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NOTATION

Mech Number ( = u/a)

Compression ratio

Aj/Ag = Jet Areg/Working Section Area

Mess flow per wmit time

Static pressure (absolute)

Velocity
Area

Density

Efficiency

cp/cv = 1,405

Local speed of sound

Speed of sound at point where M = 1

SUBSCRIPTS -

Refers to working section

i
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Jet exit

mixing section

diffuser exit (atmosvhere)
jet throat

motive air before expansion
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SUMMARY

(1) A two-dimensional wind tumnel, induction type, of rectanguler
working section, 2 1/2" x 12", has been desimed end constructed for the
purpose of testing aerodynamic shapes at velocities close to the sbeed
of sound.

(2) The design theory is based upon the fundamental equations of
momentum, continuity, and energy with the assumptions that mixing takes
plece at constant area and that jet exit velocities in the supersonic
range may be obtained.

(3) Calibration runs, in which t}{e maximum Mech number of 0.65
was obtained, revealed that the actual tumnel performence did not agree
with the design performence curves except at high compression ratios.
(4) A variation of the originmal theory, i.e., sonic jet exit velow
cities, was used to obtain a new set of design curves. These curves

are in excellent agreement with actual performence data except at high
compression retios.

(5) Failure of the tumnel to meet design conditions is considered

to lie in the jet shape which assumes & true supersonic nozzle shape

only at small jet openings (high compression ratios).
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INTRODUCTION

In order to study the flow of air about aerodynamic shapes at velo-
cities approaching & Mach number of one, it is essential that the working
section flow be as smooth as possible; and free from the wmstable fluctu-
ations common to wakes from air screws or jebts. The induction type tummnsl
allows such a flow through the working section, and alsc increases the
mass flow aveilable over that of the supply of motive air, thereby greatly
increasing the dimensions of the working section possible with & given
air supply installation.

The tunnel in general consists of six essential parts, the converger
or induction air orifice, working section, motive air jet, mixing section,
diffuser; and measuring or recording apparatus.

The converger acts as an orifice for the working section, increasing
the effective cross-section area, thereby reducing eny nozzle loss that
might otherwise result in power consumption at this point.

The working section should be trensparent, and devices must be incor=-
porated to measure the reactions of the model being tested. At velocities
approaching a Mach number of one the size of the model is greatly restricted
by the sensitiveness of such flow to small changes in net throat area, and,
to that end, flexible boundaries are employed to maintein e constant net
throat aree, thus maintaining a satisfactorily steady flow.

The motive air jet must be designed to give super-sonic flow (at the
jet exit) for practical operating conditions, and in this tumnel the jet
area is adjustable, which allows a considerable range of operating head

pressures before the jet. This condition allows some control of working

ol



section speed, but a change in mess flow of motive air results in more
reaction by the induced flow. The function of the jet, then, is to
supply kinetie energy to the apparatus at super-sonic velocities, and
in an optimum direction.

Entrainment and mixing between the motive and induced flows take
plece in the mixing section. The equations resulting in the performence
and design curves are based upon conceptions of what takés place in this
section., It is assumed that mixing takes place at constent aree in these
calculations.

The diffuser converts the dynamic energy of the mixing section to
potential energy, thereby reteining this energy in the cycle with a min-
imum of loss due to turbulence and non-uniform flow in general.

Visual air flow is developed using the Schlieren optical method.

A strong light source supplies rays to & system of mirrors which direct
the rays through the glass-walled working section, and fimnally to an ad-
justable, kmife-edge, aparture located at the focal point of one mirror.
Any devietion of density in the working section due to & compressibility
effect causes & slight refraction of some of the light passing to the
knife edge. By adjusting this edge, these rays are eliminated from the
beam, and a corresponding difference in iight intensity is recorded on
parts of the visual screen beyond, thereby producing & picturs of the
weve pettern takingiplace at the model. An overhead beam is provided
which supports the mirrors, controls, screen, and other pertinent equip~
ment. This beam is mownted on rails and cen be raised and lowered so that
any pert of the working section can be effectively investigated.

At the present time, the initial development work on the tumnel is

still in progress eand no models as yet have been tested in the tunnel.
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SECTION 1

THEORY

(A) Supersonic Jet Theory

(B) Sonic Jet Theory



(A) SUPERSONIC JET THEORY AND DEVELOPHMENT OF EQUATIONS:
V 1% k\\iﬁi_fb
\>‘l4;_ T

To —_— zf.l AT A, Ay U "oo

- o

The design curves are derived from the development of three fundamental

equations; the continuity equation,
Aguzpz = Apuppz + Ajwme)
the momentum equation,
Ag(p1-pz) = A3p5u5‘ - (8gp5up2 + A707w2)

and the energy equation,

( ug? +_ Y ps ) o5uzh =(u__2.f * X 22) Pauphed(mis ¥ pr) Prudy
2 ¥-1p3 /P33 Yo py 2 Y-1opq

Assuming the temperature is the same for both the motive air supply and
induced air inteke at the tunnel, the energy equation is thereby simplified,
and

X p +wm? = X py + w?
Y-1p1 2 Y1 p2 2

(In the appendix the letter "C" is used to indicate the sum of these total
" energies. ) |

Since the terminal conditions of the induced flow, the design
condition_of induced flow in the working section, and the state of the
motive fluid before expansion, are either lkmown, or specified, the solu-
tion for pz,uz and pz from these three equations gives the other conditions
in the system necessery for the attainment of the design conditions.

Using the momentum equation, eliminating @z by substitution of
of its value through relations in the continuity equation, and by making

the transformations shown in the appendix, an equation of ps/plis finally
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obteined as & function of areas Ap/A;, and Mach numbers, M; and Mo,
Through the assumption of constant area mixing, A + Ay = Asl

From the energy equation an expression f6r ug is obtained in
terms of Az, pz, m; and mg, and, introducing pj in both numerator‘and
denominator, and using the relations of the continuity equation, uz is
obtained as a function of pg/ Pi, Ag/Al, P1, V1, P2, U2y and a*, By
dividing through with a* the terms are further reduced to M, Mo, p5/p1
and u/é*.

Since pg/plhas already been reduced to & calculable equation,
aﬁd My, Mp, and Ao/Ay eare to be selected as arbitrary combinations for
a finel graphical solution, this leaves u/h* to be determined. U/ﬁ* is
a function of M , as shown in Fig. 1.6,

From theiiaval nozzle equatioﬁ for a compressible fluid, rela-
tions of p4/p3 and Pl/Po are determinable. An overall efficiency factor
p4/éb is then the product of p4/p3 x pg/pl x Pl/Po, and is equal to wmity
for a theoretical design condition of no losses. In the pé/pg factor,
an efficiency of ‘7 = 75% is introduced to cover the diffuser losses,
and later & p4/po design condition of 1.05 is used, instead of 1.0 to
include frietion losses in the working and mixing sections of the tun-
nel. Again using the Laval equation, )\ (compression ratio) is ecalculated
as a function of Mj and My thereby reducing by one the number of parameters
involved.

The curves of Figs. 1.2 - 1.5 inclusive are now drawn by select-
ing e set of )Vs[#f (Mi,Mgﬂ for pertinent values of working section Mach
numbers, and incorporating several values of Ag/Al (or Aj/A3) for each )\ .
A wvalus of p3/p1 is first calculated from these parameters, and then in-

troduced in the equation for us/é* together with the same parameters.
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With this value of u3/é*, M3 is selected from Fig. 1.6, and this allows
an evalustion of pé/ps. The value of Pé/bo is then calculated as des=
cribed above and plotted vs. Aj/As for a set of )&'s for each selected
1.

In transferring the data from Fig. 1.2 - 1.5, inclusive, to
Pig. 1.1 an efficiency is assigned the working and mixing sections by
considering the intersection of p4/p° = 1,05 with the ;\ curves.

Fig. 1.1 is plotted incorporating the :\ vs. Mj relations for
various values of.Aj/As at the design condition of p4/p° = 1,05, For a
given area ratio between motive air nozzle and working section area the
neéessary )\ is indicated for the desired Mach number in the working
section. .

Now by calculating the >\'s that the various nozzle areas
will establish with the compressor capacity available anofher curve may
be drawn on Fig. 1.1, and where this curve crosses an Aj/AS curve at
the desired working section Mach number, the operating conditions are
deternined.

This concludes the theoretical determination of an operating
condition from these original three equations using the given assumptions,
particularly that the mixing takes place in a constant area, that Mp is a
true funection of )\ and is not affected by other considerations such as
disturbing shock waves.

A complete algebraic treatment of the equations and calculations

-8 included in the appendix.
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(B). SONIC JET THEORY

The vital condition in the "Supersonic Jet Theory", that of
obtaining supersonic speeds in thé.motive air supply after emergence
from the nozzle throat, is one which easily might not be attainable in
an actual induction tunnel because of eritical mnature of supsersonic flows.
Accordingly, the constant area mixing theory was applied, not
at the nozzle exit as in the Supersonic Jet Theory, but at the nozzle
throat, and calculations were made so as to predict the theoretical per-

formance of an induction type twmnel operating wmder this condition, i.e,.

a Soniec Jet.

A concise theatment of the theory follows immediately together
with & plot of the theoretical performance, (fig. 1.10). The calculations

are included in the appendix.
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SECTION 2

DESIGN

(A) Application of Theory

(B) Design Features
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(A) APPLICATION OF THEORY

Theoretical Compressor Performance Based

on Constant Volumetrie Efficiency

| 2 Tila
Y = /&3 -ELJ; (Tsfs I:('JtL) r"éJtL) ¥
-\ Ws T:
where m = mass flow = 1lbs. of air per second
Aj = Jet (Orifice) area
@Sh<°s = Supply (by compressor) pressure and density respectively
p = Pressure at jet (ﬁf_ = 0,528 for air)

Agsumptions:
Atmospheric pressure = po = 14.7 psi
Atmospheric temperature = t, = TOOF
Delivery air temperature s tg = 90°F
Delivery air humidity = 100%

The above equation reduces to:

(1) Aj=0.675m
0.856

Pg

where >\= compression ratio = Do

o

Previous calibration of the compressors indiceted that the delivery rate
was approximately 2070 cfm for the parallel arrangement and 1670 cfm for the

series arrangement. The mass rates.of delivery were deduced from these volumet-

ric rates and equation (1) was plotted, Fig. 2.l
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The maximum compression ratios which could be expected were approximately
3.5 for the parallel arrangement and 6 for the series arrgngement.

Entering Fig. 1-1 with these compression ratios, one can determine the

ratio Jet Area As/Ag) for M = 1; from Fig. 2.1 an deter-
working section ares ( 3/ 3) or 3 from Fig. 2 » Ono ¢ ete

mine Aj for the same compression ratios; hence Az may be found.

PN Aj/A3 Ay Ag
Fig.11 Fig.21
3.5 064  2,7" 42.2"%
6 .022 1.38"2 62.6"2

Taking into consideration the theoretical nature of the compressor per=
formance curves (Fig. 2-1 ) and knowing full well that a certain amount of
leakage could be expected, the latter condition becoming increasingly serious
at higher compression ratios, a conservative value of Az equal to 30"2  was
selected. This should permit easy operation of the compressors with a minimum
of high pressure air leakage.

This conservatism proved to be about correct as can be seen from Fig.
where actual test deta is also plotted., These test data represent the optimum
attained in regard to elimination of high pressure air leakage.

Repeating the above analysis based on actual test data, we obtain:

:\ Aj/A3 Aj A,

(Theor.) (Actual)

2.5 .064 2.25"2 35.2"2

6.0 .022 0.54"2 24.5"2

From the above it can be seem that the combination of reduged volumetric
efficiency and increased high pressure at high compression ratios was so great

that M = 1 could not be attainable in series operation for an Ag = 30"? but

would be attainable in parallel operation.
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- ( B ) | DESIGN FEATURES

The general layout of the tunnel is shown in Dwe- No- 00 (APPG'VO”‘)

Dimensions:

Overall Length 36t

Entrance Seotion Length 6*

Contraction Section Length 2.75¢

Working Section Length 39, 5Y

Mixing Section Length 10"

Diffuser Length 19. 3"

Entrance Section Area %' x 3 1/2' = 10.5 sqg. ft

Working Section Area 12" x 2,5% = 30 sq. in. # 0,208 sg.ft.
Contraction Ratio 10.5/.208 = 50.5

Diffuser Exit Area 4' x 3! = 12 sq. ft.

Mixing Section Area:

Minimum - 12" x 2.5" = 30 sq. in. = 0.208 sq. ft.
Maximun - 12" x 3" = 36 sq. in. = 0.250 sg. ft.
Divergence Angle of Diffuser:
/Horizontal —~ b-o (included ““3")
Vertiocal - ©5° (included ang ,e)

Air Supply:

Furnished by two (2) rotary compressors driven by a 200 hp. ipduction
motor. The compressors may be connected in parallel or series, the former arrange-
ment giving approximately 2100 c¢fm up to a maximum compression ratio of §;§_while

the latter gives approximately 1700 cfm up to a maximum compression ratio of 8.
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Flexiﬁle Wells and Retaining Blocks:

See Photographs No. 1, 2, 3.

The material used for the flexible surface is ;Qléi phosphor bronze
sheet necessarily cut to close tolerances in width. The upstream end is secured
by meens of screws to the steel block, countersinking the phosphor bronze, fill-
ing with solder and filing down to give a smooth surface. The downsiream end
ig free to slide underneath a short strip of phosphor bronze fastened to block
by means of screws.

Each adjusting screw has 1" range, permitting 1/2" convergence of
tunnel and 1/2" divergence. Thus, the working section may contain a throat
11" in height and the widest portion may be 13" in height. Each adjusting .
sorew is provided with é gland and packing material to prevent leaks into
working section. Each of the static pressure connections projecting from
block are short brass ferrules, press fitted in holes bored to close tolerances.

The slots in the side faces of the retaining blocks are for purposes
of sealing. Rubber strip is inserted and the pressure exerted by closing the
windows oreates a very effective seal.

Twenty-six (26) static connections are made along the centerline of
the flexible wall, rubber tubing serving as flexible connsctors from wall to

bl ock.
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Speed Control :

Three methods are available for control of speed of inducgd flow in
working section. One is merely a throttle valve on the compressor intake while
the other two are distinctive design features of the tunnel.

One method employs the principle of creating a throat downstream of
working section and just ahead of jebts. This is accomplished by means of a
pair of plates (see photographs No.<t and No.S ) which form a part of the
vertioal walls of the tunnel. The surface of the plates is .015" phosphor
bronze sheet and a means is provided for varying the shape of this surface from
planar to & smooth convex profile projecting about O.5" maximum into the induced
airstream. This variation may be made while the tunnel is operating. If the
tunnel speeds are sufficiently high to be able to produce a Mach No. =1 in
this throat, then any disturbances in the mixing section are prevented from
disturbing the flow upstream in the working section.

The other method of speed control lies in the incorporation of var-

iable sized jets described in the following section.

Variable Jets and Mixing Chamber:

See Dwg. No. 3.|

It will be noted that the above mentioned adjuséable throat plates
form one side of the jet, the fixed side. The other side of the jet is an
integral portion of the mixing chamber vertical walls. The flexibility of
these vertical walls permits variation of the jet size. This is accomplished
by means of a screw and nut arrangement, the shaft of the sorew passing thru
the casting wall to the exterior where gears and shafting are employed to join
both jets so that they may be varied simultaneously. The jet size may be
varied while the tunnel is operating.

The mixing chamber walls may bé adjusted so that the width of the

chamber cen be varied from approximately 2.75" to 3.00"; however, the construc-



Variable Jets and Mixing Chamber (con't):

tion is such that at the downstream end of mixing chember (at the diffuser

connection), the width is always 3.00".



Air Sealing Technique:

Rubber (sheet and tube) together with rubber cement was relied upon
completely to solve the inevitable problem of sealing against both high and low
pressure leaks,

In general the method consists of cementing the rubber over the leak
(usually the very small gap between two carsfully machined surfaces) and depend-
ing on the pressure itself to maintain the seal, the cement merely serving to
hold the seal in place;

In the case of a leak at the junction of two pieces which can move
relative to each other (e.g., the mixing chamber walls), & groove is cut in
one surface and a 3/3%2" diameter rubber tube cemented in the groove. The air
pressure serves to force the tube out of its original circular cross sectional

shape and to effectively seal the joint as indicated in the sketch below:

L L Ll L L)LLLLLL

/////////7)@(/7/“/////; %

IA/sTAx.:.»T/oA/ SURFAC.E.S ]N CGUTACJ'

HB Ain ENENNN NN
ALY

&\
DisrorTeo Tuse
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Air Sealing Technigue: (cont)

Photograph No. 6 is a closeup of a window end sealing device
(Photos No. 2 and 3% show this piece in place) showing the method of sealing
employed. The Weveled 1/8" rubber strip is forced against the window end
surface by means of a pair of wedges actuated by a screw. The gap left by
the wedging action is sealed by means of & thin rubber sheet cemented to
the top and bottom pieces; a backing steel strip, secured to the longer
piece by means of flusﬁ screws, resists the force of the air pressure and

prevents the rubber sheet bulging into working section.
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SECTION 3.

PERFORMANCE

(A) Tunnel Performance

(B) Analysis and Discussion



(A) TUNNEL PERFORMAN CE

(1) Optimum Performsnce Obtained:

The maximum Mach number attainable was found to be 0,855 with
tunnel walls set parallel throughout., On page 3.4 is given a Table of
Deteiled Performence Data for o renge of operating conditions; plots of
these data superimposed on the theoretical performence curves mey be
seen by referring to Fig. 3.1 and Fig. 2%.2. These data represent the
optimum performance of the tunnel, i.e., leaks had been suppressed to
e minimum, the modified jet plate was used, and the mixing section cross-
sectional ares was & maximum.

(2) Plow Conditions. in Working Section:

¥o welocity surveys were made in working section but wvisual
evidence seemed to indicate a bturbulence free flow with & negligible
boundary layer. With tunnel walls set parallel throughout, a loss of
static head of 1 om Hg. was recorded between the entrance and exit of
working section. This figure compares very favorably with British date
which specified & loss of 1" Hg. for a 2 1/4" circular tunnel whose work-
ing section length wes of the order of 3-4%,

(3) Adjustments Made Lo Attain Higher Mach Humbers:

(&) The shape of the jet was altered as indicated on Dwg. No. Z.l.
It was thought that the direction of the air issuing from the original
jet was inclined btoo much btoward the indueced alr sitreams and & more effi-
clent design would be to direct the jet approximetely perallel to the
induced flow; it was alsoc believed that there was 2 slight choking effect
in the mixing section and mutual jet interference effects because of this
inélination. Hence, the Jet was altered and the effect on performence
wes negligible but could be considered favorable.

(b) In theerly steges of the operation of the tuannel, the adjus-
table walls in the mixing section were retrgacted as far as possible to

Zal



give o meximum mixing section area., The effect of this adjustment was
to definikly improve the performancs.

(8) In order to make the mixing ares relatively larger, tests were
mode with vari-sized throats at variouns posibions along working secblong
in addition, various positions of the vertical adjustable throat (just
ahead of jets) were tested but in no case was any increase noted in the
value of M attained except at the throat positions in the working sec-
tion.

(d) Higher Mach numbers may be obtained for short pericds of sefveral
seconds by means of "Blow down" operation; i.e., the reservoir tank is
pumped up to relatively high pressures and with compressors rdﬁning, it
is allowed to discharge through jets. With this type of operation, a
Mach number of 0.8 is easily atbtainable.

(4) Diffuser Performence:

The nature of the flow issuing from the diffuser exit was very
> ﬁnéﬁtisf&ctory; that is, the flow was quite irregular (puffy) over the
exit ares and, in the upper 6"-7" of the diffuser exit, a distinctly
defined area of separation existed. Removal of the wooden portinn of
the diffuser revesled this same region of separation at the exit of the
metal diffuser. It is believed that this separation is due to a high
pressurs leak into the after upper portion of the working section at the .
joint between the working section and mixing section. The walls of the
wooden diffuser eventually 1oosened’up due to the vibration aséociated
with the irregular diffuser flow.
(8) Jet Survey:

The construction of the high pressure chest in the mixing sec-
tion casting is such that there appeared to be some question as to the
constancy of flow ovér the entire length of the jet. A rough total head

survey of both jets was made and the maximum varietion of total head was
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found to be 5 om Hg. Contrary to what was anticipated, the maximum

total head readings occurred at the top and bottom of the Jet.
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PERFORMANCE DATA

NOTE: A1l Pressures ASSTHMED
are in cm. Hg. unless ;;(’: ;iégpm
othemis.e noted Tntelke o
Ps ( SQHg
Bun No. Aj/Ag (psi) >\ Suction) P P2 Pz Pg Preor Mo My
28,4 2,79 0.25 27.4 29,5 28,0 21.1 9.1 .8815 .85
2B.4 2,753 1.75 26,3 28,4 27.2 20.8 9.2 .86 .638
20,5 2,37 5.5 2%.5 24.4 27,5 18,6  9.25 .58 . 56
30 .11256 16,5 2,12 8.0 20.7 21,7 21.0 18,9 9.30 .52 « 50
(Perallel) 14,0 1,95 10,0 18,8 19.4 19,0 15.8 9.4 .48 045
11.75 1.80 12.0 175 18.0 17.5 14,8 9.5 .42 « 405
30.3 3.06 .25 7.1 29,1 27.6 21.8 9.1 .68 +85
29,2 2,99 1.5 26.%3 28,0 27.0 20,5 9.1 .655 .835
24,0 2.83 5.0 24,1 25,5 24.5 18,8 9.2 .80 . 58
31 -100 19.0 2.29 9.0 20,8 21.8 21l.2 17.0 9,4 .52 « 50
(Parallel) 11.8 1.80 14.0 16.3 16,7 16.4 13,9 9.5 .38 «375
3. 3.26 1.5 26.2 28.0 26,8 20.8 9,15 .655 .83
32 .0875 28, 2,91 5.0 24,5 26,0 25.0 18,7 9.20 .61 .59
(Parallel) 19. 2.33 10.4 19.5 20.4 19.9 16.1 9.4 .485 .47
37.2  3.53 1.5 26,9 29. 27.7 20.2 9.0 .68 .B52
36 2.85 1.5 26.2 28.2 27.1 19.9 9,1 .66 »B37
3l.4 3.14 5.0 2%.5 24,8 24,0 17.8 9.25 .58 .57
33 .075 27.8 2.89 8.0 22. 23.0 22.% 17,0 9.3 .H545 .53
(Parallel) 23.0 2.58 11.0 19, 20,8 19,3 15.3 9.4 .495  .45b5
76 8.16 1. 17.1 10.8 4.5 .52 +50 )
74 6,03 1. 15.5 10.2 4.5 .885 .87 ¥
72 5,90 3. © 15,0 9.7 4.7 .87 .86 )
85,6 5.86 8. 12.0 7.7 5.0 .375 .365)Este
42 L0156 53.8 4.66 15, 9.0 8.7 5.0 .280 .27 )
(Series): 40,0 2,72 22. 7.1 6.0 5.0 .205 ,195)
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(B) ANALYSIS AND DISCUSSION

(1) Referring to Fig. 3.1 and 3.2, two facts stend oub:

First, the calibration rums with the compressors in paral-
lel (Runs No. 20, 31, 32 and 33) do not have any of
the characberistics predicted by the theoretical
performence curves for the SBupersonic Jet Theory,
but they do fit remarkebly well into the theorsti-
“cal curves pradicted by the Sonie Jet Theory.

i Secondly, the calibration run (Noﬂ,éz)‘with the compressors
in series has the opposite bendency; that is, it
£its the Supersonic Theory rather well and definitely
does no%t fit the Sonic Jet Theory,

From thess facts it may bs inferrsd that the tunnsel operates
on the Sonic Jet Theory st low compression ratios (large jet openings)
and on the Supersonic Jet Theory &t high compression ratios (smell jet
openings).

It will be noted that, although run No. 42 depicbs the tumnel
operating as designed (on the Supersonic Jet Theory), a higher Mach number
was not obkained because of the rslatively larger amount of high pressure
leakage experienced at these high compression ratios, plus ths effsect of
reduced compressor volumetric efficiency near the end of its range of

operation. (See Fig. 2.1)

(2) One possible explanation of the contradictory performence of
the tunnsel as described in (1) above is that, at large jet openings, the
supersonic expansion of the jet is practically nil, thereby producing
exit velocities very close to the speed of sound, and, at small jet

openings, the supersonic expsnéion is about correct and therefore the

B3



Supersonic Jeb performence is closely paralleled.

Accordingly, the relative positions of the two plates which
form the jet were obbtained by means of a wax impressions then both
plates were removed and pertiment measurements of each taken by means
of a dial micrometer gaugse.

It may be seen (Dwg. No. 3.2) that for large jet openings,
the throat of the jet is located at "AM, while for small jet openings,
the throat occurs further downstream 2t point "B". For intermediate
jet openings approximetely equal throats occur at points "A"™ and "BY.

The only jet opening at which the jot resembles a trus super-
sonic nozzle is the small one. The shape of the nozzis at large jet
openings is obviously far from a supersonic shape due to the discon-
tinuity at "A", the very throat of the jet. A%t intermediate openings,
the existence of two throats of approximetely the same size is undoubtedly
sufficient cause to make the jet depart rediecally from a supersonic nozzle.
At small jet openings, thers is no longer a throat at "A%; a gradual
convergence takes place up to the throat at "B® snd a smooth expansion

follows.

(%) For the case of run No. 42 (Aj/Az = .0158) measurements of

the throat and nozzle exit aress gave an expansion ratio of 1.74 which
comparaes favprably with the ocalculated value of 1,58 (compression ratio =
6, M = 0.48), The actual expansion ratio is probably somewhat smeller
then 1,74 because, referring to Fig. 3.1, it is seen that the paramster
for run No, 42 should be an Aj/ig = 0.018 (approx) whereas it was recorded
as 0.0156. This latter value could easily be in error by %.0,005 (as
could all Aj/Ag velues) because of the difficulty associated ﬁith deter-
miﬂiﬁg»exactly when the jets are closed. Thus, if Aj/A5 = 0,018 for

run No. 42 (instead of 0.0156" the actual expansion raticn becomes l.53

3.6



which agrees guibte closely with the calculated value of 1.58.

(4) Referring to Fig. 2.2, a close comparison of the actual per-
formence (Runs Wo. 30, 31, 32 and 33) with that predicted by the Sonic
Jet Theory reveals that as the Jet opsning bedomes smaller (Aj/kgdeereases},
the agreement between actual and theoretical valugs of the parameter
{Aj/ﬂg) changes from very close agreement (Run No. 30) to a fair agree-
ment (Run No. 3%). For the smaller jet opening (Run No. 3%) performence
is definitely better than that predicted by theory, but is EEE better
than that predicted by the Supersonic Jet Theory (Refer Fig. 3%.1). This
faet plus the additional observation that the shape of the performence
curve for Run No. 3% {above a compression ratio of 3) indicates the
charecteristic shape predicted by the Superscnic Jebt Theory lends support

to the conclusion that the jet tends to assume a supersonic shape as the

jet opening decreasss.

(8) On Figs. 3.1 and 3.2 are plotted some date representing typical
performance of British types of induction wind tumnels. For purposes of
comparing performence on the same basis, the original British data had
to be reduced to our performance parameters (See Appendix, Part C).

From Fig. 3.2 it may be seen that their performance is similar
to that predicted by the Sonic Jet Theory. This agrees with their prac-
tice of using convergent nozzles (no supersonic expansion). However,
their performence is definitely more efficient than ours to date; that
is, for the same compression ratio, they obtain a2 higher Mach number
with a smaller jet cpening = which means a relatively smaller mass flow

of motive air. Likewlise, their actual performance is bebter than that

predicted by the Supersonic Jet Theory for low compression ratios but



is not as good for high compression rabios. This would seem to indicate
that the British practice of using an expanding mixing section is quite

beneficial at low compression ratios only.



SECTION 4

CONCLUSIN

(A) Conclusions

(B) Recommendations



(A) CONCLUSIONS

(1) In its present form, the tunnsl performs in accordance with
the Sonic Jet Theory at low compression ratios and in accordance with

the Bupsersonic Jet Theory at high compression ratios.

(2) Mach numbers apprasching wnity were not atbained at low compres-
sion ratios because of poor jet performance and, at high compression
ratios, because of the largs amount of high pressure leakage btogether
with a reduced compressor output near the end of its operating range.
The poor jet performance is explained by the inefficient jet shape at

large jet openings.

(3) The Supersonic Jet Theory predicts a more efficient opsration

than the Sonic Jet Theory,

(4) The British desigﬁ, i.8., & sonic jet plus an expanding mixing
section, is more efficient than the Sonic Jet Constant Area Mixing é;sign.
In addition, ths British design is more eofficient than that predicted by
the Supersonie Jet Theory at low compression ratios, but is less sfficient

at high compression ratios.
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(B) RECOMMENDATIONS

(1) A recommended modification of jets is shown in Dwg. No. 4.1.
The recommended design condition of a compression ratio of 3 represents
a compromiss based on the following considerations:
(a)' High pressure leskage: mnegligible at compression
ratio of 3.
(b) Jet opening: Large - easier to machine accurately.
(¢) Choking effect - operating at compression ratios
lower than 3 (larger jet openings) is more

likely to produce a throat in the mixing section.

(2) Eliminate high pressure lesk in ceiling of working ssotion atb

joint between working section casting and mixing secbtion casting.

(3) Construct the necessary equipment and make & complete survey

of the nozzle exits at various Jet openings to debtermine the exit veloecity.

(4) Modify mixing section so as to provide a greater degree of ex-
pansion. There is sufficient material in casting to increase exit of

mixing section from 3% to 4"

(B) Brace the walls of the wooden diffuser more sscurely.
(6) A recommended extensiwe modification of the miming section would
include:

4,2



(s) Recommendation No. 4.

(b) Replacement of adjustable walls with integral walls.
This would eliminate a serious source of high pressure leakage and, at
the same time, would necessarily call for a non-variable jet. The latter
change would be advantageous‘from the point of view of obtaining a Jet
of unifeorm throat size over its entire length. Speed control could be
gasily maintained‘by throttling the compressor inteke or by means of a

"Venetian blind® arrangement at diffuser exit,

4.3



SECTION 5

APPENDIX

(4) Supersonic Jet Theory Detailed Development
and Calculations
(B) Sonic Jet Theory Calculations

(6) Reduction of British Date
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INDUCTION OPERATION Y= 1,405
PERFORMANCE CALCULAT IONS

(1) (2) (3) (4) (5) (8) (7) (8)
My=0.8 1 -ps/@o Ap/As A/ Ap/A A /A
N z 3

Assumed  Assumed \ffffzga (3)/(24) . 7Y Assumed (5) (6) 1Y (%
l.4 %0 20 2. 10 1.10 +08 .089 - 901
1.4 3,20 2.10 1.10 .08 086 924
1.4 3.20 2,10 1,10 .08 .03Z3 « 967
1.6 4,29 2.814 1.23 .09 - 1Z1 . 389
1.6 4,29 2.814 1.23 .08 0758 . 9262
1.6 4,29 2.814 1.23 .03 0269 9631
1.8 5.81 %.81 1.42 .09 1278 . 8722
1.8 5. 81 3,81 1,42 .08 +0BBL 9149
1.8 5,81 Z.81 l.42 .03 - 0426 « 9574
2.0 7.87 5.186 1.87 .09 . 150 « 850
2.0 7087 5.16 1.87 06 » 100 90
2.0 7087 5,186 1.87 .02 081 « 949

My= 0.6 1.4 B. 20 2,508 1.10 .09 099 . 501

Agsumed 1.4 B 20 2. 506 l.1u LUB - 088 - 9534
1.4 %, 20 2.508 110 .03 .0%3 .8967
104 3.20 2.006 lglo 001 0011 9989
1.8 4,29 3. 36 1.253 09 « L3107 88018
1.8 4,29 %, %8 1.253 .08 . 0738 » 9262
1.8 4,29 3. 36 1.23 .03 0369 - 9631
1.6 4,29 Z. 36 1.23 .01 .,0123 . 9877
1.8 5,81 4,55 1.42 .09 . 1278 . 8722
1.8 5.81 4,55 1.42 .06 0851 - 9149
1.8 5.81 4,55 1.42 +03 . 0428 . 9574
1.8 5.81 4,55 1.42 .01 0142 »9858
2.0 787 6,165 1.87 .09 . 150 . 850
2.0 7.87 8,165 1.87 .06 « 100 . 900
2.0 7.87 6.165 1.87 .03 . 051 » 049
2.0 T.87 6.185 1.87 .01 0167 .9833

M]_: 004 .

.A.S S’!lmed 18 4 Ze 20 20 864 1.10 009 . 0099 Py 910
1.4 3,20 2.864 1.10 .08 088 934
l.4 3,20 2.864 1.10 .08 . OR3 « 267
1.8 4,29 .84 1.23 .09 « 1107 . 8803
1.8 4,29 3. 84 1.238 .06 . 0738 « 9262
1.8 4,29 %, 84 1.23 .03 - 0369 . 9821
1.8 5.81 5,20 1.42 09 21278 8722
1.8 5.81 5.20 1.42 .08 - 0851 . 9148
1.8 5,81 5.20 1.42 .03 .0428 09874
2.0 7.87 7.08 1.87 .09 .180  .850
2.0 7687 7.05 1.87 «06 100 . 900
2.0 T.87 7.05 1.87 .03 . 051 949
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() o) (v wa) (s Qe (15 (1)
: wy/ak up/2%
(W2e) (@2 (9+0) Yy  22HE 52 i) £(15y)

L 577 .194 771 1.083 .865 .750 1.296
. 597 .1292 7262 1.020 .839 .703 1.206
619 0647 .6837 . 960 .815 . 666 1.296
0569 0284: s853 10 198 0911 9851 1042

.593 180 .782 1.100 .8715  .760 1.42

. 6165 0945 7105 .999 .8320 . 690 0.83 1042

.558 L414 072 1. 366 ,982 .965 1,53

. 585 .276 . 861 1.210 917 841 1,53

.61% .138 751 1.055 . 851 726 1,53

o544 . 600 1,144 1.608 1.082  1.174 1,626
. 576 . 400 076 1,371 .9845  ,970 1.626
. 607 .200 .807 1.133 .885 785 1.626
. 3242 .194 . 5182 727 L7165  .514 1,296
. 336 .1292 . 4652 L6545 .687 472 1.296
. 343 L0847 . 4127 , 580 L8555  L430 1.296
. 356 L02156 . 37756 .5%0 . 635 . 404 | 1,296
. 320 .2836 , 6036 .848 767 .589 1,42

. 33368 .189 . 5226 735 . 720 . 5195 1.42

. 3464 0045 . 4409 . 620 L6725  .453 0,63 1.42

. 3564 L0315 .3879 .545 641 411 0.63 1,42

. 314 414 . .728 1.022 .840 . 706 1.53

. 329 .276 .605 . 850 .7685  .590 1.53

. 3446 .38 . 4826 6785 . 696 . 485 1.53

. 8552 . 046 . 4012 . 564 . 650 . 4235 1,53

. 306 . 600 .906 1.272 . 943 . 890 1,626
. 324 . 400 724 1.016 .8365  .700 1.626
. 3416 .200 5416 761 731 . 536 1.628
.354  ,0668 . 4208 . 5915 . 661 . 438 1,626
144 104 . 338 475 .6125  .3755 1.296
.1491 .1292 . 27873 . 3914 5785 335 1.296
.1547 . 0B4T .2194 . 3082 . 543 295 1.296
142 .2836 L4256 . 5085 . 863 L AAD

142 .2836 . 4256 . 5985 663 , 440 1,42

.148 .189 . 337 L A74 612 375 1,42

154 . 0945 .2485  .3494 . 560 .34 0. 43 1.42

.1394 414 5534 778 .738 . 545 1.53

1461 .276 .4221 . .5925 . 661 . 438 1.5%

. 1531 .138 .2011 . 409 . 585 . 3425 1.53

.136 . 600 . 736 1.0%34 .845 714 1,626
144 . 400 . 544 764 .7325 . 538  1.626
.1518 .200 . 3518 . 494 . 620 . 385 1.626



(17) (18) (19) (20) (21) (22) (23) (22)
5 pS/p% g@(pt
' (9)/(15) (10)/(18) (7)+(18) (19) yY(12)=120] v'(21) (13)+(22) *(iy

10,8 .695 ,1495 .8445 712 195 274 1,120
f 719 . 0996 .8186 .670 ,1816  .2552  1.0042
745 .0499 7949 .631 .187 .2628  1.0778
.685 . 200 .885 .784 2186  .3044  1.2154
5 .714 .133 . 847 719 .2024  .2844  1.1559
: .742 . 0665 .8085 .653 .192 .270 1.100 1.525
. .e7L .270 .941 .888 L2774 .390 1.372
. 7045 .180%3 .8848 . 783 2406 .338 1,255
.7385 ,0901 .8386 . 586 .200 .281 1.1%2
.655 . 369 1,024 1.05 . 752 .495 1,577
.694 .246 . 940 .884 2032 .412 1.3965
,731 .123 .854 . 730 2312 .3296  1.2148
0.6 .515 .1498 . 6646 . 440 .272 . 382 1.0985
. 553 .0996 . 6326 . 400 .2682  .3768  1.0638
. 5525 .0499 .6024 . 363 .2586  .3636 1,019
. 5645 01162 58112 . 338 .2568  .3606  ..9958
. 508 1996 7076 . 500 .2982  .4195  1.1865
529 .133 .662 . 439 .2838  .z982  1.1182
. 550 .0665 .6165 . 380 .270 .3794  1,05190
. 5655 .02218 58768 . 345 .2568  .3606  1.0016 1.276
_ . 4985 .2704 .7689 . 590 3402 . 478 1.7%18
.522 .180%3 .7023 .494 .3098  .435 1.2035
. 547 .0901 .6371 . 4055 ,282 . 396 1,092
. 5635 .03006  .59356 . 3525 2664 L3742 1.0242
. 4855 . 369 .8545 .730 . 400 5620 1.5050
.5145 . 246 .7605 . 580 3462  .4865  1,3230
. 542 .123 . 665 442 3084  .4%05  1.1615
. 562 .04105  .60305 . 364 .272 . 382 1.043
0.4 . 3346 .1496 . 2842 .234 . 376 . 528 1.1405
. 3466 . 0955 L2421 . 1956 %734 L5245 1.10%0
. 3598 . 0499 . 2097 .168 . 256 .514 1.087
. 330 .1996 . 5296 .280 . 400 5620 1.223
. 344 .133 . 477 .2275 . 384 . 540 1.152 1.1167
. 358 . 0665 . 42245 .180 . 366 .514 1.074
. 324 ,2704 , 5944 . 353 , 438 .615 1,353
. 340 .180%3 .520% .271 L4085  .574 1,235
.356 - ,0901 . 4461 .199 3782 .5315  1.1165
. %16 . 389 .685 . 470 . 494 .694 1.1539
. 3346 .248 . 5806 . 2375 448 .629 1.3615
. 3528 .123 . 4256 .2265 .98 . 559 1.179



(25) (26) (27) (28) (29) (30) (31) (32)

0.8

0.6

0.4

p3/po - Ap/Ay T%? ,
(23)/(24) 1+ (26) (1)?(14) (2)°/(15) (=0)(26) (29)+(3L)
745 .1099 1.1099 1.512 .166 937
.718 . 0707 1.0707 1.512 .107 .878
.705 05417 1.0342 1.512 .05165  .823
.7955 1245 7 : 1.1245 1.802 .2245  ,995
757 L07975  -2.48 1.0798 1.802 .1440  .915
.7205 .03836 1.0384 771 1.802 .0692  .840
.900 .1467 1.1467 2,118 .3103 1,081
.822 .0925 1.0925 2.118 1960  .967
. 742 ,0444 1.0444 2.118 .0940  .865
1.033 .1765 1.1765 2. 460 .4%4  1.205
.915 L1111 1.1111 2. 460 .2736  1.045
.795 0538 1.0538 2. 460 1326 .904
. 860 .1099 1.1099 1.512 .166 738
.834 .0707 1.0707 1.512 .107 .679
.798 .03417 1.03417 1.512 05166  .624
780 .01112 1.01112 1.512 016825 .589
.929 .1245 1.1245 1.802 .2245  .797
.875 .07975 1.07975 1.802 .1440 718
.8245 03836  -2.48 1.03836 572 1.802 .0692 641
.7845 .01247 1.01247 1.802 .02347  .594
1.031 . 1467 1.1467 2,118 .3103  .882
.942 .0925 1.0925 2.118 .1960  ,768
.855 .0444 1.0444 2.118 .0940  .666
.8015 .0144 1.0144 2,118 .02305  .602
1.178 .1765 11,1765 2.460 434" 1,006
1.036 L1111 1.1111 2. 460 2736 .846
.91 .0538 1.0538 2. 460 1326 .705
.8165 .0170 1.0170 2.460 .0418  .614
1.02 .1099 1.2099 1,512 .166 .5%8
.986 .0707 1.0707 1,512 .107 . 479
. 945 .03417 1.0342 1.512 .05165 .424
1.094 .1245 1.1245 1.802 .2245 597
1.03 07975  =2.48 1.0798 1.802 1440 .516
. 960 .03836 1.0%84 1.802 .0692 .44l
1.21 . 1467 1.1487 . 372 2.118 .2103  .682
1.105 .0925 1.0925 2.118 .1960 568
1.000 .0444 1,0444 2.118 0940 . 466
1.377 .1765 1.1765 2. 460 . 434 . 808
1.219 L1111 1.1111 2.460 2736 .646
1.054 .0538 1.0538 2. 460 .1326  .505

ar



(33) (34) (35) (38) (37) (38) (39) (40)

uzfax  MF p%/p®  p%/po
(28)(22)(27) (33)2 T3LJ+6 (33)+(35) £(36) 1+.2015(37) <3€}kg| (39)(25)
(32)
= 0.8 3.345 11,18 4.145 .800 .598  1.1206 1.346 1,002
3,311 10,96 4,118 - 807 © .808 1.1235 1.356 « 971
3. 389 11.28 4,157 .798 . 593 1,1196 1.343. « 947
3, 407 11.60 4.195 . 788 » 578 1.1164 1.334 1.082
B, 383 11.42 4,173 2790 . 578 1.1184 1.234 1.011
3. 370 11.36  4.166 . 798 . 592 1.1192 1,342 . 967
3. 608 13.02 4, 361 . 753 « 521 1.1050 1.298 1.188
3. 515 12.36 4,285 770 - 548 1.1108 1.318 1.081
3. 389 11.48 . 4,181 o792 581 1.,1171 1.3%6 - 991
3,818 14.857  4.538 .718 . 488 1.0944 - 1.286 1.309
2,683 13.56 4,423 . 740 « 501 1.,1010 1.286 1.178
3. 511 12,33 4.282 s TT1 . 549 1.1107 1.315 1.048
= 0,86 ~4,096 16,77 4,771 . 875 - 409 1.0824 1.229 1.055
=4, 161 17,31 4,828 . 667 . 401 1.0808 1.225 1.021
=4,190 17.56 4,854 . 664 . 397 1.08 1.222 . 978
'4‘ 240 1?c 98 40 897 9657 @ 588 10 0777 1.216 09%9
=4, 151 17.23  4.82 . 869 . 408 1.0822 1.229 1.14L
"“4:0182 17' 49 4?0 84:7 0665 ® 597 1:08 1; 222 10070
-4,225 17.85  4.884 - 8859 . 387 1.078 1.217 1.002
4,284 17.92 4,891 . 857 . 386 1.0778 1.218 . 954
~4,256 18,11 4,910 . 654 . 304 1.0774 1.2186 1.252
wd, 246 18.03  4.902 . 656 - 385 1.0776 1,215 1.144
-4, 247 38.04  4.903 . 856 . 385 1.0778 1.215 1.039
~4.280 18,32  4.932 = .652 .384  1.0774 1.215 974
"4- 566 194 06 55006 QGQO ° 567 190?4 3.- 2}_5 1-451
“'4:0 509 180 56 4:;956 064:? 0378 1a0762 lo 21}. 19257
=4, 305 18.58  4.953 - . 848 « 378 1.0762 1.211 1.103
4,286 18,37 4.937 - 651 . 384 1.0774 1.215 993
Ll'—“ O,@ —50856 34005 60 329 0495 -210 100423 10 114: 1- 157
=8,222 38,81 6.687 4685 .185 1.0373 1.100 1.085
-’60 592 éo. 85 60 84:5 9455 a176 1’0354 14095 1»035
~5.979 25,75 6,462 . 483 203 1.0409 1.110 1.142
-6,272 39,38 6.733 « 461 .183 1.0369 1.099 1.05%
"'50 639 S}.c 8() 6- 14:8 o509 9228 1.0459 1o 124 1- 361
=-5,891 34,71 6, 381 « 490 . 210 1.0423 1.114 1.22
-8,205 28,80 6.6686 . 481 . 182 1.0366 1.098 1,098
=5, 574 31.07 8,089 . 515 - 230 1.0463 1.125 1,556
"5- 808 55¢ 74 69 304: 04:96 0212 ll 04:27 10 115 1o 36
-6,098 37.20 6,573 . 475 .194 1.0891 1.105 1.165



ADDITIONAL CALCULATIONS - SUPERSONIC JET THEORY

HOTE: For My = 1.0 a slightly modified form of carrying out the calculations
was used in order Lo sheck the form used for M = 0.4, 0.6 and 0.8.
The smoothmess of the curves btestifies as to the accuracy of both methods.

The condensed results of this calculation are:

M =1
Ao /A .
(ié,i‘ Py/Py  Uy/a* My pa/Py Py/Po  Pa/Po
3 2 08 1. 338 . 854 «83 1.373 s 730 - 1.004
.07 1.291 871 » 88 1.428 « 882 . 972
.08 1.265 879 » 86 1,437 - 864 2961
.05 1.244 . 884 . 863 1,440 « 858 » 947
.04 1.2027 . 901 . 882 1,462 - 635 » 929
4 .08 1.423 . 830 + 800 1.373 .7T5% 1.0%4
07 1.380 . 838 814 1,387 « 730 1.011
.08 1.3466 - 848 -824 1.398 2711 .994
.05 1.2928 - 869 . 845 1.420 684 272
.04 1.25874 . 879 » 880 1.436 . 864 . 953
5] .08 1.4882 - 805 « 780 1.352 «T93 1.071
.07 1.436 . 830 . 800 1.373 . 759 1.042
.06 1.389 . 839 815 1.387 s T40 1.0258
.05 1,346 . 850 . 825 1.399 711 2994
.04 1.3814 . 858 « 835 1.409 .693 » 976
é +08 1.569 778 . 750 1.322 . 829 1,096
.07 1,506 . 802 . T70 1. 350 796 1.078
.06 1.464 . 810 . 780 1.352 o775 1,048
.05 1.407 .830 . 800 1.373 . 742 1.020
.04 1.34 « 840 « 820 1.392 709 +988



Soh“C \.TE‘T‘ CA LU RAT IOWS

(1) (2) (3) (4)  (5) (6) (1) (8) (9) (10) (11)
My  w/ex p1/p, Assume pp/pg Aa/As Ay /As p2/m1 ‘ ,
£(1p)  £(Wmd (ps/Po) 1-(sy (5)(4) 1+ (1)2 17)(9) (1+¥)(8)(8)
T
0.4 .43 .895 2 . 528 L05 .95 1,181  1.2245 1.1620 ,1423
210 .90 1.1010  ,2845
15 .85 1.0400  .4270
3 .05 .95 1.771 1.162  .213
.10 .90 1.101 426
.15 .85 1.040 639
4 .05 .95 2,361 1.162 285
.10 .90 1.101 569
.15 .85 1.040  ,855
6 .01 .99 354 1.2246 1.2¥10 .D85L
.04 .98 1.325 . 3418
0.6 .63 .782 2 . 528 .05 .95 1.35 1.5055 1.43 .1622
.10 .90 1.355  .3248
3 .05 .95 2.024 1,43 .2425
210 .90 1.355  .4870
.15 .85 1.28 .7205
4 .05 .95 2,70 1043 3250
.10 .90 ' 1.355  .B500
2 .175  .825 1.35 1.505  1.241  .570
4 .08 .92 2.70 . 1.38%  .520
7 01 .99 4,74 1,480  .1140
.03 .97 1.460 o342
.05 .95 1.4%0 570
0.8 .83 657 3 . 528 .05 .95  2.41 1.900  1.805  .2900
.10 .90 1.71 - 5800
.15 .85 1.614 8700
4 .05  ,95 3,218 1.805 387
.10 .90 1.71 774
: .15 .85 1.614 1.161
5 .05 .95 4,02 1.805  .4835
.10 .90 1,71 967
.15 .85 1.614 1.4505
9 .01 .99 T7.22 1,900  1.880  .1736
.03 .97 1,841  .5208
0,95 .96 . 562 3 ..05 .95 2.82 2.267  2.17 . 3795
.10 .90 2.04 . 6790
.15 .85 1.925 1.0185
4 .05 .95 3.76 2.17 . 4525
.10 .90 2.04 .905
.15 .85 1.925  1.3576
5 .05 .95 4,70 2.27 2.17 . 565
.10 .90 2,04  1.130
.15 .85 1.925 1.695
212 .88 4.7 1.996  1.36
.18 .82 1.86  2.04
6.3 .06 .94 5.94 2.13 . 857
' .12 .88 1.996 1.714
4 .20 © .80 3,758 2,267  1.813 1.807
5 .01 .99 4,71 2,27 2.2460 .1132
.08 .92 2,09 9075
4 .13 .87 B.T7 1.972 1,180
7 08 .92 6.6 2.086 1,27
e .09 .91 2,084  1.429

hEal [o14) 2.040 1. 587



(12) (13 (14) (15) ~é%81x (17) (18) (19) (20)

oa1) (2 Loz @Ean B (mae) (e)(s) (n)18) Gr(19))?

1.3043 1.70 .5410 . 5795 » 372 .3B34 . 0591 04125 » 3360

1. 3855 1.92 L5750 L6550 » 3350 .1181 . 4571 « 4055
1.4870 2.15 .8085 ,7330 . 3160 L1773 24923 . 4800
1.375 1,89 .B700  .68450 03534 . 0886 . 4420 . 3860
1.527 2.33  .B355 ,T7945 . 3350 L1771 . 5121 . 5180
1.879 2.815 .8960 .9590 .3180 - L2658 .5818  .B8700
1.447 2,08 8000 .7120 . 3534 ,1181 L4715 » 4400
1. 670 2.79  .6930 L9520 « 3350 «2761 . 5711 « 8450
1.895 3.80 L7860 1.2280 . 3160 ° 3543 « 6703 » 8900
1.2961 1.68  .537 .673 . 3580 03254 . 3034 » 308
1.516 2,30 .6285 ,7845 » 3550 .1418 . 40686 . 4885
k.5924 2,54 .88l  .865 571 .B42 0675 «B095 2232
1.,6798 2.82  .897 <981 . 514 2135 . 848 .831
1.8735 2.80 .965 . 955 0542 .1012 . 8432 »818
1.8420 3.0 .785 1.16 o 514 22024 »7164 1.014
2,0105 4,05 .93¢ 1,382 « 485 » 3036 . 78886 1.24
1.7550 3,085 ,728 1.053 o 542 2135 . 877 . 907
2,0050 4,035 ,.8225 1.376 .514 .270 . 784 1.214
1. 903 3,625 .789 1.248 . 525 .216 . T4l 1.084
1.811 3,28 .72  1.119 ' . 4715 . 2361 . 70768 .99
1,803 2.575 .665 .8775 » 5685 JAT4 .8124 < T40
1.802 3,280 .7475 1.109 . 554 L1422 . 6962 . 959
2,000 4,000 .830 1.364 ‘ . 542 . 2270 . 7790 1,200
2.095 4,39  .869 1,498 771 .7325 .1205 .853 1.438
2.29 5,25 .95 1.79 . 694 .241 <975 1,726
2,484 6.19 1.0z1 2,11 . 655 . 3615 1.0165 2.04
2,192 4,80 ,L91 1.638 . 7325 . 1609 . 8934 1.575
2.484 6.18 1.0%1 2,108 . 894 .3218  1.01538 2.04
2.775 7,70 1.1850 2.622 . 855 4827  1,1377 2.555
2,2885 5,24 L,95 1.787 . 7325 . 201 9335 1.72
2.677 7.17 1,110 2.446 . 894 » 402 1,096 2.375
3.0645 9,40 1.271 3.204 . 855 «803 1.258 %.153
2,054 4,215 .852  1.4739 . 7835 . 0722 . 8352 1.380
2.3%62 5,50  .980 1,907 748 - .2166 . 9646 1,840
2.510 6.3 1.04 2.15 .941 .894 141 1.035 2,115
2,719 7.39 1.128 2.52 . 846 .282 1,128 2.51
26943 8.68 1.221 2.96 .8 .423 1,223 2.955
2.6225 6.9 1,089 2.352 . 894 .188.  1.082 2.315
2.945 8.680 1.222 2,98 . 848 . 378 1.222 2.95
3,283 10.78 1.383 3.68 ' .8 . 564 1.%64 3. 88
2.735 7.49 1,135 2,552 . 894 .235 1,129 2.515
2,17 1.003 1.317 3.42 . 846 « 470 1.318 B 42
2,82 13.1 1.502  4.485 .8 . 705 1,505 4,48
%0 36 11,7 1.294 3.856 .928 ,.825 » 585 1.380 3,815
3,90 15.2 1.818 5.185 . 764 .8475  1,6185 5,16
2,987 8.91 1.24 3.04 .88 . 356 1,238 2,02
: *§.710 12.8 1.54 4,70 .825 .712 1,537 4,66
. 3592 5,56 .976 1.895 .9285 .0471 .97586 1.880
2.9975 9,00 1.243  3.07 .8630 . 3766 1.2296 . 3,05
3,152 9.94 1,309  3.388 .940 .8175 4900 1, 3075 %. 875
3, 358 11.26 1.382  3.840 .,928 .862 . 528 1.390 3.815
3,493 12.20 1.450 4.180 . 8535 .594 1.4475 4,140
8. 627 13.16 1,506  4.485 .8445 . 660 1. 5045 4,465
%30 620 13,15 1.502 4,48 .941 .7528 L7516  1,5044 4,47



(21) (22) pg;gg ggjﬁl (25) (26) (27) (28)
s 3 , R N -/1 (23)(25 .
(15)-(20% T2IJ (14)+(22) (6)/(7) 1 + (24) (18)+(22) j’:i'"TEET“l (2?)2a§;§%

2435  .4935 1,0345 .08265 1.05265  .4246 =8, 345 Bl ih 46614

2495 4995 1,0745 211111 1,11111 483 -6,110 43.29
.2530 5030 1.1115 .17650  1.17650  .549 -5, 890 40.59.
.2590 5085  1.0785 05265  1.05265 .4346 -6.610 49,69
.2755 5250 1.1605 211111 1.11111  .483 =6, 600 49.54
. 2890 5370 1.2330 .17650  1.,17650 . B49 ~8.525 49.84
.2720 5215 1,1215 .05265  1.05265 4246 6,898 53,44
. 3070 5545 1.2475 211111 1,11111  .483 =7.090 56,04
. 3380 .5810 1.3670 .17650  1.17650  .549 ~7.235 58114
. 3670 .605 1,142 .0101  1.0101  .3821 ~7.45 61.54
2960 5440 1.1725 .04165 1.04165 41365 =74 30 59,24
.133 0362 1,023 ,05265 1.05265 6237 -4,27 24.16
120 .3602 1.0562 211111 1.113131 L6821 ~4,255 24,08
137 «37  1.085 .05265 1.05266 ,6237 -4, 440 25, 64
.146 .382 1,147 211111 1.11111  .6824 ~4,615 27,24
142 L3764 1.2104 .17650  1.17650 L7475 -4.710 28,14
.148 .382 1,110 .05265 1.05265 6237 -4, 640 27, 44
.162 4025 1,235 211111 1.11111 L6821 -4,975 30. 74
164 2405 1,194 .087  1.087 .658 -4.87 29,69
.129 359 1,111 .212 1.212 7853 -4,25 24,07
1375 3705 1.0355 .0101  1.0101  .S5811 ~4.45 25,74
.150 . 3872 1.1347 .0%094 1.03094 .60194 -4.80 29,00
164 .4050 1.235 ,0527  1.0526  ,6236 -5,15 32, 44
. 080 02448 1.1138 .05265  1.05265 ,82365 ~3, 570 18,70
. 064 .2528 1,2028 ,11111  1.11111  .8821 ~3.750 20,02
.070 .2646 1,2956 .17650 1,17650  .9475 -3.966 21,68
.863 .2508 1.1608 .05265 1505265  .82365 =3, 66 19. 34
.068 /2608 1.2918 .11111  1.11111  .8821 -4,080 22,14
. 067 .2688 1.4088 .17650 1.17650  .9475 -4, 315 24.56
. 067 25686 1.2086 .05265 1.05265  .82365 ~3.820 20, 54
.071 .2662 1.3762 11111 1.11111  .8821 -4,235 23,90
074 272 1,543 J17650  1,17650  .9475 ~4,735 284 34
059 2428 1.0948 .0101  1.0101  ,781I =2, 50 18.18
. 067 2587 1.2387 .03094  1.03094  .80194 ~3,936 21,45
.035 .187  1.227 .05275  1.05265 ,99%65  =3,212 16.26
.01 .1 1.228 11111 1,11111 1.0521 -3,204 16,22
.005 L077 1,298 .17650 1.17650  1,1175 -3, 37 1732
. 037 1922 1.2812 .05265 1.05265 ,99365 =3. 356 17.20
.01 .1 1.322 11111 1.31111  1.0521 3,448 17.84
.0 0 1.363 17650  1,17650 1.1175 -3, 544 18,64
.037 1921 1.3271 .05265 1.05265 .99365 ~3.479 18,04
0 e 1, 317 11111 1,11111 1.0521  -3.436 17.74
0 0 1. 502 .17650 1.17650 L1175 -3,91 21,24
041 .202  1.596 1363  1,1363  .7073 =6, 33 46,
.025 L1588 1,776 .2196  1.,2196  .7908 -6.75 52,5
.02 1414 1.3814 .0638  1.0838  .6358 ~5.725 38.74
.04 .2000 1.74 .1363  1.1363  .7073 =6.900 83, 54
.01 .10 1.602 .25 1.25 11191 -4,15 23,18
.015 .1224 1,0984 .0101  1.0101  .9481 . -2.89 , 14.31
.02 .1414 1,73844 . 0870 1.087 1.025 -3/626 19.14
.013 .114 1,423 1494  1.1494  1.0894 -3.702 19.68
.035 .1870 1.5690 L0970  1,0970  1.0350 -4,110 22.84
.020 1214 1.5914 .0989  1.0989  1.0369 -4.165 23.28
020 .1414 1.6464 1111 1.1111 11,0481 -4, 310 24,54



(29) (30) (31) (32) (33) (34) (35)

ug/ax iy po/ p5 P/ Po  Pa/Pg
(/T2 (27)+(29)  £(30) 1+.2015(31)2 (52)*° (23)(3) (53)(z4)
65795 +450 42 1.03588 1.0954 - 925 1.012
6. 580 + 470 : » 434 1.0380 1.1022 . 961 1.080
6. 370 » 480 0 44:5 1.0399 1.1078 « 996 1.103
7050 « 440 . 404 1.032920 1.0881 . 964 1.048
7,045 « 445 +412 1.03420 1.0919 1.039 1.134
7.060 » BEB « 500 1.,0502 1.138%3 1.102 1.288
7.310  .420 .388  1.0304 1.0811  1.003 3,085
7.490 - 410 . 380 1.0291 1.0777 1.118 1,201
7.820 . 585 .552 1,065 1.1685  1.221 1,427
7.84% s 39 s 364 1.0267 ‘ 1.0711 1.022 1.096
7. 70 » 40 - 370 1.0278 1.0736 1.05 1.130
4,915 . 545 281 1.0752 1.208 .8 « 965
4,91 « 855 .82 1.0777 1.2158 . 826 1.004
B5.065 . 625 592 '1.0708 1.1955 - 8825 995
B.215 » 800 « B7 1.0857 1.1805 896 1.089
5, 3085 » 595 . 56 1.0834 1.174 » 948 1.111
5,235 » 595 - 56 1.0634 1.174 . 868 1,02
5. 585 + 580 . 544 1.0556 1.1643 .9865 1.123
.45 « 58 » B4 1.08598 1.183 « 933 1.085
4.91 .66 626 1.0793 1.220  .868 1,058
5,075 825 . 592 1.0766 1.195 « 809 . 965
5. 385 « 585 s 550 1.0610 1.167 8865 1.034
5.695 . 545 . 510 1.0524 1.1425 +965 1.111
4,322,752 72 1.1044 1,296,732 +949
4,495 . T45 .71 1.1018 1.2874 279 1.017
4,65 . 684 « 85 1.0882 1.238 . 8861 1.053
4,40 74 .71 1.1016 1.2874 2763 .981
4,705 . 885 .65 1.0852 1.238 . 851 1.0853
4,98 . 845 .61 1.0750 1,208 .925 1,117
4,535 - 7T15 .882 1.094 1.2642 s 7935 1.002
4,885 -850 - 82 1.0776 1.2158 - 904 1.098
5.32  .585 .55 1,061 1.167  .1014 1.184
4,28 . 760 73 1.1074 1.3054 - 720 - 940
4,63 894 .66 1.0880 1.2462 . 814 1.013
4,030 .88 792 1.1264 1.364 .69 . 9405
4,027  .823 794 1,127 1.366 .69 9415
4,18 79 <76 1.1188 1.334 73 +8974
415,794 7684 1.1176 1.3364 .72 .962
4,225 oTTT » 746 1.1121 1.3200 o 7435 .981
4.3 - 758 . 728 1.10862 1.3016 768 29985
4.25 .77 74 1.1104 1,326 o745 .988
4.21 «T7T4 T4 1.1104 1.326 o741 « 982
4,67 .76 .73 1.1074 1.305  .845 1.100
£.78 45 » 42 1.03558 1.095 .893 .978
T+28 « 50 o 47 1.0445 1.1204 2983 1.0756
6.22 .50 484 1.0434 1,117 .774 .864
70215 0415 « 384 1.0298 1.0796 s 975 1.05
4,815 » 865 .83 1.080 1.2222 2901 1.100
B.78 +89 « 37 1.1524 - 1.448 .8l4 . 889
4,370  .T44 71 11007 1,516 775 1.018
4, 430 - T28 895 1.0975 1.2746 797 1.018
4,780 + 87 636 1.0815 1.227 + 878 1.077
4,825 .68 - 828 1.0784 1.2208 » 891 1.089
4,985 845 . 610 1.0750 1.208 921 1.113
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APPENDIX  (C)

REDUCTION OF BRITISH DATA

For purposes of comperison it wes considered worthwhile to
plot the performence of other induction type wind tunnels on our pere
formance curves,

The Oﬁiy evailable reference which set forth performence data
in gufficient debail for our purpose wes the Eritish B & ¥ Yo, 1468,
This R & M dealt with sarly experimentstion with induction type Wia@
tunpsls of, unfortunately, & rather smell size and cireuler in cross

section, A later report, R & M No, 1853, dealt with a rectenguler

o

% o A’ 2 2 3 3
eross sectlon, 6" x 2-5/4", with high pressure jJets on the longer sides

]
8

[s]

nly, Unfortunately, wery meager performance data wes included,
The tunnels described in the mbove reports were &t o consid-
erable verisnce with our tunnel in the metter of aree of mixzing section,
The design theory and actual construction of our tumnel reguires & mix=
ing section of consbant sree; the theory (evidently “constent pressure™)
upon which was besed the construction of the Bribish tunnels ecalls for
8 rapid expension of cross~sectional sres in the mixing chamber; further=
more, this expansion commences at the dowmstream end of their working
gection, & short distance shead of their jets,

In view of these varistions in construction, it is necessery
to correet their performence date in order to compars it with ocuwr thecre-
tical snd actual performance curves, The substance of the correction
lies in reducing their observed working section Mech number to £it the
lerger cross secticnel sres at their jetis,

This was readily accomplished by means of the relation plotted

on Pig, 5.1

B. %






REDUCTION OF BRITISH DATA

(2) Ref: R & M No. 1468, Fig, 3, Curve F (0,020" annular nozzle)
Tummel type = Circular, 2 1/4" diameter, annular nozzle

\£ZJ_L>)’,),>>’)' bo = (2.5)°
7’ ik
. ) Ay =2 (2.25)3
— 944:2-25 2.50 — 4

. 032

As = 2.0 xz .0
Ae o u/a (2.5)
Ag 3
Mean Working Nozzle >~
Sec. Velogity Pressure (p = 14.7) E%i f% Aj/AS
fps psi abs
990 70 4,78 0.98 0.58 022
910 80 4,08 0.882 0. 545 . 0%2
700 45 3. 06 0,879 0. 487 «032
800 38 2.59 0, 582 0. 439 2032
500 13] 2. 38 0. 533 0,418 032

(b) Ref: R & M No, 1853
Tumel type - 6" x 2 3/4" working section; 2 jets, .045;

Compression Ratio = 6,33 Area Correction = Ae/ﬁw = 1,09
Ay = 6 x 2 3/4 = 16,5"2 -

Ag = 6 x 3 = 18"2 which gives Mg = 0,89

As =12 x 045 = 0, 54"2

Aj/he = Aj/Ag = 0,030

5@ ls



