting of the region position to an upstream loca-
tion is caused by the excess in voriicity distribution of the generated
speed profile. Furthermore, one can also notice that there is a certain
amount of skeymess in the actual, generated speed profile at the chamber
entrance, and this corresponds very well with the dislocation of the
confinement region to an off axis position., In other words, the loca-
tion of the self-confined reglon can be directly related to the amount
and the characteristics of the vorticity distribution in the generated
speed profile. This phenomenon is certainly expected. As was noted ir
the second chapter, for a different vortiecity distribution, we may very
well obtain a different confinement region. It should be an easy matter
to prove this conjecture in future experiments by using slightly dif-
ferent vorticity generators to generate slightly different input pro-
Tiles, and then mapping out the confinement regioms for comparison.
More theoretical analysis on this situation will also be able to provide
deeper insight into the confinement mechanism in this flow.

One of the remarkable characteristics of this flow showm on all
the normalized speed profiles is that except for the smoothing effect
of ‘the viscosity, speed profiles have maintained and recovered their
shapes quite well downstream of the self-confined region. No flow s:-
paration has occured anywhere inside the test chamber. Due to the small
speeds in the central portion of the chamber, local {furbulence intensi-
ties there are higher, but have returned to small magnitudes further
downstream. Sven the turbulence in the boundary layer are suppressed

in the downstream part of the test chamber., Absclute turbulence

o s i e Lo Rk st s A
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intensities have remained small throughout the entire test section. No
flow instability has been detected.

Some oscilloscope pictures of the linearized RMS hot wire signals
along the axis of the test section are given in Figures L-10 and, 4-114
and B, In order to show the differences in the characteristics of the
fluctuating velocities, these pictures were taken for two different con-
ditions. Figure 4-10 is for the condition without the vorticity gener-
ator and Figure 4-1i is for the condition with the vorticity generator.

It can be seen that although the magnitudes of the fluctualing
velocities at the chamber entrance (% = +5.2 inches) in Figure 4-10 are
slightly lower than that of the Figure 4-1iiA (larger filuctuating velo-
cities caused by the vorticity generator), the fluctuating velocities
generally have a much larger magnitude and higher freguencies for the
former than that for the later., Especially at the chamber exit (% =
-5.2 inches), the difference in the magnitude of the fluctuating velo-
cities is quite large. In addition to having smaller fluctuating velo-
cities in the centxal porticn of the test chamber, the freguencies of
the RMS signal in Figure 4-11 are also much lower (about 150 - 500 Hz.).
These resulis confirm the facts revealed by the tuft visulization that
when the vorticity generator was installed in the pipe, the flow inside
the test chamber became very oxderly and a distinet flow region exisisd

in the central part of the chamber,

3., Flow rate calculation
The mass flow rates both at the test chamber entrance (9 = +5.2

inches) and at the chamber central cross-sectiorn {9, = 0.0 inch) are
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X=+5.2", Q =

58,12 ft/sec %= +2.5", Q = 50.62 ft/sec
RMSp, = 0.64 ft/sec RMSE, = 1.

61 ft/sec

X = 0.0", Q = 45.50 ft/sec
RMSy, = 7.6 ft/sec

X=-2,5", Q = 33.73 ft/sec = -5,2", Q = 52.75 f£t/sec
RMS, = 11.70 ft/sec RMSE, = 9.78 ft/sec

Figure 4-10. Linearized RMS hot wire signals along the
axis of the test section (without V.G.).
Scale: 1V/Cm-Vertical, 10 Milli Sec/Cm-Horizontal
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XK= +3.0", Q = 14,1 ft/sec
RMS1, = 1.50 ft/sec

X =+2.0", Q = 1.62 ft/sec X = +1.75", Q = 1.55 ft/sec
RMSy, = 1.03 ft/sec RMS], = 0.98 ft/sec

X = +1.25", Q = 2.00 ft/sec X = +1.00", Q = 2.12 ft/sec
RMS, = 1.22 ft/sec RMSE, = 1.31 ft/sec

%= 0.0", Q = 4.25 ft/sec
RMSp, = 1.73 ft/sec
Figur» 4-11A. Linearized RMS hot wire signals along the

axis ofthe test section (with V.G.)
Scale: 1V/Cm-Vertical, 10 Milli Sec/Cm-Horizontal




ft/sec

= -1.0", Q = 3.77 ft/sec X-=-1.25", Q=27
.14 ft/sec

RMSE, = 1.98 ft/sec RMSy, =

N =

X= -1.75", Q = 5.40 ft/sec X= -2.0", Q = 6.82 ft/sec
RMSI, = 2.56 ft/sec RMSE, = 2.55 ft/sec

X= -3.0", Q = 18.12 ft/sec %= -5.2", Q = 51.3 ft/sec
RMSp, = 2.49 ft/sec RMSL, = 2.58 ft/sec

Figure 4-11B. Linearized RMS hot wire signals along the
axis of the test section (with V.G.)
Scale: 1V/Cm-Vertical, 10 Milli Sec/Cm-Horizontal
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calculated, For this purpose, it is assumed that the self-confined
region in the chamber center is stat::q.ona.ry with respect to the main
flow, just as if the spherical region was a solid sphere.‘ Then the
mass flow rate at the entrance must be the same as that through the
skewed annulus (similar to the one shown in Figure #4-9) at the central
cross-section in order to meet the contimmity requirement.

References are made to the normalized speed profiles in Figures
h-GA, 474, and 4-8A, and the rmmerical data in Table 4 of the Appendix.
At each radial position, six speed measurements have been ’c.aken (i.e.
every 60°in the azimuthal direction) for a certain radius /. Mass
flow rate calculations are carried out by numerical integrations over
both sections. The speed is assumed to be constant over a sector of
anmilus with radius }°, width '-*1-‘9;, and an included angle of 60 center-
ed around the measuring station. Where A} is the radial increment for
the {neasuring stations, For entrance sectionAl™= 0.1 inch and for
central section A} = 0.2 inch.

The two mass flow rates thms found are surprisingly close to each
other. Except for the third decimal figure, they are identical.

Mass flow rate at entrance section (X = +5.2 inches)

= Mass flow rate at the central anmular section (X = 0.0 inch)

2.85 e 1b/sec

i

This mass flow rate calculation is based on the measured speed data and
the flow geometry as shown in Figures 4-6A, 4-7A4, and 4-B8A. There is a
small degree of uncertainty involved in the mass flow rate calculation

for the central annular section. As discussed in section IV.2.2.2,

there is no clear-cui, solid boundary at the confinement region inter-
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face. The dashed circles only represent the time average position of a
certain fuzzy zone with low average speed {about 1.5 - 5.5 fi/sec) and
locally high relative intensity of turbulence (about 40-60 % ). There-
fore there is considerable amount of turbulent diffusion between the
fluids of the main flow and that of the confinement region across the
fuzzy zone., This would affect the accuracy of the hot wire measurements.
Nevertheless, this uncertainty would have little effect on the fiow xate
calcuiation. If the velocity at the region interface has an erxror of
50¢, by a very rough estimate, the local position of the time average
boundary will have a possible maximum error of less than 4% of the region
diameter (3 inches) so as to meet the continuity reguirement., In addi-
tion, the accuracy of the hot wire anemometer in the day to day measure-
ments is estimated o be less than 4%, In any event, the above uncer~
tainty or the possible errors involved will not affect the mass flow rate
calculation e great deal. The closeness of the mass flow rates at the
two sectlons helps us determine, with a reasonable accuracy the size

and location of the self-confined xeglon.




CHAPTER V

CONCLUSIONS

To a great extent, the original goals set for this experimental
study have been successfully achieved, and most of the questions raised
in the begimning have also been answered. However, in order to have a
more complete understanding of this problem, further theoretical as well
as experimental studies are required. Some suggestions on the dirsction
for future siudies are presented in the later section. Bas=d on the
results obtained in this experiment, some possible applications for this
self-confined flow are also ocutlined here. The major findings of this

study are now summarized below.

1. Summary

The theoretical model based on an inviscid, incompressilbile,
steady-state analysis showed that an isolated, stagnant, self-confined
region of constant pressure might be produced by suitable choices of
fiow parameters, The main concern, however, was that in a real situa-
tion, would this flow exist? REither the turbulence, instability, or
separation of the flow, or any combinution of these factors could under-
mine the confinement mechanism and made the theoretical model unrealis-
tic. There were also questions about how toc properly produce the re-
quired vorticity distributions. Now with the results presented in
Chapter IV, these questions have been settled and the existence of such
a self-confined region in a flow with a specified ring-vorticity dis-
tribution is confirmed. Furthermore, the flow appears to be unique and

...9?..
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stable. Even in the actual situation of this experiment, where the
generat=d velocity profile deviated from the theoretical value (too
much vorticity and some skewness in its distribution), the spherical
self-confined region of the right size still existed at the same loca-
tion every time the experiment was carried out. The only deviation
from the theoretical model indicated was that the position of the con-
finement region was shifted to 0.25 inch upstream of the theoretical
center and off the axis of symmetry by 0.41 inch. It is this author's
opinion that such a deviation in the location of the confinement region
is directly related to the shape of the generated veloecity profile.
Both the vorticity distribution and the symmetry of tris velocity pro-
Tile are important in determining the location of the confinement region.
However, the detailed relationship between the generated velocity profile
and the location of the confinement region are yet to be determined.
This experiment has shown that there has been no undue influence
of the low turbulence level in the incoming stream on the confinement
mechanism, except for the possible effects on the turbulence character-
istics at the interface between the self-confined region and the main
flow., Again, this is the area which reguires more detailed study in the
future so that the relationship between the turbulence in the incoming
stream and that of the region interfz~e can be bettier undersiood. In
the initial stage of the experiment, flow separation was found at the
sharp leading edge of the test section entrance scoop. This problem
was subsequently corrected by blunting out the sharp leading edge to a
semi-circle shape., With this problem eliminated and the introduction

of the generated velocity profile into the test section, a self-confined
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region was formed in the central part of the test chamber. The flow was
very orderly and no flow separation was found anywhere along the chamber
wall., This contrasted dramatically to the situation when the vorticity
generator was not used in the incoming straight pipe (see Chapter IV for
detailed descriptions). The velocity prafile produced by the vorticity
generator definitely contributed to the formation of the self-confined

region and the orderliness of the flow in the test chamber.

2. Application

The author feels that the self-confined flow studied here could
offer a new range of important possibilities for fluid mechanical con-
finement. If the other known confining mechanisms, such as the vortex
breakdomn phenomenon or the electromagnetic pinch effect, could be com-
bined with this ring-vorticity case, a very powerful confinement method
could be devised, Although the concept of a muclear core reactor can
not be realized yet, it could be brought closer to reality if a good
confinement scheme could be found. The confinement mechanism illustra-
ted in this experimental study could certainly make some contribution
toward that end.

Most importantly, this method of fiow confinement could be deve-
lored so as to have immediate benefit for some practical applications.
For example, the concept of self-confined flow could be incorporated
into a turbine combustor design such that the fuel could be confined in
the combustor and with the help of the turbulent diffusion across the
region interface, the combustion process might be better controllied.

Of course, the concept of the vortex breakdown could also be

:f /£A"...m o eea .lA.‘~,_.<~ .. .
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incorporated into the design to further enhance the confinement process,
There also could he useful applications for this iype of self-confined
flow in the fields of chemical processes where a region of fluid must be
contained within a flowing medium without touching the chamber walls.

One interesting result revealed by this experimental study was
that the flow inside the test chamber was very orderly and no flow se-
paration was found anywhere in the chamber. In view of the large area
ratio (3 to 1) between the central section annulus to the entrance of
the test chamber in such a short distance (5.2 inches which is shorter
than the diameter of the central cross-section), an oddly shaped but
very effective flow diffuser can be made. Such a diffuser has a peculiar
shape because the central self-confined region is relatively stagnant to
thz main flow, just as ii the whole spherical volume was a solid block
standing there with respect to the main flow. Also the test chamber has
a certain specific contour as required by Eguation (3-2). A more prac-
tical diffuser could be made if the rear half section of the test chamber
could be eliminated, or even if the contour of the chamber could be mo-
dified to have a simpler shape. These modifications are considered to
be possible but more studies are certainly needed before any definite

relationship or rule could be established.

3. Suggestions

The experimental study performed here is only the first effort
made to establish such a self-confined flow in the real situation. For
a new flow phenomenon like this, there will certainly be a Jot of ques-

tions and also difficult problems associated with its practical
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applications. This study has only broken the ground and a great deal

of research work still remains to be done before all the questions could
be answered and the whole phenomenon fully understood. Some areas for
the future study on this problem are suggested below,

Flow visnalization for this experiment was carried out with a
tuft probe which was good only for general flow indications. Smoke
visualization was tried but it was not very successful, It is strongly
recommended that a good smoke visualization method be used as the next
step in this experiment. A controllable smoke generator with sufficient
amount of dense smoke is needed. Smoke could be introduced into the
confinement region from downstream side to occupy the self-confined
region, or a sheet of smoke could be introduced into the incoming siream
s0 that the smoke would follow the main flow and passes around the con-
finement region. Then good photographs could be taken for better under-
standing of the flow patterns inside the test chamber,

One of the special features of thls self-confined flow was in the
generated velocity profile of the incoming flow such that it had a pre-
scribed vorticity distribution. The vorticity generators tested in this
experiment were all passive devices, i.e. they provided differenti resis-
tances across the pipe diameter {0 create different velocities. Pressure
drops (or losses) were incurred through this process. There were also
problems with the axisymmetry with the generated velocity profiles.
Unless a series of different devices are made, it is difficult to study
the effect of the vorticity distribution and symmetry on the formation
or the characteristics of the confinement region by varying the generated

velocity profiles. One plausible remedy for this problem is to use an
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array of tiny Jjets compactly arranged in a series of concentric rings,
Flow rate from each tiny Jet can be individually adjusted fo give a
desirable dowmstream velocity profile. If more sophistication is allow-
ed, the flow rate of each jet can be controlled independently by a small
computer so that quick and accurate changes can be made with very simple
commands to the computer.

As stated in the third chapter, in order to simplify the cons-
truction, a straight pipe was used upstream of the test section for the
velocity profile generation. Even though a reasonably good vorticity
distribution could be produced in the straight pipe, there was no ra-
dial velocity component as regquired by the theory. The experimental
results have shown that the confinement mechanism was not significantly
affected. The theoretical model conld be more realistically approached
in any future study if a propexly contoured incoming pipe is used to
develop the correct amount of radial velocity before the test section.

In this experiment, the boundary layer was removed immediately
before the flow entered the test chamber, Effects of the boundary layer
build-up could be siwdied by eliminating the boundary layer removal
section. Also, for a more sophisticated seit-up, boundary layer suction
arrangements could be applied to the test section walls to study the
effect of the boundary layer on the confinement region.

The effect of density difference and of energy evolution and
transfer require much further theoretical as well as experimental siudies
before practiczl containment applications can be claimed. Heavier fiunid
could be introduced into the confinement region to see whether it could

be contained., However, stability theory suggests that it would indeed
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be desirable for a rotationally confined heavy fiuid to be at rest (Ref.
17). The diffusion rate across the region boundary as well as

the total leakage rate of the fluid from the region should be investi-
gated. Both the diffusion and the leakage would actually help the com-
bustion process if fuel is confined in the central region.

Theoretical, experimental, and numerical work could also be per-
formed to study the relationship among the incoming velocity profiles,
the chamber contour and the shape and location of the selif-confined
region, Further work could also be done for the cases where F(?ﬁ) in
Bquation (2-i4) takes on different values other than constant. Maybe
more detailed turbulence work (e.g. scales, spectra, Reynolds stress,
ete.) could be done in order to understand the commections between the
turbulence of the incoming stream and that of the region interface.

This understanding is esseutial for the practical combustion processes.
Also Laser Doppler Anemometer could be used to measure the flow speed,
direction as well as tucbulence characteristics. However, in order to
accomnodate the IDA system, the entire test section may have to be
redesigned.

Finally, a simpler variation of this experiment could be perform-
ed for some useful applications. As mentioned in the last section that
suppose the rear half of test chamber is eliminated, what would happen
to the confinement regiont The flow could simply exit into the open air,
or into a straight pipe of 6.066 incnes in diameter. The simpliest case
would be just to let the generated velocity profile (maybe from a straight
tappered pipe in orxder to have proper radial veloeity component) exit into

the open air like .. jet, or into a straight pipe similar to the arrangement
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in a combustor canister. More understanding for these phenomena would
certainly be very important for the practical application of such a
self-confined flow in combustion, turbine combustor design and other

general fluid mechanical confinement processes,
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APPENDIX
Table 1

Coordinates for the test section interior wall

X r
finch! inch
0.000 3.033
0.146 3.018
0.2i2 3.015
0.339 3.008
0.456 - 2.999
0.548 2.989
0.608 2.982
0.728 2,966
0.920 2,934
1.218 2.871
1.441 2.813
1.505 2.795
1.810 2.698
2.060 2.609
2.274 2,526
2.4h64 2,450
2.635 2.377
2.939 2,246
3.206 2.131
3047 2.027
3.671 1.934
3.881 1.850
L.080 1773
272 1.703
4,365 1.670
4,548 1.609
L ,726 1.552
4,900 1.499
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Table 2

Hot wire calibration data

Bridge
P-S Reading Speed Voliage
(in.-water) (ft/sec) (volt)
0.0000 0.00 2,082
0.0070 5.64 2.656
0.0135 7.83 2.736
0.0200 9.53 2.803
0.0320 12.06 2.888
0.0465 14,53 2.956
0.0630 16,92 3.014
0.0760 18,58 3.048
0.0985 21.15 3.105
0.1280 24,11 3.161
0.1675 27.59 3.218
0.2250 31,97 3.288
0.2955 36.64 3.355
0.3710 L1.05 3.409
0.4600 Ls.71 361
0,6615 54,82 3.558
0.8890 63.55 3639
1.1180 71.27 3.703
1.4380 80.83 3778
1.7950 90,30 3.8%

Roonm temperature: 76 F
Sensor cold resistance: 5.022 Ohms
Overheat ratio: 1.6

Operating resistance: 8.04
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Table 3

Yinearizer calibration data

Bridge* Linearigzer
Speed* Voltage Output
(ft/sec) (volt) (volt)
0 2.082 0.000
1 2.243 0.100
2 2.358 0.200
3 2.450 0.302
4 2.526 0.405
5 2.587 0.501
8 2,739 0.808
10 2.818 1.014
i2 2,880 1.214
15 2.970 1.517
i8 3.043 1.816
20 3.086 2.017
25 3.182 2,518
30 34263 3.015
Lo 3307 3.999
50 3.509 5.000
60 3.605"° 6.002
70 3.691 7.031
80 3.765 8.031
90 3.831 9.000

¥ Values of the speed and bridge voltage used in this table
are taken from the hot wire calibration curve plotted on
a large graph paper for accuracy (the curve is similar

to the one shown on Figure 3-9).
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Table 4

Detailed hot wire measurement data for the test section
(partial list)

Nomenclainre

ANGLE: Azimuthal angle in degrees, starting from the twelve
o'clock position and in the counterclockwise direction

SPEED: Fluid speed in the meridional plane in ft/sec

SPEED RATTO: Ratio of the local average speed o the reference
speed at X = +5.2 inches and ¢~ = 0.0 inch, i.e.,

U/ Qer
RMS SPEED: The fluctuating speed zjin £t/sec

7
LOGAT TNT: Local turbulence intensity in %, £/Q

TURB INT: Absolute turbulence intensity in %, ﬁ,/Q'ref




ANGLE

30

60

90
120
150
180
210
240
270
300
330

30

60

90
120
150
180
210
240
270
300
330

30

(v

90
140
150
180
210
240
<1V
300
330

SPEED

47.062
47.62
47.05
4“.95
4&.87
46.80
46.80
460.80
46 .80
46495
4T7.13
47.35

47.64
47.90
48.25
48.10
4T.85
4735
46.60
46.17
4b.04%
46440
40+55
46,85

47.62
47.85
48402
48e80
48.0/7
47.90
47.07
46440
40.10
46456
46472
46485

SPEED KATID RMS SPEED

X= 5.20

l.0l2
l1.012
1.000
0.998
0.996
0.994
0.9494
0.994
0.994
0.998
1.001
1.0006

X= 5.20

1.012
1.018
1.025
1L.022
1.017
1.006
0.990
0.981
0.978
0.986
C.58%
0.996

X= 5.20

1.012
1.017
1.033
1.057
1.033
1.018
1.000
0.986
0.980
O. 989
0.993
0.990

v 14D w

0.940
0.960
0. 940
0.960
0.930
0.910
0.920
0.930
0.950
0.920
0.950
0.930

0. 890
0.919
0.900
0.910
0.950
0.920
0.910
U.830
U.800
0.820
0.830
0.860

0.820
u. 850
0.820
0.770
0.800
0.840
0.840
0.830
0.750
0.770
0.800
0.820

LOCAL INT

R=0.000

1.974
2.016
1.998
2.045
L.984
l.944
l.966
1.987
2.030
1.960
2.016
l.564

R=0.100

l1.868
1.900
1.865
1.892
1.985
1.943
1.953
1.798
1.738
1.767
1.783
l1.836

R=0.200

1.722
1.77¢6
1.687
1.578
1.645
1075"'
1.785
1.789
1.627
l.654
1.711
1.750

TURB INT

l.997
2.040
1.997
2.040
1.976
1.934
1.955
1.976
2.019
1.955
2.019
1.976

1.891
1.934
l.912
1.934
2.019
1.955
1.934
le 764
1.700
l.742
1. 76"
1.827

1.742
1.8”6
l. 742
1.636
1.700
1. 765
1.785
l. 764
1.594
l.630
1.700
l.742




ANGLE

30

60

a0
120
150
180
214G
240
270
300
330

30

60

90
120
150
180
210
250
270
30u
330

30

606

90
120
150
180
210
240
270
390
3340

SPEED

47464
41.66
48.72
49,55
49,00
48.60
48400
464590
46.60
4T .84
47470
47.85

48.00
47.80
48.78
49,75
49,77
49.72
484,65
47.87
47462
48.65
48 .47
48,75

48.70
4til.b0
49,55
50.25
50.50
50.72
48.75
48,02
43.48
49,71
48,92
49,65

SPEED RATIO RMS SPEED LOCAL INT

X= 5.20

l.0L2
1.013
1.035
1.053
1.041
1.033
1.020
0.997
0. 990
1.012
1.014
1.017

X= 5.20

1.020
1.Gls
L.037
1.057
1.058
1.057
1034
1.017
1.012
1.034
1.030
1.036

X= 5.20

1.045
1.033
1.053
l.Ubb
1.073
1.078
1.036
1.033
1040
1.058
1.040
1.055
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0.510
0.820
0.870
0.7190
0.690
0.710
0.750
0.893
0.790
0730
0.750
0.830

0.860
0.810
0.910
U720
0.690
0.700
0.710
0.900
0.820
0.780
0.700
0.790

0.850
0.930
0.890
0.730
0.710
0.7250
0.709
0.899
0.880
0.790
0.710
0.740

R=0.300

1.700
1.721
1.786
1.433
1.408
lua4bl
1.563
1.898
1.695
1.658
1.593
1.735

R=0.400

1.792
1.695
l.866
le447
1.386
1l.408
1.459
1.880
1.722
l.603
1.464
l.621

R=0.500

l.745
1.914
1.79b
1.453
l.406
l.479
1.436
1.831
l.815
1.587
1.451
l1.490

TUKB INT

l.721
le742
1.849
1.509
1l.466
1.509
1,594
l.391
1.679
1.679
1.615
1. 764

1.827
1.721
1.934
1.530
l: 4006
l.487
1.509
1.912
l.742
1,657
1487
1.679

l.806
1«9706
1.891
1.551
1.509
1.594
l.487
L.8S1
1.870
1.679
1.509
1.572




ANGLE

3¢

Y Yo I

o0

120

150%

180

210,
240
270
300
330

10
30

- 60 -

90
120
150
180
210
240
270
300
330

20

&0

90
120
150
‘180
210
2440
27Q
300
330

SPEED

4B8.82
48.70 -
49,50
49.72

50.13

50.80

51.53

48.77
49455
49.77"

51.20

50445

50.58

50.60

50,45
51,75

52025ﬂ
51.20
51.8%

92483
5U.60
51.00
52.70
53.52
52.50
52.25

51453
53490
53.60
52425
52472
53450
51,63
52468
55.44
54,88
53475
53495

SPEED RATIO RMS SPEED LOCAL INT

X= 5.20
. 1.037

: 1.035.?

1.054
: 1005?

1.065

1.079
1.085
1.0306
1.053
1.u58
1.088
1.072
1.075

X= 5.20

1.075
1.072

1.100 .

1.110
1. 068
1.102
1.123
1.075
1.084
1.120
1.137
lell6
1.110

X= 5,20
1.095

1.145
l.139

1.110.‘

1.120
1.137
1.097
1.119
1.179
l. 106
1.142
1,138

i perr o YT
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0.820
-00840

).u50

0.980
0.720
0.690
0. 740
0.730Q
0.840
0.990
0.780
V. 750
0,700

0.780

01790
1.190
1.050
0.680
0,770
0.710
0.810
1.030
0.830
0.820

0.780

0.500
1.230
1.030
0.850
0.720
0.790
0.710
0.920
0.940
0.810
R.680
0.570

'R=0-600"

1.680
C1.725
S 24117

1.971
1.436

1.358 .

1.436
1,497
1.695
1.989
1.523
1.487
1.384

R=0.700

" Le542
1.566
2.300

 2.010
1.311
1.458
1.403
l1.588
1+954
1.551
l.562
1.493

R=0.800

l.552
2.282
1,922
1.6217
1.366
le477
1. 746
1.6%94
1.476
1.637
L.625

TURB INT

le 742
1.785
2.231
2.082
1.530
l.466
14572
1.551
1. 785
2104
1.657
l. 594
1.487

1.657
1.679
24529
2.231
1l.551
1445
1l.0636
1.509
1721
2.189
l1.764
1742
1.657

1.700
d.6l4
- 24189
1. 806
1.530
1.679
1.509
l. 955
1.997
1.721
1.870
l.849

iR R R LR

AR
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A0 Rl L e L Lo

ANGLE -

30

60 -

90
120
150
180
210
240
270
390
330

30

60

90
120
150
180
210
240
270
300
330

30

60

90
120
150
162
160
210
240
270
330
350

—- ..

SPEED SPEED RATIO kMS SPEED LOCAL INT TURB INT

52.53
56.00
55.66
54415
53.68

54.92

53.10
54.75
57.70
56.75
55.75
55.20

53.65
57.87
57.65
5650
54.87
55475
55.35
57.50
59.80
59.00
57.67
56.72

55463
60405
59,25
58,63
56470
57475
56.70
57.70
60.00
61.60
61.30
59. 86
58463

X= 5,20

l.1106
1.1%0

1.151
lo14l
1.159
1.128
1.163
l.226
1.206
1.189%
1.173

X= 5,20

1.140
1.230
1.225
1.201
l.166
1.185
1176
1.222
1.271
l.254
1.230
1.205

X= 5.20

l.182
L.276
1.259
le246
1.205
l1.227
1.205
1.2206
1.275
1.309
1.303
l.272
L.246

0.830
1.070
0.840
0.990
0.690
0.730
0.750
0.950
0.810
0.760
0.890
0.920

0.920
0.920
0.700
J.880
0.720
0.730
0.770
Q. 720
0.690
0.680
0.720
0.920

1.100
0.870
0.640
0.650
0.770
0.790
0.820
0.750
0.720
0.669
0.650
0.590
7970

1.580
1.911
1.509
1.6828
1.285
1.339
l.412
1.735
1.404
1.339
1.596
l.667

R=1.000

1.715

1.590

1.214
1.558
1.312
1.309
1.391
1.374
le154
1.153
l.244
1.622

R=1.100

1.977
1.449
1.080
1.109
1.358
le308
1446
1.300
1.200
1.071
1.060
0.986
l.654

l.764
2.274
1.785
24104
le 4606
1.551
l.594
2.019
1.721
l.615
1.891
1.955

1.955
1.955
l.487
1.870
1.530
1.551
l.636
1.679
l+ 466
l.445
1.530
1.955

24337
1.849
1.360
1.381
1.636
l1.679
le742
1.594
1.530
l1.402
l.381
l.254
2.061




. ANGLE:

_30 7

© 90 .

120

150

le8

k80
-&h0

240

210
300
330

. 30
60
- 90 .
120
1807

210
240

5 (A

390

’,330:

60

80
120
150

180
210

240 .

210,

300.
330

“ele2s
360 03"

8 M Ll

e g A ol

S

SPEED SPEED RATIO RMS speeo,uugﬁﬁt INT  TURB INT

5785

62440
61.10

60403
58.80

60,00 -

58175
”ﬁﬂyﬂﬂ',TJ
62e25 -
63,70

63.80.

X= 5»20

l.£29

1.326

1.298

1.248

1.276
l.249
1275 =

-~ 16275
ke323
Ne354
14356
S Ne302.
L 1.276

1.100
0.900

0.620

04840

q.zso,.i-
0720 .

0.580

*60@87i'
65420
ESQBBP'”

62.55

- 61.80.
63435

62443

64228
66224
soite

63472

.f~§3l5°

o  X= 5;20'
63,25

;}63;50 B
66.29ﬂ;_.

66.20
65.30 .
66430

-64.663.‘

67.30

70.00
T0e10
. 66«37 . .

&6.13

1.263
1.385T¥;:;
1353
1.329 ,f
1313 7 -

e 3465;5u'
Cyes21 o

‘1;356;,. ,
1'408_ s
le4l9.: .
l'3547_y
i 349'

14344

*1*4@7{:'_¢
1-407 S

- 1.388

5 P01 EIEE

1-578 BN
T 1e430
_Q1.§87:f ;
16490
1e410

1405 - .

0220
‘0580
0830
Ce710
.0_30n
-ﬁOQGBO

0.610

0,580 ©
C.700

,__0?59& o

0.700
ﬁ,o;alﬂ PR
E A‘QBQ .

.ic090?7

0, 560_7

,006601"J
0660
©1.080 -

: R-l 200

1901
1.442

1.015

,!¢7ﬁ¢

R 1 300

o 0.966f'&4‘
1.190
- 1e400
1.328

s be200. -

', °.9321 L
"0-92& T

14097

0.996

.*L1964337 :7
. - le4ll -
©0.027
‘5 11007'

1.149

. Le263
v 14089

0.871}_;;

- 0.921

04989 . .
,1.036ﬁuﬁ@
o leT0L

24337

1.912
1.317

1e232

1;481‘

- 1.785

1.657

14530

1.232

: 1-254 o
 1.487

L 1e296.
2,252

24125

14955

14339
1.509

1.254

©1.700
1.445
1190

1.296

L 1.402
‘Lq402‘
21205

B

le 200‘:
Q% 850*::_
; 0¢6203-

- 06700

- 0.780

0.690

;ot?bo_f._ 
V.710 -
0.&30.-.

04650
.. 0670 .
T 1030

1.897
.lMZ§k[»ff

04937
1.057

1194 }
Clelhe -
fI@ﬂ&E
‘Qe936 -
- 0s986 .
0.927
"1.009

1558

N e G et it e st e

2.550

.1{30&
.[10317

1a487
1.657

1615 -

1.509
1.339

1,466

Le381°
22189

‘Vet24
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- ANGLE SPEED SPEED RATIG RMS SPEED LGCAL INT TURB INT

U X= 5420 R=1.450

0 64e32 1367 1.450 < 2.254 3.081
30 68475 - l.461 . - 0.800 1.164 - 1.700
' .§0 ' 66480 - Le4l9 04660 : 0.988- ' 1.40&

90 67.20 . 1.426 0.670 0,997 - 1.424
F 120 66480 1 1l.419 L Qe T90 1.183 - 1.679

"Iﬁq ﬁ?o?ﬁ‘ 16439 - 0;730‘.j 1;018 1&551

180 66.05 1l.404 - 0.770 1.166 1.636

210 68.20°  1¢449 - . 0.650 0.953 . . 1.381

240  Tl.25 led14 0.680 0954 l« 445

270 70445 1497 0.650 0.923 - le381

300 67.45  1.433 0690 1.023 1.466

330 61.05 1.297 0.960 1.572 2.040

| X= 4.50 R=0.000

Q 39.87 0.547 1.000 2.508 2.135
60 39.62 0.842 1.030 2.600 2+189
120 39,05 . 0.830 1.020 24612 24167

180 39.05 0.830 1.020 2.612 24167
240 39.40 0.837 1.000 2.538 24125
300 39.80 0.846  1.020 2.563 2.167

X= 4.50 R=0,200

_.0 39‘81'~ OQ&@? GqQOQ - 24257 . - 10912
60 4l.75  0.887 0.840 2.012 - 1.785
90 . 42.13 - 0.895 0.800 - 1.899 1.700
120 41 .50 0.8u2 0+840 2.024 1.785
180 39,72 0.844 - 0.950 2,392 2.019
240  38.20 0.812 0.840 2.199. - 1a785
300 38.%90 0.827 0.870 24237 1.849

X= 4450 - . R=0.400

0 40450 0.861 0.930 2.296"= L1976
60 42420 0897 . = 09490 . . 26227 . 14997
90 43,00  0.914  0.740 . l.721 14572
120 42490 - 0.912 0.700 - 1.632 1.487
180 - 4l.50 0.882 0.750 - 1.807 1.594
235 39.23 - 0.834° - 04910 24320 14934
240 39.25 Qe 34 0.520 2344 1,955
300. © 40.60 0.867 0.790 . 1;936 1.679

B L LAt o e d ik R b e et o M e R 8 L Bt o ans ot et e e A



ANGLE

60 -

120
140 -

180
- 225

240
300

60
120
135

180

240
263
270
300

00

120

180
240
300

40
60
120
180

240 .

300

.Y

o o

4237
43,20

44q75

44,22

'4Qq17

46.25
48.00
44.25
47.90
48.50
48.45
46.87

46455
50472
48.55
47.87

53,00
51.00 -

49.63

55150 1
544,25 -

5l.72
52.68

9615

54.62

X= 4,50

2 04967
o 0e903

" 0.903

X= 4450

0. 940
0.994
0.983
1.020
0.940
1.018
1.051
1.030
0.996

X= 4.50

0.989
1.078
1.032
- 1017
1.126
1.084%

X= 4.50

1.085

C«900 ,
. 0.918
oo De951 -
45.50
42450
.41.50.
42450
43{217

g.882 -

. 0.519

1.179
15153_._
1.099
1,119 -
c Le206 0
'lnlgl -

- 18 -

0.840

'0.770
0.6%0

1.000

1.050

0.760

0.800
1.160
0.710
0,740

0.710

1.100
0960
0.880
0.920

00870
0.810

0.710
- 0.810
0.790

0.890

1.150
0,670
04630

0.760 o
0,780
04640 .

0590

S K= 4e50

52400
:_.57156

1.105
1.221

‘10150

0.790

R

1000 - . .
0.710

R=0.600

1.983 .
2,315
"15587'
1.692

1.624
- 24410
. 2.4T1
" leT56

R=0.800

1.809
2.480
1.535
Ls542
1.605
2.296

1.979 .

l.81lé6

1963

R=1,G00

1.869

1.597
1.462
1.692

1.491

1745

R=10200

2.317

1.207
lel6l

l.481

0 1.080

Re1a300

2,212
‘“f;'}f3]4T-  ”

1469

SPEED SPLED KATIO RMS SPEED LOCAL IwT TURB INT

1,785
2(125

1.509

1.636
1,466

24125

2,231
1.615

1.700

2e 465

1.509
1.572
1.509
2.337
2,040
1870

1.955

1.849

1.121

1509

1.721

14679

ltagl

2eb44
1.339
1.615
1+657
14360
Lprﬁ




S T T EeEeEE T T R TR AR ey R TR e B TRARP R R e i e T A LA e e NORS W e 4

R e i L g e e e e e A R e = e T
= 119 -

ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT - TURB INT

60 56.20  1.194 0,610 ©  1.085 1.296
120  53.82 1. 144 0.700 . 1.301 14487
180  55.00 14169 - . 04730 . 14327 ... 1.551
240 58475  1.248 0,590 . 1,004 . 1.254
300 56.20 1.194 0:620  1.103 . 1.317

X= 4450 R=1,400

0 53.87 1.145 - 1.080 - 2.005 = 2,295
60 58.90 1.252 .0.610 1036 1.296
120 57«62 = le224 0.740 . . 1.284 1.572
240 62430 - 14324 0.640° - - 1.027. . 1360

%= 4.50 . R=1.575

S0 58.72 le248- - 3,140 =~ - 5,347 . 6,672
60 63.70 - 1.354 2.120 3.328 44,505
120 63.25 1.344 . 0.990 "1.565 2.104
180 62+40 1.326 = 1.080.. . 1.731 24295
240 67450 1434 1.080 1.600 2.295
300 64425 14365 . 2.120 . 3.300 4.505

U X= 4450 " R=1.600

-0 58400 l.232 3,520 - 6.069 7.480
60 6le15 14299 3.020 44939 | 6,417
120 58,90 1.252 1770 . 3,005 . 3,761
S k55 5163 - - 1097 . 44,210 . 8.1%%  E.946
180  56.62 1.207 34410 6.001 74246
240 63,21 = 1l.344 3.220 5.089 6. 842
260 64450 . 1371 2,750 - 4.264 5. 844
300 62.28 . 1323 . 3,060 4,913 6.502

. X=3.50 _v:v“a;d.ooo

0 23.00 ¢ 04469 . . 1.180. - 5,130 2,507
60 224877 Ge4B6° 0 14180 0 54160 - 24567
120 . 22435 . 0.4Th . 1.180 .  5.280 2.507
180 . 22,50  0.478 - l1.180 5.244 2.507
240 22495 0.488 - 1.200 . 5.229 2.550
300 23.00  0.489 1.180 54130 2,507

et TR L S A e 2 et L L T S Py (A . : . o -
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 ANGLE SPCED SPEED RATIO RMS SPEED LOGCAL INT TURB INT

X= 3,50 . R=0.200

60 25.84 . 0.549. 14600 - 3,870 - 2.125
90 25.95° . 0.551 1.000  © 3.854 . 2,125
120 2530 0.538 1. 060 4.190 24252
160 22.90  0.487 1.160 5.066 24465

240 20430 0,431 1.080 . 5,320  2.295
300 21.50 04457 1.080 5,023 2,295
S X= 3450 ‘R=04400

0 24.10 0.512°  © 0.960 ~ ~ 3.983 24040
L 60: 26450 . 0,563 . - 1,020  3.849- . 2.167

90 27.50 0.5L4 ' U.800 2909 1.700
120 27.18 0e578 0.790 2.907 1.679
180 2490 0.529 0.910 " 34655 le 934
240 21.20 0.450 1.060 5,000 2.252
330 23.70 0.504 0,970 44093 - 2.061

X= 3,50 R=0,600

60 26.60 0.565 1.080 4.060 2295

940 28450 0.606 0.840 2:947 . 1e785
120 28.55 0.607 0.500 2.802 1.700
180 2595 0.551 0.800 3.083 1. 700
300 25.80 0.548 0.830 3.217 l. 764

X= 3.50 R=0.800
0 26.55 0. 564 0.9560 3.616 22040

60 28430 0.601 1+320 4.664% 2.805
120 30.00 Qe637 0790 2,633 1.679
140 31.75 0.675 0.880 2.772 1.870
180 26.50  0.563 04800 - 3.019 1.700
225 25.10 0.546 1.120 - 44358 24380

- 240 26.70 0.567 : 1.280 4479 2720

300 28.82 0.612 0.950 3,296 - 24019
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1-121—

ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT TURE INT

| X= 3.50 R=1.000

‘0 27.90 0.593 0.920 3.29T7 1,955
50 33.7% 0.717 1.350 4.000 2.869
90 29.75 0.632 . 0.920 3.092 1.955
120 3l.25 ~ 0,604 J0.810 24592 I.721
140 33.95 0.721 0.810 2.386 - 1a721
1860  27.82  0.591 0.840 3.019 1.785
195 27:25 - 0.5719 0.840 3.083 1.785
240 32.40 0.688 L.450 4.475 3.081
260 33,40 @ 0.710 1.240 3.713 2.635

X= 3.50 R=1.200

0 29.25 0.622 0.970 3.316 2.061
60 35,77 0.760 1.040 2.907 2.210
120 32.60° 0.693 0.820 2.515 1. 742
180  31.00 = 04659 0.950 3.065 2.019
240 38410 0.810 1.060  2.782 2.252
300 35,20 0,748 1.140 3.239 24422

X= 3.50 R=1.300

0 29.97 0.637 1.030 3.437 2.189
60 37432 0.793 . 0.870 . 24331 1.849
120 33.65 0.715 0.870 2.585 1.849
140 36.53 ° 0.776 0.700 1.916 14487
180 32.75  0.696 1,040 3,176 2.210
240 39480 04846 - 0.870  2.186 . 1.849
300 37.30 0.793  1.010  2.708 = 2.146

0 30.70 0.652 . 1.100 3,583 . 2.337
60 38450  0.818 0,800 2,078 1.700
1200 35,90 04763 . 0.900 . 2,507 - 1.912

180 35.30  0.750 0,980 2,776 . 2.082
240 41.60° 0.884 | 0.920 - 2.212°°  1.955
300 39410 04831 - 0.970  2.481 | 2.061

e a0 U Releese o

03380 0718 Laso o 4a290 3.081
68 41400 0.8T71 7 0.670 “1a634 . 1.424
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ANGLE, SPEED SPEED RATIO RMS SPEED LUCAL INT. TURB INT

120 38480  0.824 0.870 2,242 = 1.849
180 - 39.25 = 0.834 0.670 2.217 1.849
240  44.15 0.938 04660 14495 . 1,402
300 40.95  0.870 0.700 14709 . 14487

X= 3.50 R=1.800

0 37.062 04799  1.600  4.253 3.400
60 43.05  0.915 . 1.510 3,508 . 3.209
120 42.20  0.897 14340 3.175  2.847
180  42.40.  0.901  1.140 24689 . 2.422
240  46.72 0.993 1.350 2.890  2.869
270  47.50 - 1.009  1.450 3.053 3,081
300 43.45 0.923 1.260 2.900 2.677

X= 3,50 . . R=1.840

0 38.00 0.807 1.920  5.053 4.080
60 42437 0.900 = 2.560 6,042 5,440
120 42.45 0.902 1.880 4,429 3.995
180 42.55 0.904 1.669 3.901 3.527
240  46.22 0.982 2.190 44738 4,654
265 46.82 0.995 2.250 4.8006 4.781
300  43.32 04921 2.010 44640 4.271

X= 3.50 | R=1.950

0 31.50 0.609 4,890 15524 = 10.391
45 28437 0.603 5.700 20,092 12.112
60 31,00 04659 . . 5.510  17.774  11.708
120 32.80  0.697 5,210 15.884 11.071
180 32.28 0.686 54200 164109 11.050
240 33.10 0.703 5.700  17.221 12.112
270 33,18 . 0.705 . 5,820 . 17.541 12.367
300 32.12 0,683 5,510  17.154 = 11.708

S X= 3.50 a-x 990

45 22.72 o.4u3 . 5.110 :.22.491 {f,{lo.asa -
60 254257 0.537 55100 20198 10,837
120 26,68 - 0.567 4.910 184403 10.933
1o  25.30 0.538 T 44810 - 19.012 - 10.221
L2400 26.82 0,570 5.180 19.314 11.007 .
205 27,75 - 04590 7 0 5,290 194063 1la264)
3U0 25497 04552 . 54100 194638 " 10837
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 ANGLE ' SPEED SPEED RATID RMS SPEED LoéAL INT TURB INT

ox=2.0 0 Re o ooo e

C0 610 04130 1.900 . 31.148. 4,037
60  6.02  0.128 - 1.840 30.565 3,910
120  5.30  0.113 1,900  35.849 = 4.037
180 5.30 . 0.113 1.880 . 35,472 3,995
240 5.70 . 0.121 . 1.8B60 32,632 = 3,952
300  b6.15 0.131 °  1.920  31.220 = 4,080

X= 2050 R=0.200

0 T1.75 0.163 = 1,790 23.097 . 3.804
60 11.00 0.234  1.810 16,455 3.846
120 9.50 0.202 1.940 20.421 4,122
180 5¢13 0.109 14750 34,113 . 3,719
240  3.51 = 0.075 . 1.620 46,154 3.442
300 4.65 0,099 - 1,700 36,559 : 3.612

X= 2450 R=0,400

Y 9+45 0.201  ° 1.480 15%.661Y 3.145 '
60 14.75  0.313 ' 1.270 B.610°  2.699
'90 15-55 01330‘ 1-270 ' 81167 . 2+699
120 1350 0.287 j 1.480 o 7100963 . 3(1‘5\
180  7.20 0153 1.780 24,722 3.782
240 4-37 0.093 . -1.600? ’ 36q613 '”.:.30400'
300 6625 04133 1.670  26.720 3.549

X= 2,50 R=0.600

0 11.45 0,243 1.340 - 11.703 . 2.847
60 15.25 = 0.324 = 1.250 = 8.197 . 2.656
o QD' 17,30 ' o.3ba'f& " 0¢940 ’ .5¢434-'J:’”1Q9?1

120 16425 0345 - 1,000 - 6.154 24125

180 11.25 “0.239 A 1!550 ’ '_130778 T 3,294
225 5480 - 0.123 - 1.620 27.931  3.442
240 6.15 N.131 14620 . 264341 7 3,442
300 10.00 0.212 ‘14480 14.800 - 3145 -

X=2.50  R=0.800

0. 13410 0,278  1.320 10.076  2.805
U0 15.00 77 043190 0 16300 T Ba6OT . 2,762

90 - 1820 0.387 04930 . 5,110 . 1.978

. 120 184,00 0.382 - 0.910 ©5.05 - 1.93%
. A80 - 1430 U304 . 1.100  T7.692 - 2.337




ANGLE

. 24C

300

60

e
120

140
180
240

300

60
120
140
180

225 -
240

270

300

60

120

138

1807

189

240
- 270 -
300j

34

.60
120 .

135
180

8430

13.30

14.70“'
16.40
19,20

19.90

21.30

15.30
Lle25 - .
16.00

16430
“20(70ﬂ
. 21.25
24.25
15,70
14«60 -
16.10
21450
18.70

.t?,lu S
,23030”
21«80
- 25.75 .
16430
15.80
19.75‘-‘
23.60
20,60

18180

26.05

,Zéqﬁo.
24420
2170

19.04

04176
'0.233

X=' 2, 50 o

‘0-312'”
'ObB&Q-H ; 
0.408 =
0.423

04453

0.325

- 0.239

0,340

.l;*g.z;so‘F S -

0.346

0+440

- 0a452
0.515
.0-334..;
06310
0342

04457

0.397

© X= 2450

'Vﬁ;353.

0.495

0.“63 ’ :.'
00547 .
‘0-346"lf»ﬁ
0.336

0.420f”ﬂ 
04501
0s438

K=f215°"'

0.399
04596
0.527

0.514

04589
0.405

-k -

1720
1. 180

' R=1.000

1@320:
1.490
0.940
0.930 -
"1.050
04990
| 1.730
1.030

-1.860

0.890
9(980 1
0.970

14690 -

- 1.880
13420' o
1,200

1o 130

1.020

1.560

- 1.500
0.960
0+760 o
1,040

1.230

1.780
0.900
0,930
“14020
1,000
2.010
;1.590;gj,_

___zg;123_ 
- 8.872

4,673
4,930
64471

Rels200

8.986
4.188
4041
6.178

0605
64417

- R=14300

6.608'.

1.639

. R=1.400

- b.561

e 7 e e SR e e 1w w08 e Tt

. 8.980
. 9.085.
4.896 -

15, 378
164437

T7.546

11575 -
*; 11.677

”fl40128 f;
3.612
~?ﬁ¢.asatrwr
‘6032913my"
‘1oavr
5.890.
6e214

5,426

. 600481;'”'
3,961

24144
5.462

1.997

SPEED SPEED RATIO RMS SPEED LOCAL INT TURB INT

2,605
3.166

1.976 "

2231

2104
3.676
2.189

2.614
3,952

1.891
2,082
2.061
3,591

3.995
3.017

2. 550'

2401
- 3,782

1.912
1.976

24167

24125

44271
2.954
2.720

24167

34315

Co3.8T
24040

labi5
2,210

2,507



'°f#N§LE-

2n0

%0
60

- 120

180

240

2417

300

40
60
120
180
247
36

35
60
120
160
240
273
300

-1
120
lyv
<40
24
330 .

17.92 0.381
23,80 0.506
22.68 " Oe%82
. X= 2450
20.25 0.430
32.20 0.684%
29.10  0.618
25.37 0.539
22.63 0.481
30.067 G.652
3217 0.684
27.20 0.578
) A= 2.50
21.90 0. 465
35430 0.750
32.40 0.688
27.80 0.591
27.47 0.584
35,70 0.1759
32.¢25 0.685
X= 2.50
25.30 0.538
37.70 0. 801
34,70 0.737
31-10 0.661
31.75 0.675
38.22 0.812
38.90 0821
34.45 0.732
X= 2.50
29.85 " Q.634
32.55 0.692
34400 00722.
34.62 Ce7306
38,22 0.812
39.00 - 0.829
35,28 0750

- 125 =

1.059' 5.859
1.860  1.815
1.310° T S4TTH
R=1.600.
1.060 | 5.235
l1.110 3.447
l.210 '_4-153 '
0.950 3.745
1.150 5.082
1.510 4.923
1.100 3.419
1.360 5.000
R=1.800
1.190 5.434
0.950 2.691
0.830 2.562
1.060 3.813
1.210 4405
0.900 2521
0.930 2.884
R=2.000
1.670 6e601
1.270 3.369
0.820 2.363
1.040 3344
1.030 3.244
0. 760 1.988
0.970 24494
0.820 2.380
R=2.260
1.930 6.4606
3,500 10.753
1.890 5e 559
1.550 4edl
2.670 L9800
2.610 64846
2.360 6.689

SPEEU SPEED RATIO RMS SPEED LOCAL INT TURS INT

20231

3.952
2.784

2252
2.359
20571
2.019
2.444
3.209
20337
2. 890

24529
2.019
la 764
2.252
2+5T1
1l.912
1.976

3.549

26699

l. 742
24210
2.189
1.615
2.061

1.742

4,101
1.437
4.016
3.29
5.674
be6T4
5@015
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ANGLE VSPEED SPEED RATIO RMS SPEED. LOCAL INT TURB INT

X= 2.50 R=2.375
G 20610 004270 4210 20,945  8.946
45 14422 0.302 44590 32,278 9,754
60 17.05 0.362 4.500 26.393 9,562
120 21.22 0e451 4290 204217 9,116
160  21.75  0.462 44240 19+494 9. 010
195 22.60 0.460 4.380 19.381 9.307
240 21,70  0.461 4,520 20.829 9,605
270  22.68 0,482 44680 20,635  9.945
300 20422 . 04430 4,540 22.453 . 9,647
X= 2.50 R=2,420
0  16.58 0.352 3.950 23.824 80394
45  10.70 0.227 4.030 37.664 Be 5064
60  13.58 - 0.289 4,080 30,044 8.670
120 17.12 0.364 3.880 22.664 84245
160 17.44 0.271 3.800 21.789 8.075
195  18.70 0.397 3.960 21.176 8.415
265 16475 0.398 24220 22.507 5.967
300  16.28  0.346 4,100 25,184 B.712
X= 1.75 R=0.000
0 1.56 - 0,033 0.960 61.538 2,040
60  1.70 0,036 1.010 59,412 2.146
120 1.4 0.032 0.920 61,745 1.955
180 1.55 0.033 0.980 63.226 2.082
240 . 1,70  0.036 1.010 59.412 24146
300 1.48 0.031 0,940 .. 63.514 1.997
X= 1475 R=0.,200
0  l.74 0.037 1.030 59,195 2.189
66 2400 04044 1.300 63.107 2,762
120 1.77 0.037 - 1.050 - 60.6%4 2.231
180  1.4% 04031 0.930 62,838 1.976
300 148 0.031 0,900  60.811 14912
= 1.75 = ._R;O,.?roo. S
0  2.01  0.0¢3  0.980 484756 . - 2.082

60 4«13  0.084 1.200 29,056 24550

unriont i 8 e e o T 2 B e et T ok i At e Lo o i B e d S
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ANGLE - SPEED SPEED RATIO RMS.SPEED LOCAL INT TURB INT

120 2452 0.054 1.150 45,635 20444

186G 1.50 0.032 0.940 62,667 1.997
240 1462 04034 0.930 604494 2.082
300 1l.56 0.033 0.900 57.692 1.912
v X= 1475 R=0.600
0 . 2.75 0.058 1.550 564364 3.294%
60 B.48 0.180 2.680 31.604 5.695
120 5440 0.115 2.700 50.000 5.737
180 1.80 0.038 1.160 640444 2.465
240 1.70 0.036 1.060 62.353 2.252
300 1.86 0.040 1.180 63.441 2,507
X= 1.75 R=C.800
0 4.26 G.091 1.980 46.479 4,207
00 12.05 0.256 1.860 15.436 3.952
90 13.75 0.292 2.000 14.545 4.250
120  10.40 0.221 2.640 25,365 5.610
180 2.97 0. 063 1.900 63.973 4,037
240 1.75 0.037 1.180 674429 2.507
300 3,20 0.068 1.870 58.437 3,974
X= 1.75 R=1.000
0 6485 0.146 2,260 32.993 4,802
60 12.00 0.255 . 14820 15.167 3.867
90 15.55 0.330 1.180 7.588 2.507
120 13.90 0.295  1.640 11.799 34485
180 6.05 0.129 2.560 42.314 5,440
4 240 2.20 0.047 1.540 70.000 3,272
- 300 6430 0.134 2.470 39,206 5.249
X= 1075 ’ R=1.,200
0 10.00 0.212 1.970 15.700 4,186
60  11.75 04250 1.630  13.872 3,464
S0 16.00 0.340 1070 £.687 = 2274
120 16.25 0. 345 1.150 1.077 2.444
140 16485 0.358 1.480 8.783 3,145
180 10.20  0.217 2.280 22.353 44845
240 3.55 0.075 2.010 564620 4.271

300 10.70 - 0.227 2.089 19.439 44420



ANGLE

60
140
140
180
240
300

¢0
120
132
180
242
240
300

60
120
132
160
222
240
300

L0

60
120
180
240
295
300

SPEED SPEED RATIO AMS SPEED LOCAL INT

11.30
13.00
17.00
16.85
11.65

4.50
12.10

12.10
15.37
19.77
22.19
13.55

4.73

640
14.05

13.85
20.20
21.10
24.70
13.95
10.15
13.50
16.95

16,20
29.18

25490

21.70
17415
23.70
27.5Y%

21.73

RPN SN

X= 1.75

0.240
0.276
0.361
O«401
0.248
0.096
0.257

X= 1.75

0.257
0.327
0.420
0.472
0.288
0.101
0.136
0.299

X= l.75

0.294
0.429
0.448
0,525
0.296
0.216
0.287
0.360

X= 1,75

0.344
0.620
0.550
0.401
0.364
0. 504
0+585
0. 462

- 128 -

1.820
1.830
1.120
1,300
1.950
2.170
1.630

1.660
1.120
1.140
1.660
2.200
2.550
" 1.380

1.550
1.840
1.080
0.960
1.350
2,370
2.870
1.400

1.250
1.400
1.480
1.080
1.300
2.440
1.660
1.620

S50 el v e N L Y o M

R=1.300

1@0106
14.077

6.588
16.738
4B8.222
13.471

R=1.400

10.800
5.665
5.137

12.251

46,512

35,844
9.822

R=1.600

11.191
9.109
5.118
3.887
9.0677

23.350

21.259

84260

k=1.800

T.716
4,798
54714
4,977
71.580
10.295
6.025

 7.455

TURB INT

3.867
3.889
2.380
2. 162
4el4b
4.611
3.464

3,740
3.527
2,380
2,422
3.527
4.675
5.419
2,932

3.254
3.910
2.295
2.040
2.869
5.036
6,099
2.975

2.656
2.975
3.145
2.295
2,762
54185
3.527
3,442

TR P T DR REr TR T SPPhA



ANGLE

490

60
120
180
240
245
300

40
60
120
180
240
300

30

60
120
180
240
270
300

38

120
180
240
265
300

SPEED SPEED RATID RMS SPEED LOCAL INT

17.82
l6.82
32.75
29.00
2327
21.72
31.00
32.27
27.12

20.00
19.70
35.05
31.72
26475
27.25
35.30
33.12

24117
32.30
31.57
30.27
31.54
36.80
37.50
33.10

26425
21.90
25,50
29.50
31.50
33.05
33,25

30.27

X= 1.75

0.379
0.357
0.6%6
0.016
0.454
0.462
0.659
Q.686
0.570

X= l.75

0.425
0.419
0.745
0.674
0.568
0.579
0.750
0. 704

X= 1,75

0.526
0.4686
0.671
0.0643
0.670
0.762
0.797
0.703

X= 1.75

0.558
0+ 465
0.542
0.627
Qe009
0.702
C.707
0,643
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1.220
1.250
l.140
1.040
1.160
1.510
1.610
1.150
1.550

1,520
1.660
1.140
0.920
1.200
1.350
U.890
0.790

2.070
3,070
2.81¢0
1.500
1.250
1.600
1.870
1.530

2.200
5.010
4.500
2,750
2.230
3.700
3.400
3.400

R=2.000

6.8406
T.432
3.481
3.586
4.985
6.952
5194
3.564
5.715

R=2.200

1. 600
8.426
3.252
2.900
4+ 486
4.954%
2521
2.385

R=2.400

8.357
9.505
6.901
44955
3.963
44348
4.987
4,622

R=2.483

8.381
22.8117
17.647
9,322
71.0715
11.195
11.429
11.232

TURB INT

2592
2.656
2422
2.210
20465
3.209
3.421
2+%4%%
3.294

3.230
3.527
2.422
1,955
2.550
2.869
1.891
1.679

44399
64524
5.971
3.187
2+656
3.400
3.974
3.251

44675
10.646
9.562
Se 344
4,739
7.862
8,015
7.225
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ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT TURB INT

X= l1l.75 R=Z¢652
0 18,33 0.390 3,790 20,676 B.054
45  10.77 0.229 4,180 - 38.812 8.882
60  13.55 0.288 44210 31.070 B.946
120 15.33 0.390 3.930 21.440 84351
180 20.27 0.431 3.900 19.240 8¢287 e
195 21.60 0.459 4.090 18.935 8.691
240 19.73 0.419 4.300 21.794 9.137
300  17.77 0.378 44300 24.198 9.137
X= 1.75 R=2.690
0 15.25 0.324 3.490 22.885 7.416
50 8.00 0.170 3.490 43,625 Te416
60  10.50 0.223 3.580 34.095 7.607
120 14.57 0.310 . 3.490 23.953 7.416
180  16.54 0.351 3.500 21.161 Te437
210  17.40 0.370 . 3.580 20.57% 7.607
240 16400 0.340 3.720 23.250 7.905
300 l4.28 0.303 3,750 264260 71.969
X= 1.00 R=0c000
0 2.03  0.043 1.290 634547 2.741
60 2.01 0.043 1.300 64.677 2.762
120 2.01 0.043 1.270 63.184 2.699
180 2.12 0.045 1.310 61.792 2.764
240 2.02  0.043 1.280 63.366 2.720
300 2.00 04042 1.260 63.000 2.677
X= 1.00 _ R=0,200
0 1.93 0.041 1.320 68.394 2.805
60 1.90 0. 040 1.280 67.368 2.720
120 2.05 0.044% 1.320 64,390 2.805
150 2.20 0.047 1.310 59,545 2.784
240 2.20 0.047 1.280 58,182 2.720
300 1.98 0.042 1.240 62,626 2.035
X= 1.00 R=0¢400
0 l.82 0.039 1.280  70.330 2.720
60 1.99 0.042 1.310 65.829 2.784
120 2.18 0.046 1.330 £1,009 2.826

160 2.25 0.048 1.350 60,000 2809




ANGLE

240
300

o0

90
12
180
2490
300

60
90
120
180
240
300

60
90
120
180
240
300

60
40
120
lbu
240
300

g -ST UL IPUR (S o

SPEED SPEED RATIO RMS SPEED LOCAL INT TURB INT

2.25
2.02

1.80
250
2456
2.25
2023
228
2.19

l.87
429
4«50
2.80
2.18
2.22
24217

2.21
7450
8.24
he61
2423
2017
2.37

3.09
9.98
12448
8.80
2.82
2.10

3.11

0.048
C.043

X= 1.00

0.038
0.053
0.054
0.048
0.047
0.048
0.047

X= 1.00

0.040
c.091
0.096
0.059
0. 046
0.047
0. 048

X= 1.00

0.047
0.159
0.175
0.098
0.047
0.046
0.050

X= 1.00

0.066
g.212
0.2065
0.187
0.060
0.045
0. 066

- 131 -

1.320
1.240

1.229
1.580
1.680
l.430
1.450
1.340
1.310

1.220
2.250
24450
1.780
l.430
1.360
1.390

1.310
2.800
3.250
2.580
1.440
1.380
1.440

1.680
2.470
2.530
2.980
1.620
1.380
1.870

+oaiet i AR A S T T A€ Mkt L

58.067
6l.386

R=0.600

67.778
63.200
65.625
63.556
65,022
58.772
29.817

R=0.800

65.241
52.448
S54.444
63.5171)
65.59¢6
6l.261
61.233

R=1.000

5G.276
37.333
39.442
55.965
64.574
63.594
60.759

R=1.200

54.369
24.749
20.272
33.B64
5T«447
65.714
60.129

2.805
2.635

24592
3.357
3.570
3.039
3.081
2847
2.784

24592
4.781
5.2006
3.782
3.039
2690
2954

2.784
5.950
6.906
S5.482
3.0060
2.932
3.060

3.570
5.249
54376
6.332
3e442
2932
3.974
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ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT TURB INT

X= 1.00 R=1.300
0 3.77 0.080 2.020 53.581 4.292
60 10.41 0.221 24440 23.439 5.185
N 14.07 0.299 1.900 13.504 4.037
120 11.30 0.240 2.720 24.071 5.780
150 3.7 0.080 1.980 52.800 4,207
225 1.83 0.3039 1.270 69.399 2,699
240 2.09 0.044 1.380 66.029 24932
300 4.13 0. 088 2360 57-143 5.015
X= 1.00 R=1.400
/] 6.00 0.127 2.270 37.833 4.824
60 i1l1.90 0.253 1.980 164,639 4207
90 15.62 D.332 1.360 65.707 £.890
120 14.72 0.313 1.980 13.451 4.207
180 5.60 0.119 2.320 4l.429 4.930
225 2e45 0.052 1.050 42.857 2.231
240 258 0.055 1.120 43.411 2.380
300 6.50 G.138 2520 38.769 5.355
X= 1,00 R=1.600
0 9.25 0.197 2.230 24,108 4.739
60 13.45 O.20606 1.690 12.565 3.591
90 16.26 0.3406 1.100 6.765 2337
120 18.00 0.382 1.310 1.278 2.784
135 20.25 0.430 1.380 6.815 2.932
180 9.30 0.198 2.470 26.559 5.249
225 2.%0 0.062 1.270 43,793 2.699
240 3.50 0.074 1.720 49.143 3.655
300 10.90 0.232 2.250 20.642 4. 781
= 1.00 R=1.800
0 1la77 0.250 1.820 15,4063 3.867
6U 18,50 0.393 1.960 10.595 4.165
120 19.25 0.409 1.090 5.662 2316
155 23.22 0.493 0.920 3.962 1.955
180 12,45 0.265 1.830 14.699 3.889
245 .38 O0.114 2.200 40.892 4,675
240 T1.64 O.162 3.000 39.2617 6.375

300 14.62 0.311 L.640 11.218 3.485
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ANGLE

60
120
135
180
225
240
300

40

60
120
135
180
245
240
270
300

40
60
120
180
240
360

40
6
120
180
240
300

- 133 -

SPEED SPEED RATIO RMS SPEED

13.55
23425
19.65
24.75
14.27
13.07
17.55
18.40

15.50
3l.00
27.30
20.78
25.80
18.40
23.20
27«12
29.05
24.10

17.55
33.40
30.00
24.50
24.87
33.72
29.52

23.50
21.70
24.10
27.15
29.62
3l1.77
284317

X= 1.00

c.288
0.494
0.418
0.526
0.303
0.278
0.373
0.391

X= 1.60

0.329
0.659
0.580
Oa44a2
C.548
0.391
0.493
0.576
0,617
0.512

X= 1.00

0.373
0.710
0.637
0.521
0.528
0717
0.0627

X= 1.00

0.499
D.461
0.512
0.577
0.629
0.675
0.603

S B LA o a0 AL L e i

LOCAL INT
R=2.000
1.420 10.480
l.640 7.054
1.030 5.242
0.710 2.869
1.440 16.091
2930 22.418
3.320 18.917
1.600 8.696
R=2.200
1.140 7.355
1.170 3.774
1.040 3.810
1.010 4,860
V.830 3.217
1l.440 7.826
2.560 11.034
2.280 8.407
1.100 3.787
1.640 6.805
R=2.400
1.290 7.350
1.340 4.012
0.950 3.167
L.120 4.571
1.380 54549
0.910 2699
0.850 2,879
R=2.658
2.050 Be723
4.860 22396
4,270 17.718
24460 9.061
t.840 6.212
3.340 10.513
3.140 11.068

el e e

TURB INT

3.017
3.485
2.189
1.509
3.060
6.226
T.055
3.400

24422
2486
2.210
24146
1.764
3.060
5.440
4.845
24337
3.485

2,741
re847
2.719
2.380
2.932
l.934
1.8006

44356
10.327
9.074
5.2217
3.910
1.097
b.672



ANGLE

45

60
120
180
185
240
300

60
120
180
240
300

60
120
160
240
300

60
120
180
249
300

60
1¢0
180
240
34

SPEED

17.917
10.50
13.17
17.53
20.58
21.73
19.77
17.51

4e24
4410
3.62
425
4.03
3.66

3.86
3.73
3.62
4,30
4430
3.60

3.52
3.16
3.38
4.21
4026
3.58

3.02
2.70
3.13
3.717
4.13
3.50

TV P e

X= 1.00

0.382
0.223
0.280
0.373
0.437
0.462
0,420
0.372

X= 0.00

0,090
0.087
0.077
0.090
0.066
0.078

X= 000

0.082
0.079
0.077
0.091
0.091
0. 076

X= 0.00

0.075
0.067
0.072
0.089
0.091
0.076

X= (0.00

0.0064
0.057
0.007
0.080
0.C68
0e074

- 13h -

3.410
3.950
44050
3.650
3.610
3.810
4.170
4.070

1.700
1.720
1.730
1.700
1.730

1.720
1.650
1.720
L.740
1.720
1.730

L.670
1.620
1.720
1.790
1.800
1.750

1.610
1.620
l.740
1.770
1.910
1.830

SPEED RATIO RMS SPEED LOCAL INT

k=2.843

18.976
37.619
30.752
20,821
17.541
17.533
21.093
23.244

R=0.000

40,566
4l.463
47.514
40.706
42.184
47.268

R=0.200

44,560
44.236
47.514%4
40,465
40.000
48.056

R=0.400

4T.443
5l.266
50.888
42.518
42,254
48.883

R=0.800

53.311
60.000
55.591
464950
46,247
524280

TURB INT

1246
8.394
B.606
1.756
T« 671
8.096
8.861
B.0649

3.655
3.612
3.655
3.676
3.612
3.676

3.655
34506
3.655
3.,697
3.655
3.676

3.549
3.442
3.655
3.804
3.825
3.719

3.421
3.44e
3.697
3.761
4.059
3.889




- 135 -

ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT TURS INT

X= 0,00 R=0.800
0 2.69 0.057 - 1.520 56506 3.230
60 2.71 0.058 1.820 67.159 3.867
120 2.76 0.059 1L.700 61.594 3.612
180 3.24 0.069 1.740 53. 704 24697
240 3475 0.080 1.930 51.467 4.101
3390 Se4b 0.074 1.790 51.734 3.804
X= 0.00 R=1,000
0 2+48 0.053 1.470 59.274 3.124
60 3.80 0.081 2.380 62.632 5.057
90 4e23 0.090 2600 61l.466 54525
120 3.10 0. 066 1.890 60.968 4,016
160 2.50 0,053 1640 65,600 3.485
240 3.2% U« 069 1.500 58.642 4.037
300 3.30 0.070 1.810 54,848 3.846
X= 0.00 R=1.200
0 2.75 0.058 1.690 61.455 3.591
&0 6.10 0.130 2.650 43,443 5.631
90 7.38 0.157 3.170 42 .954 6.T36
120 5.00 0.106 2.630 . 52.600 5.589
180 2456 0.054 1,640 64.063 3.465
225 2.31 0.049 1.590 68. 83} 3.379
240 2.78 0.059 1.830 65.827 3.889
300 3.07 0.065 1.850 60.261 3.931
X= 0.00 R=1,300
o 3.25 0.069 1.840 50.615 3.910
60 T.41 0.157 2.600 35,088 5.925
S0 9.25 0.197 3.030 32,157 6e439
120 6e51 0.138 2.870 44,086 64099
160 2.87 0.0061 1.800 62.718 3.82%
225 2ell 0.045 l.440 68.240 3.060
240 2456 0.054 1.820 71.094 3.867
390 2.98 0.003 1.800 60.403 3.825
X= 0.00 R=1.400
0 4eb2 0.0948 1.990 43.074 4.229
60 8.45 0.180 24480 29,349 5,270

90 11.22 0.238 2.600 23.173 5.525

v e+ e e e s 4 o e e R Ao A M PRI b . RHIY B ot R A i VPO e A YNGR I LT
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ANGLE

120
180
225
240
300

60

90
120
180
225
240
300

60

90
120
135
180
225
240
390

60
120
135
180
225
240
330

45
60
120

SPEED

8.77
4.05
2477
3.10
3.68

7.05
10.77
14.50
13.72

6.23

2.80

3.10

5.88

Ce80
13,75
15.37
17.38
19.23

9.27

3.90

4«52
10.25

12.27
19.25
18.55
23.00
11.55

7.50

9.62
14.82

14.08
28.05
24.00
l18.75
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SPEED RATIO RS SPEED LOCAL INT

0.186
0.086
0.059
0.066
0.07s8

X= 0.00

0.150
0.229
0.308
0.292
0.132
0.059
0. 066
0.145

X= 0.00

0.210
0.292
- 0327
C.369
0.409
0.197
0.083
0.09¢6
0.218

X= 0.00

0.261
0.409
0.394%
U.489
0.245
0.159
0.204
0.315

X= 0.00

0.299
0.596
0.510
0.398

2.790
1.930
l. 460
1.590
1.800

2.190
2.150
1.710
2450
24300
1.410
1.550
2620

2.070
2.050
1.470
1.670
2.160
2.220
1.880
2340
2.720

1.740
2.240
1.430
£.200
2,060
2.850
3.550
20060

1.370
1.520
1.740
1,240

At s A A e i At b ek et B e s 1n G0 v e

31.813
47.654
52.708
51.29%0
48.913

R=1.,600

31.064
19.963
11.793
17.857
36.918
504357
50.000
442558

R=1.800

20.994
14.909

9.564

$.609
11.232
23.948
48.205
51.770
266537

K=2.000

l14.181
11.636

7709

5.217
17.835
38.000
36.902
13.900

R=2.200

9.730
2.419
7.250
6,613

SLR SOWRUEEIIE TV S NTTE 108 T WL DR TP NOASAS A TUSE SRR L Ie

TURB INT

5.929
4.101
3.102
3.379
3.825

4.654
44569
3.634
5.206
4,887
2.996
3.294
5.567

4399
4.356
3.124
3.549
4.590
4. 117
3.965
4.972
5.780

3,697
4.760
3.039
2.550
44377
6.056
Te 544%
4.371

2.911
3.230
3.697
2.0635
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ANGLE SPEED SPEED RATIO RHMS SPEED LOCAL INT TURB INT

180 14.22 0.302 1.620 11.392 3.442
189 13.80 0.293 1.860 13.478 3.952
240 19.27 0.409 3,800 20,031 8.202
300 19.72 0.419 1.830 9.280 3.889
X= 0.00 R=2.400
0 15.80 0.336 1.280 8.101 2.720
45 31.00 0.659 1.360 4.387 2.890
60 27455 0.585 1.180 4.283 2507
1£0 21.25 0.452 1.230 5.788 2.614
180 20.20 0.429 1.710 8«465 3.634
240 29.60 0.629 2.320 7.838 4.930
300 26.04 0.553 1.700 6.528 3.612
X= 0.00 R=2,745
0 21.20 0.450 2.370 11.179 5.036
60 23.10 0.491 4.390 19.004 9.329
120 24.72 0.525 2.830 11.448 6.014
180 27.55 0.585 2.500 9.074 5312
200 30,12 0.640 2.860 9.495 6.077
240 30.34 0.645 3,750 12.360 7.969
300 26.40 0.561 3.530 13.371 7.501
X= 0.00 R=2.947
0 17.78 0.378 2.720 15.298 5.780
45 12.28 0.261 3.720 30.293 7.905
60 14.60 0.310 3.810 26.096 8.096
120 17.88 0.380 3.280 18.34%4 6.970
160 21.07 C.448 3,310 15.710 7.034
195 22.50 0.478 3.530 15.689 7.501
240 21l.27 0.452 4,010 18.853 8,521
300 18.36 0.390 3.740 20.370 Te947
X= 0.00 R=3.000
0 15.50 0.329 3.0860 19.742 6,502
45 9.55 0.203 3.410 35.707 7.246
60 11.73 0.249 3.570 30.435 7.586
120 14.28 0.303 3510 24.580 T.459
180 16.63 0.353 3.790 22.790 8.054
195 18.50 0.393 3.930 21.443 8.351
240 17.97 Jeot2 4.109 22.816 S5«712

360 15,78 0.335 3,e80 23,321 1.820




ANGLE

60
120
180
240
3G0

60
120
180
240
300

60
120
180
240
300

60
120
180
240
300

&0
90
120
180
240
390

SPEED

3.69
3.50
3.21
3.71
3.55
3.21

3.96
3.50
3.25
3.55
3.56
3.22

4.30
3.57
3.30
3.060
3.54
3.25

5.07
4017
3.92
4.00
3.55
3.21

6.05
5.20
5.95
5.25
467
3.68
3.26
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TR T R T T

SPEED RATIO RMS SPEED LOCAL INT TURB INT

==1.25

0.078
0.074
0.068
0.079
0.075
0.068

X'—"‘l -25

0.084
0.074
0.069
0.075
0.076
0.068

==1.25

0.091
0.076
 0.070
0.078
0.075
0. 069

=—1s25

0.108
0.089
0.063
G.085
0.075
0.009

X==1.25

0.129
0.110
C.126
0.11<
0.099
0.078
0.069

2.130
1.990
1.900
2.140
2.040
1.680

2.260
2.000
1.900
2.050
2.050
1.910

2.360
2.080
2.030
2.080
2.050
1.940

2.500
2+290
2360
2.290
2.040
1.940

2.520
2.400
2.850
2.740
2a430
2.060
1. 940

R=0,000

57.724
56.857
5%.190
57.682
57.465
58.567

R=0.200

57.071
57.143
58.462
57.746
57.584
59.317

R=0.400

54.884
58,263
61.515
56.831
57.910
59.692

R=0.600

49.310
54.916
60.204
57.250
57.465
59.3217

R=0.800

41.653
47.308
47.899
52.190
524034
55.978
59.509

4«526
4.229
44037
4547
4335
3995

4.802
4.250
4.0317
4.356
4.356
4.059

%.015
4.420
4.314
4.420
4.350
4.122

5.312
44866
5.015
4.866
4.335
4.122

95.355
5.227
6.050
5.822
5.164
4.317
4.122




-139 -

ANGLE SPEED SPEED xATIO RMS SPEED LOCAL INT TURB INT

Xz=1.25 R=1.000
0 T48 0.159 24430 32.487 S«164
60 6.72 0.143 2.460 36.607 5,227
S50 8.56 0.182 2.840 33.178 6,035
120 Tet? 0.159 2.950 39.491 6.269
160 Ye%4 Vel26 2.520 42.424% 5.355
24U 3,69 0.078 2.090 56.640 4441
300 3.32 0.071 2030 6l.145 4,314
X==1.25 R=1.200
0 9.00 0.191 2.260 25.111 4.802
60 8.56 0.182 2.260 26.402 44802
90 11.55 0.245 24340 204,260 4,972
120 10.30 0.214 2740 264602 5.822
160 7.55 0.160 2.450 32.450 5.206
240 3.92 0.083 2.310 58,929 %+909
300 4.23 0.090 2.510 59,338 5.334
X==1.25 R=1,300
0 10.00 0.212 2.120 21.230 4.505
&0 Ge48 0.201 2.110 224251 4.484
%0 12.70 0.270 1.970 15.512 4.186
120U 11.95 0.254 2.530 21172 5.376
180 Bet4 0.179 2.360 27.962 5.015
240 4s24% 0.090 24510 59.198 5.334
270 3.55 0.075 2.230 62.817 4.739
330 5.24 O0.111 2.850 54,389 6.0506
X=—1.25 R=1.400
0 11.73 0249 1.650 14.0606 3.5006
60 11.70 0.249 1.790 15.299 3.804
90 13.88 0.295 1.630 1l.744 3.464
120 13.54 0.2488 2.170 16.027 4.611
160 8.78 0.187 2.030 23.121 4.314
24(Q 4.17 0.101 2.510 52.0621 5.334
300 7.00 0.149 2.810 40.143 5.971
X=-1.25 R=l.600
0 13.55 0.288 1.320 9.742 2.805
&0 13.95 0.296 1.670 1i.971 3.549

1¢C l6.62 0.353 1.400 9.627 3.400

L A B b et TR T T 51 T . TR e MR et 7
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ANGLE SPEED SPEED RATIO RMS SPEED LUCAL INT TURB INT

180 10.70 0.227 1.780 16.635 3.782
240 71.05 0.150 3.250 46,099 6.906
300 11.19 0.238 2.750 24.576 5.844
z==1,25 R=1.800
0 15.20 0.323 i.170 1.697 24486
120 18.38 0.391 l.280 6.964 2720
135 20.26 U431 l1.560 7.700 3.315
180 12,75 0.271 1.520 11.922 3,230
195 11.73 0.249 1.960 16.709 4,165
244 12.03 0.256 3.760 31.255 T.9%0
300 16,20 0344 2.300 14,198 4.887
X=—1,25 R=2.0060
0 16.60 0.353 1.170 7.048 24486
50 24413 0.513 2.280 9.449 4845
ol 22450 0.478 1.740 7.733 3.697
120 19.62 O.417 1.080 5.505 24295
160 15.78 0.335 1.520 9.632 3,230
195 15.03 0.319 1.800 11.976 3.825
240 18«95 0.403 4.040 21.319 8.585
390 21.20 0.450 1.800 8.491 3.825
==]1.25 R=2.200
0 18,50 0.393 1.450 1.838 3.081
50 29.23 0.621 1.570 5.371 3.336
YV 26457 0.565 1.370 5.156 2.911
120 22.21 Q.472 1.090 4,908 2.316
180 20.77 O.441 1.580 T.607 3.357
240 27.95 0.594 3. 000 10.733 64375
256 29.03 Q.617 24360 8.130 5.015
300 26453 0.564% 1.530 S5.767 3.251
X==1,25 R=2.400
0 19.82 Oa421 1.300 9.082 3.825
60 2Ta45 0.585 2.320 B.452 4.930
120 24,80 0.527 1.520 6,129 34230
130 25.40 0.540 1.520 D.9b4 3.230
240 32.20 0D.684 1.910 5.932 4.059

300 28.20 0.599 1.240 ©.8179 4al22




ANGLE

60
120
180
240
300

60
120
160
240Q
270
300

L0
120
180
240
270G
300

6Q
120
180
24C
265
300

&0
120
160
240

SPEED

19.85
26.52
24.80Q
264,00
31.73
27.70

19.00
23.73
23.65
25.07
29,00
29.57
25.22

15.38
19.30
20.27
2l.068
24.00
£4.30
21.50

11.60
17.30
17.97
19.30
2l«65
2260
19.060

11.86
11.72
11.62
l1l.04
1l1.62

SPEEL RATIO RMS SPEED LOCAL INT

X==1e25

0.422
Ve 564
0.527
0.552
0.674
0,589

z~1.25

0.404
0.504
0.503
0.533
0.616
0.628
0.53¢6

X==1,25

C.327
0.410
0,431
0.4061
0.510
0.516
O.457

X=-1 l25

0.246
03068
0.3d82
0,410
0.460
0.480
C.416

X=—2 -50

0.252
0.249
0.247
0.252
0.241

- b1 -

1.920
2.900
1.850
1.760
2.480
2.460

2+320
3.690
2.660
2.650
3.750
3.600
3.280

3.020
3.380
2.680
2.820
3.650
3.670
3.200

3.110
3.450
3.110
3,200
3.8890
3.810
3.350

2.510
2.410
2,320
2530
2.430

R=2.462

9.673
10.935
7.460
6.769
7.816
d4.881

R=2.600

12.211
15.550
11.247
10.570
12.931
12.174
13.006

R=2.796

19.636
17.513
13.222
13.007
15.208
15.103
14.884%

R=2.845

26.810
19.342
17.307
16.580
17.921
16.858
17.092

R=0.,000

21.164
20.563
19.9¢6
21.368
20.91¢

TURB INT

4.080
6.162
3.931
3.740
5.270
9.227

4.930
7.841
5.652
5.631
1.969
T« 650
6.970

Go4l7
71.182
5.695
5.992
T.756
1.799
6.800

6.609
7.331
6.609
6.800
8.245
b.096
7.119

5.334
5.121
4.930
5.376
5.164




ANGLE

300

60
120
180
240
300

60
120
180
240
300

60
120
180
240
390

60

90
120
160
240
270
330

60
90

SPEED

1l.60

1.4l
11.96
11.85
l1.84
11.62
11.40

13.52
12.40
12.41
12.42
11.87
ll.62

15.00
13.14
13.85
13.47
12.62
l11.48

16.67
l4.45
16.00
15.62
14,77
13.50
11.58
11.97

16.75
16,37
17.75

SPEED RATIO RMS SPEED LOCAL INT

0.246

X==2.50

0.264
0.254
0.252
C.252
0.247
0.242

X=-2.50

0.287
0.263
0.264
0.204
0.252
0.247

X==2,50

0.319
0.279
0.294
0.28¢
0.268
0.244

==2,50

0.354
0.307
0.340
0.332
0.314
0.287
0.246
0.254

==2,50

0.398
0.344d
0.377

- 12 -

24290

2.580
2.240
2.210
2.450
2.560
2370

2.020G
2.110
2.300
2.420
246060
2.380

2.420
2.020
2420
2.390
2.830
2.480

2.150
1.960
2.040
2,370
2270
3.150
2.640
2.670

1.830
1.830
1.470

19.741

R=0,200

20.790
18.729
19.156
0693
22.031
20.789

B=0.400

19.379
17.016
18.533
19.485
22.409
20.482

R=0.600

16.133
15.373
17.473
17.743
22.425
21.603

R=0.800

12.897
13.564
12.750
15.173
15.369
23,333
22.798
22.306

R=1.000
9. 760

bl1.17%
8,282

TURB INT

4.866

2.482
4.760
4.824
5.200
S5.440
5.036

5.567
4e 484
4.887
S5.142
5.052
5.057

5.142
4.292
5.142
5.079
6.014
5.270

42569
40165
4.335
5.036
4.324
bHe bY4
5.610
5.074

3.889
3,889
3.124



ANGLE

120
180
240
276
300

40
0l
90
120
180
240
27C
340

40
60
90
120
180
240
219
300

33
60
120
140
244
300

&0
120
180

SPEED SPEED RATIO RMS SPEED

18.18
16.73
15.00
12.00
13.95

20.32
16.23
l8.75
19.23
20.25
18.74
17.26
14.73
17.72

21.20
17.26
20.39
20.20
21.52
20.00
19.00
16.78
20.23

22190
19.30
23.10
2212
20.60
20.28
23.01

23410
2blbht
24.78
23.76

0.386
0.356
0.319
0.255
0.296

X==2.50

O.432
0.345
0.398
0.409
0.430
0.398
0.367
0.313
0.377

X=-2 . 50

0.450
0.367
0.433
Ce429
0.457
0.425
0.404
0.357
0.420

X==2.50

0.47C
0.410
O.491
0.4583
0,438
0.431
0.490

X==2.50

0.491
0.504
0.527
0.505

- 143 -

1.950
1.900
3.480
2.990
3.350

1.530
2.150
1.910
1.130
1.300
1.670
3.950
3.770
3.610

1.420
2.320
1.930
l.160
1.070
1.650
4,020
4.050
3.300

1.250
2.360
l.630
0.980
1.610
4.080
2.640

1.300
1.570
0.930
1.710

LOCAL INT

10.726
11.357
23.200
24.917
24.014

R=1.200

7.530
13.247
16.187

5.876

6.420

8.911
22.885
25.594
20.372

K=1.300

6.698
13.441
9.465
5.743
4.972
8.250
21.158
24,136
16,312

R=]1.400

DebB6
12.228
T7.056
4-313
7.8l0
20.1i8
l1.443

R=1.600

2.628
5.911
3.753
1.197

TURB INT

4. 144
4.037
7.395
b.354
7.119

3.251
4.569
4.059
2.401
2e 762
3.549
8.394
8,011
T.671

3.017
4.930
4.101
20465
2.2174
3.5006
8542
8.606
7.012

2.656
2.015
3.4064
2.082
3.421
8.670
5.610

2762
3.336
1.976
3.634




ANGLE

240
3u0

60
120
180
240
300

60
120
160
240
300

60
120
180
240
270
330

60
L20
180
240
270
300

- 1hh -

SPEED SPEED RATIO RMS SPEED LOCAL INT

25.80
27.62

23.25
29.75
27.26
27.10
31,70
30.38

22.76
30.12
28.38
28,27
33.20
30.22

21.70
28.00
27.07
27.01
31.12
32.20
28.38

20.18
25.917
25 .48
25.40
28,88
29.77
26.55

25.0L9
25263

0.548
0.587

X==2.,50

0.494
0.632
0.579
0.576
0.674
0.646

X==2,.50

0.484%
0.6490
0.603
0.601
0.705
0642

'-.-2 . 50

Q.461]
00595
0.575
0.575
0.661
0.684
0.603

X==2,50

(429
0.552
0.541
0.540
C.614%
0.033
0.564

X==-3.50

0.546
0.545

4,040
1.950

1.460
1.480
1.130
1.450
2.700
1.560

1.660
2.330
l.650
L.710
2.500
2.290

1.810
2.850
2.080
2.130
3.160
2.930
2.580

1.810
2.760
2-150
24250
3.130
3.060
2.560

24440
2.350

15.659
7,060

R=1.800

6.280
44975
4.145
5.351
8,517
5.135%

R=2.000

7.293
TeT36
5.955
6,049
7.530
1.518

R=2.200

8.341
10.179
7.684
7.868
10.154
9.099
9.091

R=£.377

B.769
10.628
8.438
8.858
10.838
10.279
9.642

R=0.000

9.458
9.169

TURB INT

Be5865
4a14%

3.102
34145
2.401
3.081
5.737
3.315

3.527
4.951
3.591
3.634
5.312
4.866

3.846
6.056
4.420
4.5206
6.715
6.226
5482

3.846
5.865
4. 5069
4.781
6.651
6.502
5.440

5.185
4,994




.01 U

ANGLE

120
180
240
300

60
120
180
240
300

60
120
180
240
300

1¢
60
120
180
240
200

10

60
120
180
240
280
300

SPEED

25,46
25.63
25446
25446

26.32
25.78
25.69
25.75
25.78
25446

27.30
26,00
26400
2652
20460
25.69

28.57
2942V
26.60
27.18
27.73
27.90
25,97

30.75
3l.45
28437
29.25
29.87
29.74
26,60
27.70

SRS I

SPEED RATIOD

0.541
0.545
0.541
0.541

==3.50

0.559
0.548
0.546
0.547
0.548
U541

==3,50

0.580
0.552
0.552
0.564%
C.565
0.546

==3,50

0.616
0.620
0.565
0.578
0.589
0.593
0.552

X==3,50

0.653
0.668
0.603
0.022
Oet35
0.632
0.565
0.509

AMS SPEED

24320
2.420
2.410
2.270

2.400
2,080
2.190
2.400
2.580
2.380

2.270
1.830
2.030
2.270
2.730
2.470

1.950
2.060
1.650
1.900
2,020
2.920
2.580

1.700
1.800
1.750
1.710
1.820
3.180
2.710
2:.940

LOCAL INT

9.112
9.442
2.466
8.9106

R=0,200

9.119
8.068
de 525
9.320
10.008
9.348

R=0.400

8.315
7.038
7.808
8.560
10.263
9.615

R=0.600

6.731
71.055
6.203
6.990
7.285
10.466
9.935

R=0.800

5.528
5.723
6.168
5.846
6.093
10.693
10.188
10.614

TURB INT

4«930
5.142
5.121
4.824

54100
4.420
44654
5.100
5.482
5.057

4.824
3.889
4.314
4.824
5.801
54249

4144
4.377
3.506
4,037
40292
6.205
5482

3.612
3.825
3.719
3,634
3.867
6,157
5.759
6.247
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ANGLE

10
40
60
120
180
240
280
300

35

60
120
150G
180
240
280
300
330

35

60
120
150
230
240
300

60
120
140
230
240
300

SPEED

32.52
33.26
28454
3l.23
32.00
32.54
31.98
28,73
3l.25

33.40
30.75
3%4.20
34.98
32.40
35.03
35.10
32.95
35.95
32.38

33.52
32.67
35.97
36.22
36.40
38.22
37.69
37.71

33.18
37.75
36445
36455
39.47
39.12
38.52

SPEED RATIO RMS SPEED

X=~3,50

0.691
0.707
0.6006
Q.604
C. 680
0.691
U680
0.610
0.6064

X==3.50

0.710
0.653
0.727
0.743
0.688
0.744
D.7406
0,700
0.764
0.658

X="3 «50

0.712
0. 694
U.704
0.770
0.773
U.B812
0.801
0.801
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1.330
1.540
1.770
1.330
1.220
1.670
3.400
3.190
3,400

1.230
2.220
1.830
1.120
1.270
1.500
3.440
3.280
2.630
1.940

1.240
2,530
1.780
1.100
1.250
2.650
3,110
2.010

1.330
1.340
1.010
1.290
2.530
2.940
1.520

LOCAL INT

R=1.000

4.090
42030
6.202
5.860
3.813
5.132
10.632
11.103
10.880

R=1,200

3.683
1.220
5.351
3.202
3.920
4.282
9.801
94954
T.316
5.991

R=1.300

3.699
T.744
44949
3.037
3.434
6.934
8.252
5.330

R=1.400

4.008
3.550
2.771
3.529
6443
1515
3.946

TURB INT

2.826
3.272
3.761
3.889
2.592
3¢ 549
T.225
6.779
7225

2.614
4. 717
3,889
2.360
2.6%9
3.187
7.310
6.970
5.589
4.122

24635
5.376
3.782
20337
2.056
5.631
6.609
4.271

2.826
2.847
2.146
2.741
5.376
6.241
3.230

itistrirlnt e VR
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ANGLE SPEED SPEtu RATIO RMS SPEED LGCAL INT TURB INT

X==3.50 R=1.600
D 32.73 0.5695 l.460 44461 3.102
60 38.40 0.81l6 1.910 40974 4.059
126 37.00 Q.7806 1.430 3.865 3.039
180 3b.92 0.785 1.500 4,063 3.187
240 40,90 0.869 2.200 5.379 4.675
300 38.48 0.618 1.910 4.964% 4,059
X==3.,50 R=1.800
0 31.717 0.675 1.510 4,753 3.209
&0 3T.47 0.796 2+250 6.005 4.781
120 36.45 Q.775 1.680 4.609 3.570
160 36.10 0.767 1.6%0 4.681 3.591
240 3%.80 O.84% 2.510 6.307 S5e334
270 40.72 0.8565 24330 5.722 4,951
300 37.50 0.797 2.070 5.520 4.399
X==3,50 R=2.000
o 29.50 0.627 1.690 5.729 3.591
60 34,39 0.731 2.860 8.316 6.077
120 31.80 U676 2.640 $.302 5.610
180 31.64 0.672 24680 6.470 5.695
240 35.72 0.759 3.380 G462 T7.182
274 37.00 O.7b6 3,220 E.703 6,842
300 34,51 0.735 20690 71.781 5.716
X==4,50 R=0.000
0 42 +95 0.913 24470 5.751 5.249
00 42490 0.912 24460 5.734 5.2217
120 42 .68 0.907 24400 2.623 5.100
180 42.91 0.912 24500 .826 5.312
240 42 .82 C.910 2+460 5.T45 5.227
300 42 . B0 0.909 24360 S5.514 5,015
X==4,50 R=0.200
H 43.30 0.920 2.450 5.658 H5.2U0
&0 43.15 0.917 2.200 5.098 4675
120 42 .90 Ga912 2.210 5152 44696
160 43425 0.919 24390 5.526 5.079
240 43.317 DeG22 2.010 6.018 5. 546

330 42.91 O.%17 24520 5.873 Le355
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ANGLE

&0
120
10
225
240
300

60
120
160
225
240
300

45

60
120
180
225
240
300

40

¢0
120
180
225
240
300

[ o]

SPEED

44.75
43.28
43.26
4% 2 U4
45.00
44 .95
43.28

46425
44420
44475
46.00
46.97
46.54
44.29

48.03
45425
46.717
47460
49.00
49442
48.55
46.83

49.46
47.23
49.71
50.73

52.56
51.74
5l.206

50625
53.45
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SPEED RATIO RMS SPEED

X==4,50

0.951
0.920
0.919
0.936
0.956
0.955
0.920

==4 .50

0.983
0.939
0.951
0.9717
0.998
0.989
0.936

X==4450

l.021
0.962
0.994
1.011
1.041
1.050
1.032
0.995

==4 .50

1.051
1.004
1.05¢6
1.078
1.097
l.117
1.099
1.069

X==4.50

l.00Y
lels2

2140
1.880
1.980
2.040
2.589
2,720
2.610

1.770
1.660
1.760
1.840
2.640
2.800
2.720

1.290
1.590
1.770
lL.470
1.560
2.650
2.930
3.000

1.130
1.870
1.680
1.070
1.140
2.300
2.8060
2.540

1.320
1.490

LGCAL INT

R=0.400

4.782
4.344
4577
4.632
5.733
64051
6.030

R=0.600

3.827
3.750
3.933
44000
50621
6,016
6.154

R=0.800

2.686
3.514
3.784
3.088
3.184
5.362
6,035
6.406

2.285
3.959
3.380
2.109%
2.208
4.376
5.548
4.955

R=1.200

b

2.0217
2.798

TURB INT

44547
3.995
4.207
4335
5.482
5.780
5.546

3.761
3.527
3.740
3.910
5.610
5.950
5.780

2.741
3.379
3. 761
3.124
3.315
5.631
6,226
6.375

24401
3.974
3.570
2.274
2422
4o8b7
6.0717
5.397

24805
3.10606
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ANGLE SPEED SPEED RATIO RMS SPEED LOCAL INT TURB INT

120 524175 l.121 1.080 2.047 2.295
180 52.90 l.124 1.100 2.079 2.337
240 85450 le179 l.860 3.351 3.952
300 53.b2 1.144 1.600 2973 3.400
=wi 50 R=1.300
0 50.75 1.078 1.300 2562 2.7062
60 54410 1.150 1.590 2.939 3.379
120 53.50 1.137 1.240 2.318 2+.635
180 53.52 1.137 1.180 24205 2507
240 56.317 l.198 1.760 3.122 3.740
300 54.50 1.158 1.580 2899 3,357
X==4,50 R=1.400
0 51.60 1.096 1450 24810 3.081
60 55.40 l.177 1.770 3.195 3.701
120 54 .60 1160 1.340 2.454 2.847
180 54 .63 l.161 1.350 2.471 24869
240 57432 l1.218 1.990 34472 4.229
270 57.75 1.227 1.790 3.100 3804
300 55.50 1.179 1.71G 3.081 3.634
X==4,50 R=1.550
4] 52.16 1.108 1.430 24742 3.039
60 55.54 l.180 1.800 3.241 3.825
120 54,73 1.1463 1.370 24503 2.911
180 54.68 l.162 1.350 2,469 2.869
240 57.50 l.222 1.980 3.443 4.207
270 57.95 1.231 1.910 3.296 4.059
300 55,73 l.184 1.690 3,032 3.591
X==5,20 R=0,000
0 b1.50 1.094 2,600 5.049 94525
&0 51.50 1.094 24590 5.029 5.504
120 51.22 1.088 2530 4,939 5,376
180 51.30 1.090 2.580 5.029 H.482
240 51425 1,089 2.580 5.034 S5.482

300 51.23 1.0869 2.530 4.939 5.376
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ANGLE

60
120
160
240
300

60
120
180
240
300

6u
120
180
223
240
300

45

60
120
150
160
223
240
280
30¢C

35
o0

SPEED

5le72
51.55
S5le25
5l.62
51.96
51.55

52.76
51.72
51.70
52 .46
53.50
51.75

54.58
52.63
52.95
54.73
55.65
55.00
52.92

56.00
53.75
55.32
56.02
54.25
57.77
57.95
57.20
54 .62
55.70

5T.73
56.60
58.50

SPEED RATIO RMS SPEED LGCAL INT

X==5,20

1.099
1.095
1.089
1.097
l.104
1.095

X="'5.20

1.121
1.099
1.099
1.119
1.137
1.100

X==5.20

1.160
1.118
1.125
l.1l03
l-183
1.1¢€9
1.125

X=—5.40

1.1%90
la142
1176
1.190
1.153
l.228
1.231
1.215
lelél
l.184

X="5-20

1.227
1.190
l.243
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24520
2.350
2330
2.480
2.720
2.630

2.160
1.960
2.080
2.060
2.T60
2.730

1.680
1.790
1.810
1.840
2.510
2.840
2.870

1.200
1.650
1,740
1.470
1.460
1.320
2.390
2.790
2.870
2.940

1.140
i.920
1.660

R=0.200

4.872
4.559
4546
4.804
94235
5.10&

R=0.400

4.09%
3.790
4.023
3.912
5.159
5.372

R=0.600

3.078
3.401
3.418
3.362
4.510
S5.164
5.423

R=C.800

2.143
3.070
3e145
2.624
2.691
20285
4.124
4,878
5.254
5.278

R=]1.u00
1.975

3.429
{.udsﬂ

TURE INT

5.355
4.994%
4.95]
5.270
5.780
5.509

44590
4165
4.420
4,371
5.865
5.907

3.570
3.804
3.846
3.910
5334
6.035
6. 099

2.550
3.3506
3.697
3,124
3,102
2.805
5.079
5.929
6.099
b.241

2e422
4,080
3.527




ANGLE

120
150
180
223
2440
300

60
120
160
223
240
300

&0
120
180
240
300

60
120
160
240
300

vl
120
160
240
210
300

SPEED SPEED RATIO RMS SPEED LOCAL INT

59.52
57.20
60.03
6l.27
6l1.20
6000

58.90
61.77
61.50
62.00
63.70
6452
62.40

60.00
62.50
6245
63445
66.00
63442

63.90
66.T7
66445
66475
6%9.00
6beT7

64.53
67.50
65.73
65.50
69.05
T70.00
67.76

1.2065
1.215
1.270
1.302
1.390
1.275

X=~5,20

1.252
1.313
1.307
1.317
1.354
l.371
1.326

X==5,20

1.275
1.328
1.327
1.348
l.4q02
1.348

X==5.,20

1.358
1.419
1.412
l.418
l.466
1.419

X==5,20

l.371
1.434
1.357
l.392
l.4067
l.487
l.440
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0.990
1.130
1.010
1.770
2.440
2.180

1.230
1.530
1.160
1.110
1.500
1.670
1.570

1.250
1.610
1.230
l.170
1.660
1.530

1.200
1.310
1.060
1.060
1.370
1.260

1.140
14420
1.290
1.410
1.610
1.550
1.300

1.063
1.976
1.682
2.889
3.987
3.633

R=1.200

2.088
2.477
1.086
1.790
2.355
2«588
2.516

R=1.300

2.083
2.576
1.970
1.844
£+.515
2+412

R=1.400

le878
1.962
1.59%
1.588
l.986
1.887

R=1.475

1.767
2.104
1.963
2.153
24332
2.214
1.919

TURB INT

2.104
2+401
2elbts
3.761
5.185
44032

2614
3.251
2.465
2.359
3.187
3.549
3.336

24056
3.421
2614
2.486
3.227
3.251

2.550
2.184
24252
24252
24911
2.677

2422
3.017
2.741
2,996
3.421
3.294
2.762

*USGPO: 1976 — 758-167/09 Reglon 5-11
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