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NOMENCLATURE

-y Symbols -
e speed of sound
e e CFWWU» — fh?ctiﬁgiébéffieieht“"”“
DH hydraulic diameter
e loss coefficient (PSUP'PT)/PSUP
L chord
h enthalpy
H blade thickness or height
Mach number

éT total pressure
PSUP supply pressure

P,P],PZ,P3,P4 static pressures

Patm atmospheric pressure

r radius

R gas constant

g trailing edge radius

Repy Reynolds number based on hydraulic diameter
Rey Reyno]ds number based on blade height

Re, Reynolds number based on chord

T temperature

TSUP supply temperature

Te total temperature
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atm. PR

< < < @<y

Greek Symbols

[o]

Subscripts
2

S

TE

atmospherig, temperature . -

peripheral speed
e i e o A 4 st 5 o o A S b o s . - W S
flow velocity b

radial component of flow velocity
tangential component of flow velocity

loss coefficient (Psup-PT)/(PT-P)

density

nozzle trailing edge angle

flow angle

flow angle obtained from mass flow rate
velocity coefficient

isentropic loss coefficient
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ABSTRACT

nozzle cascade of a radial-inflow turbine. Nozzles of two dif-
- e R — ol . ..40.._ et e L -

ferent heights were tested at three trailing edge angles and two

PR e e vt e e e e

supply pressures. The test data show that for the Tow pressure
test, the loss coefficient at three different radial locations
varied from about 0.035 to 0.12 for nozzle height of 0.200 in.
and from about 0.05 to 0.24 for the nozzle height of 0.148 in,
For the high pressure test the results show that the loss coeffi-
cient for the nozzle height 0.200 in. varied from about 0.02 to
0.08 and for the nozzle height 0.148 in. from 0.06 to 0.14,
depending on radius.

The flow angles at three different.radial locations were
obtained using the mass flow rate. For the low pressure test,
the flow angles for probe location no. 1 varied from 21 to 28
degrees for different nozzle heights and setting angles. The
range of flow angles for probe location no. 2 under the same
conditions as probe no. 1 was from 23 to 30 degrees and for probe
no. 3 this range was from 25 to 35 degrees. For the high pressure
test, the results indicate that the range of the flow angles
for brobe location no. 1 was from 25 to 37 degrees, for probe
location no. 2 it was from 28 to 39 deérees, and for probe loca-

tion no. 3 it was from 30 to 44 degrees. In general, the results

v o 2« STPYRNR R 0 tanse o n (L MG Bt e s s er e o Bea,



show that as the Reynolds number, ReH, increases from 2.4x104

ST R oo} 4;:2:)&494' the.-flow .angles. increase.and the loss coefficients- — - .. .

o decrease.
e - s e —"




I. INTRODUCTION

wnae~ T The radial flow. turhine has had.a long history of development

Wc&-ﬁ&years ago, when the first commercwg_gj_l_j_g turbine
(C-1830) was developed by a French engineer, Fourneyron. His
system was of the radial-outflow type. In 1847 a radial-inflow
type of hydraulic turbine was built by Francis and Boyden in
the U.S.A. The amount of work that one can get from a radial-
inflow turbine depends on the difference between the product of
tangential component of flow velocity and rotor speed, UVe, at
entry and exit of rotor. To have the positive work the product
of UVe at the entry to the rotor must be greater than at rotor
exit. This can be achieved by producing large component of
tangential flow velocity at rotor entry and allowing little or
no swirl in the exit absolute flow, The Tlarge component of
tangential velocity Ve = V cose can be obtained by either large
mass flow rate or small flow angle at rotor entry. To achieve
these goals, one needs to know the conditions of the flow after
the nozzles. The purpose of this investigation was to obtain
a better understanding of the flow downstream of a nozzle cas-
cade of a radia]-%nf]ow turbine for different supply preésures,
nozzle heights, and nozzle trailing edge angles. The losses in
a radial-inflow turbine can be divided into nozzle passage loss,

(profile and wall Tlosses), rotor incidence loss, rotor passage



loss, rotor discharge loss, and wheel disk friction loss. In

this 1nvest1gat1on the nozz]e passage 1oss and the flow angle
: R > -

B e v o

variati ownstream of a cascade of rad al nozz]e vanes
been studied.
The enthalpy loss coefficient which normally includes the

inlet scroll losses is defined as:
_ 1 2

The Toss coefficient can be expressed in terms of the velocity

coefficient
Vs
Q=y= (2)
2S
Since
_ 1, 2 1 2
hoy = hy + 5 Vy~ = hpg + 5 Vg (3)
and
_ 2 2
hy-haps = 5 (Vg™ = V57) (4)
we can write
] 2
hy-has = 7 Vos™ (1-0%) (5)
Substituting Equation 5 into Equation 1 gives
- 1
£ = @ (6)

The stagnation pressure loss coefficient is defined as follows:

A— ey

v .‘...j:‘.-.m“ R !
have
Bt ceme-s PR sasn QTGRS & s — W —— e betm ‘L—-....... < G-
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YN = (Po]-Poz)/(Poz-Pz)

voerulin

DGR stms— 118 1055 cogfficient Y, can be related to £by

) 1.2
YN-(]+§YM2 )E



Literature Survey

Literature survey has been done to be able to compare the
e -...‘m - © venecmby s .

results of this investigation to other similar investigatians.

This survey shows that 1ittle is known about the losses in radial-
inflow nozzle cascades. In 1952 Balje made an attempt to cal-
culate the nozzle loss using friction coefficient for a flat
plate in a paper discussing a method of computing performance
characteristics of radial-inflow turbine, [1]. In 1960 Mizumachi
published his test results (experimental and analytical) [2].
He used an air test rig which had a radial-inflow nozzle cas-
cade followed by another radial cascade of vanes. The purpose
of the second cascade of vanes was to remove most of the swirl
from the flow. The nozzle flow angle was determined from the
flow rate, calculated nozzle exit velocity, and the angular momen-
tum of the air. Tests were made on six straight nozzle cascades,
having 16 or 20 blades and also on a special curved nozzle cas-
cade. The height and the chord of the nozzle vanes were 26 mm
and 67.5 mm respectively. (The aspect ratio of the nozzle vane
was H/2 = 0.385). The trailing edge radii of the nozzles were
in the range of 135 to 144.2 mm, and the throats were in the
7.30 to 15.09 mm range. A

Mizumachi's test results show that the flow angle at nozzle

exit could be correlated by equation



6 = 0.92 sin” (t/S) (9)

w@gre_t”ig_;hrpat_aqgw§'is the pitch of a two-dimensional nozzle.

et bty e ieme ek e g

e CaScade..obtained by transformation of the nozzles tested. The-~~~=>—— -~

range of angle sin'](t/s) was between 5.2° to 15.8°. The nozzle
total loss coefficient, £, which includes the end walls and
profile friction losses, and the secondary loss was found to

decrease from about 0.12 to 0.07 as the Reynolds number, Rel,

5

increased from ].5x105 to 4x10™ for all nozzle cascades except

for the nozzle cascade having small trailing edge angle of about

5.2°. For this cascade the loss coefficient, £, was about 0.15

5 to 5x10°. It

dropped to 0.11 in the range of 5x105 to 6x105.

in the Reynolds number, Rel, range from 2x10

In 1959, Knoernschild proposed that the ratio of the tangen-
tial component of the flow velocity downstream of the nozzles

can be correlated as follows [3]:
T = (=) ' (10)

In 1963, Hiett and Johnston reported on tests of three radial-
inflow turbines, [4]. Turbine A had tip width of 0.5 in., turbine
B 5/16 in. and turbine C 3/16 in. There were seventeen nozzle
blades having aspect ratios of approximéte]y 0.38, 0.24, and 0.14.

The trailing edge of the nozzle cascade was located on a 5.5 1in.
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diameter circle, and the trailing edge pitch/chord ratio was

0.75. The flow angles for three different nozzle trailing

edge angles, 10°, 20°, and 30° were obtained by calculation of

the mass flow rate. In order to investigate the effect of inci-
dence angle on the performance of the nozzles, two tests were

run with the inlet scroll of turbine A and with turbine B. This
configuration was called the AB build. The results show that
for three turbines A, B, and C and for nozzle trailing edge angle
20°, the incidence angle for turbines A and B was 15°. It

was 9° for turbine C. The results for the turbine B show that
for three different nozzle trailing edge angles 10°, 20°, and

30° the incidence angles were 8°, 15°, and 21° respectively, and,
for turbine build AB for nozzle trailing edge angles 20° and

30° the incidence angles were in order of 2° and 10°. For the
nozzle trailing edge angle of 20°, the 1oss coefficient, Yy, was
higher in turbine A than C. It varied from 0.04 to 0.07. When
the nozzle trailing edge angles were 20°, the flow angle at a
radius of 5 in. for three turbines A, B, and C was 21.3°,

22.3° and 22°, respectively. The loss coefficients for turbine

B for three different nozzle trailing edge angles 10°, 20°, and
30° were 0.05, 0.05, and 0.07 respectively. The flow angles at
radius of 5 in. for the turbine B tested at three nozzle tréi]ing

edge angles 10°, 20°, and 30° were 13.1°, 22.3°, and 31.3°. For



turbine build AB, the results show that for two nozzle trailing
edge angles 20°, and 30° the loss coefficients were the same.

and equal to 0.03 but the flow angies at radius of 5 in. were

% 32.2 For two nozzie trailing edges angles 20°, and
30°, respectively.

The Reynolds number based on the flow velocity at nozzle
exit and the turbine tip widths was approximately in the range
of 0.5 to 2.2x105. The results show that the nozzle pressure
loss coefficient is dependent on the incidence angle to the cas-
cade and on the nozzle trailing edge angle. The flow angles
0.5 in. downstream of the nozzle were found to be 1.3° to 3.1°
larger than the nozzle trailing edge angles. Hiett and Johnston
have found that the measured flow angles at nozzle exit cor-
responded closely to those obtained from the sine rule,

In 1966, Rodgers [5] reported that for small incidence angles
the following equation for the total nozzle loss coefficient

could be used. For 1.0 > r/yTE > 0.91

£ = 0.08.2 [327};9 + SS:lne:‘ (]])
(Rey)

where S is the nozzle pitch, 2 is the chord and H is the nozzle

height. The Reynolds number is based on the flow velocity at

nozzle exit.



In 1973, Benson and Jackson [6] reported that the flow angle
in the interspace between nozzle cascade and rotors of a radial-

inflow water turbine model was affected not only by the flow

L s . i . o e RRTIRNg o feree e il . -

rate but a]so by the turb1ne rotor speed. Their resu]ts showed
that the flow angle downstream of a nozzle cascade having nozzle
trailing edge angle 15.4° in general at first decreased with
radius and subsequently started to increase. At a radius ratio,
r/rTE, of 0.95 the flow angle was between 43° and 30°, depending
on the test condition. It was constant in the radius ratio
range from about 0.88 to about 0.75. Subsequently, it started
to increase.

In 1967, Khalid, Tabakoff, and Hamed [7] reported on their
experimental and theoretical studies of losses in nozzles of
radial-inflow turbines. They concluded that for the thin long
curved nozzle blades used the nozzle total loss coefficient
depends on the nozzle trailing edge angle, Mach number, and the
boundary layer profile parameters. Their results are presented
in form of graphs and maps.

In 1980 Fairbanks presented results of experiments and
analysis of the deviation angles at the exit of a radial nozzle
cascade [8]. The results showed that for very thin nozzle trailing
edge angles with aspect ratio H/% = 6.26 the mean flqw angle at

nozzle exit was about 30° for the nozzle trailing edge angle of
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27°. The flow angle at the exit from the nozzles was determined
using total pressure probes located at various angles downstream
of the nozzles. The mass-flow averaged values of the total loss
coefficient ranged from 0.033 to 0.0414 for lowest

and highest mass flow rate respectively. No values of the Rey-

nolds number are given.

-11-



II. TEST OBJECTIVES

The objectives of the test were to obtain the total pressure
loss characteristics and the average flow angles downstream of
a set of 13 nozzle vanes of a radial inflow turbine. The results
were to be obtained for three different nozzle trailing edge
angles and for two different blade heights. The original plans
called for the tests to be made at an average flow Mach number
at the nozzle throats of about 0.2, 0.5, 0.7 and 1.0 and at trail-
ing edge angles of 10°, 15°, and 20°. The blade heights were
selected to be 0.148 in. and 0.200 in. During the test program
a flow instability, known as the "vortex whistle", appeared.
This flow instability, which affected the totai pressure readings,
1imited the flow Mach numbers and the vane irai]ing edge angles
at which tests could be run. The vortex whistle appeared at
small trailing edge angles at sufficiently high supply pressures.
Its appearance could be delayed only by inserting a set of guide
vanes to remove most of the swirl component of the flow. These
guide vanes were placed near the exit of the vaneless space
downstream of the nozzles. More detailed description of the
vortex whistle phenomenon is given in Section IV. As a result
of the limitation on the test conditions imposed by the vortex
whistle, the objectives were modified and the tests were run

for the two selected blade heights of 0.200 in. and 0.148 in. at

-]12=



the trailing edge angles of 15°, 20°, and 25° and at the flow
Mach numbers at nozzle throats of about 0.2 and 0.4.
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ITI. DESCRIPTION OF TEST SET UP

Figure 1 shows the 1ine diagram of the test set up. A
Richmond Engineering Co. type MFG. No. K-41372TK15 tank was used
at inlet to which air was supplied by é compressor at 80 psig.
The mass flow rate of air was measured by a standard orifice
with flange pressure taps which were connected to a U-tube
manometer filled with water for the tests at a Mach number about
0.2 and with a fluid having specific gravity 2.95 for the tests
at a Mach number of 0.4. Figure 2 shows the drawing of the ori-
fice mounted between flanges. A Fisher type 99-901 control
valve was used to control the air pressure in the 2 in. diameter
PVC pipe leading to the test-rig. Experiments were run on two

different test rigs, the main test rig and the optical test rig.

3-A The Main Test Rig

The main test rig was designed and manufactured by the Air
Products and Chemicals, Inc. Figures 3, 4, 5,.6 and 7 show
photographs of the rig. The three important components of the
steel test rig were: the nozzle vanes, the probe holder, and
the shroud. Fiqure 8 shows the drawing of the steel test rig

and its components.
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The Nozzle Vanes

The main test rig was designed with 13 nozzles. Figure 7
shows a photograph of the nozzles. A drawing of the nozzie
vanes is shown in Figure 9.

The nozzle vanes could be rotated about controlly-located
shafts so that their trailing edge angles could be changed. The
trailing edge angle adjustment was accomplished with the aid of
a linkage shown in Figure 8. To set the trailing edge angle of
the vanes, a bar with an indicator and a brass protractor were
used. By moving the bar and reading the brass protractor angle,
one could set the desired trailing edge angle of the vanes. The
bar and the brass protractor can be seen in Figure 5. Figure
10 shows a plot of the variation of the brass protractor angles
with the trailing edge angle of the vanes and table 1 shows
the values of plotted points. The throat widths between the
nozzle vanes were measured for different trailing edge angles
and the results are presented in table 2 and in graphical form
in Figure 11. 1In the experiments, two sets of nozzle vanes were
used both having identical profiles but different heights. The

vane heights were 0.200 in. and 0.148 in.
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The Probe Holder

The probe holder can be seen in the photographs shown in
Figures 5 and 7. A drawing of the probe holder is shown in
Figure 12. The probe holder was connected to the steel test
rig by a steel collar and four bolts which can be seen in Figure 5.

The total pressures were measured by th;ee probes at three
different radii, 1.44 in., 1.28 in., and 1.03 in. The static
pressures were measured by three pressure taps which were pro-
vided in the probe holder at the same radii. By loosening the
steel collar one could rotate the probe holder from zero to 360
degrees. (The test data were taken for 40 degree arcs at five
degree intervals.)

Rotation of the probe holder was accomplished by using a
steel rod which was located at the center of the probe holder,
This rod can be seen in Figure 5. A circular plexiglass disk
attached to the steel rod, was provided with radial indicator
1ines at probe locations to facilitate measurement of the flow
angles. It can be seen in Figure 5. Figure 13 shows a drawing

of the circular plexiglas disk.
The Shroud

Figures 6 and 14 show a photograph and a drawing of the

shroud, respectively. The shroud was movable in and out with
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the aid of four jack bolts. Movement of the shroud was needed
to ensure that the vanes were touching the shroud and pressing

against the steel front casing plate.

3-B the Optical Test Rig

The optical test rig was designed with an idea to observe
the formation of shock waves, if they existed, at nozzle exits
for large pressure ratios across the nozzles. In addition, it
allowed us to measure the pressure distribution of air in one
nozzle passage. Figures 15, 16 and 17 show photographs of the
optical test rig, and Figure 18 shows the drawing of the rig.
The optical test rig had six vanes of 0.200 in.height with the
same shape as those which were used in the main test rig. The
nozzle vanes were designed so that they could be set at\three
different trailing edge angles of 8°, 18° and 28°, The rest of
the flow passage was blocked by a ring segment made of plexiglass.
Figure 16 shows the ring segment and the location of the eight
pressure taps of 1/32 in. diameter which were used to measure
the static pressure in one nozzle passage. A window was pro-
vided in the optical test rig to allow optical measurements to
be made. That window can be seen in the photograph shown in

Figure 15.
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3-C Modifications to the Steel Test Rig

The following modifications were made to the test rig:

1-Modifications to the Shroud and the Probe Holder

The modifications to probe holder and shroud are shown in
Figures 12 and 14, respectively. The reason for the modifica-
* tion of the probe holder was to decrease its tip in size. The
shroud was modified to increase its exit flow area and to make

it of uniform cross section.

2-Modification to the Attachment Plate of the Steel Rod

A new plexiglass attachment disk was designed to facilitate
precise measurement of the flow angles and of the spanwise dis-
tances of the probe from the shroud. The drawing of the disk is
shown in Figure 13.

3-The Guide Vanes

To remove the vortex whistle as much as possible a set of
18 guide vanes was designed to make the flow of air more radial
in the vaneless space near the exit, A photograph and two
drawings of the guide vanes are shown in Figures 19, 20, and 21,

respectively.
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IV. DESCRIPTION OF THE MEASUREMENT EQUIPMENT

In the tests, measurements were made of the static and
total pressures, the mass flow rate and the temperatures. A Meriam
Instrument Co. Type W, model 30KH80 mercury manometer was used
to measure the static and supply pressures. Differences between
the supply pressure and the total pressures were measured by
three U-tube water manometers. Each manometer had a safety
valve to prevent escape of water from the manometers into the
main test rig. The temperatures of air were measured by two
thermocouples, one located at a point 20 in. upstream of the flow
orifice, and the other in the collector of the main test rig.

The mass flow rate of air was measured by an orifice having
1.145 in.diameter. The static pressure at the upstream tap of
the orifice was measured by a gage. The pressure difference
across the orifice plate was measured by a U-tube manometer
filled with water for the low pressure test and with a manometer
fluid having specific gravity of 2.95 for the high pressure test.
A sample of the mass flow rate calculation is shown in Appendix B.

The total pressures were measured using three cobra probes
at three different locations, as shown in Figure 13. A drawing
of a probe which was used in experiments is shown in Figure 22.
Each probe had a protractor rigidly attached to measure the flow

angle. These probes could be used up to the flow Mach number
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of 0.7 and pitch angles smaller than 5 degrees. Each probe was
made of three small tubes. The middle tube was used to measure
the total pressure at the time when the side tubes were reading
the same pressure.

Calibration of the protractor of the probes was performed
using a steel pipe as shown in Figure 23. The calibration pro-
cedure was as fo]1owsf To get the zero of a brotractor lined
up with the head of its probe, a probe was placed inside of the
steel pipe. The side tubes of the probe were connected to a U-
tube manometer and the middle tube was blocked by a plastic
cover. Air flow was introducéd into the steel pipe, and the
probe rotated until side tubes were reading the same pressure.
At this time the protractor of the probe was rotated (without
rotating probe) until the zero of the protractor and a sharp
edge Tocated on the steel pipe were matched. Then the protractor
was tightened to the probe and the calibration process was com-
pleted. Three U-tube water manometers with safety valves were
used to balance the pressures in the side tubes of the three
probes. These manometers were made of glass tubes (0.D.=0.6 cm)

which could take high pressure.
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V. DESCRIPTION OF TEST PROCEDURE

Two series of tests were made on the main test rig. One
series corresponded to a flow Mach number at nozzle exits about
0.2, and the other corresponded to the flow Mach number of about
0.4. The tests on the steel test rig included measurement of
the total and static pressures, flow rates, and flow angles cor-
responding to nozzle trailing edge angles of 15°, 20° and 20°.
Test data were obtained for two sets of nozzles having heights
of 0.148 in., and 0.200 in. The measurements were made using
three pressure probes at spanwise probe locations corresponding
to approximately 12.5%, 25%, 50%, 75% and 87.5% of nozzle heights.
The pressure measurements were made with each probe over 40
degrees traverse angles,. every five degrees. :

Figure 24 shows the test data sheet used. The test pro-
cedure consisted of the following steps:

1. The control valve was set to give required supply pres-
sure (PSUP) and the flow orifice manometer was read,

2. The three pressure probes were set at the selected span-
wise location.

3. The probe holder was rotated to zero circumferential
traverse angle position.

4. The safety valves of the water manometers were opened.

(Three water manometers were used for balancing the probes, and
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three more for measuring the difference between the supply pres-
sure and the total pressures.)

5. The PVC valves No. 1 and 2, shown in Figure 1, were
opened to Tet the air flow to the system. At this time a check
for leakages was made.

6. After a couple of minutes, probes were balanced at the
maximum total pressure reading by using water manometers.

7. After balancing of the probes was finished, the static
pressures (Ps), probe angles (a) and the differences between
the supply and total pressures (PSUP'PTOTAL) were measured.

8. Next, the probe holder was rotated five degrees and
new test data obtained as before,

9. The same procedure was followed for the remaining cir-
cumferential position until a 40° arc was traversed.

10. After the last traverse angle reading was recorded, the
flow valve was closed. The probes were moved to new spanwise
locations, and the test procedure repeated.

The same steps were followed for other trailing edge angle

settings and for the other set of vanes.

=22~



VI. TEST RESULTS FROM THE MAIN TEST RIG

A sample of test results corresponding to selected values
of spanwise locations, nozzle trailing edge angles and supply
pressure is given in Appendix C. The data shown includes the
measured flow angle, the static-to-total pressure ratio, the
dimensionliess total pressure loss coefficient (PSUP'PT)/PSUP’
and the computed flow velocities and flow Mach numbers, for
various circumferential and spanwise probe locations for the
nozzle trailing edge angle of 25 degrees. The nozzle height in
these tests was 0.200 in. and the throat Mach number was about
0.2. The test points correspond to the three pressure probes used.

Calculation of the flow velocities and the flow Mach numbers
was done on a computer. The tests results obtained were aver-
aged using the flow-weighting technique. The results are shown
in Figures from 25 to 44.

Figures 25, 26, 27 and 28 show the variation of the flow
angle with the radius ratio, r/r&E, for three nozzle setting
angles of 15°, 20° and 25° for the low pressure test (PSUP =
19.26 psia) and the high pressure test (PSUP = 24.4 psia), and
two nozzle heights 0.148 in. and 0.200 in. Figures 29, 30, 31
and 32 show the variation of the flow velocity, Figures 33, 34,
35 and 36 show the variation of the Mach number, Figures 37, 38,

39 and 40 show the variation of the (PSUP'PTOTAL)/(PSUP)'
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Finally, the variation of the loss coefficients,

(PSUP'PTOTAL)/(PTOTAL'PSTAJIC)"With the radius ratio, r/ryp,

are shown in Figures 41, 42, 43 and 44.
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VI. SECONDARY FLOW VISUALIZATION IN THE MAIN TEST RIG

The flow visualization in the main test rig was obtained
by using drawing paper which was attached to the shroud and the
probe holder walls and covered uniformly with a mixture of oil
and fine graphite powder. Air was allowed to flow through the
nozzle cascade for five minutes. Then the baper was removed and
photographed. Figures 73 to 80 show the photographs of the
patterns of air on the walls of the nozzle cascade for two nozzle
heights 0.200 in. and 0.148 in,, and for three nozzle trailing
edge angles 10, 15, 20 and 25 degrees, for the low pressure
test conditions. For the high pressure test the flow visualiza-
tion was done only for the nozzle height 0.148 in, and for two
nozzle trailing edge angles 15 and 25 degrees. These flow
visualization tests were run with and without swirl-removing
guide vanes. Figures 81, 82, 83, and 84 show the photographs
of the patterns of air on the walls of the nozzle cascade for

the high pressure test.
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VII. TEST RESULTS FROM THE OPTICAL TEST RIG

The test results obtained on the optical test rig are shown
in Tables 3, 4 and 5. These results were obtained for three dif-
ferent trailing edge angles 8°, 18°, and 28°, for the vanes
having height of 0.200 in., and for five supply pressures. For
each supply pressure four static pressures were measured close
to the exit opening of the optical test rig. From the pressure
ratios of static pressures to supply pressures, flow Mach num-
bers downstream of nozzle throats were calculated, The pressure
taps were located at radii 2.09 in., 1.98 in., 1.875 in., and

1.81 in. They correspond to locations No. 1, 2, 3 and 4.
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VITI. ANALYSIS OF TEST DATA

The variation of the measured flow angle with the radius
ratio, r/rTE, is shown in Figures 25, 26, 27 and 28. For the
low pressure test and for the two sets of vanes used, the results
show that the flow angles tend, in general, to decrease as the
r/rTE ratio decreases. For the high pressure test, the results
show that the flow angles are approximately constant with the
r/rTE ratio. The experimentally-determined flow angles using
the cobra probe are not considered to be correct. The reason
for it is the fact that two side pressure tubes of the cobra
probe are at different radii at all flow angles except at 90°
(radial flow), and the static pressure depends on radius. The
flow angles in the test rig were of the order of 30°.

Since the flow angles could not be obtained from the cobra
probe measurements, it was decided to calculate them using the
mass flow rate, determined with the orifice, and the flow velo-
cities. The flow velocities were determined using the total
pressure readings, obtained from the cobra probe, which were con-
sidered to be reliable, and the static pressures measured using
wall taps. The average flow velocities for each probe Tocation
were obtained by flow-weighing. The flow angles determined using
the measured mass flow rate, 8> are plotted against the radius

ratio, r/rTE, in Figures 63 and 64. The values of the flow
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angles corresponding to the trailing edges of the nozzle vanes
were obtained using extrapolated values of the flow velocity and
density. These figures show that the flow angles increase from
probe no. 1 to probe no. 3. It decreases from the trailing edges
to the probe no. 1 for the nozzle height 0.20 in. for the Tow
pressure and the high pressure tests, and increases for the noz-
zle height 0.148 in. for the Tow pressure test and decreases for
the high pressure test. A decrease of the flow angle from the
trailing edge can be explained by the effect of the vane trailing
edge thicknesses. For each trailing edge angle the values of Oy
for H=0.200 in are above the values for H=0.148 in,

The effect of the Reynolds number based on hydraulic diameter
of the nozzle throat passage, Repy, on the flow angles for three
probe locations are shown in Figures 65, 67, and 69. Figures 66,
68, and 70 show the effect of the Reyno]dslnumber based on nozzle
vane height, ReH, on the flow angles for three probe locations.
Figures 65, 67 and 69 show that the flow angles, B> increase as
the Reynolds number, ReDH’ increases from 3.15x104 to 7x104.
Figures 66, 68, and 70 show that the flow angles, Bys also increase

4 to 5.35x10%.

as Reynolds number, RH’ increases from 2.25x10
The variations of the angular momentum per unit mass,’rve,
with the radius ratio, r/rTE, for the low pressure and high pressure

.tests using flow angles from the mass flow rate calculations are
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shown in Figures 71 and 72. These figures show that the term
Vg decreases as the radius ratio, r/rTE, decreases. This is
because the angular momentum of the fluid decreases as a result
of friction. The results show that the flow in the vaneless

space is not a free vortex flow in which rv_=constant. The

8
values of the term rvy are larger for the nozzle vane height (H)
of 0.148 in. than for the nozzle vane height 0.200 in. This is
so because for the same supply pressure, the flow velocity for
H=0.148 in. is larger than for H=0.200 in. For the smaller

nozzle trailing edge angles, the values of rv, are larger than

)
for the larger trailing edge angles mainly because the correspond-
ing flow angles are smaller.

The variations of the flow velocities with radius ratio,
r/PTE, show that, as expected, the velocities increase as radius
ratio, r/rTE, decreases. Figures 29, 30, 31 and 32 show that the
flow velocity increases as nozzle vane height decreases from
0.2 in. to 0.148 in. It can be also seen that the flow velocities
are higher for smaller trailing edge angle. The only exception
is for the test points corresponding to orp = 15°, H = 0.200 in
and MTE z 0.2. It appears that these test results should be dis-
regarded.

The variations of the loss coe:ficients, Yy = (PSUP'PT)/(PT'PSTATIC)
and £ = [(h-his)/%-pvzj = YN/(1 + 1%—? with the Reynolds number
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based on hydraulic diameter of the nozzle throat passage, RDH’
nozzle vane height, ReH, and nozzle vane chord are shown in
Figures 45 to 62 for the three probe locations. These figures
show that the values of the loss coefficients, YN and £ are higher
for the nozzle vane height of 0.148 in. than 0.200 in. As Rey-
nolds number increases the loss coefficients decrease for the
nozzle height of 0.200 in. at all three probe locations. For
the nozzle height 0.148 in. the losses increase with increasing
Reynolds number for r = 1.44 in. They decrease at the other
probe locations. The values of the Re, are greater than the values
of ReDH and ReH. The values of the Reynolds number, Rez, are
about 1.8x105 for the nozzle height 0.200 in. and 2.25x105 for
nozzle height 0.148 in. for the Tow pressure test. For the high
pressure test, the values of the Reynolds number, Rez, are about
3.6x105 for nozzle vane height 0.200 in,, and 4.2x105 for nozzle
height 0.148 in. For the three nozzle trailing edge angles, 15,
20, ahd 25 degrees the values of the loss coefficients are closer
to each other for nozzle height 0.200 in. than 0,148 in.

Figures 73 to 84 show the flow patterns on the probe holder
and shroud walls. Clearly visible are the secondary flows in
the form of leading-edge vortices, and the direction of the

incoming flow to the cascade. The wall traces show that the inlet

angle to the cascade varied circumferentially and, as a result,
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some leading edge vortex traces differed considerably from each
other. The photographs show that in radial inflow cascade with
incoming flow direction varying from radial to that of zero inci-
dence angle, as a result of a strong radial pressure gradient,
the nozzle passage vortices are either very weak or entirely absent
and the upstream-facing pressure side legs of the leading edge
vortices in general do nof meet the suction sides of the adja-
cent blades. Figure 80 shows that for small nozzle trailing

edge angles the vortex legs forming on the suction side of the
blades are swept by the radial pressure gradient away from the
blades. At the same time the vortex legs forming on the pressure
side of the blades are pressed against the blade side walls and
leave the blades at the trailing edges. Thus they form a spiral
of well-defined traces (of counter-rotating vortices) whiéh con-
verge to the small exit radius. This phenomenon is more visible
in photograph of nozzle height 0.200 in. Figures 81 and 82 show
that for the high pressure test the phenomenon causing the vor-
tex whistle interferes with the leading edge vortex, making it
difficult to see them on the traces, The effect of the vortex
whistle phenomenon is stronger for small nozzle trailing edge
angles than for large ones. This can be seen in Figure 82, where
for the nozzle trailing edge of 15 degrees and no guide Qanes,

the paper on the probe holder wall was torn by the vortex.
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A'comparison of the test results with those of Mizumachi [2]
shows that for the probe location no. 1 the loss coefficient, &,
is smaller than Mizumachi's average values by about 0.05 for the.
low pressure test and about 0.025 for the high pressure test.
Mizumachi's loss coefficients do not include the effects of the
vaneless space. In addition, his nozzles had high aspect ratio.
As a result, his Toss coefficients appear to be too high.

The angular momentum variation shown in Figure 71 shows that
for the nozzle trailing edge of 15° and nozzle height 0.148 in.
the term, rVeTE» is about 9 (ft2/sec) greater than the value
obtained from Equation 10. In general, the experimental results
show that the term, rvgpp, decreases with decreasing radius much
faster than Equation 10 predicts.

A comparison of the loss coefficient, ¢, with Equation 11
shows that for the probe location no. 1 and the low pressure test,
for the nozzle vane height 0.200 in. the loss coefficients, &,
are 0.121, 0.097, and 0.082. The corresponding measured results
shown in Figure 50 are 0.035, 0.05, and 0.034. These losses are
for the nozzle trailing edge angles 15°, 20°, and 25°, respectively.
A comparison of the loss coefficients which are obtained from
Equation 11 with those from this experiment shows that Equation

11 predicts always higher losses.
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The loss coefficients, £, of Hiett and Johnston correspond to
somewhat higher Reynolds numbers than those covered in these tests.

Their values are Tower than those determined in this investigation.
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IX. CONCLUSIONS
This study showed that the flow in the vaneless space down-
stream of nozzles of a radial-inflow turbine is not uniform. It
also showed that, in the test rig used, the 1incidence angles
around the nozzle vanes varies from blade tq blade. The loss
coefficients generally decrease as the Reynolds number increases,
and the losses are greater for blade height 0.148 in, than 0,200 in.
The flow angles for the nozzle height 0.200 in. and the low
pressure test increase from probe no. 1 to probe no. 3 and decrease
from the trailing edge radius to probe no. 1. For nozzle height
0.148 in. and the low pressure test the flow angle always increases
as the radius ratio, r/rTE, decreases from the trailing edge to
the probe location no. 3. The high pressure test results show
that the flow angle increases from probe no. 1 to probe no. 3 and
decreases from the trailing edge to probe no. 1 for both nozzle
heights 0.200 and 0.148 in. The results also show that, in general,
the flow angles increase as the Reynolds number increases and as
the nozzle height increases. In addition, it was found that, in
general, the loss coefficients decrease as the Reynolds number

increases and as the nozzle height increases.
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FIG. 4 Picture of steel test rig from front view.
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Fig, 5 Picture of probe holder and probes.
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FIG. 6 Picture of nozzles and shroud (inside look of steel test rig)
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FIG. 7 Nozzle assembly and inside look of probe holder
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FIG. 15 Photograph of optical test rig from outside view.
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FIG. 17 Picture of optical test rig from outside view.
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FIG. 19-Picture of swirller with 18 vanes and flow
straightener,

-53-



-VS-

Material: Brass \

e
“
- 2.8 —_— |
- —
q I M
o
Smooth Curve
oo =~
. R FN k- o 1\ §
- ]
9
_'1!’:_1’ 2.6
Vanes -

oo |, Vanes (18 vanes)

FIG. 20 The Drawing of Swiller



_SS-

0.15

0.2" Ji@.'_ 18 Equally Spaced Vanes

FIG. 21

The Drawing of Vanes Setting for 18 Vanes



...99_

Protractor

p——— C —-—

Fitting Unit

Set Screw

FIG. 22 Drawing of probe with protractor




Sharp Edge

Tubed to Manometer

Blocked Head

Manometer

Air Flow

\\\\\\\\ = Protractor
ha Probe
’ /
n-.. — Lﬁ e T TSR
Steel Pipe

FIG. 23 Probe protractor calibration setup.

b



_89-

DATE:

NOZZLE WIDTH IN. { PRESS. OF ORIFICE Pq PSIG [NAME:

NOZZLE ANGLE DEG. { FLOW ORIFICE aP IN-S.G.= |[SUPPLY TEMP. Tsyp Of
PROTRACTOR ANGLE DEG. | TEM. OF ORIFICE T, Of PATM IN-HG
FLOW ORIFICE DIA. IN. | SUPPLY PRESS. Psyp IN-HG TATM OF

CIRC.
ANGLE

STATIC AND TOTAL TRAVERSES

FLOW ANGLE, 6, MEASURED FROM RADIAL DIRECTION

SPANWISE PROBE LOCATION: % OF NOZZLE WIDTH MEASURED FROM SHROUD

P(IN-HG) Psup-P(IN-Ho0)
2 3 1 2 3

1

o(DEG. )
2

3 NOTES

10

15

20

25

FIG, 24 Test data sheet

30

for main test rig.

35

40




T - e I O R T OO S I I A IO
' ! SEEnfunnpinnEpunaREREE RSN SRS
; o e T e e e T
(] i [N T R S D N F- 1 [ B e S S
m ' Ll I..ﬁ» \.’ I P 1_ 1 Aol | _ | |

\
v 1
.
g

ree

1

T

0-(DE

Uup

2

gr-th

P
(DEC

1

1

eg.

rat

2

a1l
Ol

n

TN NLTY
actr

sl

with

ittt f
P

Wi

2

i
. R o ) R U 0 O S [T S S DU (N SO I O .
L NECEEN T Y. R I 5 O _ ? S5O T O R A O N N
I e e T e e B s S N
Lo | . S0 TR T O I
it s g e -tk
‘ A : _ - 1] L]t _
_ | T S P - e b 4 —--
i A4t HA
0 "T w [ S S PR SN S Y NS SUNY QU SN -4 4§ - P Sy W R S
: _. i . . L R A S O - I D O A S
t |
) b 1. RENEEEEEENE AR En
: P | L 00 O Y O O I L i
L . - I O O A O 1% O Y
1
oo H k] - - -] 4 S S P 4~ - - | e § —4
o : 1 1
. . 1 v —- — . . b W W S -~ -4 — -

1~
e

b-'c

yAS

;
i
i
i
f
;

g

fgle

!

!

|
T
9

T

C

o

A

le

the

(0]

10 19¢

7420 PSTany

A~

- SV
SIYIc

Variatio

r

nozzle settingrar

25

L

la

n
7




of

na

las
Rg+ES

| ,_ il ] T
. ' H 1 H e
o ! { oy 1] (RN
.”, o i i { — : . m
o _ SHRE Tl T
s H | SN iyt vt
W | _ i P : ‘ Z%. 5
[¥1] i i p [o]
. D .- . — o
— - N } - — v»ﬁm S Ny L. 4.
w . - T bl T
) y - { L1, | 1. N |l - )
< | - mu =N
Lo “ =
RN @,. s NERNE AL -r.ﬂ
T ~ , Il old
o * ‘ ) : IL S ]
3 .Tw - q‘ \.J
e ) ] -La mm ]
o i T r el S
el L an i NN N il 1
. i 1 - - - - =S| i
| | ; i | S5
L e Rl N i N e ,m.‘ e
R w , I T e T Pk -
D ; . L. 1 . :Jmo?
w . - . - . b
: , A T - - - 11T ,,c AR 3
—— .!L' - t , - T - U
; L © - i Tk o
| ‘ 1688 Il
H irs ‘ﬁo_i
L - - B 19 ‘D‘W),U
D - 4ot =l bl —
[ ! T RSy <
| : 1 b5
. =y
»

I
niattor

ina.
- HAG-

i
T

6—Ve

7

satt

P noZZIe W

2y

12

b e

LY
AN
Tl )

=
el |
T 1 O 8 T




+hiraa

— 4 - ﬁ B e il e SIEE s SN SERS Sl - ~ gt ft—{ - — 1 —t— rlgl Wl “r
£9-1¢s
BESREREESENEEE NN H-HAH : o
0 S 0 T I U O O A - -4 ..4. -
T T T 1 i e 1T 1177 1T o
o

e

o

AT R T 1 EEEN Y-
) L Tt T U i
;‘W,‘w LT e O poog e
{. -1. . S G S I O O B Y (N g [=9
- S g

LT T .

O

A dl

T

1

N ?nf

LTI T R e

nale
.lg 1A

=6i1

UwWwr—

flaw

anglaes, |

. : B O R RO BT I R 1 A O 0 I
S " NEANS ,.1.Az;;r;‘.A&.:aia!!:,IiazL
Py t _ R it SRS O Y I S S O S 0 ol mt st el B et s A s okt By .s\ﬂlﬁﬁ - :TT.(: @ al
j “ ” . IO OO N U yr% A A . ,Al-\_v e o )
i ! ; “ - b=t [ [ S O R B I R o
B N | i - R T [ S E -4 JONS B U S S - [
. ﬁ _ ! _ b . - - J RO TN S SN . . .—L
; : ” w ~ " R . n N T R 0 0 (O O O 4 .—m N
o _, M - B 1 - 1 ‘HI-LA -
g P 1l : RS AR s R A qor
e ! “h. Tt Al T N W]
T DR | ; T N R 95
SeaEERs m ARERENRNE AN uAL
L . S OO : N ,
i Lo P Pl | . A -
- ’ N Nt 1‘. - 1N ; ! bl L 1. O S TR U OUOS OE S J -
. N B { _. 0 0 O e S O O O O O J
; i , | ! - -
. P ; | Lo I VR B o
O R R NREE
S SR RN N
_ B I P
A Py -




CIT

- N i T
,‘ P : T
I li aE: il ‘ I
| SRR | L o
“, T T T T
| ARRRREREN P . T
m I A T
H T B ' —
" i P TET
i ~“M - . ! . _v 44 R o
L ol n. i - n - —
“ RN _ﬂ L R R
H ' H N !
it : b ol
! . H - ' - - tn
v i ] !
b ; i i e TTT 0o
1 A 4
N ] ] ] 11 THER S L
o i i AL . L Ll Ced e Tl
P w ! | i I K_....
[ R I ! nicd ;.
; il , ! ND
T ] : q (a1
i i A‘W. H - Tt b -
i { +r e £ 1t
f t . _ B .
i L _ <
| +

PN
) A {
7
, L e
HEEASEE A
!
|
!
!
!
. )
-
o O

520

LAJ

— ~.<._;_'_l SORUUE SO

.
T
T

T

|

'

T

i

i

i
-

nozzdla wi

“R7E

Tow ang & with Fadius Fatio. for thrae
dif

—

[ ——
:
=
1

3

i

grangles;—15

Y. i

nel

LIS S

ettin
24

S

=

;
T
-
T
[
;
T
ol
P
Colh
i
HEERN
IR
i

|
i

P, PN

ressure:

|

P WL LTC

U
T

FIG 28 Variatijon. of [the . f

TR 8 el = T HEHEH
I I R R 930, 3TNy MgT || | DL R TH A
S i b
o e e e 1




, 1y ‘ - s
I ARuNRS g .H T

: RER : | 3

i <~ -t -~ L \m\llwl.\vl-(
ShN L 1T - ST
i L ¥

: MR m . iy

- T B EERER M..m .
] pu IENNE N 2 m
T - Ch g ol

sy

T

i

ra

p-d

and 25

0420
Ve &V

PN S —f 4

vIiwilt

[1-'/

I
)

20
[
wilel

3

\Jx .1. .
-
- o #
_f- - 0N 1
L ] - - Lo 8,1
~db . 1. [)
[~

‘ﬁ\

|-

Tes

3-3

Mo rda

12 lne
]

of tHe fTow_velo

Joide <2

149
Ul

N

ersglLing ahq

T

LA™

(}'s]

1
-t

T

+

¥4

—
.

?f*ni

aniatio

roocc
&l o T

"4

T

3la

of

a9

1%

R

Lel

._.___’_-Q}_._._._.___' —{-

i
2%

S




e -t ._.'_r._

-

(- J

T

-4 7
. E 1 B .w,nl
L Lo
- Pt g
: . . - = - o Ol
- 1 3 I apd ]
L 8 i - E3IK
_ - L dii]
9 =il
IRREN SRS i AR
I - " O CP -t
- 1T B SEESLAE
; k- -1 - l, b o = ik
~ B [ <
o ARAEER RN AN : - S e RS
: ﬁ _y - __ W
: ! i ) 1 . R e -
; . - 1t - = g
, ] ] - 9 ol ¢
Pl B 1 2121
S B - 4t
R 1 <
po I 11T "W g ice
RN -t - - 14 [P et
Pl gL | - 0N 4
: | ~ _ _ Yo lort |9
, LT 5[+ O
: i - ] T
e — R u S %;Pl
} i R i . le.lmMLl
0 B S
i ! . SN
- < : n Sl 15
V : - L EIR- N

23o

1o

Font &
Ly

- =

T




W “ a.1 - - -
| I - . . -
W m _ . A
: : ! -
! I i L dob -k
| m , INRNAN
3 ” )
T ] B EN
RN R i L= TL\
. - ra i
i . b el >
3]
| R R . a8 H

8 _~

usratio. for

L odeqs)

i .|
L 1 . . =
Sl - TS PrEr
! . L *
O[O
; - 4= o - I <t

thira
am

e

-3

Wi

* 3

d

+
[

T

J

2

Wt

velogity.

19 e ol

nozzle-

r

0

dTU 18X,

3

Sia-

n
L

¥

!

i

1

'

le

LLt

P

24. 3
(o g

~

g

v
|

variiation o6f T

7]

X wi =S
w ﬁ g A=l eh
' ; NI &
; + N[
| ! ~-irgd ©Of &
i - =1-ch:
! ;

: X m —

t i 9 Q 18. .

i : W0 o ¥ BEN

M m > .+ St 1M ‘SR
\ : i i)

RRAE 14-¢xk100

! ! P i

! i t i 1

en o



[T

N

RN VURS S PUSNURY UPS SO0 B e

B ) ] ]
m - ol L
o . . -
? BN T TE
m Al m%%aumw
: .
R RREI B
1 21
- § TeE
RESEREA Eall
[ - - vlb v

X

T 1
vt
egs|

1n.

._;__d

s

T
:
t

%

radjy

0

i

t
H

and—25

il I
T ——

oy

dtR0.20

TEYTRI
120

vl

I

IrAUE AN

iC
N

SEOVUDURSINS NSR VUGN, FS T B S

B - RRLE
‘ RaE:
: : o TSR
W g

M 1] -+

o

anglesis:

e

!

a i

-pst

th

1

£
tting-

A

le-se

h

aniatidn o1
z1

—r
' V [

nos
mflirs

!

H.d

Y20

8o

1

SY

F’I’G’ 132

I

T
1
¢
v
|
i

|
T
T
.




—

O

- _ = - At i r—
. m ﬁ_ ~ N
4 i : bl : Tlte
B dn RN - MR -
! -+ - e - - - -1 Nl ol ot =3 -
M - = JE A L LA 4-- Y SR ]
i Sk i 4 4.1 - B Y -
N S - L4 1 .AI:I 4
D | N -1 - . Ll L - - - D
Lo 4D - g
— N =
i Th- ) NEBENE : Ik
" ' T TE
,-
= |
-

AR RIS AEEREEACaRAAE 2
oL B} - - ] =
i ; = - - 1 =
w ! _ 1 ! T . £l
L i i ENNE Rl
[ L i N ] | [ 4SS 2
P - - -+ - - -
s i nel ) = ol plo L1
i {REERRNARARARRANAS| 18 Te T
i ! (o " NN > E
UL : i - - NN L2 B
v . L . ynvll . ..m. i
it - L 5 .
\_r i
T T SISl
” L N 1 T 1z HEN wie B
g 0 Aﬂ: 1. £
P ! ) +
Ci “ - -1 [r o
- { - - -4 6
T | 2i s
I SR B - - olv v
I L. N 5
SRR | ; L | B [ ]
, .

Variat

s Jo 1

a4t

_ay?

z3q

MGl Cindd

I

Fod & M

o

¥




|
!
i I3
M ! | SRREN ARERERREN : i
. | - S SN
y | | w g o
." “ i __ ﬁ | b —1-] -
i | I :
“‘ M..v 1 3 .Lx . -
ﬂ 9
BR o - T -
8 i- <. - L |
! 11 | =L i
-

V)
bl

SRR I

T

|
on-

— __...._‘.-‘..‘._...

[=
j = =
FENN LT i an| G..Mﬂ I
_ o oy ’
: E " )
| L §.]19. .Mu _.m..h
! ) N ERNENECINEN ]
Ly m JdD
] i : ! i -
N ; | H . SO N
i . ! i " - - - @S-l -
SERSE i “ | S HAHS R .
L ANRE : T THE B BT H
w _ A 1- -1 - u Q. ,i.“.l.w‘ & O ]
| 5 . - R .I,w'l-cm‘
wd - L. N . . L..‘w e
1 1 i - ~ [ Nl W 1
. e
¥ T TS TR RS
i 44141 3 in-N T
[B . MY i o]
[ . 14 1 ] LT E
L + = v
w w NN _ 4] T m.l S
i AP PR . - S Ot
i ) Au 12 l_
w i A N - . . [« (i 3 =1}
| | L
T - ol
._ 14 1- - |- atf.l...n‘
! . - 1 . hist!
i B L - I Al o
; ! \9 = e.lﬂ.
I i i 9 1 & _
H 4 - -t-1 N
m _ i . RN B i
{ _ ; - L - -+ A - |_1.05 e=i_¢§
m g T R R

|
drial
nqzz1

pressu

238

4 - —
- 1] Mw

k
N 131} 1 L
IENNA NS =NEgN .
. ot L ]




bl

~
N

‘ ] . N
R RN Wl
-
C Tr I g~
- F - -t -1 - =1
4] ] A M &
D
—
] 7 T T ol B
- 1 ; 1. - L o
0.‘ - - -4 o B R JSN
ol |- _ BENRENS
Fx)
IR ERRds i ai B wid |4
ﬂ 1. U T — - — ] - d
e . - I - Y e S =
u o o a1 )L
BBk RaRRNARRca i
ﬁ_l = L . —§— Y ol_r (a]
BB, T T - B
Wl T BN pedy g
e .L.J - T 1 — -1 Lnl
1 ]
S S ]
BN _ JHHI R B
U i i T s i -
b - IR
1 ) - - il :
! i L1 P v
| kA BN £ u) N re
CITrT o e S i
i - R .l_n f;ﬁ'
| - - L |-1- st

ch

-
LM =
=4

>

o

-

2.3

af ¥
¥

91 3psia:

v

9

atd
@

G

4
nozzle setfinalanale

Va

! . B
PprESSUre

3.

&

ol

==




—— ""4,"‘ I

b

!

: IR I
10 Tor _three:

supply-pressure——

+——t

O
Lo

K Yadius Fat

‘éndj2=52—}deg

VIve
S

1.Nn.

RN
Wi
0

[ Y - :

i
e

2

ol9

n

i

CAmb
15

]

the

‘a%c
£

1
1

th-0. 148

o |
1

+d

\a4

T

t

22]a
[ 1 3 A~}

of

[l

i

T

ng—angl

i

vt

-

T

tiont

e-sett

.

ar]c

HFreY—

!

T

36

MNOZZ

L4
i

T
1
|

IR

T
It
"

m -
! L el q e (¥ - -+ ¢l -
X i boed Ly pt =1 ExEERN
“ m i ; mam K d. 9. .h“ |
i A m ] N T N R O
SRR (U I EI N BN R R
LA Pl ; m d mz:2 I&(Zf -
P R SRR i
SUER R |
U L o ISR [ 11




PO S,

U IR

S RO S S

e
e

ure

el

~forthre

supnblv-npraccy
r’v rJ '-’l ok oS
: i

i : i i

: ! -
“m . i M .,1““ IWA‘.
] ! [ :
: _ Slth- -
i ! o Tal b1 i
{ o |9 lf.‘w -
& I3 - —“+oid -

! . 1. IRENEEE
i _ e |-
| i =
1 B K=
; ]

d " | ]
! b i TS S T
I “ . . 44 L - AN
_ ;
i b H -~ n -
; b m _ M _ - [ 1.5 _ BN
w L P ; i 1
B . . H - - -4 vu. A -4 Jw»‘
| j _ T HE N
: o) » —t- [ 2l
| 4 - Sid O
: L O - 33 .
] . IRk )
R _ s o .
1 R _;

i | ” ~ —

R~

ozzZle ™

of-the-losis:

}
+

on-

et

1naang
L

h

T
ti

-

‘aim-&
‘nozzle_s

T
i

A
T
L

1o,
T

2444 psitas

A

_old

+008

; !
16

bl

(




t

ac
<

rassure

4

fo—for-Jthre

TR f BENRRMMaNRmn
S T

REN S i 2.;.. ]t
E A P T e
LT e e e
L P F R A A R R A

ad
hohd
l‘l

4

supnly

T

[
P~
L4

-4

el
i
!
E.
\
i
t
A
1
'
T
i
H
T
:
i
T
1
i
!
|
—i
i
|
.
[
!
i

1

&

~

A"
LA =]

L

S et et et e ey e e e e

-l
Y

wit

RENENY 3
! 1 Il d 1
1 — 1 od 4+ i £
: R R IO ) ¢ 4 49 L
: 4 -4 e bad spde_ | 4

e
20

1%

v 2
UJ.1580

£

18]

2l gl b
[flensyl

VT4

il
s-goe-

_ B [ \» ]
- =T o
i S {1 Jre
BN B 1 Jd.ig =
jiants 2k
. FEAR N e
i Lf. s -+ Mr

D_

etfin

E

| | | »)
,ﬁ Trr | 1w
m : . - 49 @ &
: NN H a
K i - w N.s
m i - 1 SN e ”
G
_ 1 =10\
. T ] 1 -
! {4 ‘ || &
| - - Q
4 |od 1 L ) NN
_‘ ﬁv.* 3L | 2 L er
_ 11 N EEARANN ha

[ =Y
-
hot
Y
a—
e
i~
- 1!" !
H Y
[»
——d
Y
Q
S
|

nE




ree

|

. - ]
P ‘ : {
i 1 N i 4
v Ly EN RN NN
b -] - -

pressur

' for it

i

L}il

- -

11 t M B ] - . .,.._W;

e O

T - u Ty 1 H= ]

5 - TEREE

111 _ AR Pad

A L 1. l,

rEREPES - ST .
=TT : - - =8
¥ ] al
e H | B
[ R .- - - —fe 1~ -

i |

i - : 5 1 Eui ]

and ‘&

- -

/AN

!

“HMN

icient wit

200~

Sy To 20

“ L iy i

: L i X (L) ol q

; : - ‘_ . m rh=t o il
: , B B - MR NN RN
. i ™ [ ot
_ - R WS 1 9 Ul iR

é—;

ng ;

angt

e e’

nazzl

N

=
18
™

1

i

LT SCLLTTT

13

1

Y

alol

203

Na’s

100

‘A“ng

]
;
oo

i
|
2.

2 000

1

F

I




It
i

hree:

1.
et

+
1

or_thi
wpressu re

fi

.'I

1o

i

'

rat

]

LSRN S

QQLi
S

o

+—deg-Supp

T
i

d-25:

)

n

1

|

clent-wi thra

=

|

L4

&U ey

1481

20 .

i
|

£11

=24

o)

T
!
T

5-,
il 4ai

1

g e

orl

ssT

i

Y

2zle.w dth

he— 1o

ng-angles

It

1_

>

T

et

t
!

3

-~

Tdiliu

P

26

=

Y
v
neo

ﬂﬁl
.1

rl

L a.oll




ﬁ! ; - .r . - 4 & — ke .mf .. R DR U Sy SN B S SO Y W & L . I S O SO E UG W P
o RES ) AT Tl T 1TE RAND T LT
! - - N R ! -t I il blde =

. r HNE RN } 4 s &l
: T . Ll ) 1T oL T L s e

_.ﬂ. i ] ) EENREEN B ~ - - D

- Lt g1 Pl | i L) - L IR NN EE RN PN N~
i B i : | q11L LI LT ; B 5 )kl . | 1oy
, Pl P 1 i \ L JbEr IRRERENN Ny

m I ‘ | ; . RN L INERENEEERENES RN RN

: D e b =

[ b e

t
L
o

!
4
|
7
1
]
r
{
|
I
]

_+

eg.ysu

T
|
vitH radis_ratio_fo

: AR REE T ) -
ik L ) , - A el R

1 - - - - - - ™ B == —4 - —_ — ] 4~ - - &Ar
t g SEBENENERE T <7
111k . T P e ey il | ©

i R I 0 2 Y O O 0 O O - VL =
i i | A Lt O O T O VO O Ot A O O O JOi 1.
! A i =

\
,
i
‘
—
1
vl#l
g I |
——
i i
il
1
:
!
1
T
[
]
|
|
o
i
1
L)

|

1

i

o
e L%

|

2
" I kad®]

;
,
;
[ N
.
;
—
i
T
|
1
;
—
y
i
{
v A
!’\‘.
]
i
I
{
—
1
;
]
.
[
T 1
!
1
it
]
|

15

Y

LS AT R

aaddE b 0

T
'

anglas

,
1
:
{
:
,
QA
=~ o 42
{
1
:
1
T
:
T
[
i
L4
LB
4
T
—
;I
T
!
.
;

n

;
|
!
fHhe Tods_coefFic

4]

Azl a

UL LTO

1

LY

oL
1qan

J
T
|
i
]
i

teTgetti

:

i

]

i

|
-

T

:

i

:
by

T
'

FItan

AL~ d
ST

i
!
|
i
|
!
Varial

nazz

2
[

29

{
1
- :
]
1
[
L
1
}l
1
]Jl
]
4
]
Py
17\
T
L
+
i
i
!
{
[
|
|
1
1

.
1
-
(45
:,
<
D ;- R
wy
——
I
<C
=
CJ
-
Q.
St
B
bt
=
<t
o
.

}
o
o,

d

T
[
™
L
L
[
+

i

i
I
i
|
i

|
l
i
i
| ,




428,

I - T ] T ~ T ] T I
VT TTT I I A T i ] H- 1 L
[ . g { ; ‘_ T IRAER RS - s )
SEREE A ERREE ; i P ! J0 - i i i
s . SN ’ ”~ bt ! “ Aw _ '
w L Mll».ll.. o b H ~r __ w T i i b
o T TR P m ERERENS i . A
R ” M : i ! ~ | (] . A A BN »I.l.g + ~ It
. Lo ”wmm , | s | s H T
i _v ; ; R _ i — ST T T
A A S PR R . , TS T
: ., i : ! 1 A f At i o !Iﬁn
m T : T L )
L I detod 4 O O O O A A O 1~ S -
o ! § [ [ B U | 1.1 e T 4-
SRR IR e Il AREEENER AN RN
s ) - - o N o) (=)
e EEN RN ol Sl Q- A P
E | T * - 8 (U SO S N - — R
m_ | | = b - A-ﬁUWT 1 EEN
RN RN ) Ny HlHEee [T HHT
il 3 LD T B B
H B _ L
.“ T i - o - - [ I O S ‘._n,s.‘n_. A g4
SRR i ] _ | ST IO o T N A I A
| A . . ERE b 1 o dillid=-cplE Al
| ! + FEREEAREREEERNN 1 ..W‘?_.m. e 1
;,m . - i . n I:ﬂ \A_L i
_ A S . s [P SOY RS S SO - [ SN g o1 7 e
B 2B RAEgN) kR _*_L % LU Sl TR s
. ;, T | R T oLl n 1
i : RERNERRRREY < S5 NP -1 T
ATH -+ - | Nk INBEENN
m O e B e T
i ST HA R g TR -
A ’ - S : EREEERE NN e
Loy i : 1 IN) 1
[ M 1 H 1 1 ﬂ “: 3]
EEmE IERE EERRERRSL = REuBEREY BL NN Ry T
' S ERNEENRaEN NN i-%uwm RN NN
! T T TP Tl SR
m _ LT W HERERS
P - : in .THS mjﬁx AT
i 1 i LUL T4 s d a L] -t
| ’ 10T =+ v INREREEN
il | H T e e
M | o =40 Bt HEEN
w | - Pt el el o ri e
5 : - TS T P EE A
HE IRRR - >
I i ARNEEEN 1 .mmhn.
o , UL TR SIS BT -
._ w, - -1 - PN QN T S P = ~} -} i
[ O o T T E L
M H m : ﬁ ) N _~ . . - ‘Hi L [ I S NG O L N O Y
IR T N § SEEnA
S 3 Tl ST T T A
> .. T B§
¢ W,,n I . MﬂA. i 4 A_ﬁ RN 1 .o\.“w 1 -
. i o L ; i o 1 N THEr
’ i : [ : ; SERE
. “ AR RS Prhe b ’ T e e et N
m ! H _ L SEE R
_ | ; , L1 B O O O O A
! ” !
i ! . [ B



W a . N N BERENEEN 1] np
R 1] | Ll -
R L L 4. _ L
A = I ) BEENERRN) v
| SERERNERS, Tigs
o i - - 11118 AT
| 5
i Joh . N | R4 RN
; - - - - A« ]
i . L - L I = =1 ‘
_ =8
| ‘ NENERENE a%&
, * I S I S T - LI.U?D. +
L R L B DO O B -
<) nan - N i =B
& o
w__ i i B T 56 j
N T NERREREE EENEE K-
1 o - - . - a
ik LSRN
; -t - 1 th
| J N i i . O I o N
P i . 1 i s L
m ; | — i N mll‘m
Pl L T1r . ] I HH ,mﬁt}
i w m - iLn EEEN R |4 0|0
; N ~ ) k J NS L
LIS
T ‘ : - - TTE ISHE)
Dl - - R [k 4! LoD -/
il M ] . | e _ al Lo
i i 4 Q -l
J : 11 - (» ML
. [T BN - 1414 K L1 -4n n
: i = | 0 -w]=
: ~ . O Q ri=
i ; T T R l..ﬁru.._.e
t N : i £ ==
t T
T g LR PN
! i . H 5 - 'nm& o
! ! : - _ . . |1~ -
Sl : \ - EEH
: : - oW
. - ﬁ . . Y T R O O O inl-uh-
. _ 8 - - — { gues S 0 =N
' ! ! H 1] o
SEE | | AnEmaa R
H i = ot
. . ﬁ . ! - S . - el N
S i i i AR EERR T e
: iy 1O T d-Ojo
i g | } ] ) [
- — - - . |
09 - 5 I ot - D 4 ¢ .
1. ! - _ W ﬂ -1Q- - . 4] L
, N I ~ | : : R 4 Jd4 L}
; B i P
W

THIG_

: "‘"—q;
¥

L
—
i
[
——
18

i
I
i
-
:

i

|

{

]



T i 1 | HRERER
;. i gL NERE 1. JRERN
| i T T
w X _wm I8 A . ! ! e BN
. N EEREEE ol 11 L 1117
.mrx M m W.,ﬂ|; N M - - ,QC nm aie ¢ ] SO [ N S S S
! . ,~y , i, . - ) i .\\. [ u“ wa L I nf J S S 8
41 444 J,F JR A IO O IS 7 I O I O -
=yt
i C oud
- . i 3 N . w ] -} L - -
J S o w ' N S0 256 NN Ny 38 N -
L] L IR SN
| =
O
I gt HHr -
L R R el e o i
L . . n‘..ﬁ>,ﬁjw..\ -{-1— -
-} - —t - a  — ‘|JY}|L‘.....L: 3 . =4 -— J| —y—
4 - 4. - . uxa.v |1
B 1 ) O O T O 0 T I ) Pt ﬁlt
- - -} it .441.1 N
- I B O O Y R M 5 0 4
— L 4 - I‘-.n_, N o o S DU S
. B ] e 1 RERRN
>
e HEEEE e
ol -
- hu - SR T B I8 O Pt I O
. [ [ T . JONY (Y S ) o JN
TEHE T T BRe T T
1. ;T - [} Ltm.w. N& T I
o TS s Te e -
L 4. - FR G U % w u_l\. M J S
REEREERE AR e A i NN R
T 1120
NEENEEY ECHEE RN E T
I . . OT‘,‘#{ B A S
R : ) T Mli-=oo
~ I~ I .= 17
HOINEARESEE B Tl N -
PTHHETTATE Sy
ERRENE ﬁ Ly lLtl il g e ]
O A I O ] f.lﬁ
) N SN A O Y nv‘f. hid -
- - _m.w i ol -k
; - T T 0 DU O O A O
: B T T e S e i
{ : Pt v N
| T T S N&T ERENE
i | ! I [ I -4 — (= -
& 3 e STl ST T ER AT
i 3 SN SO T e TR TR T AT
! Nk LA L
| ] NNRED NEEpNNNEAN
i 4 : A 4o . L. i S .
. ! M ! X ‘ NENEN NN i.,ﬁ..‘




i

t,.YN, with
setting
+20., and
d two nozzle
0.200 and
in. at probe no.:

tlon,pfjthe loss

"hydraulic diameter for

o
(=]
[72}
o =
(3] o—
(%] ©
(o] 1]
0 |
. Q - + DT T
— S Q —_s . wun -] eI e
o cC N ™ C ST, L
. ot N— B 2O - -
o SRR —— o BT 7 [ o YR « . Q- * - - o —
: . QO C oD D O T .
e R 7 B < o r— R e
- — 4. 0. Q. O O . — _
4= De— 1OQO<FT O . Rttt _
Q > S DVt =z IO
QYD S T - . - oo B i
- ot Tt T oo PN DO —r— - U A 1
. I e e J— - Ill’l.ll i
1

B T T Dt R

)

—mme b e s e

FIG. 45 Varia
|
i‘

hf;({n

' - '

R
i
vt ]

'
I
i

heig

a]ﬁ
|
l
a.Z
i
|
"/[l
£

== LS TVAOL §yy W I0L - AlddS gy
; — i _ .

T A - TT=79=

1 i

Semi-Logarithmic
D fvlne v 1Ot rha inneh




)]

e o g et e g e

DR
R U O SO S

D - — —

+ —_— 1

- - =1

—_— [ O ——

—————— —_— 3
- o o e o e e —

sy

3
1
1
i
1
4

S e Emat s

1 i

4

Semi-Logarithmic
! Cyeles x 10 to the inch



;
- - :

S ‘
i P
v -
b . Sy e

I N -
R oo A S St . - L
0 S S U
i | Q

. . ¥ S - -
3o o~ ~ __ _ S _ S
\lllll'.lilv'AJnilAIl - .' nu B < a

PR S - Lo Ut T —- i S e e ——
7. “ 4.« R J“

i : = L I A S

.200{

r three [, |77
gles,

|
I

S N7y
3 e el o 3 ——
~- T TNV ‘ _
R, = = <R =] - : ;
N+ O MO O.®
T O - Cs i : . ,
L2 LY N =N - :
4 RS I - TS R _ :
N . WAV O PSP o i} :
Z - LMY= NN DY UL ;
T ITITT TR A B . T I i
i —C T QA -t :
TooLTTer T . B Y = ol ~ g =g T : o
oot IoT K~ SO = O TOLY. Qe — Q. N o
L T T T T T A IS i R SN R &} i .
3 : ; - Y Y- G—r— OO - — :
e e e e s e S S IR I : ..W.%.,.h vau G- . ) ‘ o
e I B i o™ I O e (=L 1 Lo AN SRR L
R ST N> NN S S Hrrem =) DN Qo e ! o
| I,f...‘l;‘lcl’tﬁ e ‘w - 0 t‘—l\.ilol.hlly\ b . - ll'lll“i‘ﬁa f: o — p— N n 0 — tooret * n Sl ~,
s NN AT [Sd - T
- e g ey T T e S e N MR 8 g Y L I
U SO FUVR TS s —— - [ SOW-- N e e S
L. Q I@]A B, - ~ S OB IE Crm BB £ o e et e

e 2 — ) i m M u . -3 ‘—|v|1.|il.l..

e

HH L U Rt s S _ ittt RS
o e e

O DA I 2 e S

1 NS
Semi-Logarithmic
Feveles x 10 o the inch




w

()

S..

Te:

iFWCW

1
I

|
ng

gnd -
953

il

o9 N

0 R w o e B
OO e O
= L EC SN T
N i o '« ST et I R
R e & el o B o

Q> O~ o

S Groer

\sl,
'
.
a
i
It
!
a7
’
{
"
t +
! * .
] T T
1
} : t : ; :
! i : s i
; I T P N = ]
, (7= =)/ =9 : 4
T T i A\ m o i h ) e " t
L ! . - . T T 1
[ ¢ ! i o Lt 1 IR : ! i : !
; + ’
[ I R I ! H :
H ' T T 14
I l L : H L |h~ml i IS ) ! : $
[ RN IR : T hdni [ R T
: | T . T : iy ) , T ! : : ! .
R ! ! H H | L [ R A r- X
- t T t t - : t t T 4
1 N L L , [ ;

Semi-Logarithmic
9 ‘veles ¥ 10 to the inch



b \a

: - ! . . T - - o - T
U L N O | ST S e
S U1 B D VA S B -
B W~ B S S S
SO O e X :
Rt “o =3 T I
—O-C =N Q) T — —— -
T S e >< O
A Dy 2O —
rO U TUTETM _c S T -
i~ TN ot—O QO -
. T N o <
- QO U N T e
L~ 0 .
i O NO Cim <t : .
PR N s P, .
Y O OO + o . ..
QWO 2O O -
e L e N O ’ A o
3 S QWT AWK __ .- {7, I ——
Q= Q. O r— T O O 3 .
QA e &, D z sz
iD= -G OO - S A
JoU—a P - £ S o . e
—— — e S
e g oo™ - - -
M. O Q. O Qv 2 =
wvi.CIn:tli MO 2 .o,
2 N SR S R A
- Mrﬂ.ﬁ L T 11!4.IJH‘I oI
= = i s
: = ——— : i
_ 5 et e st e
! : — PO S BOR—
- . — 8 ~ — ey UV SR ———
i 1 =83="_. - S ‘lmr!! S E
S i e ———— - L
— , | |
- ; t ) i
] | ;
' i 1 D
1 | ! i

Semi-Logarithmic
2 Cyeles x i) to the inch



M i n O — -
- ; e — Wy : o e e = S e e e s arssseras———
T Sy a— N — jmatery <y <ty S o Y Do et
s 17,1 py it
= — O B i at—
T N -
Q.
= -
—= - I
2 =)
<3
; P “,
1 = - ! : : ; )
T P H v N i ¢ | .
: T ; I i 1 . T — -« \ : | ! :
PN i ] i e Q@ N<t @
; ! = T T S dwn S0 N— O T _ '
; - o 10 LT (o o=~ = o S DML S @ |
I , ! ; SO oD e O
¢ : T i : N I
- = 1 M !
i + =
v : i oy il
J T t t ! .
t . ] :
. 1 . —_ ' t
i  amad - - *
T T N : A +
“ 1 ; i i i -+ ) } - . , " !
] T T ¥ I * > - :
i — ; i Y T T 1§ 1 i 4 ! " i
IR s N . IR ) I ) . . Pl L ; : } .
I ; IS I Y - 7 [ Pl ; M
t I D T T o T T } B N R — 1
T T N B R E [ RN . :

Semi-Logarithmic
2 Cycles x 10 to the inch



7]
[ e ]
) — T o
- (=2 X = B = & |
4 O 5 = T O
- - = C U o —
[V} +- SO
e a - - QLN Q- ON —
: OTES «
I S — (O~ - . . -
VO DO O C
: SN ST QO [ =
- -~ - = O Dy~ @O~ - et
— OOV »n oo
S o g s ON s _
T - o R el <+ B o B = T
- E L TN T =
—~ IV O N L O -
b i S B Sl iy J L o St M - SR 7; Btk
= LI T 4 2 T O C = S
o= TITTTIIIIO L S O U O -
e o - P N LSRR — S < U S .
S e Z U ~T - ® ~
S : - SO S U 0> O - . i
S = : I L - = I T e R -
[NV - I SU e NQ [
- T e . ; - L. e U+e —~0c .
. @ . : ) e N <P -
- LS lo. o O e - = QN e N—T . -
[Ve) [ [ FRRSE GO OO - —~ o
i e Q- |- = QN N : S U DU C O P e e e
—— - FRERE nond - . B ——‘v‘|l|.|.|lal|0||l'||14\ B . lu e e i e = - R .
i S ) B S S SR, M
I .= O . ; - . R
: . Z - ey -
I - o
[ = o . _
. — . B
- U S e _— i e ——
e e e e ﬁ‘!o e [ S NN U O PO - e e .
! I B i N et i e e e e e e [P - .
- U S — ;
- - T T T T b S T ~| - i T R | - w
_ — i [ S —— RSt e e
! : ' || e
Lol . : - e
: .

D v o e——
. B

ANy l‘ly!qwl

{ILIHS THIOL, oy @%m.wmﬁuuw -

——————

=g5= S S —— A —

1




em— . U SO T T TeT T - L T T T T T

- ] - e e s
— QS e e O T T T T T T T T T T I T T T

e — g e e e

- TR e ————— =
1

i - I L . Vi
. — T T T IR g e 0T Q
= o : ‘ AL I = I N L I © — p

b & W o BV e W ! : R

1 N i
; 3 ¢ }
OJ—. . . !
L + 1 +
»ﬂﬁ + : v ——
T H ; | N —_— —
T T i 1] 1 . . ; "
T ! (&> I t + T
- y T ) T 1= T : ! 4 4
N H M M
; | : PRSI : . ;
) | ; T | i 1 H 1
T i : : T
[ ; : ] j T ! 1 L : i ;
o 1 I I R [ : ; L :
L i ! | v | [ m : i i | i .
i+ H s . *
R . i i . j [ -0~ T T : T
: 1 K | v T ¥ [ i N T N
] ; | f i , : ; .ﬁ, + + + :
1 [ | i : R : ' : :

Semi-Logarithmic

N e dne v Y ta tha nch



h

[}

)
=R R SN E
e o QU= 2 O O\
- - O - O o T e T I T T
s W T o T U o B SUSET I = o Ittt et s
e S QO Q e o O N e s T s T T T
T ¥ o ol oy WSS o VSRR T, Y0 -3 > Y0 = W=~ B cas T <2 s S
- L9320 O e . R 1 Bt pn it~ eSS — -
- i — AU W~ el _ - -
N e # m =3 OOt —
TN Q e = ¥ o R o = S — -
(@) ru g 1ad ot O U OO S e T T T N
28] S D SN SR N St Sy, SN W, - R [P
> » pe b - .—
24 \ 54 A~ st ™ I - 17
——=—1 - e BN T - !
— (copt mum} L — = O _dlmla.t .
' g ! — T ~ N N -
: I 4. NZ SRS N0 e = N A g s
1t << ' OS> & OO0 > N
i —— O X i el (@ i ew piup foii © ot } -
: . . . e o~ Q™ ¢ ;
i =N A — T T Y004 w , .
| L o @ A ; LI — 1 A-Q s N.SE_@ ) ;
s =) m — C AU wns0O_ _N— O i
N ST S = Vo Wl o ST o W + —
| v ’ T P A e e maydilh V5. % 3 ool
| o ; t ; T
— — T : ; i =
r 1 T AV Y : 1 —
: (Yo} — i + =
¥ } T . m
— 1 - + —€S— H
w - - e ! : i
[ 7 ; - H T ; T ] == T I X [ }
ISR A ! 00 S I S AL I RO ? T i I
_ : RS — ! A I R , L 1 L f .
[ R IR IR : o iy SN : ; ; ;
, — = T SO _ .
R L i o P il il L ! ' ; _
. t R R X . . R R 1 m 1] “ ' f

Semi-Logarithmic
 Cveloa ¥ 10 to the inch



B [72]
_ | 9 O
[T} —_—=
- w— 0 (o2 P o]
Lo - E L S =
————ree——eis 4= 3 QOO © ]
Lo [T R =N = o o
- ~ e B . Q- QOO N
LS. O EE O
- T — 2 - ST S oV B« o I B
-z TN r=a— 3D O ON
- TN OTRPOVO S -
e —————— ~O"E€—~ QO e s — - -
P20 W0 v Q
Q or= s aOwn
T - T I O r—" QUL 42O I e -
- - L= Sr—NTDT S =
— s o N - 0T -
il i e N E T et T T T - -
e f4em T O S 0
LT o~ O0T>XHeEemooU© -
R g C =N - S R e —
T R C a Q@ M0 o ©
4 N OO Q> .
= j o O =0 o— .
--.n ot SN D .. e ————— - JE—
- R - .- - (O A T D — Q0 42 - .
) e = @ AN © .- -
- REERE ~4 o - 0O et e W V) S 6 N O
B e o o - @~ B oW Qg *+ O -
- ; (L1 N —— - o O O O oo e e = - S
——— . - Y R S - - e o -
e\ i - e o
- Aol B - - il - - e o LN 1
‘ e RO R o
i = 1 o
- — BENE STl
H - Q0 - : B
. = - e
- — _— o — ¢ - _—
. UL A oo .
: ol : -
. - = -
i ——— N -
. o - - PR A - -
i i ] - -

|
|

Ui

(2}

- : —poT s T

JURISES SO S

ﬁ =88~ .“ = -

1

Semi-Logarithmic
2 Cycles x 10 to the inch



s o e - — — - LYY
-- - SO - — - Sl - e —— - unJ
- - —— N — - — e - _— e e et e .- —
- m,\r.{, -—_
. . ‘ et
T e - - - - ——- e~y — = N
LT - R d
Ebot WULEEL N L e
il - U S - N R et _ .
..... o ==
] - - . - _
R N
T e e T e - - R e 71..' - -
H . : i L T A i
| - - [ S ol
8 - v B — B - &
: [ B A i T T T o -
: ! ! e L . ! -
T e g r
b —— S ..AM.. B - .
. . | IS i — R -
o t : . )Mil.ll.‘ll e
.

M ‘ - . N B ;
EATETE et R L
T O = S
B Y SR ;,

— TN
— ..
=]

rand
int o

‘[21.

g

coef
ngtno;'f

9
eg
th

th-fory |- 1
al? '

3

no.

dius 1/28
!
[

0

|

i
th Reyno
d

ne-wid
probe

°

settin

!
|
|
'
'
'
v

o N :
e s Sta = T M © ~ st § § SO

e
LTI T T T I P e

o tabssonin Mg 8 PSS ey Tty . s
. -

rd: leng
d 25.

i

R

-Q

=
oo o =1 S Y. = =g : -
[ ; - - T R .

3 SR N [ R =0 US> N e e
T T T T T T T =) - O~ :. S
[OOSR S A Y AR AW S [ T TON. B . P U SRR

PSS (e N e N e Ne-fhr— _+ @ . e e e e
| i O LPC O N
s : ; -5 OS2 Nem g D e
i — " O @ e e e e e
R N =) . - i TP T O SO+ . i R
N |® . c v o= :
by .

reel |

e b e s

i
|
H
i
b.
i_
|
i
i
|
Vard
aje
bi
th
1
‘t;w.j
0
2
[
i
'

i
i
e e e e e e o
[

1
: 1oca
|
i
!
!
|

= b o i - i S
i B “?|o1«| . PTG SRS S
; Yo i g bl SN S
: a - r iy S O
: i z i [T SO M S
- . i . i —_— 4 e bt ey e e e
- H )i & | ;
i 1. i e
L - L . I L [ SO S

e e DS S S
1 i - oo ) : : : T . :




P drerlusetmmestosy gl

i et e
K S S

S p————

oD I

S\ ——

S
I

D et

S —t—

PR O SO S

|

il

i
t

te
1
e

I

1
i

1

ht; {for|
angle

i

To
ing’

Y

e

t

e b e e e e g e e —
e
— e g ——- -

' hei

1250,

e e e A e g o A o s oy 2 e = e
e e e e e e ¢ s e e
— g e e e e
e e e e b e e e

ST Y I

—

st d—t-tg 1t 41

)
N [
R
—t

N

! Cycles 1 10 to the inch



- .
[
[
I » [0}
g (=] a0Mm
Y- O S [+3) [aR =)
- 4 C O T ¥ S = -
Q +- T -
o osmg o 43
QOO CW T 2 N
— . — O~ QN—- T 3 -
V) O r= 42 = o=
- —reee N ST T 0 - _
o > LS Q @
~ Q0N oS C s
i O e e @ - - e
Y — Qg > +
- S SO «Q m© o
h TTTIITITTITT T T NN ST - e -7 -
T o= Se N —r—0
S 2T O N - QO
i T T T | TO TG T NO TR T - - T T
- L~ wn O (1]
= Qr— ST O
e AL - 1= .1 SO — I < S -
r— O % &0 ©r— -
4 & SN =T -
- MG 4 T QRO M
U — ——— = D~ O e e = —————— —_——— ———
e QN DVON
DG O S O
....... > 0Q04% © WO £ e -
R . v

height (in.)

) T o T
T N z o -
e TING -

- - - -

1 10.148" ' Noz;

o=t ——

= ATIVIS. W0 IO L= ATdHAS N o
- l-zsrgl_,\lsnuiﬂwuax e ﬁrx&tni@>l.|f e aletept A

B o ok B

e s B s e
- : : — . ——— Pt A DO B
H d “ — —




R - S S _ S
: : ; “ : R S S——
i B 1 - = i ! B ——

-y o g —tog

| : ! R o
.t - , S
: ot bt e - ¥ T e e llll‘““ HA |1||V|n -
T Ay S ; —_ =
e s — —
[ m - — + ——
e : :

:m%mm

oe
!

3
v

|
i
1

j

35

<
A

ey

Io1ae
mif

t

'.’g

_ L e N

A <
-

h

ith| R

|
i
g

)

en
t
W
é.
|
I
|
1
i
i
|
|
i

e = N VU

Nyt
|
q

.‘j".

ho

..pn

M
mn

F

r
he

YN’
n

r?
]

dp

el hozzie

-2p

S
:

s

Q NpzzZ
4 0.148

dated| at! rad

%

h

tf
:

b

¢
L

B \afiatiow Julll

1ririglentir

I
!

b+

TTHT1IT

4 FIG4

it

1+
i

‘,\]
4.0

Semi-Logarithmic
! Cycles x 10 to the inch



. PR / . N ‘ A
(RO . o~ N . m .
P o - . P ..

noy:
r!

0s$

ght,foj;iﬂ.ﬁ
|

‘o

|

}

|

#

|

.ghtj(”,'

0.200 . i by

1

rangles| |

1
l

jNé;zlgghe

D o< - T T
oo
‘@ e e e e - -
n

01ds
nd:
03

4

|
|
i
i

: - ot P R~ Rt~ and . - _
e D = HI.I.;:UWT.-_q«vI‘H‘H‘.HHHVI!M..I. W Q= s O 000 .
oo ITT N e e = < i r= S~ w TN ‘ L
e T L D s e
mw. TSR S - S - S Y - <“|z..|‘ TS c g oN T o .
DL TN DT IS = 0 e - O S
T e ol et v i e s o N DB e @ e -
< —+ t ; =N [ae S ~ =
U B sat y T O TG S dee Toa
e e : :
_ N ) I B ! - - .
RS A — ISR B =T~ =T -
X ; - o Cco Y T T
R A T R adiJ zeo..w C o
B Rl =10 e w2l pnd Il I S Bl =0 SR b~ L S A
B e e o @vi -1~ T e @) @ N T s T e rm sy e
(PSS SRS I - N DU S AR Lt e DAL O N (D - e e - e -
2 (B ! M M. S0 O = Q
S -0 e © O e

59
1
a

|
|

FIG
1

SSUPRL S U TV QU Y S N 6 AL AR AN A Y

- t
1 : !
Semi-Logarithmic
P (welow v ) to the inch




(&1}

4 ,. e Y hl.:) 7. :

T o LTI 2 ¥ il e = B o = B~ St S S
 S——  ga— ; e S I« e o R O R SSSY SHSO S ———
o * : P-C— G- O-r—- T : e
O N S SO | I i SN - ~— - S I S
[ STy . } Y=o O Qe N . . [ i
e Nt - : O -2 10 WU ” , — e
2 gmem s m— i e s — —- e TN NS o ——t pm e e
T | =SRSE  NY | N~ IO T X
P : . . O WC .00 > o 1 . ; S
& P e 7= = N S =S = = S A L.
. i . ; = e @ Q Q . i H
o ! [d ! al.mmle % — Mu. = ] H i —
' ! » H o— O QU ~ fe] 1 ) | N i
f ) ’ SO s TN O ! 7 i T —

: | ! O TmE OO O ! i e :
= ¢ + - - ogP N To— ' BT : i
i —s i e B R > A
‘ — JEUPSE UM R —t . - , — —— e — .-umz. e
SRS RS+  J R 1 - ; + —o M - =N o
e = o e = + - — |- C ==
= = - [Te) [ oy t o t t —_— i
e [Ty =y VX o T & H o ! -
PO — N S } St + —_— —
—— e — N - it ks : : .
- N . : ] N
T O BRI~ TLdTTTTITUr z )

A PN T N O

xieq

prt
4

4

2

A

Qs

&.q

[» A3 1]

o -

4ttt 44

S R e e

Semi-Logarithmic

! Cycles x

{0 to the inch



SR R o | o

4

I N T LT LT

e m e e U U

—— N ] T

SR AP ob il e
e Ell S

— NIRRT  ENSNp UUHCIE 50 NS VU S N RS Fy T —— . - -
e S s
e w.|l0|,f|..|ik S . SIS S -

e l; E7T IS Yy S R —

|
200| 1
|
i
|
!
|

nv ,:

'

0.

noy ) i
es
|

n
and
5 0

g angl
. deg.|
widths
bei n
rf03‘i
I
|

1
atp
iu

.

w1

th'Reynplds
us 1
{

f the Toss Coeffi=| |
length fo

ozzle settin

N QO
© o O -
S O O -~ O —- -
- o= t 5 - t
TTOERLC 1~} - 5 - i
== Y - - i R
- (=2 s— Q@™ T ~ T
[« 1R SV = e 214 v . |
s O O N—TT i R :
[ P T TTITN] QDT T a R . o
I o o4 [ i < e i Al S huniianiy i
ol 1 [P oo gt > SR P S FEE U U
T — — e i o

s
0

ased

ari
cien

e<
R .
. =G Sl 3 & Q :
- = =00 P B Mmoo e e e e T
—— f - il Bt — S R
e I a— - : = o i
: m o e et BSOS
- ) ﬁl\n F —— -— b ey = - . - -
i H O S L : — e e
i <5 | T : |
—_—— ——— b!"l\b"’I -— S— } + — e S SR S— —m———
. I T v = oot
|~ e —— D T ———— —
- i : _— -

T
i L
H |
1 : ; . { . R
S — =95z A A SO S
| , : b :
$
T

) TR S B L ) i . . . [ R B i
Semi-Logarithmic
Cyeles x 10 to the inch




o

e e e e

1 H
S e A

i

+

hmem e i e

e ———

T
————- -

T

—

i

i

TGt

Hint
Wity
HUHH RS

I
1 !’i| N

ik
|

iy

5

[

th

f

S| W

Ton_.a

t

|

4
¥

1 IRLG

L.

{
LI i
{
I
{

)
10
O

1

1 =

Semi-Losarithmic
2 Cveles x 10 to the inch



R

(7]
HEEE , -3
AREEEREEA 4= i O
N N e
o} =
- Y
411]o 2
——1 R R [ v
B wls
wnl |
a..
ul S
HERE s M
EREEN) P9 <
D Saript A ot =i 1 q..l
. C - - .l—u..
m g o e F.v Am
n/p_ e - ~ on= |l
- A. - I 143 Lw .f.
. ) bt t-|-
i - s -1h
I T a
—— ]
b D L N
. — +
- 1 L) I
T T - - g g ]
-

flow-a

S A NRRNEE .
h . ] B 4
: : r- KT ..."IM.T
K|
T [ o 419 it
L I L] Syl
P T O O O Y A ol
= | S
. AT s
S o il B o Bl ol -+ “torde | ed
=
T S O bl e IS
xTﬁ:T! S O E L 1S )
S L -
-
5 .‘un. BEEEE S oL
™ . - T
: . (3.9]
*
.h ‘ 4 =1 &
! 44+ 13
_ N S S N N .y
“ ARSREEEE . |
!
i o BN NENNENENER N
| 1 ‘,%‘ll.li 1lC
;

10 Squares to the Inch



]
I
!
7
I
|

i

T
i
'
i
i
1
i
'
|
|

i
'

0.200" [0.148" Nozzle

b8

— AN ir T ” 11T ] Tii11
: n. _IN IS 0 T % O e 44 .
e |1 Lo L 1.1 [ . 3
o - -y i —4 B o e o -§ - tn
C - DR T O U 1 N O O S 0 Y - lta
e
= IENNNNERSE RN ] - NEC]
2 ] 11 1 T T mA.
R b 4
- @ - A -fede b bt B e B e o e e B e O o B S 'S “
R = LI 0 R - 1 JI08 GO R SO0 B Y S -l
) )
SO [ VAR W S N O NN A 0 - - S Dlil.ixlm»ﬂ‘
0 S0 I Y R 1L
Ao addtade S L 1°C
IRER RN 1 Hp! £ e
L 8
T T L‘ R BN kS
P I S .Ll | _. Ill.ltdh
. - S N Y O SJ4 1ia
]

L]
LIVT

sla o

P
ik

¥
AL

gle
Al

LRI

T T ™
S X =
. S N I S 0 Y O Q S
_ o
£ iy S NN VNN GO D . {11
AN T i w
r AR =
) - X
AREEREENEEE U%
1 11T 1T L =4
RN ) il
- _f 4 N | -
T o I 1= T = O]
! . mERE 11 O
. T et iy e THE®
A1 HERERE e L
- | = TIO R hU IR RN 1 T - =
o \1/
N ﬂk ’t ] |74 11 4 o

-
i
T1

1.
<A

od
=

6

! - ]

cEEE RO T LA R S 3 W
w ; MOLqr Tt 1T T T r Tt T

; T AT A

~ 8 0 0 0 T 6 1.4 S I I

m g VL P e T

10 Squares to the Inch



ht' (16@ji

JUNTE PR

Pt
P

‘heig

et

i b
Nozzle

|

beyf

1¢ed

S1npum

7 b
; ?

;
}
i
{
¢ R
Tl >
[ i >
o yo— —
. D : T - N T 7 v P -
I I i Y) . It i H 1 Ay b I ~
I L T : E S T 11 LY UL 2
D S : 1 J LI LS T Y *
= R e e e E TN I L :
T H " il S0 2= A VRN -V (W AR TY-W! t 1
I TS : [ LA SO I A A T/ | : : !
T T [ I SR RS T :
s 1, St : 4. ! " —t - .
P | : : A ] ! i ]
T T T A T I T T X T H
| i i 1 T L C ! L [ Vo
IR I A I AR AR T ;
I i [ . _ 2 [ . [ L
! ) ) | i | [IRTe N ] vt ! 1 i ! .
' ! R4 BN ARNRN RN 1
f L i | [ IR IO AR A :
1 ) 1 1 | | i i EEEEENREREEN IR |

Semi-Logarithmic
2 Cveles x 10 to the inch



>
o b W
. Cvi mH” SHHHWIH”.IIIIWIM e 4 -
= — Qe N O 2 ) s - :
= ! PPt R S = -
= N ; L e e ettt
! 1} : SRy < B Z oz
ol —tu———Lu—ut ET- o wn-—- — -—
) R [ 47 0 N g e S o
; e fall Fal i O Qe OO, _
—— D Bt T cm o e e e e e e e e e e
; €0 f——t—— # —— IS @y e e e e
- = ; : b, > U 0
! anll N A — : O Qgr=% T T T -
! 2 I 0 P4 N A : <= - - -
O~ TN Lt T S O e :
: : Q e~ T
. ST S = T .~ N —
: = t ! L= R S <y} ] ; —
, o m =) ) T
h (S N -t [45] L o
B ettt + L L ~—d— [}
- B i _ ! m S o0
H + t = ‘ e > ik Sl st
; M :
i f -
[V 1N

i —
i H ! N
; ; ] _ b
h t ~—+
X — < T
‘ T [ ) T
I 1 L M ' N
T i T : } — | ;
i ! . ; ; ; 100 : ! il
7 ! . i bk ! ! : :
) B " T t T
L i 1 i ! i ; H
! i ! i — H + 1 —
1 T T ; i
| T i i : L i N s i
- Tt T X T ] . EENEE N i _! " t

Semi-Lodarithmic
2 Cycles x 10 to che inch



- [ SUNUUIE MR IORIVL-S Y « ) SRR - o= e
. — B e o= - - . ;
- —— e e e LRy Dy Qe i e b e b bt -
- - v c U S0 . L L
- -3 N - s s T S m e e
o~ W - - - - o
R — Qe
O 4 2 O - .
—_ e S -
7 j= -

]

f v

nl
for.

1

io

jradius.

it

i
i

of the f

rommass

!
i

f

[’
rii

a

mhe

Tl
il

ed at

e

L

T ; =
T TUTLIITT LI IIITIIIIIITUL T O
T Tt ITIITTIIT LTI
LTI T IIIITIIIIToo T TIT

ria

tained

i
'
i
|

ec

L

3
1.

e o e

R e Tt

{

N (U

e g e e e = e e

e 1« BT @ o

WU S UEISUOSS SIS Sl

9
1

1

ate
Qlds

i jorate

4

v ,’l.\n(nll g

LI T T

S SR SIS SRS

o ! ! M x,f e e -
L Vi , it i ! D ! e _
! L IR L [ i I
] : L N I u.a . L .
: [ DR NN BN | S : 4 -
I o [ ] 1 J N \ i
2 — =
+ A ¢ ) — : -
e : : < [ 4 -
FE : Y ~ S v trp— + W - o=
T * T : P — : 1 " —
e ————{1bop)—Hbuy-MO ; - "

|
!
i

1441

1

Semi-Logarithmic
2 Cycles x 10 to the inch



T
- S To - o e
B — S 0 R QU
. S [P S
. DT 36 T
) . 1 e z
ol - e ) S - - S —_—
| <O B
. N R , B
B - - iy N bub - T
m B T T s s e
. o Co RN ottummms RO -
‘ UL RIS ions sttt S
) - N - - [ B o ~ ” .
LT AR B N ;I*lli- ;
T oI j R R . ,
R R ‘ . :
: . EERE i e Coe :
R bl et S Sl R _
i - i _ R S ) L e
e o i B e e e B e e gy e o ey e e - - -
ST, B RS S - S — -
. . . = e - - e
@ : -~ e o R
H SR RREENE UL S SR S
: . - = :
& T P Y - - - -
.t\ SRR SR S U SR S ‘A PN e OIdII — — - ——— e s e e ——
PR e 4 <2 B =«
£ S s> T . - I
= O ToVe i o - .
. e T O LT ;
_ . qQ TR O e e e .
{ = L Q O LT R
! - -t 22— cC .
) QY >you - ———
' . . p— - @) - ~ - . .
i : N Y . . S A
e e > Lo wm- o< : v
i © — U e —= = — b s
AT S T E EeW T .
LU SR NS Mt R a R wt [ Xee] RO .
P = - T lEzOoN e —-
00 - Yo OO
S el R N - Sy S = - :
. — SRR GRS = A = :
h i - N RN Tt A R 7) :
e | i OO R & 3 :
: : = Q™ O !
R SR S D TR T — Y= T -
—- R e e PRR e Sl - Sl a3 :
e - O - b e g O S i
N : ol e e e e S [, |
2 : . i Il - TR i
e e O e - = S e e ;
t - N .l .VN o -t
W _ e :
" ; O Comm - . e
: —— A DD SRR SO i - “
- 4 - TS SR S N SR e
e — ] e el el o sess it St o —
i e B - e T A —- - 7 it - -
i T - — Aot § T T '.'ll'w T - . - “
: ! T - i T :
, ) T i 21025 T = ” I
: ; i _ : ! ; . e
i : - ! ! - j A ! e
1 : | i i H

Svmi-Logarithmic
2 Cyeles x 10 to the inch



S S VRN | RO — OO O
. N o g . - )

i

i

|

B
nb]

b
y—

be no

Q o~
et - s e e e -
- - - —— —_——— ——— e 2 —_— - -
: OY% 4+ O
‘‘‘‘‘ _ —— Pt S - —
5 BRL =BT, B = N
: ’ 7, o—
remoms e — — @ " = O
2 oL E OO0 ©
: R el = &
- 1 TILTTTTETR T -
. N ’ R T T I O T S 4
i —_ Lio,r [N - IR
s -

1on
4
num

|
|
atcyl

T

t
ec
ocate

ds |

= - Lo ‘Ix o - [
O e DS O e e e e g e e e -y
B i e 28 SN i o o 2N co — S S SR e s e e

e e e e e o ey

B s Tt

[P, —_— R )
b e e e b e e e
S L TR

e ey

R U B (SN S o

i
!

aBil

4t

L

T—~
»
@ -

L

1 {

Semi-Lodarithmic
2 Cycles x 10 to the inch




| U Sy e
oI I oI :
- — + L S, ‘
- — + T ¢ _— e e e e e e ey
— i e e e e e ————————
+ ¢ +
— - . JE e ——
— o ey

+
—— v — . —— o e o ———— e ey
— + —r- - ——— — e —_—
l
. —— i —— e B - 1

oli200}' |01148" :Nozz]

L1
[}
NNy
=
-
= BRI
]

-

i
Semi-Logarithmic
2 Cycles x iU to the inch



i

! .

-

ghtaine

i

: : [ IR . e - ]
; : N Al - -k S O O - :W
| i o : HANE T
_ Ll =
: N ] +1- -
- ¥ : I (1 fl
= i ; a3 171
o , ‘ Tt J=REs
: Ll L I I B i !;!
4+ : J | Lot Ngul
B it
B : - . . = 1.1
[} T ) haRNN
S IR A - S b
2 0 O - N o @
TNl ....llnw_ LN I 3 L] 4 B &
cofte i i _ i - =T
=z e i le Ly i e . . B ] lv... o WT
S B S TR B | RN i Pl - 58
Bl _ SERARBRRARY ayun
[o=2 I f) =] i X ] B ] . ] g WH
| : . = B R S A / it T S s
o 4L st | |
S - .
o
. N
(=)

o 4B T cjEueat : er
i S : Ao by St - - O
by T T TR i ge
i byt . LT v e D (n 5
Lt - T T ~ K m * ~ ] Il Nl L L1 %Jw ﬂw
‘ L. . ! ! 1 ; wI\ & ‘gn,a Ly
L Vo o l_ ! EERR e - L] AWt
S o 1 _ \
T 1 NS
T Pl L1 T o<
o ‘ ey oy e o
. * m ; . -+
i , A HE s
” fabd K i i1 - &+
. _ | 7 e ©
¥ | | REERREAARRRS SHETREA| 2
; bl A . L L] - -
L RRUARIN I i N L - —“r.. “_,,,m mm _Umm
R B RN - S
. o
i i et AN = el [~
. | i 4
, . ; R Ny |1 ] g =l
o AiaAnanl {1HEE
. — — =T
; s fleiiad ot L + S FH- (58
¥ 3 H i . S p-L] - N - 1 T ., —f-4
~ D SRR AREREL B N
T T T ¥ .. T T =
| SEEERREEEREEERRE RN ¥ _
h SRR EEEEEREEEE RN m B - =
S R 0 BRERA BEE N B L ! i
i T T T T o T t
. i : i | [ Lo - -1
_ . ; N { ! | N e
i . . - [ | 1o
h : SRR 1 ; 1}

10 Sauares to the Inch



S

; I ! i ] 1T TTI1ULLL BN RN ] T
o P : il .w_,?um, NEN BNRNRENEEE N RN
‘ , i 1 nal < En AT -
i ! i P EREERRuRE RN nw rrrrrrori e r
| ; ; ui ,_lm_w,, i ‘ Py
w;lt i ; NN IS N NENNEERERNEENERY YR IEREENEN
; FR _ M n . . _ -+ i i —fom *,! S . — 4 JE Sy Sy PN I —f
! m 4 1 R O I S =4 DA Y R N NENE
i ni s THET
1 H : ! ; -
; : | IBEERE 4. - [} - A AN O O B O 4
! H N i i { f f B BERS
N3k | SO e R R R B
i ! gy . L At dy - [0 AN T I I s B O L
- i RERE L el KAL) op 2
: L BN i i AN e | e ] FEREE-AEN)
; | RREE AR Rat of L b A T if-?ﬂi-ﬁ N
, | B BN ] LLI=) W s e 1 Hi4 4 -
. it 1y Y NIRRT a4 e AEE
: ! : o) pi2
; <
-
(=]

©n
- : 7
H 1} 2 § hd . w _”
. - : IR
NN ‘ b SRR RN EREE 8 S
R kS g - -} @ < - O T = -
A hde NN [ oy AV N I . A-l-g e
B L 4 i . BRI O I Yy <, O
L : 1 N SENRNEY NN A 3 tulid
. Cid gl 4 FNRERENY | = @ L. &. } Jrs-LF SR
T BERE , B 8l % b Sl
“ S { &3 B N . Xl B R el o
R ol P ol i lesriT
A ST R B Ry oy A S A T RT [ e el
! 1 i [ i N Cl H i e e~ | I
» 1 1tk RN i SREREEEN e e
T S N O oy i . : B I -+ 1-ia ©
RN T B R ~1- 1 i : meu ! o BT S 1
N EREE , X ‘ &
- — t ’ @
[ A A [ ! - L R Lof - |1 19111 © nl i o
L SEESaN g ST
. AENEREE T T B
m ; . -1
1 -~ H e
! L - - @
LI B - - }. - — [N N VU Y SOV AN WGy NN G MRS VS B r=g X}
- - .4 S - b4 4 o
- - -1 4+ -+ L- REEY, 0 . . -z~
® qo el
1 - - - T T T - 1111 n..l
i Ll . ERNYRE L =B
1 L yary N gt bl Sl b [l by =7 - - o]
L
13- I e Bl
oY -t i 1 - - D
5 7=
L. A - - S SN S - - - -
i - - - [ A Uo7 IO TG = N 3} S _
~p R : TS R e z
e oo : | ‘ NSy SRR Ny ¥ EENNNNNES
o s i " ! i i BRAREEER 4100
i [ ; 1 o
i - * n H ‘[’T
B | 4) o TR TR R
. ! it . w - 1 - -

B4 ERRYY ANOUL IRE L NREY | | P -
YT T h 1, : I i SEENERENENENNEN R
., P m ) P - BENSESRRNNES | -1 ST

! S I i . [ JLL
' i ' H : : '
* YRR - | ! i ] _

10 Squares to the Inch



-(0L-

FIGURE 73 .FLOW PATTERNSIN THIE TEST RIG VISUALIZED
USING LAMP BLACK AND OIL. NOZZLE ANGLE 25 DEG;
NOZZLE HEIGHTO0148 IN. PSUPPLY 9.3 IN—IHG,

A_PROBE HOLDER

B—-SHROUD
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FIGURE 78 .FLOW PATTERNS IN THE TEST RIG ISUALI&ED
USING LAMP BLACK AND OIL. NOZZLE ANGLE 20 DEG;
NOZZLE HEIGHTO0.20 IN. PSUPPLY 9.3 IN—HG.
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FIGURE 8 .FLOW PAT TERNS IN THE TEST RIG VISUALIZED
HSIZNZC?_ELIH\&I') BLACK AND OIL. NOZZLE ANGLE 15 -DEG;
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FIGURE 83 .FLOW PAT TERNS IN THE TEST RIG VISUALIZED
USING LAMP BLACK AND OIL. NOZZLE ANGLE 25 DEG;
NOZZLE HEIGHT 0.148 IN. PSUPPLY 20. IN-HG,

A_PROBE HOLDER

B—- SHROUD
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TABLE 1
VARIATION OF TRAILING EDGE ANGLES, aTEs WITH PROTRACTOR ANGLE ON THE STEEL TEST RIG

gﬁg[gécggé. 0.0° #5,0° | +10.0° | +15.0° | -5.0° | -10,0° | -15.0°
Vﬁg? arp(Deg) |arp(Deg) |arp(Deg) |app(Deg) forp(Deg) |arp(Deg) |arc(Deg)

1 14.0 10.0 4.0 0.0 16.5 20.0 24.0

2 13.5 10.0 5.0 0.5 16.5 20,5 25,0

3 14.5 10.0 4.0 0.0 15.0 20.0 25.0

4 14,0 9.9 3.0 0.0 15.0 | 20.5 25.0

5 13.0 10.0 5.0 1.0 15.0 21.0 25.0

6 13.0 10.0 5.0 0.0 | 15.0 21.0 25.0

7 15.0 10.0 5.0 1.0 16.0 21.0 25.0

8 14.0 10.0 5.5 1.5 16.0 21,5 25.0

9 15.0 10.5 6.0 2.0 17.0 21.5 26.0

10 15.0 11.0 7.0 2.0 17.0 22.0 | 26.0

11 15.0 10.5 6.0 2.0 16.5 23,0 26.5

12 16.0 11.0 5,0 2.0 17.0 23.0 26.5

13 16.0 10.0 5.0 1.0 17.0 22.0 25.0
AVERAGE 13.46 10.22 5.04 1.0 16.11 21.31 25,31
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TABLE 2

VARIATION OF NOZZLE THROAT WIDTHS WITH PROTRACTOR ANGLE ON THE TEST RIG
1 2 3 4 5 6 7
NOZZLE # {THROAT |THROAT [THROAT [THROAT |THROAT |THROAT |THROAT
(mm) | (mm) (mm) (mm) (mm) (mm) (mm) |PROTRACTOR ANGLE (Deg.)

1 13,20 | 12.31 11.14 9,74 8,12 6,83 5.30 |For Column #1 = -20.°
2 12,80 | 11.91 | 10.82 9.36 7.84 6.54 4,99 |For Column #2 = -15.°
3 12.82 | 12,07 | 10.90 9.47 7.91 6.57 5.04 iFor Column #3 = -10.°
4 13.02 | 12.26 | 11,07 9.70 8.12 6.81 5.28 |For Column #4 = -5.°
5 12.81 | 12.21 11.01 9.61 8.05 6.81 5.28 [For Column #5 = 0.°
6 12,98 | 12,37 | 11.16 9.75 8.24 6.97 5.40 {For Column #6 = +5.°
7 12.89 | 12.34 | 11.16 9.75 8.20 6.86 5.33 |For Column #7 = +10.°
8 12.94 | 12.34 | 11.21 9.84 8.26 7.03 5,63
9 12.93 | 12,34 | 11.14 9.40 8.17 6,93 5,38
10 12.94 | 12.29 | 11.14 9.70 8.18 6.87 5.38
11 13.13 | 12,471 { 11,23 9.80 8.20 6.93 5.38
12 13.12 | 12.33 | 11.23 9.84 8.30 6.98 5,45
13 13.23 | 12.38 | 11.22 9.83 8.22 6.98 5.40

AVERAGE | 12.99 | 12.27 | 11.11 9.68 8,14 6.85 5.32




TABLE 3

The optical test rig results for nozzle trailing edge angle
of 8°.

(PSIA) [(PSIA) [(PSIA) |(PSIA) [(PSIA) | === | === | === | ---

21.64 | 19.55 | 19,06 | 18.47 | 18.27 |0.380 {0.430 0,480 |0.495
29.14 | 24.54 | 23.45 | 22.35 | 21,91 |0.500 {0.565 {0.630 |0.652
35.14 | 29.52 | 27.80 | 25.94 | 25,20 |0.505 |{0.590 {0.670 [0.715
41.64 | 34.38 | 32.12 | 29.62 | 28,44 |0.530 |0.620 0.715 |0.760

47.64 | 39.39 | 36.50 | 33.50 | 31.83 {0.527 {0.625 |0.730 {0.781

TABLE 4

The optical test rig results for nozzle trailing edge angle
of 18°. )

Pr Py P, Ps Py M, M, M
(PSIA) {(PSIA) |(PSIA) }(PSIA) [(PSIA) | === | === | === | ==-

22.64 | 19.65 | 19.06 | 18,47 | 18,32 |0.460 (0,505 {0,550 |0.555
28.64 | 24,51 | 23,43 | 22,25 | 21,61 {0.475 {0.545 {0,613 |0.650
34.64 | 29.42 | 27.80 | 25.98 | 24.81 {0.570 {0.570 {0.655 {0.705
40.64 | 34.29 | 32.22 | 29.82 | 28.15 10,590 {0.590 }0.680 |0.745

46.64 | 39.30 | 36.90 | 33.84 | 31.39 |0.592 {0.592 |0.690 {0.774
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TABLE 5

The optical test rig results for nozzle trailing edge

angle 28°,

PT Py Py P3 Py M M, Mq My
(PSIA) [(PSIA) |(PSIA) {(PSIA) [(PSIA) el Bt -—— ---
18.32 | 19.60 | 19.1 18.59 | 18,42 {0,420 {0.467 {0.508 0.520
21.51 | 24.56 | 23.43 | 22.40 | 21,91 [0.468 |0.550 |0.601 {0.630
24.71 | 29.52 | 27.8 26.10 |} 25.05 {0.503 |0.590 [0.668 }0,711
27.65 | 34.43 | 32.35 | 30.01 | 28.15 |0.510 |0.598 0.690 |0.748
29.37 | 37.23 | 34.78 | 32,08 | 29,57 |0.515 {0.660 |0.705 |0.790
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Analysis of One-Dimensional, Compressible Flow

APPENDIX A

in the Vaneless Space

The Continuity Equation

2rr b p Vr = const

or, in differential form

V. 1db

d 1 1
artV d Thdr

O |—

The Momentum Equation in radial direction

+

=0

S~

g W Yo 1ap 9y, shear
r dr r p dr dm
with , 2
dfr shear Ce 9%—-cos g8 rdedr
dm =L prdedrb
- v2cosg
A

Introducing Eq. 3 into Eq. 2 yields

av. v 2
_r .6 .
Vgt r *

O |-
D.In.
<|©

- . V2cosp

Ce
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(1A)

(2)

(3)

(4)



The Momentum Eq. in Tangential Direction

dv vy f
8 r 6 _ _6,shear
Ve ar Y7 T dm (5)
with
df -C R‘—/-%-sin rdedr
8,shear _ _“f 2 P
dm prdedr b
Ce V2 sing
- (6)
Hence we obtain equation
dv vV ce V2 sing
8 r o _ f
Vear Y T b (7)

The Equation of State of an Ideal Gas reads P = pRT, or in differ-

tial form

1dP _1dT,1dp | |

Pdr - Tdr  odr (8)
The Energy Eq. is

- V2

ht =h+ 5>~ = const, (9)
or

T, =T+ y2 const (10)

t 2cp :

if we assume constant specific heats.

In addition, we have equation

Yy

V coss (11)

and

Vo = Vsing (12)
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‘Equation 10 can be re-written as

T, = 100 + St (13A)
or
T‘ T -1 2 (138)
t 1 + %—M
Hence
1dT _ _ _(y-1) M dM
T dr T+ 02 ar (13c)

In addition

a =yl (14)
P

or

2da_1dP 14dp

adr Pdr p dr (14A)
which is equivalent to Eq. 8 since az—yRT and g-%% = %-%% and,
since

=V

M= 2 (15)
We have

1dM_1dV _lda_1dv_1dT (15A)

Mdr Vdr adr Vdr 2T dr

Combining Equations 15A and 13C yields

-1
1d xi‘ M M

M dr V dr 1+x'1M2 dr
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and

SR S
M1+ w2y dr
Equation 1A can be re-written as
1% 1w 1
V.. dr bdr r
_ 1 d(Veoss) _1db _1
VcosB dr bdr r
1dv g _1d _1
"VartEM g tba Ty
1 M dg _1db_1
+ tang dr bdr r

Introducing

or

and

M(1+I%l w2y dr

Equations 17 and 13C into Equation 8 gives

QM w1 dM
dg 1d _1
* tang dr bdr r
1+ (y-1) M dM 4 dg 1db 1
t - em ———— o —
M1+ 1 1P) de TP G Thdr Ty
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(17)

(19)



=)
= p(1 + L= M°)Y” (20)

Pe 2
dp
1%t _1ds P, _yMdM
Py dr Rdr P = 4 xél 3
= (2-1) am . dg _1db _1 '
+ tang - - = (21)
M(1 +1£—]M2) dr dr "bdr r

As a result, Eq. 4 can be written as

2
-V cosB d(VgosB) v2 im B

= a_ [ ]+$x-]2M dM + tang dB - ld_b _ l]
Y M(]Ix-] M2) dr dr "bdr " T

Cf b

+

because

1 dp
5 (23)

while Eq. 7 can be written as

2 .
Veoss d(VZ;nB) V 5123cose - v sb'lnB
or
cosgsing dV 2, dg . sinBcosp _ sing
v dr‘+c°53dr+ r B

or, in view of Eq. 16
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1 dM , cosgdg . 1 - _ 1
M(1|1-1 MZ) dr + sing dr ¥ r €+ Beose (24)
2
Eq. (22) can be re-written as
2 .2
-YMZ coszs (]v%—- + yMz cosgsing g —E M%—ﬁ
= [ 1+c¢ xMzcosB
' f b
which, the view of Eq. (16) becomes
2
dM 2 dg 2 sing
-yNF cos g [ —————1;—————-—— ] + yM° cospsing + yM
(]Ix ])M ) dr d r
gx-1)M aM + tang dg _td 1
+ c xMzcosB
f b
Using dimensionless variables R = ?;-and B = g;, we can re-
write Equation 24 as
____1__9.!1 - dg 1 _. _1_
ML P R COSBGR ~ R ~ °f Beoss (25)

Eliminating the term gg from Equation 20 with the aid of

Equation 24 and introducing the dimensionless variables R and

B we obtain equation
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W1 14 (y-1)
dg. R B dR f B.cos 8

(26)
1 .
cotg (EEEQE-- M2)
Equations 25 and 26 can be solved for M(r) and 8(r) with the
friction coefficient Ceyr and the variation of the vaneless space
with radius, B(r), known. Also the initial values of the Mach

number, M, and the flow angle, B, must be given.
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APPENDIX B

The calculations of the flow velocity, the Mach number, the
mass flow rate, and the flow angle for nozzle height 0.148 in.
and nozzle trailing edge angle 20° and for the high pressure test
are given in this appendix as a sample.

The uncertainty calculations of the above values are also
presented in this appendix. The following data were measured
for the nozzle height 0.148 in. and the high pressure test, at
probe no. 1.

PSup = 49.72 + 0.06 IN-HG. (ABS)

P=43.28 + 0.06 IN-HG. (ABS)

P = 49.17 ¥ 0.06 IN-HG. (ABS)

T

P 29.98 ¥ 0.01 IN-HG.

atm

Toup =69 F1 °F or 520 %1 %R

P P

sup™FT ° 7.45 + 0.05 IN-H,0 or 0.5500 + 0.0037 IN-HG.

The following equations are used to calculate the Mach
number, M, temperature, T, velocity of fluid, v, density, p,

loss coefficients, e, Yy and &.

Iy
U Y -1 AT M
T=Top/(1+ 550 1) (2)
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V=vwWRT M (3)
o b (4)
( )/ il (5)
e = (P, -P)/P_ = 5
sup T | sup PSup
&Py
Yy = (P sup” Pr)/(Py-P) = @, (6)
M2
g = Yy/(1+ 1) (7)
The following equations are used to calculate errors.
1-2y
M = |- Y‘—M XY |sX
where
P
X = = (8)
Pr
sT = | SUE | + l" (‘Y'])MGM T I (9)
+ X2 p2 Y=1 w2y2 sup
5 M ) (1+ 5 M )
1
sy = [y 3T 2 MsT| + |ART sh| (10)
so = [SE| + |- 2z oT| (11)
saP sP
1 su
se = |p—1| + |- Py pip] (12)
sup 1 Psup
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SAP
§ Y ——LI + I AP-I -(W! (13)
sY Y vMsM
s E= |—N] + |- e (14)
1+ -6-2—- (1+ %- M2)2

Using the value of P and P in equation (1) the Mach number

is:
1-1.4
_ r(43.28 “T““ 2
M= [((F5) -1) TTE:TJ

917 = 0.4298

43.28 _
X= 3977 - = 0.8802 and sX = 0.0023

The error in calculation of Mach number, M, can be obtained

from Equation 8 as follows:

1-2.8

1 T.4
|

M = | y7y70.4z08) (0-8802)

1(0.0023) = 0.0045

Temperature, T, is obtained from Equation (2) and the error in
Temperature, T, calculation can be obtained from Equation (9)

as follows:

T = 529/(1+ 951 (0.4298)2) = 510.15 OR

oT = | 1 (0. 4)(0 4298)10 0045)510.15

1+ 955-(0 4298)2 [1+ 2 ——— (0.4298)27]2

1.33 °F
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To get the velocity and its error Equations 3 and 10 are used.

<<
1]

v1.4x53.34x{66.54+460)x(32.2) (0.4298)
476.51 ft/sec.

= |/TER53.30%32-7 [ (66.54+480)%(0.4298)(1.01)
+ /{B6.54+I60) (0.0045)]| = 5.53 ft/sec.

43.28)(144)(0.4912) _ .
o 53.34) (460+66.54) ~ 0-11244 Ibm/ft

_ 1(0.06)(0.4912)(144 43.28x1.01
o = |°53.3x(66.54+460) | * 153 34x{66.54+a60y| - 0-0017

- 0.55
9.77 © 0.01109
se = I0.8?37I + |0.25S0.062l = 0.00009
= 0.55 = -0.09384 =
YN = 139.17-43.78 = 0.0938 , ¢ = T4 > = 0.083095

[1+ 5 (0.4298)]

0.0037 0. 55 0 12
- | |+ 125 | =

—m 0.00253;

“6g = [0.00253/(1+ 152 (0.4298)2| + |-0.09384x1.4x0.4298

x0.0045/[(1+15% (0.4298)21% , s = 0.002440
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Mass flow rate is obtained from orific data as follows:

AP = 5.7 + 0.05 IN of S.G. = 2.95
Ty = 71.9 # 1.0 °F
P] = 82 + 0.5 PSIG

atm = 29.98 + 0.1 IN-HG.
From reference number 10 the following equation is taken to

calculate mass flow rate

2
= 0.52502 -GV ¢ Fa /o8P (15)
/T=E%

where the values of Y, c. and Fa are also obtained from reference

10.

-4 = L3S - ¢.5725 d

orific diameter
pipe diameter

-n
o
I
o
n

=1 for Tow temperature.

106d

Ry =

o

= (106)(1.145)/15 = 7.633x10°

U‘l

For Rq = 7.633x10° and g = 0.5725 from reference 10 the
value of C is obtained to be C = 0.6078

AP = ( 5:7y(2. 95)(%4‘1) = 0.6072 or = 0.6072 ¥ 0.0053 (PSIA)
Ty = (71.9 + 460) = 531.9 ¥ 1 OR
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= 0. 6072
X ( 9673 = 0.0045

Using reference 10 with the values of x and g8 the value of y

is obtained to be y * 1.0.

p
_1 _ _96.73x144 -
P17 RT, ~ (53.34)(531.9) - 0-490%
_ 0.55 96.73+1.0 -
= g330asm o) | * s 3ayEst.oyz! = 0-00003
Therefgre the mass flow rate is:

-0.5725

0.24196 1Ibm/sec.

The uncertainty in calculation of the mass flow rate can be

obtained as follows:

1 1
) 21 1
o = 0:52502 cyd?Fa (1 g T2 gp 4 L vom up” Z g
/T-g"%
sm = 0.0011 for given data.

The flow angle, 6, can be obtained from Equation 17 which is

obtained from the continuity equation.
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sin{e) = m/2nrpVH (17

sin(e) = 0. 24196/2w(] )(0.11244) (476. 51)(‘ 148) = 0.4856

Therefore 6 = 29.05°.
The error calculations for flow angle can be obtained

from Equation 18 or 19

_ o ms o mey
56 cose [IZerVHl |- mrvipz! * 1= Zaripve] (18)
56 = tano[ | S|+ |- &&| + |- GVVU (19)
m p
- 0.0011 0.001 5.5 -
§6 = tan(29.05)[g577061 * |- ﬁfTTﬁ%%1 + |- 476.2 I1= 0.02 Rad.
0

r 1.00°

In summary the sample of calculation for nozzle height
0.148 m. and for the high pressure test when nozzle trailing

edge is 20° can be written as follows:

Mach number M = 0.4298 + 0.0045
Temperature T =50.15 #1.33 °F
Velocity | V = 476.51 ¥ 5.53 ft/sec
density p =0.1124 + 0.0017 Ibm/ft3
loss coefficient e = 0.0111 + 0.0001

loss coefficient ¥y = 0.094 + 0.003

loss coefficient £ = 0.083 + 0.002
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+

mass flow rate m= 0.2419 ¥ 0.0011 Ibm/sec

+1

flow angle Oy = 29.05 + 1.00 DEG.
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APPENDIX C
Sample of Intermediate Test Resuits

FLOW ANGLE

g
9; ; 5 SPANWIZE OiS. 3.325 M)
' PATM 30.:5 liN-HG)
TAM $8.20 (F)
) PSUPPLY 38.95 (IN-HG)
8 4 TSUPPLY $26.00 (R)
0 - | PROTRACTOR ANGLE -i4.5 (DEG.!
& | NOZZLE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (iN)
RHO SUPPLY 0.097634 (IBM/FT3)
3 MASS FLOW RATE 0.1178 (IBM/SEC)
(‘é. - @-PROBE NO. 1
a~PROBE NO. 2
+~PROBE NO. 3
8
é -
8
é -
8
v T T T

0.00 10.00 20.00 30.90 40.00
TRAVERSE ANGLE (DEG.)

FLOW ANGLE VS. TRAVERSE ANGLE
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30.00

25.00

20.00
1

FLOW ANGLE

15.00

10.00

5.00

-—
0.00 10.00

L] ¥
20.00 30.00

TRAVERSE ANGLE (DEG.)
FLOW ANGLE VS. TRAVERSE ANGLE
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SPANVISE DIS. 0.95  (iN)
PATM 30.15 (IN-HG)

TAM S8.00 (F)

PSUPPLY 38.95 (IN-HG)

TSUPPLY $26.00 (R)
PROTRACTOR ANGLE -14.5 (DEG.)
NGZZILE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (I1N)

RMO SUPPLY 0.097694 (1BM/FT3)
MASS FLOW RATE 0.1178 (1BM/SEC)
@-PROBE MO. |

a-PROBE NO. 2

4+~PROBE NO. 3

40.00



30.00

25.00

FLOW ANGLE
15.00 20.00

10.00

5.00

i |
G.00 10.00 20

-00 36.00

TRAVERSE ANGLE (DEG.)
TRAVERSE ANGLE

FLOW ANGLE VS.
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SPANVWISE DiS. 3.; LiN) .
PATM 30.iS (iN-HG)

TAM S8.00 (F)

PSUPPLY 38.95 (IN-HG)

TSUPPLY $26.90 (R}

PROTRACTOR ANGLE -14.5 (DEG.)
NOZZILE ANGLE 25.0 (DEG.)

. NOZZLE WIDTH 0.200 (IN)

RHO SUPPLY 0.097634 (IBM/ET3)
MASS FLOW RATE 0.1178 (1BM/SEC)
@-PROBE NO. 1

a-PROBE NO. 2

+~PROBE NO. 3

40.00



30.00

SPANWISE 01s. J..% (N

PATM 30.iS (iN=-HG)
TAM S8.00 (F)
PSUPPLY 38.95 (IN-HG)
8 4 TSUPPLY 526.90 (R)
uN; 4 ) PROTRACTOR ANGLE -14.S (DEG.)
. | NOZZLE ANGLE 25.9 (DEG.)
’ A NOZZLE WIDTH 0.200 (IN)
) / RHO SUPPLY 0.997694 (IBM/FTJ)
w b= MASS FLOW RATE 0.1178 (IBM/SEC)
~ o - @-PROBE ND. 1
D N
= a-PROBE NO. 2
< +-PROBE NO. 3
=
O o
- O
u- ) —
[=]
o
O -
Q
(=}
0 T T T
0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)
- FLOW ANGLE VS. TRAVERSE ANGLE
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FLOW ANGLE
20.00 25.00 30.00

15.00

10.00

5.00

1 1 1

0.00 10.00 20.00 30.00
TRAVERSE ANGLE(DEG.)

SPANWISE DiS. 0.i75 (IN)
PATM  30.15 (iN-HG)

TAM S8.90 (F)

PSUPPLY 38.95 (IN-HG)
TSUPPLY $26.00 (R)
PRGTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANSLE 25.0 (DEG.)
NOZZLE WIOTH 0©.200 (IN)

RHO SUPPLY 0.0976394 (IBM/FTI)
MASS FLOW RATE 0.1178 (1BM/SEC)
@-PROBE NO. 1

a-PROBE NO. 2

+~PROBE NO. 3

40.00

FLOW ANGLE VS. TRAVERSE ANGLE



.35

SPANWISE DiS. £.525 N
PATM  30..5 tiN-HG)

TAM 58.90 (F)-

PSUPPLY 38.95 (IN-HG)

TSUPPLY S26.00 (R)

- PROTRACTOR ANGLE -14.S (DEG.)
NOZZLE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (IN)

RHO SUPPLY 0.097694 (IBN/FI3)
MASS FLOW RATE 0.1178 (IBM/SEC)
- @-PROBE NO. |

a-PROBE NO. 2

+~PROBE NO. 3

.30

.25

MACH NUMBER

.15

.10

1 1 1
0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)
MACH NUMBER VS. TRAVERSE ANGLE
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.35

.30

.25

MACH NUMBER

.15

.10

20
1

0.00 10.00

20.00

!
30.00

TRAVERSE ANGLE (DEG.)

MACH NUMBER VS.
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SPANWISE DIS. 0.0§ LN
PATM 30.iS (iN-HG)

TAM S8.00 (F)

PSUPPLY 38.95 (IN-MG)
TSUPPLY S26.00 (R)
PROTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANGLE 2S.0 (DEG.)
NOZZ'E WIDTH 0.200 (iM)

RHO SUPPLY 0.097654 (IBM/FTS)
MASS FLOW RATE 0.1178 (1BM/SEC)
@-PROBE NO. 1

a-PROBE NOD. 2
+~PROBE NO. 3

40.00

TRAVERSE ANGLE



.35

.30

.25

.20

MACH NUMBER

.15

.10

L I I

SPANWISE DiS. 2.3 BET
PATM 30.95 UiN-HG:

TAM S8.90 &)

PSUPPLY 38.95 (iN-HG)

TSUPPLY 526.00 (R

PROTRACTOR ANGLE -14.S (DEG.)
NOZZLE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (IN)

RHO SUPPLY 0.097694 (IBM/FT3)
MASS FLOW RATE 0.1178 (1BM/SEC)
@ PROBE NO. 1!

4-PROBE NO. 2

+-PROBE NO. 3

0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)

MACH NUMBER VS. TRAVERSE ANGLE
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MACH NUMBER

MACH NUMBER VS.

.35

.30

.25

.20

.15

10

S|

0.00

10.00
TRAVERSE ANGLE (DEG.)

TRAVERSE ANGLE

SPANWISE DIS. 0.i5  iN}
PATM 30.15 (IN-HG)

TAM S$8.90 F)

PSUPPLY 38.35 (IN-HG)

TSUPPLY 526.00 (R)

PROTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANGLE 25.0 (DEG.)

NOZZLE WIOTH 0.200 (1N

RHO SUPPLY 0.097634 (1BM/FT3)
MASS FLOW RATE 0.1178 (1BM/SEC)
arPROBE NO. 1

a-PROBE NO. 2

+~PROBE NO. 3

40.00



MACH NUMBER

MACH NUMBER VS.

.35

.30

.25

.20

.15

.10

. ]
- 7 <
[
?"*e\\\e~__E*__Qr//)&“ﬁs—~_e_,~4o
.
L
0.00 10.00 30.00

TRAVERSE ANGLE (DEG.)
TRAVERSE ANGLE

SPANWISE DiS. 3.i7§ (M)
PATM 30.3S (IN-HG)

TAN S2.00 (F)

PSUPPLY 38.95 (IN-HG)

TSUPPLY S26.00 (R)

PROTRACTOR ANGLE -14.5 (DEG.)
NOZILE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (1N

RHO SUPPLY 0.097654 (IBM/FTD)
MASS FLOW RATE 0.1178 (IBM/SEC)
@-PROBE NO. 1

a-PROBE NO. 2

+-PROBE NG. 3

40.00



VELOCITY (FT/SEC)

35.00 40.00X10

20.00 25.00 30.00

15.00

VELOCITY VS.

L i 1

SPANWISE DiS. 32.325  iN)
PATM 30.:iS <(IN-HG)

TAN 58.20 <F)

PSUPPLY 38.95 (IN-HG)
TSUPPLY 526.00 (R)
PROTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANGLE 25.0 (DEG.)
NOZILE WIDTH 0.200 (1N

RHO SUPPLY 0.097694 (IBM/FTD)
MASS FLOW RATE 0.i178 (iBM/SEC)
@ PROBE NG. 1

a-PROBE NO. 2

+~PROBE NO. 3

0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)
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VELOCITY (FT/SEC)

1

30.00 35.00 40.00X10

25.00

20.00
‘ZE;

15.00

I |
0.00 10.00 20.00

30.00
TRAVERSE ANGLE (DEG.)

SPANWISE DIS. 0.05  (IN)
PATM 30.15 (IN-HG)

TAM $8.00 (F)

PSUPPLY 38.95 (IN=HG)

TSUPPLY 526.00 (R)

PROTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (1N)

RHO SUPPLY 0.097694 (IBM/FT)
MASS FLOW RATE 0.1178  (IBM/SEC)
@rPROBE NO. |

4-PROBE NO. 2

+PROBE NO. 3

40.00

VELOCITY VS. TRAVERSE ANGLE



VELOCITY (FT/SEC)

30.00 35.00 ©40.00X10

25.00

20.00
iigéﬁ[

15.00

|} I L

SPANWISE DiS. 9.3 LN
PATM 30.i5 (IN-HG)

TAM SB.00 (F)

PSUPPLY 38.95 (IN-HG)

TSUPPLY 526.00 (R)

PROTRACTOR ANGLE -14.5 (DEG.)
NOZZLE ANGLE 25.0 (DEG.)
NOZZLE WIDTH 0.200 (1N

RMO SUPPLY 0.097694 (IBM/FTY)
MASS FLOW RATE 0.11768 (IBM/SEC)
o-PROBE NO. 1

a-PROBE NG. 2

+PROBE NO. 3

0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)

VELOCITY VS. TRAVERSE ANGLE

-153-



VELOCITY (FT/SEC)

40.00X10

SPANWISE DI1S. 9.i§ L{iN)

PATM 30.1S (IN-NG)

TAMt 58.00 (F)

PSUPPLY 38.95 (LN-HG)

g TSUPPLY 526.00 (R)
O - PROTRACTOR ANGLE ~14.S (DEG.)
~ NOZZLE ANGLE 25.0 (DEG.)

NOZZLE WIDTH 0.200 (iN)

RHO SUPPLY 0.097694 (IBM/FTY)
=4 MASS FLOW RATE 0.1178 (IBM/SEC)
o @-PROBE NO. |
m a-PROBE NG. 2

+PROBE NO. 3
8
o .

N
) h
8
o J )
N
8
2 T T T
0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)
VELOCITY VS. TRAVERSE ANGLE
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VELOCITY (FT/SEC)

SPANWISE DiS. 2.i75 (IN)
PATM  30.iS (IN=HG)

TAM $S8.00 (F)

PSUPPLY 38.9S5 (IN-HG)

40.00X10

8 TSUPPLY 526.00 (R)
v PROTRACTOR ANGLE -14.5 (DEG.)
~ : NOZZLE ANGLE 25.0 (DEG.)

NOZZLE WIDTH 0.200 (IN)

RHO SUPPLY 0.097694 (1BM/FT3)
b3 MASS FLOW RATE 0.1178 (1BM/SEC)
o a-PROBE NO. 1
i o-PROBE NO. 2

4+-PROBE NO. 3
8
cué .

s B , , |

20.00
l £23. 051

15.00

1 | 1 j
0.00 10.00 20.00 30.00 40.00

TRAVERSE ANGLE (DEG.)
VELOCITY VS. TRAVERSE ANGLE



i.00

SPANWIZE Dis. ¢£.228 1\v
PATM 20..35 “iN-HG}

TAM 58.00 A

PSUPPLY 38.95 (IN-MG)
TSUPPLY §26.00 (R)
PROTRACTOR ANGLE -14.S5 (DEG.:
NDZZLE ANGLE 25.0 (DEG.:
NOZZLE WIDTH 0.200 (IN)

.98

-
Q

- T~ — +—————_ | RHO SUPPLY 0.087694 (IBM/FTD)
= 8 MASS FLOW RATE 0.1178 (iBM/SEC)
o - '
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