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SUMMARY

A high-tip-speed, low-pressure-ratio transonic fan stage was designed.
The objective of this design was the provision of a rotor design that could
deliver good efficiency at low work input via elimination of strong shock
losses and shock-induced separation in the high-Mach-number tip region. In
the rotor blade tip region, the design incorporates near oblique shocks only,
with supersonic relative outlet velocities. In order to accomplish this, a
relatively sophisticated quasi-three-dimensional characteristic section design
procedure was used for the all-supersonic sections and far the inlet of the
midspan transonic sections.

The subsonic hub sections were designed on the basis of conventional
empirical cascade data and sections of the three regions (tip, pitch, and hub)
were analytically joined via a special stage-stacking program to form an aero-
dynamically and structurally compatible blade. Special attention was focused
on inlet losses, the boundary layer growth rate, and the physical passage con-
traction ratio to ensure passage ''starting' below the rotor design speed.

Although the rotor relative velocities were well into the supersonic range,
the stator velocities were at modest, subsonic levels, Hence, the stator design
is conventionally subsonic and has the primary role of turning the flow back to
the axial direction.

The final fan design calculations resulted in the following values of
stage design parameters.

Overall pressure ratio 1.5

Adiabatic efficiency 0.86

Equivalent total flow 148 1b/s (6.71 kgm/s)

Flow per unit annulus area L2.0 lb/s-ft2 (205.1 kgm/s-mz)
Equivalent tip speed 1600 ft/s (488.6 m/s)

inlet hub-to-tip radius ratio 0.46

Tip diameter 28.74 in. (0.73 m)

It is anticipated that stages designed as described herein would permit
the selection of high-bypass-ratio fan speeds which minimize the number of fan
drive turbine stages without compromising fan or fan turbine efficiency. Other
supplementary benefits, such as reduced hub loading and/or the ability to uti-
lize lower radius ratios for a given stage pressure ratio, should also result.



INTRODUCTION

The recent need for power plants to propel large transport aircraft capable
of long-range flights has spurred the development of very-high-bypass-ratio
turbofan engines (bypass ratios between 8 and 12 or even higher are being
explored). The fan component of these high-bypass-ratio engines, in general,
controls the engine diameter and requires large drive-turbine work. |In addi-
tion, the engine configurational constraints restrict the direct-drive turbine
diameter to a fraction of that of the fan, leading to low turbine wheel speeds.
Consequently, the resulting fan turbine usually consists of a large number of
highly loaded stages and/or compromised turbine efficiency. Alternatively, the
fan may be run up to tip speeds substantially above those for which good effi-
ciency has been achieved for the fan pressure ratios commonly used in high-
bypass-ratio engines. The ultimate compromise has usually meant acceptance of
the penalties associated with a large number of fan turbine stages, compromised
turbine efficiency, or compromised fan efficiency, or some combination of these.
Such penalties could be reduced or conceivably eliminated by use of a fan
capable of high efficiency at high rotative speeds and the low pressure ratios
compatible with high bypass ratios. The purpose of the current investigation
is to do precisely this, to design for, and demonstrate, good efficiency for a
high-tip-speed, relatively low-total-pressure-ratio, axial-flow fan stage. A
design tip speed of 1600 ft/s (488.6 m/s) and a stage total pressure ratio of
1.50 were specified for these purposes. The principles to be examined are

(1) Whether low losses and therefore good efficiency could be obtained
by designing a transonic rotor for weak oblique shock waves in the
hi gh-Mach-number tip region at design-point operation (thereby
avoiding normal shock losses and the potential blade suction surface
and casing boundary layer separation)

(2) Whether adequate stall margin would be obtained, particularly in the
presence of distorted inlet flow, with this type operation

Achievement of the objectives of this investigation would permit much
improved fan and fan turbine compatibility, thereby minimizing the penalties
previously mentioned. Still further, the concept could reduce substantially
the problems associated with the inherent hub and tip mismatch in work poten-
tial from which all low-radius-ratio rotors (whether fan or multistage compres-
sor inlet stage) suffer. Indeed, the advantages of being able to select the
appropriate hub speed for a given multistage compressor first-stage pressure
ratio without penalty to the tip region performance may be equally as important
as the benefits of matching the high-bypass fan to the fan turbine. Further,
the current interest in turbojets with very high flow per unit of frontal area
dictates use of low-inlet-radius-ratio, high-inlet-Mach~number rotors. The
ability to use the minimum structurally feasible radius ratio reduces the
required inlet Mach number (and hence the required total axial diffusion) for
a given specific flow. |In addition, there may be the potential for reduced
noise through the minimization of upstream shock strengths for the selected

rotor tip speed.



The rotor used_ for demonstration was selected to be approximately 30 in.
(0.762 m) in diameter, a size which permits accurate measurement with conven-
tional instrumentation. The rotor blade inlet radius ratio of 0.50, aspect
ratio of 2.5 to 3, and airflow per square ft of annulus area of 40 to 42 1b/s
(195.3 to 205.1 kgm/s) were selected as being representative of current air-

craft propulsion fan design practice.

This report outlines the design procedures and presents the aerodynamic
and mechanical design results.



AERODYNAMIC DESIGN

DESIGN CONCEPTS AND OBJECTIVES

Several new rotor ‘aerodynamic concepts influenced the design of the
current rotor. A design objective was to avoid tip normal shock losses by
substitution of oblique shocks in the high-Mach-number tip region. In addition,
the strengths of the oblique shocks were restricted to values for which the
static pressure rise would not exceed the separation criteria generally accepted
for turbulent boundary layers on flat plates. The static pressure rise and the
total pressure ratio values were kept below the maximum values obtainable from
rotors of 1600 fps (488.6 m/s) tip speed to make them consistent with near-
optimum hub potential. Lower losses and an improved stall margin were antici-
pated to result from this design approach. Another feature essential to this
approach was the calculation of the rotor design outlet velocity diagrams that
satisfied radial equilibrium with supersonic rotor-tip relative leaving veloci-
ties. In spite of the excess tip speed (for the design pressure ratio), the
design value of rotor-tip static density rise was small enough so that axial
velocity did not incur a significant reduction. Accordingly, the use of nega-
tive camber at the rotor tip proved to be unnecessary for the radially constant
stage pressure ratio.

To terminate the necessary supersonic waves at the blade trailing edges,
a characteristic procedure allowing for change in radius and stream filament
thickness was used for the wholly supersonic sections. The locations of the
points for expansions and compressions and their points of impingement on oppo-
site surfaces were carefully controlled to cancel all oblique shocks inside
the blade passage. The shocks were also separated to prevent the accumulating
effect from causing separation. The weak shocks that began at the blade lead-
ing edges were prevented from increasing (in the high Mach number outboard
region) by utilizing small leading-edge thicknesses and wedge angles. At the
design condition, no tip waves emanated upstream of the cascade. An important
design consideration involved the magnitude of the speed at which supersonic
flow could be initiated in the tip region (i.e., the starting Mach number).
The contraction ratio was prescribed to be sufficiently small to permit tip
starting at a speed somewhere below design speed.

The principle design objectives were set by contract. Others were selected
for convenience of procurement and testing, but were consistent with the basic
objectives. The contract-specified parameters are listed below:

Overall total pressure ratio 1.5

Flow per unit annulus area 42.0 1b/s-ft2 (205.1 kgm/s-mz)
Equivalent tip speed 1600 ft/s (488.6 m/s)

Rotor and stator aspect ratios 3.0 (originally)

Rotor inlet hub-to-tip radius ratio 0.50 max.

Rotor tip solidity 1.4 (approx.)



The following parameters were specified by the designer for the final design.

Objective adiabatic efficiency 0.86

Equivalent total flow 148 1b/s (6.71 kgm/s)
Rotor inlet hub-to-tip radius ratio 0.462

Tip diameter 28.74 in. (0.73 m)

FLOW PATH AND VELOCITY DIAGRAM DETERMINAT ION
General Procedure

The subject fan design was initiated utilizing the procedure of the usual
quasi-three-dimensional compressor design approach. That is, the flow path and
the blade inlet and outlet velocity diagrams were determined under the assump-
tion of axisymmetric, inviscid flow utilizing the AiResearch stream filament
computer program. In this approach the assumed axisymmetric surfaces are repre-
sented in the radial-axial plane by streamlines (fig. 1). The radial component
of the equations of motion is solved to obtain the radial variations of the flow
conditions between blade rows. The mass flow is then summed or integrated along
radial or near-radial lines from hub to tip using the previously calculated
radially varying flow conditions. When the calculated mass flow at one axial
position equals the prescribed flow rate, both continuity and radial equilibrium
are satisfied at that station and the same calculation is performed at the next
station. As in most such programs, after satisfaction of continuity at every
compressor calculation station, a curve-fit routine is used to connect points of
constant mass flow. These connecting streamlines then provide new streamline
curvatures and slopes in the meridional plane which permit a repeat solution of
the radial equilibrium equation with the new streamline geometry. Subsequently,
a new set of streamlines is defined. The process may be continued until a com-
patible flow field is defined within the initial assumptions and further itera-
tion leads to no appreciable changes in streamline curvatures. In addition, a
new AiResearch axisymmetric computational procedure using a finite difference
solution to the radial component of the equations of motion with interior grid
points was used. In general, the agreement was good.

Both procedures permit arbitrary definition of the radial variations of
enthalpy and entropy (or losses). In general, the radial variation may be
specified for any two of the three quantities: pressure ratio, temperature
ratio, and efficiency (or other equivalent). The bases for these specifications
are empirical with due consideration being given to the objective aerodynamic
operat ing modes.

Rotor Annulus Convergence

Because a high rotor aspect ratio (which was originally specified to be
3.0) was contractually required, the projected chord of the blade was short,
leading to relatively steep inner and outer casing slopes as illustrated in
fig. 1. These slopes and the accompanying concave inner- and outer-wall con-
tours upstream of the rotor resulted in a parabolic inlet absolute velocity
distribution with Tow inner- and outer-wall values at the rotor inlet and a
high velocity near the pitch. Conversely, at the rotor exit the convex wall
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contour and the decreasing wall slopes resulted in a rotor exit meridional
velocity distribution with low velocity near the pitch radius and high velocity
on the walls. These meridional velocity distributions have pronounced effects
(some beneficial) on the rotor configuration.

The meridional velocity ratios (sz/Vm1) resulting from the rotor inlet

and exit distributions varied from about unity at hub and tip to approximately
0.85 in the central flow region. The low values in the central flow region
were believed to be tolerable because the diffusion factors and static pressure
rise coefficients were conservative and the region was not adjacent to wall
boundary layers. A matter that could be of greater concern was the effect of
the resulting mid-blade camber and its structural implications. Due to the
modest work input (for this wheel speed) required of this rotor, the change in
tangential velocity produced is relatively low. With a low value of the meri-
dional velocity ratio sz/Vm1 (large diffusion), the required change in tangen-

tial velocity could be accomplished at an almost constant relative flow direc-
tion with essentially uncambered blade sections. Also, since the mid-passage
flow is to be transonic, thin airfoil sections are desired for low losses. It
is difficult to obtain the desired mechanical stiffness for such blades. Hence,
in hopes of achieving a satisfactory rotor blade mechanical design with a single
part-span damper, an aspect ratio change from 3.0 to 2.5 was permitted by NASA.

A detrimental effect of the rotor meridional velocity ratios imposed by
the flow path convergence results from the relocation of the maximum static
pressure ratio region to the center sections instead of at the tip. Because
the rotor inlet relative Mach number normally increases with radius and the
allowable shock static pressure rise is proportional to the preshock Mach
number (e.g., see refs. 1 and 2), the problem of shock-induced separation on
the pitch sections becomes critical. The use of multiple shocks provides a
theoretical solution. However, little information exists regarding the dis~-
tance between shocks that is required before the boyndary layer is restored to
a healthy profile after the shock interaction. In spite of this uncertainty,
spaced multiple shocks were incorporated in the mid-passage region for the
current design to reduce each shock static pressure ratio below the value
allowable for a single shock at the mid-passage Mach number.

ROTOR DESIGN REGIONS
Method of Classification
The output from the axisymmetric, radial-equilibrium program yielded three
types of rotor velocity diagrams based on rotor design-point inlet and outlet
Mach numbers. Each of these three velocity diagram types characterizes a blade
design region requiring a different section design procedure. These are sum-

marized below.

Inlet relative Outlet relative Approx flow division at

Section type Mach number Mach number design point, percent
Outboard Supersonic Supersonic 35
Central Supersonic Subsonic Lg
Inboard Subsonic Subsonic : 20



To define a-single, structurally feasible blade composed of the three
separately designed blade types listed above, new computational programs were
written. The all-supersonic outboard sections can be completely designed
analytically with the aid of several assumptions. The subsonic-entry,
subsonic-exit hub sections can be derived from well-established empirical
incidence and deviation angle rules and a selection of a meanline shape
(circular arc, multiple circular arc, polynomial, etc.). The inlet region
of the mid-span transonic sections can also be calculated. However, the
terminal shock configuration and location must be determined by somewhat less
formal methods for the conventional transonic sections. Still, the blade
design program described "herein did yield transonic sections that gave a
smooth aerodynamic transition and a structurally satisfactory stacking between
the supersonic tip and subsonic hub regions. .

Theoretically, a blade section is defined as the contour generated by
the intersection of the rotor blade surfaces and the appropriate axisym-
metric stream surface. From the picture of the final axisymmetric stream
surfaces shown in fig. 1, they may be seen to be very closely approximated
by conical surfaces through the blade leading- and trailing-edge streamline
“intercepts. Therefore, for our purposes the blade sections referred to
hereafter will be on these conical surfaces.

Since the outboard section has supersonic inlet and outlet relative veloc-
ities, an approximate method of characteristic was used. Because the principle
is more easily understood for the two-dimensional problem, the application of
the approximate method of characteristics is first illustrated for the two-
dimensional flow field, and later generalized for the quasi-three-dimensional
flow field.

In the following presentation, the equations-and formulas define relation-
ships among angles and other geometrical parameters, where the angles are cor-
rectly ‘'expressed in radians. However, illustrative calculations and diagrams
present angles in degrees for easier interpretation.

Outboard Section Design Theory (2-D)

An idealized two-dimensional (2-D) section is shown in fig. 2. As shown
in this figure, a simple 2-D section to meet the design conditions would have
reverse camber. Let the leading- and trailing-edge shock strengths (in terms
of deflection angle) be denoted by §1 and 65, respectively, as illustrated in
fig. 2. Then the relation between the relative flow angle B, upstream of the

leading-edge shock and the flow angle B, downstream of the trailing-edge is
given by the expression

BZ=BU-5‘+62 (1)

Similarly, for weak shocks the relation between the upstream and downstream
Prandtl-Meyer expansion angles VY, and V2 is closely represented by the expression

V, =V =8, -8 (2)
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Figure 2.--Sample Two-Dimensional Wave Pattern lllustrating Design Logic
for the Compressions Contained in Leading-and Trailing-Edge
Shocks.



The sum of eqs. (1) and (2) yields the leading edge shock strength 9

8, =&, - &, (3)
where
§'/; vV + B
=72

As a consequence of the fact that the leading-edge shock has a greater slope
than a corresponding upstream Mach (or characteristic) line, it follows that
there is some point on the inlet line of the blade (denoted as point 1 in fig.
2) whose negative characteristic line intersects the blade surface at point u.
For a steady supersonic reversible adiabatic flow of a perfect gas with con-
stant specific heats in the absence of body forces, the two-dimensional theory
of characteristics states that the value of the characteristic parameter §
remains constant along the negative characteristic, independent of the manner
in which the characteristic line may weave through the flow field. Hence, it
follows that

g = g (4)

Since the flow conditions are uniform along the inlet line of the blade, it
follows that the value of gu is determined by the section inlet flow condition,
i.e.,

_ v, +B
g = (5)

u

In an analogous manner, the value of %; is determined directly from the discharge

flow condition, i.e.,

€ = Xg_i_Eg (6)
2 2

It now follows from eqs. (3), (5), and (6) that the leading-edge wedge angle of
the simple section shown in fig. 2 is uniquely determined by the upstream and
downstream flow conditions for the hypothesized blade and wave configurations.

As an example, for the section shown in fig. 2, v, = 14.86, B] = 70 deg, v, =

3.56, and B, = 73.6 deg; hence, %; = 42 .43 deg and E; = 38.58 deg; and there-
' fore, the‘leading edge wedge angle is 3.85 deg from eq. (3).

Development of the trailing-edge shock-strength &, begins by subtracting

2
eq. (2) from eq. (1) at the rotor blade trailing edge:
§ = gt _ et
where 27 5y §2
V-8
+
€ = 5

10



The value of §; is determined directly from the downstream flow conditions

as

= Vo "By
R e (8)

+ -
The value of §u can be determined from the value of §u and the blade surface

angle at point u as

S = 5 By
or from eq. (4),
g, = & - B, (9)

Hence, it follows from eqs. (7), (8), and (9) that for the configurations
assumed above, the trailing-edge shock strength is determined by the inlet and
discharge flow conditions and by the blade surface angle just upstream of the
leading-edge shock.

For the section shown in fig. 2, §; = -35.02 deg, €; = 42.43 deg, and
By = By = 70 deg, hence, 52 = 7.45 deg.

Trailing-edge shock strength effect.--Although the leading-edge shock
strength is uniquely determined by the inlet and discharge flow conditions,
some degree of freedom is available to the designer relative to the choice of
trailing-edge shock strength. The effect of the trailing-edge shock strength on
the section aerodynamic and mechanical properties is discussed below.

As a consequence of eqs. (7), (8), and (9), it follows that

v _V B, _ B
1 2 + 2 1

2 2 (10)

8, + (Bu - B)=

The left hand side of eq. (10) represents the total suction surface compres-
sion from the first captured Mach wave to the blade trailing edge. Since the
right hand side of eq. (10) is determined by the inlet and discharge flow condi-
tions, it follows that the total net suction surface compression is fixed.

The wave pattern for the nominal trailing-edge shock strength, defi?ed as
the shock strength corresponding to Bl = Bu (no suction surface compression or

expansion forward of the final shock), is illustrated in fig. 2. For this case,
the net required turning is simply the difference between the trailing-edg? and
leading-edge shock strengths. For trailing-edge shock strengths below nominal,

R
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Figure 3.--Sample Wave Pattern Showing 1.85 Degrees of the Trailing-
Edge Shock Shifted Part-way Forward.
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Figure 4.--Sample Wave Pattern Showing 1.85 Degrees of
Trailing-Edge Shock Shifted Fully Forward.
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Figure 5.--Sample Wave Pattern Showing Residual Trailing-Edge Shock
Compression Distributed Along Suction Surface.
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additional suction surface compression must be provided, either as a finite wave
emanating from the suction surface (figs. 3 and 4), or as distributed turning
(fig. 5). For the type of blade section shown in fig. 2, where the leading-edge
shock terminates at the adjacent-blade trailing edge, the minimum trailing-edge
shock strength is established by mechanical considerations. For the section of
fig. 2, the trailing-edge wedge angle 6TE is

bop =8, - 6, (11)

Accordingly, 6TE vanishes as 62 approaches 61 and becomes negative for 62 < 61,

thereby yielding a nonphysical section (fig. 6).

The trailing-edge shock can be made stronger than nominal by offsetting
the excess compression with an equivalent distributed expansion on the suction
surface between the points u and |.

Aerodynamically, changing the trailing edge shock strength affects the
blade surface Mach number distribution, and hence indirectly the blade viscous
and profile losses. In addition, as a result of raising or lowering the mean
Mach number level in the passage portion of the blade, the trailing-edge shock
affects the ability of the section to start.

Weakening the trailing-edge shock results in a reduction of the average
surface Mach numbers, and hence should result in a reduction in viscous losses.
In addition, distributing the overall blade diffusion and using the weaker
trailing-edge shock should reduce the tendency of the boundary layer to
separate and eliminate the profile losses associated with separation. On the
other hand, section changes that weaken the trailing-edge shock tend to reduce
the mean passage Mach number and, hence, will make the section more difficult
to start. This latter effect is partially offset by the reduced Mach number
into the bow shock in the unstarted operating condition where upstream com-
pressions usually precede the cascade.

Using similar reasoning, it is anticipated that section suction surface
changes that strengthen the trailing-edge shock will increase the blade
losses and, at the same time, make the resulting section easier to start.

Solidity effects.--A section of higher solidity than is portrayed in
figs. 2 through 6 will cause the leading-edge shock to impinge on the suction
surface. Cancellation of this wave by an expansion corner decreases B on the
suction surface, downstream of the expansion kink, by the magnitude 6].

Denoting this value as Bt yields, in general,
Sre =Py - B¢

From eq. (1),
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therefore,

and, finally, for the high-solidity section of fig. 7,

- 1
e =% (12)

For this type of section, the trailing-edge shock strength 82 can evidently be

less than for the section shown in fig. 2 before the trailing-edge region
becomes excessively thin.

It is apparent from a comparison of figs. 2 and 7 that the section
solidity can significantly influence the section mechanical properties. In
particular, increasing the section solidity tends to increase the section
thickness in the trailing-edge region. As will be seen later, three-dimensional
sections have higher than minimum solidity in order to take advantage of these
effects.

From an aerodynamic point of view, the increased solidity (as a result
of its effect on the trailing-edge wedge angle) allows a weaker trailing-edge
shock to be used than would otherwise be possible. In addition, it allows
some distance for the suction surface boundary layer to energize after its
encounter with the leading-edge shock. This latter effect should tend to
reduce profile losses, and may more than offset the increase in viscous losses
due to the increase in section wetted surface.

Outboard Section Design Theory (3-D)

The three-dimensional (3-D) characteristic procedure used in the actual
design of the rotor outboard sections is basically analogous to the 2-D method
just described. The leading-edge shock strength may still be defined in terms of
the characteristic parameters, eq. (3). However, because of the effects of the
stream tube contraction, the radius change, and the blade row rotation, eq. (&)
is no longer valid and §u # §1. The procedure by which the actual outer blade

sections are derived utilizes the simple two-dimensional characteristic equations
modified to reflect changes with axial distance in both stream tube thickness

and radius. With this type of flow field, the two-dimensional variations in
wave strength may be altered or even change signs as they move in the axial
direction. That is, the variations are functions of stream tube contractions

(or expansions) as well as blade turning.

The actual 3-D sections contain modifications which make them consistent
with:

(1) The effects of blade row rotation, radius changes, and variations
in stream tube height on the flow field

(2) Certain necessary mechanical constraints such as leading- and
trailing-edge radii and blade section thicknesses

(3) The calculated shock and viscous losses

17
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Figure 7.--Sample Wave Patterns Showing Leading- and Trailing-Edge
Shock Cancellation with Increased Solidity Which Allows
Separation of Leading- and Trailing-Edge Shock.
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(4) Blade passage area variations which permit a reasonable passage
'starting' speed (sufficiently below design speed)

(5) Adjacent sections of the same and different types
Characteristic equations.--As developed in Appendix'A, the theory of

characteristics gives the differential d§ at any point on the negative character-
istic joining the points 1 and u, fig. 2.

E = (r,a, 0,1 By, p) (13)

where r, o, and %-%%—are all functions of the meridional location (m) of the
point on the characteristic. Since w is a design constant, eq. (13) may then be

written as
d§” =€, (m, v, B) dm (14)
where the e-function is defined in Appendix A by the expression of eq. (A-22).

In general, the v and B distributions on the negative characteristic
joining the points 1 and u are not known a priori and depend upon the
detailed contouring of the blade suction surface. Hence,the exact relation-
ship between g] and €, cannot be determined without a detailed calculation of

the intervening flow field. This calculation would be costly and time con-
suming. However, examination of the function eE indicates that under certain’
conditions it may be closely approximated by substituting the inlet valuyes v

and B] for the local values of vV and B. Then 1

& ~ ey (m, v, B,) dn (15
or
_ - m
gu'glzfue_(m,v,ﬁ)dm (16)
7 2 17 9

In addition to the above approximations the conditions at the cascade
exit (point 2) are assumed to be equal to t!:e core conditions as calculated
from the trailing edge mixing analysis (Appendix B). Further, the inlet con-
ditions (point 1) are taken to be the inlet conditions after the leading edge
blockage calculation described in Appendix C. The final equation for the
leading edge shock strength in three-dimensional flow, analogous to eq. (3)
for two-dimensional flow, is then

m

u o - -
& = € - g
1 gI’ corr + J/~ 2 (m,v1 corr ’ Bl corr) dm 2, core (17)
™
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where the first two terms on the right represent Ea, the subscript corr denotes
the cascade inlet conditions corrected for leading-edge blockage, and the sub-
script core denotes inviscid flow conditions corrected for blockage.

As a consequence of eq. (17), it follows that the leading-edge shock
strength is uniquely determined in a manner which is essentially the same as
the technique explained for the two-dimensional sections. For fixed inlet and
outlet velocity diagrams (fixed 87, corr and §3, core), the leading-edge shock
strength can be varied without altering the cascade wave configuration only by
changing the integral term in eq. (17). This, in turn, can be done only by the
blade annulus area distribution (stream tube height). This procedure allows
some design freedom for altering the blade thickness.

Using the values of M1 ¢orr and By corr as calculated in Appendix D and
values of Mcgre and Beore from Appendix B, the leading-edge shock strength may
be calculated as indicated in the following illustrative example.

M1 corr _ 1.502

B

1 corr 62.17 deg

= 1.143

core

P = 59.35 deg

core

The corresponding values of § and §_ are:
1 corr core

3 = 37.07 deg

g = 30.79 deg

The value of the integral term in eq. (17) is

m= 1,787
/e-(m, v, B) dm = -1.94 deg
m=20

The corresponding value of leading-edge shock strength as calculated by
eq. (17) is therefore

6, =37.07 - 1.9 - 30.79
or

6] = L. 34 deg
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Accuracy evaluation of approximate € function.--In the design of the 2-D
section, the suction surface from the leading edge to the first captured Mach
line was made straight in order to eliminate waves which would escape upstream
of the rotor. The analogous procedure for 3-D sections consists of defining
the suction surface from the leading edge to the first captured Mach line to
be coincident with the 3-D free streamline. This streamline is the locus of
the path which the flow would take in the absence of blades if it entered the
blade annulus axisymmetrically with the blade row inlet values of Mach number
and flow angle and if it was restrained to flow within the same axisymmetric
stream tube geometry for which the blade section is being designed. This free
streamline may be referred to as the no-work streamline, and its flow field
represents an exact solution of the fluid flow equations defined for the free
streamline constraints. As a consequence it can be used as a partial check of
the validity of the approximate eq. (15).

) Using the actual rotor design defined herein, a comparison of the charac-
teristic parameter € calculated for the free streamline flow field and from

(16) is shown in fig. 8. As can be seen, the comparison is excellent up.
to the point of free streamline choke.

Description of 3-D methods.--The conical development of the passage
between two adjacent blade sections associated with .streamline number 4 (a repre-
sentative section) is shown in fig. 9. Similar developments for streamlines 1, 6
9 and 12 are shown in figs. 10a through 10d. The grid shown in the figure is the
conical development of lines of constant Z (lines A-A) and lines of constant ©
(1ines B-B) on the conical surface. For purposes of discussion, the significant
points on the section are labeled from(:)tOCf) as follows.

Point
Number Description
() Suction-surface, leading edge radius tangency point

Intersection of first captured Mach line with suction surface

Point just upstream of the intersection of the leading-edge shock
with the shock surface

® ©

Point just downstream of the intersection of the leading-edge
shock with the suction surface

Suction surface trailing-edge radius tangency point
Pressure surface trailing-edge radius tangency point

Point just downstream of the intersection of the trailing-edge
shock with the pressure surface

® QOO

Point just upstream of the intersection of the trailing-edge shock
with the pressure surface

©

Pressure surface leading-edge radius tangency point

21
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Figure 8.--&  Approximation and E” Free Streamline
for Streamline No. 4.
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The line running across the passage from point (:) to point (:) represents
the leading-edge shock, and the line running from point (:) to point (8) repre-
sents the trailing-edge shock. The dashed line running from point to point

represents the first captured Mach line. The dashed lines running across
the interblade passage are used during the calculation of the blade passage
area distribution. The dashed line surrounding the blade section represents
the section envelope which was calculated in the design process. The solid
line within the envelope represents the blade surfaces which are obtained by
subtracting the boundary layer displacement thickness from this envelope.

The conical development of the section envelope can be conveniently divided
into five steps dealing with the following segments.

Step Segment of section
number envelope developed
1 Point (:) to point (:)
2 Point (:) to point (:)
3 Point (:) to point (:)
L Point (:) to point (:)
O

5 Point to point
The techniques associated with each step segment are presented below.

The first step covering segment (:) - (:) comprises calculation of the
free streamline or ''no work streamline''. The initial values of Mach number
and flow angle used for the no work streamline calculation differ from the
axisymmetric program output by the blockage effects associated with the section
leading-edge radius and the detached portion of the leading-edge shock. The
equations used to calculate the magnitude of the changes are developed as indi-
cated in Appendixes C and D. The net effect of these corrections is as follows:

where is and if are given by eqs. D-8 and D-9 of Appendix D, respectively.
In addition,
M, = M(Vi)

where Vi the Prandtl-Meyer angle, is calculated from

Vi = v (B] - 8.)

The section envelope angle Bzfj at point (:) is set equal to Bi'
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It was found to be most practical to assign if as an input item to the

computer program developed to implement this design procedure. The program
then calculates an exact value of if for use in the next iterative design pass.

ot

Since B, is assigned to be the suction surface envelope angle By~ it can

be seen that the suction-surface incidence angle with respect to the cascade
entrance conditions is zero. With respect to the free-stream inlet flow, the
leading-edge suction surface incidence angle is if + iS

In addition to defining the forward portion of the section envelope, the
free streamline calculation also defines_the flow field in the forward region
of the section. The location of point (:) on the section envelope is determined
by constructing a Mach line from the pressure surface leading edge of the adja-
cent section through the known free streamline flow field until it intersects
the section envelope suction surface. The section envelope angle at point (:),

atals

Bzf)’is equal to the free streamline angle at that point.

The portion of the section envelope suction surface developed in step 2
consists of two smooth curves between points - (:) and - (:) separated
by a discontinuity between points (:) and . For simplicity, the rate of

aleat

change of B" " with respect to meridional distance on these two smooth surfaces

was _held constant (%% = K). This rate, defined as K, is

* * ek Er Jek
. (B@ - B@) - (B@ - B@) (18)
m - m
® O

The angle B/~ is determined from step 1. The angle B, is calculated as

the difference between the discharge flow angle of the inviscid core and the
flow deflection across the trailing edge shock, ie.,

B(:) =Beore ™ 52 ‘ (19)
The technique used to calculate Bcore is described in Appendix B. The

quantity 62 is calculated from the expression

5. =6, + AS - (20)

where 8, is the leading-edge shock strength, and A8 is the designer-specified

difference between the trailing- and leading-edge shock strengths. The tech-
nique used to calculate 61 was described in the preceding description of the

outboard 3-D section design procedure.
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For the current designs the magnitude of the leading-edge shock is assumed
to be constant across the passage with complete cancellation at point (:). As
a consequence

taata JORR

A S
B@ _B@ : (21)

The value of B** at_any meridional location on the section envelope
between points and is given by

alaats

B (m) = B©+ K(m - 8@) for m < n@

(22)

Yok - i - - >
B™ (m) B(:)+ K(m nt:y 61 for m
and the corresponding angular location of the ernvelope is given by

m aloats

et _ Yot tan BM\ dm
=yt J@ = (23)

The techniques used to determine the location of the leading-edge shock, and
subsequently the value of ?:>, are presented in Appendix C.

In the blade layout, step 3 is simply an angular translation at the
trailing edge of the section envelope to account for the blockage effects of
the suction and pressure surface boundary layers and the physical blockage of
the trailing-edge radius. It is apparent from fig. 9 that a significant
percentage of the section envelope thickness arises directly as a consequence
of the trailing-edge blockage. The magnitude of the trailing-edge blockage
is evaluated by means of a mixing loss analysis which is described in Appendix B.

For a 2-D section, the trailing edge region between points@and@would
be straight in order to eliminate wave disturbances downstream of the section.
Correspondingly, in the 3-D design, the pressure surface from points to
(@) is designed so as to be coincident with the free-streamline path correspond-
ing to the cascade outlet inviscid core flow conditions and passing through
point so as to eliminate wave disturbances downstream of the cascade. In
addition, the free streamline analysis provides a detail description of the
core flow field in the vicinity of the trailing edge. This information, along
with the knowledge of the strength of the trailing-edge shock, is sufficient
to determine the approximate location of the shock in the flow field. The
intersection of the free streamliine and the trailing-edge shock from the adja-
cent blade determines the location of pointCD.

In theory, knowledge of the pressure-surface flow conditions downstream
of the leading-edge shock-and upstream of the trailing-edge shock, along with
a reasonable assumption of the Mach number distribution (e.g., linear) between
points and @, is sufficient to allow the pressure surface contour to be
extended analytically from point to point é An assumed Mach number dis-
tribution yields a corresponding B-distribution, from which the polar coordinates
can be computed by numerical integration from point (8) to point (:). However,
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the resulting value of 6 =

9
calculated value. In vigg)of this fact, this approach to completing the section
envelope was not employed in the present design method. Instead, the angular
location of each point on this surface was assumed to be a cubic function of

the meridional distance, m, so that

would not necessarily agree with the previously

87" = am’ + bm2 +cm +d (24)

The location of the surface at points and @ is known as a result of
the previous construction steps. The corresponding slopes at these points are
also known since

s = B'é - 8, (26)
;> and ék’ the
pressure-surface kink angle, equals 52, the trailing-edge shock strength (eq. 20)).

atat.

where 5;“, the leading-edge envelope wedge angle, is equal to &

Hence, the four coefficients of eq. (24) can be easily evaluated.

It might be noted at this point, that in the previous construction steps it
was implicitly assumed that the flow deflection across the leading edge shock
was the same at the suction and pressure surfaces. A similar assumption was
made relative to the trailing edge shock. The validity of this assumption is
related directly to the shape of the surface from point (§) to point (:) and any
consequent waves from that surface. For the small changes in B that take place
along the subject surfaces, the pressure surface compression waves are not
expected to affect significantly the leading-edge and trailing-edge shock wave
profiles. As stated previously, the suction-surface rate of change of 8** with
respect to the meridional coordinate is constant. On the pressure surface, eq.
(24) means that

*
d(tan B* ) K
———"= km
dm
Accordingly, for small changes in B**, the two surfaces are similar in contour
and an appreciable degree of wave cancellation should result.

In order to calculate the blade section from the section envelope it is
necessary to choose a distribution of boundary layer displacement thickness on
the section surfaces. In the present design procedure, the boundary layer dis-
tribution on the suction and pressure surfaces is assumed to be a quadratic
function of meridional distance. The three quadratic coefficients are defined
by assuming that the displacement thickness at the leading edge is zero; and by
specifying the rate of growth of the boundary layer at the leading edge, and the
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magnitude of the displacement thickness at the trailing edge (see sketch below).
The sum of the pressure and suction surfaces displacement thicknesses is evalu-
ated using the mixing calculation described in Appendix B. The magnitude of
the individual thickness was determined by assuming the suction surface thick-
ness to be 20 percent larger than the pressure surface thickness. For simpli-
city, the rate of change of boundary layer displacement thickness at the lead-
ing edge is specified in terms of the angle between the section envelope and

the metal surface.
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One approach to specifying the initial rate of boundary layer growth would
be to evaluate the displacement thickness at the location of the first captured
Mach line, and then to choose an initial growth rate consistent with this value.
This approach was not used in the development of the present design; rather, an
initial growth angle of 0.2 deg was assumed for each blade section.

Summary of outer-section design sequence.--The input to the outer section
design procedure can be divided into two categonies: (1) the input supplied
by the axisymmetric program, and (2) the input supplied by the designer. The
former includes the inlet and discharge flow conditions, the streamtube geome-
try, and the axial chord of the section. The primary and secondary input sup-
plied by the designer is listed in the following table.

e

Primary
i nput Description
Ad Difference between trailing-edge and leading-edge
shock strength
6k Pressure surface kink angle
Secondary
i nput
Q The profile loss factor to be used in the mixing
P calculation
if Suction surface incidence factor (see Appendix D)
"LE The leading-edge radius
"I E The trailing-edge radius
o The suction surface initial boundary layer growth angle
o The pressure surface initial boundary layer growth
P angl
gle
H The trailing-edge boundary layer shape factor
f The ratio of the suction surface to total boundary

layer displacement thickness

The secondary input parameters are those quantities which are generally
held fixed during the design process. The only primary input variable with
which the designer can influence the outboard section properties is 8. The
choice of this variable directly affects the section maximum thickness and the
minimum passage area. |If the maximum section thickness is specified from mech-
anical design considerations, then the value of Ab and consequently the minimum
passage area are determined. |f the value of minimum passage area is not
acceptable then the solidity, i.e., the axial projection of the section must
be changed. The design process can be speeded up considerably if the axial pro-
jection is treated as a primary design parameter, wi-th the condition that the
axial projection value used in the final axisymmetric pass and the final blade
design pass correspond.
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Inboard Section Design Theory

The inner rotor sections, by definition, have subsonic inlet and discharge
Mach numbers. As a consequence, the analytical techniques used in the design of
the outer sections are no longer valid and an alternate design approach must be
used. One of the main considerations in choosing the inner section design tech-
nique was that the method should provide, automatically, a simple means of fair-
ing the inner and outer sections in a smooth, continuous, and structurally
acceptable manner. For this reason, a design technique which was identical in
structure to that used for the outboard design was selected rather than the
simpler and more conventional multiple-circular-arc approach.

The outer section was developed in six basic steps, two steps to develop
the suction surface, two steps to develop the pressure surface, and one step
each to develop the section envelope blockage and the blade metal surface.

The inner section is developed in four steps, one each for the pressure and
suction envelope surfaces and one each for the blockage and metal section
development. The suction and pressure surface steps are individually divided
into two steps each so that the final section is consistent with the six-step
outboard section. Consequently, construction steps 1 and 2, and steps 4 and 5
are considered together in the following description. The manner in which the
inner and outer sections are faired smoothly into one another is discussed in
the description of the central section design technique.

Description of inboard section design methods.-~Steps 1 and 2 encompass

the generation of the section envelope suction surface. For the inner sections,
the surface angle variations along this envelope are defined by

¥*%

a
w0

m
= + — 2
= K(1 kng) (27)
The parameter A allows the designer to control the distribution of suction
surface curvature. For A = 0, the distribution of curvature is the same as
was used for the outer sections. For A > 03 the surface curvature tends to
shift towards the trailing edge, and for A < 0, the surface curvature tends to

shift towards the leading edge. Integrating eq. (27) from the leading edge
(m = 0) to a general point on the surface yields

Q.

** L g* _m (1 +AM (28)

© B ©)

where the subscripts identify locations designated in fig. 9. Eq. (28) can
be used to evaluate K in terms of the change in section envelope surface angle
from the known overall change in B* :

B

JOR
-~

L. alonte
woa Bn w

B
K= T 7 %2
®
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Accordingly, eq. (28) becomes
K

) (67'::': _ B:'::‘: )(] + m__
#re gpre O © 2 NG @ (29)

A
(1 + 24
It will be noted that A = 0 results in

X KK
% *% Bg:) Bg)
B =8 * "® m
which displays the same form as eq. (22).

The suction surface angle %E; at the leading edge is evaluated from

L. __L.E.

@ @ Y cos Bo " (30)

The second and third terms on the right of eq. (30) are analogous to the
leading-edge thickness and shock blockage terms used in the outboard section
development. The leading-edge thickness blockage term has been chosen so as

to just offset the loss in blade passage area for a two-dimensional cascade
with a straight suction surface. The shock blockage term, now more correctly
referred to simply as an incidence correction factor, is an input quantity in
the inboard section design procedure. It is by means of this term that section
incidence is controlled.

The section angle (e.g., %:),fig. 9) at the trailing edge is evaluated
from

p¥¥ =g - (31)

core S

. e s *% .
where Bcore is the inviscid core flow angle, and 55 is the section envelope
suction surface deviation angle. The suction surface deviation factor is
evaluated as

%* %
é
6-);-)(- _ 5** + % (32)

*
where 8%¥ and 5$ are two parametars supplied by the designer, the former being

the deviation angle and the latter the trailing-edge wedge angle of the section
envelope. The reason for specifying 5** andé*g instead of 65 directly is that
these two quantities are closely related to the corresponding quantities of the
metal section and it is convenient to be able to control these quantities

independently during the design process.

Once the parameters if, 6??, §%* and \ are specified, the section envelope

at each point can be calculated from
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m

B-x-*: B*-x- +/ dB** (33)
1 dm

o dm

and the corresponding section envelope anqular location from

m

sed k3t
(¢] ='/‘Eﬂ_§_ dm (3[_'_)
(o)

r

With the suction surface specified by eqs. (33) and (34), only the posi-
tion of the point corresponding to the outboard section point (:) and (:) on the
surface in a manner consistent with the outer section remains. In the outer
section development, this position is determined by extending a Mach line (the
first captured Mach line) from the leading edge of an adjacent blade to the
suction surfaces. For sections toward the hub (lower relative Mach numbers),
this Mach line tends to approximate a leading-edge passage normal. For the
inner sections, where such a Mach line does not exist, the leading-edge normal
is used in its place.

The third step for the inner sections is identical to step 3 for the outer
section. It specifies the location of point on the section envelope via the
angular translation of the coordinate to account for the total effective blade
and displacement thickness blockage. Steps 4 and 5 encompass the definition
of the section envelope pressure surface. The angle of this surface at the

*4t 4t 33
leading edge was previously evaluated in eq. (25) as B = - 61 where
34t 3t
B is the angle of the suction surface as calculated in step 1 and 5]

is the section envelope leading-edge wedge angle specified by the designer.
The angle of the pressure surface at the trailing edge is evaluated as

3636 ¥t
B =B -8 (35)

(:) core P
3636

where 6p is the section envelope pressure surface deviation factor. This

quant ity is evaluated from the section envelope deviation angle, and the
section envelope trailing edge wedge angle as

6**
ki 63t
E
6, =8 -3F (36)

Egqs. (25) and (35) serve to define the pressure surface angle at the leading-
and trailing-edge points. The location of the leading-edge point is calculated
from the location of point and the designer's choice of leading-edge radius;
the location of the trailing-edge point is determined from step 3. With the
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location and slope of the surface specified at the leading and trailing edge,
the remainder of the surface is defined by a cubic curve, i.e.,

33t 3 2
8 =am” + bm +cm+ d (37)

Step 6 encompasses the generation of the metal section within the section
envelope. This operation is performed in the same manner as for an outer
section.

Summary of inboard section design sequence.--The design of an inner rotor
section using the techniques described above requires two types of input:
(1) input supplied from the axisymmetric program, and (2) input supplied by
the designer. The input supplied by the axisymmetric program includes the
inlet and discharge flow conditions, and the streamtube geometry, and the axial
length of the section. The primary and secondary input supplied by the designer
is listed in the table below.

Primary
dinput Description
A Suction surface curvature factor
i]c Suction surface incidence factor
&7 Envelope deviation angle with respect to envelope mean line
6#2 Section envelope trailing-edge wedge angle
5?” Section envelope leading-edge wedge angle
Secondary
input
QP Profile loss factor for use in mixing calculation
Trailing-edge boundary layer shape factor
o Suction surface initial boundary layer growth angle
&p Pressure surface initial boundary layer growth angle
FLLE Leading-edge radius
r iy .
T.E. Trailing-edge radius

The primary input values represent those quantities which are varied by
the designer in the process of obtaining an acceptable metal section. The
secondary input quantities, in general, are fixed during the iteration process.
The manner in which the primary quantities tend to affect the section proper-
ties are discussed in the following paragraphs.
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The leading- and trailing-edge section envelope wedge angles control the
magnitude and location of the section maximum thickness. |Increasing either
wedge angle tends to increase the maximum thickness. Increasing the leading-
edge wedge angle tends to shift the maximum thickness forward, and increasing
the trailing-edge wedge angle tends to shift the maximum thickness aft. The
section envelope deviation factor controls the metal section deviation angle.
The suction surface curvature and incidence factors control the blade passage
area distribution., In actuality, there is some cross-coupling between each
input parameter and all the section properties. This cross-coupling is in
general small.

The section passage area distribution can be described quantitatively in
terms of the value and location of the passage minimum area, and qualitatively
in terms of how quickly the area distribution opens up downstream of the mini-
mum value. In general, it was found that shifting the suction surface curva-
ture aft tended to shift the passage minimum area in the same direction, and
increasing the incidence factor tends to increase the value of the minimum
area. In the development of the hub section, these two factors were chosen so
as to achieve a minimum passage five percent larger than the critical area at
the passage inlet, with a continuous increase in area downstream of this loca-
tion. The hub deviation factor was chosen to achieve a section deviation angle
of 10 deg, and the leading- and trailing-edge wedge angles were chosen so as
to achieve a tm/c of 0.08 located slightly aft of the mid-chord position.

Central Section Design Theory

The central sections, by definition, have supersonic inlet and subsonic
discharge relative Mach numbers. At present no theoretical technique is readily
available for analyzing entire sections of this type. In developing the central
sections, consideration was given to the following:

(1) Achievement of a smooth transition from inboard to outboard sections

(2) Achievement of adequate choke margin

(3) Achievement of adequate section thickness

(4) Avoidance of excessive suction surface Mach numbers in the leading-
edge region

A main requirement of the central section design technique is that it be
structured in a manner which is consistent with item (1) above, and have suffi-
cient flexibility to allow the designer to satisfy items (2) through (4). |In
order to satisfy item (1), the middle section is developed in six construction

steps.

Central section design methods.-~-In the following paragraphs, the
techniques used in each step are discussed in detail. In certain instances
where a nonnumerical description of a particular step is inconvenient, a finite
difference description of the step is presented. The finite difference proce-
dures are basically those that are used in a computer program that was developed
to automate the blade generation technique.
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Step 1 encompasses the generation of the suction surface of the section
envelope from the leading edge to the first captured Mach line (point 2, fig.
9),. For all three types of sections the shape of this surface is defined by
specifying the surface angle at a finite number of meridional locations. |If
conditions at the jth point are denoted by subscript j, then for the central
sections

e r
B~ =B - (Z-FV)( L. E. )+ i
<:) ] */ \y cos 51)(tan B] - VM7-1 f

1

336

5 ) I )\mJ.
j = FS stj"’ (]-FS) BJ-_,I + K (] + ’_'1—5-—)(?“.j - mj_]> (38)

where the subscript fs denotes the ''no work'' streamline.

When F_ = 1, eq. (38) reduces to the definition used for the outer surface;
where FS = 0, it reduces to the definition used for the inner surface. The
i

parameter K in the above equation is defined as follows:

P 33
| @ - %) + F561 (39)
K = N

ol *3)

where the numbered subscripts denote points indicated on the reference blade
section (fig. 9).

With the surface angle definei at each discrete point j, the corresponding
angular location of the surface GJ is calculated incrementally as

336 Ll

3 st tan B, + tan BJ_]
8. =86, .+ J m, - m, (4o)
j j-1 rj + rj_] j 3-1

The angular location of the first point (at the leading edge) is specified as zero.

For the outboard sections, the termination point of the above surface is
determined by its intersection with the first captured Mach line, the first
captured Mach line being constructed from the free streamline angle, the Mach
number distribution, and blade spacing. For the inboard sections, the termi-
nation point is determined by the intersection of the surface with the passage
inlet normal. For the central sections, the termination point is determined
by its intersection with a pseudo-Mach-line defined in terms of the surface
angle and the free streamline Mach number distribution. The term '' pseudo-Mach-
line'' is employed in recognition of the fact that the coordinates of this line
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are calculated for a meridional distribution of Mach number that has not been
corrected for adjustments to the suction-surface free streamline beta distri-
bution imposed by eq. (38). This pseudo-Mach-line reduces to a true Mach line
for the outboard sections where the surface and free streamline angles are
identical. Similarly, it reduces to a passage normal close to the inboard sec-
tions as the free streamline Mach number approaches unity.

Step 2_encompasses the generation of the section-envelope suction surface
from point<:) fig. 9, to the trailing edge. The surface is defined in two sub-
steps, the first referred to as the preliminary surface definition, and the
second as the final surface definition. The preliminary surface definition is
used in determining the incidence point of the leading edge shock. Once this
point is located, appropriate modification of the preliminary surface down-
stream of this location yields the final surface definition.

The preliminary angle distribution for the critical sections is generated
by the finite difference equation
3 3t 111

Bj = Bj-] + K (mj - mj_]) (41)
"
5 1y o 11 ]
where K =F ko (]_Fs) K' (1 +h =) (42)
( 3 5 Beﬁ3
1 + F =
R ORI O, (43)

. ©®© D

and K is given by eq. (39).

To demonstrate that the structure of eqs. (41) through (43) applies also
to outboard and inboard blade section design, eqs. (41) and (42) can be combined
to dISpEfS the finite-difference approximation dB*%/dm in the region between

points and
dg*rx J J-1 _ " ' —1
= N,mj T =FK + (1-F) K' (1 + A ——) (L4k)

For outboard sections (F_ =1), eq. (44) becomes
B . pT S S 5
1 -1 _ ORI i)

m. = m

I OO

which is equivalent to eq. (18). (Note that the term (BZ* - Bg*) of eq. (18)

equals - 5].) For inboard sections (Fs = 0) eq. (4h) reduces to

atat.
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which is identical to eq. (27).

The location of point(), the shock intercept point, is determined from
the interception of the leading-edge shock and the preliminary suction surface.
For cases in which the leading-edge wedge is too large to support an attached
shock or where the designer wishes to control the location of the 'kink' inde-
pendently of the shock, the intersection location is specified manually. The
expression used to determine the suction surface angle distribution downstream
of the intersection is
34t 44t

B(LD=E© -Fs 6] (47)

where Fs is a specified parameter and 6] is the leading-edge shock strength
(see eq. (17)). For Fo=1, the suction surface technique described above

-generates a surface which is consistent with the outer surface technique, and
for Fs = 0, generates a surface consistent with the inner surface definition.

The technique used in step 3 is identical to that used in_the outer sec-
tion procedure for defining the change in 6" between points (:) and

Step 4 encompasses the generation of the pressure surface from point(:)to
pointC:) For the outboard sections, the surface angles between points(:)and
are set equal to the corresponding trailing-edge free streamline angles com-
puted from the trailing edge RVG’ and point C) is determined by the intersection
of the adjacent blade suction surface trailing-edge shock with the free stream-
line surface. For the inboard section, the surface angle is defined by a cubic
curve fit and the location of point is specified at input. For a point j
lietween points(:)and , let the section surface angle as calculated by the out-
board section design Wethod be denoted as B}™®, and let the surface angle as cal-
culated by the inboard section method be B
is defined as J

. Then the central surface angle

% 363, 4646 ¢
By = F B+ (1 - F)B

J P J (48)

where Fp is a parameter governing the transition from inboard to output
sections. For Fp = 1, the surface corresponds to an outboard section surface

and for Fp = 0, the surface corresponds to an inboard section surface.

Step 5 defines the generation of the section envelope pressure surface
f rom point to point@. For both inboard and outboard sections, the surface
is generated by a cubic equation whose parameters are defined by the location
and the surface angles at pointsandé Since the location of pointis
already known from the above steps and point(:)can be easily located in terms
of the location of point(:l only the angles need to be specified to complete
the definition of the middle section. The angle at point(:)is defined in the
same manner for all three types of sections, i.e.,

b4t 3¢
8. = -6 (L49)
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For point, the central section angle is defined as

4t ¢
RoR "
where F_ and 6k are now parameters specified by the designer. For Fp = 0, the

angles at points @andare the same and the surface definition is identical to
the inboard section specification. Similarly with Fp = 1, and the kink angle 6k

set equal to the trailing-edge shock strength, the central section reduces to
the outboard section specification.

Step 6 consists of the development of the blade section within the section
envelope. It is performed in the same manner as described for an outboard
section by subtracting the boundary layer displacement thickness from the sec-
tion envelope.

Summary of central section design sequence.--The central section design
procedure is the most complex of the three design procedures discussed in this
report. This is so because the midsection procedure must be capable of pro-
ducing (with appropriate input parameters) either an outboard or an inboard
section or any section in between. In fact, in the computer program that has
been written to automate the section design procedure, only the midsection
procedure was actually programmed. The input to this program for each type of
section is identical in format, although many of the input parameters are not
used for the outboard sections since the parameters can be calculated inter-
nally. The major aspects of the transition from inner to outer sections are
controlled by two parameters denoted by FS and Fp as discussed in the previous

section. The parameter FS controls the transition of the suction surface, and

the parameter Fp controls the transition of the pressure surface.

The section using the mid-section design technique requires two types of
input: (1) input supplied by the axisymmetric program, and (2) input supplied
by the designer. The input supplied by the axisymmetric program includes the
inlet and discharge flow conditions, the streamtube geometry, and the axial
length of the section. The input parameters supplied by the designer are fur-
ther divided into two categories: primary and secondary parameters. The
latter refers to quantities that are, in general, held constant during the
design of the section. The former refers to quantities that are varied during
the design process and by means of which the designer controls the section
mechanical and aerodynamic properties. The primary and secondary input quanti-
ties required for development of the mid-sections are tabulated as follows.

Primary input Description
A Suction surface curvature factor
i;‘ Suction surface incidence factor
5> Section deviation angle with respect to envelope
» meanline
5?" Section envelope leading-edge wedge angle
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Ste Section envelope trailing-edge wedge angle

FS Suction surface transition factor
Fp Pressure surface transition factor
Q:) Meridional location of point 3
T:) Meridional location of point 7

Secondary input

Qp Profile loss factor for use in mixing calculation

(
H Trailing-edge boundary layer shape factor
2 Suction surface initial boundary layer growth angle
o Pressure surface initial boundary layer growth angle
"LE Leading-edge radius
"I E. Trailing-edge radius

The manner in which the primary quantities tend to affect the section
properties is discussed in the following paragraphs.

The leading- and trailing-edge section envelope wedge angles together
control the magnitude and location of the section maximum thickness. Increas-
ing either wedge angle tends to increase the maximum thickness. For small
suction and pressure surface angle discontinuities, these two angles also tend

to control the location of the section maximum thickness. Increasing the
leading-edge wedge angle tends to shift the maximum thickness forward, and

increasing the trailing-edge wedge angle tends to shift the maximum thickness
aft. For larger suction and pressure surface 'kinks'', the location of the
kinks tends to control the location of the maximum thickness (unless the kinks
are placed far forward or far aft on the section). This is because the sec-
tions tend to become single or double wedge shapes with the maximum thickness
located at or between the wedge vertexes.

The section envelope deviation factor controls the metal section deviation
angle. The suction surface curvature and incidence factors and the location
and magnitude of the surface angle discontinuities control the blade passage
area distribution as well as the suction surface Mach number distribution.
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Overall Rotor Design Procedure

In the previous sections of this report, the techniques used to design
the outboard, central, and inboard rotor sections were discussed in detail. In
the present section, the manner in which these techniques were used to arrive at
the final geometry is discussed.

The axisymmetric calculations indicated that the five outermost rotor
sections (streamlines 1 through 5, fig. 1) were fully supersonic, and hence
they were designed using the outboard section design techniques. The primary
variables associated with the design of these sections are the axial projec-
tion of the sections, and the difference between the leading- and trailing-
edge shock strengths. The major section parameters monitored during the design
process were the maximum thickness-to-chord ratio tm/C and the start margin.

The start margin as calculated by the methods of Appendix D varied from approxi=-
mately 5.5 percent at the tip to approximately 2.5 percent at section 5. The
tm/C values were set equal to values previously deemed acceptable from mechani -

cal design considerations. Using the program described herein and observing
the constraints resulted in a set of sections having gradually decreasing chord
lengths and increasing shock strength difference radially inward from the tip.
The increasing shock strength difference was necessary in order to keep the
section passages sufficiently open. That is, the channel Mach number in the
exit region was increased by means of additional turning towards the axis down-
stream of the expansion kink (eq. 19)). Turning the channel towards the axis
increases its flow area.

As a consequence of designing the five outboard sections first, some
guidance in the selection of the variables required as input for the design of
central and inboard sections could be gained. Specifically, this information
included (1) the envelope leading- and trailing-edge wedge angles, (2) the
locations of the suction and pressure surface kinks, (3) the magnitudes of the
respective kinks, i.e., the values of Fs and Fp, (4) the magnitudes of the
incidence factors, and (5) the magnitudes of the deviation angles.

In order to gain some idea as to the probable behavior of the above vari-
ables from section 6 on down, section 12 was developed next. This section has
subsonic inlet and discharge Mach numbers and hence was designed as an inboard
section (no kinks on the pressure or suction surface). 1In choosing the input
variables for this section, the major parameters monitored were the passage area
distribution, the tm/C, and the inlet incidence angle. The location of the

hypothetical suction surface kink was specified just aft of the passage inlet
normal. The location of the hypothetical pressure surface kink was determined

by extrapolation from the outboard sections.

With the central input variables specified in the outboard region and at
the hub, the approximate values of the variables at the other sections were
determined by curve fitting. The variables were modified somewhat in the design
of the remaining sections in order to achieve acceptable distributions of pas-
sage area suction surface Mach number, start margin, and tm/C.
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After the final smoothing of the input, r, 8, and z coordinates of each
section were input into the rotor 'stacking program''. This program was specifi-
cally written as a part of the present design effort to handle sections with
surface angle discontinuities on the pressure and suction surfaces. The program
maintains the integrity of the kinks during the stacking and twist operations,
and fairs the kinks over a specified surface distance after development of the
section onto planar surfaces. |In the present design, all kinks were faired over
a 0.2 in. surface distance. In addition to fairing the kinks, the program also
fairs a leading and trailing edge ellipse to each section. |In the present design,
a 2:1 ellipse was used for all sections as a compromise between achievable manu-
facturing tolerances and optimum aerodynamics.

DESIGN RESULTS AND DISCUSSION

The rather elaborate design procedure used in this program for the rotor
design was felt to be justified on the basis that a conclusive evaluation of a
new compressor concept was desired. The stator design procedure was standard
inasmuch as the stator flow was entirely conventional with respect to both turn-
ing angle and Mach number. The fan stage which resulted from these design
efforts is summarized and discussed below.

Flow Path and Velocity Diagrams

The flow path was determined considering influences of blade blockage,
boundary layer allowance,shock and profile loss coefficients, and work input
distribution within the blade row. The resulting iterated flow path showing
the locus of the rotor and stator leading and trailing edges and design stream-
lines is presented in fig. 1. The 12 streamlines shown divide the flow into
11 actual flow annuluses.

The final velocity diagram values for streamline Nos. 1, 6, and 12 at
design speed and airflow are presented in fig. 11. The most noteworthy factors
are the supersonic exit Mach number relative to the rotor tip and the small
amount of fluid flow turning required at streamline No. 6. The tip inlet Mach
number of 1.647 is higher than present commercial practice, but not beyond pub-
lished data for transonic and supersonic compressors (refs. 3 and 4). The maxi-
mum absolute Mach number leaving the rotor is only 0.732 at an angle of 39.3
deg from the axial direction (at the hub). Providing that the flow leaving the
rotor is as uniform as the design concept predicts and the flow parameters have
approximately the design values, a low-loss stator design appears routine.

Rotor Design Summary

The overall summary of the final rotor design is presented in tabular form
in table 1. Because the axisymmetrical flow calculations are carried out along
stream surfaces, all of the design values are presented as functions of the
streamline numbers rather than the dimensional radius. However, for orientation
purposes, plots of streamline location at rotor blade inlet and outlet are pre-
sented in fig. 12. In addition, 4 rotor sections defined along the conical sur-
faces representing streamlines 1, 6, 9, and 12 are presented in figs. 10a
through 10d. The presentation of the aerodynamic design results is completed
by the following discussion and the accompanying figures.
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Streamline No. 1 6 12
vy, ft/s (w/s) 1603.0 (488.6) | 1295.1 (394.7) | 740.7 (225.8)
v, 1773.1 (540.4) | 1478.3 (450.6) | 952.0 (290.2)
Vi 750.0 (228.6) 701.0 (213.7) | 596.0 (181.7)
v, 750.0 (228.6) 701.0 (213.7) | 596.0 (181.7)
u, 1555.1 (474.0) | 1284.0 (391.4) | 825.5 (251.6)
v2' 1470.0 (448.0) | t110.1 (338.4) | 708.0 (215.8)
Vg, 1259.0 (383.7) 939.0 (286.2) | 302.0 ( 92.1)
v, 813.0 (247.8) 688.0 (209.7) | 828.8 (252.6)
VMZ/VMl (Dimens 1onless) 1.011 0.8463 1.074
My 1.647 1.356 0.875
M, 0.70k4 0.653 0.549
M, 1.291 0.962 0.625
M, 0.715 0.596 0.732
B]', deg 64.7 61.2 51.1
Bz', deg 58.9 57.7 25.3

Figure 11.--Rotor Velocity Diagram Values for Tip, Mid-Span,

and Hub Stream Surfaces of Design,
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TABLE |

ROTOR AERODYNAMIC SUMMARY

PTy= 14 696 psia = 10 133 N/cmé
Tyy= 518.69 °R = 288 16%K
N//@ = 12 781 rpm = 1338 4 rad/s
W/ 876 = 147 9t Ibm/s = 6 709 kam/s
© U= 1603 0 ft/sec = 488 594 m/s
M= 14 370 1n = 36 50 ¢m
A

Blockage factor = O 980 Inlet
Streamline | 2 3 4 5 6 7 8 9 10 1 12
rI/IT| I 0000 [ 0 9613 | 0 9258 | O 8877 0 8484 0 8079 0 7613 0 7140 0 6625 | 0 6047 0 5400 0 4621
% Flow [e] 9 09 1818 27 27 36 36 43 45 54 55 63 64 72 73 81 82 91 9t 100 0
PT/PTI 10 10 1.0 10 10 10 10 10 10 10 10 (]
TT/TT| Lo Y] I Q 10 10 10 to 10 t 0 10 10 i 0
U/UT| 1 00001 09613 | 09258 ) 08877 | 0 8484 | 0 8079 | O 7613 | O 7140 | O 6625 | 0 6047 | 0 5400 0 462
Ve /UTI | 0000 0.9613 | 0.9258 0.8877 0 8484 0 8079 | 0 7613 0 7140 0 6625 | 0 6047 0 5400 0 4621
VM/UT) 0 4682 0 4615 | O 4542 0 4524 0.4450 | O 437t 0 4303 0 4234 0 4166 | 0 4072 0 3902 0 3717
] -15 0 11 2 -8 2 -6 2 -4 5 -3.2 -05 19 L L 77 129 23 3
v/uty 0 4682 0 4615 | O 4542 0 4524 0 4450 | 0 4371 0 4303 0 4234 0 4166 0 4072 0 3902 0 3717
V'/UTl 1 1061 | 0680 | | 0349 ) 0 9988 | 0 9607 | 0 9220 | 0 8765 | 0 8334 | O 7860 | O 7349 | 0 6737 0 5939
8! 64 70 6420 63,50 | 6270 | 6200 | 61,20 | 60.20 [5900 | 5740 | 5550 | 5350 51 10
B 0 0 0 0 0 0 0 0 0 0 4] 0
'MCL 279 275 279 2 85 295 310 327 378 4,50 4 89 3,77 4 36
'ss 0 69 0 8l 0.79 0.73 0 8l 0 95 0 99 1,43 1 78 1,65 o ol -0.58
M | 647 1 591 | 526 1.479 | 420 1 356 1291 | 225 1 150 | 068 0 973 0 875
M 0 704 0 693 0 68] 0 678 0 666 0 653 0 642 0 631 0 620 0 605 0 578 0 549
Overall Parameters
?/rT' 0 9847 0 9499 | 0 9158 | O 8810 0 8441 0 8045 | 0 7613 0 7168 0 6674 0 6130 0 5560 0 4885
AT/TT| 0 1473 | C 1417 | 0.1398 | O 1396 | O 1407} O 1442 ] 0 1488 | O 1498} O 1446 | O 1400 | 0 1377 0 1388
© 0 080 0 065 0 060 0 061 0 068 0 085 0110 0120 0100 0 082 0 073 0 080
] 0 216 0 235 0 252 0 270 0 290 0 315 0 347 0 382 0 405 0414 0 400 0 370
nad 0,854 0 880 0.892 0.894 0 886 0 867 0 839 0 837 0.870 0,900 0.920 0.927
4] 1,620 I 615 | 612 | 614 1 623 | 648 1 664 1 689 1.727 1773 1 869 2 080
Blockage factor = 0 955 Exit
Q/rT' 0 9701 | 0 9388 | 0 9068 | O 8747 | 0.8392{ 0.8010 [ O 7613 | O 7189 | O 6722 | O 6228 | O 5713 0 5150
PT/PT| 1.5120 { 1 5097 | 1 5091 I 5090 | 1 5093 | 1 5097 | 1.5106 | | 5116 ¥ 5127 | | 5143 | | 5168 I 5274
TT/TT V173 [ 1 1408 11 1398 ) 139 | 1 1407 | ) 1442 (1 1488 | ) 1498 | | 1444 | | 1400 | 1 (375 | 1388
u/UT' 0 9701 | 09388 | 0 9068 [ O 8747 | 0 8392{ 0 8010 | O 7613} O 7189 O 6722 | 0 6228 0 5713 0, 5150
Vé/uT, 07854 | 07573 [ O 7168 | O 68181 0 6376| 0 5858 | O 5253 | O 4660 | O 4117 | O 3512 | O 2789 0 1884
/Uty 04735 | 0 4317 | 0 4086 | 0 3893 | 0 37764 0 3699 | O 3656 | O 3637 | 0 3643 | 0 3755 | 0 3930 0 3993
] -11 5 -8 2 -6 4 -4 3 -2.5 -0 7 08 27 4o 76 12.0 17 7
V/ur, 0 5072 § 0.4654 | O 4510 | O 4354 1 O 4298 O 4292 | 0.4361 | O 4429 | O 4479 | O 4641 | 0 4910 0 5170
v‘/UT| 09170 0.8715 | 0.8260 | © 7835 | O 7405] 0 6925 | O 6400 | O 5908 | 0 5496 | O 5140 | O 4822 0 4417
B' 58 9 60 3 60. 4 60 2 59 & 57 7 55 1 52 0 48 5 43 | 35 4 25 3
B 21 0 21 7 25.0 26 6 28.6 305 32 8 34 8 355 359 36 7 393
M 1 294 | 221 1 152 1 093 1 031 0 962 0 888 0 82t 0.766 0 720 0 680 0 625
M 0715 0 652 0 630 0 607 0 598 0. 596 0 605 0 615 0 624 0 650 0 692 0 732

s° 37 373 3 89 I 4 14 | 4,28 l & 30 4 34 | 4 27 I 4 36 | 5 21 6 52 1o 08
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Design flow regimes.--The Mach numbers relative to the rotor at inlet and
exit are presented in fig. 13. At rotor inlet the outer half of the flow may be
considered supersonic and the inner half transonic. Flow exiting from the rotor
is supersonic from the tip to streamline no. 5, and subsonic inboard from that
location.

Relative flow angles.--The distribution of the airflow angles relative to
the rotor blade at the rotor inlet and outlet are presented in fig. 14, The
relatively high values of the inlet flow angles, varying from about 50 to 65 deg,
reflect the high rotational speed of this rotor. The distribution of the rotor
blade outlet flow angles is somewhat unusual, showing a maximum value at
streamline no. 4 with the minimum required turning angle occurring in this zone.
As mentioned previously, this variation of rotor outlet flow angle and of the
required turning angle, Bi minus Bé, results from the wall curvature effects on

the radial variation of rotor inlet and outlet meridional velocity.

Section solidity and thickness.--The rotor blade solidity and section thick-
ness to chord ratio (tm/c), figs. 15 and 16, respectively, result from compro-

mises between the aerodynamic and mechanical design considerations. The rotor
tip solidity of about 1.62 was chosen solely from aerodynamic design considera-
tions. The number of rotor blades, their taper, and average chord were funda-
mentally fixed by the contractually specified aspect ratio and structurally
allowable chord and cross-sectional area taper. Initially a linear variation
with radius of maximum thickness in percent of chord length was assumed. The
final distribution shown in fig. 16 does not vary greatly from this selection.
Fig. 17 gives the chordwise location of the maximum thickness as a function of
streamline number.

Total pressure ratio and loss coefficients.--The objective radial distri-
bution of stage pressure ratio for this transonic fan is constant. The varia-
tion in rotor outlet total pressure ratio (fig. 18) therefore reflects the
expected higher total pressure loss in the stator end wall regions. The rotor
outlet total pressure ratio is highest at the hub because the Mach number, turn-
ing requirements, and hence loss for the stator vane sections are greatest at
the hub. The rotor diffusion factor calculated using the axisymmetric program
is presented in fig. 19. The profile component of the rotor total loss coeffi-
cient, wp’ is considered to be a function of the diffusion factor and radius.

The variation of this profile loss coefficient, &p’ is presented in fig. 20 and

shows the trend with streamline number as would be expected from diffusion factor
variations. The component of rotor total loss coefficient at design operation
due to supersonic flow and shock waves is expected to be different in this rotor
from any previous design because of the avoidance of strong tip shock.

There is no direct precedent upon which to estimate the total pressure loss
coefficients for this design wherein the total is composed of shock and profile
losses. In the all-supersonic outboard region only weak oblique shocks are
expected so the shock losses are anticipated to be very low. This should also
be true near the hub contour where the relative flow has either subsonic or low
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transonic values. In the intermediate zone between streamlines nos. 6 and 10,
bow waves are anticipated. The strong shocks are expected to occur in the
region around streamline no. 8 (see fig. 20). The additional total pressure
loss due to rapid boundary layer growth and probable separation is expected to
be maximum in_this region. For this reason, the additional component of loss
coefficient, w_ attributable to shock losses, has been given a maximum value

of twice the normal shock loss in this zone (fig. 20). From this maximum, addi-
tive values of W have been tapered off smoothly to low values in the subsonic

and in the all-supersonic regions. At both walls, the loss coefficient has been
increased to reflect wall boundary layer and clearance effects, but the increase
is anticipated to be small due to the design condition of low diffusion across
this rotor and particularly across the hub and tip elements where high calculated
meridional velocity ratios exist at the walls. These considerations result in
the fig. 20 variation of shock loss coefficient with radius. The resulting com-
bined total-pressure-loss coefficient is also indicated in fig. 20.

Although a localized loss associated with the midspan damper will occur,
the decision was taken to distribute a |-percent loss in relative total pressure
uniformly across the rotor exit. This distributed loss is included in fig. 20.
The reason for not attempting to model the loss locally is that for an essen-
tially constant total pressure ratio the computer program would tend to give a
locally increased camber yielding small local blade irregularities which could
compromise mechanical integrity in the high stress region of the midspan damper.
Due to the high sweep angie of the damper (7! deg) and the low normal Mach num-
ber (0.67), there is reason to expect minimum flow disturbance by the damper even
though the relative Mach number of .43 is higher than used in current practice.

Element temperature rise and efficiency.--The normalized rotor total
temperature rise presented in fig. 21 reflects the work input required in order
to produce the desired stage total pressure ratio while considering the combined
total loss coefficient anticipated to occur. The calculated element efficiency
of the rotor for each streamline is shown in fig. 22, presenting a near mirror
image of the fig. 21 temperature rise distribution. In practice, it might be
expected that lower efficiencies than the 85 percent calculated at the tip may
occur in that region and that higher values than the 82 percent minimum calcu-
lated between the streamlines nos. 7 and 8 may also be realized. However, the
calculated mass-averaged rotor efficiency of approximately 86.7 percent (includ-
ing the distributed one percent total pressure loss allowance for the midspan
damper) appears to be a valid expectation.

Incidence, deviation, and blockage.--The incidence was primarily influenced

by the section incidence correction as defined in Appendix D. The resulting
incidence angles with respect to the suction surface and mean camber line are

shown in fig. 23.

In the all-supersonic outboard region of the rotor, the deviation angles,
fig. 24, were determined by aerodynamic analysis during the calculation of the
airfoil sections. For the inboard zone of the rotor having subsonic exit Mach
number, the deviation angle was,calculated using Carter's rule with an adjusted
additive factor shown in fig. 2A4.
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An inlet total blockage factor of 0.98 and an exit total blockage factor of
0.955 were assumed for the design pass and held constant span-wise. Realistic
blockages based on a preliminary design were used through the blade. Typical
rotor blockages for streamlines 1, 6, and 12 are listed below.

Percent Axial Chord
Streamline 0 12.5 25.0 37.5 50 62.5 75.0 87.5 100
1 0.980 [ 0.945 | 0.928 | 0.919 | 0.910 | 0.903 0.894 [ 0.898 | 0.955
6 0.980 | 0.960 | 0.916 | 0.896 | 0.870 | 0.834 0.831 | 0.890 | 0.955
12 0.980 | 0.870 | 0.820 | 0.794 | 0.781 | 0.784 0.810 | 0.860 | 0.955

Rotor start margin.--The rotor starting margin for streamlines 1 through 8,
which include the all-supersonic outboard sections and sections similar in shape
to these outboard sections, was calculated by the procedures described in Appen-
dix D. Start margin is defined as the percentage by which the channel flow area
exceeds the minimum area needed to pass the normal shock. These characteristics
are presented in fig. D-1, Appendix D. As shown therein, the start margin varies
from approximately 5 percent for section 1 to about 2.5 percent for section 8.

Additional rotor calculations.--In the process of the current design, three
separate versions of the axisymmetric design program were used.

(1) The streamfilament program with calculational stations at the inlet
and outlet of the blade rows (total of 14 computational stations)

(2) The streamfilament program with calculational stations at seven axial
positions inside the blade row (total of 28 computational stations)

(3) A new axisymmetric program using a finite difference solution to the
radial component of the equations of motion with blade interior grid
points

All aerodynamic results presented prior to this point were obtained from
program (3) above. The calculated flow conditions including relative angle
agreed well for all calculational procedures except for relative angle at the
rotor trailing-edge station. The results are indicated in fig. 25, showing a
significant difference, particularly at the inner radii. The finite difference
results were selected for the final design because it was felt that the particu-
lar calculation appeared to handle the blade blockage just upstream of the rotor
trailing edge somewhat better than the stream filament program.

Stator Design Summary

The stator design is based on inlet and outlet velocity diagrams compatible
with the rotor final aerodynamic design and zero stator outlet swirl. The axi-
symmetric computer pass on which this design was based utilized calculating
stations at the blade row leading and trailing edges. A blockage factor of
0.955 which was compatible with the rotor trailing-edge value was used at the
inlet to the stator. On the basis of available empirical data this blockage
was assumed to decrease to 0.940 at the stator exit plane. A tabulated summary
of aerodynamic parameters at the leading- and trailing-edge stations is pre-
sented in table 2 with some of the more pertinent parameters plotted in figs.

26 through 28. -
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TABLE 2

STATOR AERODYNAMIC SUMMARY

PT)

w/6/6= 147,91

14,696 psia =

10,133 N/em?

TT) = 518,69 °R = 288.16°%
N//8_= 12781 rpm = 1338.4 rad/s

Ibm/s = 6.709 kgm/s

Ut = 1603,0 ft/s = 488 594 m/s
rrp = 14,370 1n, = 0.3650 m
Blockage factor = 0.955 Inlet
’
Streamline ! 2 3 4 5 6 7 8 9 10 N 12
'2/rT| 0.9605 | 0.9313 | 0,9008 | 0 8690 | 0.8354 | 0 7999 [ 0.7623 } 0 7221 | 0.6797 | O 6351 | 0.5879 0 5377
% Flow 0 9 09 18.18 27 27 36 36 45,45 54 55 63 64 72 73 81.82 9t 91 100.0
PT/PTl 1.512 1.510 1.509 I 509 1.509 I 510 1.511 1 512 1.513 I 514 1 516 I 527
TT/TTI 11474 | 1 1421 11399 | 1.1396 | 1.1406 | 1.1441 1.1488 | | 1498 | 1443 | | 1397 [ 1 1374 | 1388
Ve/Ur| 0.1878 | 0.1871 [ 0.1903 | 0 1965 | O 2065 | 0.2208 | 0.2389 | 0.2539 | 0 2601 | 0.2695 | 0.2863 0 3163
VM/UT) 0.4423 | 0.4292 | 0,4242 | 0 4180 | 0.4117 | 0.4080 | 0,4042 | 0.4049 | 0.4124 | 0.4230 | 0.4410 0.4729
V/Ur 0.4810 | 0.4685 | 0,4654 | 0.4616 | 0.4604 | 0.4635 | O 4697 | 0.4779 | 0.4872 | 0,5016 | O 5259 0.5689
] 23.0 23.5 24,1 25.2 26.6 28.4 30.6 32.1 32.2 32.5 32.4 33.7
M 0. 669 0.653 0. 649 0 643 0. 641 0 645 0.653 0. 665 0. 68! 0 704 0.743 0 81
IMCL -2,90 -2,62 -2,30 -1.87 -1,32 | -0,62 0.25 0.80 .05 1.28 1.70 2,30
Iss -9.05 -8.98 -8.88 -8,88 -7.60 | -6.80 -5.80 -5.46 -5.20 -4,89 -5.20 -4.10
Overall parameters
T 0.9605 | 0 9308 | 0.9001 | O 8681 | 0.8345] 0 7994 | O 7623 | 0 7230 | O 6815 | O 6377 | 0.5912 0.5415
AT/TTl 0.1473 | O 1417 | 0.1398 | 0.1396 | O 1407 | 0.1442 | O 1488 | 0.1498 | O 1446 | 0 1400 | 0.1377 0.1388
@ 0.030 0.025 0,024 0 025 0.026 0.027 0.0285 | 0 030 0.0315 | 0 033 0 035 0 050
D 0.344 0. 321 0.314 0.309 0.308 0.316 0 330 0.342 0.348 0.358 0 379 0 424
Nad 0.834 0. 866 0.878 0.879 0.873 0 852 0.826 0. 820 0 85I 0 879 . 0 894 0 885
o 1.010 1,043 1.080 L9 1,165 1,220 1.283 1 359 1,445 t.542 1.643 1.825
Blockage factor = 0.940 Exit
r3/rT| 0.9605 | 0.9303 | 0.8993 | 0 8672 | 0,8337 | 0.7988 | O 7623 | O 7238 | 0.6832 | 0.6403 } 0 5945 0.5452
PT/PT. 1.500 1.500 | 500 1.500 1. 500 I 500 | 500 1.500 1. 500 I 500 1.500 1 500
TT/TTI 1.1474 | 1.142] I 1400 ] 1 1396 | 1.1407 | 1.1441 1.1489 | 1 1498 | 1.1444 | 1,1398 | 1.1374 1 1388
Vg/Ut 0 0 0 0 0 0 o] 0 0 0 0 0
VM/UT | 0.4080 | 0.4074 | O 4074 | 0.4074 | 0 0474 | 0,4074 § 0,4080 ] O 4080 | O 4080 | O 4092 | O 4124 0 4148
V/Ury 0.4080 | 0.4074 | 0.4074 | 0.4074 | 0.0474 | 0.0474 | O 40801 O 4080 | O 4080 | 0.4092 | O 4124 0 4148
B 0 0 0 0 0 0 0 0 0 0 0 0
M 0. 561 0. 562 0. 562 0. 562 0 562 0. 561 0. 561 0 56l 0. 562 0.565 0 570 0 573
° 7.50 7.50 7.60 7.85 8.39 9.00 9.95 10.40 9.86 9.50 9.19 8.95
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Vane selection.--Both a special uncambered leading edge section and a
double-circular-arc (DCA) section were considered for this design. The inlet
hub Mach number of only 0.811 (maximum)and corresponding diffusion factor of
less than 0.43 (solidity of 1.82) seemed near ideal conditions for a DCA stator.
However, a general survey was made of the published literature on high and
moderately high Mach number stators, and recent AiResearch experience on
stators at inlet Mach numbers up to 0.94 was examined. The study showed strong
evidence that DCA sections would perform at a level equal to or better than any
other section type at the design Mach number and turning level (see table 2 and
fig. 27} To further verify the suitability of DCA stator sections, a suction
surface velocity option in the axisymmetric computer program incorporating 7
intra-blade-row stations (for both the rotor and stator) was used to approxi-
mate the stator pressure and suction surface velocity and Mach number levels.
The results are shown in figs. 29 and 30 for the hub and tip streamlines.

A linear variation (with axial chord) of turning and loss was assumed and the
calculations based on moment of momentum change between the designated stations.
Realistic blockages based on a preliminary design were used through the vane.
Typical stator blockages used are tabulated below for streamlines 1, 6, and 12.
For the above assumptions, the resulting peak suction surface velocity for the
critical streamline (hub) is less than sonic at the design point. It also can
be seen from fig. 29 that the ratio of peak suction surface velocity to trail-
ing edge velocity is less than 1.7.

Percent axial chord

Streaml ine 0 12.5 25.0 37.5 50.0 62.5 | 75.0 | 87.5 | 100

0.955 { 0.9135 | 0.8948 | 0.8833 | 0.8804 | 0.8847|0.8947 [0.9104 |0.9400
0.955 | 0.9054 | 0.8835 | 0.8699 | 0.8670 | 0.87230.8848 [0.9041 |0.9400
12 0.955 | 0.8829 | 0.8513 | 0.8323 | 0.8288 | 0.8376]0.8569 |0.8862|0.9400

‘ Los§es.--The assumed spanwise loss distribution for the stator shown in
fig. 31 is compatible with that of ref. 5 for similar type blading, inlet con-
ditions, and loading.

Incidence and deviation.--The stator vane parameters of blade angle and
camber angle corresponding to a given set of velocity triangles were defined
utilizing the procedures .given in Chapter VII of ref. 6. Some of the more perti-
nent parameters are plotted as figs. 32 through 35. The design mean-camber-1ine
incidence is shown in fig. 36. The deviation based on Carter's Rule plus an
additive factor is also indicated by fig. 36 with the additive factor shown
separately in fig. 37. Small adjustments to original calculated blading param-
eters were made to obtain smooth leading and trailing edges. All the above
tables and figures reflect the final design.

Choking incidence.--The designed stator was evaluated for the incidence
angle corresponding to sonic flow at the throat. This incidence angle, denoted
the ideal choking incidence angle, imposes the minimum permissible design angle.
This choking incidence angle is shown in fig. 38. The procedure for determin-
ing the ideal choking incidence angle is thoroughly explained in ref. 7.
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MECHANICAL DESIGN

A relatively elaborate mechanical design was carried out on the
subject transonic fan rotor because of the combination of relatively high
tip speed and high aspect ratio and the aerodynamic necessity for a thin
blade.

This section presents the details of that analysis. Design criteria,
applicable steady-state and vibratory stresses, as well as margins of
safety are summarized herein. The study encompassed the rotor blades, fan
disk, disk/blade attachments, stator vanes and rotor critical speeds.

DESIGN CONCEPTS AND OBJECTIVES
The design criteria cover the allowable stress levels, anticipated

operating conditions, and material properties used to size the critical
components.

Material Properties

The materials selected for the critical components are as follows:

Component Material (Specification)
Fan blade Ti-6A1-4v (AMS 4928)
Fan disk Ti-6A1-4v (AMS 4928)

Stator vane

17-4 PH (AMS 5643)

The material strengths that form the bases for the allowable stresses
are from MIL-HDBK-5B (ref. 8) and are tabulated below:

Fan blade Fan disk Stator vane
(AMS 4928) (AMS 4928) (AMS 5643)
Temperature, gF 250 200 300
(7K) (395) (367) (422)
Ft ksi 113 117 135
(N/cmz) (779 x 102) (806 x 102) (930 x 102)
Ft,, ksi 102 107 115
¥ (N/emd) (702 x 102) (737 x 10%) (792 x 102)

80



Allowable Design Parameter Values

The following allowable design stresses refer to minimum material proper-
ties based on MIL-HDBK-5B definition (ref. 8).

Rotor blade.--The blade design limits were set on the basis of the follow-
ing critical safety margin requirements:

(1) The maximum steady-state airfoil stress allowed is 82 ksi
(566 x 102 N/cmz) which is 80 percent of the minimum 0.2-percent
yield stress.

(2) The maximum midspan damper stress allowed is 102 ksi (703 x
102 N/cmz) which is 100 percent of the minimum 0.2-percent yield
stress.

(3) Airfoil vibratory stresses shall not exceed 50 percent of the
smooth specimen endurance strength based on a combined stress

Goodman diagram at IO7 cycles,

Disk.--The disk was sized based on the following allowable limits:

(1) The maximum allowable bore stress is 91 ksi (626 x 102 N/cmz) which
is 85 percent of the minimum 0.2-percent yield stress (100 percent
of the minimum 0.2-percent yield stress locally where bending exists)

(2) The maximum web stress is 85.5 ksi (590 x 102 N/cmz) which is
80 percent of the minimum 0.2-percent yield stress (100 percent
of the minimum 0.2-percent yield stress locally where bending
exists).

(3) Disk burst speed is 125 percent of the design mechanical speed
at the maximum disk metal temperature, based on 90 percent of the

minimum ultimate tensile stress of 105 ksi (723 x 102 N/cmz).

Blade/disk attachment.--The maximum allowable attachment stresses listed
in table 3 were based on the following limits:

(1) Peak neck tension or tang bending stresses do not exceed 90
percent of the minimum 0.2-percent yield stress of the material.

(2) Peak combined filiet stresses do not exceed 125 percent of the
minimum 0.2-percent yield stress.

(3) Peak maximum fillet stresses do not exceed the low-cycle-fatigue
allowable stress for 10 000 cycles from rest to 110 percent speed.

(4) Peak bearing stresses do not exceed 125 percent of the minimum
0.2-percent yield stress.
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(5) Peak tang shear stresses do not exceed 58 percent of the neck
tension allowable stress.

Stator vane.--The principal stationary aerodynamic component is the stator
vane row. The stator vane design is based on an allowable limit of airfoil
maximum stress of less than 80 percent of the minimum O.2-percent yield stress
and a margin of 2 on smooth specimen endurance strength based on combined
stresses,

Operating Conditions

From the mechanical design viewpoint, the most pertinent operating speeds
were the following:

Aerodynamic design speed (100%) 12 800 rpm (1340.4 rad/s)

Mechanical design speed (110%) 14 100 rpm (1476.6 rad/s)
Maximum blade temperature 250°F (395%K)
Maximum disk temperature 200°F (367°K)

DESIGN RESULTS AND DISCUSSION
Rotor Blade

Geometric definition.--The geometric summary of the final rotor blade
design is presented in tabular form in table 3. The rotor airfoil coordinates
of the resulting 12 rotor blade sections are presented in table 4. The coor-
dinates are L-plane blade sections defined by the intersection of the blade
with planes tangent to the cylindrical surfaces. A typical L-section is pre-
sented in fig. 39.

Steady stress.--The blade nominal centrifugal stress versus radius is
shown in fig. 4O. This stress does not include any bending stress and, there-
fore, is useful as a basis for optimizing the blade tilt.

The airfoil combined stress distributions due to aerodynamic and centri-
fugal loads including blade untwist are shown in fig. 4la. These stresses were
calculated at the aerodynamic design speed (100 percent) with the blade tilted
tangentially 0.0175 in./in. (cm/cm) to optimize the stress distribution. The
airfoil stresses caused by design aerodynamic loads only are shown in fige 4lb,
The effect of blade tilt on the stress distribution is 5 percent per 0.010
in./in. (cm/cm) tangential tilt. The effect of dimensional tolerance
is less than *2 percent of the blade stresses.
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TABLE 3

ROTOR GEOMETRIC SUMMARY

[L-Plane Blade Sections, defined by the intersection of the blade with planes tangent to cylindrical surfaces

Blade height = 7.728 in. Number of blades = 4O
(19.63 cm)
Hub/tip ratio = 0.462 Aspect ratio = 2.76
Radius in. 14.372 13, 800 13.100 12.399 11.700 11.700 10.300 9. 600 8. 899 8. 201 7 500 6. 641
. cm .36.50 35.05 33,27 31.49 29,72 27.94 26.16 24 38 22.60 20.83 19.05 16.87
B, design 63.17 62.21 61.20 60.06 58. 86 57. 64 56.06 54.20 52.61 51.88 51.24 50 21
1
By design 52.74 55.47 56.93 56.25 54.38 51.63 48.14 VYA 37.52 28 07 15.13 2.42
#*
Bu des ign 59.82 59.76 59.36 58.15 56. 45 54.25 51.35 48.07 44,10 39,50 34.25 27.87
i
B, static 63,17 62.43 61,93 61,13 60,06 58.84 57.11 54,98 53,02 52,00 51,26 50.21
Bz* static 52,74 55.69 57.66 67.32 55.58 52.83 49,19 44,92 37.93 28.19 15,15 47.79
4t
By static 59.82 59.98 60,09 59.22 57.65 55.45 52,40 48,85 44,51 39.62 34,27 27.87
Pretwist 0.00 0,22 0.73 1.07 1.20 1.20 1.05 0.78 0.41 0.12 0.02 0.00
E3
AB 10.43 6,74 4,27 3.8l 4,48 6.01 7.92 10.06 15.09 23,8t 36,11 47 79
Axial chord in. 1.792 .740 1.702 1.675 1.669 1.687 {.702 1.726 1 761 1 791 | 825 866
L.ss | L.L2 .32 .25 L, 2k L,.28 L.32 I, 38 5,47 5.55 L. 64 .70
Chord n. 3 714 3.565 3.357 3. 194 3.065 2.939 2.795 2.664 2.526 2 394 2.285 2.184
cm 9.43 9.06 8.53 8.11 7.79 7.47 7.10 6.77 6.42 6.08 5.80 5.50
Toax./C 0.0177 0.0248 0.0306 0.0370 0.0445 0.0493 0 0558 0.0612 0.0673 0.0722 0 0782 0.0858
LE sc (a) 0.0015 0.0016 0.0019 0.0022 0.0025 0.0029 0.0033 0 0038 0.0045 0.0052 0.005% 0 0065
rr.e./C () 0.0014 0.0016 0.0019 0.0022 0,0026 0,0030 0.0036 0.0043 0.0052 0.0064 0.0072 0.0080

€8

(a) Leading and trailing edge radii are defined to be the semi-minor axes of 2-to-| ellipses
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TABLE 4

ROTOR AIRFOIL COORDINATES
[Section no. 1; radius 14.372 in. (36.505 cm)]

3toordinates, in.

X

-e¥624

-e900U5
"05‘/59
-7 27
-093]4
~e 7412
-—e2 1035
~ecb 9
"oU?Bj
e 519
4971
«2'(Y>
U224
a02o 1
00[07‘3
e 6092
«686¢
«TT41
0057}
«7063
«¥C Y1
« 2075
v (45
e 7002
00955
ecd 94
o 7917
e 13717
e Ub29
ebbU4
e 63327
eb6070
2827
«2%584
«45EY
e 13v2
-e4T717
'094]5
"096]8

Y

“le027l1
"ofJ}]é
140313
=leo277
-109590
~le2521
-ec200
-e 3332

03237

e4701

«e3236
1.C50>
1eUB57
le2112
1e1564d
1e1923
12220
1436795
led964
1e5687
15763
145794
162794d
15773
15721
165128
164484
1.35618
le3132
1e2b45
162489
162127
1el1750
11385

e¥Y322

e4551
~e6420
-1.5800
-1e6232

3Coordinates, ctm

X Y
-204645 ‘40]326
-264395 441447
-204305 ~441434
’2.4203 4o 1245
-2¢3205%94 ~4402060
-1e09748 =3s1502
-1e2962 ‘2.0(}29

-eb6051 -y 733
-sU591 126>
2870 1elédy
le2620 2el45Y
l1ed471b 2evbo
12300 2eT271
1ev076 2etalT
1e6443 2e¥ 33
16997 560277
167440 561037
le7662 54734
241775 38008
23020 5e%042
263091 440037
245060 4aUllo
242975 4¢G125
242869 440062
242745 549930
20‘472 5.0426
240114 2.0788
18738 345097
147346 363250
1e0774 502621
16095 361722
1e9438 340E01
ledBUl 2e9866
14182 23918
l1el653 2ebvé?
¢ 3936 11554
=1419061 ~1.6307
~2¢3914 ~440132
~24¢4430 ~4e1228

3Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE L.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 2; radius 13.800 in. (35.052 cm))

8Coordinates, in.

X

«9567

sYY4 0
e 7907
e740G4
eVt b
e IOl
«2449
e 53Uv
1128
el 11
« 3430
40U
04316
P S A
b0 9
eby s
« 9306
«064 77
e 760U Y
e 32b 72
e 51U
e300
«d27¢
«0235
s 8190
e 71595
#7300
e 66995
o609 3
«25917
«23317
2084
483y
e 460U
«e4369
1769
«e2165

1739

Y0417

-e¥%06

_y
-105929
-1e2976
’105973
~1e2v3%
-le52706
-1e2001

-—e0TY0
-4 ?7b
- 1197
ecb 14
« 6397
A WA
« 1794
«3 179
28567
959
e 9557
lelo67
165640
1644777
letbb50
].4083
leav 01
ledbg7
ledbdgad
lebddol
le26b4
162887
162072
1.1400
1.1338
1.0671
10299
9924
Y5472
«2210
-e 1742
=1s217606
-1e58%3
"059]6

3Coordinates, cm

X Y
—2e4c99 ~44UbD0
=2eb4246 ~4euUzTo
~2eb 14y ~b4ed Tl
-2etU3T -4 4 U4 T4
-2e¢5% 14 “Je¥z01
“lev207 ~%3e2L06
-lo;\i)‘}:) ~2ecd 541

~eu2>94 ~lectvé
~eleb? -elub U
e223U sOL DY
e 712 leoccd 7
10350 lecda3l
TeUvol TevyTyw
lelni4deo ceUTT3
ledlla Zelioy
ledbow 202724
|03475 LedcTa
le0 45y 2evu 4
1e9325 564640
2e1U30 ZeT7Y 32
261107 Sel1T4uU
21095 3e7080¢
2ell20 54784y
2+Uv¥ 16 S5eTall
delbul 3eTTuwn
2eUUS3 5e0734
leo543 L 4757
17016 562732
1e2475 Je0bb 2
led 215 2ed54
1e3955 2eblUsH
lec914 27103
1e2290 2e61¢0
lelob3 2e22U>
1410567 2eb 237
s b4yl 163272
—e5549 -su424
“le¥65¢ -3.,0927
-2e642479 ~440266
2642917 -4 40429

3Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.

85



TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 3; radius 13.100 in. (33.274 cm)]

2Coordinates, in.

X Y
-.9092 '1050}5
-e /0067 ~1.50b6
—e7t 27 -1.%04d5
~ecvTo -1e5042
~eadlov -1e47153
- /204 -12074
-eD32U -ec701
-6 5379 -+2350
‘01625 '02050

eJ2 3/ e 1244
e 221V T 4459
e 29117 «51848
e 5210 «55617
« 34206 «92950
e 5054 e 0338
e 5209 s 6730
«4G70 e 7128
b4y 2D 8776
229 161243
e 7032 1e3b24
7691 1635952
e T652 143972
e7656 1.4003
e 7055 1led4022
e 760G 14005
e 7257 1e3¥56
e 1234 1635509
20591 1.2603
2530 taloB?2
«e52740 160745
e 4791 10057
s45317 Y693
«42538 9324
« 4040 « 8751
e Zull 8573
«358¢ 8192
2855 e 6956
e0ca> 02432
-e4BT6 -e 6825
-e09U4 -1.4620
-e¥033 -1e49560

dCoordinates, cm

X Y
~2.5U92 =2e581805
-2430360 -3ecllb
~2e27527 ~=Sev0Zil
=Z2e20U4 ~SesclU®
“dezi1ls “Jell07
~lezabl =JSeubbE
~1e32153 ~2ecUY Y

-ecS 732 =leb950
—eS02U ~e 157
elboa eS1060
e0 2371 1.\:25
e T2€uU l1es170
e 154 le4 129y
b Ted 1eo1123
edczol leoUva
eYElo le70%2
10357 lecllo
le2200 LeldcU
lenzel 2e325€
1.9505 505112
lev53553 54245¢
Tevyt 3d 549470
levyv2c Je2267
lev44 2 5e9010
levy 322 5625972
ley2UU 349447
legb3> Seb4312
16740 362012
1eSUTT 26972
1e353%50 del2dy 3
te216¢ 2e254%
Telo23 264620
140091 2036573
10277 202135
«5679 261776
«¥Y 097 20007
e 7220 1e7667
U622 176
~1623385 ~1.7335
~2.2616 =3.7134
“243071 =34d8063

3Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.
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TABLE L4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 4; radius 12.400 in. (31.496 cm)]

dCoordinates, in.

—X _
-e6887 =1.4215

-.6805 ',oa270

-etc 1Y -1.4267
-.bll()b -104223
-e5930 '103920
- 7130 -1.1498
'05255 ~e8430
~e 5437 -e5397
~e 1589 -~e 2410
0262 e 0522
o118 «3388
02492 «e 3953
«e2733 «b622¢0
e2965 «470732
e 5158 « 2085
e 34073 D472
e 3611 + 25665
«454 53 e 7624
«2932 10208
e 7432 162952
e 7499 142098
« 7501 165120
07494 143154
e« 7460 13176
« 7407 1435157
e 7353 12103
«e6%75 1.2590
06209 1641548
5432 1.0486
040645 09404
e 3850 «03203
«e3090 «8079
e3437 e TT13
«3191 e 7343
02951 6968
«2718 e65879
«e2104 «e5571
-.028¢% 0‘522

-¢5000 -«6803
-«B8711 -‘03825
-.BET9 =1.4160

aCoordinates, cm

X Y
=242578 =3.6106
~242517 346244
2423599 ~Je0ll0
~2el262 2e0 125
~2e 1792 =5e2’00
=lenllyQ 2ol
~le3413 ~241411

~e0l2y =1e2708
~e4i30 “e0 120
s JO64 1220
2310 e0bUD
«632Y TeOUL4 T
e Y4 U IQUYG'J
1530 lelY44q
«8093 162%14
ebL43 l1e3379¢
¥ 171 ledg7
l1e1538 le¥3065
15066 2e2v2l
leBb76 Se2895
leYU4o 342268
1e9052 3e3322%
169034 34340¢
eg947 55465
ledolé 363417
lebo77 263201
17715 341973
165770 249332
163797 26034
11799 23885
«9779 21090
«92753 deuUb 21
«d729 149591
«8104 1e8651
« 7495 1e7699
e 6903 16736
«2344 led 149
-e0733 « 2866
=1.2699 =1.7279
=2.2125 =3.5116
=2.2553 =3.5965

®toordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.,
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TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 5; radius 11.700 in. (29.718 cm)]

3Coordinates, in.

X Y
-ed800 ~1e2431
-00783 -1.3459
‘067}2 'loBde
~—eguT? =1e3440
~ebb4YY ~1e3167
-~ 1097 -1.080o]
~-e22306 -ebUZ24
~e54l0 -e5214
-.1596 "0245]

U226 e 0260
12195 « 1711
e U0 3014
02939 «4334
« 3765 2067
e 4505 e 73014
e525¢ «8199%
06714 10712
e 7603 162245
703y 1e23%0
e 76353 12390
«e7576 162415
75320 162297
e T4 7T0 162240
e6Y 85 161729
5993 1e0481
«6279¢ «e9200
o772 « 7886
« 3285 «7113
«e2268 5987
e 1781 e 4841
101y «36178
0277 «2497
-s 1024 e G371
-e5275 ~e0%00
-e8640 ~1.3068
-e8796 ~1e3369

3Coordinates, cm

X Y
=202371 -35.4115
"2023\]5 ~5e44262
-2ec 175 =Sl o0
-2.2026 =364 127
“2.1551 =2e5464>
-1.7925 ~2eT637
-1.5299 =2sU0u

-e00676 -1e3242
~e 4057 -e0225
VN sUULTY
05(480 043“0

e 23008 eT056
7465 1e 1007
«+92561 lebd 394
101006 l1e7¢lo0
‘03355 2eUc 24
1675652 2e7c017
Tevy311 3411073
149404 Sel13u3
le¥387 561470
1e7293 541934
1e9145 341487
l1ed¥5y 561344
1677450 Se¥T9¢
lev233 266622
162678 2e330617
1.0C8Y 200029
«82917 lecCo7
e0923 19207
o423 162296
«258b e5341

e 0707 e6341
-ect01 UV 41
-1-3398 -107541
—2.1944 ~3a3162
~2e234¢ ~3,2%2955

3coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE L4.--Continued

ROTOR AYRFOIL COORDINATES
[Section no. 6; radius 11.000 in. (27.940 cm) )

3Coordinates, in. 3Coordinates, cm
X Y X ( Y
~s0T46 162511 -2e2213 -3,1794
~e8720 -1642578 2421438 ~Jelvuas
~ed0C4 -1ed977 ~242007 ~5e1v417
eV ER ~leldb20p -2Z2eli39 ~2.102uU
"00'433‘ -1el205 -2.“0]9 ~5412U2
-e 0977 -1e0104 ~le772¢1 ~2ev LG
~e5154 ~e74490 ~1esUB9 ~tecaoyy
~e35351 ~e4a4l ~ebd40bU ~lecld¥93
~a 120y -e2291 e L3 -—e05 Vs
U315 U220 e LT 5 e 0557
1357 s 1646 - e b bo ed ol
2155 ecTbb 475 eOY YU
02941 030‘)9 o (a'lQ eJoul
«3714 «4974 7434 lecuvba
4474 «6107 lel362 leob 12
Qb4sd e /011G le3263 1e9330
«0786 o 77084 167743 e 304
e 720 lelé50 2eUTTT 2647077
e 7965 11530 2e40c¢30 dewb 12
7959 Jelb12 2.0210 Ce74 74
«7920 lelob 2 2ol 17 2¢Y56
e« 7550 11625 169953 249528
« 77860 lelD68 169775 2e¥ 382
e 7151 leObbZ leslod 2¢7T5c 7
e 4576 e 1924 lelo?2? 2eu0l127
«5270 «6336 v0300 let221
« 25472 «2513 04517 1e40U3
1732 0450V 441D 1e14553
0567 e Sb4cd e 2455 edbid 4
0223 e 2434 eUS07 «e6 102
‘00496 «1308 -.]'458 ¢ 5475
- 1119 « 041 ~el0d3 e 1043
~e2714 -e3745% ~e9434 ~e9512
-e74175 -l1s0188 -1¢48987 -245873
-ed711 -1e¢2403 “24.21260 ~341502
~ebT745 =16249%0 =242207 ~341725

Coordinates on L~plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.
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TABLE L.--Continued’

ROTOR AIRFOIL COORDINATES
(Section no. 7; radius 10.300 in. (26.162 cm)]

3Coordinates, in.

X

“—eb0 767
~—e0 741
~eb55U
-stt60U0
-06452
- 6970
oS lay
~e3221
“« 1474
e 1467
«2 193
«e2714
« 50629
«43338
4820
e 5460
e lby
e5302
e8326
8205
eb247
N REE
ea3047
e020Y
«48EU
e 3243
e 1003
U674
=«3JQ079
~e 0006
-+ 12500
-~.2186
-e2831
~e06045
~«d620
=e8750

Y

“lel427
-1-‘490
-10]492
"'].]439
~1e1230
~“eY193
e 06775
-04444
-.2169
sUUBZ

e ldbl
«2383

e 32858
«4 197
e2112
«2752
07745
te0360
1e0U520
TeGUoO13
TsUE6L
1.006756
leUG642
1eUB32
e7045

e 7418
«2713

e 5335
«2d89

« 1979

« 1045
QU922
~eUa7?
"o]OB]
~ebbéop
-1.‘120
-1e1347

dCoordinates, cm

X Y
=2e22060 -2.%U25
=2+2201 “2¢eY 104
-2.2040 -2eY1co
~2slooll =2.50%0
~2.1467 ~2elD2
“1e771% ~2e53349
“1e2077 -14720v

~esbs435 “lelzcs
-—e 5195 ~e25UB
eUb4J sUZUY

e 5720 «e57¢1
.5‘)65 '60;12

e 7400 e 551
o2 lu leUbGG 1
1elU1Y lelxbd
lecd206¢ lest 1]
lev 4 UT 2.U017Y
2e07Y9Y Ze6314
2041086 2e6130
2e1147 26957
2e1Uuy® e Tl
2eUval delTl2U
2eUT4O 241030
Ze043Y 20750
leb92353 2elY90CD
162599 tedbB40U
ed237 1ed511

e 1721 e 7338
-6 0200 5025
-ec048 02655
-—e3b2Y U3’
~e5953 -~e2232
-+e7190 -e465(0
‘1053—93 ~1.739%
-2.1094 2482473
=~2e42224 =2.4820

a .
Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 8; radius 9.600 in. (24.384 cm)]

3Coordinates, in.

X

~sa¥0617
~eb¥67
~ec740U
~egy 11
~esdblé
~eb353
~e0191
"ob735
~s0b&4?
~etl0%
~e 115U
~e6235
~e231Y
~e4407
~e54817
~e25171
~e 1655
~.01738
0175
e 1U%4
s 1ddo
o 1779
2111
02443
02773
« 3103
e 3431
« 57158
e4Ug4
e 4408
e4B13
«95693
e 6572
«745%1
8432
0528
00568
«8599
«ed%99
+8596

Y

-‘00490

'100494
'100554
~=lsU564
"‘1.0559
‘100530
-1.,0505
~1.0440
-1.0221
-e95c4
~e0b4byY
'97348
-e627Y
-e5237
e 4217
'032]4
'02224
~e 1243
~+0266
0712

« 1089

« 1447

« 1805
«e2165
e2525
«2586

e 3248

« 3611

e 5976
«e4342
«4502
«5325
«e6675
«7952
«e9 188
e9309

e 9366
e9455
e9465

e 9491

3Coordinates, cm

X Y
=22775 ~2e0044
22775 =2e6054
=2e210b “2e00ln
-2e2034 ~Zasbu35:
~2e29%40 =ldetuly
~2e62456 ~detTo7
~2e2320 =2ebELS
~2edliboO ~2s0z10
=241951 “devd 1>
~2e0U456 ~l el 242
']odlb] ~c e 1459
~1e5d25 ~lectbbun
=1e3%1U ~leZv4?
-loilb} '].330]

~ebbkb6 =1.070C5%
“et230 =810
~e4202 ~e5049
- 1cT> “e315¢
e U452 -sU67¢C
0179 « 107
e 3672 «27065
4 17 5074
«e5361 eb4bob>
6204 «549k
e 7044 «6412
e 7EE « 71327
«d715 0249
95456 91172
140373 1.009b
Tell9e6 1«1025
162224 162196
164459 164795
1e6693 1e7462
led?24 20196
2el4 18 2¢33237
2e 1661 2636453
2el162 2e37b4
241840 244015
2elbié ] 264041
201833 244107

s ] .
Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.
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TABLE 4.--Cont inued

ROTOR AIRFOIL COORDINATES
[Section no. 8--continued; radius 9.600 in. (24.384 cm)]

aCoordinates, in.

X Y
«0980 09518
«e3954 «e9533
R = «e9530
e b T2 «9221
e« 3423 «9%Uo0
et S0l e /4 T4
RN «2298
e 74273 3716
e040 S5 7933
«2204 «71253
e4543 «0285
e 3582 V418
«2622 e 4522
elobl e 5996
eU70 02639

-e0227 01679
—eUDyY e 1383
~edV63 UEJ1
‘01321 00473
-« 1672 D060
-ec0 17 -« U354
-e2397 ~e0761
~elt6 Y1 “e120b
-eS50L1Y ~e1640
~e3343 -+2076
~e3772 ~e2664
-e2173 -“e4658
-e0%270 -e06742
—e7951 -~e3897
- 8222 ~10201
~e539 18 =140346
-~ed¥45%5 =1.039%0
“e8962 =~1.0448

3Coordinates, cm

X Y
26117953 et 175
24172¢ 2eb V4
2elo35 Zebll
2elvct 2ed vy
2e l4U T 2ed 14y
2ellcT 2ed L0
2e 1044 2ol
le3ci? 2e2i 55
letd 17 2eUl 4y
1e3%175 1eolUvi
le1532 leov053

e YUY O 1e3701

e 65z lelédoo
FONSAN I ey 155
1704 07U
".U;J'],I e4265
-01520 03257‘
-e2446 ec 37
-e 3354 . e 12072
“ebct? «J153
e l12? ~eUsUp
-e92Y50 -el5b2
-e OB 32 ~e U6
-a760b -4 1602
—e0dYU -e2272
~ed2TY - 86766
~1e4313y -lelc31
~teo70Y 167125
~Z2eUcY0 2422917
~2e2414 -249710
=242050 -2e¢6c18
-2e62720 260409
~2e27653 ~2.6535%
262772 -2.6644

a .
Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 9; radius 8.900 in. (22.606 cm)]

8Coordinates, in.

X Y
-~ev¥ 164 ~-e7565
i -¢9605
~ev 124 “eJb44
R AE-E) -e7640
—ev0Jl0 -e761Y
_’dygu -09501:#
—eg¥2Y —e9514
—e88535 -e¥413
~e02l93 -e071206
~eT7330 -e 76867
~eb64 1y -e66bY
-‘5505 "05729
-e4986 A
-e367C -e 3901
~e2754 -«3024
'0'859 '02167
-eU924 -e 1324
-.0009 -« 0492

e 1381 «UT6A4
e 16853 « 1027
0287 1583
e258Y e 15657
« 289U 2131
«3190 «240606
e 3490 «e26862
e 3789 «2558
04755 .3566
«5705 4777
«6654 AR
«7603 66170
eB6GE 77617
ed 771 e 78175
«e8822 e 7935
'8860 0303]
eb363 « 8054
«8853 8103

dCoordinates, cm

X Y
-2e3326 -2e42Y4
-2¢3308b -2e42%296
=2e3175 ~24.40496
~2ed072 “lebbia
~2ed955 ~2ed4 32
“2e2834 ~2e4344
~2es2tCC ~Z2eblob
—2e244% ~2e5Y03
-2.0%03 -2e2163
-106035 ‘].ibg(&
=1.6305 ~1et%90
=1.35277 -1.4991
-les164v -142153

-'9522 -e770b
".6996 -.755]
'0467U '09‘5U2
~edll4b0b -e5%6¢
-eU0253 ~elcdb
022914 eUbd4d
e350¢ e 1v40
e42175 e2633
o043 « 5326
+200y 4021
«6575 6716
e 7340 412
ety 103 e 110
864G NX-RR
7623 «7%13
10380 e8213
1.2084 9017
1eb49U 162133
166700 1.4506
1e9312 leb941
22011 19727
222178 20003
2e¢26407 20154
242520 20397
262525 20457
242522 2.0500
242466 2.U5181

®Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.
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TABLE 4.--Continued

ROTOR AIRFOIL COOnDINATES
[Section no. 9--continued; radius g,900 in. (22.606 cm)]

aCoordinates, in. dCoordinates, cm
X Y X S 4
edolo 124 262417 20035
e87686 8133 2.2310 2.006%0
e 37 e 13U 2ellY2 2e0049
etbc g 3114 62093 SelUCL S
eo2Y «8Ub0 2e 1907 2eUS3g
et320 es(022 2.1641 7 200202
«e 7570 o 1471 lev241 legd>¥T0
69256 stulb leb6270 le731s
« 2477 «6126 1e2712 le5%200U
e4 429 .5393 lelcdy led0v3
e 32061 e4061b IR lel729
«2334 « 5795 DY 20 e YLD
e1280 «2935 « 321 e 71455
elUzal e 2022 0617 3143
- 007 « 1057 ~e2U30 e 1LY
-s0963 0900 ~ecbbo «e2306
-e1510 «UDT3 -e 3321 e 1454
"01652 0U435 “e4 195 OUS9U
-e 1983 ‘00']3 -e209%0 'oUZd()
"02319 -.0463 -0589| '01174
~e2b640 ~eUn 17 ~e0720 -el2UT2
-—el9767 -« 1176 =19 56 2747
- 3204 - 1%40 -—e0Z24uU -e 5510
e 5290 - 1907 -e2132 ~ebdby
-.5&03 ‘02279 ~e7913 ‘05788
~et 3132 ~e22b6 ~1.0%5%6¢ -e7077
~e20625 -s468Y ~led?8u -1e13291
-e6Y40 ~e0274 17620 15936
~et209 ~e0139 “2.0v81 -2.U071
‘0903b -09277 ‘2.2950 '403565
-e¥ 124 -e94053 “243175 ~2e35834
-e?1%0 ~e9459 “«2632506 “2.44026
-2 177 -e9915 -2e43300¢ -2¢4107

3coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE 4.--Continued

ROTOR AIRFO1L COORDINATES
(Section no. 10; radius 8.200 in. (20.828 cm)]

3Coordinates, in.

X Y
-09364 "ob710
-09357 -s81753
ey 20 o197
~eY¥cd0 ~e87Y53
-eJ2UD - N
-09]92 -05735
-e2080 ~e3662
e ¥ 97 ~eB56Y
~eZ6 13 -.7920
~e750¢ =e69550
s 0592 ‘06029
‘05085 "05152
=64 715 ~e4316
~e35868 =e32117
-~el2%962 ~e 2750
-e205%6 -e2013
- 115¢ -+ 1300
~e0248t -.0608

«UbSH «e0007
e 1224 eVU4E5
e 14906 « 0686
1773 eUgs 7
« 2047 1087
025272 « 12b6
«2597 « 1486
2012 s 1680
«e3147 01086
«5422 e 2066
«e36906 «2287
4634 e 2981
«5655 e3745
e 66862 «4521
7714 «5508
0876 «6196
eb987 e 6252
« 904y 6335
2114 06433
9122 06475
¥ 122 041717
2112 «6515

@oordinates on L-plane blade sections defined by the intersection

Aoordinates, cm

X Y
-2e¢37063 ~242123
~24¢3765 =2¢2231
“2¢3622 ~2e2347F
=2e¢350v -2e23253
263379 ~2e2279
—2e3245 =2es21b6
-2s53062 ~2e2007
=2¢2t21 ~2e176Y
=Zel1367 =2.Utle
~1«¥90%4 ~-l1e7653
=1e0743 =1e5212
=1e443> “-leZUbGYD
=1.2129 “leu¥02

-ey 824 -—e0% 31
-e7522 ~es0YQD
-e0222 -e2112
-e2925 -e 3302
-.0628 -e 1544
e 1664 U170
«e3100 1232
«e5305 e 1742
04502 02251
«5200 «2759
«5890b° e32606
«e6596 «37173
e7295 e42b
e 7995 478y
5690 «52917
«¥32B¢ «e28017
1le1706% e 7571
1ed364 9513
16972 leldg3
149563 1e34b1
2e2544 12736
2e28217 145955
2.2983 16090
2¢5147 166338
2¢310Y le64417
2643169 166451
2¢3145 l1e6548

of the blade with planes tangent to cylindrical surfaces.,
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TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
"[Section no. 10--continued; radius 8.200 in (20.828 cm)]

@Coordinates, in.

X Y
e JLBE e0244
eyU4G 4 e6562
eV s0b0B
eo¥ 27 e 6002
e 24 06545
747 «06507¢
07’1'41 .6]34
sbbdet 671
2311 «e51553
e b4 5y eu bl
e 328 « 3950
ec izl «3262
10717 e2514
-esduds « 1701
-sll2o eUb2)
-.1434 00554
- 1759 «U272
-e20a0 -.U014
-e2397 -« U305
"OZ7]O -eUS9Y
"03019 -sUBIE
'05523 "0120‘
~—eS02% -.150¢
~e3v2Y ~e 11y
-e4216 ~e21353
—sb40640 -e202U
-e5620 -e4U083
-e719%95 -e5639
~eub 66 ~e7354
‘092‘4 “od5]5
-~e 9297 -eb8535
-e 9333 ~e554
-e9 3355 ~eb654
"09566 -08708

3Coordinates, cm

X

230178
2e2%72
2ecc 35
2.2074
242200

~1.1835
=1.2051
~led27%
=2.1504
‘2.5403
=2+3614
'2.3704\
-2.3762
2457863

Y

le6621
166607
lebbc 2
leC LD
levt 2y
lsb2 1o
1e5577
lead Q53
le30¢~
lelb 25
1.Gu>2
e2:5b
eDoCL 4
eb 32U
e2lcu

s ld Vo
06w
‘00U3‘9
- 0773
~es 1522
'0220]
- 5051
- 58530
-eb 62U
-e24 13
-etG54
=1.,03%1
'].437(«
“le8079
-241374
-2.16773
-2 1827
=2e1%80U
=242119

®Coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE 4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 11; radius 7.500 in. (19.050 cm)]

9Coordinates, in.

X

-e¥4060
-e/453
“093?3
-0931&6
-7 271
-07254
~e9190
- JUTT
~e089Y
'07601
e 707
'05515
~eb 526
-e40329
'03156
'02275
"01396
-.0520
« 0352
0934
ellio
e 1443
e 165y
«1955
e2211
e 2460
2720
e290b4
e 3242
«e3350
e 4465
«2591
e0728
« 7819
91952
« 9311
93175
«94383
e 7465

Y

~e7Y18
-e7962
~+010
~«3007
~«7985
~e7947
~«T873
- 7787
~« 7175
~ebzT3
~a2427
~eubb}
~e 2883
~e3177
~e2511
~e 1880
~elczu0
-~ 070y
-s0162
«0190
0342
0493
«e0643
0792
0940
« 1084
1235
1381
1927
1584
e2209
e2621
03422
4006
«4 639
« 46906
«4732
04773
eb4B62
«b4881

dCoordinates, cm

X Y
-2s4U20 -2+0110
’ZQAOIU “2su227
-2.5c52 ~2e0344
-263721 ~2.U%%0
265399 -2eUZ2b¢
~2et424 -2s0L1lbo
—2e320U ~1eY%rsr¥T
-2.30%4 -1e277%
-2e19c7 ~levcen
~1e7207 ~leoy 34
~1.7034 ~1e5705
~lebd1767 ~l1e1762
~le2511 ~es 72061
-lel20bU - 3070

-e0l013 -—e 6577
- 2777 ~eb4 T4
-e 3546 -—e323¢
- 1321 -e 120U
«UBY®o -s0411
e 2371 sUGEI
3017 eUBbb
e 3605 « 1291
e 43514 106353
4904 2011
o616 e23db
e6c6Y 02763
«06923 e 3155
« 7573 e 3507
e0c34 « 38717
e50Y 4033
1e¢1340 «e2610
164199 e 7166
1700659 eB86950C
20012 10175
2e3241 1e1752
263647 11927
2¢3b11 Te2013
243945 le2123
244086 162349
24091 1e2398

®Coordinates on L-plape blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.
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TABLE L4.--Continued

ROTOR AIRFOIL COORDINATES
[Section no. 11--continued; radius 7.500 in. (19.050 cm) ]

aCoordinates, in. 4Coordinates, cm
X Y X Y
o4 i? 04904 2.&\)04 162455
C94062 c 6540 244032 1e2547
Y423 «b456Y 2e5935 lecdeld
e Y 569 4989 2e5797 lezo 71
«730¢ t4990 2elbcts le2094
o722/ e4Y90 26340 leldovu
eJ1UBY b4 Yb 2ell2u4 lecte22
eo0l037 ebcd T 2eut 12 lelds>1u
et 2 4017 TeTuud lel720
56173 «4 310 led4dld leuy47
ebbye * 5926 1e1424 YY1
e 5223 e3404 e04 bl 79
2161 2923 2487 e T4 24
Uy 9Y «230%2 e 2936 2347
-00160 e 15906 -.04C0> 04059
-« 1314 « U307 -e3%38 «2U5Y
‘01759 00466 -04‘667 1184
-e2067 0229 -e2ct?9 «0%8B¢
-e2371 -.0ULI12 -~e0 023 -+0030
-.2672 -+025%% —etT5 -~eUb%4
-e2770 -+0%07 ~e75472 ~elco?
~e32653 -«U0761 -e820VY ~elvy32
-05b54 ".IUIS "09020 -—ec2B6
-e3841 -e1280 -~ 9755 -e 5250
-e4 124 ~e154° ~1e047> -e392%
~eb4 405 - 1815 =lello? ~et60Y
-e4410 ~.1820 -1.1200 ~ed4621
~ebcTh -.2280 =14223860 ~e27%U
"'06105 -.5579 ‘105;)06 ‘0909]
-e 7340 -e5011 -leocbd?3 -142728
-«827Y -e6598 -2 1709 -1e6757
~e¥300 =—e7615 “2.3641 =1,9343
-093d9 -07729 "2.36“6 “09630
-e9427 - 779> -2e3943 ~1e9794
-e7451 -e 7857 -2.400Y =1.995%6
~e7460 -.7915 -2.4026 -2.0103

8coordinates on L-plane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.



TABLE 4.--Continued

ROTOR A[RFOIL COORDINATES
[Section no.. 12; radius 6.6L41 in. (16.868 cm)]

4Coordinates, in.

X

-e¥ 449
-09442
-03362
‘|9333
'¢7277
-OVZID
~e9 142
~—a¥UbA4
-e020U8
-+ 7T644
-e0DT78Y9
'05929
-e207T0
-eb 228
"05302
-e2941
"01703
-sUdbY
‘.0050

eUb23

0762

» 1002
P VP
elb4p s
1724
e l¥066
e220U0
«24%0
026973
«3005%
4246
«550%
6713
80832
«9583
« 2711
e9770
e 985453
9921
«9930

Y

-00957
-e7G13
-07063
~s 7001
-e 7G4 1
-.700%
'06930
-06b59
-06}10
-05504
-e4755
-04358
-03410
-e2807
~e2249
-+ 1730
- 1249
-s0b03
-.0390
-sU129
-0002‘
+000b0
UG
e 029>
e 03297
e 0439
« 0599
U698
0797
« 0926
e 1403
« 1850
«2260
e2627
«2985
«e3019
«3039
« 3070
« 3149
«3139Y

4Coordinates, cm

X Y
~244000 =1e770V
~2.¢3982 ~leldgle
~2¢582Y9 “1e /Y4l
~2437006 ~lel9v30
~2.3563 “lelocoy
~243412 “lel 752
-203220 "].‘70]5
~2.5022 ~1a1422
~2s161U “lebUiebd
‘1074‘6 "‘0590']
~147233 =1e2077
~145358 -lelt3Co
~1.2893 -e0600
“1.0737 -« 7130

-e859 1 -eb711
-06453 ~eh 2y
-e b 525 ~e 5172
-e220b ~e203y
~eUIULG -e0?94J
01329 "QU527
']935 '00052
294 4 sUZ218
03]54 00405
3765 0743
«e4370p « 1004
e4992 el1266
«5607 « 1521
e6223 « 17753
e840 e2U24
e 7631 «ed351
1.0784 «e3964
1.3981 4697
167229 «2739
24U530 «66753
244366 e 799Q
244064 7667
2064534 «77168
25000 «T797
245200 07999
245223 ec 100

3Coordinates on L-piane blade sections defined by the intersection
of the blade with planes tangent to cylindrical surfaces.,



TABLE L4.--Continued

ROTOR AIRFOIL COORDINATES

[Section no. 12--continued; radius 6.641 in. (16.868 cm) ]

3Coordinates, in. 3Coordinates, cm
X Y X Y
« 7934 e3193 205222 o109
«9% 10 «e3236 262190 edc 13
e 7885 «3275 25100 0317
533 «3308 264974 s0402
«976v e« 55%4 2040U5 e bt
OB O .3349 2eb4602 eobUT
«¥259 «3261 264279 ed 306
o714y e 34179 lec 154 secc 36
«oH8Y3 e 3390 164907 edt 24
s40406 «3216 11600 eoloc
« 2407 e 2961 e535654 e 7470
2176 «2571 «5527 e02 350
«0Y52 e2104 02416 eD 344
-~ U267 1539 ~e0676 «5¥0b
‘01470 00871 -.3753 ezl
- 2076 s V480 -e5272 e 1235
“e23b4 U298 ~+06U04 e 0757
-eld650 « 01006 ~eb6729 eU2TU
—e2932 - 0089 ~e7444 -.0226
~e3212 ~-.0289 “e3 159 “sUT33
e 54bY ~e U493 ~ebl62 ~e 1221
-«3763 ~.0701 -e9557 -« 1779
-ea022 ~.0913 ~1eUZ244 “«2319
-«4300 _01130 ~l1eUP22 =+2870
~eb45064 ~+1352 -1.1591 -e3424
- 4597 ~e 1379 ~le.1675 ~e3203
-«5041 ~e 1772 =1e2004 -+450C
-e6221 ~e2914 =1e5000 -«7401
~e7406 ~e4217 -1.5809 =laU7TH1
-eb596 ~«2700 =2s18323 =le44178
-e9298 ~e 6663 ~243615 -1.6936
-e9375 ~e6770 -2¢358153 =147209
~e%415 ~e€B41 =2e3512 =147276
~e9440 ~« 69206 23976 “1e7941
-e344569 ~e63265 -244000 -1.7690

®Coordinates on L-plane blade sections defined by the intersection
of the blade wjth planes tangent to cylindrical surfaces.
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The midspan damper stress distributions are shown in fig. 42, The damper
was made as thin as possible for aerodynamic reasons and a slight taper with
thickness increasing from the overhang to the blade junction was required to
minimize the stresses. The maximum stress at 100 percent speed is 80 ksi

(552 x 102 N/cmz), which is less than the allowable 102 ksi (704 x 102 N/cmz).

The stacking axis displacements and blade untwist are shown in figs. 43
and 44, respectively. The tilt optimization of the blade at the aerodynamic
design speed has reduced these displacements to the small magnitudes shown in
the figures.

Blade vibration.--The blade interference diagram for the first three modes
is shown in fig. 45. A frequency band is shown, based on the effective lock-up
range that can be obtained from the midspan damper. The midspan dampers were
designed to lock up at 50 percent speed. The midspan becomes effective prior
to a two-per-revolution (2E) interference with the first flexural mode of a
nonsupported blade. As shown in fig. 45, no blade resonances are expected at
design speed. The first flexure mode occurs between 3E and 4E, the first tor-
sion mode between 4E and 5E and the second bending mode between 6E and 8E.
Resonances will occur at speeds below design speed, but are not expected to
result in high stresses. The effect of blade dimensional tolerance on blade
frequency is minor (* 1.25 percent).

Fig. 46 is a modified Goodman diagram showing the allowable vibratory
stress as a function of steady (mean) stress. The foil midchord at the midspan
damper has been chosen as the critical point for vibratory stress. The allow-

2

able alternating vibratory stress (30 ksi or 207 x 10 N/cmz) is shown in

fig. L6.

Mode shapes for zero speed and 14 100 rpm (1476.6 rad/s) are shown in
fig. 47. The second flexural mode is a complex shape and cannot be considered
a true second flex. Nodal lines are drawn from the results of displacement
vectors obtained from the vibration program. The measured mode shapes based on
a bench test are presented for comparison for the zero-speed case in the appro-
priate figures. Both the measured and calculated results were with the blade
dovetail and midspan damper clamped. Good correlation is shown between the
measured and calculated results.
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N =14 100 rpm (1476.6 rad/s)
Midspan damper radius = 12.0 in. (30.48 cm)
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Figure 42.--Blade Midspan Damper Stress Distribution.
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Blade flutter.--Flutter is a self-excited blade vibration that occurs
primarily in the torsional mode or coupled bending torsional mode.

The effect of the midspan damper location on the torsional flutter was
initially investigated by considering the blade to be split into two parts
built ‘in at the damper. One part is the portion extending radially inward
from the damper and the other part extends radially outward from the damper.
The flutter parameter versus midspan damper radial position for each of these
independent blade parts and also for the complete blade, is shown in fig. 48.
The optimum position of the midspan damper is 12.4 in. (31.5 cm) as can be seen
from this figure. |If -the midspan damper could be considered to lock the foil
with 100 percent rigidity (cantilevered outboard from the damper), a flutter
parameter of 1.6 could be obtained with a single damper located at the opti-
mized radius. The achievable rigidity of the damper as shown by the cross-
hatched region in fig. 48 can produce a flutter parameter between 1.1 and 1.2,
where the flutter parameter is defined as WC/V'. A flutter parameter of 1.6
is considered conservatively safe and blades with a parameter as low as 1.0
have operated successfully.

w = blade frequency, rad/s
C = chord, ft (or cm)
V! = relative velocity, ft/s (or m/s)

The damper was positioned at a 12.0 in. (30.48 cm) radius giving a
flutter parameter in torsion between 1.1 and 1.2 (fig. 47) at 100 percent
of normal operating speed. This final position was chosen as a compromise
between anticipated flutter stability and midspan damper Mach number. Posi-
tioning the midspan damper out beyond 12.0 in. (30.48 cm) would have placed
it at a radius at which supersonic through-flow was expected and would have
compromi sed the achievement of this design flow condition.

Fig. 49 shows the relationship of C/V'versus radius. As can be seen,
it is essentially a constant that makes the flutter parameter independent
of the radial reference station used. The tip section was used as the
reference station in the calculations.

Rotor Disk

Disk stresses.--The tangential and radial stresses versus radius are
shown in fig. 50. The bore and web stresses are within the allowable values
given in the design criteria. The disk average tangential stress is 64 100

psi (421 x 102 N/cmz) at the overspeed point of 14 100 rpm (1476.6 rad/s) .
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Burst and shedding speeds.--The minimum shedding speeds for the foil
and dovetail and minimum disk burst speeds were determined for the worst

tolerances and maximum temperature conditions. These shedding speeds were:

Blade foil 18 40O rpm (1927 rad/s)
Blade shank 22 900 rpm (2400 rad/s)
Disk shank 18 500 rpm (1938 rad/s)
Disk burst 18 100 rpm (1895 rad/s)

The required minimum burst and shedding speed is 17 600 rpm (1843.1
rad/s), which is 125 percent of the mechanical design speed. The disk,
which is the most critical element, exceeds the minimum required shedding

speed by 3.0 percent.

Radial growth.--The radial growths of the hub and tip leading and
trailing edges are summarized in table 5., This table presents the centri-

fugal, thermal, and total growth separately at the mechanical design speed.

As expected, the maximum radial arowth of 0.0432 in. (0.11 cm) occurs at
the blade tip leading edge.

TABLE 5
HUB AND TIP RADIAL GROWTH
Hub Tip
in. cm in. cm

Centrifugal growth,
N = 14 100 rpm

Leading edge 0.016 0.0406 0.034 0.0864

Trailing edge .016 . 0406 .028 L0711
Thermal growth, disk
temperature = 150°F (33goK)
blade temperature = 250 F
(395°K)

Leading edge 0025 | 6.35 x 1073 | .0092 L0234

Trailing edge .0028 7.11 x 1073 .0083 .0211
Total growth

Leading edge .0185 .0470 L0432 .1097

Trailing edge .0188 .0478 .0363 .0922
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Blade/Disk Attachment

Attachment stresses.--The dovetail attachment stresses in the blade to
disk have been summarized in table 6. Neck, tang, and combined stresses
are shown. The combined fillet stress is a combination of tang bending
and neck tension excluding stress concentration effects, while the maximum
fillet stress which effects the low cycle fatigue life of the attachment
includes the stress concentration factor. All the calculated stresses
show a positive margin of safety based on the design criteria given pre-
viously. The disk, which is the weakest link as a result of using existing
tooling, has a 0.03 margin of safety on the maximum fillet stress. The
allowable stress levels are based on a 10 000-starts requirement and can be
deviated from for this test rig application.

Stator Vane

Geometric definition.--The geometric summary of the final stator vane
design is presented in tabular form in table 7.

Steady-stress.--The maximum airfoil steady-state stress is 6000 psi (41.L4

X 102 N/cmz) and is induced by gas bending loads. This stress is well below
the allowable.

Vibration.--The calculated natural frequencies of the fan stator are shown
in fig. 51. The only exciting force will come from the 40 fan rotor blade
wakes. Whenever the 40-excitations-per-revolution line crosses a natural fre-
quency, a possible resonance condition with an amplification of the vibratory
stress level exists. Examination of the excitation diagram reveals possible
resonances throughout the operating speed range; however no resonance problems
are expected., The first four natural frequencies will not be excited
above 5000 rpm (522 rad/s) and can be passed through rapidly during rig
running without causing any problems. The allowable vibratory stress

based on a modified Goodman diagram is 34 ksi (234 x 102 N/cmz) as shown
in fig. 52.

Stator vane flutter.--The frequency parameter, A = wC/V', was calculated
for torsional flutter. The calculated value of 2.75 is well above the con-
servative minimum of 1.6, indicating stable operation.

Spool Critical Speed

The critical speed analysis of the fan spool and facility drive system
shows that no resonance problems will occur within the rig operating speed range.
The first critical speed of the system with synchronous precession (whirl ratio
= 1) is 16 370 rpm (1714.3 rad/s), which provides a 16-percent margin over the
maximum speed. The second critical speed is calculated to be 23 050 rpm
(2413.8 rad/s).
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BLADE-TO-DISK DOVETAIL ATTACHMENT STRESSES

TABLE 6

Blade Disk
Margin of Margin of
Allowable Nominal Peak Safety Allowable Nominal Peak safety
Neck tension or 87.4 2 36.4 2 46 .3 2 0.88 87.4 2 61.0 2 76.3 2 0.15
tang bending (603 x 107) (251 x 109) | (319 x 109) (603 x 10°) | (421 x 107)](526 x 107)
Combined fillet 121.3 2 69.1 2 86.5 2 .ho 121.3 2 9L .7 2 114.5 .06
(838 x 10°)| (476 x 10°) [ (596 x 10%) (838 x 10%) | (790 x 107) [ (790 x 102)
Maximum fillet 181.4 0 127.2 , .43 181.4 0 177.0 , .03
(low cycle fatigue) |(1252 x 107) 0 (877 x 109) (1252 x 10°) 0 (122 x 107)
Bearing 121.3 , 47.7 2 71.8 9 .69 121.3 , 47.7 2 71.8 2 .69
(838 x 107) (329 x 107) | (495 x 107) (838 x 107) | (329 x 107)| (495 x 10%)
Shear 50.7 2 23.1 2 27.0 2 .83 50.7 2 21.9 2 25.6 2 .93
(350 x 107)| (159 x 107)| (186 x 107) (350 x 10%) | (151 x 10°)[ (177 x 107)
NOTES : 2
(1) All stresses in ksi and (N/cm®)
(2) A1l stresses calculated at 100 percent speed 14 100 rpm (1476.6 rad/s)
(3) Margin of safety is based upon the larger of (1.2 X nominal) or (calculated peak)
Margin of safety = (allowable stress/calculated stress) - 1
(4) Allowable stresses include:

S5-percent reduction for surface finish and leading rate

L .5-percent reduction for broach angle
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TABLE. 7
STATOR GEOMETRIC SUMMARY
L-Plane Blade Sections, defined by the intersection of the blade and planes tangent to cylindrical surfaces

Number of vanes = HS Airfoil Section

Blade Height= 6.076 in. (0.1542m)

Hub/tip ratio = 0.560 Aspect ratio = 3.10 Double circular arc
Radius in. 13.499 12,891 11.980 11.373 10.765 10.158 9. 550 8.639 8.03|
m 0.3429 0.3274 0.3043 0.2889 0.2734 0.2580 0.2426 0.2194 0.2040
¥
B‘ 26.0 26.6 28.0 29.3 30.8 31.3 3.2 31.4 31.6
W
BZ -7.5 -7.7 -8.4 -9.2 -10.2 -10.3 -9.8 -9.2 -9.0
3¢
Camber AB 33.5 34.3 36.4 38.5 41.0 41.6 41.0 40.6 40.6
¥
Stagger BM 9.21 9.47 9. 80 10.05 10,27 10. 49 10.72 11.06 11.28
Axial chord in, 1.926 1.926 1.926 1.926 1.926 1.926 1.926 1.926 1.926
N L, 89 .89 L.89 L.89 L.89 5.89 .89 L.89 | L.89
Chord in. 1.951 1.953 1.955 1.956 1,957 1.959 1.960 1.963 |.964
cm 4,96 4.96 L.97 4.97 L,97 4.98 4,98 4,99 L.99
tmax/c 0.065 0.065 0.065 0.065 0.065 0.065 0.(65 0.065 0.065
rL E /C & 'T.E /C 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
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APPENDIX A

THE _CHARACTERISTIC COMPATIBILITY EQUATIONS

The purpose of this appendix is to derive the characteristic compatibility
equations which apply to the flow in the outboard regions of the rotor. The
derivation is divided into the following sections:

(1) General discussion

(2) Assumptions

(3) Governing differential equations

(4) Governing differential relationships

(5) The compatibility equations in P-B form
(6) The compatibility equations in §+, £ form

(7) Derivatives of the unit vector i

GENERAL DISCUSSION

Consider the steady, supersonic, planar flow of a gas in some shockless
region R. At each point P in R, two directions (referred to as the positive
and negative characteristic directions) may be defined. The positive charac-
teristic direction is oriented at an angle of H! and the negative characteristic
direction at an angle of -M with respect to the velocity vector at P. The angle
K is the Mach angle, defined as

sin M = (A-1)

X |

A curve passing through point P, and tangent everywhere along its length
to the local positive characteristic direction, is referred to as the positive
characteristic through P. Similarly, a curve through P everywhere tangent to
the negative characteristic direction is called the negative characteristic
through P. The positive and negative characteristic curves through P are

denoted by C; and CB, respectively. |If the subscript p is not specified,

+ - ., . . .
then C and C refer to arbitrary positive and negative characteristics.

Consider again the above flow field, with the additional constraints that
the field be adiabatic and have constant entropy and total enthalpy, and that
the gas be an inviscid, thermally perfect gas of constant composition. The
theory of characteristics as applied to the mathematical model of this flow

field indicates that the field possesses a rather surprising property. This
property is that the quantities £" and €, defined as gh = X ; B and € == Z :
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are invariant on the positive and negative characteristics, respectively,
independent of how these characteristics weave and wind through the field.
This property may be stated in differential form in the following manner

d§+ =0 on C+ (A-2)
d€” =0 on C_ (A-3)
or more compactly as
+ +
d€” =0on C (A-L)

Eq. (A-L4) is referred to as the characteristic compatibility equation for this
particular flow field.

The extreme simplicity of eq. (A-L) allows flow problems which satisfy
the above field constraints to be analyzed in a simple, though tedious,
manner by the so-called ''method of characteristics.' The technique is, in
fact, simple enough to be done by hand.

Many flow fields which violate some of the above constraints can still be
solved using the method of characteristics; however, the compatibility
equations and consequently the solution technique become more complex. In
general, the additional complexity is sufficient to make hand calculations
impractical, and recourse must be made to high-speed digital computers.

ASSUMPT IONS

In deriving the compatibility equations which apply to the stream tube
flows in the outboard regions of the rotor, the following assumptions are made:
(1) The fluid is constrained to flow within an axisymmetric stream-tube
of specified geometry.

(2) The fluid is an inviscid, thermally perfect gas with constant
composition and zero thermal conductivity.

(3) The flow field is steady and fully supersonic relative to a
coordinate system which is fixed to the rotor.

(4) Electric, magnetic, gravitational, and thermal radiation effects
are neglected.

Assumption (1) above is particularly significant in that it reduces the
fully three-dimensional problem to a quasi-three-dimensional problem. As a
consequence, effects associated with the blade geometry on other stream tubes
will not be accounted for except indirectly, insofar as they affect the
local stream-tube geometry via the axisymmetric flow analysis.
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GOVERNING DIFFERENT IAL EQUAT IONS

Within the accuracy of the above assumptions, the flow in the outboard
regions of a rotor is governed by the following differential equations
relative to a coordinate system fixed to the rotor.

Continuity:
;*V' TP V-V =0 (A-5)

As presented by Wu (ref. 9) the momentum equation is written as follows:

(V' - V)V + 20 A0 - 0 + 22 = g (A-6)

p
Also, from ref. 9, eq. (14a) for steady isentropic flow,
VI = VIA(TAV') (A-7)
where | is the enthalpy function:

L= H - w(Vr)

Taking the dot product of V' on both sides of eq. (A-7) yields
Vi -Vl =0 (A-8)
Owing to the fact that V' * V' A (YAV') = 0

From the equation of state and the conditions of isentropy, the
following is obtained:

P (p )Y (A~9)

where the subscript, o, refers to an arbitrary reference state.

For the purposes of this analysis, the system of eqs. (A-5) through
(A-9) , is more conveniently handled in a less conventional form developed
as follows:

From eq. (A-9),

1 1og, (g—) - log, (‘;—) (A-10)
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Defining a pressure function P as
1l i
P==1 A-11
Y OQe( po) ( :

and taking the gradient of eq. (A-10) yields

Y8 _yp
p

Substitution into eq. (A-5) yields

V' c¥P+ V- V' =0 (A-12)
From eq. (A-11)
1 gp
VP =<
Y p
N
or
Ypo, _ ¥B
Ewp =g
but
2_ Xp
Cr=
p
therefore
I8 - ¢® v

where C is the sonic velocity. Hence, eq. (A-6) becomes
W -9) V' + 20,V - wF + cPvp =0 (A-13)

GOVERNING DIFFERENT IAL RELATIONSHIPS

For convenience, eqs. (A-12) and (A-13) are converted into a system of

differential relationships relative to the unit vector direction Ts’ Tn’ and
iy L4 o
and lies in the axisymmetric stream surface, and iN is normal to both iS and
T (see fig. A-1). Eqs. (A-12) and (A-13) are resolved into these intrinsic

components as follows:

where TS is parallel to the velocity at each point, in is normal to is

Since V! =
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Figure A-1.--Coordinate System - Derivation of Characteristic
Compatibility Equations.
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and

— OP - _a_P_ - a_P
VP =i s " s Y INGN
we obtain
T _yr 9P A-1L
Vi VP = VoSS ( )
Also,
— - y - — 3 - - -
LT =T .S Ty = 9 T =~ .0 T .,
V- v Y (ISV ) + i s (|SV ) + iv 3N (ISV )
di 37
_ovr (T S5 T .__§> -
_aS+V' |n Sn +|n-aN (A ]5)

Egs. (A-14) and (A-15) substituted into eq. (A-12) yield

A 3i 3i
opP , QV!' (-r ] s .. S -
Visstas v - T VTV ) (A-16)

The first two terms of eq. (A-13) are as follows:

- — 3 -
(Vt - 9)Vr = yr s (|SV') (A-17)
37
- T ooV __z)
= V! (Is 35 + V! 35
37
Ry oy! 2 s
=iV ss TV Ee
N g iy
20AV! = 2 w w W
n N
v 0 0
=2Vt (i wy - iyo,) (A-18)
Accordingly, eq. (A-13) becomes
3
- Jy! 2 s :
s ' W - W
igV'' 55 * V' g fav (i N n)
-2 2[~ 9P - 3dp , - 3P (A-19)
'lwr+C(lSs+ln—N+lna_N)=0
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In eqs. (A-16) and (A-19), s, n, and N refer to displacements in the T;,

TF, and TN directions, respectively. Eqs. (A-16) and (A-19) do not represent
a set of differential equations with s, n, and N as independent variables.

Since the metric coefficients have not been included in the derivations, these
three variables do not define a coordinate system. More correctly, eqs. (A-16)
and (A-19) should be viewed as a system of differential relationships which is

valid at each point in the field.

The expressions for ir and derivatives of is are presented in terms of

the unit vectors 75, Tn’ and TN under the headings of Derivatives of the Unit
Vector_i.S at the end of this appendix. In terms of these relationships, eq.

(A-16) reduces to

QP Qyr {OB | sin @ cos B da\ _ A-20
a—s+-a—s—+V('a—E+————r——+COSBaN =0 ( )

and eq. (A-19) may be rewritten as

’

- oyt o]
is(V'-aLs - UUzr cos B sino + Cz-a—g)+ V'Z—a-g—

S
+in(2V’w sina’+w2r sin B sin ¢ + nge)

- . 2 2 9P _
+|N(- 2V'w sin B cos @ - wr cos @ + C gﬁ) =0 (A-21)

Substituting the expression for the derivative of iS in terms of the unit vectors

into eq. (A-17) and resolving the resulting equation into its components yields:
!

Ay o)
V'§% - @?r cos B sin o + C 3% =0 (A-22)
ZGB sin o sin B . 2. , 2 ap
ViTST * = )t Ve sin@ + o'r sin Bsina +¢C Sp =0 (A-23)

2

=0
(A-24)

Vlz(cos B o Sin2 B cos «
as r

OIIOJ
Z|v

) - 2V'w sin B cos o - wzr cos & + C

Since the flow is constratned to flow in a specified axisymmetric
stream-tube eq, (A-2h) is extraneous, serving simply to define the pressure
gradient necessary to support this stream tube.

127



THE COMPATIBILITY EQUATIONS IN P-B FORM

Multiplying eq. (A-20) by V' and subtracting it from eq. (A-22) yields,
(after suitable algebraic manipulation of the resulting equation and
eq. (A-23)): '

M 3s T8, - K] (A-25)
1 op , OB
2 On T35 =K (A-26)
where
. 2
_sing u- rled
Ky == cos B(I + V'2)+ cos B SN (A-27)
sin o . U2 2U
Ky == ‘5|n Bl1 + ;Té T (A-28)
Noting that by definition
sin K = 1 (A-29)
M
c——
cos u=‘/ m ! (A-30)

Eqs. (A-25) and (A-26) can be rewritten as

SanZE cosl-'»g—z+sin“'%i‘="5in “‘K] (A-31)
§iﬂEZP sin B %E + cos %g = - cos KK, (A-32)

Adding and subtracting eqs. (A-31) from (A-32) yields

in 2y o) )
51n22 (cos W %E tsinp gg)iéos 9 5% t sin 4 g%): -(sin uK] + cos uKZ) (A-33)

The parenthetical expressions on the left hand side of eq. (A-33) represent
direction derivatives in the positive and negative characteristic directions.
Hence, in terms of the notation of eq. (A-L), eq. (A-33) becomes

gig_zﬁ dP t dB = - KZ dl on c* (A-34)
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where dl is a differential displacement in the appropriate characteristic
direction and Kﬁ is given as

+ . 2
B o .
Kh = EQ%—— 8% * éie—g [%In (B * u)(l + 575) * cos M 6%] (A-35)

Eqs (A-34) and A-35) represent the characteristic compatibility equations in terms
of the pressure variable P and the flow angle B. For development of the blade
sections, it is more convenient to express the compatibility equations in

terms of the variables &' and €. The conversion from the P - B to the &% - &

form is accomplished below.

THE COMPATIBILITY EQUATIONS IN €%, €~ FORM

The pressure function P, eq. (A-11), can be expressed as

p

P 21 log B _tr
Y € ptr po

P
1 ['°9e (_2_)+ log (_Er)]
Y Per e \p,

where Per is the local value of relative stagnation pressure. The differential

of P is

4P =5 ——— +
YR Y Py
Per
Iin the first tern
|
P _
P -
tr ( )Y'l
y-1 .2
1 + —E- M

‘(5.) 2
1 \Pee/ 1 _dMD)
Y o B 2 g4y X212
P 2
tr
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’
in the second term

X

Y-1
Per =(__r)
Py t

o !

)

- . A
loge Py - loge P, = Y-1 (l°ge Ter - logg to)

d
1 Ptr 1 d Ttr
Y Ptr el Ter
Therefore, ) p
4P = - d(M9) 1 9Ty (A-36)

1
= +
2 (, . y;_l Mz) V-1 T

The differential of v, the Prandtl-Meyer angle is

dv = VM™ - 1 d(MZ) (A'37)
2 Y-1 .2
a1+ L1 )
Noting that -
sin 2 VM2 -1
sin 28 sin b cos P =
2 2
M
Eq. (A-36) yields
sin2n o VM -1 40, sino Mo
2 2M2(1 +l;—’M2) 2(y-1) T,
Accordingly, eq. (A-34) becomes
. dT
+ sin 2u tr + (A-38)
dV_dB—K4d1+2(Y_])T on C
tr
Since vt dB = 248
eq. (A-38) becomes .
+ + \ dT . A-
) d8=_ KF 4 —sin 2 tr dr (on €% (A-39)

di Lo o2(y - I)Ttr dr dl
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The relative stagnation temperature Ttr is

w2 2 2
Ttr _ TO + -Z—C—' (r= - I"o) (A-40)
p
Therefore,
thr _ wzr - U2
dr — C cr
p P
Also,
2 - _ (A-41)
¢ tr (v ])Cthr

Substitution of eqs. (A-40) and (A-41) into (A-39) yields

2
ol e wen e
tr

The following substitutions are made into KL+ (eq. A-35) and into the
second term of eq. (A-42)

Sa _ 1 dh
SN ~ h dm
vi? = u2c?

+

1@ - cos (2 HOZ (on ¢

[«

and’

sin 2) _ cos W

2 M

Finally, eq. (A-L2) is written

d&* = % 41 (on C) (A-43)
where
+ cos B(1 dh sin o
© T oM (h dm) T sin (B 2
: 2
psinz [ g, i_u (A- k)
2 [cz C
tr
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DERIVATIVES OF THE UNIT.VECTOR is

Consider the intrinsic unit vectors, is’ in’ and iN originating from the

same point as the cylindrical coordinate unit vectors, iz’ io’ and ir’

fig. A-2. -  The geometrical relationships between the two sets of unit
vectors are developed as follows.

From the terminus of the is vector, a normal is drawn to the iz, ir

plane (component 3) followed by a normal drawn in the Tz’ Tr plane to the iZ

vector (component 2) and concluded by a segment on the i, vector to its

origin (component 1). (The foregoing components are numbered in descending
order because the imaginary path followed during this construction is opposite
in direction to the vector sum defining Ts.) Tracing from the origin along

the foregoing orthogonal segments to the Ts terminus defines the magnitude and

sense of the following components.

Component 3: Té sin B
Component 2: Tr cos B sin o
Component 1: Tz cos B cos ¢
Accordingly .
i o= 7 cos B cos @ + Tr cos B sina + Té sin B (A-L5)

Similarly, the Tn unit vector is resolved into iz, ir’ and Te components

by means of (3) a normal from the Tn terminus to the 76, Tr plane, (2) a

normal drawn in the Té, Tr plane to the Té vector, and (1) a segment on the

ie vector to its origin. As before, the magnitude and sense of the components

are:

A

Component 3: —TZ sin B cos «
Component 2: _Tr sin P sin «
Component 1: ?é cos B

and the vector sum yields

Te cos B-T. sin B sin o+ i, sin B cos o (A-L6)

The iN unit vector lies in the Tz’ Tr plane; its components are

i =-i sin@+ i cosa (A-47)
z r
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Line of intersection, i_, i

plane with i,y ip plane
R
N s
Z
i
n = Unit
i
N \ A vect07
i, component 1 = i_ cos B cos &
Unit C) s P 4
vectors @ is component 2 ='Tr cos B sin @
g () Ts component 3 =.79 sin B
$- 74065

Notes: Axes Z, R, and N lie in the meridional plane.
Axis s is tangent to the velocity vector at P.
Axes s, RO, and n lie in a plane tangent to P
on the stream surface.
The axes illustrated are not, in general,
coordinate axes, but define the unit vector
directions.

Figure A-2.--Unit Vector Relationships, Cylindrical
and Intrinsic Coordinates.
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The foregoing reasoning applied to the resolution of Tz’ ir’ and Té into

their intrinsic components yields

Taking the derivative of TS

and

Substitution of egs.

following:
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io= g cos B sina - insinBsin0’+iNcosQ’ (A-48)
Te = Ts sin B + Tn cos B (A-49)
iZ = iS cos B cos @ - in sin B cos o - iN sin « (A-50)

eq. (A-45)

variable X (noting that the unit vector, iz,

with respect to any arbitrary

is invariant) yields

=N
- 3 - o}
g;i = - i cos B sinco 5% - iZ sin B cos @ 5%
- . . oB re oo
- i sinB sina 3x t i, cos B cos @ 3
- B aB ° i I B . E .
+ ig cos B gyt 57 cos Bsina + 5= sin B (A-51)
3i - -~ Lo
Sii = cos B (- i, sino + i cos @) 3%
ry . B iy . . - B a_B
+ (- i sinB cosa - i sin B sinao + iy cos )BX
o 3ig
+ §§£ cos B sino + T sin B (A-52)

(A-46) and (A-L7)

into eq. (A-51) yields the

cH

L cos B sina + gig sin B (A-53)



Since the variable X operates on T; and Té through the polar coordinate,

8 (i.e., changes in Tr or iy comprise rotations about the Z axis), the follow-

ing are obtained (fig. A-3):

%, % %
X o6 oX
— 08
= le a (A—SL")
oi aie 36

X 99 X
- 98 (A-55)
r ax '

Substitution of eqs. (A-25b) and (A-25c) into eqs. (A-27a) and (A-27b) yields

o - - 36
L i si i = (A-56)
S5 = (IS sin B + i cos B) X
3 — _ _
and gii = - (is cos B sin a - i sin Bsina + i cos o) %g (A-57)

From eqs. (A-53), (A-56), and (A-57)

37
5 - 7 (%8 . . éﬁ)
X 'n (ax tosin o sy

+ ?h(cos B d - sin B cos o 39) (A-58)
ax X

The general variable X is now identified successively as s, n, and N.
The partial derivatives, 08, 98, and 39 are evaluated from geometrical
ds  on oN
considerations. For an jncremental translation As along the s-axis, a transla-
tion in © results:

As sin B = rA®

Accordingly,

98 _ sin B (A-59)
ds r
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Figure A-3.--Vector Changes in Unit Vectors, Tr and _ie.



Similarly, for a translation along the n-axis,

An cos B = rA®
90 _ cos (A-60)
an r

However, the N-axis lies in the meridional (2, r) plane. A translation along
the N-axis yields no change in ©:

28 _ (A-61)
ON 0

Finally, eqs. (A-58 through (A-61) yield

- _ , 2

éig =7 (%8 . sinosin Bl+ i [cos B g% - sin” P cos Q) (A-62)
ds In as r N r
Eli =7 (8B , sin & cos B}, - d¢ sinB cos B cos &

s =i ls, T ) iyeos B P = (A-63)
3i_ _ 3 - do

Eﬁi =i 3% + iy cos B 3N (A-61L)
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APPENDIX B

TRAILING EDGE MIXING CALCULATION

The equations used to calculate the trailing edge blockage and the
inviscid core flow conditions are derived by relating the core plus boundary
layer flow to the uniform downstream flow.

Consider a vanishingly thin control volume enclosing the trailing edge
region of two adjacent blades as shown in fig. B-1. The fluid density, pres-
sure, velocity, and flow angle at the discharge plane of the control volume
(denoted by Pes P Vé’ and B;, respectively) are assumed to be uniform and

equal to the corresponding section discharge values calculated by the axisym-

metric program. The corresponding flow quantities at the inlet of the control
volume (denoted by p, p, V', and B, respectively) are assumed to be nonuniform.
The pressure acting on the trailing edge of the blade is assumed to be uniform

"and is denoted by Py

The conservation of mass, meridional momentum, and tangential momentum
applied to the control volume results in the following three equations:

Y
c
] ] = 1 -
! pVtcos B'dy peV'e cos BeYe (B-1)

Y
C 2 2 22
- ! — 1 _
9Py, (Ye Yc) + A +Jc: PV' cos” B dy 9PV, * peV:3 cos™ B.Y, (B-2)

where

< 2 ' ' 2 ,
t : - 1 . 1 _
.£ pPV*'“cos B'sin B'dy peV oCos Be sin BLY, (B-3)
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Figure B-1.--Rotor Blade Trailing Edge Flow Mixing Model
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If the flow in the inviscid core region is assumed to be uniform, and the
corresponding flow properties are denoted by the subscript ¢, then egs. (B-1),
(B-2), and (B-3) can be rewritten as

Y
c
1 _PV'cos B —
ch ( Peve cos B )dy " o
0
Yc
2 2
t
1 P - pV*Tcos” B dy = F, - F (B-5)
Y V12 cos? g 2 p
0 PV cos B
Y
c
|
1 _ PV s|n B'cos B dy = F (B-6)
Ye P, vi2 sin B' cos B 3
o ¢ ¢
pVv Y
e : Fo=1 - Smee (B-7)
pV Y
cmec ¢
2
A Y
F = -I - _e_ _ﬂg) —e- (B-S)
. 2 P. (Vmc Y.
pVv vt Y
_ _ e me be e
Fo=1 - cgmetee (B-9)
c mc B¢ ¢
‘- : g (8-10)
pV
cmc c

’

and where Vm and Vé are the meridional and tangential components of V. in the

core region, the integrands of the above equations are zero, whereas in the
boundary layer region, the integrands are nonzero. In order to evaluate these
integrals in terms of boundary layer parameters, assume that the flow angle in
the boundary layer is the same as in the core, and change the variable of inte-
gration from dy to dn where
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dn

dy =

1
and the upper limit of the integral becomes Yc = Yc cos Bé.

The integrals in eq. (B-U4) and the integrals in eqs. (B-5) and (B-6)
may then be written respectively as .

Y. ﬂ,

I = — B f (1 - )dn (B-12)
[o]
Y
i 2

1 V!

12 = — Y f(1 —P—p V'Z)dn (B-13)

(o] CcC C

Algebraic expansion of the integrand of I2 yields

r 1 1

Y Y
C C
0 _ eV pv! A -
12 = —lo f (1 £ )dn o [ B - e (B-14)
C o cC C o c C C

If &% and 6% are used to denote the sum of the displacement and momentum
thicknesses, respectively, of the pressure and suction surfaces at the trailing
edge, then it follows that the first integral is

%
I1 = coS B' (B-]S)
c
and the second integral is
] wta ala
2 - cos BL (61\ + e") (B—]6)

Substituting eqs. (B-15) and (B-16) into eqs. (B-4), (B-5), and (B-6) and
noting the previous assumption that the flow direction is the same for the core
and boundary layer flow yields

5%

Y cos B' Fl (8-17)

c c

§% + B% _
Y_ cos BL - FZ Fp (8-18)
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&% + O

Yc cos B; 3

(B-19)

Finally, simultaneous solution of the preceding three equations with
appropriate substitutions for the F terms of eqs. (B-7), (B-8), and (B-9) yields
Vl
Vi = 2
fc &* (B-20)
YCH

§¥
t - ———
cos Bc Yc

where

§i3t

oF defines the boundary layer form factor.

H =
Eqs. (B-17), (B-18) and (B-19) can be handled numerically in the follow-
ing manner:

(1) The relative total temperature and’total pressure of the core flow
are determined from the flow condi tions upstream of the control
volume. In cases where the section is assumed to be operating in
the unstarted mode, the core relative total pressure is reduced
from the ideal value by an amount consistent with the calculated bow
shock loss.

(2) A discharge ''shape factor'' H is specified by the designer. |If a
shape factor of 1.5 is assumed to correspond to a flat-plate boundary
layer, and a shape factor of 2.5 is assumed to correspond to a boun=
dary layer at the point of incipient separation, then the choice of
a discharge shape factor between these two values would appear
reasonable. In the present rotor design, a value of 2.0 was used.

(3) A value for the overall trailing edge blockage A (the sum of the boun-
dary layer displacement thickness and the trailing edge metal block-

age) is assumed.

(4) With the information from steps 1, 2 and 3, the continuity equation
in the form

-A) =
pchc(1 ) peVme

plus eq. (B-20) is used to calculate the core flow conditions and,
consequently, the values of F1, F2, F3, and Fp in eqs. (B-7) through

(B-10).
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(5) The shape factor is calculated using eqs. (B-17) and (B-19). If the
value is not equal to the specified value, a new value of blockage
factor is assumed, and steps 4 and 5 are repeated until agreement is
achieved.

At present, no convergence problems have been encountered in applying the
trailing edge blockage calculation.

The flow conditions leaving the control volume for streamline No. L as
calculated from the axisymmetric flow analysis are:

M, = 1.094

Bé = 60.24 deg
Vme = 624.9 ft/s (190.8 m/s)
Vée = 1092.7 ft/s (333.7 m/s)

p, = 2491 Ibf/ft> (1.193 X 105N/m2)
Pie = 5282 ]bf/ft2 (2.529 X 105N/m2)
P = 0.0848 lbm/ft3 (1.358 Kgm/m3)

_ o o}
Tie = 682.57R (379.27K)

The core fluid properties (assuming no upstream shock loss) are

p 5529 1bf/Ft> (2.647 X 10°N/m2)

tc

th

I

682.5°R (379.2°K)

The discharge pitch and the core pitch (trailing edge tail radius = 0.0073 in.)
are

=<
i

2.103 in. (5.342 cm)

Y
c

2.089 in. (5.306 cm)

With the trailing edge back pressure assumed to be equal to the core static
pressure and the trailing edge shape factor specified as 2.0, the trailing
edge blockage and core absolute swirl velocity are
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]

6.18 percent

Vec(abs) -281.5 ft/s (-86.0 m/s)

The corresponding core flow conditions are

MC = 1.143
Be = 59.35 deg
Ve = 66L.5 ft/s (202.9 m/s)
VéC = 1121.3 ft/s (342.4 m/s)
b, = 0.085 1bm/ft? (1.362 Kgn/m’)

The corresponding boundary layer parameters are:

6*

0.0512 in. (0.130 cm)

6% = 0.0256 in. (0.0650 cm)

The discharge absolute swirl velocity calculated by the axisymmetric flow
analysis program is

Vee(abs) = =310.1 ft/s (-94.7 m/s)

As a consequence, the absolute total temperature of the core flow is lower
than the corresponding temperature of the downstream flow field. The differ-
ence is accounted for in terms of the higher total temperature associated with
boundary layer fluid.

Similarly, the core static pressure is lower than the static pressure of

the downstream flow, the difference being the result of the momentum exchange
involved in the mixing process.
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APPENDIX C
LEADING EDGE SHOCK CALCULATIONS--STARTED MODE

Once the strength of the leading edge shock is set, either by calculation
for the outboard section, or by design input for the central sections, the
problem remains of calculating the shape of the shock in the blade passage and
the point where the shock intersects the suction surface. The techniques used
to determine the shock shape and the intersection point are described in the
following discussion.

TWO-DIMENSIONAL ISOLATED WEDGE

Consider a two-dimensional wedge with wedge angle 6 and circular leading
edge nose radius r in a supersonic flow field at zero incidence (see fig. C-1).
If the wedge is assumed to extend to downstream infinity, then theoretically
the supersonic upstream Mach number can only be sustained if 8§ is less than
some maximum attachment angle ém, which is a functipn of the specified upstream

Mach number. Assuming that 6§ is less than Sm, then a shock wave will stand

forward of the finite leading edge of the wedge as shown in the figure. At
points far removed from the wedge, the shock angle is asymptotic to the ideal
shock angle for a sharp wedge of the same included angle. In the region of
the leading edge, the shock gradually becomes stronger until it becomes a nor-
mal shock on the wedge centerline. Following the technique described in ref.
L, the shock is assumed to have a hyperbolic shape described by the equation

2 2
X = Y cot” omb =1 (c-1)

where o, is the shock angle far from the wedge, and X and Y are the X and Y
coordinates normalized to X, (fig. C-1). The local shock angle o is dY/dX;
accordingly differentiating eq. (C-1) yields
2
cot? o= (1 - _1) cot’ o_ (c-2)
X 2
At some point on the shock, the discharge Mach number from the shock is just
sonic. This point will be called the sonic point. The sonic line dividing
the subsonic flow in the leading edge region from the supersonic flow far
from the wedge begins at the sonic point and ends somewhere on the wedge sur-
face. Specifically, the sonic line is assumed to termminate on the wedge sur-
face at the point m where the wedge surface angle corresponds to 6m (ref. 4).

Obviously, this point lies on the leading edge radius at

X =X -7 sinb (c-3)
m C m
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Figure C-1.--Two-Dimensional Leading Edge Shock Geometry,
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Y =T cos & (C-4)
m m -

The symbol T represents the blade leading edge radius normalized by Xo' In
addition, the sonic line is assumed to be straight, of normalized length £,
and oriented at an angle éa + 90 where 5a is the average of 65 and ém. The

location of the termination point in terms of Zis

Xm = Xs + £ sin 6a (c-5)

Y, - % cos b&_ (C-6)

Y
m

For two-dimensional flow, the value of ¥ is approximately related to Vs by

_ (ﬁ_ﬁ) R (c-7)

where the subscript « denotes the freestream flow before the shock, the area
ratio is based on the upstream Mach number, and AS is the average entropy rise
of the fluid passing through the shock between Ys and the wedge centerline.

continuity as follows:

<] I&I

The latter quantity can be determined by (1) taking a number of equally spaced
points between Vs and the centerline, (2) using eq. (C-2) to calculate the

associated shock angle (and consequently the entropy rise at the point), and
(3) averaging the entropy rise over all such points.

Combining eqs. (C-4), (C-6), and (C-7)

y AS
Ta——s | (A% R
F = cos & [1 ( A)m € cos 6a] (c-8)

Eq. (C-6) may be used to calculate r. For a spacified leading edge radius,
the value of X (and consequently the physical dimensions of all other norma-
lized quantities) is

(c-9)

(o]
==

Eq. (C-3) yields

=X +4sinbd_ +rsinb (c-10)
s a m
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The shock standoff distance (from the center of the leading edge radius)

Xy = X, (YC - 1) (c-11)

THREE-D IMENSIONAL CASE

In determining the location of the shock in the quasi-three-dimensional
section, the shock is first treated as a simple two-dimensional shock in the
manner described above. The flow angle into the shock is then assumed to vary
linearly across the blade passage from the value at the wedge to the value at
the shock intersection point on the suction surface. The inclination of the
shock in the field is then assumed to be equal to the local flow angle minus
the shock angle calculated for the simple two-dimensional shock a similar dis-
tance from the wedge centerline. |In addition, the standoff distance of the
shock is assumed to be the same as in the two-dimensional case. With the stand-
off point and shock inclination angle determined in the above manner, the shock
location is determined by

m =m

sh so
esh = eso
m =m + AY cos [B
sh, sh,
j j-1 ( ShJ'-VZ)
) 6 =8 + AY sin /B
sh. sh, C-12
J j-1 5hj-1/2> ( )

Slnce'th? suction surface angle at the shock intersection point is not
known a priori, the above technique implies an iterative solution. Rather than

iterate for the suction surface, an a i i
: . , pPproximate technique wa i
section design program. ) s used in the

LEADING EDGE SHOCK SHAPE--STREAMLINE NO. &4

fhe Mach number into the streamline No. 4 | i
) . ead
magni tude of the wedge angle are, "9 edge wedge and the

M

1 1.502

(o]
[}

L.34 deg
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The corresponding downstream Mach number and shock angle far from the
leading edge radius are

=
i}

o = 1.351

Q
1

o L4L6.91 deg

The maximum deflection angle, sonic deflection angle, and sonic shock
angle corresponding to the inlet Mach number are

on
it

12.17 deg
8 = 11.75 deg
o = 62.24 deg
The corresponding values of Ys and Vs from eqs. (C-1) and (C-2) are

1.210

x|
Il

0.728

<i
Il

S

The average entropy rise to the sonic point, normalized to R is

AS _ 0.0524
2 -

The corresponding value of % and r are

% = 0.651

0.0927

S
1

The actual leading edge radius and the value for Xo are

r 0.0073 in.

X 0.079

(o}

The value for Yc and the shock standoff distance (from the center of the

leading edge radius) are
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x|
I

1.360

X 0.028

SO

LEADING EDGE SHOCK BLOCKAGE

In Appendix D, a correction for leading edge shock loss is incorporated
into the overall leading edge blocking calculation for development of suction
surface. The technique used to calculate the magnitude of this correction is
disaussed in the following paragraphs.

Consider a streamtube of width d;1 at a distance ;1 above the wedge cen-
terline upstream of the shock. The shock angle, and hence the entropy rise of

the fluid in the streamtube, can be calculated from eqs. (C-1) and (C-2).

Downstream of the shock, the streamtube is located at a normal distance vy
from the wedge and has the width dy. Since the streamtube flow area is propor-
tional to streamtube width, and the shock pressure recovery, in terms of
entropy rise, is

AS
pt2 _ R

ot (c-13)

the relationship between streamtube widths upstream and downstream of the shock
is as follows:

(/_A\-)(-) A_S.
1 R

dy = m e dy] (c-14)
A 2

where the subscripts 1 and 2 refer to conditions before and after the shock,
(A/ *)] and (A/A*)2 are the A*/A values corresponding to the upstream and down-

stream Mach numbers, respectively, and the exponential term accounts for the
change in A% across the shock. Eq. (C-14) is written as

dy =T dy, (C-15)
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where T" represents the term in brackets in eq. (C-14). The normal distance
Ya of any arbitrary streamtube above the wedge surface can then be determined

by integrating eq. (C-15) from the wedge centerline to Yla’ i.e.,

Yla
Y, =0/ T dy, (C-16)

The blockage associated with the shock losses in the vicinity of the leading
edge is taken to be the difference, normalized by the leading edge radius,
between Ya for the real shock wave and Ya (denoted Yai) for the idealized shock

wave attached to an infinitely sharp wedge. Denoting this quantity as Y vyields

(Ya j Yai)

N =
r
or
r
Y1a
1
Y o=- (T - T.) dy, (c-17)
o
Since the suction surface wedge angle is zero, Fi = 1. Extending the upper

limit of integrations to infinity yields, finally
Y = — (T- 1) dy, (c-18)
(e}

LEADING EDGE SHOCK BLOCKAGE--STREAMLINE NO. 4

Setting the wedge angle to zero and using the same inlet Mach number and
leading edge radius, the calculated shock parameters for streamline No. 4 are
as follows

M] = 1.502
6 =0
M2i = 1.502
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= 41,74

G2i

8 = 12.17
6, = 11.75
o = 62.24

S

xS = 1.133
Ys = 0.474

2 = 0.425

r = 0.060
x = 0.121

(o]

x_ = 0.150
Ax = 0.029

It may be noted that despite the differences in the intermediate numbers,
the shock standoff distance calculated for the upper and lower surfaces
(6 = 0 deg and 8 = L.34 deg, respectively)are approximately the same. This at
least provides some justification for treating the actual wedge of 4.34 deg at
an angle of attack of 2.17 deg as a superposition of an 8.68-deg wedge and a
0-deg wedge, each at a 0-deg angle of attack.

The normalized shock blockage for the above shock as calculated by a 50-
step numerical integration to the upper limit 5 Vs is

Ys = 0.332

The corresponding incidence angle correction to streamline no. b is

i. = 0.17 deg
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APPENDIX D

CASCADE START MARGIN

TWO-DIMENSIONAL CASCADES

Experimental studies of high-solidity, two-dimensional cascades with
supersonic inlet flow indicate that at high back pressures, such cascades,
in general, operate with a strong normal shock on the suction surface forming
a bow wave ahead of the leading edge of the adjacent blade. As the back pres-
sure is reduced with inlet Mach number held constant, the incidence angle
decreases and the suction surface shock moves aft. Continued reduction gener-
ally results in one of two possible occurrences: either the cascade chokes or
the shock reaches the leading edge of the adjacent blade. In the latter case,
further reduction of cascade back pressure causes the suction surface shock to
"jump'' past the effective throat of the cascade, and to be replaced by an
oblique shock system in the leading edge region. When this phenomena occurs,
the cascade is said to be operating in the '"'started mode.'" Prior to this
occurrence, the cascade is operating in the '""unstarted mode.'" Once the cascade
starts, the incidence angle no longer changes with changes in cascade back
pressure. The incidence angle at which start occurs (hereafter referred to as
the "'start incidence'') is, in general, only a function of the inlet Mach
number for a particular cascade. Further reductions in back pressure tend to
draw the trailing edge normal shock out of the trailing edge region, and for
sections which are similar in shape to the outboard rotor sections, this will
result in fully supersonic operation of the cascade.

START MARGIN DEFINITION

in order to ensure the starting of a cascade operated in the manner
described above, the cascade passages should be sufficiently open to allow
the cascade to reach the start incidence without choking. The start margin
is defined as the percentage by which the metal passage area exceeds the mini-
mum allowable area. For calculating the start margin, the operating conditions
closest to choke are assumed to occur with the cascade at start incidence with
the unstarted inlet shock structure. This condition need not be the critical
condi tion for cascades operating at high Mach numbers with low flow angles. The
minimum allowable passage area in this case is simply the sonic area for condi-
tions downstream of the inlet normal shock. In general, cascade experience
indicates that start margins of 3 to L4 percent are adequate to insure starting.
The distribution of that margin for rotor sections 1 to 8 is presented in fig.
D-1.

In order to calculate the start margin for a particular cascade, it is
necessary to determine the starting incidence angle and the Mach number into
the passage inlet normal shock. An approximate expression for the start
incidence angle and shock Mach number for the simple case of a two-dimensional
cascade with a straight suction surface is derived below. The application of
this approximate expression to the design of the rotor outboard sections is
discussed later in this appendix.
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STARTING INCIDENCE

Consider the flow field for a started cascade with an external wave pattern
as itlustrated in fig. D-2. Let the upstream Mach number and flow angle be
denoted as M1 and 61, respectively, and the corresponding quantities on the

suction surface downstream of the wedges as Ms and BS. The start incidence

relative to the suction surface is is by definition
(D-1)

for started flow. The corresponding suction surface Mach number (and hence
the Mach number into the passage inlet in the unstarted mode) can be calculated
approximately if the suction side bow wave losses are neglected

\)1 = v+ is (D-2)

where v is the Prandtl-Meyer expansion angle.
The upstream flow area per blade per unit span is given by

A, =Y cos B (D-3)

where Y is the cascade pitch. The passage inlet flow area per unit span is
given by

AI =Y cos By -t (D-4)

where t is the suction surface metal blockage. The change in flow area
normalized to the inlet area is therefore

AL - A Y cos (Byp - is) -t
- Y cos B, L (D-5)

For small incidence angles such that cos ig ® 1 and sin is Rﬁis, this area

change is approximately

~ (tanB) i, - ot (0-6)

s Y cos B

>z

o

Eq. (D-6) then relates, for a given cascade, the required starting area
margin to the starting incidence with respect to the blade suction surface.
From continuity requirements, the change in flow capability (induced by the
change in Mach number) between the upstream and suction surfaces must equal
the change in available flow area. It can be shown that for small values of
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Figure D-2--Leading Edge Region of a Single Two-Dimensional (Cascade
with Straight Suction Surface in the Started Mode.
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is and a weak oblique shock from the leading edge, the change in flow capacity

is approximated by

" .
fo i VM2 -y (D~7)

A s ©
o)

Eq. (D-7) then defines the approximate, requlreq area margin in terms of
the upstream Mach number for the fixed cascade, Equating eqs. (D-6) and (D-7)
yields

—t
Y cos By

i = ————————;fizu__ (D-8)
s tan Bm - VM - 1

-}

THE OUTBOARD ROTOR SECTIONS

At the design point, the design intent is to have the outboard sections
operating in the started mode, the upper central section operating in the started
mode with a strong, second shock internally, and the lower central sections
operating in the unstarted mode. Due to the expgctation of a continuous leading
edge shock surface, a gradual transition from started sections near the tip to
unstarted sections near the hub is anticipated, There is no operating point
analogous to this transition region in the two-dimensional cascade. The
extent of this transition region, the manner.in which it qcéurs, and the nature
of the flow within it are questions that require further analytical and experi-
mental investigations.

In addition to the structure of the leading edge wave pattern at specified
speed and back pressure, the behavior of this wave pattern at a specified
speed and varying back pressure is open to investigatlon. In particular, to
determine if the transition region moves smoothly up and down the blade with
varying back pressure, or "jumps' into and out of the rotor at certain critical
values of back pressure with a consequent abrupt starting or unstarting of the
tip section. The latter case would most probably be observable as a hysteresis
phenomena in the fan operating map. Although this behavior has been looked
for in many transonic and supersonic compressors, hystefesis of performance
has not been observed. However, for entirely supersonic rotors there have
been occasions where the sound level has made abrupt changes up and down.

Independent of whether smooth or abrupt trans§tions occur, a question
exists as to whether the rotor sections require more or less start margin
than the corresponding two-dimensional cascades. This question is significant
in that the start margin is a major parameter in the design of the outboard
sections. In the present rotor design, no benefit was assumed to accrue
relative to start margin due to the three-dimensional nature of the rotor
flow field. ' )
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The techniques used to calculate the start incidence and the corresponding
start margin for the outboard section are discussed below.

SUCTION SURFACE DEVELOPMENT

The suction surface of the outboard rotor.section as far aft as the first
captured Mach line is developed by means of a direct analogy with the simplified
two-dimensional cascade discussed previously. The corresponding simplified
two-dimensional cascade quantities in the analogy are listed below.

(1) Straight suction surface aft of the leading edge wedge
(2) Flow conditions specified at upstream infinity
(3) Leading edge wedge blockage

(4) Uniform Mach number and flow conditions on the straight suction sur-
face after correction for leading edge wedge blockage

Analogous three-dimensional section items in the analogy are given in the
following list.

1 , : N
(1) Free streamline suction surface aft of the leading edge radius

(2) calculated axisymmetric inlet conditions
(3)- Leading edge radius and shock loss blockages

(4) Vvarying Mach number and flow conditions along the calculated free
streamline after correction for leading edge radius and shock loss
blockages

In setting the finite leading edge radius equivalent to the leading edge
wedge blockage, it is assumed that the dividing streamline is parallel to the
free streamline and, hypothetically, passes through the leading edge center.
Consistent with this assumption, the suction surface thickness associated with
the leading edge radius is set equal to the leading edge radius. The "leading
edge shock blockage'' refers to effective blockage associated with the detached
position of the leading edge shock in the immediate vicinity of the leading
edge radius. The technique used to calculate this blockage is presented in
Appendix C. -

The free streamline suction surface incidence is calculated as the sum
of two incidence angles is and ff. The former accounts for the leading edge

L.E. ineq. (D-8). The

radius blockage and is calculated by replacing t by r
latter accounts for. the Shock,blockage and is calculated as

i1,=\(is (D-9)
The technique used to calculate Y is discussed in Appendix C.
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The total incidence correction is used to calculate the free streamline
inlet Mach number.

In summary, @ free streamline suction surface is used in an attempt to
reduce the wave disturbances upstream of the section, with the free streamline
flow condition specified in a manner which is (at least to a first approxima-
tion) consistent with started flow at the design point.

APPLICATION TO STREAMLINE NO. 4
For streamline no. 4, the inlet Mach number and flow angle are

M

1.479

P 62.85 deg .

1l

and the leading edge nose radius and leading edge pitch are

r = 0.0073 in. (0.01854 cm)

Y =2.13 in. (5.41 cm)

The incidence correction is calculated from eq. (D-8) is 0.50; the shock

blockage correction per eq. (D-9) for streamline no. 4 is

if = 0.17

and hence, the total incidence is

is + if = 0.67 deg

The values of Mach number and flow angle used in the free streamline
calculations are

1

M1 corr 1.502

B

| copr = 62:17 deg

The shock blockage correction was introduced into the blade calculation
procedure via the incidence factor term discussed in the text. The actual
value used in the calculation was 0.18 deg rather than the more correct value
of 0.17 degq.

159



160

C

D

DCA

APPENDIX E

NOMENCLATURE

Chord, in. (cm)

Diffusion parameter

ro Vo, - r. V
2 02 101

- [ 1
rotor 1=V, /V1 + (r1 m rz) V.o

r. Vv -r_ Vv
2 62~ 3 03
stator = 1 - V_/V_ +
3" 72 (r2+r3) vzc

Double circular arc
Ratio of suction surface to total boundary

Layer displacement thickness

Suction surface transition factor
Pressure surface transition factor
Ultimate tensile stress

Tensile yield stress

Gravitational acceleration, ft/s2 (m/sz)
Radial height of stream tube, consistent units
Boundary layer form factor, 6*/9

Blade incidence angle, deg

Section incidence correction due to inlet shock loss
i 3 - . .
Section incidence correction due to leading edge thickness

Arbitrary index



Nb

Sonic line between leading edge radius aqd the bow wave
Meridional distance in radial-axial plane, in. (cm)
Mach number

Multiple circular arc

Rotational speed, rpm (rad/s)

Total pressure, psia (N/cm2)

Static pressure, psia (N/cmz)

-AS
P1/P2

v/y=1
(T1/T2)

R
Loss parameter e =

Blade number

Radius, in. (cm)

Gas constant, ft-lbf/lbm-oR (m-N/kg - °K)
Entropy

Temperature, °r (OK)

Blade thickness, in. (cm)

Maximum thickness to chord ratio

Wheel tip speed, ft/s (m/s)

Absolute velocity, ft/s (m/s)

Airflow, 1b/s (kg/s)

Blade pitch, in. (m)

Axial distance, in. (m)

Streamline in radial-axial plane, deg
Flow angle measured from meridional, deg

Stagger angle, deg
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BIss Inlet suction surface angle, deg
N, Ratio of specific heats, Cp/Cv
6 Ratio of total pressure to NASA standard sea level pressure
of 14.696 psia (10.133 N/cm?)
61 Leading edge shock strength, deg
62 Trailing edge shock strength, deg
Gk Pressure surface kink angle, deg
6TE Trailing edge wedge angle, deg
6° Deviation angle with respect to blade metal mean camberline, deg
#*
) Displacement thickness, deg
it
6 Deviation angle with respect to envelope meanline, deg
€ Function characteristic equation

Ul Adiabatic efficiency

Y-1/v
(P,/Py) 1

rotor =
(T2/T1) -1
(Py/P YY1
stage = TT
A Parameter modifying the subsonic section surface curvature
distribution
W Mach angle
v Prandt1-Meyer expansion angle, deg
€  Characteristic parameter, — ; P
+ - v -8B
g Characteristic parameter, —
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o Fluid density, 1b/ft> (kg/m)
o Blade solidity

= conical chord/blade spacing (based on average radius)

¢ Streamline slope angle, deg
w Angular velocity, rad/s
w Total pressure loss coefficient
' rotor = (ngzif )
1 TP
2\ 2 1) Y/v-1
U r
where (P,')., = Pt {1+ X%l az 7 1 - (Fi
o1
and ayy = upstream total acoustic velocity
stator = ;2—;—;3
2 2
Ep Profile loss coefficient
BS Shock loss coefficient
Subscripts
1 Rotor leading-edge station
2 Rotor trailing-edge, stator leading-edge station
3 Stator trailing-edge station
®© Freestream just upstream of cascade
5, Or ss Suction surface
p Pressure surface
fs free stream
T Tip
MCL mean camber line
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LE

TE

ex

r4

r

Meridional component
Leading edge
Trailing edge

exit

Tangential component
Axial component

Radial component

Superscripts

#*

%

Critical condition
Blade envelope parameter

Relative to rotating part
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