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S FT
Iz 2Ti2i-inc optiman turtine perforaence, the nozzle is

he s :»cle most ixflvential compomert. Small, Righ
specific emercy ttoiinmes, gemerally operatinc at high
FTessiTe reios, regnire superscaic convergino-divercing
acrries for rigt efficiency. Soct nozzles, however,
v.elf z;oor perfcrmamce 2t off-desigm pressure ratios.

The ckoect cf this studvy was tc ohtain desigr infcrwation
=z Iwgrore erformesce.

e

compredersive experimernta] rrocram was undertalen to

cgirise perrle divercernce ané evaluate plug nczeles anc
e off-desies effects of specific heat ratioc. Yo real

A 7SS WCTL was tc be performed umder this contract with
iistrssicm 2nd presext2tion sufficient omly to serve as a
oride tc mse C©f the reEc il

Iczrle perfosramce was evaluated from test measurerents cf
2 conplete turtime-nczzle system. X]l! pozzles were tested

o zitroges and 1= Phese III, <he nozzle vwhich had shown

*he iest perfcamarce on nitrogen was tested with Argon

w x 1.8%) amd FTrece 13 (y = 1.1%2) to evaluate the effects }
cf specific deat ratic. 211 testing wvas done wit) the sare |
Toier. : total of elever different nozzles were tested;

I straight ccmical desicas with the sare design Mach Number
“2.%5) z»f a2ve2 ratio, tut different divergernce anales
dowmstTear of the throat {(7° to 15° half angle), a similar
FrogTan with mozzles of design mach no. = 4, two annular
tkroat plag mczzies and 2 2 dimernsioral “"half plug®™ design.

s po v

FPesuits show that ar optimunr nozzle divergence exists but
a0t for all comditiors. The 11° and 13° half ancle nozzles
wai=tai= 2 comsistert advantage in peak efficien cy and
range cagability {(minrimor variation in efficiency during
cff-desigr pressure ratio operation), but only with the
lower cdesign pressure ratio rozzles tested (Mp = 2.5).

Sc sock clear advantage appearec in the results of the

%, = 4.0 pozzles “ested; the performance of all divergence
angies seemeC to merge into one band of width on the same
crder as the scatter although the narrow (7°) nozzle
displayec a small advantage in peak efficiency.

Plog rozzles exhibited no significant performance
advantage over straight conical designs - their range
(efficiency variation) appears marginally better in a few
cases but the peak efficiency is consistently lower than
the pocrest conical design tested in the mach 2.5 series,
and this Tore than makes up for it.
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The effect of specific heat ratio seems to be a smail
raduction of peak efficiency and improved range (less
efficiency variation over a range of pressure ratios).

Off-design speed effects as revealed by the shape of

the u/Co - N curve (pointed vs wide) appeared small
throughout the study.

Form G7625




A

SUNDSTRAND AVIATION ATR 2001

Rock ford, Illincis PAGE 1

INTRODUCTION

Many military turbine applications require operation over a
wide range of pressure ratios. Such applications would
include any underwater device operating at varying depth
and aero-space vehicles such as missiles aircraft and space
vehicles that operate from sea level to outer space. This
off-design regime often accounts for a significant portion
of the mission profile.

Nozzle and rotor performance has a large effect on the
ultimate obtainable turbine efficiency with the nozzle
being much the more important, hence under a previous
contract (N00014-66-C-02C4) Sundstrand conducted a turbine
off-design performance study, reported on in Reference 1;
Sundstrand AER 486, dated April 1967, "Effect of Nozzle
Gecmetry on Off-Design Performance of Partial Admission
Impulse Turbines®.

The present study extends the work done under the previous
contract although primarily an experimental program whereas
the previous one was principally analytical in nature.

The objectives of this study were to (I) experimentally
optimize the divergence angle of straight conical supersonic
turbine nozzles, (I1) determine what, if any, off-design
advantage can be gained with plug nozzles, (II1I) determine
the effect of specific heat ratio on off-design performance.
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B R




1.0

1.1

SUNDSTRAND AVIATION ATR 2001
Rockford, Illinois PAGE 2

EXPERIMENTAL APPARATUS, TEST TECHNIQUES AND DATA REDUCTION

This study was made using a test dynamometer designed and
built by Sundstrand. The test apparatus and techniques
vere developed over a number of years while performing
various turbine research and development studies.

TURBINE TEST DYNAMOMETER

The turbine test facility is illustrated in Figure 1 and
ie specifically designed to evaluate the effects of turbine
geometry on performance. Rapid changes in rotors, nozzles,
and rotor tir and side clearances are easily made. Shaft
power is determined by a torque arm force measurement, the
load being applied by an electrical homopolar dynamometer.
Turbine bearing losses are included in the torque arm
measurement since the entire rotating group is supported
by special low friction ball bearings. The dynamometer

is shown in Figures 2, 3 and 4. Typical test hardware is
shown in Pigure 5.

The facility is capable of testing turbines at pressure
ratios up tc 2500, The entire test unit is located in a
vacuum chamber during tests such that exhaust pressures as
low as 0.25 psia are possible. The maximum test turkine
speed is 40,000 rpm. Turbine diameters up to approximately
7 inches can be accommodated. Output shaft power levels

of up to 20 hp can be absorbed by the electrical load bank.

Tests to obtain turbine efficiency as a function of turbine
geometry, pressure ratic, speed, and Reynolds number can be
conducted.

Testing shows an average scatter of 5% in the turbine
efficiency data (about 3 points). This scatter appears to
be random, yielding an accurate and reliable mean when curve
fitting techniques are used with large quantities of data,
as in this present study. The nozzle flow rate is measured
by an orifice plate flowmeter showing scatter in the flow
data of .75%. Instrumentation to obtain complete pressure
and temperature data throughout the turbine can be employed.

All tests were made with the shrouded turbine wheel and
turbine exhaust housing shown in Figure 5. During all tests
the radial tip clearance was .050 inch; the axial clearance
between the nozzle and the wheel was .035 inch. Table IIX
presents geometric parameters that were common during all
tests and Table IV summarizes test conditions.
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TURBINE NOZZLE TEST CONFIGURATIONS

Three types of nozzles were studied; straight conical,
axi symetric plug nozcles (two styles), and a
2-dimensional or "half plug” design.

Conical Nozzles

All conical nozzles are in the same nozzle plate and

were tested individually with the remainder plugged.

The plate includes two sets of five nozzles of different
design conditions (Mp = 2.5, A/A* = 2,63, and Mp = 4.0,
A/A* = 10.72) with divergence half angles a_ from 7° to 15°
in each set. The exit diameter of all conical nozzles

is .282 inch. The relationship between nozzle exit and
blades is shown in Figure 8. The coni:zal nozzies are
quite simple in design and are s¥zctched with dimensions
tabulated in Figure 6.

The conical nozzles were telected as the basis of comparison
in .his study since they are the most common type used in
partial admission turbines.

Plug Nozzles

The plug nozzles are illustrated in Figure 7. The annular
throat nozzles ("A" and "B") were designed per the procedure
of Rao (Reference 2) and both have an exit diameter of
.280. The 2-dimensional half plug (c) was also designed

per his procedure, with an exit height of .280 and a throat
height of .162. The design mach number of all plug nozzles
was 2.5, for easy comparison with the Mp = 2.5 conicals.

All plug nozzles were machined ir the same plate with their

centerlines tangent to a common pjitch diameter of 5.96 iach
as were the conicals.

Form G7625
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TEST TECHNIQUES

A test run was made by pressurizing the turbine inlet to a
prescrited value (not greater than 240 psia} and adjusting
the turbine back pressure to the pr.scribed level to obtain
the desired pressure ratio. Data was then taken at 6 or 7
turbine speceds from 7000 to 35000 rpm. The spced was
controlled by adjustment of the homopolar alternatocr load
resistance (coarse adjustment) and the field voltage (fine
adjustment). After the speed range was covered by increasing
speed, the points were retaken as it was decreased back to
the starting speed in order to minimize effects af mechanical
hysteresis, resulting in 11 to 14 points per test run. Next
the back pressure was adjusted to the next prescribed
pressure ratio and the speed points repeated. At 5 pressure
ratios per nozzle this resulted in approximately 55 to 65
data points per nozzle test and a program total of over 700.

The turbine pressurc ratio was evaluated by measuring the
pressure in the turbine nozzle plenum chamber, which the
nozzle plate seats against, and pressure in the exhaust

duct just downstream of the turbine. The turbine flow

rate was measured by an orifice meter in the inlet line
leading to the turbine plenum. At each data point conditions
were allowed to stabilize before recording the data &nd

then proceeding to the next point. Approximately three
minutes of run time were required at each data point. With
one exception, all pressures {and torque, which was reflected
as a differential pressure) were detected with pressure
transducers and recorded automatically on a strip chart.

The orifice plate pressure was read on a Bourdon pressure
gage and written manually on the chart and orifice plate

AP was detected with a Bailey pressure transmitter and
recorded on the strip chart. All temperatures were measured
with copper constantan thermocouples and recorded on the
trace. Speed was measured with a magnetic pickup and
recorded manually from an electronic counter,

The torque readout device was calibrated before ~nd after
each run by the application of dead weight to the torque
arm. If significant variations in the pre- and post-
calibration points occurred, the data was discarded and a
rerun made,

The data were recorded and later reduced by a computer
program to obtain the desired vperformance parameters. The
flow rate was determined from the orifice measurements as
well as the perfect gas choked flow equation. 1In this manner
the flow discharge coefficient was obtained; if an
unexplainable variation in this coefficient was found the
data was discarded as unreliable and the test was rerun.
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DATA REDUCTION PROCEDURES

The data was reduced utilizirg an IBM 1130 computer.

The data reduction program (Sundstrand E2) includes curve
fits of compressibility factor and ratio of specific heats
for nitrogen, obtained from Reference 4. These properties
are calculated as functions of local static temperature and
pressure, and can be input when a gas other than nitrogen
is used as the test fluid.

This program calculates the turbine gas flow from both the
orifice measurements and from the perfect gas relationship
for choked nozzles. Comparison of these two values yields
the nozzle discharge coefficient. The turbine efficiency
is then calculated based upon (1) the measured torque,
speed, and orifice flow rate values and (2) the measured
temperature difference. The second calculation is for

a comparison only, since no attempt to obtain an adiabatic
process was made. Other parameters such as the specific
speed, specific diameter, torque coefficient, shaft horse-
power, adiabatic head, velocity ratio, and wheel tip speed
are also calculated.

The reduced turbine efficiency data is estimated to have
an accuracy of 5%. This is considered acceptable in

light of the fact is appears random with no systematic
errors, strongly saggesting that the mean value is a
valid representation of the true efficiency with the large
quantities cf data available.

To reduce the effect of irreocular or scattered data points
a least squares curve fit program was written and the

data processed and cross plotted. An indication of the
validity of this procedure is that the resulting computer
plots agree in almost all predominant trends and values
with some 25 manual summary plots made while data was being
collected, and where thza two disagree the computer plots
appear the more reasonable.
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LEAST SQUARES DATA SMOOTHING PROGRAM

The output of program E-2 was used in the least squares
program to arrive at a smoothed data representation. To
further reduce the effect of scatter, sets of data points
were grouped together.

The general equation of the surface took the form:

Ny _ Aj + A2 (EE)+A3 (53\2+A4(c‘.:;3
o]

+ A5 X + Ag X2 + A7 X3 + ag(ms) X

2
*2s(h) x + a0 {zo) ¥

For most groups of data (Groups I-V, and I¥-XIII) the
variable X represented nozzle half angle. Fcr all other
groups the variable X represented pressure ratio. Data
groups XV-XVIII included only the first four terms of

the general equation, and since orly (3) mach 4.0 nozzles
were tested the seventh term was omitted for all mach 4.0
data groups.

A listing of all data groups is shown on Table I.

These least square equations were used to form the smooth
curves appearing on all computer mzde plots in this report.
The plots were made on a "CAL COMP" plotter controlled

by a subroutine called GRAF on Sundstrand's IBM 1130.

Empirical data points were omitted from the summary plots
to illustrate trends more clearly. Instead, for

reference they ars shown cn plots in Appendix A and listed
in Appendix B.

It should be remembered when studying any one data set
and curve, that the shape and position of the curve has
been influenced by other data in that group not shown on
the plot.

Form G7625

-

™ S




e

-

I3

s S TREETIBE WwE A R

v
W

2

"y

SURBSTRAND AVIATION AT 2001
Rockford, Illinois rcz 7

DATA LISTING

Appendix B contains a listing of all data points, a
comparison of the empirical and smoothed data, and a rough
measure of scatter for each point.

Scatter Percent Eff.

= (Empirical Data Point -
Smoothed Data Point) x 100.

Scatter Percent Val.
= (Scatter Percent Eff.)/(Bmpirical Data Point)

Table I explains the exact interpretation of the titles
appearing under the heading nozzle designation.
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TABLF. I
c LIST OF DATA GROUPS
APPROXIMATE
GROUP NOZZLE DESIGNATIONS PRESSURE. RATIO TEST Gas
I Hach 2.5, 15° Half Angle 25:1 Kitrogen
Hach 2.5, 13°® Haif Angle 25:1 Hitrogen
Mach 2.5, 11° Half Angle 25:1 Nitrogen
Mach 2.5, 9° ma)f Angle 25:1 Nitrogen
Mach 2.5, 7° Half Angle 25:1 Eitrogen
1I Mach 2.5, 15° Ralf Angle 20:1 Ritrogern
Mach 2.5, 13° nalf Angle 20:1 Nitrogen
Mach 2.5, il® Half Angle 20:1 Nitrogen
HMach 2.5, 9° Half Angie 20:1 Nitrogen
Mach 2.5, 7° Half Angle 20:1 Nitrogen
I11 Mach 2.5, 15° Half Angle 17:1 Nitrogen
Maeh 2.5, 13° Half Angle 17:1 Nitrogen
Mach 2.5, 11° Half Angle 17:1 pesign Nitrogen
Mach 2.5, 9° pailfr Angle 17:1 Ritrogen
Mach 2.5, 7° paif Angle 17:1 Nitrogen
v Mach 2.5, 15° Ralf Angle 15:1 Nitrogen
Mach 2.5, 13°® nalf Angle 15:1 Nitrogen
Mach 2.5, 11° naif Angle 15:1 Nitrogen
Mach 2.5, 5° Half Angle 15:1 Nitrogen
Mach 2.5, 7° Rmalf Angle 15:1 Nitrogen
v Mach 2.5, 15° Half Angle 12:1 Nitrogen
Mach 2.5, 13° Ralf Angle 12:1 Hitrogen
Mach 2.5, 11° Half Angle 12:1 Witrogen
Mach 2.5, 9° pailf Angle 12:1 Nitrogen
Mach 2.5, 7° naif Angle 12:1 Nitrogen
Vi Plugy Nozzle ‘A’ 25:1 Nitrogen
Plug Nozzle 'A! 20:1 Nitrcgen
Plug Nozzle 'A! 17:1 Design ‘itrogen
Plug Nozzle ‘'aA! 15:1 Kitrogen
Plug Nozzie 'A! 12:1 Nitrogen
VII Plug Nozzle 'B' 25:1 Nitrogen
Plug Nozzle 'B! 20:1 Kitrogen
Plug Nozzle 'B' 17:1 Design Nitrogen
Plug RNozzle 'B! 15:1 Hitrogen
Plug Nozzle 'p! 12:1 Hitrogen
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TARLE I {(CORTIWUED)
APPRCXIMATF

GROUP NOZZLE DESIGRATIONS PRESSURY. BATID TEST G&S
VIII Plug Rozzle °'C* 25:1 Nitroger
Plug Nozzle °'C° 20:2 Kitroger
Plug Nozzle °'C’ 17: Ritrogez
Plug Nozzle ‘C* 15:3 Eivrogen
Plog Xoz:le °'C* 12:3 Yitroger
Ix Mach 4.0, 15° Palf Angle 200:1 Titroger
Mach 4.0, 11° Half Angle 200:1 Kitrcger
Mach 4.0, 7° Ealf Angle 200:1 ¥itroges
b 4 Mach 4.0, 15° Half Angle 159:1 Xitroges
%ach 4.0, 11° BHalf Angle 150:1 Desigr ritroges
Mach 4.0, 7° Half Rrgle 15¢:1 Titrooer
X1 Mach 4.0, 15° Balf Engle 180:1 ritroger
Mach 4.0, 11° Balf Angle 188:1 Ritroge:z
Mach 4.9, 7° Ealf Argle 15¢C:1 Litrogen
XIY Mach 4.0, 15° Falf Angle 50:1 Kitroges
Mach 4.0, 11°® EFalf Argle 50:1 Xitrogesn
Mach 4.0, 7°® Falf Argle 5C:1 Titroces
X111 Mach 4.0, 15° Palf 2ngle 25:1 Xitroges
Mack 4.0, 11°® Half Angle 25:1 kitroges
Mach 4.9, 7° Balf Axqle 25:1 ¥itroges

X1v ¥ach 2.5, 11°® Half Argle 3s5:1 rgem

Mach 2.5, 11® Falf Angle 283 Argum

Mach 2.5, 11° Balf Angie 25:1 Design Argem

Mach 2.5, 11° Falf Arcle 21:1 Xogon

Mach 2.5, 11° Falf Angle 17:1 Argor
XV Mach 4.0, 11° Falf Angle 86:1 Ritrogen
XvVI Mach 4.0, 11° Half ingie €d:1 Ritrocen
XV1l Mach 4.9, 11® Ralf Angle 40:1 Ritrouen
YVII1X Mach 2.5, 11°® nalf Angle 13:1 Design Frean 13
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TABLE II
LIST OF NOZZLE DESIGNATIONS
NOZZLE DESIGNATION INTERPRETATION
2.57 Mach 2.5 Mozzle, 7° Half Angle
Nitrogen Test
2.59 Mach 2.5 Nozzle, 9° Half Angle
Nitrogen Test
2.511 Mach 2.5 Nozzle, 11° Half Angle
Nitrogen Test
2.513 Mach 2.5 Nozzle, 13° llalf Angle
Nitrogen Test
2.515% Mach 2.5 Kozzle, 15° Half Angle
Nitrogen Test
4.7 Mach 4.0 Nozzle, 7” Half Angle
Nitrogen Test
4.11 Mach 4.0 lNozzle, 11° Kalf Angle
Nitrogen Test
4,15 Mach 4.0 Nozzle, 15° lalf Angle
Nitrogen Test
Plug 'A’ Plug Nozzle 'A", Nitrogen Test
(See Figure 7)
Plug 'B? Piug Nozzle 'B', Nitrogen Test
(See Figure 7)
Plug 'C' Plug Nozzle °C', Nitrogen Test
(See Figure 7)
Argon 2.511 Mach 2.5 Nozzle, 11° Kalf Angle
Argon Test
Freon 2.511 Mach 2.5 Nozzle, 11° Half Angle
Freon Test

A S e AT




(i TABLE IIY

TURBIKE AND ROZIZLE DATA
COMMON TO ALL TEST CONFIGURATIONS*

Bozz.ie:

+ 4

mue mleo..oooooloov.oo.o......loloo.oo
mt Dium....llllltl..ll...ll.ll...l...

pim Di&terl.oo.oo.o.o.o..lo.ooooooolooo

ME

= MOf mzle’...llool..l‘Oloo.oo.lo..o.

Zoter:
Pitch Diameter....cccccccsccrccccscscccnnes
Blade Angles (inlet ang exit).cicececccceee
Blede Beight..cicescecczoscscscsccansccccas

S Bm chotéf.h‘)l.ll.ift...............'....
chms.’.‘l.l’......0.‘......'...

: Clearances:
P-og;ot TS-P mial."...'...Iﬁ.l.ﬂ...........
:J mzle TO z’wtor’ooelteo"lbo.uooo.ool.....o.

Rotor To Exhauzt Bousing...ccecseesrnoennces

Gas “onditions

zﬂlet Tmtatnreo.o....o.oouo.t-a.oaeoo...

Iﬂlet ?resgurE"566..o.oo.oo'..lco.ﬂﬁoao..o

*Uniess exception noted

ATR 2001
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16°
.28 inch
5.96 inches

v

1.0

5.78 inches
25°
90.42 .inch

0.2 inch
1315

.858 inch
0.035 inch
.060 inch

Approx. 20-60°F

Up To 240 psia

—_——

s

Ll

FRP

S N e s

Wi




ATR 2001
PAGE 12

A8

HA-22078 f‘j
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FIGURE 1

TURBINE TEST

CHAMBER AND APPARATUS.,

5-71
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FIGURE 2 [INSIDE OF TEST
— CHAMBER WITH RIG INSTALLED
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TYPICAL NOZZLE CROSS SECTION

ATR 2001
PAGE 17

Gas Flow
A

¥=1.4

Design Divergence | Dim. Dim Dim.

Mach No. Angle A B C
2.5 14° .173 4439 .282
2.5 18° .173 .3441 .282
2.5 22° 173 .2804 .282
2.5 26° 173 2361 .282
2.5 30° 173 2034 .282
4.0 we | 086 | .7982 282
4.0 18° .086 .6188 .282
4.0 22° .086 5042 .282
4.0 26° .086 b24s5 .232
4.0 30¢ .086 .3657 .282

Dim ¢ = Constant permits identical nozzle height/blade helght
ratio for bhoth expansion ratlos.

Flgure ¢ Conical Nozzles Tested
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ANNULAR THROAT FLOW

\\/ // |
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7
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PLUG NOZZLE A-CONTOURFD PLUC
ANNULAR THROAT FLOW

VA
=

PLUG NOZZLE B-BLUNT PLUG

/

FLOW

1/

PLUG NOZZLE C - 2 DIMENSIONAL HALF PLUG

FIGURE 7 - PLUG NOZZLES TESTED
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Blade Tip
/  6.195 in. Dia.

.280 in.

Dia.

Elade Reight
= .42 in.

Nozzle Pitch Rotor Pitch
Dia. = 5.96 in. Dia. = 5.78 in.
Rotation

Figure 8.

CONICAL NOZZLE EXIT AND ROTOR QUT LINLC -
LOOKING THROUGH ROTOR BLADES
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EXPERIMENTAL RESULTS AND DISCUSSION

The work of this program can be divided into three phases
or subprograms:

Phase I Nozzle divergence anagle evaluations -
7° to 15° half angle. (Figure 6). Five nozzles
of design mach no = 2.° and three of Mp = 4.0
were tested.

Phase I Evaluation of performance of three styles of plug
nozzles (Figure 7):
Plug Nozzle "A" - Pointed Plug
Plug Nozzle "B" - Blunt Plug
Plag Nozzle "C" - 2-dimensional Half Plug

Phase II1 Tests to determine the effect of specific hezt
ratio on perfornance. Tests were made at
vy =1.18, 1.40, 1.68,

Nominal test conditions are listed in Table IV,

BASIS OF COMPARISON

In this study the measure of nozzle influence on performance
is varjiation of turbine efficiency over a span of off-

desiqn pressure ratios ("Range®; good rarnge indicates small
variation). Other measures such as hydraulic efficiency,
nozzle coefficient, etc. could@ have been chosen. Although
not always strictly correct becavse of small variations

in per unit losses, efficiency is in most cases a valid index.
It is usually plotted against velocity ratio (u/Cg) but
soretimes against other parameters.

RESULTS OF DIVERGENCE TESTS

The results of Phase I (divergence) testing are summarized
in Pigures 9 to 38.

Mp = 2.5 nozzle results are shown in Figqures 9 to 13,
19-23, and 29-33. They show peak efficiency is maximized
at divergence angles of 11° to 13° (half angle) with 11°
predominating above design pressure ratio and 13° below.
The difference is not great, however, This is illustrated
clearly in the basic plots of Figures 9-13 and in the
efficiency vs divergence cross plots of FPigures 19 to 23.

Plots summarizing efficiency vs velocity ratio at pressure
ratios above and below design for different nozzles
(Figures 29 to 33) clearly show off-design efficiency
trends and suggest range is best with either small (7°)

or large (15°) half angles, dropping slightly in between.
However, the peak efficiency of intermediate angles is
significantly greater than the extremes and more than
makes up a small deficiency in range.
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The tests at desigr machk no. = 4.0 {for v= 1.4}, ,shour

in Figures 14 to 18, rewveal no such optimmm divergemce.

The performance of all nozzles is very similar; essextialily
independent of divergence om or off design. All curves cf
any given pressure ratio are closely baached, amd ail
efficiency vs divergence angle curves (FPicures 24-2%) are
essertially flat, indicating no real cptimmm, The 7°
noztle shows some advantage in peak efficiency bot ttis

is slioht and may not be significant. The sumaries
(Pigures 34 to 38} indicate a similar comclasion: iittle
variation in off-design performarce from amgle to ancle.
Thougn samewhat cbscured by different losses it zppears tie
range capability of the Ap = £.0 nozzies is =ct sc coeat

as the mach 2.5'g, at ieast not as cood as the best comes,

The Mp = 4.0 pozzles were tested 2t a P {Po-Fe) four times

greater than the Mp = 2.5's and nay account foxr some cf
the similarity in performance shown by 211 mack .0 oozzles.

PLUG ROIILES

The results of Phase II tests are summerized i= Figtres

39 to 43. Tre twc best comnical w2zles are showr oo the
same plot for comparison. These tests, particularly

plug nozzle C, show greater than avarage scatter, bt she
conclusions are obvious and not atfected. Feak efficiency
and range are inferior to all ¥Mp = 2.5 conical ncziles
tested. Direct comparison is valid here Lecause test
conditions were identical.

An interesting observation is that pleg nozzies "E°

(blurt plug) and "C® (half plug) exhibit a very iow discharge
coefficient of .60 to .63, suggesting severe c-crtractico
exists in this type design as ir sharp edged orifices.

SPECIFIC HEAT RATIO

The results of Phase III (specific heat) tests are surmarized
in Piqures 44 and 45. PFigure 44 shows performance with

11° half angle and specific heat ratios frow 1.1%2 [Precr i3]
to 1.68 (Argon), with each at its own design ccrditior.

It suggests a maxipum in efficlency occurs, prohably st

Y = 1.4, with efficiency dropping off above and “elcw.

The Argon and Nitrogen summary plots (Fizures 4% and 317
show substantially better range fcr the Argorn (y = 1.€&!
than Nitrogen (v = 1.4), suggesting that off-desigrn
performance improves with increased specific heat ratic,
Peak efficiency is less in most cases although not encugh

to overcome t%e range advartage shown by the nigher speci:ac
heat ratio gas.

Forer. 37E2S
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FIGURE 10
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) VELOCITY RATIO
AT 20:1 P.R. WITH
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FIGURE 11
TURBISE EFFICIERCY
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VELOCITY RATIO
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1000 FIGURE 14
| TURBINE gncxm

VELOCITY RATIO
T AT 200:1 P.R. WITH
NOZZLE DIVERGENCE

AS PARAMETER

. Mp=4,0 PRD=10 ~v=1.80 :
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O FIGURE 15
TURBINE EFFICIENCY
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