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Summary

A method has been developed which improves the
accuracy of a NASA developed computer program
used to calculate transonic velocities on a blade-to-
blade surface of a turbomachine. Since the original
program involves a solution to the stream-function
equation on a stream surface using a finite-difference
method, the flow must be totally subsonic. For this
reason a reduced flow problem was defined whereby
the finite-difference method was used to obtain a solu-
tion to the stream-function equation for a totally sub-
sonic flow field. These streamlines for the reduced flow
rate were then assumed to approximate those of the full
mass flow rate. A solution at the full mass flow rate was
then obtained by the velocity gradient method using the
reduced flow streamlines. In some instances this
velocity gradient method of solution is very sensitive
around the leading and trailing edges of a turbomachine
and may yield large velocity fluctutations. The method
described in this report improves the accuracy of the
assumption concerning the streamlines by preserving
the stream-function equation in an approximate
manner from the full mass flow to the reduced mass
flow by suitably modifying the stream-sheet normal
thickness (). The method also provides an alternative
way to obtain the transonic velocities, which eliminates
the previously required velocity gradient method.
Subsonic and slightly supersonic data from a two-
dimensional compressor cascade and an axial turbine
stator were compared with the numerical solutions. The
results when using the modified method were in good
agreement in both cases. The solution without the
modified b compared well to the two-dimensional cas-
cade results but differed significantly from the data for
the turbine stator. It was also shown that instead of
using the velocity gradient method with the modified b,
a final transonic solution could be obtained by scaling
the velocities obtained at the reduced mass flow rate by
the reduction factor if the modified » was used. In all
cases investigated the scaled solution was equal or
superior to the solution obtained by the velocity
gradient method. When using the present (modified
stream-sheet thickness) method a much higher
reduction factor is possible for a high pressure ratio
centrifugal compressor impeller blade row than is
possible with the original method.

Introduction

The NASA developed computer programs (refs. 1
to 3), used for obtaining blade-to-blade velocities in
the blade rows of turbomachines, use the finite-
difference technique for the solution of the stream-
function equation. Difficulties arise when attempting
to solve this equation with the finite-difference
method when local supersonic velocities are present
(see ref. 1); therefore, the entire flow field must be
subsonic.

For transonic velocities the analysis program of
reference 1, TSONIC, uses a technique where the
stream-function equation is solved with the finite-
difference method at a reduced mass flow rate. The
reduced mass flow rate is chosen so that all velocities
in the flow field are subsonic. The streamlines from
this solution are assumed to closely approximate
those of the full mass flow rate. The gradients and
angles from these streamlines are used with the
velocity gradient method (see ref. 1 for a discussion
of this method) to obtain the transonic solution at the
full mass flow rate. There are cases which involve
large gradients in density and/or stream-sheet
normal thickness where the method wused in
reference 1 does not adequately model the
streamlines. Also, even in cases where the streamlines
are well modeled, the velocity gradient method of
solution is very sensitive around the entry and exit
regions of a turbomachine blade row and may yield
large velocity fluctuations. The method described in
this report insures that the streamlines for the
reduced flow solution are very close to those of the
full mass flow solution by suitably preserving terms
in the stream-function equation involving the density
and stream-sheet normal thickness. The method also
leads to an alternative technique for obtaining the
final transonic solution that does not suffer from the
problems encountered with the velocity gradient
method in the entry and exit regions. The basic
equations are derived and may be easily coded into
the original programs of references 1 to 3. Several
examples are presented to demonstrate the effect of
the method when used on various blade rows. Two of
the examples have experimental data at transonic
velocities for comparison with the analytical
solutions.



Symbols

AB, a, streamline geometry)

area

stream-sheet normal thickness, m
specific heat at constant pressure, J/(kg)(K)
meridional streamline distance, m
number of blades

reduction factor

gas constant, J/(kg)(K)

radius from axis of rotation, m

length along blade surface, m
temperature, K

stream function

absolute fluid velocity, m/sec

fluid velocity relative to the blade, m/sec

mass flow per blade flowing through stream
channel, kg/sec

angle between meridional streamline and

TYTENOTRIZIOCND

[0 4
axis of rotation, rad
¢ angle between relative velocity and
meridional plane, rad
Y specific heat ratio
¢ relative angular coordinate, rad
A inlet angular momentum, (rV3),,
p density, kg/m3
w rotational speed, rad/sec
Subscripts:
av average values across the channel
cr critical velocity
in inlet
LE leading edge
m component in direction of meridional
streamline
r conditions at reduced flow
TE trailing edge
6 tangential component
Superscripts:
! absolute stagnation condition
” relative stagnation condition
Analysis
General

S

The method in reference 1 assumes that the

streamlines for the full and reduced flow cases will be
approximately the same if the right hand side of
equation (1) of reference 1 (repeated here) is
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maintained by preserving the ratio of rotational
speed to mass flow rate, w/w. The streamlines would
be identical if the flow were incompressible since the
coefficients on the left hand side involving gradients
in density are zero, and the geometry terms are the
same for the full flow-rate case and the reduced flow-
rate case. However, for compressible flow, the
coefficients will change if the mass flow rate is
reduced. Reference 1 maintains w/w by setting

w,=wRy @

W, =wRy 3

where Ry is the reduction factor. The angular
momentum, ¥y, for the reduced flow rate at the
leading and trailing edges is determined assuming
that the relative flow angles input are the same for
the reduced and full flow rates. The relative flow
angles at the upstream and downstream boundaries
of the flow field are calculated assuming
conservation of angular momentum at the reduced
flow rate between the blade edges and the
boundaries. These boundary flow angles are used to
determine the necessary boundary conditions for the
stream-function solution. Since the relative flow
angles and geometry at the leading and trailing edges
are assumed to be the same for the reduced and full
flow rates, (o W) , atthe blade edges can be calculated
from

w w N
©W)raw = 7’. . @

= Fb2mcos Bav

This is equivalent to

eW)r,av =(PVV)ava &)

However, equations (2) and (5) with relative flow
angle preserved for the reduced mass flow case at the
leading and trailing edges do not result in an absolute
velocity diagram that is similar for the two mass flow



cases when the blade row is rotating. For the absolute
and relative velocity triangles to be similar for the
reduced and full mass flow cases, the relative velocity
at the reduced mass flow rate must be

W,=WR;

if the rotation rate is reduced by the reduction factor
(eq. (2)). This differs from equation (5) by the change
in density from the full mass flow rate case to the
reduced mass flow rate case. Since equation (5) does
not yield similar absolute velocity triangles, an

incorrect value of reduced flow anﬁular momentum
Vo)rs will be calculated at the blade leadmg and

tra.l ing edges. Since angular momentum is conserved
between the blade edges and the flow field
boundaries, the relative flow angle at these
boundaries will not be the same for the reduced flow
and the full flow cases. The resultant streamlines
obtained for the reduced flow case will have a
different flow angle distribution and different
curvatures from the boundaries to the blade edges
than that for the full flow case. This effect on the
flow angles at the boundaries is small except when
large changes in radius occur such as at the exit of a
centrifugal impeller blade row. This effect on
reduced flow angular momentum will not occur when
the blade row is stationary since the absolute flow
angle is preserved.

In attempting to obtain a meaningful solution for
the velocity gradient equation using the streamlines
calculated at reduced flow rate, it is not sufficient to
closely approximate the streamline geometry for the
full flow rate (see ref. 1, p. 9). The velocity gradient
equation is

ow W 2wr sin o
¥l =AW+rtan B __cos 3 (6)
where

A=f(8, a, streamline geometry)

Values for A and 8 are determined from the
streamline geometry calculated at the reduced flow
rate. The gradient in velocity, dW/dm, is obtained
from

oW _ (IW/om),
me R M

The remaining quantities r, w, o are known inputs. In
order to get a reasonable solution from the velocity
gradient equation, (d W/dm), /Ry must be reasonably

close to that for the full flow rate. Since the
streamlines for the reduced flow rate are used for the
full flow case, then

du ou
a6~ (E> r
and from reference 1

ou _ pbrWm, _ pbrW cos 8
o~ w w

Now, the velocity at the reduced flow rate is related
to that at the full flow rate by

W), =(PW)Rf
since
b,=b,8,=8 and w,=wRy

from equation (3). Differentiation yields

AW, _ 3eW) L

om am

This differs from the assumed expression for dW/dm
(eq. (7)) in the velocity gradient equation (6) by the
change in density between full and reduced flow
rates. However, if the changes in density from the
reduced flow rate to the full flow rate are not large,
the effect on the solution by the velocity gradient
method will probably be small (ref. (1)). When large
changes in density occur, a better approximation for
dW/dm which accounts for compressibility is
required. A method to account for the effects of
compressibility is discussed next.

Modification for Solution of Streamfunction
Equation at Reduced Flow Rate

The modification described here insures that the
streamlines for the reduced flow case obtained from
equation (1) will closely approximate those for the
full flow case and that equation (7) will yield a good
approximation of d0W/dm in equation (6) by
accounting for the effect of compressibility. This is
done by preserving the terms in equation (1)
involving pb in addition to those involving w/w. That
the stream-function equations would be preserved is
evident if equation (1) is rewritten as
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where b is assumed to be only a function of
meridional distance, m. With the stipulation that pb
is preserved at each mesh point, equation (8) will
yield the same stream-function solution for the
reduced and full mass flow cases. From reference 1

ou __ pb
am = w ©
Ou _ pbry, (10)

Since du/dm and du/a6d resulting from the solution of
equation (8) are assumed to be the same for the
reduced and full mass flow cases and since pb is
preserved, Wy /w and W, /w will be preserved. If the
reduced mass flow rate is specified by equation (3),
then

(Wy)r=WyRy an
Wm)r=WmnRy 12)

must also be true. Equations (2), (11), and (12) mean
that not only is the relative velocity triangle—for a
rotating blade row—for the reduced mass flow case
similar to that for the full mass flow case at the
leading and trailing edges, but the absolute velocity
triangle is also similar since the tangent of the
absolute flow angle is (wr+ Wy)/ W,,. This is a direct
result of preserving pb and w/w in equations (1), (9),
and (10). The streamlines so obtained from the
reduced flow rate solution, which are to be used in
the velocity gradient equation for the full flow rate,
should closely approximate those of the full flow
rate. Also, equations (11) and (12) yield

W,.=WRy

so that

oW, oW

am = am S

and the second condition (see previous section) for a

valid velocity gradient solution at full flow rate is
satisfied.

Alternative to Velocity Gradient Method to Obtain
Full Mass Flow Solution

There are cases where the velocity gradient
solution in the entry and exit regions of a
turbomachine blade row is extremely sensitive and
may yield large velocity fluctuations. This sensitivity
arises from the fact that second derivatives of the
stream-function are required in the velocity gradient
equation (appendix A of ref. 1). Small changes in
calculated stream-function values as the flow passes
the leading- and trailing-edge regions can result in
large values of the second derivative. It would
therefore, be advantageous to look for another way
to obtain the final full mass flow solution. The
present method, which preserves the stream-function
equation by suitably modifying the stream-sheet
normal thickness, b, provides for a different
approach.

Equations (11) and (12) imply that a solution for
the full mass flow can be obtained by simply scaling
with the value of Ry the velocities obtained at the
reduced mass flow even though some local velocities
at the full mass flow exceed the local critical velocity.
It is well known (refs. 4 and 7) that equation (8) is
elliptic for subsonic flow and hyperbolic for
supersonic flow. The terms that determine whether
the equation is hyperbolic or elliptic arise from the
derivatives of p.

Since equation (8) is nonlinear, the numerical
solution done in references 1 and 2 is done in two
levels of iterations (ref. 2). Equation (8), in the form
of equation (1) is first linearized by specifying the
density at each mesh point in the calculation grid. An
inner iteration is used to solve the linearized
equations. The nonlinear solution is approached by
successively redefining the density at each mesh point
using the results of the previous inner iteration. In
this type of two-step procedure the linearized stream-
function equation solved in the inner iteration is
always elliptic. The outer iteration, where equations
(9) and (10) are used to determine the velocity field
and the next estimate on the field, is where the finite-
difference method encounters difficulty since the
value of the W term can be satisfied by either a
subsonic or supersonic value of velocity. This value
of velocity is used to update the density estimate at
each mesh point for the next inner iteration.
However, since the inner iteration solves a linearized
equation that is always elliptic and the b terms are
preserved, it should be possible to obtain a full-flow
solution by applying equations (11) and (12) to the
velocities obtained at the reduced flow. The efficacy



of this scaling technique is demonstrated by several
numerical examples in a later section.

Approximate Method to Preserve pb

Preservation of pb throughout the passage for the
reduced mass flow calculations implies a known
solution to the full flow field. However, a suitable
approximation can be made by preserving pb on a
one-dimensional basis across the channel. This can
be done since some knowledge of a representative
blade-to-blade flow velocity must be known in order
to determine the proper stream-sheet normal
thicknesses for input.

It remains to find an expression for pb, so that
equation (8) is approximately preserved for the
reduced flow case. This can be done by suitably
reducing the stream-sheet normal thickness from b to
b,. Thus,

b, £=[ p/p” ]P_"
wio™y, 4 p7

13)
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"
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b, =[1 — (v = D/ + )W We)?
b L1—(y—1)/(y+ 1) (W/We)?

The ratio of relative total densities for the full and
reduced flow cases is

V(y-1)
I4 ’ ” 4 1/(y—1 ”
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Substituting (14) and (15) into (13) yields

ﬁ-(t)vh_l)
b \T;

r

x[ 1— (v = D/(y+ DWW/ We)? ]1/(1—1)
1= (v=1/(y+ DR% (T"/T))(W/ Wr)?

(16)

Since Ry and b are input to TSONIC it remains only
to find 77, Tz, and W/ W,,. The relative stagnation
temperature, 7", is found from

26\ — (wr)?

=T - 2C, an

where A, the inlet angular momentum, is calculated
as per reference 2, appendix B, for the full mass flow
case. Because the relative velocity triangles and the
absolute velocity triangles are similar on a one-
dimensional basis for the reduced and full cases,

A =ARy | (18)

and 77 is calculated from equation (17) using A,, w,,
and T},. The only additional input is the relative
critical velocity ratio, W/W,.,, which is consistent
with the stream-sheet normal thickness distribution
though the blade row for the full mass flow rate.

Method of Obtaining the Input Critical Velocity
Ratio, W/ W,

Stream-sheet normal thicknesses are usually
obtained from axisymmetric solutions such as those
of references 5 and 6. The input critical velocity
ratios can also be obtained from these programs. The
procedure used on the numerical examples in a later
section was to input the critical velocity ratios from
these programs and then check the value of the
critical velocity ratio from the blade-to-blade analysis
(TSONIC) at the 50 percent streamline obtained by
scaling the reduced flow velocities by the reduction
factor. This distribution of W/W,. was compared
with the original input values of W/W_, and input
for a new solution if they differed significantly. The
initial distributions of W/W, obtained from the
MERIDL program of reference 5 agreed very well with
the distribution of W/ W, obtained from TSONIC at
the 50 percent streamline.

In some cases, such as the low solidity axial turbine
stator in the numerical examples, the blade row does
not provide a great deal of guidance to the flow and a
MERIDL type of solution is not applicable. This is
because the flow at midchannel does not follow the
blade for a significant portion of the channel. For
this case an initial guess on the W/ W, distribution
was obtained by assuming a linear variation between
the leading and trailing edges. The distribution of
W/ W, at the 50 percent streamline was then used as
input and iterated as above. The convergence for this
case was quite rapid.



Numerical Examples

Five numerical examples are shown to assess the
effect of the modification in stream-sheet normal
thickness on the surface velocities for various blade
rows. The first and second examples are a two-
dimensional compressor cascade and a high solidity
axial turbine stator, respectively, for which transonic
data were available. The next two examples are a
multiple-circular arc compressor stator and a low
solidity axial turbine stator. The final example is the
shroud line of a centrifugal compressor impeller for
which vector diagrams at leading and trailing edges
are shown as well as the surface velocities. Blade
geometry is shown for all cases. Inputs to TSONIC
(ref. 1) for all blade rows in the numerical examples
are presented in the appendix.

NACA 65(12)-10 Cascade

The blade passage tested in reference 8 and shown
in figure 1 consisted of NACA 65(12)-10 airfoils
having a solidity of one with an inlet flow angle of
45° and an angle of attack of 16.5°. The blade row
was tested over a range of inlet Mach numbers from
0.12 to 0.89 and employed end-wall suction to
maintain a two-dimensional flow (i.e., stream-sheet
normal thickness is constant through the blade row)
up to an inlet Mach number of 0.61. As reported in
reference 8, the suction system had insufficient
capacity to remove the required amount of air at
higher flows. Two cases were studied corresponding
to inlet Mach numbers of 0.61 and 0.71. Although
the 0.71 case was not strictly two-dimensional, only
about a 2.6 percent contraction in stream-sheet
normal thickness, b, occurred from the upstream
measurement station to the downstream
measurement station. The measured surface
velocities for the quoted angle of attack and several
numerical solutions are shown in figures 2(a) and (b).
For the 0.61 case the solution in figure 2(a) is for a
reduction factor of one obtained with the finite-
difference solution to the stream-function equation
and shows a peak surface velocity slightly higher than
the peak experimental velocity. Pressure surface
velocity is slightly low. The 0.71 case at a reduction
factor of 0.9 is shown in figure 2(b). The velocities
are scaled from the solution obtained by the finite-
difference method at a reduced flow rate using the
modified b. The peak suction-surface velocity is
slightly higher than the peak experimental velocity
whereas the pressure surface velocity is about 7
percent low over the first half of the chord. The
solution obtained with the original method using the
velocity gradient method and no modified b is very
close to that obtained with the modified b.

To determine the sensitivity of the TSONIC solution
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Figure 1. - NACA 65(12)-10 compressor cascade
blade section passage geometry, Total merid-
fonal iength, myg, 0.067 meter,

to setting angle, the blade row was rotated 1° to an
angle of attack of 15.5°. The agreement for the 0.61
Mach number case as shown in figure 3(a) is better
than that previously shown for 16.5° angle of attack.
The 0.71 Mach number case is shown in figure 3(b).
Calculated surface velocities for both the modified b
method and original method are close to the
measured data.

Reference 9 also contains data for the 65(12)-10
blade row with the same solidity as in reference 8 but
for a Mach number of about 0.09 and at various
angles of attack. Comparison of the results of
references 8 and 9 indicates that the angle of attack
quoted in reference 8 may be too high by about 1°.
Overall, the agreement between the numerical
solutions and the experimental data is good at the
angle of attack quoted in reference 8 and even better
if an angle of attack of 15.5° is assumed.

The input critical velocity ratios required for the
modified b method and the full flow rate b input for
the 0.71 Mach number case are shown in figure 4,
The modified b used for the reduced flow solution is
also shown. The velocity and b change gradually
through the blade row and thus the terms being
affected by the present modified b method will be less
significant than they would be for cases where large
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gradients in b or velocity are present as will be shown
later. The initial input critical velocity ratios were
obtained from the MERIDL program of reference 5.

High Solidity Axial Turbine Stator

The mean section blade passage of the turbine
stator tested in reference 10 is shown in figure 5. Data
at design flow and at a slightly higher flow where
transonic velocities are present are shown in figure 6.
Figure 6(a) is the same case compared in reference 1,
and has an inlet critical velocity ratio of 0.231. Figure
6(b) is for an inlet critical velocity ratio of 0.243
which corresponds to the hub critical velocity ratio of
1.1 from reference 10. In reference 1 the stream-sheet
normal thickness was assumed to be constant
through this stator. The present numerical solutions
were obtained assuming a 3-percent contraction in
stream-sheet normal thickness through the blade
row. This is consistent with the estimated design
total-pressure loss assumed in reference 10.
According to reference 10, the design mass flow rate
was achieved at the design static pressure ratio on
both the inner and outer walls; this indicates that the
3 percent loss is reasonable. A comparison of the
velocities obtained at a reduction factor of 0.8 with
(1) the original velocity gradient method, (2) the
scaled solution from the finite-difference method
using the modified b, and (3) the velocity gradient
method using the modified b is also shown in figure
6. The surface velocities shown in figure 6(a),
calculated with the velocity gradient method both
with and without the modified b agree well over most
of the channel. However, over the latter 20 percent of
the passage, the velocities obtained with both these
solutions deviate considerably from the data. In
contrast, the velocities obtained by scaling the
reduced flow rate solution agree with the data on
both surfaces.

Critical
velocity ratio
VIV,

at 50 percent
streamline,

~b at full flow

11 f
- <leading
g b at (R =
Lo \ edge Arbat (R - 9 / edge

I,-Tralhng

Stream-sheet
normal
thickness
ratio,
e il fiow

I T

] I o Y I I A

-4 _-.2 6 .2 4 6 .8 LO L2 14 1Lb
Ratio of meridional length to total meridional length of

blade, m/mye

Figure 4. - Meridional distribution of critical velocity ratio
at the 50 percent streamline and of the stream-sheet
normal thickness for NACA 65(12)-10 compressor
cascade blades. Inlet Mach number, 0.71.
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Figure 5, - High solidity turbine stator blade section passage
geometry. Total meridional length, myg, 0.0429 m,

In figure 6(b) the surface velocities obtained from
the velocity gradient method without the modified b
deviate significantly from the data over much of the
suction surface. The velocities obtained with the
velocity gradient method and with the modified b,
agree over most of the channel but deviate
significantly from the data over the last 20 percent of
the channel. As before, for the lower value of inlet
critical velocity ratio, the velocities obtained by
scaling the reduced flow solution agree well with the
data on both surfaces.

The input critical velocity ratios required in the
modified » method, the full flow rate b for the
different inlet critical velocity ratios, and the
resulting modified b values at the reduced flow rate
are shown in figure 7. The gradients in b and velocity
through the blade row are significantly greater than
those in the previous example (see fig. 4). The input
critical velocity ratios were initially obtained from
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calculated velocity diagrams at the leading and
trailing edges.

Multiple Circular Arc Compressor Stator

The flow passage is shown in figure 8. Surface
velocities obtained with the finite-difference method
at a reduction factor of 1.0 (baseline solution) and
velocities obtained from the velocity gradient method
with a reduction factor of 0.8 and no modification to
the b are shown in figure 9(a). The agreement is
generally good except in the midchord region where
the baseline solution shows a slightly higher peak
velocity. The velocities obtained from (1) the baseline
solution, (2) the velocity gradient method using the
modified b at a reduction factor of 0.8, and (3)
scaling the reduced-flow velocities when using the
modified b at a reduction factor of 0.8 are compared
in figure 9(b). Both solutions agree with the baseline
solution.

The input critical velocity ratios for the modified b
method and the b used at full flow rate and
calculated for use at the reduced flow rate are shown
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in figure 10. The largest slopes in velocity ratio and b
occur in the 30 to 40 percent region where the
solution without the modification in b differed most
from the baseline solution. The gradients in » and
critical velocity ratio are much larger in this case than
they were for the cascade of example A (see fig. 4).
The input critical velocity ratios were initially
obtained from the MERIDL program of reference 5.

Low Solidity Axial Turbine Stator

The stator blade-to-blade flow path is shown in
figure 11. Comparisons of the baseline solution
obtained with the finite-difference method at a
reduction factor of 1.0 to the solution from the
velocity gradient method using a reduction factor of
0.8 without a modification to the b and the solution
from the velocity gradient method using a reduction
factor of 1.0 are made in figure 12(a). The solution
by the velocity gradient method of 0.8 without the
modified b differs significantly from the baseline
solution over both surfaces. The solution by the
velocity gradient method at a reduction factor of 1.0
differs from the baseline solution in the leading edge
region on the suction surface and near the trailing
edge on the pressure surface. Figure 12(b) shows the
baseline solution, the scaled solution from the finite-
difference method at a reduction factor of 0.8 using
the modified b, and the solution from the velocity
gradient method at a reduction factor of 0.8 using the
modified b. The solution from the velocity gradient
method differs from the baseline solution on the
suction surface near the leading edge and near the
trailing edge on the pressure surface. Asin the second
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example, the velocity ratios obtained by scaling the
velocities from the finite-difference method at the
reduced flow rate at a reduction factor of 0.8 are
close to the baseline solution over both blade
surfaces.

The b at full flow rate and the critical velocity
ratios input for the modified b solution are shown in
figure 13. The change in critical velocity ratio
through the blade row is much greater than in the
first and third examples (see fig. 4 and 10). The
critical velocity ratios were initially obtained from
the calculated velocity diagrams at the leading and
trailing edges.
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difference, and velocity gradient methods, Multiple circular-
arc-compressor stator blades; inlet critical velocity ratio,

0. 862.
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Centrifugal Compressor Impeller Shroud Line

The tangential spacing versus meridional distance
of a centrifugal compressor impeller shroud line
designed for a total pressure ratio of about 9:1 is
shown in figure 14. The design free-stream velocity

diagrams for this impeller are shown in figure 17 and
will be discussed later. Since the flow entering the
blade row is supersonic, it is likely that some shocks
will be present in the entry region. The program of
reference 1 assumes shock-free flow or, at worst,
very weak shocks in the flow. A modification was
made to the program of reference 1 to allow shock-
free entry to be calculated with the velocity gradient
method when the mean flow is slightly supersonic.
The procedure is similar to that used in reference 5.
No shocks should exist in the impeller past the 10 to
15 percent chord location since a normal shock at the
blade leading edge would probably hit the suction
surface in this region (see fig. 14).

Based on the results obtained with the previous
examples, it is concluded that the solution obtained
with the velocity gradient method with the modified
b will yield a better solution in the passage than the
solution from the velocity gradient method without
the modified & when the critical velocity ratio and b
vary significantly through the channel as they do in
this example. A comparison of the solutions obtained
with a modified » at a reduction factor of 0.8 and
without a modified b at a reduction factor of 0.2 is
made in figure 15. These values were the highest
reduction factors that could be used with the
respective methods. The reason such a low reduction
factor was required for the case without the modified
b will be discussed later. The solution obtained with
the velocity gradient method and without the
modified b differs significantly from that obtained
with the velocity gradient method and the modified
b. The difference occurs primarily from the fact that
the gradient in velocity dW,/dm obtained from the
reduced flow solution and used in the velocity
gradient equation (see Analysis—General) does not
yield a good approximation to the gradient in
velocity at the full flow rate. The reason for this will
be discussed shortly. The solution obtained by
scaling the velocities calculated at the reduced flow
rate at a reduction factor of 0.8 agrees well with the
solution from the velocity gradient method for the
modified b case.

The stream-sheet normal thickness and critical
velocity ratio input for the modified b case are shown
in figure 16. The critical velocity ratio distribution
was initially obtained from the axisymmetric
program of reference 6. The modified b at the
reduced flow rate is clearly larger than the b at full
flow rate over most of the channel and demonstrates
why the modified 4 method permits a higher
reduction factor to be used than could be used with
the original method where the b at the reduced flow
rate was the same as for the full flow rate. The b at
the trailing edge for the reduced flow rate is nearly 50
percent larger than the b at the trailing edge for the
full flow-rate.

11
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A comparison of the velocity diagrams at the
leading and trailing edges for the centrifugal impeller
for the full mass flow rate, the reduced mass flow
rate without the modified b at a reduction factor of
0.2, and the reduced mass flow rate with the

modified b at a reduction factor of 0.8 is made in
figure 17. The full flow diagrams have an inlet
absolute flow angle of 0° and an outlet absolute flow
angle of 68.8°. The case without the modified b at a
reduced flow rate has an inlet absolute flow angle of
17.7° and an outlet absolute flow angle of 8.05°. The
relative flow angles are specified in the analysis to be
the same for both full and reduced flows. Both the
absolute and relative velocity diagrams for the
reduced flow case with the modified b are similar to
those for the full flow rate. These average quantities
at the blade edges in figure 17 can be used to
approximate d W/dm to demonstrate why the velocity
gradient solution without the modified b differs
significantly from that obtained with the modified b.
As shown by the equation in figure 17, dW/0m
obtained without the modified b is — 6703 meters per
second per meter compared with 2458 meters per
second per meter for the full flow rate, and 2445
meters per second per meter for the case with the
modified b.

The effect of reduction factor on some one-
dimensional flow parameters at impeller inlet and
exit when the stream-sheet normal thickness b is not
modified is shown in figure 18. It illustrates why a
reduction factor as low as 0.2 was required for a fully
subsonic flow. At the inlet (fig. 18(a)) the relative
critical velocity ratio decreases almost linearly with
reduction factor from 1.168 at a reduction factor of
1.0 to 1.0 at a reduction factor of 0.88. As the inlet

13
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The reduction factors used represent

the maximum values possible without supersonic velocities occuring in the blade row,

velocity ratio decreases to a point where all surface
velocities in the inlet region would be subsonic
(approximately a reduction factor of 0.85) the exit
velocity ratio rises rapidly to a value of one. Between
a reduction factor of 0.85 and 0.33, the exit is choked
for the conditions used in the reduced flow
calculations. Velocities on the blade surfaces are
higher than the one-dimensional velocities, and a
value of reduction factor of 0.2 was necessary in
order for all velocities to be subsonic. The reason the
exit velocity increases as reduction factor is reduced
can be seen from manipulation of equation (4) where
the flow quantities are average values:

_ wWN
CW)r = 3276 cos B (42)
( oW ) ___ WRN 19
p"Wer/, o Wep,r2mrb cos

14

using

o7 =(T7/T;, )™ Vo

in

(rwr)z
2CP Tiln

2
12t (reRr )
v+1

Vcr, in

(T7r13) =1+

(this is eq. (17) assuming y=0 at full and reduced
flow rates) and

2y 1/2
Werr= ( y+1 R T:)

equation (19) becomes
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For the centrifugal impeller this

becomes, for y=1.4,

( pW ) __ 2.36157R;
P"Wer” . (1+0.65756R%)’

compressor

(20)

The maximum value of (cW/p"” W,,) at a W/ W, of
1 is 0.6339 for y=1.4. A value of pW/p” W, from
equation (20) exceeding this maximum value as
shown in figure 18(b) indicates that the required mass
flow is too large for the assumed conditions (i.e.,
B=B;, w,=wRy, w,=wRjs, b=b,) at the reduced
flow rate.

Concluding Remarks

The modified b (stream-sheet normal thickness)
method described herein significantly improves the
capability of the computer program of reference 1 in
cases where large gradients in velocity and/or stream-
sheet normal thickness occur through the blade row.
The method is relatively insensitive to the value of
reduction factor used. For the low solidity turbine
stator, solutions obtained by scaling the velocities
from the reduced flow solution were very close for
reduction factors of 0.6, 0.8, and 1.0. Similar results
were obtained for the centrifugal compressor
impeller using reduction factors of 0.1, 0.6, and 0.8.
The fact that the transonic solution can be obtained
by scaling the velocities obtained at the reduced flow
rate effectively eliminates the need for the velocity
gradient solution. Based on the data presented and
on comparisons with other transonic methods (see,
for example, the numerical method used in ref. 11),
the solutions obtained with TSONIC appear to be valid
up to a surface Mach number of about 1.1. For the
type of shockless compressor cascade blading
described in reference 11, TSONIC underpredicts the
surface velocities in regions where the surface Mach
numbers exceed 1.1 but accurately predicts the
velocities over the rest of the blade.

Summary of Results

A method has been developed which improves the
accuracy of an existing computer program used to
calculate the blade-to-blade transonic velocities in a
flow channel of a turbomachine. The method can be
easily incorporated into published computer
programs and requires only one additional input.
The following were demonstrated in the numerical
examples:
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(1) Blade surface velocities obtained for a two-
dimensional compressor-cascade agreed closely with
subsonic data. Blade surface velocities at slightly
transonic velocities agreed well on the suction surface
but were slightly low on the pressure surface. The
present method and the original method did not
differ significantly beyond the leading edge for this
example.

(2) Blade surface velocities obtained for a turbine
stator compared well for subsonic and slightly
transonic experimental velocities when using the
present method. The numerical solutions obtained
with the original method differed appreciably from
the experimental data. This results from the larger
gradients in velocity through the turbine blades

16

compared with that of the compressor blades.

(3) In all cases investigated the transonic solution
obtained by scaling the velocities calculated at the
reduced flow rate by the reduction factor was equal
or superior to the solution obtained with the velocity
gradient equation when using the present method.

(4) When using the present method a much higher
reduction factor is possible for a high pressure ratio
centrifugal compressor impeller blade row than is
possible with the original method.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, October 3, 1980



Appendix—Input for Numerical Examples

The computer symbols used in this program are the
same as those defined and used in reference 1 with
the following exceptions:

(1) FSMI, FMSO: These allow input conditions at
other than the leading and trailing edges. The option
was used to input flow angles (for the second
example) at an inlet Mach number of 0.71 at the
measurement stations used in reference 8.

(2) SSM1, SSM2: These designate the meridional

coordinates between which a supersonic mean flow is
calculated by the velocity gradient method in the
example for a centrifugal compression impeller
shroud line.

(3) WOWCR: The critical velocity ratio input for each
value of stream-sheet thickness at full mass flow rate.

(4) PLOSS: An array of fractional loss in total
pressure which was used to modify the stream-sheet
thickness internally in the fourth example.
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cooo (=X —N—N—) oooo

-3733020

1000.500
1000.500
1000.500
1000.500

.9969998E-02
.9877998E-02
.9806998E-02
.9735998E-02

.77640059
.66462340
.5175950
.5018750

.0000000
.0000000
.0000000
.0000000

1

0
0

]
N

0

0

0

-0
0
0
0

oo oo oCo0oo

SURVL

.2371500E-02
STGRF

.1170300E-03
SSM2

SM
.0000000
RSP

28

BETO1
5.000000

.6607900E-01

.5131999E~04

BET02
10.00000

.4607900E-01

.2618600E-0¢%

.1075200E-01
.1071530
.2250650
.3993030

1000.500
1000.500
1000.500
1000.500

.9939998E-02
.9868998E-02
.9799998E-02
.9735998E-02

.7840120
.6506020
.50195%0
.5027380

.0000000
.0000000
.0000000
.0000000

0
-0

0

oo

oo0o o0o

coo

WTFL
.2686520E-02
FSMI
.1640900

SPLNO1
9.000000

.7673299E-01

.7183600E-04

SPLNO2
9.000000

.7673299E-01

.4250499E-04

.3986999E~-02
.1218910
.2398199

1000.500
1000.500
1000.500

.9930000E-02
.9859998E-02
.9790000E-02

.7720060
.6348169
.5023980

.0000000
.0000000
.0000000

9
0

0

0

0

0
0
0

oo oo

oo

.0000000
FSMO
.3213000

.1107100

.8897399E-04

.1107100

.6262999E-04

.1872600E-01
.1366280
.25456649

1000.500
1000.500
1000.500

.9919997€E-02
.9869999E-02
.9779997E-02

.76934%49
.6186919
.5003590

.0000000
.0008000
.0000000

(=X -N-]

g
0
0

0
0
0

0
0
0

OMEGA
.0000000

.1447000

.1012600E-03

.1447000

.8359399E-04

.3346500E-01
.1513669
.2693040

1000.500
1000.560
1000.500

.9909999E-02
.9839997E-02
.9764999E-02

.7136109
.6006330
.5021140

.0000000
.0000000
.0000000

ORF
1.912930

0.1753500

0.1098500E-03

0.1753500

8.1009400E-03

0.4820100E-01
0.1661060
0.2953039

1000.500
1000.500
1000.500

0.9904999E-02
0.9829998E-02
0.9749997E-02

0.6998169
0.5827349
0.5022910

0.0000000
0.0000000
0.0000000
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HIGH SOLYDITY AXIAL TURBINE STATOR AT 0.231 INLET CRITICAL VELOCITY RATIO
G R TIP RHOIP

AM A WTFL
1.400000 287.0498 288.1499 1.224999 0.3619600
BETAI BETAQ CHORDF STGRF FsHl
0.0000000 -67.00000 0.4290000E-01 ~-0.1108400 0.0000000
REDFAC DENTOL SSM1 SSM2
0.8000000 0.9999999E-03 6.0000000 0.0000000
MBI MBO MM NBBI NBL NRSP
15 49 1 0 63 33 50 13
BLADE SURFACE 1 -- UPPER SURFACE
RI1 RO1 BETI1 BETO1 SPLNO1
0.3810000E-02 0.8839998E-03 28.29999 ~72.79999 8.000000
MSP1 ARRAY
0.0000000 0.8575000E-02 0.1715000E-01 0.2572500E-01 0.3430000E-01
THSP1 ARRAY
0.0000000 0.1769000E-0C1 0.1538000E~0F =-0.5309999E-02 -0.4654000E-01
BLADE SURFACE 2 -- LOWER SURFACE
RI2 RO2 BETIZ2 BETO2 SPLNO2
0.38310000E-02 0.8889998E-03 -14.20000 -56.79999 6.000000
MSP2  ARRAY
6.0000000 0.8575000E-02 0.1715000E-01 0.2572500E-01 0.3430000E-01
THSP2  ARRAY
0.000¢0000 -0.1562000E~01 =-0.2854000E-01 =-0.50700J0E-01 -0.8249998E-01
MR ARRAY
-0.1766500E~01 -0.7569999E-02 0.0000000 0.6299999E-02 0.1262000E~-01
0.3785000E-01 0.4290000E-01 0.5047000E-01 0.5678000E-01 0.6056500E-01
RMSP  ARRAY
0.3302000 0.3302000 0.3302000 0.3302000 0.3302000
0.3302000 0.3302000 0.3302000 0.3302000 0.3302000
BESP ARRAY
0.1016000 0.1016000 0.1016000 0.1012700 0.1008000
0.9864998E-01 0.9840000E~01 0.9840000E-01 0.9840000E~-01 0.9840000E-01
WOWCR ARRAY
0.2410000 0.2530000 0.2810000 0.3250000 0.3900000
0.77%0000 0.8239999 0.7670000 0.7810000 0.7810000
SURVL

BLDAT AANDK ERSOR STRFN SLCRD INTVL
2 0 0 1 0 1

1

0.0000000
FSMO
0.0000000

0.3858800E-01
-0.7399994E-01

0.0000000
0.0000000

0.1893000E-01
0.3302000
0.1002000

0.4870000

OMEGA
0.0000000

0.4100000E-01
=-0.9312999%9E~01

0.2523000E-01

0.3302000

0.9964997E-01

6.6170000

ORF
0.0000080

0.0000000
0.0000000

0.3154000E~-01

0.3302000

0.9909999E-01

0.7390000



| ¥4

0.0000000
REDFAC

0.8000000

MBI MBO
15 49

BLADE SURFACE
RI1
0.3810000E-02
MSP1 ARRAY
0.0000000
THSP1
8.0000000

BLADE SURFACE
RIZ2

0.3310000E-02
MSP2 ARRAY

6.0000000

THSP2 ARRAY

0.0000000
MR  ARRAY

-0.1765000E-01

0.3785000E-01

RMSP  ARRAY
0.3302000
0.3302000

BESP  ARRAY
0.1016000
0.9863997E-01

WOWCR ARRAY
0.2539999
6.9000000

AR
287.0498
BETAQ
-67.00000
DENTOL
0.9999999E-03
(4 0
1 -
RO1
0.8889998E-03
0.8575000E-02

0.1769000E-01

ARRAY

288.16499
CHORDF
0.4290000E-01
SSM1
0.0000000

NBBI NBL

63 33 50
UPPER SURFACE
BET

Il
28.29999
0.1715000E-01
0.1538000E-01

2 -- LOWER SURFACE
RO2 BET

0.8889998E-03
0.8575000E-02
-0.1562000E-01
~0.7569999E-02
0.4290000E-01

0.3302000
0.3302000

0.1016000
0.9840000E-01

0.2660000
0.9669999

I2
-14.20000
0.1715000E-01

-0.2854000E-02
0.0000000
0.5047000E-01

0.3302000
0.3302000

0.1016000
0.9840000E-01

0.2970000
0.8850000

1.224999
STGRF
-0.1108400
SSM2
0.0000000
NRSP
13

BETO1
~72.79999
0.2572500E-01

-0.5309999E-02

BETO02
-56.79999
0.2572500E-01

-0.5070000E-01
.6308999E-02
.5678000E-01

.3302000
.3302000

0.1012700
0.9840000E~01
0.3440000
0.9200000

o0 oo

BLDAT AANDK ERSOR STRFN SLCRD INTVL SURVL
2 0 0 1 0 1 1

HIGH SOLIDITY AXIAL TURBINE STATOR AT 0.243 INLET CRITICAL VELOCITY RATIO
GAM TIP RHOIP WTFL

0.3802000

0

0
-0

0.

-0

FSMI
.0000000

SPLNOL1
8.000000

.3430000E-01
.4654000E-01
SPLNO2
6.000000
3430000E-01
.82649998E-01
.1262000E-01
.6057000E-01

.3302000
.3302000

.1007900
.9840000E-01

.4150000
.9150000

0.0000000

0.

0.
-0.

FSMO
0000000

3858800E-01
73%9994E-01

.0000000
.0000000

.1893000E-01

.3302000

.1002200

.5220000

OMEGA
0.0000000

0.4100000E-01
-0.9312999E-01

0.2524000E-01

0.3302000

0.9963995E-01

0.6740000

ORF
1.890400

0.0000000
0.0000000

0.3154000E~-01
0.3302000
0.9908998E-01

0.8410000
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MULTIPLE CIRCULAR ARC COMPRESSOR STATOR AT 0.86 INLET CRITICAL VELOCITY RATIO
GAM TIP RHOIP WTFL

0
M

(=]

0
0
0
0

0

0.
0

o000 cooo

.7710695E~01

11
oooo [N =N=) oo o

AR
1.400000 1716.46480
LAMBDA RVTHO
328.5999 24.16029
REDFAC DENTOL
.8000000 0.9999999E-03
BI MBO
21 61 0 ]

BLADE SURFACE 1
RI1

.4475999E-03 0
MSP1  ARRAY

.1190000E-03

.7710600E-01
THSP1 ARRAY

1007981

BLADE SURFACE 2
RI2
.4475999E-03 0
MSP2  ARRAY
7499999E-03 0
.7710600E~-01 0
THSP2 ARRAY
.6781998E-03 0
.9100968E-01 0

MR ARRAY
.1500780
.5890999E-02

ocoooo

ARRAY
.4362899E-02
.6209999E-02
.3825600E-02
.3779000E-02
WOWCR ARRAY
.8570000
.8310000
.6600000
.5730000
PLOSS ARRAY
.0000000
.0000000
.6362000E-01
.6427997E-01

BLDAT AANDK
2 0

oo OoO oo Oo oo0Oo oo

0
0
6251000E-03 0.
0

RO1
.4337998E-03

.4005000E-02
.8799297E-01

9152297E-02
.10239065

RO2
.4337998E-03

.6005000E-02
.8799297E-01

.56400296E-02
.9440929E-01

.1178589
.6005000E-02
.8799297E-01
.2037770

.4802030
.4867989
.6967380
.5013320

.6369299E-02
.6189599E-02
.3789900E-02
.3794600E-02

.8570000
.8780000
.6330000
.5730000

.0000000

.2620000E-02
.6935000E-01
.6465000E-01

MM
81

o000 Oo

ERSOR STRFN SLCRD
0 0 1

592.9778
CHORDF
0.1130380
SSMl
6.0000000
NBBI NBL
20 6

UPPER SURFACE

BETI1
47.20630

0.1403600E-01
0.9897095E~-01

0.2983930E-01
0.1013961

LOWER SURFACE

BETI2
42.51540

.1403600E-01
.9897095E-01

.23164780E-01
.9578615E-01

[—-N—) oo

.8627397E-01
.1403600E-01
.9897095E-01
.2238040

.4809170
.4878560
.4979129
.5011660

.4351299E-02
.6169997E-02
.3765800E~02
.3804500E-02

.8570000
.8690000
.6180000
.5730000

.0000000

.8459996E-02
.5515000E-01
.6683996E-01

INTVL
1

[—N=N-—R-] ocooo oooo ocooo

0

1

oo0o o000 ocoooo o000 oocoo

SURVL

0.3247100E-02
STGRF
0.9560597E-01
SSM2
0.0000000

NRSP
28

BETO1
-13.47120

0.26422700E-01
0.1100420

0.4888040E~01

0.9770727E-01
BET02

-4.677400

.2422700E-01
.1100420

.3959020E-01
.9513259E-01

oo oo

.5522600E-01
.2622700E-01
.1100420
.26438010

.4822360
.4889980
.6989139
.5009050

.6328497E~-02
.G138298E-02
.3751900E-02
.3808000E-02

.8570000
.8600000
.6020000
.5730000

.0000000

.1463000E-01
.6113000E-01
0.6483996E-01

0.3269999E-03

SPLNO1
13.00000

0.3456300E-01
0.1127560

0.6602407E-01

0.9645098E-01
SPLNO2
13.00000

.3656800E-01
.1126200

.5673610E-01
.9673985E-01

[—-X—) oo

.4536800E-01
.3456800E-01
.121121¢8

[~ X =N~

.6828160
.6901280
.4997590

[N =)

.6312798E-02
.4093699E-02
.3745200E-02

oo

.8570000
.83150000
.5870000

oo

0.0000000
.2063000
0

0 E-01
0.6285000E-01

0.0000000

0.4503700E-01

0.79776408E-01

0.4503700E-01

0.6771237E-01

-0.3547900E-01
0.64503700E-01
0.1320640

0.4834720
0.4913380
0.5003800

0.4292600E-02
0.4007597E-02
0.3742000E-02

0.83570000
0.7620000
0.5730000

0.0000000
0.2639000E-01
0.6298000E-01

OMEGA
0.0000000

0.5562300E-01

0.8966607E-01

0.5562300E-01

0.7782537E-01

-0.2561800E-01
0.5562300E-01
0.1428739

0.4842030
0.6927790
0.5008200

0.4267797E~-02
0.3932100E~-02
0.3744200E-02

0.8609999
0.7200000
0.5730000

0.0000000
0.3216000E-01
0.6320000E-01

ORF
0.0000000

0.6631398E~-01

0.9661150E-01

0.6631398E-01

0.3552259E-01

=-0.1575700E-01
0.6631398E-01
0.1635180

0.4850060
0.4941829
0.5012569

0.4239399E-02
0.3872600E-02
0.3759600E-02

0.8670000
0.6830000
0.5730000

0.0000000
0.3789000E~0
0.6372994E-0

[
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LOW SOLIDITY AXIAL TURBINE STATOR AT 0.334¢ INLET CRITICAL VELOCITY RATIO
GAM AR TIP RHOIP F

WTFL OMEGA ORF
1.311000 1716.480 2385.000 0.2027800E-02 0.2429000E-02 0.0000000 0.0000000 0.0000000
BETAIL BETAQ CHORDF STGRF FSMI FSMO
45.59999 66.50000 0.4166700E-01 0.3880820 0.0000800 0.00000080
REDFAC DENTOL SSM1 SSM2
0.8000000 0.4999999E-02 0.0000000 0.0000000
MBI MBO MM NBBI NBL NRSP
16 36 0 0 51 36 15 14
BLADE SURFACE 1 -- UPPER SURFACE
RI1 RO1 BETI1 BETO1 SPLNO1
0.2083300E~02 0.6249999E-03 46.59999 62.50000 2.000000
MSP1 ARRAY
0.0000000 0.0000060
THSP1 ARRAY
6.0000000 0.0000000
BLADE SURFACE 2 -- LOWER SURFACE
RI2 RO2 BETI2 BET02 SPLNO2
0.2083360E-02 0.6269999E-03 40.59999 68.50000 3.000000
MSP2 ARRAY
0.0000000 0.1354200E-01 0.0000000
THSP2 ARRAY
0.0000000 0.4726000E-01 0.0000000
MR ARRAY
-0.3125000E-01 =-0.1666700E-01 -0.2083300E-02 0.2083300E-02 0.4166700E-02 0.6249998E-02 0.3332998E-02 0.1041700E-01
0.125g3005§giY 0.2500000E~-01 0.3958400E-01 0.4583000E-01 0.5833000E-01 0.7290000E-01
RM
0.1824999 0.182499%99 0.1824999 0.1824999 0.1824999 0.1824999 0.1824999 0.1824999
0.1824999A 0.18264999 0.1824999 0.1824999 0.1824999 0.1824999
BESP RRAY
0.3265000E-01 0.3265000E-01 0.3265000E-01 0.3264200E-01 0.3261800E-01 0.3257600E-01 0.3251600E-01 0.3243500E-01
0.32332205;3%Y 0.3120400E-01 6.2979500E-01 0.2976100E-01 0.2976200E-01 0.2976000E-01
WouW
0.3340000 0.3340000 0.3370000 0.3900000 0.4060000 0.4250000 0.4480000 0.4780000
6.5100000 0.75100800 0.8910000 0.8540000 0.8550000 0.8540000

BLDAT AANDK ERSOR STRFN SLCRD INTVL SURVL
2 0 1] 0 1 1 1
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CENTRIFUGAL COMPRESSOR SHROUD AT 1.168 INLET RELATIVE CRITICAL VELOCITY RATIO
GAM AR TIP RHOIP WTFL

-61.00999
REDFAC

0.8000000

MBI MBO
10 55

BLADE SURFACE
RI1
0.1270000E-03
MSP1  ARRAY
0.0000000
0.4700920E-01
THSP1 ARRAY
0.0000000
~0.7907768

BLADE SURFACE
R

12
0.1270000E-03
MSP2 ARRAY
0.0000000
0.4700920E-01
THSP2 ARRAY
0.0000000
-0.7993546

MR ARRAY
~0.1400000E-01
0.2580497E-01
RMSP  ARRAY
0.4445000E-01
0.4805373E~-01
BESP ARRAY
0.8326999E~-03
0.3991998E-03
WOWCR ARRAY
1.158000
0.8600000

287.0398
BETAOQ
-45.00000
DENTOL
0.4999999E-02
0 0
1 -- UPPER S
RO1
0.2549998E-03

0.3085000E-02
0.5581425E-01

-0.1030093
~0.8411410

2 -- LOMWER S
RO2
0.2549998E-03

0.3085000E-02
0.5581425E-01

-0.1211222

~0.8489904

-0.6999999E-02
0.3781136E-~01

0.4445000E-01
0.5517900E-01

0.8326999E-03
0.2803998E-03

1.158000
0.7950000

288.1499
CHORDF

1.225060
TGRF

S
0.6320089E-01 -0.8931800
SSM1 S

-0.1040000
MM NBBI NBL
65 20 19

URFACE
BETI
-58.82999

0.5999997E-02
0.5969230E-01

~0.2056858
-0.8662432

URFACE
BETIZ2
-61.00999

0.5999997E~02
0.5969230E-01

=-0.2244458

-0.8738883
$.0000000
0.4700920E-01
0.

4445000E-01
0.6279075E~01

0.8101000E~03
0.2043000E-03

1.094999
0.7600000

SSM2
0.5500000E-02
NRSP

16

BETO1
-30.09999

0.1015094€E~01
0.6320089E-01

=-0.33606417

-0.8931839
BET02

-30.09999

0.1015094E-01
0.6320089E-01

-0.3540897
-0.8931839
.3085000E-02
.5581425E-01

.4445000E-01
.7112956E-01

.7757000E-03
.1571000E-03

0.9600000
0.6700000

[—N-=) [~X~-] oo

BLDAT AANDK ERSOR STRFN SLCRD INTVL SURVL
2 0 1] 0 1 1 1

F
0.2387360E-02
FSMI
6.0000000

SPLNO1
12.00000

0.1395492E-01

~0.4367357

SPLNO2
12.00000

0.1395492E-01

-0.4533958

.5999997E-02
.5969230E-01

]

0
0.4445000E-01
0.7496494E-01
0
e
4

.7257999E-03
.1465000E-03

.9750000
0.6199999

0.0000000
FSMO
0.0000000

0.1880579E-01

-0.5378019

0.1880579E-01

-0.5523296

0.1015094E-01
0.6320089E-01

0.4453529E-01
0.7846957E-01

0.6690999E-03
0.1449000E-03

0.9680000
6.6170000

oo [~X~] oo o0

OMEGA
7853.938

.2580497E-01

.6389605

.2580497E-01

.6511711

.13956492E-01
.7020086E-01

.4485670E-01
.8546954E-01

.5756000E~03
.1492000E-03

.9349999
.7150000

ORF
1.837962

0.3781136E-01

-0.7401729

0.3781136E-01

~0.7499586

0.1880580E-01
0.7720089E-01

0.4572480E-01
0.9249997E-01

0.4906999E-03
0.1492000E-03

0.8950000
0.8500000
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