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LIST OF SYMBOLS AND ABBREVIATIONS

Many of the symbols in the text are composites of those defined

below; that is, one symbol may serve as subscript for another, The mean-

ing of these combinations is always clear. For example, Fam, is a COl-

posite of F,AM, and x. The definition of the composite is

Force (F) due to change in momentum M) in the x=direction (x).

()

~ 28 B

= =

=

OWL

OWu

LATIN CAPITALS
station area, sq. iney
center pattern subregion, also point on wave,
center pattern subregion? also point on wave,

component of eontrol surface segment A parallel teo
x-axis, sq. in., (A,= 0 sq. in.),

component of control surface segment A parallel to
y"’a}{i53 Sqo inus

sphere diameter, inches,

foree, lbsg,

foree, lbs,

curvature of attached nose shock, Tl“ s

ANe
curvature of ogive portion of wall, —&- ,

in,
Mach number,

Mach wave,

normal to characteristic curve,

hodograph origin point,

oblique wave originating at lower channel wall entrance,
oblique wave origingting at wupper channel wall entbrance,

static pressure, psia,



S5

a<

DC

xiid

end point of vector on hodograph corresponding to
Ve o, whenever 1 = j,

sbagnation pressure, psia,
Rankine,

radius of curvature of the ogive portion of the wall,
inches,

radius of curvature of attached nose shockﬂlinchespb
ambient temperature, degrees Rankine,
gtagnation temperature; degrees Rankine,
flow velocity, fps,
velocity component normal to control surface, fps,
velocity component along x-axis, fps,
velocity component along y~axis, fps,
LATIN LOWER CASE
velocity of sound in air, fps,
consgtants,
chord,

compression characteristic resulting from combination
of Cos and Cony s

compression characteristic resulting from combination
of ¢ and Cy5 s

compression characteristic resulting from combination
of ¢35 and 930 ’

balanecing compression characteristic,
compression characteristic corresponding to cp s

distance from Yghoulder ecircle" center to normal shock
point on detached wave, inches,

balancing expansion characteristic,

expansion characteristic corresponding to ¢>9
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continuation of L)
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continuation of €551, 9
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exit station number,

1,2 ..

polynomial in M,
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outward normal to channel—exit control surface,
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flow veloeity, fps,

chord station abscissa, per cent of chord,
also reference to xaxis, xdirection,
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mean~line ordinate measured from chord, per cent
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DSOS Y
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deflection angle, degrees,

wedge angle of maximum magnitude for atbached
shock, degrees,

wave angle, degrees,

local wave angle with respect to free-stream flow
direction, degrees,

summation indicator,
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continuation of Z:c,
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PREFACE

In the analysis of turbomachinery, it 1s very necessary to kunow
flow behavior in certain velocity ranges. Airfoil and cascade
theories already have provided scolutions of the flow problem for
incompressible fluids. The development of cascade theory for com-
pressibie fluids carries with it a great number of difficulties,

One of the unsolved problems is that of the behavior of a cascade

of blunt-nosed profiles in a mixed compressible-fluid flow, When

a flow is initially supersonic, a detached, curved shock wave forms
in front of each profile, Behind the wave, there exists a regibn

of subsonic velocities bordered by the shock curve and the nose of the

profile. Further downmstream, the flow becomes supersonic again,
i

The method of successive approximations frequently is productive
of ugeful results. This, then, is the first approximation of the
solubion of the flow of a compressible fluid through a cascade of
blunt-nosed profiles. As such, it carries the properties of a
guidepost, but not those of a map. The rigorous development of the
theory is hampered by iremendous mathemabical difficulties, Proof
of the existence of a solution is given by Bergman1 for the irrvota-
tional case., Frankl demonstrates the uniqueness of the solution for
an isolated cone with detached nose shock,® Neither of the given

theorems gpplies directly to the problem, Thus far, no analytiecal

1 Stefan Bergman, "On Supersonic and Partially Supersonic Flows,"
NACA, TN 1096 (December, 1946).

2 F, Frankl, "On the Problem of Chaplygin for Mixed Sub- and
Supersonic Flows," NACA, TM 1155 (Juns, 1947).



results have been discovered, Under these conditions, the author f

justified in accomplishing his ends by non-rigorous means,



CHAPTER I

INTRODUCT ION

The solution of mixed compressible~fluid flow through a straight
cascade of blunt-nosed profiles is of practical importance in further-
ing the design theory of axial-flow turbomachinery. The development
of compressible-fluid flow theory is step-by-step; starting with the
simplest flow configurations, and continuing to slightly more compli-
cated ones, This approach is the soundest one, for the theory thereby
is assured of a solid foundation. Necessity and lack of time often
force the engineer to attack a more advanced problem for which some
of the foundations stones are missing. Necessarily, many assumptions
must be made; some of which cannot be justified solidly. Retaining
rigor is next to impossible, and the method of successive approxi-
mations becomes the chief tool. Individual solutions of this type
serve as direction indicators in the development of the general theory,
and as starting points in the evolution of particular-case theories.
Thus in this study, a two-dimensional analysis is made of the flow be-
tween two adjacent turbomachine blades. The summation of all flows
through all blades will produce the required results for one turbo-

machine wheel.

Full advantage is made of a step-by~step solution. Since the anal-
ysis depends heavily on the geometry of the flow, and since the inequal-
ities used in reasoning often change directions with only slight changes
in local values of flow variables, conjecture on expected results is

quite difficult, Later research may solve the entire range of veloci-



ties for a given cascade., At that time, a solution to the general prob-

lem should have more encouraging probability than it does now,



LeN]

CHAPTER II1
ANTECEDENT INVESTIGATIONS

Since momentum theory in its old form, spplied to turbomachines,
fails to produce results in certain velocity ranges, it is necessary
to apply cascade theory, and to develop it further. The general
theory of incompressible-fluid flow through straight cascades is al-
ready far advanced,l In the region of compressible subsonie potential

flow, Gost611092 using the method cutlined by Lin’

produces a cascade
design. More precise, more tedious, and entirely different is the
method presented by Wango4 Although it is given for an isolated body

only, it seems adeptable to cascade flow. Pure supersonic flow aboub

blunt~nosed objects is not possible physically.,

Very little is known about the problem under consideration, that

of mixed compressible~fluid flow agbout a blunt body. The work of

1 4 unified treatment is given in F., Weinig, Die Strémung um die
Schaufeln von Turbomaschinen.,

2 George R. Costello, "Method of Designing Cascade Blades with
Prescribed Velocity Distributions in Compressible Potential Flows,"
NACA, R 978 (1950).

3 C. G, Lin, "On an Extension of the von Kdrmén-Tsien Method to
Two-~Dimensional Subsonic Flows with Circulation around Cloged Profiles,™
Quarterly of Applied Mathematics, IV (October, 1946), 291-297,

4 Ghi-Teh Wang, "Variational Method in the Theory of Compressible
Fluid," Journal of the Aeronautical Sciences, XV (November, 1948), 675-
6853 also errata, XVI (February, 1949), 125 f.
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Dugundji5 is quite misleading when applied to the two-dimensional case.
The only other pertinent writing is that of Busemann,6 His survey of

known experimental and theoretical results is sparse. However, he in-
troduces the concept of "shoulder cirele," a very useful tool which is

explained later.

5 John Dugundji, "An Investigation of the Detached Shock in Front
of a Body of Revolution," Journal of the Aeronaubical Sciences, IV (De-
cember, 1948), 699-705, "

6 Adolf Busemann, "4 Review of Analybtical Methods for the Treat-
ment of Flows with Detached Shocks," NACA, TN 1858 (April, 1949).



CHAPTER IIT
STATEMENT OF PROBLEM

The determination of the thrust- and torque-reactions of a
straight cascade of blunt-nosed profiles to the flow of air with an
entrance Mach number of 1.7 is the chief purpose of this investi-
gation, The same problem is to be solved for a straight cascade of
sharp=nosed profiles, the element of which corresponds very closely
in shape and position to the element of the blunt-nosed profile
cascade., The results of the two problems are to be compared with

each other; and analyiedo



CHAPTER IV

ANALYSTS AND COMPUTATIONS

A . T W——— e o, mon S a—_—a

1 Profile and Channel Layout
Entrance Mach number and profile configuration are chosen such that
channel theory may be employed in the two-dimensional anglysis of the
flow between two adjacent blades. The NACA 63-206 airfoil is the basic
profile selected., To produce turning of the flow, the profile is modi-
fied to increase the camber., Actual chord length, or bucket width equals
:2 inches, and the layout scale ratio chosen is 10 to 1. The construction

follows., NACA Mean Line 63 is plotted from the data of Table 4=1. The

T able l{}‘"l
NACA Mean Line 631
x Ve X Yo
(per cent ¢) (per cent c) (per cent ¢) (per cent )

0 0 30 6,000
1.25 0,489 FAS) 5,878
2.5 0,958 50 56510
5.0 1,833 60 4898
7.5 2,625 70 4041
10 3.333 &0 2,939
15 %0500 90 1.592
20 50333 95 0,827
25 5.833 100 0

x's are the chord (c) stabion abscissae, and the yc“s are the mean line
ordinates, measured from the chord, A tangent is drawn to the mean line

at the leading edge, or at station 0, The slope of the leading-edge

1 Ira H. Abbott and 4lbert E. von Doenhoff, Theorx of Wing Sec~
tions, p. 384,



Construction of
Leading~Edge Circle

radius line is laid out with respect
to this tangent, and the leading-
edge circle drawn as shown in Figure
4~1. Values of slope and radius are
given at the end of Table 4=2, page
8. Upper and lower surfaces are
then laid oub, using the data for
NACA 63-206.

The new stations are

plotted along the original chord,

A point corresponding to each station is located along the mean line by

finding the mean line intercept of a line drawn perpendicular to the

e ord! narte
¢

P\/R

\ x5

new chotd stations
Layout of Profile Surfaces

P= pornf on apper sy,
Q= pomton Joewersurtbee,

/Lméw_; 1hE SEEON corres. 7o chordd sblvy

chord at each chord station,
The station ordinatés are laid

of f at right angles to the

202 /ﬁf’g,; //ﬂf
\_5wﬂzagn%haﬁe mean line; above or below, as
|
L,,,j~ required, The layout proce-
= chord __ . R -
- —— dure is indieated in Figure
Figure /=2

4“20

" Two blades are arranged to form the walls of the channel under

et e

X = chowne!/ aris
Y= cascode axis

prreh =
s/qgger angle. =

/6 /}7./
30°

L6 .

ﬂMMW€€£%W‘::i>’

%7
Rt
I Figure /=3

~

Channel Reference System

¢




Table 4=2

NACA 63-206 Wing Section Data®

Upper Surface " Lower Surface
otation Ordinate Station Ordingte

0 0 0 0
0458 0551 0542 = 3451
.703 o677 o797 - 537
1.197 876 1,303 - 662
20438 10241 20562 ) ke 6869
4932 1,776 5,068 =1.144
70429 ) 2@189 70571 mloBZl—l
9,930 2,526 10,070 =1,492
14.934 3,058 15.066 =1,712
19,941 3.451 20,059 =1,859
24,950 3.736 25,050 1,946
29,960 3.926 30,040 =1,982
34,970 4,030 35,030 -1.970
39,981 4042 40,019 =1,900
440991 3 0972 4—5 0009 El o782
50,000 3,826 50,000 -1,620
55,008 3,612 54,992 =1 422
60,015 3.338 59,985 =1,196
65,020 3,012 64,980 - 952
’700023 20642 690977 = 5698
750023 20237 ‘740927 o 0447
80,022 1.804 79,978 = 4,212
85,019 1356 8,981 = ,010
90,013 900 89,987 o134
95,006 : o454 940,994 o178

100,000 0 100,000 0

Leading-edge circle radiuss 0.297,

slope of leading-edge cirele radius line through leading edge: 0.0842.

analysis., The reference axes are leocated such that the velocity com-

ponents along them generally are positive. Figure 4~3 shows the skele-

2 Ibide, p. 415.




ton layout of the channel., The leading edges are at the left, and the

mean lines are drawn below the chords., The flow is from left to right,.

2 Nose Region

The entrance portion of the stagnation line must be located first
in order to define the channel walls upstream, and to locate the opti-~
mum direction of approach. The nose of the profile is very nearly sym-
metric about the leading-edge radius line, If the direction of approach
is chosen parallel to this line, the profile presents its slimmest aspect
to the incoming stream, and thereby minimizes the region of strong shock
of the detached nose wave. Because of the symmetry property, the en-
trance portion of the stagnation line coincides with a continuation of
the leading-edge radius line, and the stagnation point with chord station

ZEeTro.

The detach distance of the shock from the stagnation point is found
next. Only experimental results are available, It must be assumed that
the detach distance in front of the profile coincides with that of a
sphere in free flight, at the same Mach number. A shadowgraph picture
of a sphere is available for a Mach number, M, of 1.8.2 The guantities
obtained by measurement must be corrected to M =1,7. Let

0 = detach distance, inches;
D = gphere diameter, inches.
The scale is arbitrary, since only the ratios are important., To reduce

error, the measurements are taken as shown in Figure 4~4. Let m be a

3 Hans Wolfgang Liepmann and Allen E, Puckett, Introduction to
Aerodynamicg of a Compressible Fluid, Fig. 6:13, p. 99.
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polynomiel in M, and £ (M) a function of M. Then, let
3/D=f(M)=a1m+a2m2+a3m3+o°o+9 |
where the a's are constants, and 0 £ §/DK 1, Ifm =M~ 1, and if
the power terms, which tend toward zero, are neglected, then
§/D =a (M- 1), | (1).
The constant a then can be determined from experimental data.
At M =1, §/D =0, Substitution into the last equa-
tion produces the identity
0= a (0) =0, yielding no solution for a.
At M =1,8,
(8/D)1 g =2 (1.8 -1).

Therefore,

a =(8 /D)1 g(1/0.8).

On the shadowgraph, the measure-

+§
0 ments ares

T D = 0.46 in.,
o

D+ & =0,54 in,
Therefofe, § = 0,08 in., and
(8/D)q g =0.08/0.46.
Figure 4=/ a = (0.08/0.46) (1/0.8) = 0.2174. .

Measurement of & at M = 1.8 The equation (1) now reads

§/D =0.2174 (M~ 1) .
At M =1.7,
(5/D)l°.7 = 0,2174(1.7 - 1) =0.1522 .
According to the data at the end of Table 4~2, the diameter of the lead-

ind-edge circle, D, in per cent of ¢, equals 0.59%. The detasch distance
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in per cent of ¢ equals
§ = (8/D)1 (D) = 0.1522(0.59%)
4 = 0.0905 :

Next to be found is the shape of the nose shock wave. There exists
no analytical relation between the shape of the nose and that of the de-
tached wave. However, the shapes are related indirectly. For this re~
lation, the concept of "shoulder circle" must be introduced.* The
"shoulder circle" is located as follows: At M =1.7, (DS, orit? the
wedge angle of maximum magnitude for attached shock equals 17 degrees,
Chart 2-1.° The nose region of the profile is redrawn, magnified 125 to
l. On tracing paper, an acute angle equal to 2 ()3’ epit 18 laid off,
The traced angle is superimposed on the nose region until the unique tan-

gency condition shown in Figure 4~5 is obtained. The points of tangency

are "sghoulder points," and the
shaulder point

shoulder cirecle may be located by

drawing normals to the surfaces at

the points of tangency, locating

the point of intersection of these
kading-adge radiis hie o

Shoulder poink normals, and, using this as center,

Figure 4~5 drawing a circle through both

Location of "Shoulder Circle" points of tangency. Because of

the approximate symmetry of the nose about the leading~edge radius line,

4 Adolf Busemann, op. cit., p. 1l.

5 Co L, Dailey and F. C. Wood, Computation Curves for Compresgsible
Fluid Problems.
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the center of the shoulder circle falls on that line, The leading edge
of an object has little or no influence on the shape of the detached
shock, Two sensitive arcs behind and on either side of the leading edge
bear the greatest influence, These arcs may be called "shoulders," and
it follows that the shoulder circle is the main factor in the definition
of the relation between the nose shape and the shape of the detached
wave, Thus the curved portion of the nose wave is defined as a circle
which is concentric with the shoulder cirele, and which has a radius
equal to the distance from the stagnation point to the center of the
shoulder circle plus the detach distance. The circular portion termin-
ates in a tangent which coincides with a wave angle of 37 degrees. The
straight wave portion has a turning strength of 1 degree at a free-stream
M of 1,7,6 which is equivalent to the turning strength of the straight
portion of a detached wave with a free-stream M of 1.8, aé shown in a
shadowgraph.7 This configuration holds true at least for the length of

wave front under consideration.

The locus of the sonie line behind the detached shock is the next
item to be found., At the wave, the sonic point falls where the local
wave angle equals 61.4 degrees, according to Chart 2.1.8 This means that
immediately downstream of this point M =1, The soniec line is one of the
borders of the subsonic region. The sonic point at the wall must be
located next. Its locus is given in Figure 4-6, where d is the length

of the shock arc radius., The justification for the location of the sonic

6 Ibid.
7 Hans Wolfgang Liepmann and Allen E. Puckett, loc. cit.

8 c. Le Dailey md Fg Ce WOOd, @n mo



Loci of Wall Sonic Points
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point at the surface and upstream
from the showlder point is given by
Busemann,9 The direction of the
sonic line in the neighborhood of
the wall is known to be perpendicular
to the wall, since the flow there is
parallel to the wall, Since it may
be assumed that the sonie line is a
simple curve, the outer portion of

which is already constructed, it can

be concluded that the inner portion is the longer of two segments forming

the sonic line. The definition of the locus of the wall sonic point re-

sults in g satisfactory proportion between the two segments of the sonie

line, as shown in Figure 4-7.

The sharp corner of the intersection of

the inner and outer segments of the line is removed by drawing a smooth

fillet, as shown. The flow is deflected 16.7 degrees away from the wall

behind the wave soniec point according to Chart 2wlolo The outer segment

wave

S he

Figure 4=7

Construction of Sonic Line

of the sonic line is perpendicular
to this direction., The sonie line
has two propertiess (1) The Mach
number at every paint aleong it equals
one, and (2) the flow direction is
orthogonal to it at every point along

it.

At the stagnation point, immedi-

9 A.dolf Busemanng,r"ggo _gj-_iog Pe 120

10 C, L, Dailey and F. C. Wood, opo Cite
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ately behind the normal portion of the nose shock, M =0, On either

side of this point, along the wall, the curvature produses expansion e
til sonic velocity is reached downstream, at the wall sonic point. Pro—
ceeding laterally from the stagnation streamline, the deflection through
‘the curved portion of the nose wave is at first small, then increases,

and then decregses after reaching a maximum, as shown in Figure 4-8. How-

ever, it is diffiecult to predict the locus of the streamlines further

Free~stream Fow downstream inside the subsonie zone,
since the wall is guite steep with re-
spect to the original flow direction.

Because of the increasing-decreasing

deflection property, the actual soniec
line must be reflexed, as shown in Fige
Figure /-8 ure 4=9. The major portion is con-

Flow Deflection Trends structed perpendicular to the wall,

which means that some of the subsoniec streamlines must be reflexed also.

However, to facilitate the analysis, the sonic line of Figure 4-7 is re-

, tained,
Frec-stream Low e
\\‘\\\\ The curved portion of the nose
| Y ey, wave rapidly changes sbrength from
normal shock to very weak oblique
aomic e shock, A division of the wave into
ineremental arcs permits the defini-
Figure 4~9 tion of single eonditions behind each
Reflexed Sonic Line such portion., Adjacent portions dif-

fer sufficiently in flow variables that sross~flows are formed. Stabic
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pressure—, temperature-, and entroPy differences, in other words, are
sufficiently large to forece a flow across laminae between former sﬁream
filaments. After some mixing, the pressures will Be matched. The cther
quantities will be sufficiently different to cause the persistence of
shear sheels betwsen adjacent layers. However, since all these adjacent
channel flows reach sonic velocity at the sonic line, the shear sheets
must disappear abt this line. It must be remembered t?at flows across
incremental portions of the sonic line still retain different reservoir

conditions,

3 Supersonic Downstream Region !

The supersonic portion of the flow pattern is next to be analyzed.
A simplification is obtained by the assumption of only two extreme res-
ervoirss that pertaining to the flow immediately behind the sonic poink
at the wave, and that pertaining to the wall stresmline. Downstream of
the wall sonic point, the wall curvature is convex, and the flow is ex

panding.

The method of characteristics, as given for instance by Liepmann

and Puekett911 is most advantageous if the flow is prescribed, and the

shape of the wall or channel is to be found, If the wall curve already
is given exactly, a modification simplifies the work. The new procedure
is given below. Essentially, the behavior of the flow is as before,

(1) Congtruct tangents to the walls at small intervals of arc.

(2) Locate the point correéponding to the tangent direction on char-

acteristic curve,

11 Hans Wolfgang Liepmann and Allen E. Puckett, op. git., Chapter
13, :
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(3) With superimposed ellipse,,12 read the wave angle corresponding
.to the tangeney point, as illustrated in Figure 4-10,
(4) Comstruct the Mach wave at the tangency point on the wall such

that the wave angle equals the tangency-point Mach angle.

(5) Assign a turning angle,
b, to the flow as it crosses
the wave equal to the angle

between successive tangents.

The modified method pre-
sented permits the use of the
Prandtl-Meyer flow relations,

Figure 4~10 Chart 2u11139 in the construc-

Hodograph' and queyimpose%/Ellipse tion of the characteristics,.

The two methods are thoroughly interchangeable. The application of the
characteristies~—chart, or hodograph, is independent of the reservoir
conditions. This holds true also for the application of the Prandtl-
Meyer flow relations. A proof of the last statement is unnecessary,
since any sample problem can be solved by either method with identical
results, Part of the modified method of characteristies appears in Fig—
ure 4=11., The difference between the modificagtion and the original ean
be seen easily in Figure 4-12. Let

1, 25 o s o 3 i, 5, o s 5 ==points along wall,

Wy = flow veloeity,

M, = Mach wave,

12 Ihid., p. 218,

13 C, L, Dailey and F, C, Wood, op. cit.



N. =normal to characteristie curve,

J

J

i,j:]_’ 23000
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P: =end point of vector on hodograph corresponding to

(4) Wall and Waves

Figure 4=11, Modified Method of Characteristics

(B) Hodograph -
R

- In Figure 4-11, when i.:zj;waj ” Wy , and My “ Nj5

N = o aror area

(4) Modified Method

rew wall
o/ﬁ‘ ,,vaI/

XN = wa/ errer agrea 3
(B) Original Method

Figure 4-12, Comparison of Characteristics Methods

The purpose of the problem is the location of the wave pattern

at the channel exit,

as a step toward the solubtion is omitted,

Any intermediate problem solubion not necessary

Hence, the solution whiech

follows often bypasses regions which are unnecessary - and diffieult -

to solve,
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. Frequent use_is made of a set of curves compiled by Dailey and
Wdeol4 On all occasions it is ascertained impliéitly that the condi-
tionsg of the problem correspond to those of the chart used. Usumally, no
mention is made of the equations the authors employed in the derivations
of curve relations,. Let

®W== wave angle, degrees;
@s = deflection angle, degrees;
PS = stagnation pressure, psia; 
P = gtatic pressure, psia;
¢) = expansion angle, degrees, Prandtl-Meyer relationg
T = ambient temperature, degrees Rankine;
T, =stagnation temperature, degrees Rankine;
Y =ratio of specific heabs.

Additional subsecripts, usually arabic numerals, refer to points, regions,

and interfaces between regions.,

Let the flow expand one degree from the condition at the sonic line
at the wall. This means that the flow is bent through one degree at the
wall. The condition behind the oblique wave corresponding to this is
assumed such that the shock wave is decreased in slope by one degree from
that at the wave sonie point., A4t the wave sonic point, (Dw = 61,4 de-
grees, Chart 2-11%, at point 6, Figure 4~13,

B , = 6l.4 = 1 =60.4 degreess

wb
986‘==1604 degrees, Chart 2m115;

S
-
(o)
(]
o

!
I

15 Ibid.




Fee~stream Flow

senic Jine

Figure 4~13

One=Degree Expansion

same streamline as point 5,

is greater than at the wall,

19
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M, = 1,027, Chart 2~7" .

M, =1.08, Chart 2.11%6,

gﬁé:=00934, Chart 2m316; where B1" pvefers
sl
to the upstream free-stream conditien.

P
Y6 1,96, at 4 = 1,40, Chart 1-1%%;

Pg

P.. P_,
_82=_82 — 0,856, Chart 2m316; since point
Py P

| 2, the nose stagnation peint, falls on the

82=2,08, at ¥ = 1.40, Chart 1&116;
5

o "UL"U

o

56-Fs6 Ts1 _ .93, -1 —1.001,

. Pes
P P
6.%86 5 _ 1 001 208 =1.158 .
P5 Ps5 Psé 69
Fg

Pe P5 , or the static pressure at the wave

Past the sonie line, the first characteristic is constructed at 5

degrees of d)o The zone between the sonic line and the extension of the

portion of the first characteristic originating at the wall shall be

called region 1, as shown in Figure 4=~14. For the computation of region

1, it is assumed that the border portion of the oblique shock wave is =

16 Ibid.
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.

Somc lne
Figure 4=1/

Borders of Region 1

Free ~shemm Fow
wave

Sone /ine
J%@Waecﬁwvﬁknéﬂ&

Figure 4~15

Center of Region 1

+d

- P

"k

s1 sl

the same streamline as point Eo

Iy
S
d

straight line from the wave sonic point
to the point of intersection of the ex=
tension of the wall segment of the 5-
degree characterigtic and the nese wave.
The center of region 1 is examined next.,
As may be seen from Figure A-15, the
wall condition corresponds to a 2i-de-
gree expansion. From a precise drawing,
the straight-line portion of the oblique
shock has a slope, equal to @wg s
of 49° 32', The remainder or region 1
can be computed next,

@Sg = 11,5 degrees, Chart 2w117 3

My =1.285, Chart 2-707 ;

P > «
F.%é =0,982, Chart 2-317 ;
sl

32 = i-;i% = 0,856, Chart 2-3°'; since point 2 falls on

PSZ:PSE:PS].: 00982 1 :101[,,8 s

Psg Psl Psg

0,856
17

M§ = 1.154, at ¢>==2,5 degrees, Chart 2-11 5

P == Iy
Fﬁé:zﬂzg at ¥ = 1,40, Chart 1-117 ;
6

cn

5

17 Ibid.

g_ﬁﬁzzcz% at ¥ = 1.40, Chart 1-1"' j

17
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P —
S
P> P= P%
A T TR, L e
= - - i o s B
PS PsS P§6 2
PZ

Pg { Pg, or the static pressure at the wave is less
than at the wall.

The pressure difference after one degree of expansion in region 1
necessitates the existence of a compression wave originating at the sonie
line, and directed toward the wall., This wave is such that static pres-
sures past the matching wave, immediately past the oblique wave and at
the wall, are equalized, It can be shown that the flows in these adja-
cent zones are very nearly parallel, and that the Mach numbers are dif-
ferent., Therefore, there is a shear sheet between the zones, originating
at the sonic line at the same point as the balancing compression wave.
The direction of the static-pressure inequality for the greater part of
region 1 is that which holds at the condition of 2.5 degrees of expansion
from the sonic line. The mid-region condition is used to compute the

wave balancing wave which matches pres-

~sh £l
fedBaRen R sures for all of region 1, It is

seen that there is a reversal of the
,¢¢€9f static-pressure inequality between
the one-degree condition and the

mid-region condition, as illustrated

sonic e

- & T
¢ =boloncing mpression in Figure 4-16. There is no necess-

. wave .
Y = e r‘érmma %o region. ity for analyzing the indeterminate

Figure 4-16 subregion in order to obtain a satis-

Actual Pattern, Region 1 factory pattern downstream. That is,
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it is safe to assume that the flow behaves as if the compression wave

and the shear sheet originated at the

L Do

midpoint of the sonic line,

0,64 degrees, Chart 2-418 ;

s =52,1 degrees, Chart 2-118 |

Downstream of the balancing shock,

My

=1,279, Chart 2-718 .

Therefore, the shear velocity corresponds to

M7 - }1-5 — .&M?_g = 10279 —-— 10154

shear sheet must be continued.

=0.,125 . Consequently, the

The balancing compression wave is composed of two segments, each

properly directed with respect to the

flow direction preceding it. The

actual wave, of course, is curved, and the two-segment wave shown in

Figure 4~17 is a substitution. A further simplification is the substi-

Froe-eom Aow

T

4:
90

Sonic e @ = pal compression wave,
2 Sejm?ﬂ(s e
& =bal ampressicn wave,
/ \S@M s
B = sonic-line midpont ;or
A8 =BC .
Figure 4-17

Substitute Pattern, Region 1 |

of the oblique wave.

18

tution of a single straight wave
for the two-segment wave. The
direction of the flow preceding
this wave is such that 0O gz z is

the same as before,

There is a difference of con-
ditions between subregions 7 and 8.
M8== Mg
assumed to cross the chord segment

=1.285, since the flow is



P Pl , since Pgb —1.00, Chart 2-317 .
Psl Psl PS”Z

Po7 _ 0,982, Chart 2-317 ;

Psl

Py _ 2,69, at ¥ = 1.40, Chart 1-119 ;

Py
Pgo P
1;-5’5-& =§-—_E_”—_é = 2,72, since Mg= Mz .
8 6
d)7 =5,6 degrees, and
by =5,75 degrees, Chart 2-1119 ;
A®8m7 =¢8 - 43,7 =575 - 5.6 = 0,15 degrees,
P
Eﬁu =1.,00, since there is no shock wave,
8
Pasg
7 —Ts1 P8 100272 —1.012 .
Pg Pog g7 2,69
Ey

The expansion wave required to match static pressures of adjacent sub-
regions 7 and 8 originates at the intersection of the interior compres-
sion wave and the nose wave, snd slopes downstream, toward the wall.
This expansion wave 1s very weak, has negligible turning power, and does
not change the Mach number sufficiently to warrant consideration, There-

fore, it may be neglected in the first region.

The first five-degree expansicn characteristic, called character

istie 1, is located, next, Characteristic 1 is composed of three seg~

19 Ibid.
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ments, as shown in Figure 4-18.

Pree~siream Flow Segment; of characteristic 1

N j begins at the wall at a point the

tangent to which makes an angle of
5 degrees with the wall sonis innt
tangent. It extends to the median
shear sheet, which originates at the
midpoint of the sonic line,

Figure 4-18 Gn(::):52°7 degrees, at d)::ﬁ dew

Characteristic 1 grees, Chart Zmllzo . The condition

at segment <:> correspends to a.2e5~degree expansion from condition.7.

Cb = ¢7'+2a5 = 5.6 + 2.5 = 9,1 degrees,

M~ = 1,37, Chart 2-11°0 ;

C%<:> = 46,9 degrees, Chart 2m1120 .
Segment <:> extends from the median shear sheet to the streamline through
the nose wave terminus of the interior compression wave. This streamline
is also the locus of an extremely weak shear sheet which is neglected,
and the direction of which corresponds to the flow downstream of the

chord substitute for the curved oblique-wave segment bordering region 1.

0, of the wave portion preceding segment
<:> of characteristic 1 is such that 42°

531 2 @w__z 37°, It ig assumed that

B, average =40% at the wave. The
botmeng ompression nove
Figure 4=19 patbern under examingbion appears in

Seg. <:> of Characheristic 1|Figure 4-19.  Acrogs the portion of the

20  Ibid.
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nose wave,
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w0

es = 4.1 degrees, Chart 2-1

M, =1.55, Chart o7l
At Méf’ 5 CD-?: = 13,3 degrees, Chart 2=a1121 o

Since the balancing compression wave strikes dowmstream of the genter of

the oblique~wave chord, an additional expansion equivalent to a changs

in (t) of 2 degrees is assumed to be required to reach the condition

immediately ahead of segment @ of characteristic 1, instead of one

equivalent to a change in d) of 2.5 degrees. Leb

A(b 5.3 = required change in Ct) o Then,
== +AQz =133+ 2 =15.3 degrees,
3 2 2-(3)
M@ =1,616, Chart 2-11°1 ;

1?1,

0 v 3 =38.2 degrees, Chart 2=1

Immediately preceding the wave, the static pressures are such thab

P__>PF Y P as is demonstrated below.
@ NON

Psgl): 2,61,
P

Ps(@) = 3.05, and

P

P _ 21
2803 = 4o35 at Y =1.40, Chart 1-17" ;
P

,—_00856’ Chart 2-3°1 5
P
sl

E_s@: P_gz = 0,982, since no shock wave exists between &

P P
and @ ) sl sl




AT

nNy

S
Ps@= sl _0.85 _ 1

2
PSC) PSC; 0.982 1,147
P

sl

B

s
li@ E@__@_—1M7261—~0%2 R
@ P@_@ 3.0

o)

or P(i>,> I>C> e

p
Pﬁ =1.00, at O, = 4.1 degrees, Chart 2-3°% ;

sl
P
s
PRt g _ogm
Fs® __@
sl
P
s

ica 8(7._ ©) =0,982 é&%i__]_/oo s
® s@_ﬁ_@ 305
@

Hence, P

or P > P

& G @>P>Po

The second region lies between the 5~degree and 10-degree character—
istics. A balancing pattern is required, similar to that of region 1,
This pattern is assumed to be the result of 7.5-degree conditions, or
mid-region conditions in region 2. The method used in the analysis of
region 2 is a continuation of that of region 1. Figure 4~20 shows the

beginning of the pabttern. The shear velocities at the junctures of the

segments-of the characteristics are decreased by the static-pressure

22 Ibid.
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matching process., The effect of the

fred- strearm  Plow 3

S~ balancing compression waves is to
™~ © g
e ‘?56%/2 bend the shear sheets away from the
—— Sk
8 @, he;?"C%&d wall. Due to the expansion process
L hear S

along the wall, the 10-degree charac-—

teristie is bent back more than the

G, Gy & = bokncing compresson waves.| 5-degree characteristic; but its
Figure 4=20 ‘ curvature is less than that of the
Partial Pattern, Region 2 5-degree characteristic because of

the decrease in shear velocities., The nature of the matching paﬁterns

of successive regions is such that each characteristic is bent back, or
downstream, further than its predecessor because of the expansion process
along the wall, but the curvature of each successive characteristic be-
comes less and less until the characteristics become and remain straight,
There exists a characteristic, the outer segment of which is parallel to
the gbraight portion of the nose wave. Since this ouber segment ceases
to togch the wave, its influence on successive outer segments of character—
isties remains uniform. The pressure-matching patterns existing between
the interior segments decrease shear velocities and force the streamlines
away from convergence. A precise drawing of this part of the solution
appears in the a.ppendiio The sonic lines on both sides of the nose are
shown; bubt the calculated pattern is drawn for the concave-wall side of
the nose only. The pattern of the other side is quite similar, since

the nose region is approximately symmetrical about the continuation of
the inlet stagnation streamline, No numerical solution of this other
side is given, since the downstream pattern may be lecated without

doing so by taking advantage of the near-symmetry.,



A stable configuration is reached at and past the first gbraight
characteristic, at which the shear sheets must cease. Supersonie flow
tends toward stabilization., Once stabilized, it tends to remain stable,
1t 1s safe to assume that all balancing compression waves are wsak oblique
shoeks, none of which changes the stagnation conditions of its particular

subregion.

The remainder of the channel remains to be analyzed. The pattern is
constructed in the neighborhood of each wall, after which intersections

between members of opposite wave families may be examined.
Lppper 12s€ wi

Heewstraom Do DN The pattern along the concave wall is
T :
examined next. A Prandtl-Meyer expansion

takes place close to the wall, beginning at

5;0 . ' fl
Nete: Limension i -

irotedd 15 For the sonic point, and continuing along the

lagout dparnirg convex portion of the nose zone, The wsll
(eppendn).
curvature then changes to coneave, bub the
Figure 4~21 Prandtl-Meyer relations still apply to the
e, of Concave Wall slow compression along this portion of the

wall. Expansion characteristics corresponding to a given value of d)ar
labeled ©4 and ¢4 respectively, The previous analysis permits the as-
sumption that 0 is bent., In addition, it is assumed that €50 is con=
structed in two segments, such that the outer segment meets the two obligue

waves at their point of intersection.

The tangent line at the wall sonic point corresponds to the d)::G
reference direction. Wall origin points of characteristics have tangents
making the angle of the local value of (b with the reference direction.

All characteristics past ey are Cp s with the exception of portions
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past "intersections" with ether waves. The wave &q 1s consbructed in
~!

accordance with Figures 4~21 and 4~22, and the 8y with the use of

Table 4~=3,

The resulting pattern is shoun in Figure 4-23,

Waves origi-

‘ ic pont

Sop

Figure 4~22

Reference Direction, Concave Wall

Frea~streom Flow

S ————

ob\" 61”‘&

o

Figure 4-23

Concave=-Wall Pattern

Table 4-3
Characteristics Along Concave Wall, Chart 2-11°3
q) O M tan q} tan v
degrees degrees
20 3403 107’75 00364 00682 %
- 25 30,7 1.950 0,466 0.59 ?
20 343 1.775 0,364 0.682
15 3806 10605 00268 00,798 e¢
10 bl o2 1.435 0.176 0,972
5 5247 1.255 0.088 10313____r__~}_,
nating from a single wall are said to belong to the same family., The

meeting of such waves with each other is not g proper intersection, and

it becomes. necessary to analyze all possible types of meeting patterns.

23 Ibid.

O




Sy and ¢, are of the same family, If 0

sufficiently small, a single wave ¢ may be assumed to result past the

8,12 and 639253 are

point of intersection., This compression characteristie is such that
= 0
65,1-3 @s,le + 6,2~3 ° and
S) =3(0 0 ) o

o+
. Wy 025 W G0
The behavior of ¢ is not in full agreement with the method of character-

istiesy that is, CP preceding ¢ does not correspond to @w of ¢, How-

ever, the flow is fixed completely by the equations given. For the sake

of agreement, it is assumed that

= =22,5°, and that the flow in a

1]

Alowr  drvection
T~ small region immediately preceding

¢ corresponds to q)g . ¢ is assign-
25 ed @s 7 =7.5° under this assump~
2

tion. The pattern sppears in Figure

“Cro 4=2L. An analogous pattern is form-
Figure A~2/ ed by ¢ and ¢y 5 resulting in € ,
Interseetion of c25 and 620 as is shown in Pigure 4-25. The con-

/
ditions on & ares

Trfy 015)
Again, the behavior of € is not in

0

Flovy direchon

full agreement with the modifisd
method of characteristics; that is,
d)'preceding & does not correspond
:to @w of G, As before, however, the

Figure 4~25 flow is fixed completely by the con-

Intersection of ¢ and ey ditions given. For the sake of




~

agreement, it is assumed that CDN =18% 457, & is assigned 0O
c B,0
N

— 80 A5,

The expansion characteristic camnot be crossed by a compression
characteristic of thersame family, since the disburbahce cannot communi-
cate itself upstream. Hence, the pattern of Figure 4-26 is formed, The
portion of & bent away from 55 is assumed to have the same turning power
as the other section of the compression wave, but the angular relation
of flow direction to wave position is not preserved, unless for purposes

of visualization; a "step-wave" is assumed. The "steps" are parallel te

Hlow dlyechion v Dow  divection
ew ;
€
c é
Figure =26 . Figure 4=27
Meeting of € and e, : Compression "Step-Wave”

the initial section of the characberistic, as shown in Figure 4-27. The

"step=wave" segment of £ is intersected by c s forming e s & Telin-

10
forced econtinuation of the "step—~wave.' A4 straight line is subsbtituted
for both segments of the "step~wave," as shown in Figure 4-28 (B), The
layout drawing, given in the appendix, shows pattern (C), but for pur-
poses of later analysis, (B) is used. Lo is such that the flow behind
it corresponds to that behind g which corresponds to the flow pre~

ceding oy (not showm) . ¢ is of indeterminate length, since it is not

yet known where 1t is intersected by a member of the opposite family of



characterigtics,

¢ .
Physical Equivalent Center Pattern Layout Pattern
Subgtitute
(a) (B) (¢)
Figure 4~28 Formation of Mo

The other influence on the center pattern is due to the flow along

the convex wall, which 1s examined next. Sinee the curvature is always

convex, a Prandtl-Meyer expansion takes place in the neighborhood of the

wall, beginning at the wall sonic point. All characteristics are expan—

sions waves, and are labeled €y where the subscript is the value of (p

in theisubregion preceding each wave. It is assumed that both e, and

e

25
|
€20
€
nese wave
——
Note: Dmensions
u;qd"/ hdlicated are for
4 frgout drani
e 4 NG
Q@yxwmwy,
Figure 4~29

,e2Q and €5 5 Gonjéx Wall

are bent. Each is constructed of two segments, such that the outer

segment of each meets the oblique

waves at their point of intersection,

The tangent line at‘the wall
sonic point corresponds to the CP
= 0 reference direction, As with
the other wall, wall origin points
of characteristics have tangents
making the angle of the local value

of (b with the refersnce directions




€,q and €qy are constructed in accordance with Figure 4~29, and the

lflu& oL, ° T 5
.{éﬁlﬁl//// remaining e with the use of Table
. f=to Table 4~/ is constructéd with

values obtained from Chart 2==-,'fi.fl‘f?;"lP for

200 ¢ Cb‘ £ 709, and with values ob-

. /;; e between. Jeadmg-edae /m/mgf hve
F igure 4=30 gm’ Sonre - /Da//';/- ﬁ;@%&n/‘
= 80° - 55°53" = 34°07 .
Reference Direction, Convex Wall

tained by the modified method of characteristies for (P = 75% and 80°,

; Table /-4

| Characteristies Along Convex Wall

: ® 0, | tan O tan O

% degrees degrees

| 20 343 0,364 0682
25 30,7 0.466 0.594
30 27 .8 06577 0,527
35 25.3 0,700 00473
40 2362 0.839 0429
45 21,2 1,000 0,388
50 19.4 1.192 0.352
55 17,7 1.428 0,319
60 ® 16.2 1.732 0.291
65 140’75 20145 00263
70 13.3 2748 0.236
75 11.86 3,732 0.210
80 lo 065 5 0671 O 0188

The flow configuration in the small neighborhood of the intersection
of the two oblique nose waves is called the center pattern, and is to be
analyzed next. 35 originating at the convex wall and Coi s origingb~-

ing at the concave wall are straight waves. The outer portion of Cag is

24 Ibid.
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composed of segments reinforced by successive Gy 5 and of the special
segment Le. However, the flow preceding this outer portion hés the
game CP as the flow preceding the straight portion of cé5 o 925 g OTi="
ginating at the convex wall and €50 9 originating at the conecave wall

are bent in two segments.. €55 precedes €39 » and 50 precedes 025 o

Hence, all conditions past €55 must be the same as those preceding e30

Similarly, all conditions past €50 must be the same as those preceding

e (convex) the flow direction is 30° from o,

25 ° 25

past ezO»(concave) the flow direction is 250 from SL o SA and SF are

the flow directions with respect to the free-stream flow direction, past

Therefore, past e

€55 and e 0 respectively, From Figures 4~31 and 4-32,

2 2

SA = 54,, - 300 = 40° 28t ~ 30° = 10° 28¢ |

b, = )

F I}

The pattern of Figure 4~33 is assumed in the center region., ILet

- 250 — 340 07" - 250 = 90 o7

(% = subregion, as labeled; 4; B, . . - ,
owe, = continuation of upper oblique wave,
owe, = continuation of lower oblique wave,
e =continuation of ch,

C



8250 = continuation of €95

€0e continuation of eoq

) =flow deflection through wave, degrees,

5 =local flow direction with respect to free-stream

direction, degrees.
The symbols % and 4 following & and X- specify direction tendencies,

Five identities must hold in the R ts:

1) S, = b s
2) fE =8y s
) 6 = Sy
5 0y = Oy o
The turning powers of the waves
are;
5owc& = 1° l s
gowcl = 1° i 5
5, =8, = |,
25 25¢
Figure /4~-33 Se = 89 = g0 o1 * .
: : 20 20¢
Center Pattern §p, = by, =20° b
&

Table 4-5 shows the result of applying thesge relations to the pattern of

Figure 4~33, with the exception of (Se = 8e and Se = Se .
_5 25¢ — 20 200
These quantities are found by locating all possible § 's with the aid of

the known § 's, from which the unlknoun b s may be derived. When these

are known, the remaining unknown b 's mgy be compubted, It is seen that
§ . = (SN =18° 39¢ 1 is the flow direction immediately downstream of
the center pattern, Neither the ey » DOT the ¢4 , nor their combina-

tions make the proper G)WVS with their respective flow directions for
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Table 4-5
Center Pattern Flow Direetions

R g & $

| 10° 28t ; H 8% o7t )
B 00 — I 280 o7 !
c 90 21 } J 280 7! }
D 9° 28t } K 29° 07¢ 4
E 1° 21! ! L 18° 39¢ !
F 90 o7! A M 10 21¢ {
G g0 o7t } N 18° 39¢ }

reasons glven previously., The analysis is made on the assumption of

correct flow deflections and other flow conditions,.

A simplification is introduced to reduce the work required to ana-
lyze the interference ﬁattern of the waves issuing from the center region
with the downstream memberg of both families of eharacteristics. The
single wave A ig substituted for the three waves owe, , €50¢ and<2 G,
Similarly, » is the substitution wave for the two waves owe , and €5 o

e

The modified center pattern appears in Figure 4~34. Sinece A is a single

n
G
Egl. ()F ¢L :) O)
<7

8 v
Figure 4~34 ' ) - Figure 4~-35
Modified Center Pattern Corrected Modified Center Pattern

wave, a contradietion is reached because equ, < && , whieh means

4

that the flow does not cross the wave. A must be modified to satisfy

the necegsary condition thatb @‘J > 8 » Therefore, it is assumed that



in a small region immediately preceding 7 , (b:¢Aa%A¢A

2

where AdDA:d)A - CbL o @;\7 7\_ corresponding to this assumption satis-

3

fies the necessary condition that @IW 7\) gh . 80 of the lower sub-
2

stitute wave ¥ is not excessively large, and the necessary condition,

Wod ) 80 » 1s not violated. Figure 4~-35 shows the corrected pattern.
b

The waves A and A are not fully established, since it is necessary

to check that (b = Cb 2 o. Sl: 5A_L=290 07! 1;
o, = d) =0 -2 0T =00 53

Hence, the wave 7\ is established, provided that Cb d) . The value
of d} past the wave 4 is checked next,

by zS —1o° 28t |,

CbN ~CD =50 - 100 281 = - 40 32
Hence, the wave 4) cannot be establlshed, since d) cannot be less than
zero for a Prandtl-Meyer compression. The flow in subregion N is sub-
sonic, Let # by substituted for A , with 8”/ just sufficlent to pro-
duce M = 1 past the wave. The lower pattern still contains sufficient
energy to compress the flow by an amount equal to the subsonic equivalent
of a decrease in CD of 4° 32' , if such an equivalent exists. No such
equiw}alen'b is known to exist, and the condition of flow in subregion N
remains indeterminate., In subregion L, the flow is swpersonic, but in N
the flow is subsonic. If the pressures in L and N are matched, a shear
sheet forms their common interface. No information is available on what
occurs at a shear sheet which has a subsonic zone on one side, and ex~
pansion characteristics "crossing" into it from the supersonic zone on
the other side. Therefore, no solution of the mixed-flow region can be

fou.ndn '



38

The previous portion of this analysis is based on the assumption
that the change in Cp across each substitute wave is a function of §
across each substitute wave. Another assumption is possible., It is
only stated here, and requires further investigation. Let Zld) equal
the change in Cb across the wave denoted by the subscript attached. Let

A =2 +qu N Acbzcc ,
and:AdD dDowc - Aq) .
Then it can be shown that
CDL) 0 ,‘ CDN >0,
and CbL F @N

Free ~steary Aow

C = bd/aﬂcw'j 50//;//&5‘5/'0/9 wave
e

= lolncing exponsion wave .

Figure /=36 Figure 4-37

Alternate Matching Pattern Changed Behavior of Wave

It is possible to match static pressures past subregions L and N, such
that in a subsequent palr of subregions L' and N!, d)Lg ::<j)Nﬂ » This
pattern ig shown in Figure /~36, These conditions are sufficient to
establish both A and 4 , but they change the character of A to thab

of an expansgion wave with the extraordinary property that 50 is directed
in a manner opposite to that associated with ordinary expansion waves.

This behavior is shown in Figure 4=37. No proper explanation can be
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found, and, as sbtated above, further investigation is necessary. Hence,
the first set of assumptions is used, This conclusion demonstrates that

the second assumption is also of no help toward a solution.

It is desirable to avoid mixed flow in the chamnel, since this type
of flow cannot be solved by any known or attempted means., The only
aiternative which will produce a result is an alteration of the profiles
such that no mixed flow oceurs for both the blunt-nosed and the sharp—

nosed cascade channels,
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B Gascad@ of Second Modification of Blunt-Nosed Profiles
1 Profile snd Channel Lagyoub
In the alteration of the blunt-nosed preofile, as much of the old
construction as is possible should be retained., In accordahce with
Chapter II1I, a sharp~nosed profile 1s associated with the blunt-nosed .
one, DBoth must be considered simultaneously, since their shape limits

must be established such that all mixed flows in their respective

channels are eliminated.

To establish the required limits, the construction of the sharp-
nosed profile channel wall which replaces the concave wall of the orig-
ingl channel is considered first. A straight wall is selected, since
concave curvature causes excegsive compression, which is to be avoided.
If the semi-wedge angle associated with this wall is chosen too large,
the reflection of the attached oblique shock from the opposite channel
wall will cause the flow to be subsonic. Hence, it is desirable to
select a small semi-wedge angle to insure supersonic flow in the sharp=

nosed profile channel,

Consider next the wall of the blunt-nosed profile channel replacing
the original concave wall., Compression at the original wall begins past
the inflection point on the wall. If all compression is aveided, the re~
flection of the straight continuation of the detached nose wave will not
be strong enough to cause compression to subsonic flow either at the con-
vex wall or gt the lower wall, if the direction of the reflection is such

that it gbrikes the lower wall,

These limits determine the new lower walls for both required chan-

nels. Since both walls must be nearly the same, let the lower wall of
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the sharp-nosed profile channel be a semi-wedge, with the associated
angle § =¢° 07", which corresponds to the slope angle of the original
lower wall at the point of inflection. The lower wall of the new blunte
nosed profile channel consists of half of the nose region of the origin-
al profile superimposed on the lower wall of the sharp-nosed profile
channel; with a fillet drawn from the point of inflection to the semi-

wedge wall, Figure 4-38 shows the configuration of both new lower walls.

——— bl nased profile

- \Séa,}a_m.g{{//ofn()/g R /

f/&
orig”

chO’"[/ Oﬂ

| 5& ~ax/s

==
e

o

5O feadhng-eche_rachiss_Jhe

Figure 4-38

New Lower Walls of Sharp~Nosed and Blunt-Nosed Profile Channels

The uwpper wall of the new blunt-nosed profile channel now can be

established completely. Figure 4-39 illustrates how this is accomplished,

~
» | e
) 0/ }"0’01/ obaﬂ’ﬁ ')/ﬁ xS
/\'glﬁ/ : ﬂ/ - :
J of 2 W
% ﬂf” w & // A /Z/m/z@ Eféf
. / ’
B o ///Ljp/P/ Lossls ) Bra7/
C . N /7. T .
Sl g rpe #adNg -eqge radiss /e

Figure 4-39

Upper Wall of New Blunt-Nosed Profile Channel

AB is a straight line from 4, drawn tangent to the original profile at

B,
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2 Nose Region
The nose region, including the subsonic zone behind the nose wave,
the sonic line, and the detached shock wave, is preserved in the altera~

tion of the channel,

3 Supersonic Downstream Region

The nose portion of the new profile coineides with that of the orig-
inal one to the point correspending to Cb = 25° along the lower channel
wall, and up to the point corresponding to Ci) = 51° 46" along the wpper
channel wall, The flow along the lower wall is identical to the origin-
al flow from the sonic line to the subregion immediately past €0
Along the upper wall, the flow remains wnaltered from the sonie line to

and including the subregion immediately past &5 o

The patterns in the neighborhood of each wall are constructed next,
after which the intersections of members of opposite wave families may

be examined.

The remainder of the pattern along the lower wall is examined next
with the use of the modified method of characteristics and the termino-

logy of the first channel analysis. 5 is the last bent & o Its cone

LppEr aé//7qe wae

Free—stream Fow struebion ig shown in Figure 4~40.

——
lower obligye. wove—,

e
30

waves are ¢4 , and are the last

is the last e¢ « The next two

Note: Dimension m- | waves along the lower wall. Through
dleated] s for fayout
chnig (cppenclk). | each of these, €55 and S3q » the flow
is deflected through 5 degrees, so

Figure 4~40 that the flew past S30 corresponds to

Construction of €55 , Lower Wall Cb = 25°% C35 and o5, are of the
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same family. If ngl—z and 6392-3 ave sufficiently small, a single

wave & may be assumed to result past the point of intersection.,

such that

C)5,1—3 -

and v

W, G

The pattern appears in Figure 4-41.

v e
o A8

S

S,1m=2 + 0

S’2m3

3

Wy C30
The behavior of ¢ is not in agree-

Figure 4-/1

Remainder of Pattern, Lower Wall

ment with the modified method of
characteristies; that is, d) pre-—
ceding ¢ does not correspond to

0
W

of &. However, the flow is

fixed completely by the equations
given, For the sake of agree~
ment, it is assumed that Oy
= 309, and that the flow in a

small region immediately pre-—

ceding & corresponds to d>5

(-3

. 8 5° under this assumption.
9 .

e.. and ¢ are of indeterminate length.

30

Next to be examined is the remainder of the pattern along the upper

wall. ey 1s the last upper-wall

Alow

Figure =42

50 s Upper Wall

1of the e

characteristic, Instead of the stand-

ard turning of 5 degrees through each

0
$7 Tseng

= 51° 46" past e

= 1% 46, since
Thig config-

d> 50 °

uration is shown in Figure 4-42,

The new center pattern may be ex-
amined now, The method and terminoclegy

are nearly identical to those used
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for the analysis of the first channel., The patitern of Figure 4-43 is

5y owe,,,

assumed in the center region. Three

identities must hold in the R ts:

o

1) ,

C

o)

oy
Hcesthean > ”) G = SH

3) EEX

|

I
wﬂy, The turning powers of the waves are:
§ = 19
25U | OWe,, L ! ?
— 19
owe) =1 ? ?
OWCL
Figure 4-43 be =4, =90 28" |
250 25Uc o '
Center Pattern 5 =3 =30 b,

e T e
25L 25Lc
Table -6 shows the results of applying these relations to the patitern of

Figure /~43, with the exception of §_ = S o ad b, =4§
25U 25Ue _ 25L 25Le
These guantities are found by locating all possible S 's with the aid of

Table /-6
Center Pattern Flow Directions

% § L% 5

A 10° 281 { F 4° o7t i
B 0° — G 39 oyt A
c g0 ogt i H 30 078 }
D 90 oat t I 60 211 ¢
E 60 211 ¥

the known § 's, from which the unknown § 's may be derived, When these

are known, the remaining wnknown @ 's may be computed. Immediately down=

stream of the center pattern, the flow direction is equal to 8 E = 8:1
= ¢° 211 ¢ o For reasons given previougly, neither the ey 5 MOT the 84
nor their combinations make the proper @W’s with their respective flow

directions., All other flow quantities are assumed correctly.
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¥

To reduce the work fequired to analyze the interference pattern of
the waves issuing from the center region with the downstream members of
both families of characteristies, a simplification is introduced. The
gingle wave ﬁ is substituted for the two waves owe, and ©rsl ° Similar—

1y, é is the substitution wave for the two waves owe, and e,y e The

modified center pattern appears in
Figure /~44. A necessary condition
for establishing the two substitute
waves is that ®w> § . Both C

and g fulfill this requirement.

Then, the suffieient condition for
the establishment of the waves is

Figure 444 that d}E 20, and CbI 20, This con-

Modified Center Pattern dition must be checked for each wave.
¢E: ¢A - 3@ = 300 - 4° 07% =25° 531
Hence, the wave {, is established.

: @1:%- gé': 300 - 10° 281 = 19° 32!

Hence, the wave {; is established.

The flow past the center region must be such that the flow directions
and static pressures are matched. Let ‘
AQ, .= QDE - CIDI =250 531 - 19° 32 =6° 210
The existence of a palr of waves, ¢ and &, is ascumed, as shown in Figure
4=45, Each is assigned a turning power equal to ;%;A‘ P15 thab is,
§,=310.5 |, |
8y, =3 1050 1,

84 and Sﬁ do not change value., Then,



:CDA”' Bé" Sgl 9
= 30° - 39 10,5 = 4° O7Y

=TI

oo

= 920 L2.5%
by by,

= 30° + 3° 10,5v ~ 10° 28,57,

=)

i

o © ;&} o &
i

= 220 44205V o

]

Since d)]_f =d):-[- , static pressures

Figure /4~45

past the center pattern are matched,
Corrected Modified Center :

Pattern as required. The new § 's are found

~with the use of the computed values of § s, and are given in Table /-7,

For further simplification, a wave ’)(J
Table 4=7 ® ?

— ig substibuted for the two waves & and
Center Pattern Flow Directions

ﬁ « The final center pattern is
(Pressures matched)

R | 8 | X
A 100 28v i

A 70 175! f N

i 4° o7 I

F 70 17,5!

E 30 10‘5' + /}L‘e-&’ﬁ V2 D%

I 30 10,5! 1

shown in Figure 4-46. The flow

10 g é

directions of Table 4~7 remain Figure /A=46

unchanged, For the purpose of Final Center Paltern

visualigation, subregion A becomes infinitesimally smgll.

The intersection pattern of the ey originating from the upper wall
and the wave X is located next, For each of these ey § = 5°, from
which the flow directions are obtained, as shown in Figure 4~47. Let

@w () be the angle between the wave segment indicated by the second
?



subscript and the free-stream flow direction. Values of 6&;( ) are
B

obtained by adding or subtracting the value of 5 preceding each wave

g S Figure 4~L7
é" : = Intersections of Upper-Wall ey and

the Wave X

segment, as necesgsary. The resulte appear in Table 4~8.

Table /=8
Values of éw ( ) for Wave Segments of Figure A~A7
3
Wave Segment ew,( ) ) @w»( y |ban ewg( )
Chart 2-11°7
AB 30° om0 481 100 28t {|17° 20! 0.312
BC 359 250 181 50 281 }|190 501 0.361
eD 400 230 12° 0° 28t {|220 44 0,419
E 450 210 12t 40 32v 4280 44 0.482
& 300 270 48t 40 o7t 41230 41t 0,439
t 339 10.5' 260 181 70 10.5'11190 0045 0.344
BB 22° 42,5 320 20! 39 10.5'{35° 30.5%| 0,714
T 270 42,51 290 151 1° 49.5'4|270 25,5t 0,519
oD 320 42,5¢ 26° 30° 6° 49,5'4|190 £0,5'| 0,358

A similar analyeis is made

sulte appear in Table 4-9.

for the pattern of Figure 4-48.

The re-

It is necegpsary te check for agreement be-

tween the local values of O and (b o €3 cannot cross é_ , since the

25 Ibid.




nose wave of the upper wall is a component of € , and the disturbance

of ey cannot communicate itself upstream across the nose wave., The pro-

ygper aé@mg waove DS
Frte-streom Pow &) eans f w

€
S twer e weve

7"115'1

4007}
0083 } 12”57.5’4 X é N
8°01 4
% Mo¢
Figure 4-48
&
Lower Portion of Downstream Wave Pattern
Table 4~9
Values of éw ) for Wave Segments of Figure /4-48
) - i -
Wave Segment q‘) 6@}9( ) S 6%( ) “tan 6% ()
Chart 2-11%6
RJ 350 250 18% | 0° 53t } | 260 11! 0,492
JM 250 300 42% | 90 o7 4 | 21° 35¢ 0.396
TK 380 10.5'| 24° 20 17,5t 1 | 219 42,5' | 0,398
KX 280 10.5%| 280 48% {120 17,511 | 14° 30,51 0.296
RT 33° 10.5'| 26° 187 | 70 17,54 | 330 35 5% 0,664,
TU 1279 42.5V| 29° 157 | 1° 49.5'} | 31° 04.5¢ 0,403
uv 320 42.5%) 260 30" | 6° 49,511 | 330 19,5 0,658
VW 370 42.5%| 24C 12% | 11° 49,514 | 360 01.5! 0.727
JK 380 10,5V| 24° 20 17,.5'4 | 26° 17,51 0.494
KL 320 42,.5'| 269 30! | 30 10.5'1 | 23° 19,5 0.431
P 379 42,57 240 12t | 1° 49.51 ¢ | 26° 01,5¢ 0.488
PQ 42° 42,5'| 220 10% | 69 49,5'1 | 220 50,5¢ 0.554
UL 320 42.5%) 260 307 | 39 10,51 | 299 40.5° 0,570
LN 220 42,5%| 320 20" | 6° 49,5t |.25° 30,51 0477
VP 3790 42.5%| 240 12t | 1° 49.5'1 | 220 22,.5¢ 0.412
PO 270 42,5'| 29° 157 {11° 49,511 | 17° 25,57 0.314

26 Ibid.
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cess of chécking the matching of the § 's is identical to that using the

§ identities in the analyses of the center patterns., For the dummy pat~

tern of Figure 4-49, the following
relabions must hold:

1) 8, =8

2) di = d%w , Where
CD& - CP@ * 80‘ )
and dD% = Cpg t 8 [

where the sign is + when the wave

Figure 4-49 ig an e¢ s and ~ when the wave is a

Typical Subregion of Figure 4~48 Cy o It is not necegsary to re-

produce the substitution- computations for the subregions which are in

agreement with thege relgbions.

The threé subregions downstream of the segment of ¢ beginning at S,
however, do not at first satisfy the relations, § = 10° 28! i holds for
the segment AS of ’@ « The continuation of é? past S is aséigned the
turning § = 5° 28' { . The slopes of the segments ST, TK, and KK of the
gontinuation are unchanged; since they are fixed by their regpective up~-
stream flows. The continuation STKK is a substitute wave for two waves;

% and an expansion wave originating at S which has the effect of making

Sﬁ ? SSTKK =59 28t #. The assumption of the substitute wave produces
the desired holding of the relations for the three subregions downstream
of the segment of g 'beginning at S, In the computation of the quanti-
ties of Table 4~9, the matehing of J s and ¢)“s in each subregion was
assuned, The assumption of the substitute wave STKK serves as a physical
explanation which justifies the first assumption for the three subregions

examined last. Hence, all waves necegsary for the ecomputation of the
3
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flow at channel exit are located.

A QhanneléExit Region

The exit pattern appears in Figure 4~50. The dashed line represents

.the exit control surface, which passes through the trailing edges of the

‘profiles. The upstream control surface is parallel to the exit surface,
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Figure 4~50

Channel~Exit Pattern

and is drawn between stagnabion stream—
lines (which coincide with respective

leading-edge radius lines) an arbitrari-
ly small distance ahead of the detached
shock., The interior stagnation sbream-
lines between upstream and exit control

gurfasces define the labteral control sur

faces of the channel,

A1l flow guantities at the entrance
of the channel are known. It is neces~
sary to compute the distribubtion of
static pressures and momentsa at channel
exit in order to find the forces which
the flow exerts upon the channel walls,
Pertinent quantities which have been
computed already aré assembled convens—

iently in Table 4~10,

At Standard Ses Level, the mass

density, ﬂsO s, of air is 0,002378 slugs

/cf, and the corresponding weight densi-
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ty, Y o equals 0.07651 1lbs/cf. Since the free-stream Mash number is
=] . .

rother high; channel entrance conditions corresponding to an altitude of

1

Table 4-10
Flow Direction, Expansion Angle, and Mach Number at Channel Exit
Station B o M

Chart 2-11°7

1 9% o7! } 250 1,950

2 120 17.5" 28° 10.5° 2,067

3 69 49.5" 4 220 2,5t 1,870

4 11° 49,57 ! 27° 42,5" 2,055

5 160 49.5* 320 42.5% 2.246

6 6° 49,5 | 420 42,5! 2,660

7 110 49,5v 4 370 42.5¢ 2,445

8 4O 321 } 459 2,765

9 90 32! ! 500 3,014

10 110 18¢ 4 51° 469 3,109

20,000 f't, Standard Atmosphere are selected., The subscript O refers to
Standard Sea Level conditions, and the subscript s to stagnation con-
ditions., Let ag equal the local acoustic velececity, fps, and TS equal

the absolute temperature, degrees R, At channel entrance,

-ﬁ‘ﬁ"’ - 065327

k4
f%o
P
“—S—-— :004593 9
PSO
TS :414,7 cvo R,
a,  =1040 fps.?®

(O
Ps = 0 fio

= 0,002378(0.5327) = 0.,001268 slugs/cf

27 Ibid.

28 M, J., Zucrow, Principles of Jet Propulsion and Gas Turbines,
P 34
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]

P.=F, ;ia =14,7(0.4593) = 6.75 psia .

Tables 4-11 and 4=~12 contain the flow eonditions at channel entrance and
at the ten stations of the channel exit., The columns of figures are nume
bered continuously throughout the two tables. Let

P = local mass density, slugs/cf;

a = local acoustic vélocity, fps;

Vv = ﬁa = loeal flow velocity, fps;

4 =1local station area, sq. in. = (station width, in.) (1l in.),

since blade height = 1 in.;
oL = angle between local flow direction and outward normal to con—

trol surface, degrees;

Vh::rV cos oL = velocity component normal to control surface, fps;

VX::.YH:: velocity component along x-axis, fps, since x-axis is par—

allel to normal to control surface;
\%:Vﬁnx:wﬂwﬂymmmwtﬂmgwmﬁ,@%shwy%ﬁs
| is parallel to control surface;
AX =0 sq. in., by choice of axes, = component of control surface
segment A parallel to x-axig, sq. in.;

Ay = A =component of control surface segment A parallel to y-axis,

$q. in., since control surface is parallel to y=-axis.

Then, the values of the entries for a given station are obtained

by the scheme which follows on the next two pages.

The data of Tables 4-11 and 4~12 permit the computation of the for-
ces which the flow exerts upon the walls of the channel, The channel

configuration has been described already, and is shown in Figure 4=~51.
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(4) (8) (c) (D)
Entry in Obtained by At Value (And) Multi-
Column Reading of plying By
1 Chart 1-129 M, Table — -
4-1030
2 Column 1 — P, = 6.75 1/(3)
3 Chart 1-2°9 M, Table - —
4=~1030
L Column 3 ——— Py = 0.001264 1/(a)
5 Chart 1-427 M, Table —— e
4-1030
6 . Column 5 e a, = 1040 1/(4)
7 Golumn 6 — M, Table (4)
4~1070
8 Station Length — — S
on Scale D'wng. .
9 Angle between - S o
§, Table 4-107°
and outw, normal
to contr. surface
10 Trig° Tables Column 9 o omve -
11 Trig. Tables Column 9 — ——ee
12 — — Column 7 Colum 10
13 i o Column 12 Ttself

. 29 G, L. Dailey and F. C, Wood, ibid.

30 B, 51,
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(4) (B) (c) (D)
Entry in Obtained by At Value (And) Multi-
Column Reading of | plying 7
14 — — Column 7 Column 11
15 _;_ — Column 4 Column 8
16 i e Column 15 Column 13
17 — — Product of Column 14
Col, 15 and
Col, 12
18 — -— Colum 2 Colum 8

The y-axis coincides with the exit control surface, and the origin with

the trailing edge of the lower profile.

</njﬂqﬁaﬂ Stream/ine

Figure 4-51

SHhamrctan  s/eom b

Location of Axes of Modified Blunt-

-Nogsed Profile Channel

The results sought are the com-
ponents of the forces along the
axes. Let n, be the outward nor—
mal to the entrance control sur—
5 the outward normal

to the exit control surface.

face, and n

Then, the acute angle between ny
and the free-stream velocity up-
stream equals 3° 50!, Since all

'$ 's are referred to the direc—

tion of the free-stream velocity

upstream, the entries of column 9 may be obtained by computation.,

equals 180° - 3° 50', Since

o .
entrarce

have the postscript f s the value of «

the ¢ 's of the exit stations all

for any exit station equals

X i+ 3° 50t, yhere i = exit station number, ILet 2: indicate a summation



Table 4-11

Channel-Entrance and -Exit Distributions, Part 1 of 2 Parts

. :

1 2 3 4 5 6 8 9
Station | P /P P LS P P /Fy@ a v 8=4a, x
x 10%
Entrance 4094, 1,367 3,125 | 4.060 1,257 828 1408 1.6000 176° 10¢
1 7,27 0.928 Lol 3.095 1,327 78/, 1530 0.2750 12° 577
2 8,70 0.776 L .67 2,717 1,362 764, 1580 0.0670 16° 07,58
3 6,40 1,056 3,76 3.375 1.304 797 1490 0.0404 10° 39,5°
A 8,55 0.790 40625 | 2.742 1,358 766 1573 0.2490 15° 39.5¢
5 11.50 0.587 5,72 2,217 1.417 734, 1649 0.0096 - 20° 39,5¢
6 21.8 03097 9,05 1,402 1.555 668 1778 0.1452 “10° 39,.5¢
7 1506 0.433 7.14 1,776 1.482 702 1718 0,0788 15° 39,51
8 25,7 0.2625 | 10,16 1.250 1.591 654, 1810 0,0260 8% 221
9 3745 0.180 13.23 0,958 1.678 620 1869 0.1970 13° 221
10 432 0.,1563 | 14.70 0.863 1,712 607 1888 0.5120 15° og¢




Table 4-12

Channel-Entrance and -Exit Distributions, Part 2 of 2 Parts

10 11 12 13 14 15 16 17 18
Station | cose | sinot | Vy=7V_ | V.2 v, Ph, | pA | p AT | PAy
X 6 » x =
10" 104 pAyvan
Entrance -0,998 0,067 =1405 1.975 9% o4 649 =1283, =86,1 2,185
1 0,975 0.224 1492 2.22/ 342.8 | 0.851 189.3 | 43.5 0.255
2 0,961 0.278 1518 2,304 439, 0.182 42,0 | 12,14 0,052
3 0.983 0,185 1465 2,146 275,7 | 0,1363 29.28| 5.51 0.04265
A 0.963 0.270 1516 2.297 425, 0,683 156.8 | 44.0 0.1942
5 0,936 0.353 1543 2.383 582, 0,02125 5,08 1,912 | 0,00564
6 0.983 0.185 1748 3.057 329, 0,2036 62,2 | 11,71 0.0449
7 0.963 0,270 1655 2,740 464, o 0.1299 38.32] 10,76 0.0341
g 0,989 0.146 1791 3,205 264.2 | 0,0325 10.43] 1.538 | 0.00683
9 0,973 0,231 1819 3.305 431.5 | 0.188¢ 62.4 | 14.82 0,03545
10 0,965 0.261 1822 3.320 493, 0e4d2 146.7 39.67 0.0801

94



of terms, and let

/(WL'

= x~component of momentum at entrance, lbs(114);

X,entrance
Mﬁc,emt = x-component of momentum at exit, lbs(114);
A(My = y~component of change of momentum, lbs(144).

The analogous terms along the y-axis are obtained by substituting y for

x in the subscripts and definitions.

Mx,entrance { ﬁ av VX:\ s

entrance
Mx,eyit = Z’ {P Ayvnvx} , 1 = exit station number,
AQMX _Wx,entrance - /Mx,exit .

Let F,pq  force due toAW lbs., Then,
% - x

b

AW = 1283 - 2.5 =540,5 1bs(114)

fam,  =gp7 (540.5) =3.75 Ibs .

Let = x=component of force due to static u i+
/px,entranCe — ¥-comp ‘ r ue static pressure g

entrance, lbs;

(

=x~component of force due to static pressure abt

x,exit
exit, lbs;
F/px = x-component of net force due to static pressure,
lbs;
FX = x~component of total force, lbs.
= [PA ] — 2,185 1bs ,
*,entrance Ylentrance
10
X, exit = Z {I’Ay} . = 0,751 1bs, i =exit station number,
F@x :@Xgentrwce - /p.x,e}dt = 2,185 - 0.751 ’
F :1511—34 Ibg s
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F = F - - F = 3075 - 1.434 — 2c316 1bS o

x AWM, Py

= |PATLV = 86,1 1bs(1

ﬂ&;entrance @OA n y]entranqe s(144) ,
10

By exit :El [PAVnVyL = 185.6 1bs(144) ,
AQMY v :my,e.:‘dt‘ - %,en‘brance: 185.6 - 86,1 9
Ay, ~99.5 1bs(14) .,

_...l-._ :_L.o :Ooéllb N
o, =57 A?My 77 99+ 91 1bs ;
Ty TR, T 0691 1bs

since the choice of axes forees the x~components of the entrance and
exit contrel surface areas to be zero, which forces the y-components of

forces due to static pressures to be zero. F_ is the axial thrust per

channel, and Fy the torque~force per chamel of thée cascade. Figure

4=52 shows the directions of all forces with respect to the axes.

Compenent's are no? drmawn 1o
sale. Al Show the dnection of
#e force F e fow on He

& harne/ wolls.
F :kaa
Fam,

. _'\é_—————lp;t,enfrante '_—*ﬁ;e‘ﬁ'

Fe
v F;,‘
X
Figure 4-52

Force Components for Channel in Cascade of |

Second Modificatien of Blunt-Nosed Profiles




c Ca%cgde of Sharp-Nosed Profiles
1 Profile and Channel Layout
Most of the profile has been designed already in part B of this
chapter. For the sake of convenience, the parts already selected are

shown in Figure 4-53. The portion left incomplete is the semi-ogive on

meomplete  portion the lower nose arc of

the profile., 4 semi~-
wedge angle of 14 de-
grees is selected for
the initial section of

N the semi~ogive, A

g7’
ol wall 2%

gmooth connection curve

—_—

g
free -stream Fow

Figure 4f53 is drawn, replacing the
Layout of Channel of Sharp- corner made by the inter-
Nosed Profiles (Incomplete) section of the semi-

wedge line and the original nose outline. The layout is complete now,

and the new nose, or leading edge appears as shown in Figure 4-54.

2 Nose Region
The nose portion of the lower
channel wall is a semi-wedge. The

initial flow preceding the leading

edge is identical to that of the first

two profiles analyzed. Hence, at the
Figure 4-5/ lover wall, § = S = 9% 07, A weak

Nose Region of Sharp- oblique shock wave is caused by the

Nosed Profile - | semi-wedge. The shock ig a straight




60
wave, originating at the wedge point, and intersecting the attached nose

wave originating at the entrance point of the upper channel wall,

Mbét of the gymbols used in the remainder of this chapter alréady
have been defined. Additional quantities shall be introduced and defin-
ed as needed. Let |

OWL = oblique wave originating atllower channel wall entrance,

OWU = oblique wave originating at upper channel wall entrance.
For the wave OWL, GW = 46°, Chart 2-131,
Past the wave, M = 1,376, Chart 2—731 5

O =8° 15%, Chart 2-11°1 ,
For the wave OWU, 0., =530 501, Chart 2-13% .
Tmmediately past the wave, M = 1,175, Chart 2-7-% ;
¢ =3°, Chart 2-11°1 .

Figure 4~55 shows the initial segments of both OWL and OWU. Following

shaght  porfion of embance,
cpper “wall

Hwe- st Ao

Figure /=55 . Figure 4-56

‘Initial Segments of OWL and OWU Flow Along Upper Wall

g

the straight portion of the initial segment of the uppef channel wall is

a circular-arc convex transition section, which is in turn followed by

31 €, L. Dailey and F, C. Wood, ibid.




a long portion of straight wall., This appears in Figure 4=56,

61

The turning along the convex portion of the upper wall is from 1,/;@‘

to 11° 1811,

with respect to the free-stream flow’direction.

Hence;,

the turning equals 25° 18', At P, Cp = 39, Therefore..scb corresponding

to the turning past the curved portion equals 3° + 25° 18t = 280 18¢,

Since the wall remaing straight, this is also-(i}eﬁt at the wall, unless

a wave from the opposite wall is reflected abt the upper wall.

Five expansion characteristies are used, with the first one origin-
) g

ating at P. The first four of these e(# are assigned respective A¢ =3

=59, The last e & is assigned Ad) =4 =5°18', Table /~13 presents

the layout gquantities for the upper-wall characteristics.,

T_able 4~13

Along Upper Wall of Sharp~Nosed Profile Channel

Char. A CP ' @w 5 | tan 5 B tan @w
[opart 21132

e, 30 5 580 241 146l 0.249 | 72° 247 | 3.152

ey go 50 470 128 | 904 0.158 | 56° 127 | 1.494

15 | 13° 5° | 400 400 | 44| 0.0 | 440 s0t | 0.988

elé 180 5° 350 501 | 1°} 0.017 | 34° 50" | 0.696

ey | 23° 50 18t | 320 10t | 61| 0,105 | 26° 10t | 0.491

The sha;pe of the remainder of OWU remains to be determined, Let

By

Ky

= radius of curvature of the ogive portion of the wall, in.;

1

J

= ¢urvature of ogive portion of wall, . 3

32 Ibid.

o
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Rs = radius of eurvature of attached nose ghock, in,.;

Ks = &. =curvature of attached nose shock, Tlh, .
, in
S o

The distances are measured on the layoubt pattern (see appendix), which

eyl

has a scale ratio of 10 to 1,

At a free-stream M of 1.7, and with a semi-wedge angle of 1/ degrees,

K ‘ ]
EE = 1,00, by interpolationGBJ
i

Hence, R =R, = 3,296 in,

The curved portion of the nose shock begins at the point of intersection
of e; and the initial segment of OWU, and ends when the local @w::%@o
From this point, OWU continues as a straight line, with @w:::36°5 until
it intersects OWL. The straight outer portion of OWU is a Mach wave of

zero turning power. The construction of the curved portion of OWU ap~-

/7 cenfer of ggive arc pears in Figure /=57, It is rea-~

2 sonable to assume that the central

angle of the cirele arc whiech
matches the ogive wall arc is gp~
proximately equal to the sentral
angle of the circle arc forming

the curved portion of CWU., By

measurement,
Figure /=57 ' "~ (central angle, wall arc)
Construction of Curved Portion of OWU =16° 42%; and

33 M. M. Munk and R, C, Prim, "Surface-Pressure Gradient and Shocke
Front Curvature at the Edge of a Plane Ogive with Attached Shock Front,"
Journal of the Aeronautical Sciences, XV (November, 1948), Fig. 4, 693.
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|

~ |
(central angle, arc of curved portion of OWU) = 17° 501,
which satisfies the assumption. If the angles are too greastly different,
the cause-and-effect relalion between the ogive wall and the curved por-

tion of the shock fails.

The first three of the five e, are straight, and cease at their re-
spective points of intersection with OWU. This behavior is confirmed by

actual pictures of patterns of flow gbout lenticular airfoilso34

3 Downstream Region
The center pattern must be examined next. Again, the method and the
terminclogy are nearly identical to those used for the analyses of the

two previous channels, The pattern, as shown in Figure 4~58, is simpler

than before, Past 4B, the flow
€ corresponds to M = 1.7, and Cb
=17° 45, Chart 2-113°, Past ©y3 »
® =18, according to Table

4=1336, The two flows should

ow match, and it is assumed that the

flow past AB is identieal to that

/

5%7'¢

//’/E.,a-ﬁ//'gdm rp/_fw

Figure /~58

Center Pattern

behind €13 o The error dus to
this assumption is practically

Zel'0 o

The flow directions, or

0 's, are inseribed in each subregion. The compubtation of the guantities

34 Antonio Ferri, Elements of Aerodynamics of Supersonic Flous,
Fig. 104, po 152 and Fig. 105, p. 153,

35 Co Lo Dailey and F, C. Wood, ihid.

36 P, 61,
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required for the layout of the continuation of OWL ig given in Table

Table -1/
Continuagtion of OWL, Center Pa.ﬁ't.ern9 Sharp-losed Profile Channel
Segment CI) M O, 5 : 61»1 tan O "
| Chart 2-1127 |Chart 2-137
BC 180 1,705 459 45 10 a6 457 | 1,063
CD 230 1.88 410 60 b1 47° 1.072
DE 28° 18¢ 2.072 37° 110 18+ 4| 480 18¢ 1.122

b=14, . BB is the continuation of the Mach wave portion of OWU, ce and
DD are continuations of eqg and €33 s respectively, The quantities re~
quired for the layout of these segments are compubted and presented in

Table 4-15,

Table 415

Continuations of OWU; eqg , and €53 3 Center Pattern, Sharp-Nosed Pro-

file Channel
Segment M D @w v 8 @W tan Gw

l< Chart 2-1137 ]

BB 1,376 80 451 | 460 45¢ 9° o7t 4 370 381 0,771

o) 1.376 8° 151 460 450 10° 07t A | 360 381 06744,

DD not req. | 13° 15! 400 207 152 07' A 250 137 0,471

The remainder of the channel pattern may be analyzed now. The cone

tinuation of the weak oblique shock OWL is reflected from the upper chan-
nel wall, as shown in Figure 4~59. The flow directions are noted in each

subregion. EF is the reflected wave. The location of the wave segment

DE, the flow direction, § , preceding DE, and-g.past DE have been deter-

37 GCo L. Dailey and Fs C., Wood, ibid. -

1
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minéd in the analysis.of the céenter pattern. & past EF is prescribed by
the wall direction; that is, the flow past EF must be parallel to the wall.

bgp= Pp+ 8, 5

23
GDEF = 130 15% 4 50 18% = 180 331,

Mop = 1723, Chart 2-113% |

BEF = 92 7"

— O \

Q,mp =45° 15', Ohavt 2-138
-é ] — @ - —8—

Reflection of OWL W BF w,EF EF 2
Gy, pp =45° 15" - 20° 25"

Figure 4~59

6 __=22950
_W,EF

tan'@w’EF = 0.463 o

Past IF, ¥ =My pp .

G

MILEF = 1,405, Chart 2~7- ,
CI%LEF =9° 10, Chart 2-11°° ,

The continuation of OWU, labeled B§, is reflected from the lower
wall. At the center pattern, the flow behind Bﬁs has & =10°% o7 ?, bub

at the lower wall, § must equal 9° 07! T o An adjustment is necessary,

and it is assumed that the transition
oWU between the two directions is smooth,

takes place close to the center, and

— leaves most of the flow past BB at §

Figure /4~00 =90 07' } , The reflection pattern

Reflection of OWO appears in Figure /-60, The flow

through BB and the reflected wave BG does not change direction of condi-

38 Ibid,



tion.
2
}%G =M= =1,376, Table /;w»;llj"9 5
g =80 150, Chart 2-1240

ei.;:,ﬁa =460 457, Chart 21140

ngﬁ(}: ew,ﬁ(} + SEG =46° 45 + 9° 071 = 559 53¢ ,

cot OW,EG:::O°678 .
As stated previously, d)g M, and other flow quantities past BG are the

same as ahead of BG.

4 Channel-Exit Region
The analysis of this section closely parallels that of Section 4,

Part B of this chapter. Figure 4-61 displays the exilt pattern. The exit

control surface, indicated by the dashed

I
- , adeb\4 5
petlech®” line, pagses between the trailing edges of
s P A g

the two adjacent profiles. The inlet con-

I
|
l
I
|

4 trol surface is parallel to the exit sur-
€2s | face, and passes between the leading edges
\\\\\\‘\~4____ of the two adjacent profiles, The lateral

€ | 2 control surfaces of the channel are formed

e et 2 .
" Ay A= tween the inlet and the exit combrol sume
—7rrrrrrr;z===”"J faces.
Figure /~61 411 flow quantities at channel en—
Channel~Exit Pattern trance are known. In erder to find the

39 Po 6o

40 C, L, Dailey and F., C., Wood, ibid.

by the interior stagnation streamlines be-



forces which the flow exerts upon the channel walls, it is necessary to
compute the distribution of static pressures and momenta at channel exit,
For convenience, pertinent quantities which have been computed already

are assembled in Table 4=16. The flow conditions at channel inlet and

Table 4~16

Flow Direction, Expansion Angle, and Mach Number at Channel Exit

Station § © M
B Chart 2-114
1 9% o7t 4 go 151 1,376
2 9% o7v | 8o 15t 1.376
3 15° o7' 4 13° 15¢ 1.545
4 20° 251 4 18° 338 1.723
5 110 187 4 9° 10¢ 1.405

at the five stations of the channel exit are contained in Tables 4-17
and 4-18, The values of the entries for a given sbation are.obtained

by the scheme produced in Section 4, Part B of this chapter.

Sufficient data are available
now for the computation of the

forces which the flow exerts upon

o entrance

the walls of the channel, The

n . . .
channel configurabtion, along with

VMQ ranct

the oubward normals n- and n
1 29

are shown in Figure /-62. As be-

igure /-62 fore, the acute angle between n

Axes and Oubtward Normals and the direction of the free-

of Sharp-Nosed Profile Channel stream velocity at inlet equals

41 Ibid,



Table 4-17

Channel-Entrance and -Exit Distributions, Part 1 of 2 Parts
7 1 2 3 4 5 6 7 8 9
Station | P_/P P A/ P P VT /T a v A=A ot
- x 10%

Entrance 4 o4 1.367 3.125 4,060 1.257 828 1408 1.6000 176° 10!
1 3,08 2.192 2.23 5.69 1.174 886 1218 0.0364 12° 571
2 3,08 2192 2,23 5.69 1.174 286 1218 0.1776 12° 57t
3 3.92 1.722 2.66 4.T765 1.216 856 1322 0.3932 180 571
4 5412 1,318 3.22 3.94 1.263 823 1418 0.9136 240 151
5 3.21 2.103 2.30 5515 1.181 881 1238 0.0792 150 08t

Table 4=18
Channel-Entrance and -Exit Distributions, Part 2 of 2 Parts
10 11 12 13 14 15 16 17 18

. - . . 2 2

| Station cos o sin oL Vn = Vx Vn Vy P Ay (oAVn ,aAVnV.y P%T

X "’6 x 4— =
10 10 P !LyVnVX

Entrance -0,998 0,067 =1405 1.975 9 o4, 6 .49 =1283, -86,1 2,185
1 0.975 0.224 11288 1.413 273 0.2072 29.25 6.715 0,0798
2 0.975 0.224 1188 1.413 273.. 1.012 142.9 32.8 0.389
3 C.0L6 0,325 1250 1.563 4295 1.873 293.4 | 100,7 0.677
4 0.912 0,411 1294 1.677 583, 3.60 603.5 | 272, 1.204
5 0.965 0,261 1195 1,428 323, 0.437 62 o4, 16,88 0.1668

89
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3° 501,
'A(MX, - QMx;wsem:ramce - Mx,eﬁt = 1283, - 11315 = 151.5 1bs(144),
. F = --]5— = -—l— o oo ° g s
ity MAQMX 777 1515 = 1.052 Ib
P — [P } — 2,185 Ibs ,
xsentrance Ay entrance
5
P« exit = Z{Pﬁy}:zém lbs, i = exit sbtation number,
1
i=1
F < =¥ x,exit 7. /éoxyentrancé =Re517 = 2,185,
F = 0.332 1bs ,
(P
= el 9 2 =
F_ FA% + Fp = 1,052 + 0,332 =138 1bs o

5 .

QMY, entrance &DAVHVQ
entrance

X

= 429.1 1bs(144) ,

= 86,1 1os(144)

A?N\_y = Wy,e}dt - /JV\y,entramce ’
Amy — 42991 - 8601 3

AWMy = 343.0 1bs(144)

3

by - L — .1 a9
Ay = 3 MAW\y 17 34340 s
Faly = 2,382 1bs ,
Fy = FA“?M3:2°382 1bs.

Figure 4-63 shows the directions
of all force compenents with re-—

gpect to the axes.

(Spe note |, Flgure 52, page S8.)

Fy= Fam,

FAM¢
/6) /p'»,vexﬂ-
% entrance
—

By

e
_

Fe

Figure 4~63

Force Components for Channel in

Cascade of Sharp-Nosed Profiles
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CHAPTER V
FALLACIES AND ERRONEOUS APPROACHES

4 Introduction

This chapter may be omitted entirely without digbturbing the conti-
nuity of the study. It is presented only in order to save other workers
the trouble of pursuing certain fruitless paths. The following items
are presented in outline form. In each instance, the fallacious assump-
tion is given, and, where necessary, the succegsful alternative assump-

tion is pointed out,

B Joukowski Profile
After selecting a suitable direction of zpproach of the incompres—

sible free stream, a Joukowski profilel

having the same thickness and
camber as the original cascade element is constructed, partly by trial-
and-error, and the stagnation streamline plotted in the neighborhood
ahead of the leading edge. The transformation of the curve to both the
supersonic and subsonic regions is quite difficult, and totally unneces-

sary for the location of the entrance flow direction, as may be seen

from the analysis in Chapter IV, Part 4, Section 2,

C Analytic Relation Between Noge and Shock Shapes

A gearch is made fof an analytic relation between the shape of the
detached wave and the nose region of the original profile on the assump-
tion of the existence of such a relation. The fact that the flow is

mixed makes this very difficult, The direction of solution is not re-

1 Richard von Mises, Theory of Flight, p. 122 ff,
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versible, which makes the direction of procedure unique., The first as-
sumption must be that of the shape of the shock wave. A relation may be
written then defining the nose shape in terms of the shock shape with a
power series, For each assumption of a shock shape, there exists a
wique nose shape. The process of assuming shock shapes until a nose
shape approximately equivalent to that of the original profile is found
is a long one. In addibtion, the solution of the power series relation
is not straightforward. Henece, this method is not attempted because the

amount of work involved is not justified.

Instead, an alternate assumption must be made. It is‘supposéd that
the shock shape can be located through the method of isoclines, or that
the shock shape is an integral curve of the nose sha'peo2 This is a
graphical construction. From a shadowgraph93 a center of isoclines is
located. It is assumed that this point does not shift for a change in
Mach number from 1.8 to 1.7. The nose wave found thus is used in the
subsequent location of a pair of sonic lines, and for the analysis of
the supersonic region downstream. The resulting flows converge véry g
pidly toward each other and toward the wall, This leads to the physical
impossiblity of vanishing flow. Since the analysis is rather straight-
forward, the failure is due to the wrong assumption of the shape of the
nose wave., This conclusion is supported by Busemann, who contradicts the

assumption of an analytic rela’uiono4 The incorporation of his alterna~

2 Theodore v. Kdrmdn and Maurice A, Biot, Mathematical Methods in
Engineering, p. 7.

3 Hans Wolfgang Liepmann and allen E, Puckett, op. cit., Fig. 6°13,
Pe 99,

/, Adolf Busemann, gp. cib., p. 1l.
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tive leads to a successful solution, as presented in Chapter IV, Part A,

Section 2.

D Selection of Entrance M in Relabion to Nose Pattern Overlap

The problem of detached shock is comparatively old, and the absence
of theoretical results implies that it is difficult to solve, Sharp-
nosed profiles demand a wique direction of flow approach for optimum per-
formance, and even a small deviation from this produces flow patterns |
having large entropy jumps, and hence large losses of energy. It is hoped
that this property does not pertain to blunt-nesed preofiles of sufficiently
slim proportions. The free-stream M may be selected slightly larger than
1.0, whereupon the detached shock is very strong, and the region behind
the wave is probably entirely subsonic. Behind the intersection of adP
jacent waves, the flow has an even lower M. The energy losses due to
this overlap become prohibitive, and Mach numbers only slightly greater
than 1.0 must be avoided. Too high an M should be avoided also, since
little is known about the hypersonic region, HeA;e the next stage of
practical research should concern itself with 1.0 (M { 2,0, The selec~

tion of M = 1.7 at channel entrance is prompted by the availability of

a shadowgraph photograph, mentioned in Part C,

E §§§g;.§ggg§,ﬁg§;gz Dissipation in a Supersonic Region

The assumption that shear sheets die out rapidly in a supersonis
flow fails, Supersonic flow is essentially stable, and disturbances
tend to persist. Also; £he actual channel is extremely short, less than
2 inches long, and the flow time required is insufficient for dissipa-

tion in such a brief path.



73

F Build-Up of Shock Along Concave Wall Due Lo Wedge Nose on Profile

If it is assumed that the flow in the channel of the original pro-
files is entirely supersonic past the nose regioms, then the comparison
channel must have one concave wgll, the entrance to which is a semi-
wedge. To preserve similarity, the semi-wedge angle is large, and a
strong oblique shock is attached to the nose of the profile. The_concave
form of the downstream wall causes a series of compression characteris~
tics. Immediately past the strong attached shock, the flow is but slight-
ly supersonic, so that the succeeding slow ecompression results in the
building of a shock-wave envelope in the interior of the channelg After
sufficient turning of the flow, a portion of the envelope shock hecomes
normal, and the flow downstream of this porticn becomes subsonic. If
this had been noticed earlier, it could have been used as a reason for
abandoning the original profile, gince even the comparison profile re-
sults in subsonic conditions in the channel. These are, of course, tc

be avoided.

G Anslvsis Downstream of Channel Trailing Edges

It is extremely difficult to locate the portion of the stagnatiom
streamline downstream of each trailing edge, At first, this seems neces~
sary in order to define the channel walls completely for a change—of~mo-
mentum analysis. This solution is not required, however, since the schan-
nel side walls end at the trailing edges of the profiles, by the defini-

tion of the exit eontrol surface.

H Partial Center Pattern Resulting in Void-Wedge Flow
If the assumption is made that the lasgt bent ey dintersects the nose

wave ahead of the center point, either above or below, a void wedge of
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flow results downstream of the intersection, as shown in Figure 5-1.

S
<
Lree -stream How A%%

Figure 5-1

Void~Wedge Flow

Hence, this partial pattern cannct
be used in the solution of the cen-
ter region, This failure'is avoided
in Parﬁs B and C of Chapter IV by a
differént assumption fornegeh of the

center patterns,




CHAPTER VI
SUMMARY

4 method is developed for computing the axial thrust and tangential
force, or torque-force, reactions of a suitabley selected cascade of blunt-
nosed profiles to a compressible-fluid flow having a free-stream Mach num-
ber arbitrarily set at 1.7. The problem is reduced to the analysis of the
two-dimensional channel flow between two adjacent profileg of the cascade.
A criterion is found for locating the detach distance, and the shape of
the detached nose shock ahead of each profile. The limits of the sub=
sonic region behind the detached shock are defined then, and the subse-
quent supersonic flow in the channel is compubed., It is found that toe
sharp a curvature of a concave wall causes an indeterminate interior pat-
tern, The only fact evident in this case is that the flow in this inte-
rior pattern is strongly subsonic. To avoid excessive turning of the
flow, which produces gtrong shocks in the channel and subsonic flow of
indeterminate eonfiguration, the original cascade siement is modified
such that the formerly concave channel wall is initially convex, then
sbraight. A valid solution then in obtained and compared to that found
for a channel, the bordering elements of which are shavp-nosed profiles,
identical to the modified blunt~nosed profiles with the exception of the
nose region, The method of analysis for the flow of a compressible fiuid
about a sharp-nosed profile is already known, and the subsequent channel
analysis is straightforward. Since no experimental results are available
for comparison to the theoretical values obtained for the channel of
blunt-nosed profiles, the results of the sharp~nosed profile channel ana-

Lysis are the only measure of validity for the original developments of
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this work.,

4 cascade of charp-nosed profiles in an initially supersonic flow
has but one angle of attack for which the performance is at an optimuwm,
If this angle is changed, the shock either detaches itself from the noge
of the profile, or a subsonic zone forms on one side of the nose of each
cascade element, In either case; cascade performance 1s very poor, and

high energy losses result, 4 glim blunt-nosed element, however, permitg
a slight variation of the angle of attack for whish useful performance
mgy still be obtained from the cascade, If the blunt nose of the element
is sufficiently small, the region of strong shock of the detached shock
is quite small, and only small entropy increases occur. In addition,
the convex curvabture past the subsonie zone behind the‘strong portion of
the detached shock permits a smooth expansion of the flow, and hence &
desirable increase in Mach number without increase in entropy. The come
parison element, or sharp-nosed profile, has either no, or a very small
section of convex surface serving as a guide to smooth supersonic expan-

sion.

The mass flow per ineh of blade height at the entrance of each
channel equals 0,912 slugs/sec. At the exit control surface of the
sharp-nosed profile channel, the mass flow equals 0.8957 sglugs/sec,
This is gufficiently closge to the value of the entrance mass flow te
satisfy the mass flow continuity condition for this channel. However,
the mass flow across the exit control surface of the blunt-nesed profile
channel is found to be equal to 0,4599 slugs/sec, This is only slightly
more than 50 per cent of the mass flow at the channel entrance control

surface. The neglect of strong flows parallel to the detached wave in
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the subsonic region is the cause of this violation of the maseg flow con-
tinuity condition. However, the trend of the given solution relalive to
~the comparison solution is still correet from the shtandpoint of energy

analysis,

It is possible to compute a fiectitious set of values for the exit
distribution of the blunt-nosed profile channel;, such that these values
will indicate the vpper performance limit of the chamnel. Let BNC refer
to the bluﬁt-nosed profile channel already computed, BNC' to the blunte
nosed profile channel with the fietitious exit distribution, and SNC to
the sharp-nosed profile channel, Let /Oé designate the mass density in
siugs/cf at exit station i, where

1i=1,2, 35 o o o 3 10,
The mass flow continuity condition is satisfied approximately if it is
assumed thab
/9& =2p; 5 vhere P, refers to BNC exit stations.

It is known that

v

it S
—2:1'1'_:6——-:-1—» 2y =1
S ( 5 MR)

|
and. &3“ :(1 + —L “..._J..‘._ Dﬁ)w ol
. (D 2 3
from which it can be geen that
P_Y AW
L
P T\p! ’
where P' is the static pressure corresponding to pla Corregponding stag-

nation pressures and densities remain unchanged; that is,

1 Hans Wolfgang Liepmann and Allen E, Puckett, op. eit., equations
3¢9 and 3°10, p. 26.
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/oé = /%
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a

With the aid of these relations, the entries of Table 6=1 are computed,

The product P‘Ay is the static pressure force per inch of blade height

for each exit station.

Table 6~1

Modified Exit Static Pressure Force Distribubion,

Blunt-Nosed Profile Ghannel

Y 1
Station| A/P /g//> P! /P P! Ay Pra,
Table 4-112!. | Table /4-112
1 4ol 2.05 2,73 2.473]  .0.2750 0,6800
2 456’7 20335 30276 20062 . 090670 001382
3 3,76 1,88 242 2,79 0,0404 0,1128
4 4 .625 2,313 3.23 2,09 0.2490 0,5210
5 5.72 2.86 4o35 1:552 0.0096 0,0149
6 9,05 40525 8,27 0.816| 0.1452 0,1185
7 Tel4 3.57 5.94 1,137 0,0788 0,0896
8 10,16 5,08 9,73 0,694 0,0260 0,01805
9 13,23 6,615 14,10 0,479 0,1970 0.0944
10 14,70 735 16,30 0.4141 0,5120 0.2120
Using the symbols defined in Chapter IV, the forces of the flow on BNC?

now mgy be computed .

changed,

M

x,entrance

has the same value as before.

Since the channel entrance conditions remain un—

However, because

of the change in p , M, 4y of BNC' is ovble that of BNG, This

statement holds if y is substituted for x in theé subseripts.

%wx,entrance
qwx,exit

2
A

2 P

o 55,

=1283, 1bs(144)

2

=2(742.5) = 1485. 1bs(144)

::%&xpentrance -
=1283, = 1485, = = 202, 1bs(144)

qwxoexit

2

B

9
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= L. (- 202,) = - 1.402 1lbs o
o, 144( ) = 4 s
The force due to static pressure at chaonel entrance remains the same as
that for Parts B and C of Chapter IV. Since P"Ay is the sgtatic presgsure

force for each exit station, the summation of the last column of Table

6-1 is equal to the force due to stabic pressure abt channel exit,

4Px,entrance = 2,185 1bs s
' o 10
Cen = E PTa = 1, 1b
Pryentt { :1{ YL e
2 ::4ngentrance - /@x,exit g
Ty, =2,185 - 1.999 = 0,186 1bs
FX = FIAM% il F/p — 10/4-02 kel 00186 9
%
F = - 1,588 1bs >
x

The minus sign implies that energy is supplied to the flow in the in-
terior of the channel, gsince the axial drag is negative. This is not
possible physically without an exberior energy source, but does not
hamper the computation of BNC'! values as upper performance limits,

From the gtatement on page 78,

%M‘Ysentrance —86.1 a(l44)
—2(185.6) = 371.2 1b

my’eﬁt 2(185.6) = 371.2 1bs{léd)

A%Wy ::qu,exit - mAy,entrance ?

oy, =371.2 = 86,1 = 285.1 1bs{144)
F =l W = - 285,1 = 1,978 1bs
X Awy 144 W\y. —-—144 o el ° 9
E, =T, = 1978 s

A comparison is made between important values of BNC, SNC, and BNC®!, and



Table 6—2

Comparison of Constituents of/and Cascade Channel Force Components, Part 1 of 3 Parts

Quantity, Units BHC Rel, SHC By __% SuG Commentary

ngentrance’ 1bs(144) 3:283., = | 1283, — Identical entrance conditions,

(mx;e}d.t s 1bs(144)| 74245 ¢ 1131.5 34 ol Greater loss of energy due to detached shock,
FAM% s 1bs 375 ) 1,052 256.4 Greater loss of energy due to detached shock,

Y & entrances 108 2,185 = R.185)  w=m Identical entrance conditions.

Wxgeﬁt s l’?s 0,751 < 2517 T0.2 Exit velocities of BNC ) exit veloecities of SNC‘}.
F@X , lbs 1434 0.332] 331.8 From the gbove, since ﬁ?xpen’traﬁce is constant.
Fu , lbs 20316 1.384 67.3 Greater axial drag is due to detached shock.
my;entranceﬁ 1bs(144)] 86,1 = 86,1 - Idenﬁiaal entrance conditions,

myseyjt , Ibs(144) 185.6 < 429.1 567 Greater loss of energy due to detached shock,
Fy 5 1‘bs_ 0.691 < 2,382 71.0 Greater loss of energy due to detached shoek,

08



Table 6-3

Comparison of Congtituents of/and Cascade Channel Force Components, Part 2 of 3 Parts

Quantity, Units BNC!  [Rel. | BNC By __ % BNC Commentary
My, entrance’ Ibs(144) | 1283. = | 1283, — Tdentical entrance conditions,
, - .
3 o3 SN / -
My exit ¢ 1bs(144)| 1485, YL k25 100. Since p'y = 2 f4
FAM% , 1bs - 1402 < 375 137.3 Energy is supplied in the BHC! channel,
/{P{ entrance’ Ibs 2,185 = 2185 Identical entrance conditions.
x,entrance ,
O 17 i
x, exit ; 1bs 1.9991 0.751 166.5 Since O, =2 /Oi o - |
1 4 37 e he ghove, since i tant.
F/K)x s 1bs 0,186 < 1434 87 1 From the a , since /px,entrance is consbant
Fy s lbs = 1,588 ( 2,316 168.8 Energy is supplied in the BNC' channel,
My entrance? Ibs(144)| 86,1 = 86,1 e Tdentical entrance conditions.
M CE
/W},geﬁt s 1bs(144)) 371.2 > 185,56 100. Since f; =2 pP;
Fy s 1bs 1.978 ) 0.691 186,2 Since Pi =2 /Oi o




Table 64,

Comparison of Constituents of/and Cascade Channel Force Components, Part 3 of 3 Parts

Quantity, Units BNC' |Rel.,| SHC
My entrances 1bs(144)| 1283, = 1283,
My ey o Lps(14d)| 1485, 7 |113L.5
o, s 1bs = 1.402] < 1.052
¥ x,entrances 10S R.185| = R.185
¥ ooxit  » 1b8 1.999| < 24517
F s lbs 0,186 < 0.332
X
P s lbs - 10588 ¢ 1,384
Moy ot rance? 1bs(144)| 86.1 | = 86,1
Mﬂy;exit o s(144)| 3712 | ¢ | 429.1
F_ ; 1bs 1.978] < 20382

By __ % SNG Cormentary

e Identical entrahce conditions.

31.22 Energy is supplied in the BNC' channel.
2335 Energy is supplied in the BNC' channel,
s Identical entrance conditions.

20,57 ﬁmep;:ZWi,

L4, 40 From the above, since Apxoentrance is constant.
PAVAYS Energy is supplied in the BNC' channel.
e Identical enbrance conditions,

13.5  |Since Py =2 £, .

16.97

Since L5 =2 P

13%)
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presented in Tables 6-2, 6é~3, and 6~4, Rel. at the head of each third
column stands for relation; that is, respectively, is greater than, is

less than, and is identical to.

The five graphs which follow give a clear comparison of the mosb
important exit distribution quantities of the blunt-nosed profile c@aﬂ~
nel of Part By and the sharp-nosed profile channel of Part C of Chapter
IV, The values are extracted from the tables of Section L of the re-

spective parts of the same chapter.
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CHAPTER VII
CONCLUSION

The chief purpose of thig investigation, the determination of‘the
thrust- and torque-reactions of a straight csascade of blunt-nosed pro-
files to the flow of air with an entrance Mach nmumber of 1.7, has been
achieved, The pattern is shown in Figure A-3 of the Appendix. The axial
forece, or drag of the flow, per channel, per inch of blade height equals
2,316 1bs. The tangential force, or torque force of the flow on the
cascade equals 0.691 1lbs per channel, per inch of blade height., In the
symbols already developed,

-

P, png = 20316 1bs

Fy,BNG = 0,691 lbs .

For the comparison channel of sharp-nosed profiles, shown in Figure A=/

of the 4ppendix,

F = 1,384 1lbe
%, SNC o ?
Ry sig = 20382 Tbs

where the terms have definitions corresponding to those of the blunt-

nosed profile cascade,

Because of the discrepancy in mass flows in the analysis of the
blunt-nosed profile channel, a fictitious set of force values, labeled
BNC!', for which the mass flow continuity condition holds, was computed
in Chapter VI. The most important of these values are

F ~1.528 1bs

x,BNCY —

and Fopyor= 1.978 s
2

where again the terms have definitons corresponding to those of the
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blunt-nosed profile cascade. In final summation,

F >0 F ,

%,BN6 7 Ty sme %, BNC?

angd F ) F F
a voSHC' . y,BNGT 7y BNG

These inequalities are as expected, and are explained in the commentary

columsn of Tables 6~2, 63, and 6-4 of Chapter VI.

Since the BNC' quantities represent the upper 1limit of the performe
ance of BNC, a final estimate can be made of both F_ and Fy of BNC which

will be the most plausible solution available at present. Let these

L)

are assumed to lie midway between respective upper and lower performance

final estimates be designated by EXQBNC and F pNC » having values which

limits. Hence,

7 - A
F = (F, gy * Fx,snc)

P BNC = $(2.316 + 1.384) ;

At

%o

F =1

and F, BNC = B(Fy,Bch + FyyBNG) ¢
Fy’BNC =1(1.978 + 0,691) R
?‘ygsm =1.335 lbs .

It is seen that
Fepne’ Teane @4 Fypwe < Fpane o
which 1s in accordance with the energy analysis result that the losses

in a blunt-nosed profile channel are greater than those in a similar

sharp-nosed profile channel,

The criteria found for locating the detach distance end the shape
of the detached shock wave ahead of each bluntenosed profile are some~
what ocrude. Further refinement should lead to a mapping relation in

which the shape of the sensitive shoulder arcs and the distance from
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the shoulder circle center to the normal-shock point on the detached
wave are the principal parameters with which the shock-wave shape can

be located from the profile nose shape.,

Excessive turning of the flow must be avoided in the design of
blunt-nosed profile cascades, since it causes strong subsonic flow in
the interior of each channel, Further analysis is required to locate

conditions of maximum turning without interior subsonic flow,

Figure 4=3 of the Appendix shows that the blunt-nosed profiles are
too slim teo be sufficiently strong. 4 redesign is necegsary. The cag-

cade spacing, or pitch, should not be decreased, bubt the prefiles should

be shortened, as shown in Figure 7-1.
This assures that no subsonic flow
will occur in the interior of the
channel, In faet, the exit flow
will be more supersonic, and most of
the flow will have a greater turning,
and hence g greaber change of momen-

tum in the tangential, or y, direc-

tion, Hence, Ey will be greater

Figure 7-1 " | than before, and a stronger blade

Suggested Cascade Design Change |with better performance is the fore

tunate result. Since strength is no consideration in this solution,

the redesign is not given here.

In the development of high-gspeed aireraft, new designs of axial-

 flow turbomachines are reguired. These machines must operate both at



supersonic and subsonic flight SPeeds; The nucleus of these designs is
a straight cascade capable of operating in both speed ranges. 4 blont~
nosed profile is best for subsonie operation, while a sharp-nosed cne is
preferaﬁle for supersonic flight., Until now, it was feared that the
blunt-nosed profile was incapable of supersonic operation. Although its
performance is inferior to that of a sharp~nosed profile, the results of
this work show that it can be used for both épeed ranges, while it is
already known that a sherp-nosed profile‘cannotu Of course, a means
must be devised for moving from the subsgonic range to the supersonic
one, The most obvious method is the brief use of booster rockets., No

special auxiliary equipment is required for the reverse operation.

It is demonstrated that useful performance may be obtained from a
cascade of blunt—noéed profiles, provided that the turning of the flow
is not greaﬂ enough 0 cause subsonic flow in the interior of each chan=
nel. The performance of the blunt-nosed profile cascade is inferior to
that of a sharp-nosed profile cascade in é supersonie flow. Although
the solution of the problem lacks rigor, it is hoped that it will be a
small aid in the development of the generél theories of detached-shock
flow and mixed-flow cascades, since no experimental results are avail-

able at present.

This analysis is but the first small step toward the degign of a
subsonic~supersonic turbomachine. The results are sufficiently promis-

ing to allow the author to recommend that further work should be done,
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