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Foreword

This is the final report covering work performed by Chrysler Corparation under Contract No,
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Mr, L. F. Schumann, Lewis Directorate of the U.S. Army Air Mobility Research and
Development Laboratory. Chrysler participation was under the direction of Mr. C. E. Wagner,
Program Manager, and Mr, R, C. Pampreen, Principal Engineer. Recognition is also given to
F. Dosenberger. Mechanical Design, and D. 8. Musgrave, Aerodynamics, of Chrysler
Corporation, for their special skill contributions.
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Summary

Mechanical design and manufacture of twa splitier-bladed centrifugal compressor impellers was
compleled for vig testing at NASA Lewis Research Center. The full-blade geometry is similar
to that »f an impeller previously designed for the ERDA Automotive Gas Turbine Program
(Contract No. E(11-1)-2749). This reference impelier was designed without splitters and had
high aerodynamic loading on the rear half’ of the blade. To minimize inertia and engine
acceleration time the addition of splitters was considered a means of impraving rotor efficiency
through reduction of Glade loading, The blade angle distribution of the splitter was identical to
the corresponding positions on the full blade except for the fending edge. The NASA
specification of splitter leading-edge angle distribution was based on matching the local channel
flow direction between the full blades. Since the addition .f the splitiers was expected to
increase compressor work, the tip diameter was reduced by an amount determined from a
calculated estimate of work coefficient,

The contractor computed the blade coordinates for this design for blueprint definition.
Calculations were performed for mass and center-af-gravity, for stress and vibration analyses,
and for shaft eritical speed analysis. The contractor made engineering drawings and procured
two impellers. One impeller was machined to print; the other had a blade height and exit radius
of 2.54 mm larger than print dimensions.

Introduction

The Energy Research and Development Agency (ERDA) is conducting a program Lo
demonstrate a gas turbine powered automaobile that meets Federal Emissions Standards with
acceleration characteristics and fuel economy that are competitive with current conventionally
powered vehicles. As part of this program, a 75 KW upgraded engine for a 1600 Kg vehicle is
being designed and built by the Chrysler Corp. The turbomachinery components for this engine
were designed by the NASA Lewis Research Center, The design results are describued in
References 1-3,

Because of the cyclic nature of the duty cycle for antomotive power plants, the moment of
inertia of the rotating components has an important effect on the fuel economy of the engine
operating on a given driving cycle. Thus some component efficiency can be sacrificed to
reduce inertia or increase engine response and still achieve an improvement in driving cycle
fuel economy. The original compressor for the upgraded engine had an impeller with 18
backswept blades and a short axial length. Both of these characteristics represent compromises
for improved driving cycle fuel economy. The backswept impeller has efficiency and flow
range characteristics that are superior {0 a radial bladed design. As a compromise to low
inertia, the 18-blade design has rather high serodynamic loading near the impeller exit. In an
effort to bias the compromise to higher efficiency, impellers with 24 blades and 18 blades and
18 splitters were designed, The 24-blade design had blades that were identical to the original
18-blade design. Experimental evaluation of the two designs at NASA showed no appreciable
difference in efficiency. Preliminary design analysis shows that there should be an
improvemernt in efficiency with the 18-18 design. This report discusses the method of blade
shape coordinate definition and the mechanical design analyses that were carried out for the
18-18 design.



BLADE COORDINATE DEFINITION

Culeulation Method

In arder to understand the work necessary to translate the given impeller geometrical
description into drawings for machining definition {(or a compulter tape for use by a 5-axis
machine tool), it is necessary to understand the method of caleulation in the computer program
which was used for this purpose. A briel description is given below,

The computer program defines a mean camber swrface from specilied values of blade angles at
the hub and shroud, The computed geometrical parameters are compared with the design
geometrical parameters for computational consistency as explained below. Specified values of
normal thickness are added to the camber surfaces at defined locations. All terms are defined
in the Nomenciature Section. Dimensional coordinates, (R,Z) are given for two lines in
meridional space - the hub contour and the shroud contour, The blade angle, £ . is supplied
along these lines as a fraction of dimensionless distance. The normalizing distances used at the
hub and shroud were determined from the calculation stations shown in Fig, 1. The polar
angle, # , is then determined by a tinite difference integration along each of two lines,

The polar angles, 8 . for the hub and shroud are used with a machine oo} angle, \1/ . 1o
determine intermediate values of @ for other lines (or points) on the blade. The machine tool is
assumed o be straights hence. a linear distribution of 8 exists along the tool axis from hub to
shroud points nf intersection. The selection of '// will thus determine the values of § (and ﬁ' )
at inlermediate points.

Finally, a normal thickness specified along the hub and shroud is used to determine
intermediate normal thicknesses by also using a linear variation along the machine tool axis,
Tangential thicknesses and other sections of the blade geometry can then be obained by using
local values of the various angles, their components and the normal thickness.

The required information of Z, R, 8 and normal thickness along the hub and shroud lines was
supplied by NASA. Additionally, the meridional distance of the polar angle § was supplied
lor the above points. An interpolation scheme was used to create intermediate points between
each specified pair. The specified and interpolated points were then used to compute the line
integral for the hub and shroud contours, The computed meridional distances were compared
with the supplied values to confirm that the curve-fitting technique and the number of points
used in the input had accurately generated the desired hub and shroud coordinates.

Tihe blade angle B on a streamline is related to the polar angle, # . and the meridional
distance, m, by

Tan 8 = %Qmﬁ

The specified values of {3 are used to determine the variation of @ with m. The values of §
are used to compute the cylindral blade angle, 8% and the lean angle, € . These angles are then

used to recompute the input values of (3 to check errors in numerical differentiation.

The mean streamline properties that were supplied allow selecting a machine tool angle (1,[1)
distribution to achieve the desired intermediate properties.

jae ]



Hub- and Shrould-Line Definition

The impeller has hub and shroud meridional coordinates identical ta that of 4 previously
designed 18-blade impelier with the exception of the tip radius, which has been reduced {see
Figure 1), The given Z-value ol the shroud tip was adjusted slightly (from 30.48 mm to 30.38
mm) so that the same impeller cover can be used, The meridional contours were extended at
both the leading edge and trailing edge to allow for the creation of extrapalated sections. All
the points were then used in the program to ¢reate 7 intermediate points between each
specified pair through use ol a second-order Forsythe polynomial. The resulting points were
used to evaluate the previously mentioned Jine integrals for each contour, A comparison of
computed distances with the meridional distances supplied is shown in Table |. Agreement is
very good {maximum error is about 0.05 mm) indizating that the curve-fitting technigne and
increment size have accurately gencrated the desired hub and shroud coordinates,

TABLE |
Comparison of Specified and Computed Meridional Distances
Given on the Hub: Calc. M Error
Z(mm} R (mm) M {mm) M {mm) (rmm)
LE. 3.05 25.40 0. 0. 0.
10.58 27.61 7.85 7.85 0.
16.46 30.60 14,45 14.45 0.
25.24 38.10 25.99 26.02 .03
30.85 46.79 36.33 36.38 .05
33.68 §5.70 45.69 45,78 .04
34.32 64.31 54.32 54.37 .05
34.47 73.33 63.34 63.38 05
T.E. 34.47 80.62 70.63 70.68 .05
Given on the Shroud: Calc. M Error
Z {mm) R (mm) M (mm} M (rmm} {mm)
LE. 3.05 44,71 0. 0. 0.
7.89 44.99 4.85 4.86 0
12.22 45.72 a9.24 9.25 01
18.11 4B.19 15.62 15.6+ 02
22.74 51.97 21.60 21.63 .03
26.49 57.70 28.45 28.49 D4
28.83 65.11 36.22 36.27 .05
30.05 73.49 44,69 4474 05
T.E. 30.38 B0.62 51.83 51.88 05

Full-Blade Geometry

The impeller design uses 18 full blades and 18 splitter blades, The splitters are not full biades
that have been cut back, but are instead a slightly different geometry. Thus, two complete
geometrical descriptions wer: necessary. The full blades will be considered first.

With the meridional distances along the hub- and shroud-lines known, a normalized table of the
given blade angle, 3 . and normal thickness along each line can be created. Figures 2 and 3
show the resulting §-distributions, including those of the original 18-blade impeller. In both



cases, the circular points were supplied, and the ples points were added, These latter
adjustments were defined by French-curve definition in arder to extend the flowpath
extrapolating scctions or lo help generate the correct polar angle at the input points.

The program hus an internal sell-consistency check to see if the components of 3 ( B*. the
eylindrical blade angle and €, the Jean angle) are being computed correctly from numerical
derivatives, These angles arce used in calculating the tangential thickness of any point. The
values of 8 * and €. along with the local slope, @, are used to recompute 3 at the input
points. A comparison with the input £y 2rsus the calculated 3 reflects the errors in numerical
differentiation and in the determination of the local **streamline” slape, The polar angle, § . is
also displayed.

Table 2 displays the Z,R coordinate pairs supplied lor the hub and their values of 8 and § .
Also shown are the errors resulting from the calculated values of 3 (from 3* and € ) and(f
(from input values of ) plus the values of 3%, € and & used in the calculations,

TABLE 2 (HUB)
Comparison Of Specified § And § On HUB With Computed Values
All Angles In Degrees, Program Values In ( )

(BETA (THETA

Z{mm) R{mm) BETA FERROR) THETA ERROR) (3% (€) (o)
3.05 25.40 53.72 37 26.50 0. -54.07  10.16 14.47
10.58 27 61 41.46 43 45.69 -09  -43.14 3.42 20.90
16.48 30.60 28.33 32 54.87 A1 -3352  —1.05  32.89
25 24 38.10 11,93 -.13 61.69 00  -19.81  -159  50.29
30.85 46.79 9.64 1.66 64.20 .04 -15.01 6.35 69.03
33,68 55.70 12.34 -.26 66.22 .02 -531  11.64 84.45
34.32 64.31 16.81 .05 68.32 .05 35  16.87 88.86
34.47 73.33 24.44 -.10 71.11 .06 235  24.34 90.00
34.47 80,62 30.20 -.11 73.94 .02 157 30.09 90.00

With the exception of one point (#35). the ﬁ -errors are well under one degree. The main

reason for the larger error {1.662 degrees) at point #5 is the difficulty of detérmining the local
slope in this region of highest flowpath curvature. An increase in & of only 5 degrees would cut
the error to 0.6 degree. The value of ¢ could easily change by 5 degrees depending on the
curve-fitting technique employed. Since @ is not used during the calculation of point properties,
errors in this region should be no larger than elsewhere. The errars in polar angle § are of the
order of 0.1 degree and primarily indicate the way in which the 8 -curve is drawn. The plus
marks on Figures 2 and 3 reflect efiort to match the desired § -values by refinements in the 8
distribution.

Figure 4 shows the normal thickness distribution on the hub, The shroud has a constant value
of 0.508 mm. Since the normal thicknesses do not depend on integrals or derivatives alang the
flowpath lines, the output values are identical to the input values.

Table 3 presents the calculation results for the shroudline. Virtually ali of the same comments
apply, including the slope ambiguity in the region of maximum curvature.



TABLE 3 (SHROUD)
Comparison Of Specified 8 And § On Shroud With Computed Values

All Angles In Degrees, Program Values In ()
(BETA (THETA
Z{mm) A{mm) BETA ERROR) THETA _ERROR) B*) (€) (&)
3.05 44.71 61.96 16 33.61 -.10 -62.08  14.59 860
7.89 44.99 54.05 27 43.70 -.08 -54.14 8.92 6.68
12,22 45.72 44.93 .36 50.25 -.01 -45.83 4.31 13.92
18.11 48,19 34.04 20 56.59 -.01 -37.53 2.78 31.45
22.74 51.97 28.60 .01 60.76 ~.01 -34.30 7.02 48.34
26.49 57.70 25.28 -.97 64.35 02 -29.44  14.71 68.43
28.83 65.11 24,70 -.55 67.73 01 ~21.49  21.06 79.88
30.05 73,49 26.80 -.16 71.04 05 -9.12  26.24 86.57
30.38 80.62 30.20 ~.05 73.94 .02 2,41 30.13 89.17

The work described so far completely specifies all properties along the hub and shroud lines.

The interior region, however, is not defined uniil a definite machine-tool cutter-angle

distribution is selected. For the first run, it was decided 1o use the distribution of the original
18-blade design, check the errors, and then make adjusiments. The results, shown in Table 4

reveal errors in B and @ that are no larger than those on the hub and shroud.

TABLE 4 (MEAN)
Comparison Of Specified 8 And § On Meanline With Computed Values

All Angles In Degrees, Program Vaiues In ( )
(BETA (THETA
Z(mm) Rmm) BETA _ERROR) THETA ERROR) (8% (€) (o)
3.05 35.05 59,01 -17 30.20 -.03 -58.84 1246 16.10
9.11 37.12 48.55 40 44.40 -.08 ~49.92 6.55 21.38
14.05 39.26 38.28 -.21 52.08 .00 ~40.61 1.94 26.33
21.28 43.49 2450  -1.08 59,17 -.10 -29.85 67 4217
26.55 49.50 18.37 -.87 62,92 ~.03 ~23.95 6.13 §9.99
29.96 56.72 17.86 ~.65 £5.73 -.01 -17.74 13,31 75.35
31.67 64.71 19.29 18 68,29 .02 -8.14  18.78 84.63
32.34 - 73.43 24,60 20 71.15 .07 ~-1.60 2479 88.90
32.46 B0.62 30.20 -.36 73.94 05 25 29,85 £9.03



An additional problem is the interior thickness vzlues, The hub and shroud normal thicknesses
were input and hence were exact on output, The interior values, however, depend on an
interpolation which involves the local cutter angle value and thus could be in error. Table 5
lists the given values and the program errors. All the errors except the Jast one are less than
0.025 mm. The last point was deemed acceptable (the error is 5.5%), and thus the blade was
completely defined, The original machine-tool cutter-angle distribution was therefore retained
for the full blade and a difficult adjustment procedure avoided,

TABLE &
Table Of Specified Normal Thickness On Mean Streamline With
Computed Thickness Error From Specified Value

Z (mm) R {mm) Norm. Thick. {mm)  (Thick. fErrar mmj

3.05 35.05 0.93 0.00

9.1 37.12 0.97 0.00
14.05 39.26 1.02 -0.02
21.28 43.49 1.11 ~0.02
26.55 49.50 1.16 =0.02
29.98 56,72 117 -0.02
31.67 64.71 113 -0.01
32.34 73.43 1.04 0.00
32.46 80.62 0.88 .05



Splitter Blade Geometry

The splitter retains the meridional coordinates and thickness distribution of the full Blades. |t
was also found that the same shroudline §-distribution could be used, and it is presented in
Figure 5 with the leading-edge position indicated, Table 6 contains the shroudline errors which
result from the caleulations. They are of the same order as those for the full blade.

TABLE 6 (Splitter Shroud, Mean, and Hub)
Comparison Of Specified 8 And § With Computed Values
All Angles In Degrees, Computed Values In ( )

(BETA (THETA
Z{mm) R (mm) BETA ERROR) THETA ERROR) (f") (€) ()
SHROUD 1756 47.87  34.73 03 6610 -08 -3681 497 300
28.83 6541 2470 - 85 7773 —-01 2150 2106  79.88
30.05 7349 2680 -.16  81.04 02  -912 2624 8657
30.38 8062 3020  -.05 83.94 00 -241 3013 8917
MEAN 17.56 4217 3135  —29  65.48 05 -3433 332 3335
30.27 5843 1846 -117 7633 -.06 1603 1454  78.57
3171 6639 2019 16 7883 02  -789 19.80 8463
3235 7470 2576 -1 8164 02 -100 2587  B8.77
3247  80.62 3020  -.36 8394 .02 26 2985  88.92
HUB 17.66  31.34 2578 80  64.86 00 -3046 138 3494
3085  46.79 9.64 173 74.20 01  —1510 639  69.03
33.68 5570 1234  —26  76.22 00  -531 1164 8445
3432 6431  16.81 05 78.32 .03 35 1687  88.86
3447 7334 2444  -10 8111 04 235 2434  90.00
3447 8062 3020 .41 B394 .00 157 3009  90.00

As Figure 6 shows, the 3-distribution on the hub is significantly different from that used for
the full blade. The result is that, at the hub, the splitter is biased toward the suction surface of
the full blade, along the initial portion of the splitter, The 8 and & errors are given in Table 6.
The 3 error of 1.73 degrees is attributed to streamline slope ambiguity.

The use of the full-blade cutter-tool \ -distribution generated the B and & errors given in Table
6. They are considered acceptable. Thus. the only major difference between the geometry of
the full blade and splitter is the hub B-distribution. The lower B-values over the initial portion
of the blade produce the desired @-angles along the hub. The resulting interior point properties
are as specified. '



Photographs of the final impeller are shown in Fig. 7,

MASS AND C.G. CALCULATIONS

Figure 8 shows the areas inta which an impeller is subdivided in order o compule mass,
cenler-of-gravity and polar moment of inertia in a coded computer program. Table 7 shows the
results of the caleulations and includes a breakdown of the contributions o inertia for the
various areas,

TABLE 7

Summary Of Mass And C.G. Calculations
For Splitter-Bladed Impelier

Mass, Kg 1.120
C.G., mm, Relative to Z=0 8.66
Inertia, gm-m? 2.5080

Inertia Breakdown:

Body 0.9442
Hole -0.0165
Disc 0.4363
Ramp 0.6818
Full Blades 0.2706
Splitter Blades 0.1927

STRESS ANALYSIS

This section presents the results of the centrifugal stress and deflection analysis of the
compressor disc and blade and an estimate of the impeller burst speed for an assumed average
disc operating material temperature,

The stress analysis, which is bused on the finite-elzment approach, was performed to
determine an impeller configuration which is capable of withstanding the centrifugal stress
environment present in the test rig,

Since the NASA impeller is very much similar to the original proven test-rig impeller (with the
exception that it has 18 splitter blades in addition to the I8 full blades). a similar disc profile
was selected for the analysis and is shown in Figure 9. The approach taken was to model the
impeller based on 36 full blades instead of 18 splitiers and 18 full blades. As a result, only a
sector, 1/36 of the disc, needed to be analyzed. This reduced considerably the amount of
manual input and computer costs, The calculated disc stresses will also be conservative.

The impeller is machined [rom aluminum alloy 2618-T61 material and is designed to operate for
a design speed of 46,475 rpm. The maximum tangential stress occurs at the bore and is equal
10 238 MPa. These values are well within the material's yield strength. The disc average



Gingential stress is 105 MDPa. Buased on this value and o burst factor of 4,75, the caiculated
burst speed iy 72,800 rpm: i.e..,

Burst Margin = 0.75 x g Ultimute
\/ ¢ Avg. Tang.

The burst margin is equal 1o 1.57.

The [inite element mosiel of the impeller, the deformed shape and the stress isoplots for the
dise and blades are shown in Figures 9 through 24, The masimom blade principal stress is 132
MPa in tension and oceurs at the blade shroudline (suction side) as shown in Figure 19, The
equivalent stress is 126 MPa. The centrifugal deflection of the tip is .00 mm forward and
0.086 mm outward. These values compare favorably with 0.030 mm forward and 0.08% mm
outward deflections for the 18-blade impeller, Since the deflections are reasonably compatible,
the consideration of 36 blades for the stress model is fully justified.

BLADE VIBRATION ANALYSIS

The blade frequenicies were caleulated with the NASTRAN finite element program. tising
element differential stiffness technigues o adjist the frequencies for the rotational speed.
Fipure 35 shows that there are no resonance conditions within the anticipated operating range.
The fifst four mode shapes Tor the blade are shown in Figures 26 through 29.

CRITICAL SPEED ANALYSIS

Since the bearing shaft system of the NASA compressor test rig is identical to the proven
Chrysier Baseline Engine system with the exception of the impeller. no analytical dynamic
anatysis needed to be performed. Two Chrysler impellers. having inertia. mass. and benring
averhang values as shown in Table 8 have been cxtensively tested with the shaft sysiem used
for the NASA rig, and the maximum measwred detlection throughoul the operating range Wwas
measured to be only 0.0254 mm. Table & shows the NASA impeller chiaracteristic values to be
almost identical to those of the scaled Upgraded Engine impeller. Thus no critical speed
problems are anticipated for the NASA test rig.

TABLE 8
BEARING
IMPELLER MASS (Kg) INERTIA (gm-m?) QVERHANG {(mm)
Chrysler .
Research 1,42 3.515 26.5
Impelier

Upgraded Engine
1.26-Scale 1.09 2.419 26.8
(18 Blades)

NASA
(18 Blades. 1.12 2.509 27.00
18 Splitters)

Upgraded Engine
1.26-Scale 1.11 2.502 26.8
{24 Blades)



Concluding Remarks

Twao splitter-bladed centrifugal compressor impellers were procured for rig testing at NASA
Lewis Research Center. Chrysler Corporation provided mechanical design services in which
blade coordinates were defined for engineering drawings and calculations were performed for
structural integrity,



Nomenclature
8 - Blade angle; = TAN-! (Rdf/dm), deq.
f - Polar angle about axis of rotation, deg.
{* - Cylindrical blade angle; = TAN-' (Rd#/dz), deg.
€ - Blade lean angle; = TAN-! Rdf/dR), deg.
R - Radius, mm
Z - Axial distance, mm
M - Meridional distance, mm

¥ - Machine cutter angle, deg.
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lmpelier Campbell Diagram
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Mode 3 - 13,731 Hz
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