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SUMMARY

An investigation has been conducted in the Langley 16-Foot Transonic Tunnel to
determine and document the weight-flow measurement characteristics of a multiple
critical venturi system and the nozzle discharge coefficient characteristics of a
series of conwergent calibration nozzles. The effects on model discharge coefficient
of nozzle-throat area, model choke-plate open area, nozzle pressure ratio, jet total
temperature, and number and combination of operating wventuris were investigated.
Tests were conducted at static conditions (tunnel wind off) at nozzle pressure ratios
from 1.3 to 7.0. Results of this investigation indicate that the measurement uncer-
tainty of the multiple critical wventuri system is generally within 0.5 percent and
that the discharge coefficients of the Langley 16-Foot Transonic Tunnel Stratford
choke nozzles fall within the expected range of 0.9925 to 0.9975 if throat Reynolds
number is slightly higher than 1 x 10% and if excessive total-pressure profile
distortion is not present.

INTRODUCTION

Accurate measurement of air weight-flow rate being supplied to subscale wind
tunnel models for jet exhaust simulation is critical to obtaining high-accuracy
propulsion-model data. The demands for high-accuracy data from propulsion models
increase proportionally with demands for aircraft with higher performance or lower
fuel consumption or both. Weight-flow measurements are not only used to compute
discharge coefficients but are also used to compute values of ideal isentropic gross
thrust which are used in thrust ratios for determining nozzle efficiency.

With the introduction of a high-pressure air jet-simulation system in the
Langley 16-Foot Transonic Tunnel, a turbine-type meter (refs. 1 and 2) was adopted
for air weight-flow rate measurements. Because the calibration of slectronic equip-
ment associated with the turbine-meter frequency measurements "drifted” with time and
also because turbine-meter calibration was a slight function of hearing wear, there
was a gradual shift from use of a turbine-type meter to a calibration technique which
uses sonic nozzles licated at the exit of the model high-pressure plenum (refs. 3
to 5). Calibrations of theie sonic nozzles against secondary standard nozzles with
known performance were required to estailish the relationship between upstream
temperature and pressure measurements and weight-flow rate. Although this method for
computing weight-flow rate proved to be very reliable and gave satisfactory results,
calibrations before each model entry were required because the relationship between
the upstream temperature and pressure measurements and the model air weight-flow rate
was often a function of model design (e.g., upstream temperature and pressure
measurement location, choke-plate open area, and nozzle-throat area). The secondary
standard nozzles used in the Langley 16-Foot Transonic Tunnel for calibrating weight-
flow rate measurements {(and, as described in ref. 3, for obtaining balance tares
resulting from airflow momentum and pressure) are Stratford choke (sonic) nozzles of
the type described and analyzed in reference 6. In an effort to simplify and improve
air weight-flow rate measurement, a multiple critical venturi system was installed in
the high-pressure air supply system of the tunnel in late 1982, Design criteria,
advantges, and operating characteristics of critical venturis can be found in refer-
ences 7 and 8.
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The objective of this paper is to determine and document the weight-flow
measurement characteristics of the Langley 16-Foot Transonic Tunnel multiple critical
venturi system and the nozzle discharge coefficient characteristics of a series of
convergent calibration nozzles. The effects on model discharge coefficient of
nozzle-throat area, model choke-plate open area, number and combination of operating
venturis, nozzle pressure ratio, and jet total temperature are shown. This test was
conducted at static conditions (tunnel wind off) and nozzle pressure ratio was varied
from 1.3 to 7.0,

SYMBOLS
R . 2
Achoke total open area formed by holes in choke plate, in
Ynax maximum internal nozzle flow area, in2
ht measured nozzle-throat area, in2
A measured thioat area of individual venturi (x =1, 2, 4, 8, 16.1, or
X .
16.2), in
C* critical-flow factor (see eq. (3a) and ref. 9)
Cd measured discharge coefficient of Stratford choke nozzle, wp/wi
Ed average of Stratford-choke-nozzle discharge coefficients measured at
choked flow conditions for a particular At and Achoke combination
Ed avg average of Ed for a particular value of A, (includes Ed for all
[
values of Achoke €Xcept screens)
Cd X discharge coefficient of individual wventuri (x = 1, 2, 4, 8, 16.1, or 16.2)
’
Dmax maximum internal diameter of model tail pipe (see fig. 2(a)), in.
D, throat diameter of Stratford choke nozzle (see fig. 2(a)), in. .
LS
02 diameter of Stratford choke nozzle at throat plane including nozzle
base (see fiqg. 2(a)), in.
g acceleration due to gravity, 32.174 ft/sec2
KO,K1,...,K15 rconstants used to determine critical flow factor (see eq. (3))
KR 1,KR 2,...,!(R 5 rake correciion factors for individual internal jet total-
' ! ! pressure probes (see fig. 2(b))
AKR total-pressure distortion parameter (maximum rake correction factor minus
minimum rake correction factor times 100; percent deviation from
no-distortion case (KR,1 to KR,S = 1,0))
L, length used for geometric definition of Stratford choke nozzle
(see fiqg. 2‘a)), in.
i v
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L2 distance throat circular arc profile extends upstream of throat
(see fig. 2(a)), in.

1 length of Stratford choke nozzles (see fig. 2(a)), in.
M throat Mach number
MCV multiple critical venturi code (sum of the venturi numbers that are being
used)
NPR nozzle pressure ratio, Py ./p
]’ a

(NPR), nozzle pressure ratio required for choked flow (1.8928 for air)

P, ambient pressure, psi

Prake jet total pressure measured by individual rake probe at Stratford-choke-
nozzle *throat, psi

{(p ), value of jet total pressure obtained by integrating rake-measured
rake’int J L
values at Stratford-choke-nozzle throat, psi

Py 3 average jet total pressure obtained from internal probes in instrumentation
’ section (see fig. 2(a)), psi; value may or may not be corrected to
(prake)int depending on values of rake correction factors

KR,1'KR,2""'KR,5) used

Py 5 1¢Py 3 greeesPy s jet total pressure measured with individual internal
) t,3.2 t,3.5 . .
probes (see fig. 2), psi

Py1 upstream prassure in multiple critical venturi system (see fig. 3(a)), psi
Py downstream pressure in multiple critical venturi system (see fig. 3(a)), psi
R gas constant, 53.36 ft-1lbf/1b=-°R

Rd throat Reynolds number for Stratford choke nozzle {eq. (9))

Rd,v venturi-throat Reynolds number (eq. (4)), per inch

R1,R2 radii cf curvature for geometric definition of Stratford choke nozzles

(see fig. 2(a)), in.

r radius from nozzle centerline to probe centerline (see fig. 5), in.
ry throat radius of Stratford choke nozzle (see fig. 5), in.

Tt,j jet total temperature, °R

Ty upstream multiple critical venturi air temperature, °R

w; ideal total weight-flow rate (see eq. (6)), lb/cec
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W, ideal weight-flow rate for any individual critical venturi (x =1, 2, 4, 8,
16.1, or 16.2), lb/sec

w measured total weight-flow rate, lb/sec

X length used for geometric definition of Stratford choke nozzles
(see fig. 2(a)), in.

x venturi number (1, 2, 4, 8, 16,1, or 16.2)

Y ratio of specific heats, 1.3997 for air

u absolute viscosity of air based on venturi-throat static conditions,
lb/sec-in

Subscript:

nom nominal

APPARATUS AND METHODS
Test Facility

This investigation was conducted in the langley 16-Foot Transonic Tunnel
(ref. 10). All tests were made with the tunnel test section top in a raised position
such that the model exhaust was vented to the atmosphere. Jet exhaust flow was simu-
lated with high-pressure air supplied and maintained at a constant stagnation temper-
ature by a heat exchanger in the system.

Single-Engine Propulsion-Simulation System

A sketch and a photograph of the -ingle-engine nacelle model on which various
Stratford choke nozzles were mounted are presented in figure 1 with a typical nozzle
configuration attached. The body shell forward of station 26.50 was r~moved for this
investigation.

An external high-pressure air system provided a continuous flow of clean, dry
air at a controlled temperature of about 530°R. Air was brought through the support-
system strut by six tubes and collected in a high-pressure (up to 900 psi) plenum
located on top of the strut. The air was then routed aft and discharged perpendicu-
larly into the integral centerbody—low-pressure-plenum—tail~pipe section through
eight multiholed sonic nozzles equally spaced around the aft end of the high-pressure
plenum. This design minimizes any forces imposed by the transfer of axial momentum
as the air passes from the nonmetric high-pressure plenum to the metric tail pipe.
Twod opposing flexible metal bellows were used as seals and serwved to compensate for
axial forces caused by pressurization. From the centerbody——low-pressure-plenum—
tail-pipe section, the air was passed through a choke plate and an instrumentation
section and then through the nozzle attached at model station 42.00. Details of the
choke plate, which was a test variable, and of the instrumentation section are given
in figure 2. Fiwe choke plates with varying open areas (2.7 percent to 75.9 percent)
were tested. Four of the choke plates were actually perforated disks with the
upstream end of each hole countersunk. The choke plate with the largest open area
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(75.9 percent) consisted of wire screen material supported by an open metal
latticework.

Stratford Choke Nozzles

Since gas~flow measuring devices cannot generally be calibrated by direct weigh-
ing of the flow per unit of time, secondary standard nozzles are employed to cali-
brate weight-flow rate measurements (and, as described in ref. 3, to obtain balance
tares resulting from airflow momentum and pressure). The secondary standard nozzles
used at the Langley 16-Foot Transonic Tunnel are choke (sonic) nozzles of the type
described in reference 6. Choke nozzle design quidelines from reference 6 are as
follows:

1. Choked flow. This eliminates the need for difficult measurement of the
static pressure in the throat. It also eliminates the effect of small variations in
static pressure across the throat since the change in mass flow with changes in
static pressure is equal to zero at a Mach number of unity.

2. Continuously curving wall profile through the throat. If the wall profile
curves continuously through the throat, the flow in a choked nozzle can accelerate
continuously and can dewvelop only a very thin boundary layer. The reduction of
discharge coefficient resulting from the boundary layer is thus very small.

ma /D = 2 to 3. This ratio is governed by practical circvmstances but a
ratio of two or three would seem reasonable.

4, R /Dt = 2. Although higher discharge coefficients could be obtained with ‘
lower values of this ratio, lower values of R /D also produce relatiwvely large
differences between discharge coefficient values gor laminar and turbulent boundary »
layers. Thus, a moderate curvature for the throat is recommended to minimize this
difference.

S. L /D » 0.8. Boundary-layer growth is roughly proportional to M4 For
R1/Dt 2, th1s value has become wvery small at a distance upstream of the throat of

= 0.8 and discharge coefficient would be virtually independent of the shape of
tﬁe nozzle profile upstream of this point, provided the surface were smooth and the Vi
£low attached.

AL

6. Ra > 106. The uncertainty in discharge coefficient resulting from transition
is decreased for throat Reynolds numbers above this value.

Seven sizes of Stratford choke nozzles were constructed with throat areas ranging
from 0.999 in2 to 11.352 inz. Table I presents the geometiy of these nozzles with
the design quidelines from reference 6. As shown in table I. except for D
which was limited by a fixed upstream duct area for all nozzles, the geometm?es of
the seven secondary standard nozzles generally met the des red design criteria. Two
exceptions are noted. Because of model restraints, L.,/D for the 8.501-in“ and
11 352-in th5oat area nozzles was less than the desired value. For the

= 0,999 in“ nozzle, the . hroat Reynolds number did not meet or only marginally
met the design criteria at low values of NPR because of the small throat diameter.

The At = 1,933 in2 and At = 5,711 in2 secondary standard nozzles (Stratford
choke nozzles) were calibrated against gseveral primary standard nozzles at the Colo-
rado Engineering Experiment Station, Inc., in March of 1968. Pr:.mary standard
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nozzles have known discharge coefficients which have been wverified by laboratories
such as the National Bureau of Standards. The range of discharge coefficients
measured for these nozzles agreed well with that predicted theoretically in refer-
ence 6.

Multiple Critical Venturi System

Sketches and a photograph of the Langley 16-Foot Transonic Tunnel multiple crit-
ical venturi system are presented in figure 3. This system provides for high accu-
racy of flow measurement, an extremely wide range of weight flow, small pressure
losses, and a very low level of noise in the airstream and pipe structures.

This flow-measurement system is designed to accommodate up to 44 lb/sec of air
at a maximum pressure lewl of 1500 psi. As shown in figure 3(a), the system inlet
flow is distributed uniformly into a common plenum by a radial inlet diffuser and a
large perforated plate. The perforated plate also acts as a heat exchanger to elimi-
nate small fluctuations in flow temperature. A pressura-tight bulkhead contains six
critical-flow venturis. (See fig. 3(c).) The venturis vary in size in binary incre-
ments of throat area so that each successively larger venturi will pass twice the
flow of the preceding one. The sizes of wenturis in this system are multiples of 1,
2, 4, 8, and 16. values which also represent their nominal weight flow at 1600 psi.
There are two venturis (numbered 16.1 and 16.2) of the largest size to provide maxi-~-
mum weight-flow capability within the smallest possible pressure wessel. Each
venturi has its own individual screw-on cap. With all caps installed, no flow may
pass through the system as each cap has an C-ring seal to prevent leakage. Any or
all of the caps may be removed through the access port (see fig. 3(a)) to meet flow
requirements. The binary sizes of the 6 venturis permit 47 increments of flow area
to be used at any pressure level from 20 psi to 1500 psi. This provides a weight-
flow range from 0.014 lb/sec at 20 psi to 44 lb/sec at 1500 psi, as shown in fig-
ure 4. Also shown in figure 4 are the pressure and weight-flow ranges cowvered during
the current investigation.

Each individual venturi is designed to minimize losses and to reduce the noise
which can be generated by a critical venturi. (See ref. 7.) Each venturi has an
inlet radius of 3.64 times the throat radius, a 5° half-angle conical diffuser which
enlarges to at least 5.80 times the throat area, and a perforated cylindrical dif-
fuser with a perforated area equal to 8.00 times the wventuri throat area. The 5°
half-angle conical diffuser permits the venturi to maintain critical flow with pres-
sure losses as low as 7 percent. The perforated cylindrical diffuser prevents the
generation of noise and resonance in the airstream and pipe structures by shock sys-
tems which form in the conical diffuser at high pressure ratios.

The Langley 16-Foot Transonic Tunnel multiple critical venturi system was cali-
brated in the Boeing Airflow Calibration Facility ower a pressure range from approxi-
mately 36 psi to 920 psi. Calibration results are shown in table II as tabulated
discharge coefficients. The airflow standard used for this calibration was another
multiple critical venturi system which was calibrated in 1977 by Colorado Engineering
Experiment Station, Inc. (CEESI) with their 300 ft3 primary wolumetric airflow stan-
dard. This calibration was certified by CEESI to have a measurement uncertainty
within 0.07 percent over the airf. w range from 0.1 lb/sec to 20.0 lb/sec. Transfer
of this calibration to the Langley aultiple critical venturi system was performed
with an estimated precision of 0.03 percent over the entire calibration range. Siice
the certified calibration accuracy of the airflow standard used for calibration ot
the Langley system is within 0.07 percent, a calibration accuracy of 0.1 percent can
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be validly assumed to apply to the lLangley 16~-Foot Transonic Tunnel multiple critical
venturi system.

Instrumentation

Jet total pressure was measured at a fixed station in the mudel instrumentation
section (see fig. 2) with a five-probe rake and a one-probe rake. Because of a plug-
ged tube, the fourth probe from the bottom on the five-probe rake was not used for
the current investigation. (See fig. 2(b).) Jet total pressure Py,j was obtained
by averaging the five probe values measured. In addition, the jet total-pressure
distribution at the nozzle throat was determined for each configuration tested with a
13-probe rake shown by the sketch of figure 5. This rake was mounted rigidly on each
nozzle configuration to avoid relative movement between the rake and the nozzle
throat resulting from model loads and vibration. The number of probes uced with each
nozzle varied with nozzle-throcat diameter. Jet total pressures from the internal
rakes and from the external 13-probe rake were measured with an electronic scanning
pressure device.

The multiple critical wventuri system (see fig. 3) described previously was used
to measure the weight flow of the high-pressure air being supplied to the nozzles.
Three pressure measurements upstream of the venturis (pv1) and one pressure
measurement downstream of the wventuris (p,,,) were made with individual pressure
transducers at the locations shown in figure 3(a). A temperature measurement up-
stream of the venturis (T,) was made with a platinum resistance thermometer at the
location shown in figure g(a). The outstanding characteristics of this type of tem-
perature measurement device can be found in reference 1.

Data Reduction

All data were recorded on magnetic tape. Fifty frames of data taken at a rate
of 10 frames per second were averaged for each data point; average values were used
in computations. Two nozzle-pressure-ratio-sweep runs were conducted on each config-
uration investigated, one with the 13-probe rake installed and one with it remoed.
Runs with the 13-probe rake installed were used only to provide total-pressure
distributions at the nozzle throat and to determine rake correction factors, which
are discussed later, for each internal total-pressure probe. Data obtained during
the run with the rake removed were used to compute nozzle discharge coefficients.

The basic performance parameter used for the presentation of results is nozzle
discharge coefficient C.. Nozzle discharge coefficient is the ratio of measured
weight flow w_ to ideal weight flow w.. This parameter reflects the ability of a
nozzle to pass weight flow and is reduceé by any momentum and vena contracia losses
(ref. 11). An excellent discussion of discharge coefficient losses in a -“enturi
(which is a special purpose nozzle) is contained in reference 7. The two major
sources of discharge coefficient losses given in this reference are

1. Development of a boundary layer along the nozzle walls because of the
real-gas viscous effects

2, Variation of weight flow per unit area in the radial direction because of
the centrifugal forces which exist in the gas as a result of flow through
a contracting section

PR

wo ool @by wmwareiP I o

e et

-

thiscdon 2Bl SLadn, » v

A vt



o

N
|

I '“f"’ £

FTRe g

The values of measured weight flow used to determine nozzle discharge coeffi-
cients presented in this paper were determined from the multiple critical venturi
system by use of equation (1).

w =W (c. .)

p - Y, 1Cq, 1) Yy,

)+ cee + W, ( ) (1)

3,2 i,16.2'3,16.2

Since the product of ideal weight flow and discharge coefficient equals actual weicht
flow, each term in equation (1) represents the weight flcw through a particular ver-
turi shown in figqure 3(c). For any venturi not used (capped off), tne appropriate
term or terms are dropped from equation (1). The venturis which are operating can be
determined from the value of a unique multiple critical venturi code number MCV.
Its value is the sum of the venturi numbers (see fig. 3(c¢)) that are being used. For
example, MCV = 22 indicates that venturi number 2, venturi number 4, and wenturi
number 16.1 are being used (2 + 4 + 16 = 22). Venturi number 16.1 is always used
when only one of the largest size venturis is required. The ideal weight-flow terms
in equation (1) are defined as
*
Py,A.C \9
’
RTV

where x is the wventuri number. Values for each venturi throat area A§ are given
in figure 3(c). The critical-flow factor used in equation (2) is defined as

* 2 3 .
C = A + B(pyy) + Clpy,)" + D(py,) (3a)
wher e
A =Ky + K (T, - 460) + Ky(T, - 460)% + Ky(T, - 460)° (3b)
2 3
B = K4 + KS(TV - 460) + KG(TV - 460)° + K7(Tv - 460) (3c)
C = Kg + Kg(Ty - 460) + K (T, - 460)% + K, (T, - 460)° (3d)
2 3
D = Ky, + Ky3(Ty - 460) + K, (T, - 460)2 + K, (T, - 460) (3e)

where constants KO,K1,...,K15 are provided in table III. Bguation (3a) is limited
to values of py, =0 psia to 1500 psia and values of T, = 460°R to 660°R, The
venturi discharge coefficient terms C in equation (1) are obtained from table II
as a function of venturi throat Reynolaéxnumber per inch, which is defined as

*
P,.C V@
S ‘4)
’
1] RTV

- monimdag
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The visccsiv.y term p in equation (4) is obtained from the following approximation
of Sutherland's formula:

1.5
_g 227(0.8333T )

U= (206812 x 10 '008333Tv + 198.6 ‘5)

Ideal weicht flow through each nozzle tested was deternined from equations (6)
depending on the wvalue of nozzle pressure ratio NPR. If NPR <(NPR)C:

¥ b-1n
1 29y —
w, = pt,jAt(NPR) - ”RTt 3 E _(NPR> } (6a)

If NPR > (NPR)C:

( 2 )w+n/w-n

(6b)
. + 1
j \ |

2 = Pt,5P¢|RT
| IR

Yozzle discharge coefficients presented in this paper were then determined from mea-
gsured nozzle weight-flow (eq. (1)) and nozzle ideal weight-flow (eq. (6)) values.

As discussed in the "Instrumentation" section, a 13-probe rake was used to mea-
sure jet total-pressure profiles at the throat of each configuration tested. Values
of average (for internal probes 1 to 5; see fig. 2(b)) jet total pressure p
individual interral-probe total pressures, pt to p, 5 radial positfon of
each probe used on the 13-probe rake r/rt, ané individual lﬁroat jet total pressures
(measured with 13-probe rake) Prake 3are provided in table IV for each configuration
and NPR tested. Typical exhaust total-pressure profiles measured at the nozzle
throat are shown in fiqure 6 for several configurations. The values of wall static
pressure shown in figure 6 were assumed to be equal to 0.5283p (for M = 1.0).
The total-pressure profiles measured at the throat of each conffé&ration were used to
determine rake correction factors KR ,KR 2,...,1(R 5 for each indi:idual internal
total-pressure probe., The area under each total-pressure profile at the thrcat (typ-
ical examples shown in fig. 6) was obtained by using a compensating polar planimeter
to provide an integrated value of jet total pressure at the throat (p for
each Pt set by the internal total-pressure probes. The integrated vafues of jet
total pre;sure at the throat (p, ke'int Wwere then plotted against jet total pres-
sure measured with each internal raﬁe pProbe Py 2reee 1Py 5° A typical plot
of this variation is presented in fiocure 7 for {nfernai ﬁrobe num gr 1 (see fig. 2(b))
on the configuration with A, = 0.999 in? and A = 3,853 in“. The resulting
slope of the line representinc this variation is equai to the rake correction factor
for the particular probe and configuration plotted. For the example given in fig-
ure 7, the result is tge value of KR 1 for the configuration with A, = 0.999 in
and A = 3.853 in®, Vaiues of rake correction factors obtained in this manner
for alf ?nternal jet total-pressure probes in all confiqurations tested are provided
in the takle of figure 2(b). Two passes through the data reduction code were then
conducted using equations (7) and (8) to compute average jet total pressure and nozzle
pressure ratio, respectively.
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§ (Pt,j,i)(KR,i)
Pe,y ™ 5 - (N
Pey
NPR = L (8)
Pa

The first data reduction pass used rake correction factors equal to 1.0 (uncorrected
internal total-pressure probe data). The second data reduction pass used the rake
correction factors determined with the procedure discussed above and provided in the
table of figure 2(b). The resulting values of p, and NPR were used to determine
nozzle ideal weight-flow rate w. and nozzle discﬁatge coefficient C for each data
reduction pass. Of course, when the rake correction factors determined from measured
total-pressure profiles at the throat are used, the jet total pressures measured with
the internal rakes are corrected ‘o the integrated rake values and most, if not all,
of the effects of boundary-layer growth and streamline curvaturs. are removed from the
data. The resulting values of discharge coefficient should then be near unity.

As mentioned in the "Instrumentation” section, three measurements of the upstream

venturi pressure were recorded simultaneously for each data point. Except for
the case when a study of discharge coefficient sensitivity to small errors in
measured 4 Wwas conducted, the value of Pyq used in equations (2), (3a),

and (4) was the average of the three separate measurements.

Throat Reynolds number of the Stratford choke nozzles is defined as

6 (Dt)(
Rd = (9.3192 x 10") V3 pt'j) (9)

The constant used in equation (9) represents Reynolds number per foot at a total
pressure of % psia and was obtained from chart 25 of reference 12 for M = *.., ap~

= °R.
Tt,j 530°R

RESULTS AND DISCUSSION
Validation of Multiple Critical Venturi System

An initial study was conducted to determine the sensitivity of the multiple
critical venturi system operation (determination of nozzle weight flow aud discharge
coefficient) to individual venturi measurements (pv1 and T,). As described in the
"Instrumentation” section, three separate measurements of were made, o sepa-
rate passes through the data reduction code were made for the A_ = 3,992 in® config-
uration, one for a single measurement cf py, in equations (2), (3a), and (4) of the
"Data Reduction”" section and one for the awverage cf the three measurements.
Resulting discharge coeffi :!ents from these two data reduction passes are presented in
figure 8 as a function of NPR. Although the differences between these two data sets
are small, close examination indicates a slightly smaller data spread when the
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averaged venturi pressure is used, pa-.icularly at NPR < 2.0. The relative eff2ct of
a small error in T, or in p on measured weight-flow rate is shown in the
following table for MCV = 22 lventuri numher 2, venturi number 4, and venturi number
16.1 operating).

Ty, °R Py psi Wor 1b/sec Error, percent
560 200 2.7068 Baseline
561 200 2.7043 .09
560 210 2,8428 5,02
560 1000 13.7748 Baseline
561 1000 13.7643 .11
S60 1010 13,9195 1.02

Two baseline venturi operating conditions were assumed for the calculations presented
in the above table, one at low-weight-flow conditions (pv1 = 200 psi) and one at high-
weight-f’ >w conditions (p 1= 1000 psi). A venturi operating temperature of S560°R was
assumed at both baseline flow conditiong. Weight-flow values at both conditions were
computed with an assumed temperature measurement uncertainty of 1° and then with an
assumed pressure measurement uncertainty of 1 percent of gage full-scale readin (for
example, 10 psi for a 1000-psi gage reading). As illustrated by the data in this
table, a 1° uncertainty in measurement of T,, would have very little effect on
computed weight flow. However, as shown in the table, a 1-percent uncertainty in the
measurement of Py would have a significant effect on the computed value of weight
flow. The uncertainty in w_ was particularly large at low-weight-flow operating
conditions since a large gagé size is required to cover the full operating range of
the multiple critical venturi system. For this reason, measured weight flows (and
thus discharge coeffi-ients) presented in the remainder of this paper were computed
with an average value of p.. from the three separate measurerents. This procedure
will help eliminate data s~ cer, particularly at low values of NPR. It also points
out the importance of correctl, sizing the pressure transducers used to measure the
upstream ve. .uri pressure.

As mentioned i. the "Stratforu Choke Nozzles" section, the langley 16-Foot Tra:n-
sonic Tunnel Stratford choke nozzles with At = 1,933 in2 and At = 5,711 in2 have
been previously calibrated against primary standard nozzles at the Colorado Engineer-
ing Experiment Station, Inc. (CEESI). Correct operation of the Langley 16-Foot Tran-
sonic Tunnel multiple critical venturi system was validated by comparing discharge
coefficients of these two nozzlees obtained from tne wventuri system with those obtained
during the CEESI calibration (unpublished data). This comparison is presented in
figure 9. The data points on figure 9 identified with flags were obtain-d at unchoked
nozzle conditions (NPR ¢ (NPR) ). Thus, the exhaust wvelocity at the nozzle throat for
these data points was not sonic and t'.e equation for Reynoldas number (eq. (9)) given
in the "Data Reduction" section is not valid (M # 1.0). Reynolds numbers for these
data points were computc-d with the appropriate constsnte from chart 25 of reference
13, As shown in figure 9, excellent agreement generally exists between the multiple
critical venturi discharge :oefficients and the CEESI calibration data, particularly
for the A_ = 5,711 in nozzle. Venturi-derived discna~ge coefficients generally
agree wifhfn 0.5 pe’ tent with the calibration data ai NPR » 1,5 for the

A, = 1.933 in® nos-le and at NPR » 1.75 for the A, = 5.711 in? rozzle. The loss
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of data agreement at very low NPR (less than 1.75) may be a result of inaccuracies
in the P-y measurement. The data shown in figure 9 indicate that the Langley 16-
Foot Transonic ™innel multiple critical wventuri system provides an accurate (within
0.005) measurement of nozzle discharge coefficients, particularly at NPR > :.75.
Substitution of a lower raage pressure transducer for 4 mMmeasurement during low-NPR
operation should measurably improve the accuracy of discharge coefficients for

NPR ¢ 1,75,

Stratford~Choke-Nozzle Discharge Coefficients

Stratford-choke-nozzle discharge coefficients measured with the multiple critical
venturi system are presented in fiqures 10 and 11 as a function of NPR for every
combination of nozzle-throat area and choke-plate open area tested. Discharge coef-
ficients shown in figure 10 were computed with jet total pressure Py s corrected to
the integrated walue of total pressure at the throat by use of the raig correction
factors discussed in the "Data Reduction" section. Discharge coefficients shown in
figure 11 were computed with jet total pressure as measmed with the internal rakes
(KR to = 1.0). Also presented in figures 10 and 11 are the average discharge
costticientd >for choked flow conditions G (average of all C, for NPR > 1.89) for
each nozzle--choke-plate combination. d

When jet total pressure is corrected to the integrated value at tne throat (see
fig. 10), discharge coefficients at PR > 2.0 are approximately equal to unity.
With only two exceptions (A, = 0.999 inz, A = 1.750 in? _and A, = 5.711 inz,
Achoke = 3.853 in“), values of awverage discharge coefficient C_, are within 0,005 of
unity (demonstrated accuracy of multiple critical wenturi system; see fig. 9). This
result was expected since correcting internal jet total pressure to the value at the
throat (assuming no total-pressure losses between the internal instrumentation loca-
tion and the nozzle throat) would eliminate most of the loss sources described in
reference 7. Two of the most notable total-pressure losses which would be eliminated
are the boundary-layer growth along the nozzle walls and the distortion of the total-
prescure profile resulting from upstream piping effects. The rake correction factors
affect jet total pressure T (see eq. (7)), nozzle pressure ratio NPR (see eq.
(8)), and ideal weight-flow rile w (see eq. (6)) only; measured weight-flow rate
w (see eqs. (1) to (S)) is not affected by the rake correction factors. Thus, the
dgscharge coefficients shown in fiqures 10 and 11 are based on the same measured
values of weight-flow rate.

Figure 11 presents Stratford-choke-nozzle discharge coefficients computed from
uncorrected internal jet total pressures. Discharge coefficients shown in this figure
include total-pressure losses from the internel total-pressure instrumentation
location to the nozzle throat. Average nozzle discharge coefficientz Ed shown in
figure 11 are aiways less than unity and range in value from 0.978 to 0.996, depending
on the configuration. Computed discharge coefficients given in reference 6 for
nozzles conforming to the design guidelines from which the Langley 16~ ot Transonic
Tunnel Jtratford choke nozzles wera designed ranged from 0.9925 to 0.,99/5. The values
of C_. measured during the present test which fall below the range of computed
discharge -~oefficients given in reference 6 (C, < 0.9925) probably result from
nonconformance to prescribed design guidelires for some of the current test nozzles.
These effects are discussed later along with the effects of nozzle~throat area and
choke-plate open area on measured discharge coefficient.

As shown in figures 10 and 137, nozzle discharge coefficient is nearly independent
of NPR once choke flow conditions are reached at the nozzle throat (NPR > 1.89).
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However, several of the nozzles with smaller throat areas (A_ < 3,002 inz) did show
a slight increasing trend of C, with NPR. Since the small-throat-area nozzles have
throat Reynolds numbers of approximately 1 x 106 at low NPR (see table I), this
variation in C, with NPR may be a result of transition (and movement thereof) from
2 laminar to a turbulent wall boundary layer.

The effect of MCV (number and combination of wventuris operating) on measured
discharge coefficient is shown in the (d) and (f) parts of figures 10 and 11. If the
multiple critical wventuri system operates as designed, the number and combination of
venturis operating should have no effect on measured discharge coefficient. As shown
in these figures, the data agreement for all MCV values tested is excellent, and it
can be concluded that the number and combination of venturis operating does not have
an effect on measured discharge coefficient.

To investigate the effect of wventuri temperature (and thus jet total temper-
ature), the A, =57 in? configuration with A, .. = 3.853 in® was tested at
(‘rt i )pom = 530°R and 550°R. Again, if the multiple critical venturi system is
opei;tgnq properly, venturi temperature should have no effect on measured discharge
coefficient. These data are shown in figures 10(e) and 11(e), and excellent agreement
of discharge coefficients for the two different venturi temperatures is exhibited;
measured discharge coefficient is independent of venturi temperature.

Figure 12 presents a summary plot showing the effect of Stratford-choke-nozzle-
throat area A_ on awverage nozzle discharge coefficient c. for all choke~-plate
open areas A, .. tested. Average discharge coefficients are those values listed on
figures 10 and ?1 and do not include unchoked (NPR < 1.89) nozzle data. The data
points identified with flags in figure 12 were obtained on a configuratior. with
A greater than A_. This condition would indicate that the flow through the
cﬁgﬁgeplate is not choked and that the choke plate is serving as a flow straightening
device only. Whether or not the choke-plate flow is choked or unchoked should hawve no
effect on discharge coefficient. As shown in fiqure 12, average discharge coeffi-
cients tend to peak for nozzle throat areas between 2.0 in“ and 6.0 inz. A more
descriptive conclusion is that for the Stratford choke nozzles of the current test,
average discharge cogefficient decreases for nozzle-throat areas less than 2.0 inZ or
greater than 6.0 in“. As mentioned previously, the range of experimental awverage
discharge coefficients (0.978 to J.996 for uncorrected internal total pressures) from
the current investigation exceeds the range of computed discharge coefficients (0.9925
to 0.9975) given in reference 6. From figure 12, the average discharge coefficients
for nozzles of the current test with 1.933 in? ¢ A, < 5.71%1 in“ generally fall
wii ..n the computed discharge coefficient range of reference 6. It is hypothesjzed
that discharge coefiicients for the Stratford choke nozzles with At = 0,999 in“,
8.501 in“, and 11.352 in“ are reduced because of nonconformance to the design
criteria of reference 6. Comparison of the current Stratford-choke-nozzle geometries
with the design quidelines of reference 6 is shown in table I. Table I indicates that
although Stratford recommends that nozzle operation be limited to nozzle-throat
Reynolds numbers greater than 1 x 106, the A, = 0.999 in2 nozzle of the current test
does not reacg this wvalue until an NPR between 2.0 and 3.0 is reached. Thus, the
A, = 0,999 in nozzle is operating near the extreme end of this design gquide-
lzne. Another factor which could affect discharge coefficient values of small-throat-
area nozzles is that the nozzle wall boundary-layer thickness constitutes a large
percentage of the throat area. However, if wall boundary~layer thickness were a
problem, it should be eliminated by correcting the internal total pressure to the
integrated value of total pressure at the throat. As indicated by the right side of
figure 12 (corrected Pt,j)’ this is not the case, and the decrease in discharge
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coefficient for the lower values of A_ appears to be caused by some other factor
{(probably operating at a Reynolds number which is too low, as discussed earlier).

As shown_in table I, the recommended walue of L2/D was not obtained with the
At = 8,501 in“ and 11.352 in® nozzles of the current test. The reason for this
deviation from prescribed quidelines is that the maximum internal tail-pipe-model
diameter D was fixed at a constant vaive. Both of these nozzles show substantial
decreases i:aéischarge coefficient (for K4 to KR = 1,0) to values below the lower
bound of comp.ted discharge coefficients frém referénce 6. One factor which could
affect discharge coeff.cient for the large-throa’~area nozzles is upstream

convergence. Since D of the current model was fixed, the amount of conwergence
leading into the throataéecreases with increasing throat area. For the nozzles with
larger throat areas, particularly for the A = 11,352 in2 nozzle, throat conwvergence

was small. Results from reference 13 indicate that flow distortion (distortion of
total-pressure profile at the throat) increases significantly with decreasing nozzle
contraction ratio A /At' The effect of nozzle contraction ratio (hence, of throat
area) and of choke-p!gge open area on a total-pressure distortion parameter A
derived from the rake correction factors is presented in figure 13. The total-
pressure distortion parameter shown in fiqure 13 is an indicator of distortion at the
internal total-pressure instrumentation location. As shown in fiqure 13, AK_ in-
creases rapidly as contraction ratio is decreased (by increasing At) to valugs less
than 3.5. The A, = 8.501 in“ and 11.352 in nozzles have contraction ratios of 2.37
and 1.77, respectively. Figure 13 also indicates that total-pressure distortion is
reduced by increasing choke-plate open area.

The amount of flow distortion in the large-throat-area nozzles discussed above
could have a significant effect on the measurement of Py s and, thus, on discharge
coefficient. Correcting internal rake total-pressure meaé%rements to the integrated
value of jet total pressure at the nozzle throat should eliminate flow distortion
effects on discharge coefficient. As shown in the right side of figqure 12, applying
the rake correction factors to the discharge coefficient computation either eliminates
or greatly reduces the decrease in C_ exhibited by the A, = 8.501 in2
and A, =_11.352 in® nozzles when niucCorrected total-pressure measurements are used to
compute Cd (left side of fig. 12). This result indicates that most of the decrease

in cd measured for the large-throat-area nozzles is caused by flow distortion in the
total-pressure profiles.

The effect of choke-plate (flow straightener) open area A o on average
discharge coefficient is presented in figure 14. Choke-plate open area should hawve no
effect on nozzle discharge coefficient unless a large amount of flow distortion is
introduced by the choke plate itself. From the results shown in figure 13, the choke
plates with the smallest open areas produce the largest amounts of flow distortion,
particularly for large-throat-area nozzles. As shown in figure 14, choke-plate open
area generally has little effect on average discharge coefficient_except for the two
nozzles with the largest throat areas tested. The variation in C, with Ac for
Kgp. ¢ to KR 5 = 1.0 1is lass than 1.5 percent for all nozzles testeg and is generally
leds than 0.5 percent for nozzles with A, < 8.501 inz. Total-pressure profile dis-
tortion is obviously affecting the discharge coefficient data spread for the two
nozzles with the largest throat areas. Correcting measured total pressures with the
rake correction factors (right side of fig. 14) reduces the variation of Ed with
Achoke from 0.9 to 1.5 percent to 0.6 to 0.8 percent for these twoznozzles. The only
consistent trend shown in figure 14 is that the Achoke = 15,286 in“ choke plate
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alvays provides the highest walue of average discharge coefficient when K, , to

5= 1.0. The wariation in C_, with Abhoke for all other choke plates'tested is
generally less than 0.3 percent.

A summary plot of the discharge coefficients for the langley 16-Foot Transonic
Tunnel Stratford choke nozzles is presented in figure 15. The discharge coefficient

pacameter cd avg shown in this fiqgure is the average of all awerage discharge coef-
[

ficients Ed obtained at each nozzle-throat area (see figs. 12 and 14), with one
exception. Since most nozzle test procedures typically dictute a choke-plate flow
straightener (as opposed to screens) and since the screen configurations

(A hoke = 15.286 inz) consistently produced higher discharge coefficients than the
gtﬁer choke-plate configurations, lata for the screen configurations are omitted from

Cd,avg' In addition, since discharge coefficients obtained for unchoked flow condi-

tions (NPR < 1.89) were omitted from the cg-putation of awverage discharge coefficient
Cd' these data are also not included in Cd.avq' Thus the data of figure 15 are for

choked flow Stratford choke nozzles with choke-plate flow straighteners only. Dis-
charge coefficients for unchoked flow conditions can be obtained from figures 10 and
11. Discharge coefficients for Stratford choke nozzles with screens as flow straight-
eners can be obtained from figures 12 and 14.

When internal total-pressure rakes are corrected to the integrated value of total
pressure at the throat, Ed a is generally within 0.5 percent of unity (fig. 15).
When internal total-pressure rakes are not 50trected (typical), measured discharge
coefficients for 1,933 in® « A < 5.711 in® generally fall within the computed range
of discharge coefficient given in reference S for these types of nozzles. Measured
discharge coefficient for the A, = 0.999 in® nozzle falls below the computed value
(ref. 6), probably because nozzle-throat Reynolds number falls below the li- t recom-
mended in reference 6. Discgarge coefficients for the
A, = 8.501 in“ and 11.352 in“ nozzles fall below the computed value “ecause of total-

pressure profile distortion caused by low nozzle contraction ratios kmax/At.

CONCLUSIONS

An investigation has been conducted in the _angley 16-Foot Transonic Tunnel to
determine and document the weight-flow measurement characteristics of a multiple crit-
ical wventuri system and the nozzle discharge coefficient characteristics of a series
of conwvergent calibration nozzles. The effects on model discharge coefficient of
nozzle-throat area, model choke-plate open area, nozzle pressure ratio, jet total
temperature, and number and combination of operating venturis were investigated.

Tests were conducted at static conditions (tunnel wind off) at nozzle pressure ratios
from 1.3 to 7.0. Results of this investigation indicate the following conclusions:

1. The Langley 16=Foot Transonic Tunnel multiple critical wventuri system measures
nozzle discharge coefficient to an uncertainty of 0.5 percent for nozzle pressure
ratios equal to or ahowve 1,.75.

2. The measurement which was determined to have the largest effect on the multi-
ple critical venturi system accuracy is the upstream venturi pressure., It is highly
recommended that the average of multiple upstream venturi pressure measurements be
used to compute weight flow from the venturi system. In addition, the pressure trans-
ducers used to measure the upstre: * venturi prz2ssure should be carefully sized to
cover the required pressure range only.
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3. Discharge coefficients measured with the multiple critical venturi systeam are
independent of the number or combination of wenturis used. Discharge coefficients are
also independent of small wariations in wenturi temperature.

4. Discharge coefficients measured for the Langley 16-Foot Transonic Tunnel
Stratford choke nozzles fall within t.hs expected range of 0.9925 to 0.9975 when
¢ oz2zle-throat area is between 1.933 in“ and 5.711 in~.

Se g low nozzle-throat Reynolds number causes the discharge coefficient of the
0.999-in“ throat area Stratford choke nozzle to be below the expected walue.

6. Total-pressure profile distortion as a result of low contraction ratios is
believed to cause the relative%y low discharge cosfficient levels of 0.986 and 0.979,
respectively, for the 8.501-in“ and the 11.352-in“ throat area Stratford choke
10zzles.

JASA Langley Research Center
lampton, VA 23665-5225
May 16, 1985
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TABLE II.~- INDIVIDUAL CALIBRATED-VENTURI DISCHARGE COEFFICIENTS

Discharge coefficients for venturi number -

R; ., per inch
4,v 1 2 4 8 16.1 | 16.2
0.6 x 108 0.9838 | 0.9857 |o0.9886 | 0.9892 |0.9922 :0.9921
.9 .9856 | .9880 | .9910 | .9912 | .9932 ' .9930
1.4 9875 | .9902 | .9931 | .993¢ | .9940 ‘ .9938
2.1 9890 | .9920 | .9943 | .9939 | .9941 | .9938
3.2 9902 | .9931 | .0947 | .9939 | .993a | .9932
4.8 .9901 | .9934 | .9939 | .9932 | .9930 | .9928
7.3 9893 | .9930 | .9933 | ,9931 | .9930 | .9927
11.0 9903 | .9938 | .9933 | .993a | .9931 | .9927
17.0 9912 | .9938 | .9935 | .9932 | .9931 | .9928
26.0 9916 | .9933 | .9936 | .9933 | .9932 | .9928
40.0 9918 | .9939 A' .9937 | .992a | .9933 | .9929

TABLE III.- CONSTANTS FOR CRITICAL-FLOW FACTOR EQUATION

From unpublished multiple critical wventuri data,
Boeing Commercial Airplane Group

Constant|Value of constant | Constant|{value of constant
Ko 0.68493 Kg 3.8268 x 1072
X, -6.7865 x 10~7 ; Xg -7.359a x 10~11
K, | -4.9249 x 107% Ko 4.9408 x 1073
K, -1.0056 x 10~ Ky -1.1853 x 10”13
K, 3.0262 x 107> Kyg | =1.4721 x 10712
Kg -1.9236 x 10~/ K3 1.7692 x 10”14
Ke 5.4687 x 10~10 K14 -1.1238 x 10”16
K, -6.5437 x 10~13 Kqs 2.8935 x 10~19
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ORIGINAL PAZE 35
OF POOR QUALITY

v
5,
>
: TABLE 1IV.- VALUES OF TOTAL PRESSURE MEASURED IN THE INSTRUMENTATION
’ SECTION AND AT THE NOZZLE EXIT
.
- [All pressure measurements in psi.]}
(a) A, = 0.999 in%; A = 1.750 in?
t d ! choke *
%;_ Pe.j.3 Pe,j6 Pe.5,5
: 19.367 194349 19.392 19,327
3 22,197 22.799 22.1M 22.0827 22.7¢1
. 21,998 21.985 21,976 22,009 21,949
® 25,978 25.866 25.856 25.95¢ 25.884
s 29.732 2. 765 29,737 29.797 29,739
.. 36,936 364924 364925 36,922 36.990 36,922
- 46,443 44,386 44,393 44,393 44.5%6 44,487
s 73.680 | 73.563 73.573 73.586 73.895 73.785
- 744125 73,992 744036 74,032 744333 74,2232
i 103,706 § 103,507 1034577 103,567 104,208 1C3.872
F
- rake 2t r/rt of -
- -.18
19.361 19,328 19,367 19.35¢6 194373 19,329 164358 .-
. 22.79) 22,137 22,177 22,774 2ce787 22.748 224774 -
21,983 21,748 21,985 21.98¢4 22.002 21.9%8 21.983
25.097 25.971 25.919 25.908 25.926 25,894 25.904 ..
29,750 29.730 29,7¢0 29,764 29.782 29.737 29766 .
36,936 36,304 36,945 36.948 36974 26,933 360947 b
46,643 Q4,457 44,4656 44,504 46,520 4&,4Eb 46.50%
73,6860 73.727 73,792 73,803 73,843 73,794 73,602
teo128 74,175 74,250 74,281 74,285 74.231 740245
103,706 J103.781 103,875 103,870 103,924 103,881  1(3.875
i
- \
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OF POOR
TABLE IV.- Continued QUAUTY

~
- s
. - 5
e el i+ M

. ' - .2 - : 2
» (b) At = 0,999 in“; AChOke 3.853 in

KN sz Pes s s

s . 19,281 19,286 19,283 19,281 19.302 19,252
3 2lel e 21.049 21.C453 21,046 21.100 21.05¢C
- 22.765 22,769 22,768 22,11 22.117 22,740
= 25.93¢ 2%.969 25.955 25.951 25.966 25.932
. 294626 29,6137 29.631 29.831 29,635 29,597
37.194 37,203 37.191 37,194 37.207 3t.17
46,551 44,545 44,55C 44,558 44,567 44,538
T4.40% 74,3080 T4.4125 The4l3 74,417 74,393
104,501 J 106,436 104,529 104,507  104,%35 104.3502

H

.
"
. 19,241 | 19.2%¢ 19,288 19.272  19.26¢ 19,243 19,288
S 21,056 | 214326 214343 214328 21.347  21.326  21.366
; 22,765 | 220759 22,793 22,785 2:.752  22.7¢4 22,757
s 25,955 | 25,916 25,9%c 25,946  25.9%8 25,925  25.9%9
; 29,626 § 20,579 29,617 294611  29.634 29,591  29.615
i 37.156¢ | 37.138 37,181 37,177  37.196  37.15¢  37.18%
: 464551 1 460689 66,565 84,563 44,583 46,552  44e%55
v T4o405 | 744322 74,392 744397 74,636 744386 744385
: 1660501 J] 1060374 1US.ATE 134,490 1044543 106479 1064456
: (c) A, = 0,999 in%; A = 15,286 in?
t - Y ' choke °
“ m Pe,3,1 Pe,1,2 Pe,3,3 Pe,3,6 Pe,5,5
19,161 19,173 10,149  19.182  19.119
220262 224280 224248  22.2%6  22.218
25.838 25,848 25,832 25,831  2%.791
20,548 20,580 29,552  29.3%6  29.526
36,996 37,032 37,006  37.008  30.972
43,960 43,970 43,951  43.960 43,931
73,859 73,917 73,896 73,906  73.87
103,003 103,137 103,131  103.114 103,082
; , cake 2% r/rt of -
; . . . .56

19414y 19,120 19,120 19,153 19,121 19.160
224253 22,224 224225 22,250 22,207 224252
25.828 25.6811 25,808 25,843 25.790 250828
; 29.552 29,536 294542 29,575 29.523 29.564
= 37.003 36.978 36,906 37.013 364964 360998
2 43.9%0 43,940 43,943 43,972 43,929 43.931
= 73,890 T73.054 73.678 T73.912 73.0867 73.0606
103,096 § 103,05 103.106 103.132 103.082 103.052
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TABLE 1IV.- Continued

1.933 in%; Ay . = 1.750 in?

.

@ a, =
ENE -
19,3089 19,428

224167 224188

25.8%0 254934

36,901 364979

29,568 29.601

36,963 37.019

44,2643 440267

73.813 73.086

SUEISTLEN 103,527

19.369
224467
25,880
36,901
29,°%6¢
36.963
44,243
73.813
103,588

19,369
224142
254369
36,908
29,357
3609235
44,208
73,898
lu3.732

(e) At =

Pros1 Pe,3,2

17.30¢
22.713
26,036
29585
37,208
L4475
444665
744512
103.602
103.711

19,333
22,747
2640068
294724
37.251
444515
440702
74,560
103.612
103,719

19,309
22.715
264239
29,577
37.198
bbbl
444554
74,490
103,577
103,586

Pe,3,2 Pe.35,3 Pr,3,4 Pe,3,5
19.408 19,373 19,405 19,332
22014¢ 22108 22.241) 22.05%0
25,877 25.820 264,004 25,757
36,897 36.827 3r.072 36,730
29,581 29.521 29.660 29,677
36,965 36.908 37.058 36,8066
44,243 44,204 64,297 44,202
73,75C 730653 746161 73.613
103,439 103,344 106,025 103.603

Prake 8t r/rt of -

19.400
224175
25,897
36.93C
29,979
36,957
44,215
73.915
103,740

19,421
224172
254904
36944
29,570
36.958
44,214
73.923
103,741

19,428
22,194
25,925
36,972
29,602
36.985
46.249
73,959
103,799

. 2 - 2
1.933 in%; A e = 3.853 in

Pe,3,3 Pe,5.6 Pe,1,5

19.29¢
22.703
26,019
29.672
37.19¢
Lo b0b
46,655
74,502
103.603
i03.711

19.320
22.71%
264062
29.684
37,218
LTI NAY
46,662
74.505
103,597
103.707

19,276
22.605
264013
29,666
37.1717
LZTX Y )1
44,650
74,503
103.623
103.732

19,394
22.145
25.8786
36.917
29,544
36.931
440184
734899
103,691

QUALITY

c e e an iy ierost

19,617 i
22,176 '
25,913
36,952
29.570 s
36,952 .
46,201
73.922

103,717

oy . B,

-

Prake 8t r/rt of -

194306
22.713
26.036
23.685
37.208
44,675
64,665
7644512
103,602
103,711

19.280
22,650
250994
290642
37,149
€4,621
64,592
Téo.eld
103,488
103,59

19,299
224571
26.1717
29.658
37..70
46,44]
444,510
T6s452
103.5%25
103.632

19.301
224677
26.015
29.667
37.179
h4o0%51
46 .62R
7644460
103,561
103.657

19,313
22.699
26,031
29.604
37.203
46,401
44,660
744502
103.603
103,714

19.2R5
224661
204001
29.653
37..63
he.0bh
44,0621
T4.480
103.589
103,698

17299
22.587
264023
29.566
37.170
440047
4% ,622
Taoseb0
103,563
103,657

19,305
22.667
26,003 !
29,634 ;
37.142 .
“he41l i
44,586

74,387
103,456
103.564 )




[
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1,339
1.497
1,772
1.982
Z.“Ql
3,005
5,037
7.011

19,706
22.035
26.077
29,163
36.665
€4,236
T4.135
103,137

19,293
¢241il
25,8109

29.%39
36,830
44,034
73,610
T3.068
88790

19,233
22,111
254919

| 29,539

36,840
64,034
73,610
73,968
88,798

TABLE IV.- Continued

2 2
(f) A, = 1,933 in%; Ay ke = 15.286 in

19,705 19.735 19.704 19.718 190,668
22.039 22.06R 22,037 22,036 21,994
26,081 26.112 26,001 25,073 26.0380
29.163 29.193 29,169 29,155 29.136
364637 36,713 36.680 36.¢061 36.632
66,221 444270 44,261 §4.213 440212
T4o128 T74.181 T4.164 76,097 74.103
103.168 103,246 103.225 103.137 103.158

Prake 8¢ '/'t of -

-.94 -.71 -.40 .02 .34 .67 .96

19,651 19.692 19,685 19.710 19,867 193.710 19.704
214995 224029 22,014 22.050 22.011 224040 22,048
26.012 264358 26,060 26,0803 264044 264085 264067
29.108 290148 29,140 2%9.168 29.137 29.179 29.149
36.617 36.658 36.651 364,688 36.648 36.681 36.654
46,167 44,210 44,208 46,240 44,200 46,237 46,203
T74.05% T4.110 74.111 744135 74.101 764135 76.079

103,096 103,185 103,166 103.185 103.170 103.191 103.126

2 2
(g) A, = 3.002 in“; Achoke = 1+750 in

Pe,3,1 Pe,3,2 Pe.1,3 P,y Pr,1,5

19,333 19,293 19.266 18.29¢ 19,274
224172 226114 224092 220103 22,085
254918 254804 25.788 25.810 25.776
29.638 29.521 29.508 20,532 29.494
37.015 36.863 36.028 36,871 36,824
44,797 4400106 44,592 44,612 44,564
73.880 73.565 73.527 T3.5R¢ 73.49%
T4.214 73,932 73,992 T3.941 73,961
A9.114 88,751 88.69¢ 88,762 88,670

Prake °t r/rt of ~

.02 .33

19,242 19.272 19,251 19,263 19.22C 19,250 19,240
224072 22,002 22,057 224082 224040 220049 22,064
25.785 254784 25.761 25,797 254745 2%5.771 2%.772
290408 29504 294494 294499 29,405 20,467 29,481
30.847 36,0838 36,814 36.038 36,798 34,007 36.8C9
46,507 44,5691 440562 44,595 44,555 440537 44,563
73.628 73,535 T73.498 73.5406 73.%09 T3.467 73,433
73.964 73.88¢ 73.854 72,955 73.6064 73,829 T3.782
88,316 804096 88,0665 B8R, 725 86,082 860627 88,440
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TABLE IV.- Continued

S 2 2
7 (h) A, =3.002 in; Ay . = 3.853 in
=
B NPR Pe,y P31 Pugg2 Pe,3,3 URR Pe, 3.5
- e .
" 1.28% 19.102 19144 19,099 19.085 19.119% 19.067
. 1.490 QETIEICH 22,266 22,205 22,211 22,223 22.191
= 1.754 264016 26,077 26,003 25,997 26,014  25.991
2 14995 294538 294652 294557  29.56. 29.537  29.576
" 2.503 37,121 37,204 37.07% 37.104 37.107  37.113
Y 3,004 444563 44,627 44,502 46,521 44,522 44,545
4.997 ITLIE 74,232 764,918 74,062 76,050 744121
60979 [PBUIICTEN 103.639 103,376  103.436 103,414 103,551
. ]
~ Prake 8t r/rt of -
= - s 3
2 -.94 -.75 -.56 -.25 .10 .44 .67
N 14,102 19,097 19,0643 19,059 10,071 194101 19,055 19.076 19,070
- 22.219 IETLL 22,151 224176 22,.90 22.213 224175 22,183 22.178
o ITIOTE  25.969 25.946 25,964 25,970 26,016  25.963 25,973  25.956
iy 29,508 29,543 29,514 29,525 29,550  29.596 29,547 29,5346  29.521
p 37.121 37,060 37,036 37.050 37,078 37.121 37,072 37,052 37,062
R 64,543 44,6470 944455 44,469 44,501 44,952 444503 bb,4662 bh 046
- 74,097 73,971 73.943 73,903 74,029 764100  T4.046 73,975  73.937
: ICERCTEN 103.290 103,279 103,330  103.390  103.463 103,427 103.31% 103,243
R 2, . 2
(i) At = 3,002 in*“; Achoke = 15,286 in
m Pe Pegal Peoys2 Pe,33 Peys Pe,s.5 I
i 1.3100 19,293 19.285  19.316 13.305 19,299 19.270
1,517 22.338 ] 22,340  22.368  22.338  22.330  22.313
1.757] 25.869) 25.876  25.882 25.883 25,849  25.857
1.996] 29,3530 29,359  29.370  29.375  29.327  29.334
2.501) 36,827 36.83¢  36.848 364845 364792 364816
3.0000 ¢44306¢ ] €031l €4.329 464330 4,269 444301
3.506F 51,5800 51,590  51.609  51.614 51,504 514585
5,021 73,010 73.922  73.953  73.962  73.820  73.937
6,9080102,879] 102.875 102,936 102.931 1 2.739 102.914
19.293 19,227 19.265 19,267 19,286 19. 19,292 17.30%5 19.266
22.336 22,250 22,288 224292 27,313 27.c.0 224332 224332 22.314
25,869 25.70R 25,8364 25,835 25,850 25,833 25,890 25.882 25.£55
29.353 29,276 29.316 29,312 29,333 29,321 29,362 29.365 29,329
36.827 364745 36,785 36,785 36.811 36,791 36.837 36,831 36.805
44,306 64,216 440263 6644262 44200 46,275 44,200 44,312 44,270
51,580 51,678 51,515 51,5264 51,566 51,544 51,589 51,569 51,522
73.919 73.799 73,833 73.850 73,881 73,894 73,938 73,919 73.794
- 102,732 102,767 102,769 102,859 102,961 102,903 102.886 100.269
-
L
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ORIGINAL pros 13
DE POOR QdALxTY

TABLE IV.~ Continued

(3) Ap = 3.992 in2; Ay pe = 1.750 in?

19.049
j 22.103
25.904
29.811
37.092
444339
58.980
66e562

19,137 19,0641 19,020 19,065 18,982
22.215 224080 22.006 27,104 22.0%2
26.042 2548606 254863 25,907 254841}
29.962 29.761 29.757 29,808 29.765%
37.287 37.037 37.022 37,081 37.033
46,561 46,261 44,263 44,319 444,290
59.297 58,893 SA,875 50,960 58.904
66.%05 66450 66,449 664542 660465

p at r/rt of -

rake

-!“cifrwwtagg‘ﬁ~“f

19,0498 19,046 18.967 184997 18.992 19,019 18,972 19.006 18,992 19.004
224103 ] 22102 22.008 22.0606 22.041 22.060 22,024 22,0466 22,045 22.058
25.904 0 25,308 25.787 25.821 25.815 25.846 25.812 25.836 25.808 25.839
298110 294823 29,6R5 29,717 294712 29.742 29,709 29,720 29.706 29,742
37.092 374083 364930 364973 36965 37,001 36974 36,981 365,943 37.000
444339 944357 GALLTT 444217 464208 464250 444228 440217 46,183 64,23%
53,986 58.980 58,756 58.803 58.803 S5R.857 5R.824 58,300 53.742 58.838
66,9562 660959 664327 664374 604360 66,423 664399 66,362 65,303 66,39¢
- 2, _ . 2
(k) AL = 3,992 in%; Achoke = 3+853 in
Pe,3,1 Pe,3,2 Pe,503 Py Pe.s,5
4 1"389 1Q.6%3 100‘62 190276 19347‘ 190293

224141 22.72° 2 22.202 22.024 22.227 22.052

254 7. 25,757 25.59 25.,78% 25.636

274455 29.408 29.245 29,440 294305
35,980 364587 36.739 36,931 36.816
444521 444396 46,263 LI Y 4h.3E84
T4.035 T73.779 73.609 73.829 73.879
103,695 103.283 103,243 103,363 103.475

19346 19,190 19,252 19,263 19.418 19,313 13,3:1 19.,39¢ 19,219
22,098 21.96F ¢ ,J06 22,028 22,184 22,070 22.099 22..39 21.963
29668 295523 29,552 254597 25.749 25,648 25,648 25.674 25,489
294291 29,171 29,207 29.249 29.398 29,316 29,305 29.318 29.13¢
Jee782 364640 36,691 364733 36,891 36,811 36.793 36.782 36,582
€60289 660163 464206 4464249 64,629 44,35)1 6h. 311 46,290 44,086
734622 73.530 73,570 73.634 73,856 73,798 73,685 73,613 73,310

102+924 103,026 133,060 103,115 103.402 103.350 103.180 103,081
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A
b

26

NPR Pe,;

6.9935103.038

22.298
25,938

43.99%
74.012
103.333

1,364
1.513
1.76C
2,008
2.491
2.986
5.023
IR EN103.333

(1)

Pr.ial

19.213
22.173
25.601
29.069
36.234
36.928
440,336
74,030
103,278

22076
253.757
29.521
36.068
36.730
440146
73764
102 AN Y

(m) A, = 3.992 in?;

19,834
22.327
29.981
29. 636
36,775
44,0064
76.135%
103,482

19.771
224270
25.917
274563
364571
43,980
73.909

A, = 3.992 in2;

TABLE 1V.- Continued

LR

19.173
22.116
25.793
29.566
360100
36,801
44,202
73.018
102,985 1

-./1

22.047
25.73¢
29.500
36.032
36.730
44,121
73.707
02.8%4

-.42

Pe,1,3

19,168
22,107
25,801
29.390
36,144
36,031
44,237
73,839
03,033

Prake

-.20

224082 22.069

25.775
29.548
36.076
36.775
44.164
73753
102,092

Pe.j,2

100

353

224351

Zb.

003

29.669
36.798
66,292

Te.

182

25.758
294,531
36.0%8
36.753
A4, 144
73.720
102,863

Achoke

Pe.1.6

19.158
22.0%
23772
29,538
36.0706
36.772
44,16}
73.739
102.857

-.01

22.081
25,784
29. 542
36,0085
36. 774
440175
73,780
102,926

Yt, 1,5

19.152
22,086
25.778
29,553
360119
36,603
44,208
73,047
103.036

at t/rt of -

.22

191730 ASad3l 19:102 1921593 19,447 19,190 19,123

224064
25,755
29.528
38.069
36,704
444165
73.786
102,946 1

Pe,5,3

19,825
22,331
25.984
29,637
364769
©4.,079
74,164

103.564 103.568

-.76

19.738
224240
25.806
294547
36.672
4$3.,958
73967

-.50

19.759
22,272
25,928
29,571
36
43,
74,008

Prake

-.28

19.773
22.280
254919
29.573
36.705
43,991
73.991

Achoke =

Pr 3,4

19.791
22.284
25.914
29.570
35,691
43,9061
73.936
103,235

-.04

19,79
22.299
25.946
29.595
36,717
44,009
74409

1024647 1034326 103,348 103,207 '3

»

15.286 i

19.719
224195
25.908
29.448
36.527
63.783
73.642
102.815

tr of -
a /rt

.20

19.754
224275
25.913
29,566
36.693
43,991
76,074

= 5,779 in2?

)

.45

19,167
220112
25,000
29.571
36.121
36.005
44416
73,028
02,908

n

W41

19,895
224310
25.960
29.623
36,751
44,053
74,097

-69

19.176
224109
25.792
29.5%6
36.096
36,793
t4.194
73,793
102.9%9

.71

19,901
224307
259006
29,626
35.759
44,070
740105

1343C. 103,465 103,486

.92

19,152
220099
25.788
29,571
36.103
36,5064
44,202
73,7006
102,920

.96

19.777
224280
25.928
29.577
36,702
63,992
74,002
103.276
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s mrom— e

AR,

e -

o =gy

lyedbe
2244930
2012y
22,933
5IQZQC
b4 4DER
The 59t
E.304

14,382
283>

204129
29.835
37.2v8
©4,506¢C
T49.5
BI.3L 4

ORIGINAL PACE I3
OF POOR QUALITY

TABLE IV.- Continued

= in2:
At = 5.711 in“%;

Pega

16,440
22560
264271
26,9499
17.502
4% ,R?
74,927
BQ,.F17

19,771
22235
25,93
23,524
36.734
43,586
70.04e
79925

16,305
2: 4359
26,060
29.734
374262
b6,55h
74,551
29,372

°t,§,2

19,29
22435¢C
?2¢ 98¢
20,0t8
37.08E
44,34
76,198
FFot&o

= ;2

Ahoke = 3-853 in

Pe.1.3 Pr .6 Pe.1.5
16,321 19,232 19.621
22.398C 224358 224545
26.065% 26.011 26,293
29.752 29707 3u.C26
37,208 A7.117 37.56¢
44,49) 44,38 44,891
74,438 T74.233 7%.133
£FG.1T¢ 8€.931 86,097

19.258
224306
254973
29.681
37-111
46,307
744259
BEL6L2

at r/x, of -
e t

19,294
22.33¢
254992
29.€91
37.131
46,39¢
T4e2
PB.962

.85

19.272
2243C0
25547
29.650
374057
44,320
ThelnG
88.t38

15292
224356
264021
€9.741
37.185
46,459
Teeskle
89,140

1,152
22.210
25872
29,562
364983
%232
T4eC72
884743

19.326
22.355
26.C70
26.762
37.25¢
44,545
Taeb35
89.286

27
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28

1.293
le%80
1,605
14749
1.998
2,697
2,985
4,998
6.7

(o)

13.692
21e706
224014
Z2e7%3
29e4ls
36500
S 005
73.5¢5
1u2.537

19.962
2l.70%
220ulb
254753
294418
36.80L
Kottt
734088
102537

134942
2le b4
224016
25.7%5

29,41t
3b.008
64,0u08°%
73.50%
102,537

TABLE IV.- Continued

- .2,
At = 5.711 in“; Achoke

19.07) 18,902 16,666
21,909 21.7%3 21.76€8
22,136 21,993 22,617
2%.910 2%.73¢ 254750
29.635 29.386 25.417
Joeb24 1 .570 36.603
444352 44,038 44,087
764,022 73,6¢9 T3.57%
103,173 162 .427 102.543

Prak
-.58

1le.9%0 18,944 19.92¢6
21.729 21.72% 2l.731
21.942 21926 214928
2% ,655 250851 25.65¢
2%,3ul 29,292 26,316
IR 672 3E.4t7 16,402
43,936 ©3,93¢ 43,953
73,352 73,34t 73.388
102.255 1024261 102.257

= 5,779 in2

18.9%52
2l.71¢
21.65C
25.659
29.315%
Jo.e0b
43,608
73,253
L2102

at r/r, of -
e t

-.34

12,630
21.737
214930
25.¢72
26,325
3b.480
43.944
73.341
102,231

12,956
21,744
2l e976
25.709
29.363
36,565
44,039
73,597
102,445

1€.92°%
21.73C
214935
25,653
29,304
36,474
3,921
73.307
102177

at r/r_ of -
e t

.19 .39 .60

1t.91) 18.905 13,97¢
21,716 21778 21.788
21.819 21.978 21.67¢6
?5.6346 ?5.719% 254713
29,299 29,372 29.383
3644566 364552 36.%253

63,922 b4 Ll €6,022
73.23? 73,043 73.63¢
102.2%1 1024359 102.3M

.79

18.978
2l.77¢
21.G904
25.7u5
29,3606
36,%43
€3,693
73.4106
102,349

.97

10,£56
2le¢50
21.852
25.581
29,230
36.6408
43,0859
73.126
99,745

18,93¢
21,732
21.638
25.¢5%
254318
364461
©3.938
73.33%
102,200

PO,

A

3
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TABLE IV.- Continued

= < in<; = i

LeeGTF 190141 16,092 15.090 19,022 194037

224210 224273 224260 224257 22,130 22.,17%
20626, 26,343 204257 26.301 26,412°% 26.189
25.78¢ 28,274 *€.80L9 25824 25.tbe 254733
294433 29.531 29,480 2%.66G¢ 26.25(C ?9.337
354540 kK71 It.574 35,026 36,372 204,432
66,193 44,367 644,220 44,291 63,87y ©4,129
73.5¢n 73,458 73.60¢ T 754 73.22% 73,430
73945 744705 71,987 T4.123 T3.582 73.642
103.357 173.727 103,369 1¢3.58¢ 102.€43 103,227

P

at r/r_of -
rake / t

-.41

-.63

19,027 16,023 19.904¢ 13,04¢ 1,021 16,032
?22.1%% 22417¢ 224174 22.178 22415¢ 224155
264139 2€ 4180 264151 26.1¢6R 26,14¢ 26.132
254657 22473 25.717 25,75 25.¢96 25,692
290337 26.367 294365 294379 29,368 29.32¢
364429 36.,49C 36.46C 36,.4r8 36,430 35,619
49,042 66,1C7 66,122 44,122 44,.C7€ 44e040
73.710 73,430 73,483 T3.47¢ 73.33¢6 73.328
73.679 73.78¢ 73.R26 73.53% 73,742 73,607

102.939 173,137 103.198 1¢3.1€9 103.058 102.99]

Lveu?t
22e?1F
29e241
¢2eThe
?7.031
EL. Y1 Y]
44,1613
73.560
T3.5638

lule357

p at r/rt of -

rake

19.076 19.115 16,056 19.0¢¢ 19,063 i8,96]
274210 22,143 22.179 2c.18¢ 22,200 22.098
25,241 f 24..78 264171 26617 ¢ 264200 264083
2%.702 25,673 25,725 25,73% 25.750 25.639
23443 29,321 20,38¢ 29,392 29619 2%.230

36,4133 IRe6T72 36,482 36,520 364400
LTI -2 46,110 64,125 h4.1k2 44,040

Josbo
444,53

73.00h 73.3N 73.431 73.4¢0 73.526 734434
7394F 734712 734763 73.6809 73.R27 73,785
113.127 103.19¢ i63.207

103,3%7

103,014 1C3.13¢

29
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URIGINAL PAGE 1S
OF POOR QUALITY

TABLE IV.- Continued

= s 2, . 2
(q) A, = 5.1 in%; Achoke = 15.286 in

NPR Pe.j Pe.3,1 Pe,5.2 Pr.s,3 LOUE Pr,1,5

1.316 13,608 19,438 16,654 19,421 194342 19.382
ies97 22,079 22,105 22.127 224116 22.C01 22.C67
1.7%1 254429 25,690 2% .965% 25.¢63 254737 254701
1.969 29,677 26,523 29.53% 25.43C 29.306 29,434
2.523 37,208 37,277 7,22 37.269 37,067 374, 22
3,008 ab 3ty 64,647 444455 Yy 44,176 46,326
4996 73.660, 73,794 72,827 73.t30 73.373 73.632
7.n22 B 103,570 103,712 103,775 1C3.77¢  1C3.1C¢3  1€3.490

16,3646 1943680 19,351 1%e3%9 19,351
22,033 224033 t2.L 24 2724033 22.(21

19¢40¢
22,076

2%5¢329 25,730 2% 790 25.770 Se703 254750
23477 29,375 29,4685 26,4206 20442 29,336
37.208 37.0%2 37.1¢4 37.1¢0 37.127 37.101
6543F9 664201 “he31% 444280 §64276 644251
73.0¢1 73,404 73.63¢ 73.%9¢ T340t 73.491

av3ed0 192,112 L13e524 1ud.eel 103,364 103,273

Prake 8% rlrt of -
Pe,s .19 .37 .58 .76 .96

194333 19392 19,423 164308 16.235
22.61) 224087 c2.10¢ 22.077 21.%351

I rY I
2¢.uT9

2%.22% 25 ,7%h ?54622 254853 254832 254694
23477 264610 20,47y 29.511 29,6496 7294344
37.22%¢ 37.1?2 3T.1¢€ 37,230 27.197 27.0%0
44436 44,271 46,354 LITE I ©6.3P0 ©4,219

73,553 Tsebbs 73,717 73,729 73.484
103,372 1€3.51¢ 1¢3.402 1C3.642 1C€2.830

T3e0%1
1v3.F7C

Prake 2% r/rt of -
-.97 -.81 -.62 -.40 -.21 -.02

16.3¢7
22.G22
29.780
2G. 416
37.114
44,2606
T2.51¢
1w3,.29¢

D Ly ey
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QUALITY

TABLE IV.- Continued

- in2. = ;02
(r) A, = 8.501 in“; A poke = 3.853 in

19.182 18,867 18,892 18,986 19.111
22,796 220163 22,354 22.53%3 22,463
20.650 25.825 26.099 26.398 260240
30.340 29.407 29.710 30.052 29,899
30,199 29.257 29,535 29. 6886 29737
37.720 36.586 36,947 ar.in 37.189
45,373 44,011 444497 44,968 4,767
64,399 62.473 63.130 63.0820 63.630

e 3t tlrt of -

Prak

-.96 -.82 -.66 -.56 -.39 -.20

18,730 18,861 18,860 18,859 16,931 18.966
224234 22,304 22.4006 22,399 224440 2244608
29.937 264124 2601084 26,163 260194 264225
29.975 29.743 29,812 29.796 29,9020 29,063
29.416 29.594 29,0648 29,630 29,658 29,713
36.812 37,011 37.004 37.078 37.085 37.15%
44,304 44,526 44,630 44,639 44,622 44,0698
63,065 63,343 630442 63,430 630340 63,420

19.008
2244006
264244
29.883
29.723
37.108
44,716
63.490

Prake at r/rt of -
-.03 .17 .33 .53 .71 .84 .97

19,008 19,010 19.000 19.032 10,968 18.918 18,0812
22.4606 22.530 224542 224581 224577 220443 22,337

206,244 264340 26.357 26.412 26,380 26.211 26,079
29.683 30.013 30,036 30.082 30.051 29,845 29.700
29.723 29,048 29,873 29.921 29.890 29670 29.539
37.168 37.337 37.38:2 37,424 37.382 37.116 36.972
44,716 44,914 44,990 43,033 44,971 44,0661 44,480
634490 63.770 63,909 63.950 63.6840 63,405 63.213

16,608
22-3065
26.110
29,760
29,608
37.046
44,599
63,320
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19.1¢4 194389
229060 224422
22740 264224
29.399 29,987
32.760 37.515
LT TP ET] 4%,029
13.4¢3 T6.925
bd.v30 39.809
6Te7C2 99.4419

Prake 2% r/rt of -

-.96

+7.1l0% 19373
224060 21.%00
22.740 25.399

2v. 399 29,019
3o0.780 364320
44,130 ©3.595
T3.483 72.744
83e93¢ ATe253
8ielul R6.94)

III!!IIIIII!I!II 0.0

TABLE IV.- Continued

= s 02,
¢ = 8.501 in“;

Pr.jn2

-.79

.

.15

19.166 14,033

224960 214855
22,740 25,462
294399 28.0%3
39,7¢0 36,3P5
®4,130 43,675
73.463 72.698
03.G38 87.10)

ol.702 Bo.732

i9.uib
21.820
254423
294036
3n.34C
«3,622
72.070
87.402
26774

Pe.i,3

19.14C
é2.01C
25.676
29.31¢
364664
43,5680
73.27¢
67.026
B87.506

19,040
21.31C
25.512
£5.427
364455
43.73¢
72.€07
87,253
£6,925

.32

19.0€2
21.524
254543
29.175
30,507
43,813
T2.92C
87.389
87.053

Achoke
t,5,6

19.047
21.870
25.472
29,07«
3663l
43.665
72.072
87.07¢
86.722

19,043
214901
25.511
29.134
364400
43.70C
7240068
87,323
86,963

19.1(4
21.958
254575
29.207
364549
€3.462
73.007
87.403
67.160

= 5.779 in?

Pe.3,5

19,105
21960
25600
29,227
366503
43.875
73.062
87,521
87.299

19.039
21874
E-rL LI
¢94103
36.400
63.685
124714
67,148
864011

19.C82
21.922
254530
294152
36494
43.78¢
72,945
87,459

87.121

19.022
21e8642
25.453
29.,06%
364374
43.640
724653
87.0€3
cbeT4UL

.80

lR. 966
21.813
250 %69
29.050
35.413
43.730
T2.9¢6
€7.503
87.179

.95

184957
21.770
25.358
284961
36.279
43.556
72,639
6.984
860665

W e e e
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E { ORIGINAL FAGE 13
- OF POOR QUALITY

= -
> t
T
- TABLE IV.- Continued
- i
1- .
E (t) A_ - 8.501 in%; A = 7.549 in? f
i t . ’ choke :
. 19.145 19.103 1919y l1ve018 19077 ¥
. 22,116 22107 22.161 21.921 22.€39 ;
2 254720 25,004 25.€43 254493 25.67Y v
i 29.53: 20,577 29.657 29,230 294454 i
- 35.932 Joe962 37.00606 360571 3QQEQ5 14
L 444204 44,220 46,382 43,768 44,116 H
- 73,770 73.795 T4etu2 73.u31 73.616
= 9942079 80.217  B0.541 794391 80,045 3
) .
> H
‘ i
Le29V% 19,0156 19.100 19.077 19,074 19.639
1eo00 21,665 22.064 224012 c2.Cle 21.967 )
. 1e767 254524 25467R 294619 25.018 294550 4 4
- 2003 29,302 29.45%0 29398 Q4,334 29,324 -

? Cedud 364674 3ol 838 36.787 10 760 30.672 !
2.9+8 834939 464,083 44,033 43,692 43.904 )
5e¢03 73.2¢3 73.57@ 73.5u6 73.415 73.260
Sebay 73.598 79.972 79,920 79.804 73.653

4

3

JOISCP  15.027 15.035 194106  19.10C 10,112  1v.C46 19,066 s

PRSP 21.00) 21,966 22.C35  22.U21 22,646  22.009 21,989 i

PEIEITI  25.540 244560 25,636 2954625 25,650  25.618 25,592 :
FEEME  26.300 29,336 29.413 29,351 29,431 29.39¢  29.368

3>.93. EELNIDS 364506 36,779  3b.765 6,617  36.78F 346,789 !
44,4204 (3.RpR 43,933 46,027 43,695 44,070 44,039 44,056
73.77. JEEEIEN 73,330 73.456  73.630 73,530 73,567 73,579
XM 75.5°3 79,729 79,667  79.823  75.946  79.960 79,980

P4
H
\
y
33 -9




(u) A

! I‘"’R I Pe,j I"t,J,l

t

TABLE IV.- Continued

= 8.501

Pe.i,2

L2,
in-i Achoke

Pr,1,3

Pr.56

15.286 in?

Pe,j.5

1vec24 19.2:4 164255 19,253 164,131 19225
224073 22.0%4 22.017 22.09¢ 21.9¢5 224173
234844 25.815 29.85C 25.808 25.7vb 25.997
294356 29,523 294555 29,601 294332 29.720
304737 36,702 26.73¢c 3¢.786 36,517 364542
44,284 46,245 46,260 46,337 44,013 44,538
73.597 73.500 73.586 73,705 73.137 740055
79.723 79.023 T9.719 79.851 79.4ub 804237

Ldelch L6143 16 42u9 19.211 16.189 19.136 19.144

224473 2149173 224050 22.047 224027 224034 22.0u%
220846 25463) 28,7717 25.798 254767 25.768 25.738
2943536 29,301 20,463 29,4481 294454 29+ 462 294445
36,737 360407 3b.621 36,057 36,0323 30,637 36,603
44.284 63,929 be,122 44,150 44.17¢ 44,149 ©4.107
73.597 7300656 73.3%0 73.451 73.411 734376 734316

79729 79.1e7 76,471 79572 79,545 79.£90 75.417

P at r/rt of -

rake

-.02 .16 .34 .50

19.22¢4 1694174 16,138 19.222 19.251 19.230 19,150 19.137

224073 22,035 224011 224086 224103 22.038 21977 21.622
274344 25.777 25.757 250834 25.853 25.815 25,719 25,635
c7.226 26,405 29.763 29524 294537 29.516 29.409 29.306
30,737 104625 364031 36.720 364734 36,892 36574 364457
LIy 4.1 49.167 44,156 b4.247 44,208 46,236 44.1006 43,957
73.597 73,354 73,6437 73.563 73.508 73522 72.370 73047

79.72v 79,4066 76569 79.721 79.708 79,85 79.498 79.127

A~

34



. 1¢.335

A 22.721
29.754
37.261
44.h86
45,313

- "
1 (2R
EE ok "R
&
[,

g

.

un we s cmay oy

22.721
2¢.120
29.754
37,261
' 44,696
: 45,313

i 19.335
: 22.721
: 264120
- 29.7%4

: 37.261
444686
! 454333

Two v .
gyt " :Mm“ﬁ s A

g

TABLE IV.- Continued

(v) A, = 11,352 in?;

Pe,i,1

19,419
23,432
27.233
31.075
38,895
4be625
47.267

19,057
224144
«5.511
29.116
36.561
43.902
464525

19.439
224645
264003
29,596
37.0/%
44,502
45,109

Pe,j,2

18,843
21.881
254164
2845692
35.95¢
43,165
434778

19,447
224562
264013
29.623
37,132
44,562
«5.169

Pr,i,3

19.0¢1
224217
25.5895
29.157
364544
4©3.953
44,473

prake

19.25¢R
22358
25.668
29.229
364624
43,953
46.553

Achoke =

19.53]
272,884
2he?51
29.879
37.412
444995
454523

at r/r_ of -
/:

19.209
224303
25.569
29,125
16,4 R9
43,788
464,40R

124627
22.6280
26,017
274635
37.142
444572
454202

19,348
23.189
26+367
29,3965
37.501
44,891
45,928

19.220
224360
2546€2
29424
36,5632
63,957
444575

19.301
224475
254829
29.4}12
354958
44,239
b4 4953

18,1139
224229
25,541
29.117
36,533
©3,909
444533

N gy,
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17ve250
22.90481
22e¢3VUR
274507
30,993
h4.028
274963
oJe213

1ve238
22.u€l
£2e 300
2943507
35,903
440228
54,963
bJ)evll

II!!IIIIII!IIIIII

17.230
22.v01
23308
299507

.
64228

Ldevwtl
tJevlld

léeda?
21,645
234264
2P o HAn
3h,202
63.40L3
57.9%
F1-PYT YN

TABLE IV.- Continued

11.352 in?;

19.29¢C
2724411
25.814
29,518
36.929
46,261
58.986
604040

1L ,96b
21,824
254490
29,143
36,465
434723
JR¢331
L9349

16,156
21990
254604
29.3506
300730
44.03§
t8.719
594758

lv.020
21.87C
25566
29.235
3e.57%
434935
Sde%4l
$9.494

= .02
Achoke = 5,779 in

Pr,j,4

l6.940
21.631
25,108
28.775
35.979
“3.120
5Tebeu7
5Fe513

19,904
21.828
294502
2v.176
36,447
434733
£8.325
£9,307

Pr.1,5

19.C16
2le789
274454
29.080
36.381
43.%63
58,033
59.126

13.65%
21 ¢ 749
254362
28,93
35,257
43.4A0
£7.940
534962

Prate o r/F of -
67 .82
18,932 17,910 19,331 16.05¢ 19407 1d.€50
21.698 214060 ?leul? 21,80 21.%00 21.872
254,279 254240 254421 254851 254570 254575
28,899 2re04Y 29.052 29,197 29.252 29,251
3c.145 36,097 364342 360530 36,593 36.620
43,313 43,2067 ©3.538 43,772 43,857 43.923
57,755 “7.712 584056 5e.375 58,439 58,591
58,776 59.088 59,420 Y9,643

58,735

59,528

'S

.98

1b.666
21.622
254294
29.910
36,186
63,351
57.792
58,818

-

[P A
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TABLE IV.~ Continued

_ Lo _ .2
(x) Ay = 11.352 in'; Ay ke = 7.549 in

. 19,368 19,303 19.302 13,922 19,098
224450 224247 22433 21e743 22.040

. 26.199 25.829 26,000 254246 254644
F 30.0R2 2946106 29,.82R 2R,956 294,433
i 37.531 36,933 37.203 36,133 16.727
44.942 44,199 44,541 43,275 ©3.970
62+434 61.347 61,8643 60,092 61,079

19,093 19.119 13.061 19.032 13.998
22.00¢6 22.03¢ 21.971 21.93¢ 21.886
25.56F8 25.609 254540 25,482 254416
29.323 29.386 29,294 29.232 294165
- 36.5°" 364571 36,553 364477 364379
93,75 43,890 43,761 434556 43542
60,831 hOo95R 60.781 60eh11 604449

P

at r/r -
/ . of

rake

0.0 .17 .33 .52 .67 .81 .97

184971 18,792 19.043 19,047 19,074 19.029 18.922
22.164 21.433 21.980 21.93% 21,027 214995 21.378 21.830
224784 250344 25.423 254470 25,666 254964 25.574 25.431
?9.583 29.362 29.171 29,220 239,190 29.308 29.345 29.199
364906 364247 36,410 16,453 34,415 36,570 36.6134 364,460
44,185 63,407 3,594 434635 43,590 434782 43.88% 63,682
61.3%59 60.280 10569 60.605 63,540 60.908 60.971 60.674
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1.299
1.495
1.757
2,023
Z.‘qs
2+.516
3.004
3.608
44117

19.115
21.399
25.853
29.776
36.718
37.029
4ho 166
564035
60.58¢

19.115
21.999
25.8%3
29.776
36,718
37,029
bholbé
564035
60.584

Pe,j

19.115
214999
25.853
29.776
25.718
37.029
4holbb
564035
60.584

19.111
21.990
25.0842
29.749
364686
36,993
64,133
55,980
60,510

184905
21.71%
294491
29.397
364267
364572
43,626
55.353
59.864

-.01

19.072
214934
25:776
29.671
364599
36902
44.013
55.819
60.359

TABLE IV.- Concluded

11.352 in?;

19.130
224005
25.844
29.765
364700
37.012
464,139
564010
60,501

19.071
21.939
25.772
29.675
36.600
36,913
44.018
55,814
604300

.18

19.062
21.93¢
25.778
29,088
36.639
36,939
46,067
55,891
60,461

19.146
22.029
254896
29.831
36.787
37.097
44,258
56,157
6J.732

19.079
21.992
254827
29,754
364697
37.010
444132
55.980
60,560

Achoke

19,0135
21.870
25,686
29,572
36.461
36,775
43,833
55.598
50.111

19.067
21.977
25,836
29,761
36.716
37.032
44,161
56.010
60,585

Prake 2t r/rt of -
.3 .51
19.125 19.155
22,016 22,048
25.871 25,905
29.794 29.81¢6
36,757 36.784%
37.065 37.09?
64,204 whe238
56,062 56,081
60.632 62.657

= 15.286 in

19.15¢
22.102
25,998
29962
36.957
37.269
44,456
564428
61,007

19.070
21.958
25.814
29.723
36.670
36.980
44,102
55.932
60,489

.€8

19.10¢
21,983
254832
29.749
36,696
36,993
440132
5%.980
LVe539

2

.83

19,389
21,844
25.068
23.574
35,498
36.821
43.922
59743
60,287

.96

18.878

21.662

25.417
29.297
36,157
3644062
3,506
35.193
59.688
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