
IL.. .rAO33 577 AIRESEARCH MFG CO OF AR IZONA PHOENIX F/G 21/5 ‘cr GAS TLaRINE COMPRESSOR DEVCLOPP4ENl’ PROGRAM FOR 1.5/3 KW GENERAT..—flC(Lj)DEC 75 4 B LEE. E A ZANELLI DAAKO2~7l,_C_o167WICLASSIflED 75—311130 ML

_ _  

_ _Q

~

II2flI_an 0 
~
flr

~~~—— ——L~~~QfiG1



-~~~~--— —
~~~~~~~~~~ -

U N C L A S S I F I E D ( ~~~~~~~~~~ .

REPORT 75-311130

/
GAS TURBINE COMPRESSOR

DEVEL O PME NT PR OG RAM
FOR

1.5/3 KW GENERATO R SET

— 

::: ,; ::T
, 

~

AND
DR. EUGENE A. ZANELLI 

\%\~~~\)~1~~~~~~~~~~~ M

~~~~~~~~ DEcEM:E: 1975

U.S. ARMY MOBILITY EQUIPMENT RESEARCH
AND

DEVELOPMENT CENTER
FORT BELVOIR VIRGINIA 22060

PREPARED UNDER
CONTRACT NO. DAAKO2 -74-C-0167, DATA ITEM A002

BY

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
402 SOUTH 36TH STREET
PHOENIX, ARIZONA 85010

DISTRIBUTION OF THIS REPORT IS UNLIMITED

U N C L A S S I F I E D

~; ~~~~~~~~~~~~~~~~~~L ~~~~~~ I ~~~~~~~~~ .•

i I ~ ~~~~~~~~ ~~~~~~~~~~ ~ ~~~~~~~~~

i.-. -
~ 

• •~~~~~~•--r-- -ii



— - ____

Destro y this re port when it is no
longer needed . Do not return it

• to the originator.

H
~~~~~~~~~~~~ N ~

k J

~~~~~~~~~~~~

3 
~~~~~r’

~‘ ;  :~



- — 
~~~~~~~~~~~~~~~~ 

~~~~~~ ~~~~~~~~~~ 

.

~~~~~~~~~

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .••. .- .. • • . - •

REPORT, 5-311 1..3 J ~

~~~~~~~~ AS TURBINE coMpREssoR
/ ~ EV ELOPMENt PROGRAM

FOR
• 1.5/3~~YV GE NERATOR SETS 

,- 

FINAL REP~ ATI

~~~~~~~~~~~~~~4ANELLI

~~~~~~~~~~~~ 
~~~~~ ~~ A

U.S. ARMY MOBILITY EQUIPMENT RESEARCH
AND

DEVELOPMENT CENTER
FO I BELVOIR , VIRGINIA 22060

/ 5 ~~~~~~~~~~
CONTRAC 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~ A00~~~~~~~~~~~~~

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
402 SOUTH 36TH STREET
PHOENIX, ARIZONA 85010

DISTRIBUTION OF THIS REPORT IS UNLIMITED

E COPY ~~~~~~~~ ‘: r1~ ~~~~~~~~~ ~~

~rr~~ :7 ~~~ ,• ~~~~~~~~~~~~~~i ~~
•. . •  ~•.i. ‘-

~
- •~~~~~ ~

-~
__ _ _  

_ _ _ _ _ _  

</ ~~~ 2 
~~ A



• ~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ ~~~~~~~~~~~ 

-

SU1~MARY

The program described herein was initiated to determine the
feasibility of utilizing a simple cycle gas turbine engine
capable of providing 6 hp for driving a 1.5/3 kW generator
set. Specific objectives were to: (1) perform the preliin—
m ary design of a small gas turbine engine, and (2) design
and test the engine compressor.

A cycle study was performed during which analysis of the
engine cycle was conducted to ensure that engine perform-
ance requirements were met for specified altitude and tem-
perature ranges. Study results indicate that by using
conservative state—of—the—art values in estimating compo-
nent performance, all requirements can be satisfied. The
final cycle parameters are: 0.138 lb/sec corrected flow
rate, 3.5:1 pressure ratio, 1920°F maximum cycle tempera—

• ture,* and 140,000 rpm shaft speed.

Compressor testing demonstrated a compressor design point
stage performance of 74 percent efficiency (74.6 percent
peak) and 3.4:1 pressure ratio at 0.138 lb/sec airflow.
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FOREWORD

This work was authorized under Contract DAAKO2-74-C—0167 to
perform initial Advanced Development efforts on components

• for a future gas turbine generator set in the 1.5 — 3.0 kW
power range. The applicable DA Project is 1G763702DG11,
Mobile Electric Power Systems.
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1. INTRODUCTION

This document summarizes a study conducted to perform pre-
liminary design of a small gas turbine engine, and to
demonstrate performance of the resultant engine compressor
design. Primary concerns of the preliminary engine design
were simplicity, low initial cost , ruggedness, reliability ,
maintainability, and long life consistent with attainable
engine component performance .

Engine design parameters were established to provide an en-
gine capable of providing 6 hp to drive a generator set of
3.0 kW net electrical output. An alternate configuration ,
providing 1.5 kW, was also considered in the engine design .
The stated electrical outputs were based on a 0.67 overall
electrical efficiency as specified by MERDC for previous
work done by others.

MERDC—suggested engine design parameters were as follows:

A. Simple cycle (non regenerative)

B. Single-stage centrifugal compressor

C. Single-stage uncooled radial turbine

D. Rolling element bearings

E. Compressor pressure ratio of approximately
3.0 to 1 to 3.5 to 1

F. Compressor mass flow of approximately
0.17 lb/sec

G. Shaft speed of 140,00 0 rpm

The program was conducted to provide maximum use of accumu-
lated research and development test experience on small gas
turbine components, and in particular , the compressor . For
example , it was possible to base compressor impeller per-
formance predictions on test data obtained from an existing
family of compressors ranging in size from 21.90 in. exit
diameter and 12.5 lb/sec corrected flow, to 4.25 in. exit
diameter and 0.6 lb/sec corrected flow.

1
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This test experience is also the basis for assessing the• effects of factors such as Reynolds number, clearance , and
practical fabrication considerations.

Similar background also exists for other engine components,
• and although program scope di4 not require complete design

in these areas , this experience formed the basis for prelim-
inary engine design effort.
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2.  INVESTIGATION

The primary program objective was to conduct a develop-
ment program to demonstrate adequate compressor perfor-
mance fo r  app lication in a 1.5 to 3 kW gas turb ine—
driven generator set. An additional requirement was
to show how the compressor , and other engine components ,
would be incorporated in an overall engine and generator
set design . The program consisted of investigating the
areas discussed in Paragraphs 2.1 through 2.6.

2 . 1 CYCLE AND DESIGN STUDIES

2.1.1 Cycle Analybis

Preliminary investigation showed that with precise
clearance control , an adiabatic efficiency of 78 per-
cent could be achieved for the compressor . However,
the cycle analysis provided for a more conservative
value of 75 percent. A corrected mass flow of 0.138
lb/sec and a pressure ratio of 3.5:1, together with

• other cycle assumptions , were determined to yield the
specified 6 hp with a specific fuel consumption (sfc)
of 1.35 lb/hp—hr .

Original  cycle assumptions at the design point are as
follows :

A. Inlet  heating , °F 5

B. Leakage , percent 1.0

C. Inlet L~P/P 0.01

D. Conthustor ~P/P 0.05

E. Accessory power , hp 1.25

F. Mechanical e f f i c i e n c y, percent 98 .5

G. Exhaust  ~P/P 0 . 0 2

These parameters were retained for  o f f — d e s i g n  perfor-
mance ca lcula t ions, except that  pressure losses were
allowed to vary as a function of the square of the cor-
rected flow. Performance calculations were made at
conditions shown in Table I. Sea level, 60°F design
point conditions are shown in Table II.

3
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TABLE I. ALTITUDE AND TEMP ERATU RE
RANGE FOR DESIGN

TEMP E RATURE ( ° F )  ALTITUDE (FT)

—65 0

+60 0

+125 0

+107 5000

+95 8000*

*90 percent power point at 1920°F turbine
inlet temperature.

4
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TABLE II. DESIGN POINT CONDITIONS
FOR SEA LEVEL 60°F

1. Compressor Total—Total Pressure 3.5:1
Ratio

2. Compressor Total-Total Adiabatic 75
Efficiency , Percent

3. Turbine Efficiency , Percent 81

4. Turbine Inlet Temperature , °F 1483

5. Output Power , hp 6.0

6. Fuel Consumption, lb/hr 8.1

7. Specific Fuel Consumption, lb/ 1.35
hp-hr

5
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Figure 1 shows estimated engine performance through an
operating temperature range of —65 to ÷125°F at sea
level and —65 to + 107°F at 5000 f t .  The engine is
loaded with 6 hp for both curves. The 90-percent power
point fo r an 800 0 f t , 95°F day is also shown in Fig—
ure l.

An analysis was made to determine performance at the
1.5 kW ( 3 . 0  hp) al ternate rating . The most direct
approach is a reduction of turbine temperature. However ,
this approach involves increased specific fuel consump-
tion. Therefore, other options were investigated;
namely , reduction in rotor speed , and reduction in tur-
bine nozzle area. These changes force operation at a
higher turbine inlet temperature and provide lower sfc.
Table III shows the results of this study .

Table III shows that a speed reduction has greater
ef fec t  on reducing sfc than a reduction in nozzle area.
A 20 , 000 rpm speed reduction results in a 10 percent

F sfc reduc t ion , and a combined reduction of 20 , 000 rpm
speed and 4 percent nozzle area results in a 12 percent
sfc reduction. Reducing nozzle area by 4 percent with
no speed reduction drops sfc by only 2 percent.

2.2 PRELIMINARY ENGINE DESIGN

2.2.1 Rotating Group Arrangements

Conceptual layout drawings were produced to illustrate
the turbo—alternator and gear driven generator designs .

F These drawings ( SKP32440 and SKP3244 1) are included in
Appendix I.

2.2.1.1 Turbo—Alternator Design

Critical speed and bearing load analyses of the design
concept shown in Figure 2 , were conducted. A constant
center of gravity eccentricity of 0 . 0 0 0 5  in. for the
entire sha f t  length was used . The analytical model of
this sha f t  arrangement is shown in Figure 3.

A steel impeller was used in the dynamic analysis model
for th is engine con f i guration. High temperature engine
environment precluded aluminum for this design.
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• 1. NOMINA L OUTPUT SHAFT HORSEPOWER EQUALS 6 .0  (EXCEPT 8000 FT
POINT, WHICH IS 5 .4 ) .

2. NOMINAL GOVERNED ROTOR SHAFT SPEED EQUALS 140 , 000 RPM.
3. FUEL LOWER HEATING VALUE EQUALS 18,400 BTU/LB.
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— Figure 1. Estimated Performance , Model GTG3—1.
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BEARING RELOCATION

Figure 2. 1.5/3 kW Turboalternator
• (Drawing No. SKP32440).

9

_ _ _ _ _ _ _ _ _  -  _ _ _ _ _ _ _ _ _ _  
~~4 _____



-5- —•: -—— _
~ 

•~~‘• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ swr.~.w-r--— ,.:•~- S.5—..--—.r-—-S- • --5

Cl)
C ’)

—

~4 0

C ’)

‘— I
‘—‘I

3. ,

—S.

• . (N co N

W ‘.0 ~ . ci)

P-I
(%4 m m  m
o i i p (5)

(1) 0 0  0
Cl) ~ 4 ~ I ~ I

_ _ _

co I
0 m 0 I

‘.0 1
~l.4 . . . I

.0 0 0 r _ I

T T T
(N 0 0 0

0 --4 ~-4 ~ I(1) • ._I

E -I
~1-I .-i o m

.0 c o c o  (N
~ •

O~~~~ I Lfl

h
F ‘D ci)

‘-I ~P-I ._I ,-I
a, .Q (I~Q~~~ 4 .IJ
E P  0
H E-I E-’

10

_________



-— 

— •

Due to unsatisfactory dynamic response and radial
bearing loads, this design concept was initially con-
sidered inadequate. Table IV shows that this design has
a critical speed at 140,000 rpm that coincides with the
specified maximum operating speed. Also, a maximum
bearing load of 5 lb radially (see Paragraph 2.2.4)
is necessary to provide adequate bearing life at
140 ,000 rpm. Increasing the bearing spring rate, for
this concept, increases the critical speed but bearing
loads remain unacceptably high.

As shown in Table V, dynamic response and bearing load
problems could be eliminated by doubling the shaft
length between the aft end of the alternator and the
forward end of the steel impeller. This would lower
the basic third critical speed below the operating
speed , and , while the bearing loads will also be de-
creased significantly , Table V also shows that both
front and aft bearing spring rates of -2 000 to-- 3000 lb/
in. will be required to keep from exceeding the 5 lb
bearing load limit. Lowering the third critical speed
below maximum operating speed presents other problems.
The third critical speed is primarily a shaft bending
mode (versus the first two which are stiff shaft
criticals) that requires in-place, at—speed balancing.
This balancing technique is d i f f icu l t, and is not rec—
ommended for a high—production , low-cost machine.

A better solution to the problem is to raise the third
critical frequency above the maximum operating speed.
This could be accomplished by moving the aft bearing
toward the alternator (bearing relocation shown in
Figure 2) thereby decreasing shaft length. This in-
creases the third critical frequency significantly
above the maximum operating speed. Table VI shows that
the bearing spring rate must remain in the 2000 to 3000
lb/in, range for a maximum bearing load of 5 lb. The
lower spring rate could cause a problem if a bearing
bot toms—out because both the spring rate and bearing
load would increase sharply , thus reducing bearing life.
While the probability of bottoming-out at any speed ,
(other than a critical speed) is small, lower spring
rates greatly increase this possibility . It should be
noted that no attempt was made to combine different

F- spring rates for the forward and aft bearings. It is
dynamically feasible to build a modified version of the
engine shown in Figure 2.
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2.2.1.2 Engine with Gearbox Design

Critical speed and bearing load analyses of the engine
with gearbox design , were conducted. This design con-
cept is shown in Figure 4. In this design , the impeller
is removed from proximity to the turbine and may be
fabricated from aluminum. The shafting analysis was
performed on a 3-beam system comprised of the main shaft,
quill sha ft, and the short gear shaft that drives the
gear train. Figure 5 shows the analytical model of
this conf igura t ion .  Results  of cri t ical  speed and bear-
ing load analyses (Table VII)  show that a 5 lb radial
bearing load would be achieved wi th  a bearing spring
rate slightly greater than 5000 lb/in. The quill shaft
shown has a critical frequency at 105,000 rpm as shown
in Table VII. This critical speed may be raised out
of the operating speed range by reducing quill shaft
length by 30 percent .

2.2.2 Turbine Design

Turbine geometry was def ined to the extent  necessary
to derive a complete engine concept. Figure 6 shows
the resultant turbine flow path .

Stator solidity will ultimately depend on the total
turning requ~ red and the manufacturing limitations im-
posed on stator trailing edge thickness. Rotor geom-
etry is based on specifying a blade—speed to ideal jet
speed (F

~
) of 1.0 and an exit Mach number of 0.250.

Theoret ical ly ,  the F,~ versus efficiency curve is a
parabola with the maximum e f f i ci ency  occurring at

= 1.0. Actual turbine test data has shown the same

parabolic trend at reduced e f f i c i en c y  levels. Al-
though low exit Mach number results in relatively high
rotor turning, rotor tip clearance effects are signifi-
cantly reduced due to increased rotor exit blade height.
A 2:1 area ratio conical exhaust diffuser , with a dif-
fuser  recovery of 0 . 5 0 , was assumed for  the engine con-
figuration .

2.2.3 Combustor Design

Combustor design ef f ort was confined to a preliminary
sizing analysis  necessary to establish overall engine
envelope. h owever, the combustor sizing analysis , at
design point conditions noted below , indicated that the
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fuel injection, burner—wall cooling, and manufacturing
tolerances will require special considerations .

Mass flow rate , lb/sec - 0.138

Inlet temperature , °F — 364

Inlet pressure , psia — 50.9

Fuel flow, lb/hr — 8.1

Fuel/air ratio — 0.0167

High efficiency requirements over the operational range ,
and use of a variety of fuels that may be contaminated ,
dictate the need for a single fuel—injection device
with good atomization characteristics over a reasonable
turndown ratio.

The sizing analysis also revealed that the cooling air
requirement for a selected combustor size of 2 in. diam—
eter and 4 in. length would be 59 percent of the total
combustor air for a metallic combustor. This is con-
sidered to be excessive if primary zone and dilution
air requirements are to be met.

A cooling flow reduction would require a zirconium
— oxide coating as a minimum. A ceramic combustor would

eliminate the need for cooling.

2.2.4 Bearing Design

The bearing design activity was concerned primarily
• with selection of a bearing size that would be compat’-

ible with the speeds and loads expected in the engine.
Angular contact ball bearings in a 10 nun bore are shown
on both engine design concepts. These bearings should
provide a B1 l i fe  of 6000 hr at 140 ,000 rpm, if the
radial loads can be limited to a maximum of 5 lb.
Space considerations suggested that 8 mm bearings might
be more desirable, but this size will not carry the
anticipated radial loads as well as 10 mm .

2.2.5 Seal Design

Seal design concepts shown on the two engine design
drawings are based on existing components that have
performed satisfactory in high speed turbomachinery .

20
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The turboalternator design presented in Figure 2 (Drawing
SKP32440) shows rotating knife labyrinth seals between
the compressor and turbine, and at the compressor in-
let. This type seal has performed satisfactorily in
many commercial turbomachines. The “piston ring ”
labyrinth seal , shown at both ends of the alternator ,
has been highly successful in turbochargers operating
up to 130 ,000 rpm.

The gear drive generator concept in Figure 4 (Drawing
SKP32441) shows a conventional lip seal on the low
speed generator drive shaft and the two types of
labyrinth seals discussed previously.

Due to limited program scope , no attempt was made to
optimize seal designs for cost or reliability .

2.2.6 Alternator Design

For the turbo-alternator design , the agreed—upon Rice-
type Lundell generator , designed to deliver output
power through a rectifier at 28 vdc (shown in Figure 7 ) ,
was used. The basic alternator characteristics are as
follows :

A. Rating — 16 volt (line to neutral),
82 amp, 3—phase 0.83 PF,
4667 Hz

B. Weight — 6.7  lb total (rotor — 0.7 lb)
C. Efficiency - Electromagnetic = 9 3 . 3 ,

with windage = 91.3

Additional loss data and machine characteristics are
provided on Tables VIII  and IX.

For the gear driven generator design , a Bogue 3—kW
- - — 3600 rpm alternator was chosen. This is a low cost ,

single-bearing device with an approximate weight of
180 lb. This machine meets electrical performance re—
qui rernents of the MERDC 10 kW alternator scaled to the
3 kW rating.
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TABLE VIII. REACTANCE AND RESISTANCE,
FIELD TIME CONSTANT

Z 0. 1 9 5  ohmBase Impedance Base

Resistances

Armature (at 360°F)  RA 0. 0017 ohio

Reactances

Direct Axis Synchronous XD 0 .7 4 2  per unit

Quadrature Axis X 0.420 per unit
Synchronous

Armature Leakage X
L 0.152 per unit

Field Leakage X
F 

0.246 per unit

Zero Sequence X0 0 .076  per unit H

Negative Sequence X2 0.385 per unit

Transient XDU 0.398 per unit

Subtransient Direct* 
~
X”
D 

0.350 per unit

Subtransient ~X” 0.350 per unit
Quadrature*

Field Time Constant (Hot)

Short CCT TPD 0.0198 sec

Open CCT 0.0369 sec

*Estjmated value with no damper cage
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TABLE IX. ALTERNATOR AND RECTIFIER LOSSES
(3 KW DC NET)

Losses
Type (Watts)

Core 34

Teeth 50

Stator Copper 35

Stray 22

Pole Head 26

Field 65

Wind age 78

Total (Alternator) 310

Efficiency (Alt) 91.3

Rectifier (Based on Loss
Equivalent to 1.5 V

F~~~
) 160

Total Losses 470

Efficiency (DC Net) 86.5
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2.2.7 Gearing Design

A double reduction spur gear design was chosen to pro-
vide a 38.6:1 reduction to drive the 3600 rpm alterna-
tor. The gear train , shown in Figure 8, requires engine
speed of 139 , 035 rpm at synchronous generator speed .
This is approximately 0.7 percent lower than desired ,
but should not impose any serious problem in a final
design.

2.2.8 Alternate Rating Concepts

Alternate rating concepts considered (discussed in Par-
agraph 2.1.1) were (1) operating at reduced temperature ,
( 2 )  operat ing at reduced speed , (3)  reducing nozzle
area , and (4) combination of (2) and (3). The turbo—
alternator design would be amenable to operating at
reduced speed since frequency is not critical to the
28 vdc output. However , the gear driven generator set
would require a gearbox change in order to operate at
the reduced speed and still maintain a 60 Hz power out-
put frequency . If lower frequency could be tolerated ,
the gear driven generator could also be operated at
reduced speed .

No layout drawings were made to i l lustrate these
alternate rat ing concepts.

2 .3  COMP RESSOR DESIGN

2.3.1 Compressor Design Objective

From cycle considerations (see Section 2.1), the objec-
tive design point was established as follows:

Corrected flow (W/ ~
’/ 6 = 0.138 lb/sec

Total—to—total  press ure rat io (PR) = 3.5

Corrected speed (N//~ ) 140 ,000 rpm

Stage e f f i c i ency  
~~ad~ 

0.75

Based on this objective design point, an existing impel-
ler , hereinafter referred to as reference impeller (see
performance maps in Figures 9 and 10), was geometri-
cally scaled by a factor of 0.4046 and then low—flowed
by incorporating a revised shroud contour. Pertinent
aerodynamic and geometric parameters for the 1.5/3 kW
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Figure 8. Gear Driven Generator Drive Train Schematic.
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compressor are shown in Table X. Photographs of the
impeller as tested and inlet and shroud , are shown in
Figures 11 and 12 , respectively.

2.3.2 Impeller Considera tions

S’~aling the reference impeller by 0.4046 introduced thefollowing design considerations :

A. A direct scale resulted in an unacceptably
high corrected flow (nominally 0.2822 ib/sec)
at design point corrected speed. To reduce
corrected flow to the dosired value of 0.138
lb/sec , a 51 percent flow reduction was ap-
parently required. However , examination of
the performance map for the reference compres-
sor showed that, due to sc aling ef fec ts , this
compressor was 6.5 percent deficient in flow
when compared to design value (also an exact
geometric scale of a layei compressor). On
this basis, a decision was made to reduce the
compressor flow by only 40 percent from which
adjus tment to a lower flow could be made , if
necessary by shroud recontouring after testing.
The final impeller configuration is shown in
Figure 13.

B. To minimize impeller machining costs, only
standard size cutters were considered for im-
peller manufacture . This consideration lim-
ited the number of blades to fourteen instead
of the fifteen blades of the reference impel—
ler. This blade number reduction results in
a slightly lower impeller exit slip factor
and compressor work input than that of the
reference compressor. The reduction of slip
factor and compressor work was estimated to
be 0.8 percent.

C. It is difficult to achieve a direct scale of
impeller clearances when scaling an impeller
to a smaller size. The normalized impeller
clearance (ratio of shroud clearance to annu—
lus height or width) for the impeller scaling
range investigated,  may be twice as large as
for the parent design. This causes impeller
efficiency in the smaller unit to be much
more sensitive to absolute clearances than
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TABLE X. MERDC 1.5/3 NW COMPRESSOR DESIGN PARA.MLTERS

Stage Pressure Ratio (inlet total to diffuser 3,5:1
exit total)

Stage Efficiency 75 percent

Corrected Flow 0.138 lb/sec 

- Speed 140 ,000 rpm

S~ ecific ~~~~ 48.0

Number of Bla des 14

Impeller Pressure Ratio (inlet total to 3.925
impeller exit total)

Impeller Efl icionc y 0,832

Impeller Work ni)-Jt (:T/T) 0.569

Inducer F u b  Il o i j u S  0.428 in.

Inducer Shroud Radius 0.675 in.

Inducer Hub Normal iHickness 0.018 in.

Inducer Shroud H u r m a l  Thickness 0.017 in,

Inducer Hub H1~iJ~ Angle 59.579 deg.

In.J cr Shroud iud-u  Ang le 60.225 deg .

Inducer Tip Relative Mach No. C.93].

Impeller Axial Length 0.718 in’

impeller Exit Tip Radius - ‘ 1.263 in.

Impeller Exit Blade Width 0.072 in.

Impeller Exit Hub Normal Thickness 0.025 in.

impeller Exit Shroud Thickness 0.023 in.

Impeller Exit Hub Blade Angle 36,726 he-p .

impeller Gxit Shroud Blade Angle 38.183 deg .

Impeller Exit r E so l u t e  M I - h N o ,  (inside blade) 0.9345

Impeller Rake Angle 71,55 deg.

~N =  ~~~~~~~~~~~~ N = R P ~4 
- 

~~~~~~~~~ 
~~~~~~~~~~~~~~~ I ’

ACT Q = I Q Q ) 1”
~AV 1 2 1 = COMP I N L I i 7

HACT ACTUAL ENTHALPY : ~~~~~~~~~~~~~~~~~

ISE , FT. p TOTM p~~ y~~j-V ,
________________ 

LT3~~F_~
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Figure 11. 1.5/3 kW Test Impeller.
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Figure 12. 1.5/3 kW Inlet Hardware.
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Figure 13. Impeller Meridional View.
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the larger design . The sensitivity of the
1.5/3 kW impeller efficiency to clearances
was further increased due to the shroud re—
contour required. A study was conducted on
the f ina l  impeller confi guration to predict
effects of various axial and radial clearance
values on compressor adiaba tic ef f ic iency
(see Figure 14). Based on mechanical test
rig considerations , the clearances selected
to obtain design efficiency goals were 0.002—
in. axial and 0.005—in, radial as indicated
on Figure 14.

From a specific speed standpoint, it would
have been desirable to scale the reference
compre ssor strictly for design point flow
(scale factor 0.286), but this would have
resulted in a corrected speed of 20 0,000 rpm
instead of the 14 0,000 rpm desired speed .
This scale would have allowed a normalized
axial clearance/b—width (flow passage height)
ratio , assuming an axial clearance of 0.005

0.005 in.in., of Ca/b 0.0858 in. = 0.058 instead of

the f inal  design confi guration that  has a
C/b = 

~

‘-

~~~

--

~~ 

= 0.069. The estimated de-

crease in adiabatic e f f ic iency  is shown in
Figure 15. Scaling to the desired design
point corrected speed brought about the shroud
trim with the resulting smaller b-width .

2.3.3 Casing Treatment

A casing treatmen t to o f f e r  a potential improvement in
e f f i c i ency  at high clearances was designed under this
contract. This design (shown in Figure 16) has been
scaled from treatment shown in Figure 17 that was suc—
cessfully used on a small axial compressor tested for

(JA SA~
’
~~~

2
~~. The groove width-to-impeller throat width

ratio was used as the basis for scaling. Groove pro-
portions of the NASA design were also maintained . Fab—

- 
- rication and test evaluation of this design was not in-

cluded in the current program .

(1) Small Axial Compressor Technology Program NASA CR
134827 , F.F. Holman and J.R, Kidwell

(2) Effects of Casing Treatment on a Small Transonic
Axial I-’low Compressor ASME Paper No. 75—WA/ GT—5 ,
F.F. l i cI l m an  and J.R. Kidwell
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Figure 16. Cas ing Treatment Detail Desi gn.
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2.3.4 Diffuser Design

Followi,ng an analysis of impeller/vaneless diffuser test re-
sults (Test 1), a vaned d i ffuse r  was designed to match ob-
served impeller exit flow conditions. A two-dimensional
vane-island diffuser configuration was selected (Figure 18).
This design was based on test results from the MERDC 30 KW
Generator Set Engine (Contract DAAKO2-74-C-04l3 , Report No.
75-311163) vane-island diffuser and data from Reference (3).
A summary of important diffuser design parameters is as
follows ;

A , GEOMETRIC
Diffuser width (includes 0.077 in.
axial running clearance)

Vaneless space radius ratio 1.046
(vaned diffuser inlet radius/
impeller exit radius)

Vaned d if fuse r  leading edge radius 1.320 in.
Number of di f fuse r  vanes 24

Area ratio (vaned diffuser) 3.0

Length-to-inlet passage width* 16.7
ratio (vaned d i f fuser )
Vaned diffuser aspect ratio 0.920
(d i f fuser  b-width/inlet
passage width*)
Va~ed diffuser leading edge 0.008 in.
nQrmaj, thickness

Vaned diffuser leading edge 80.0 deg
meanline angle

Vaned diffuser throat to inlet 1.099
passage width* ratio

Vaned diffuser exit radius 2.060 in.

Vaned diffuser trailing 0.150 in.
edge normal thickness

2lTRcos8f1*Inlet passage width = 
ow) Impeller exit

z
(3) Pressure Recovery Performance of Straight-Channel

Si~ñg1i—Phase Divergence Diff~isers at High Mach “~um-
bers, U~ AAVLABS Report No. 69-56 , P.W. Runstadier

39

-.
~~~ -.‘~‘-.~~ —~ —.--- - - - - ---5 - ,.—‘- .-‘-——

~~~~~~~~~~~~~~~~
.- 

~~~~
—

-5 —~~~~~‘--- ——-5- - -



— -
~~~~—. ~~

—, 

~~~~~.., .-_,—__-_ 5-—.- --5.- 
~
— 

~~~~~~~~~~

-x

R = 2.0605

8 6° 0 7’

LER = 
7 90 5 4~~ 2 5I I  p

0 . 0 0 4

~~ 324~ 0 .092 DIA.

0.2514 DIA. F

150

0

Y = 0
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Figure 18. 1.5/3 kW Test Rig Di f fuser  Vane
(Drawing No. TL3621486).

40 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



—~~~~~~~~
—.---

~~~~~~
-- —~~~-- .~~~~—-5—- - -~ 

- — - 
~~

B. AERODYNAMIC

Compressor inlet corrected 0.138 lb/sec
flow

Impeller exit effective 0.8825 in.2

area

Impeller exit mach number 0.892

Impeller pressure ratio 3.692
(total—to— total)

Impeller exit total pressure* 52.142 lb/in.
2

Impeller exit total temperature * 809°R

Impeller efficiency 0.821
(total—to—total)

Impeller exit absolute flow 75.3 deg.
angle 

~~flow~
Vaned d i f f u s e r  inlet e f f ec t ive  0 . 9 5 2 6  in., 2
area

Vaned d i f fu se r  incidence angle -4.7 deg
(impeller exit swirl angle
minus the vaned diffuser
leading edge meanline angle )

Vaned diffuser inlet Mach 0.812 H
number (based on a 0 . 9 5 2 6
effective area at the vaned
d i f f u s e r  in le t )

Vaned diffuser exit average 0.191
Mach number (prior to
dumping)

Sta tic pressure rise coef— 0 . 7 2 8
f i c i ent (C

o
) ( impeller exit

to vaned d i f fuse r  exit prior
to dump ing)

w , D i f f u s e r  loss coef f ic ien t  0.215
(i mpeller exit to vaned d i f —
fuser exit prior to dumping)

*$tandard Day Condition
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Compressor efficiency 0.754
(total—to—total)

Compressor pressure ratio 3.372
(total—to—total)

Compressor total temperature 0.547
rise (i~T/T )

The fabrication method selected for the diffuser was
to machine the vanes from a plate to achieve a vane
fillet radius of 0.005 in. or less. Slots were Eloxed
in a second plate that fit over the vanes. An addi-
tional plate, designed to be brazed to the second pla te,
eliminated any fillet radius between the second p late
and vanes, while anchoring the second plate to the
vanes. This manufacturing method was chosen due to the
small diffuser size that necessitated extremely tight
tolerances and a minimization of fillet size. The
material used was l7—4PH steel. A photograph of the
di f fuse r , showing only the plate with the machined vanes,
is shown in Figure 19. Figure 20 shows the finished
piece.

The diffuser drawing number is 3604748 (Figure 21) and
the vaned diffuser tooling layout drawing number is
TL3621486 (Figure 18).

2 .3.4.1 Vaned Di f fuse r  Inlet Condi tions

Due to the low specific speed and small size of the
impeller , an accurate value of e f fec t ive  area (geometric
area minus boundary layer blockage) at the impeller exit
is difficult to deduce. Test 1, Data Scan 45 was used
to define diffuser design point conditions (the cor-
rected flow is 0.139 lb/sec versus 0.138 lb/sec impeller
design point). This scan was examined in the data re-
duction computer program for assumed impeller exit ef-
fective areas of 80, 85, and 90 percent.

Figure 22 shows that the impeller exit absolute air
angle is a function of impeller exit effective area.
Selection of the proper value of this air angle deter-
mines the vane leading edge meanline angle and the loss
is defined as follows:
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Figure 19. Photograph of 1.5/3 KW Diffuser
Showing Machined Varies.

43

- -- 5  1 . . — ~~~ - _ _ _ _

— —-~~~~~~~~~~ —~~~ ~~-— — —-5 -~~ -5 --’-.-- -- — ~~~~~~ - — .- -5- -- -- -—-5— -. p--——--~ - -- -



— - - ---.---.--.-.-.-.- — ~-5~___~.-_____~_ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~
‘ ‘

~~~~~~~~~~~ .— ------.- -—-— --5—.-- —-5- -

- 

~~~~P

’

1 * . : - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
4

_
IL (1, 

_

Figure 20. Photograph of Instrumented Diffuser.

MP— ,2’.

_ _ _



- — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~_ ._ . r .~w. .. .. - -...‘~r.

~~~~ - ~~~~~ T~~~~~~~~~~— - I 0 
- 

~~~~~~~~~~~ - 
- - . - -

- -

I . 
~ - - — C -

-

. : : ‘ — 
6 -~~~ I 1

- -  - -

:- ‘-5 
-

5- 
- - - )4 -5 _ . _ _ _ _ 

-

- - - 
. _ 0~i.i

• - - .. - --
- .. -‘ -  N

-- - ..~~ 
- - - - C

- 1

H - -~~ i~ ~~~~~~~~~~~~~~~~~~~~~~~ / ~~~~~~~~~~~~~~~~~~~I 0 0

-

I - I _ I  -

- 
~~ 1 

) 
)/ I) 

I

4 / 
/

—-5 —~--- ~~~~
-
~~- - 

-5

- ~~~~~~ — - -~~~~~~ -
— ~~- - - - - ~~ - - - - I -

----

~~~~~
-
~ 

.

4 5

-5 -~~~~~~~~~~~~~~ -— -- — .-~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~ - - “ 



~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ 0.900 — — — — — — — — — —

CORRECTED SPEED 140,000 RPM
CORRECTED FLOW 0.139 LBS,’SEC
AXIAL CLEARANCE 0.005 IN.
RADIAL CLEARANCE 0.007 I N .
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EFFECTIVE AREA/ACTUAL AREA , A ‘
~~~e f f

Figure 22 . 1.5/3 kW Effective Area Study Using
Scan 45 of Test 1.
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where

= d i f f u s e r  loss coe f f i c i en t
P = impeller exit static pressure

S 2 .5
P = impeller exit total pressure
02 5

P = vaned diffuser exit total pressure
°3 0  (prior to dump ing )

To correctly match the diffuser minimum loss point with
the compressor impeller design poin t, it was necessary
to analytically establish the impeller ex it blockage
value . To do th is ,  a Reynolds nu mber correlation was
used based on scaling a larger , typical  impeller to the
1.5/3 kW size. The cqu~ition used for this is as follows:

0.17(1 — A 
~~ ~~ 

)
3 kW — 

Re. No.t
Ti — A f f t

i )
t 

— 
Re.  No.

3 ~~
Where A - is the ef fec tive area at the impellere f f e c t ive
exit and the Reynolds number is defined as:

U D
Re. No. = T T

where

p = impeller inlet  s tagnation densi ty
1 (slugs/ f t 3 )

UT 
= impe ller tip speed ( f t/ sec)

D
T 

= impeller tip diameter ( f t )

p = impeller inlet viscosity (slugs/ft—sec)

Inserting the proper values into the equation produced
an impeller exit effective area of 0.8825 versus the
usual value of 0.90 that has yielded a good match be-
tween analyt ical  work and test resul ts for larger
impellers.
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Interpolat ing from Figure 22 for the 0.8825 effective
a rea , y ielded the fol lowing impeller exit  condit ions:

Impeller ex i t  total pressure = 52.142 lb/in.
2

Impeller exit Mach number = 0.892

Impeller exit absolute flow angle 75.44 degrees

Impeller efficiency (total-to-total) = 0.821

2.3.4.2 Selection of Vaneless Space Radius Ratio,
Aspect Ratio, Incidence, and Throat/Inlet
Passage Width Ratio

The vaneless and semi—vaneless diffuser regions (that
region of vaned d i f f u s e r  from leading edge to throat)
were designed based on MERDC 30 KW Generator Set Engine
d i f f u s e r  data ( reference d i f f u s e r)  that had minimum loss
coefficients (w in the range of impeller exit Mach
numbers of interest for  the 3 kW compressor (see Fi g—
ure 23). A slight modification was made in the geometric
throat—to—inlet passage width ratio of the diffuser
due to physical constraints.

The vaneless space rad ius rat io was selected tc be
identical to that used for the reference diffuser to
allow use of the reference diffuser incidence angle .
A diffuser throat—to-inlet passage width ratio of 1.099
was used . This ratio is slightly smaller than the
reference diffuser (1.115 diffuser throat to inlet pas—
sage width ratio). The difference was re luired to re-
tain a reasonable vane thickness at the diffuser throat.

Twenty—four vanes were chosen for the diffuser to keep
the aspect ratio (defined as b—width/ in le t  passage
width) at a value of 0.92 versus a value of 0.918 for
the reference diffuser . The basis of this choice is

that , from Runstadler~
3
~~, an aspect ra t io  near one

appears to yield near optimum diffuser performance .

2 . 3 . 4 . 3  Design of the Diffuser from the Throat to the
Exit

The rema inder of the d if f u s e r , f ea tu r ing st ra ight wall
pressure and suction surfaces , was desi g~ ed to produce

(3)  Pressure Recovery Performance  of St r a ag h t — C h a n n e l ,
Sing le— Plane Divergence Diffusers at nigh Mach
Numbers, USAAVLABS Report No. 69—56 , P . W .  Runstadler .
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an area distribution along the ~~~~ line [see Reference
(4)]. This C ** line was derived from Figure 25 and is

p 13\
plotted in Figure 24. Figure 25, from Runstadler ’ ‘ ,
was used as it mos t closely matches the vaned dif f u s e r
inlet conditions (except for Reynolds number).

The ~~~~ l ine is def ined as y ield ing the maximum static

pressure recovery for a given vaned diffuser area ratio.
It was utilized on this design the to the large radius
ratio available . The fact that it is a “ slower ” diffu-
sion than tha t fo und aL~cng the C

0
* line [see Ref erence

( 4 ) ]  used for the reference d i ffiser , should resu l t  in
less total pressure loss than the reference diffuser.

However , this anticipated lower val ue of d i f f u s e r  loss
could be offset by the small diffuser size (the diffuser
throat area is 15 percent of th-~ reference ii f f u s er
throat area). From Runstad1er~

3
~~, the vaned dif fw~erRey nolds number if def ined as:

PVDhRe. Nc- . =
1~1

where

— V vaned d i f fuse r  inlet core veloc it~- (ft’sec)

p varied diffuser inlet density (lb/ft 3)

p vaned diffus-~t inlet viscosity ( l b / f t — s e c )

(1—AS) 
= vaned diffuser hydraulic diameter ( f t )

and

b = b-width (ft)

AS = varied diffuser aspect ratio

(4) Experimentally Determined Optimum Geometrics for
Rectilinear Diffusers with Rectangular, Conical,
or, Annular Cross—Section; General Motors~~~~search
Laboratories Publication No.  GMR—5l1 , E.D. 1-Jomp

and G. Sovran .
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This Reynolds number was calculated at the varied diffuser
inlet that corresponds to the location where the Reynolds
number was calculated by Runstadler . A Mach number of
0.812 (based on a 0.9526 varied diffuser inlet e f f e c t i v e

area ) yields a Reynolds number of 5.93 x l0~ for the
diffuser . This is approximately one thirteenth of that
used to generate the diffuser performance of Figure 23.
This lower Reynolds number results in degraded varied
di f fuse r  performance , but the e f fect of the Reynolds
number on varied diffuser performance becomes less as the
Mach number approaches one. Since the Mach number is
0.812, there should be only slight degradation in the
d i f fuse r  predicted performance due to the Reynolds
number

The overall varied diffuser area ratio was established
based on the desire to d i f f use to a typical engine
value of Mach numb3r before entry into the combustor .
An average Mach number of 0.2 at the varied diffuser
exit (prior to dumping) is consistent with that goal arid
was set as the design objective . From Figure 24, the
necessary area ratio of 3.0 corresponds to an L/W1
(length— to—inlet passage width ratio) of 16.7. This
y ields , from Figure 25 , an estimated pressure recovery
coef f i c i en t  (C

r
) of 0 . 7 2 8 .  In an attempt to evaluate

the validi ty of this C~ value for the diffuser , the
reference diffuser performance was examined.

To do this , the diffusion system was separated into two
pa rts;  (1) the impeller exit to the varied diffuser
throat and , (2) the vaned diffuser throat to tie vaned
d i f f u s e r  ex it (prior to dump ing). Because the region
from the impeller exit to the varied diffuser throat is
based on tha t  of the reference d i f f u s e r , the same C~
value of 0.106 was estimated (see Figure 23). Here, C
is def iried as:

p — p
S . 5 --po int  2.~

p p - p
02 5  S 2 5
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• where

P = impeller exit static pressure
S

2 . 5
P0 = impeller exit stagnation pressure

2 . 5
= static pressure at any point in the

point diffusion system (prior to dumping at
the vaned diffuser exit)

Then, using the varied throat of the 1.5/3 kW diffuser
as an area ratio of 1.0, an area ratio of 2.733 out to
the varied diffuser exit is necessary to achieve the 3.0
area ratio overall. Using the vaned throat of the refer-
ence diffuser as an area ratio of 1.0, this 2.73 3 area
ratio produces an addi t ional  C~ of 0 . 6 2 2 , which when

coupled with the C~ of 0.106 from the impeller exit to

the vaned diffuser throat, results in a C of 0.728 for
p

the vaneless , semi—vaneless , and vaned diffusers. Be-
cause some diffusion is accomplished in the vaneless
space, the C~ of 0.727 for the varied diffuser alone , as
pre-licted from Figure 25, appears opt imis t ic .

It is possible that  the 1.5/3 kW diffusion system will
exhibit a C~ of less than the re fe rence  d i f f u s e r  due to

the Reynolds number of the reference diffuser being 2.4
times as large. However, as previously mentioned in this
report , the more conservative loading of the 1.5/3 kW
vaned d i f f u s i o n  could negate the e f f e c t  of any Reynolds
number difference . For aerodynamic performance predic—
tions , a C~ value of 0.728 was used for the complete
1.5/3 kW diffusion system. H

2.3.4.4 Two-Dimensional Turbulent Compressible
Boundary Layer Analysis  of the Varied Diffuser

An analysis of diffuser performance was conducted by
use of a Boundary Layer Computer Program. To establish
the correct value of vaned d i f f u s e r  inlet blockage , a
Reynolds number correlation was used that is the same as
that used to establish the impeller exit blockage but
u t i l i z i n g  the Reynolds number de f in i t ion  used in Para—
graph 2 . 3 . 4 . 3 , herein .
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A vaned diffuser inlet effective area of 0.96 was
established f or the reference diffuser . Due to the small
size of the 1.5/3 kW diffuser , this was reduced to a value
of 0 .952 6 by using the following relation:

( 1 — A 
~~ ~~ kW — 

fRe . NO. f diffuser\
(1 — A 

~~ t
i )

f di f fuse r  
— 

Re. No.3 kW J
where

(A f f t i ) f d i f fuser  = 0.96

A boundary layer analysis was run for the 0.9526 effective
area. Results of this analysis are included in Appendix I
for reference. Two parameters, the shape factor (H ) and
the static pressure recovery coefficient (C ) ,  deserve men-
tion. p

The shape factor has a maximum value of 2.1586 which is
well below the separation value of 3.0 suggested by Refer-
ence ( 5) .  The C~ value of 0 .7457  is slightly above that
predicted by Figure 25 and the value expected for the 1.5/3
kW varied diffuser based on data from the reference diffuser.
This discrepancy is part ial ly due to the vaned diffuser in-
let effective area of Figure 25 being smaller than that
used in the Boundary Layer Computer Program and , to the —

Boundary Layer Computer Program being a two-dimensional
analysis that prevents it from modeling the three- —

dimensional flow found in the actual vaned d i f f u s e r .

2.4 Compressor Test Rig Design

This task resulted in the test rig design shown in Figure
26 (Dr awing L 3 6 2 l 2 2 9 ) .  The layout lower half shows the
vaneless diffuser design while the upper half shows the
vaned diffuser design.

The test rig was derived from a commercially available ,
small turbocharger. This uni t  was capable of operating
with the anticipated thrust and could accommodate the im-
peller size without structural modifications.

~
5
~ Ca1cula-tion of the Flow in Axisyminetrical D i f f us e r s
With the Aid of the Boundary Layer Theory, AiResearch
Report No. AD—5 088—MR , H. Schlich ting arid K. Gersten ,
Braunschweig.
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A radial inlet, opposed to a more efficient axial inlet,
was selected for this rig because it is representative of
the type inlet anticipated for an engine .

2.4.1 Compressor Rotor Stress Analysis

This task consisted of providing mechanical design of a
test impeller suitable for demonstrating aerodynamic per—
formance . The aluminum turbocharger impeller was rep laced
with an aluminum test impeller in the test rig. Aluminum
was chosen for this impeller to retain the turbocharger
rotating group dynamic characteristics, and for cost
reasons.

Aluminum alloy , 7075-T65l , was chosen for high strength and
availability.

The compressor wheel stress model is shown in Figure 27.
The somewhat unusual undercut at the forward end of the
wheel prov ides clearance for static pressure measurement in
the inlet.  The cross—hatched portion of the wheel was
added to the initial model to reduce both axial deflection
( f lo wering ) of the impeller tip and maximum stress.

The compressor wheel analysis was performed using an axi—
symmetric finite element computer program. Node locations
and temperature d is t r ibut ion are shown in Figures 28 and
29 , respectively.  The burst rat io,
0.85 x ultimate strength 1/2 

-
- ) = 1.96, for this wheel shows

average tangential stress

a large safety margin.

Stresses (see Table XI and Figures 30 and 31) are caused
pr imari ly  by centr i fugal forces from wheel rotat ion and to
a lesser extent by thermal gradient (Figure 29). The maxi-
mum stresses at 154 ,000 rpm, which is 10 percent above
maximum operating speed (tangential = 36.9 ksi at node 234
and radial  = 36.7  ksi at node 137) ,  are below the mi nimum
0.2 percent yield strength = 62 ksi of 7075—T651 aluminum
at 200°F. Maximum “flowering ” (see Figure 32) was reduced
to 0.0044 in. at Node 1.

Centrifugal blade stress was considered . Because of the
high lean angle (29.2 degrees) at the blade inle t , bend ing
stress adds to the mean tensile stress for a total stress
in excess of 35 ks i (see F igu re 33). Although this stress
level is satisfactory for the 7075—T651 aluminum test rig
impeller , it is considered excessive for production alum—
m u m  mate r i a l s  such as KOl—T6 or 356—T6.

_______ 

57 

_____________ _______________ _ _ _  _ _ _ _



_ _ _  -r - lUW - -
~~~ ~~~~~ 

~~~~~~~~~~~~~~~~ — — -

~5

‘S

t . Is I
CS

~~~ \,
)
~ I5~~~~~~

/
~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IS 
I

IS 

Is 

Is 

— I __
____ _

I.

iiii~ 

IS 

II 

_____ 

— ——- —

_

Figu re 27 . 1.5/3 kW Compressor Wheel Stress Model.

58



- -  __________ 
-5—- -

~~~~~~~~~~
.
~~~~~~ -——— --—~~~—~~~~~~~ — -

C--

I _
~

-C

NODES

Figure 28. 1.5/3 kW Compressor Wheel Node Locations .

59

- 

~~~~~~— 
-5-  —--5— — —- — --5- -. —- 5 —  



-. - - ~~~~~~ “ ‘  - - - - - - -

200°F

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
F

O O O
F (

TEMP , °F

TEMPEP .ATU P.ES ARE FOR ThE RATED POWER POINT AT
SEA LEVEL , S TANDARD DAY
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TABLE XI. RESULT SUMMARY , AXI-SYMMETRIC ELEMENTS

AMERICAN SYSTEM (KSI)

Node Stress

Maximum stress
Principal 137 36.7
Equivalent 234 34.1
Radial  137 36 .7
Tangential 234 36.9
Axial 240 7.6
Shear 137 17.4

P~inimum stress
Principal 228 —4 .7
Axial 22d —4 .4

Minimum S—R life, hours — 
— 

—

Minimum N/ s (ultimate) 
_________  ________________

Principal 137 36.7
Equivalent 234 34 .1
Radial  137 36. 7
Tangential 234 36.9
Axial 240 7.6
Shear 137 17.4

Minimum M/S (yi eld) 
__________ ________________

Principal 137 36.7
Equivalent 234 34.1
Radial 137 36.7
Tangential 234 36.9
Axial 240 7.(
Shear 137 17 . 4

rC-lterial : Aluminum 7075—T~ 5l
Rotational speed = 154 ,000 rpm
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Figure 30. 1.5/3 kW Compressor Wheel Tangential
Stress Locations.
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Figure 31. 1.5/3 kW Compressor Wheel Radia l
Stress Locat ions .

63

—- — - - --—-- — - - — - - — - - - -——--- -- - —— -‘

~

- 
•

---—------

~

——--—-_

~

-5

~

--- - -
—- -  - -- —- - 5 - - --- -  



~. - 5 - 5 _ - 5 - 5 -_ - . - 5 . . ,- 5 -~~C--5~~ -5 --5-5 -5~~~~ -5 —_-- 

~I l i t
I I I
I I I

II

MATERIAL : ALUMINUM 7075-T651 i I
ROTATIONAL SPEED = 154,000 RPM /~ I

/ 1 /
//

/ I
/ /

-V /
—-5, /

—
-5 /

-- -5 ~~ 

/
/

0

0

DISPLACEMENTS , MAGNIFIED

0.0040

Figure 32. 1.5/3 kW Compressor Wheel Flowering .

64



‘S

-5- 

- 

3 8 1 4 2 1

9~~~~~~3 4 ~~~ 
~

- - - - 

- 
-

- - - - - - 1 - ~ —4- -
~~s ,
3 4

—

MATERIAL : ALUMI~~JM 7075-T65l / ‘~ u f
ROTATIONAL SPEED 154,000 RPM 4 

~I ~ 12 1I. . -~~ieI
A1-s - - 1
I~~~ — 1
/3 ‘ 6 4
I ’ ~

‘ u I
Cl) 

~~~~~~~~~~~~~~~~ 

‘

~~~~~
4 /

I J
— U

-0.06 0.02 0.11 0.19 0.28 0.% 0.44 . f l5 3

BLADE PRINCIPAL STRESSES (KSI) (BOTTOM )

Figure 33. 1.5/3 kW Compressor Wheel Blade
Principal Stresses.

_____ 

65 

______

L _  -5 -. - - - 
_

-~~~ --- —-5--



_ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _

Impeller blade stress and vibration analyses were performed
using related finite element (plate—type) computer programs .
Vibration analysis results (see Figure 34) show that the
lowest blade na tu ra l  f requency is s i g n i f i c a n t l y  above 4 to
5 per revolution range which eliminates inlet distortion as
a probable source of blade excitation . No inlet guide
vanes ex ist in any des ign s considered , thereby removing
another source of blade -excitation . No impeller blade vi-
bration problems were evident. - - 

- -

2.4.2 Rotor Thrust Balance

Results of an impeller thrust calculation, as a function of
the expected range of back face Slip Factor , are shown in
Figure 35. This figure shows expected thrust values of 38
to 48 pounds .  These thrust values are within the turbo-
charger thrust  bearing capacity (4 5 to 50 lb for short term
operation). Since the turbine thrust acts to reduce net
r o t a t i n g  assembly th rus t , no fu r ther  action was taken to
more accura te ly  establish rota ting assembly thrust for the
test rig .

2.4.3 Rotor Materials and Fabrication

Since only two impellers were to be procured , the most cost
ef f ect ive mea ns of fabrication was to machine both from
solid bi l le ts .  To reduce machining costs , alum inum was
chosen as the most likely candidate material. As indicated
in the stress analysis section (Paragraph 2 . 4 . 2 ) ,  7075— T65 l
aluminum extruded bar—stock was the final material choice .
The impeller design was reviewed by m a n u f a c t u r i n g  engineer-
ing f or cas tab i l i ty. If stress levels cou ld be reduced and
aerodynamic p r o f i l e  tolerances re laxed , an impeller  of this
size could easily be cast in aluminum alloy 356-T6 or
KO l—T6.

The impeller could also be cast in a steel alloy , such as
17—4PH , using normal investment casting techniques-s

2.4.4 Turbocharger Modifications for Test Rig

Several tu rb~ charger  mod i f i ca t i ons  were necessary in order
to use the bearing system and turbine wheel for the com-
pressor test rig drive . The bearing center housing was
machined slightly to true the diffuser mounting face and
pilot diameter wi th  respect to the bearing bore . Sleeve
bearing fits were modified t~ reduce total radial c1ear~ rice
from 0.0035—in, to 0.0025—in. The thrust collar axial
length was reduced to align the impeller discharge with thu
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d i f fu se r  inlet (accomplished during  in i t i a l  t r i a l  assembly ) .
A pressure tap was provided to measure bearing cavity
(scavenge) oil pressure.

2.4.5 Test Rig Dynamic Analysis

The turbocharger first and second critical speeds are
approximately 20 , 000 and 50 , 000 rpm , respectively. These
crit ical speeds are both very well damped by floating
journal bearings, so no problems were anticipated . The
turbocharger maximum normal operating speed is 132 ,000 rpm
and the third critical speed was estimated to be above
150 , 000 rpm .

Test impeller mass was approximately the same as the turbo-
charger impeller so test rig shaft dynamics were expected
to be essentially the same as the turbocharger.

2.4.6 Test Rig Stress and Deformation Analysis

To minimize thermal growth problems (primarily axially),
l7—4PH corrosion resistant steel was chosen for the col—
lector and compressor shroud . Considering the small size
of these par ts  and the 1/4 in. minimum material thickness,
it was decided that there was sufficient strength and
rigidity in the design and a detailed stress and deforma—
tion analysis was not necessary .

2.4.7 Instrumentation Uncertainty Analysis

The impact of measured parameter errors (pressure, tempera-
ture, and speed ) on compressor performance paramete rs
appears in Table XII. Pressure measurement transducer size
was selected to be consis tent  wi th  the expected test values
and to take advantage of f u l l  scale values (FSV) so that
measurement errors could be minimized . Selected errors
were grouped to yield maximum deviation from the nominal
value for each performance parameter . Normal data reduc-
tion calculation routines were employed by using the func-
tional relationships listed in Table XII.

Performance parameters that incorporate many measured
parameters are subject to large percentage errors. Exten-
sive test experience with instrumentation , data acquisi—
tiorl , and data reduction systems , similar to those used in
this program , make possible error confidence factors of 2
percent or less for the performance parameters.
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2.5 Test Rig Fabrication and Assembly

2. 5.1 Test Rig Fabrication

The test rig was fabricated in accordance with test rig
drawings.

2 . 5 . 2  Shroud and Impeller Fabrication

A slight contour discrepancy occurred during impeller
shroud fabrication . Drawing 3604223 (included in Appen-
dix I) allowed the contour to vary ±0.003 in. from nominal.
Nominal rotor shroud and inlet contour s are shown in Fig-
ure 36. The actual part contour was 0.005 in. from nominal
in the knee of the shroud .

The impeller shroud contour (Figure 37)  was also discrep-
ant in the same region . Actual deviation from nominal was
0.007 in. maximum and the design tolerance was ±0.003 in.
Due to the extremely small size of compressor hardware , it
was not practical , within program limitations , to attempt
correction to design limits.

2.5.3 Diffuser Fabrication

As discussed in Diffuser Design , Paragraph 2.3.4, the dif-
fuser was a brazed assembly. During the furnace brazing
operation, the vane and cover plates were not adequately
clamped resulting in an oversized throat width. The dif—
f user was successfully salvaged by applying a large clamp-
ing load and remelting the original braze.

2.6 Com2ressor Testing

2.6.1 Mechanical Integrity Testing

2.6.1.1 Impeller Integrity

Impeller S/N 1 was spun to 160,000 rpm and impeller S/N 2
to 171,000 rpm in the evacuated spin pit. The spin pit
motor bearings failed at 171, 000 rpm speed . It was antic i-
pated that 174,000 rpm could be achieved . However , since
the maximum speed expected during the aerodynamic test was
only 154 ,000 rpm, rig mechanical check and aerodynamic
tests were continued .

2.6.1.2 Test Ri g In tegr i ty

The rig mechanical check test rig was assembled in accord—
ance with Drawing 3604262 in the vaneless configuration .
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Test ins ta l la t ion  was in accordance wi th  Drawing P 4 7 A — 0 5 — 2 7 .
These drawings are included in Append ix I.

The f irst and second cr i t ical  speeds occurred at approxi-
mately 20,000 and 50,000 rpm , respectively. Peak vibration
at the second critical speed (50 ,000 rpm) reached approxi-
mately 0.3 mil double amplitude . As speed increased , the
impeller moved from near centered in the shroud (as indi-
cated by the clearance probes) to within 0.004 in. at
140,000 rpm. Axial clearance decreased from 0.011 to 0.009
in. as speed increased . For aerodynamic testing, the axial
build clearance was reduced from 0.012 to 0.008 in. so that
running clearance at design speed would be approximately
0.005 in.

2 .6 .2  Performance Mapping

This task was divided into two phases. Phase one was a
vaneless diffuser test to establish basic impeller perform-
ance. Phase two was a full stage performance test utilizing
a vaned diffuser.

A digital data acquisition system , with a real time digital
computer on line , was used to assist in controlling these
test.~. The computer was used to calculate major rig param-
eters (compressor corrected airflow , corrected speed , etc.).

2.6.2.1 Vaneless Diffuser Test (Test 1)

The test rig was assembled in accordance with Drawing
3604262 and Parts List PL3604262—l and instrumentated in
accordance with L362l282 , Sheet 1. These drawings and parts
lists are included in Appendix I. Installation in the test
cell is shown in Figures 38 through 42.

Testing was initiated at 100 percent design speed near choke
flow. By closing the exit throttle valve, a series of
points were obtained between choke and stall. Data was re—
corded at each of these points using the d igi ta l  data acqui-
sition system . A CRT display and on line computer allowed
real time monitoring of all significant compressor param-
eters.

Testing continued at 90 percent, 80 percent , and 60 percent
design speed utilizing the same test procedure.

While running at 60 percent , speed suddenly decreased and
then re turned to normal .  This was accompanied by a vibra- 

+

tion spike and sudden changes in radial and axial clear—
ances. The test was terminated to preclude any damage to
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the unit. Subsequent disassembly revealed that the probable
cause of this anomaly was fo re ign  mat ter  (machining chips)
passing through the drive turbine . A slight radial compres—
sor rub was noted in the inducer region; however , damage -5
was limited by the shroud abradable coating to slight sur-
face burnishing .

At this time , the test program was stopped to evaluate aero-
dynamic test data . Subsequently, it was determined that no
other damage had occurred to the test rig.

2.6.2.2 Full Stage Performance (Test 2—3)

The compressor stage performance was rated at the vaned dif-
fuser  exit  plane . Total pressure and static pressure in-
strumentation was monitored circumferentially at the vaned
diffuser exit to establish an average level of performance
since air exi t ing the r ig  through two collector pipes re-
sulted in a somewhat non—uniform circumferential pressure
distribution at the vaned diffuser exit. Performance maps
for the stage test ref lec t  this average performance level.

The vaned diffuser exit plane was chosen as the compressor
stage performance rat ing plane due to lack of a f i n a l  en-
gine configuration for this unit. By determining the im-
peller and vaned d i f fuse r  performance only ,  any vaneless
space (with associated losses) required for an engine con-
figuration can be analyzed to yield the overall compressor
performance.  Therefore , f l ex ib i l i ty  to u t i li z e  the impel—
ler and vaned diffuser in various envelopes wi th  a result-
ant accurate prediction of overall compressor performance
was provided by utilizing the vaned diffuser exit as the
compressor stage performance rat ing station .

For the full stage compressor test, a vibration monitoring!
recording system was installed. This system indicated a
test rig system structural resonance at 138 , 000 rpm , with
an ampli tude of approximately 0.1 mu , as the only sign i f i -
cant system resonance . Rig operation at close axial  clear-
ances (0.002 axial) required a low speed warm up at about
70 percent speed prior to full speed operation . This time
(approximate ly  5 minu te s )  at low speed e f fec t ively s tabi—
lized thermal gradients and provided stable clearance

+ throughout the test operating range.
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3. DISCUSSION OF TEST RESULTS

3.1 Vaneless Diffuser Test Results

Data was reduced using impeller exit static pressures , to ta l
temperatures , mass flow , and speed to synthesize total pres—
sure ra t io  values fo r  the impeller. Flow and work input
values were measured directly. The inlet rating station is
located at the origin of the radially in-flowing annulus
upstream of the impeller. Therefore , any loss generated
in that annulus is charged to the impeller. Test Log pages
and manually recorded Data Sheets maintained during vane—
less diffuser testing (Test 1) are included in Append ix I.

A compressor map,  result ing from this data reduction pro—
cr~dure , is shown in Figure 43. Impeller efficiency, work
input , and total pressure ratio design objective values are
shown superi~ .posed for comparison . At the design flow , the
work input  was 3.3 percent low , the impeller pressure ratio
5.7 percent low, and impeller adiabatic e f f i c i ency  was 1.2
percentage points  low.

Factors causing the low work input shown in Figure 43 are:

(A) For manufacturing considerations , one blade
was removed from the directly scaled impeller.
For the 1.5/3 kW compressor , reducing the
blade number from 15 to 14 results in an
estimated decrease in slip factor and work
inpu t of 0.8 percent.

(B) The location of exit total temperature
probes and the fact that the compressor
rig was not insulated for the impeller-
vaneless diffuser test could have affected
measurement accuracy of work input. A
rud imentary heat transfer analysis , utiliz-
ing measured metal temperatures , indicated
that the measured impeller exit  stagnat ion
tempe r~iture could be approximately 5°F
lower than actual t~ -~per a t u r e  at the design
objective corrected f low . Therefore ,
measured wor k input level could be 1.7
percent low .
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CLearances during this test held fairly constant at 0.005
to 0.006 in. axially and 0.006 to 0.007 in. radially . Esti—
mated compressor performance was based on an axial clearance
of 0 . 0 0 2  in.  and a radial clearance of 0 . 0 0 5  in.  From Fig—
ure 12 , the predicted stage adiabatic efficiency, based on
the 0.005 in. axial clearance and 0.006 in. radial clearance
(values for the majority of data points), is 72.5 percent
versus 75 percent adiabatic efficiency for baseline clear—
ance levels. Therefore , the impeller efficiency decrement
could be due to excessive clearance . Other f ac to r s  contrib-
uting to lower performance may be the impeller and shroud
manufacturing deviations from nominal dimen-~-sions as dis—
cussed in Paragraph 2.6.1, and the quantity of inlet instru-
mentation required for performance evaluation (Reference
Instrumentation Drawing L362l282 included in Appendix I).

After  completing data analysis , the measured level of impel—
ler performance seemed consistent with program objectives
and it did not appear necessary to accumulate any additional
impeller data before proceeding with the vaned diffuser de—
sign.

In support of the vaned diffuser design , the effect of im-
peller exit aerodynamic blockage on impeller exit flow con-
ditions was investigated . Data was reduced for impeller
exit eff~ ctive area levels of 90, 85, and 80 percent. Fig-
ure 44 shows the effect of impeller exit blockage on impel—
ler exit flow conditions for a data scan near the design
objective flow rate. It can be seen from Figure 44 that
impeller exit flow angle is particularly sensitive to
assumed values of impeller exit effective area. As dis-
cussed in Paragraph 2.3.4, this analysis was used for the
vaned diffuser design.

3 . 2  compressor Stage Test Results  and Discussion

Table XIII compares program goals and test data for salient
parameters  of overall compressor stage performance .

Compressor stage maps are presented , in Figures 45 , 46 , and
47 for  compressor operation with runn ing  axia l  clearance
values of 0.0045, 0.0079 , and 0.0023 in. and radial clear-
ances of 0.005 to 0.006 in. at design corrected speed . A
performance s ummary for close clearance (0.0023 in. axial
clearance) operation is presented in Appendix I.
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TABLE XIII. COMPRESSOR STAGE PERFORMANCE PARAMETERS

Data
Program Goal (Test 3A)

Peak e f f ic iency
(inlet total to
diffuser exit
total) 0.750 0.746

Pressure ra t io  at
peak e f f i c i ency
(inlet total to
diffuser exit
total) 3.50 3.53

Corrected temperature
rise AT/T at peak
e f f i c i ency  0.569 0.576

Corrected mass flow
Wv’~ /~ at peak
efficiency—lb/s 0.138 0.133

Corrected speed
- rpm 140,000 140,000

Diffuser exit
Mach No. at peak
eff iciency 0.191 0.205

Axial running
clearance at peak
efficiency - in. 0.002 0.002

Radial  running
clearance at peak
efficiency - in. 0.005 0.006
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The strong effect of axial clearance on compressor
• performance can be seen by comparing data in Figures 45,

46, and 47 to the design point. At the design corrected
flow of 0.138 lb/sec , with close axial clearance , the
overall total—to—total efficiency was within 0.8 percentage
points of the design objective value, see Figure 47. Peak
efficiency of the stage occurred at a flow of 0.13 lb/sec
and was within 0.4 points of the objective value. Repre-
sentative data scans are presented in Appendix I tor de-
sign corrected speed at the design corrected flow (Scan 5)
and at peak efficiency (Scan 7) for close clearance opera-
tion. The test conditions and a listing of measured param-
eters for Scans 5 and 7 are also included in Appendix I.

The highest efficiency levels were near the surge line as
shown in Figure 43. The diffuser was matched with the
impeller to favor the higher impeller efficiency levels.
Comparing the stage compressor maps (Figures 45

, 46 and 47)
with the vaneless diffuser map (Figure 43) indicates the
following :

o The vaned diffuser limits maximum (choking)
flow for all speed lines.

o Choking flow and compressor range increase
with decreasing axial clearances.

o Peak efficiency for the design corrected
speed occurs at increasingly higher flows
for decreasing axial clearances.

The variation of peak stage efficiency with axial clear-
ance is shown in Figure 48, for several speed lines rang-
ing from 60 to 110 percent design speed. This figure
indicates the strong effects of axial clearance on eff i—
ciency. The effect of axial clearance can be even more
signIficant in the engine because of the probable require-
ment for a spec ific pressure ratio to match turbine charac-
teristics. This is illustrated in Figure 49 where clear-
ance data, in terms of peak stage efficiency versus the
stage pressure ratio at the peak efficiency , is presented .

Compressor performance based on scroll exit static pressure
is presented in Figure 50 for the design speed line with
close axial clearances.
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Figure 50. Compressor Performance Based on Scroll

Exit Static Pressure.
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Insulating the compressor test rig for the full stage tests
- - resulted in higher measured work (~T/T) levels than the

(uninsulated) vaneless diffuser test. This is seen by corn—
paring work levels between Figures 43 and 45 for the vane—
less and stage conf igurations having approximately the same
axial clearances. Although a portion of observed work dif—

- 
- ferences is due to reducing heat transfer from the rig, im-

peller work input has been observed to change in other com-
pressor development programs with the addition of a vaned
diffuser. This is caused by the change in impeller exit
static pressure distribution due to diffuser blade loading.

• Therefor e, the true impeller—only work characteristic is
di f f icult to determine , but the full stage test data is
reliable.
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4.0 CONCLUSIONS

The resultant compressor design presented herein , represents
an acceptable aerodynamic design to fulfill 1.5/3 kW gas
turbine requirements. Manufacturing considerations for a
production configuration may dictate minor redesign to
bring rotor stress levels within casting state—of—the—art.

From compressor stage test data obtained during this pro—
grain , it appears that the diffuser vane angle and throat are
well matched with the impeller for providing good efficiency
and range.

In an engine application of this compressor, maintaining
close (0.002 to 0.004 in.) axial clearances will be an
important design criteria to achieve high efficiency and
broad operating range.

Analysis of the gear—driven alternator and turboalternator
system concepts for meeting power requirements indicated
that, although both are acceptable systems, the turboalter—
nator system offers reduced complexity , cost, and generator
set frame size and weight.
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5. RECOMMENDATIONS

In order to use the current compressor configuration for
the assumed 1.5/3 kW gas turbine generator set cycle, a
minor impeller shroud recontour is recommended so that peak
efficiency will occur at the design corrected flow. For
example, if an axial clearance of 0.004 in. and a radial

f 
S clearance of 0.006 in., are practical for the engine, an

8.7 percent increase in corrected flow is required (see
Figure 51). A schematic drawing demonstrating this shroud
recontour is shown in Figure 52. In addition to bringing
the compressor design speed peak efficiency more in line
with the engine design point corrected flow objective , the
impeller shroud recontour will also improve impeller clear-
ance to blade height ratio throughout the impeller and will
also aid in improving compressor efficiency .

Any additional compressor modification should await future
burner and turbine component design and test verification. 
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Figure 52. 1.5/3 kW Compressor Impeller Flowpath .
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PARTS LIST
J

PL 3 bO4 2 62_ 1  B ~1P
LIST TITLI DATI 0 7 — 0 1 — 7 5

CONTRACT NO. DAAKO2—74—C—0167
TEST RIG ASSEMBLY. RIV ENGR

14ISCSC4.4404 4I14444P14C~ U~~IN~~C0U4444V 0 4 1 4 4 4 004 4 3  COMPRESSOR—VANE LESS AUTH
~44 55) •5-44~5 • • ~54S-4 5l0 5

CODA IDRN T NO. APPROVAL O4IOINAI . 151111
11193 J.B.L. 06—27—74 1$IUT 1 O F 1

NO 0~ -T.~ ?i ~~o. 5*5 NOWIN CLATUR I OR OESCRIP1 ION 

~~~~~~~ !F_ RIQO

“Ti T 66 3604262—1 RIG ASSY x
2 1 (4 400424 - 2 SEAL. RING I
3 1 04 400544 2 LOCKNUT
4 1 (2 400568 2 RETAINER RING 4
5 1 Fl 403818—9 2 RING—PISTON 1
6 1 El 403818—34 2 RING—PISTON I
7 1 (2 404221—1 2 BOLT 6
8 1 C4 406765—2 2 SPRING
9 1 04 3604226—1 COLLAR THRUST

10 1 B2 406908—1 2 CLAMP 3
11 1 82 406909 2 PLATE—LOCK - 3
1? 1 Dl 407276—5 2 WHEEL ASSY 1
13 1 Cl 407316—23 2 TURBINE HouSING
14 1 Cl 407565 2 SHROUD WHEEL 1
15 1 F2 407634 2 BEARING THRUST

F 16 1 02 407684 2 PLATE—LOCK 2
4 17

18 1 04 36 04188—1 IMPELLER
19 1 64 3604222—1 COLLECTOR 1
20 1 04 3604223—1 SHROUD
21 1 E4 3604225—1 HOUSING INLET
22 1 C4 3604228—1- SHIM AR
23 1 CA 36042~~8’-2 SHIM AR
24 1 C4 3604228—3 SHIM AR
25 1 E4 3604451—1 NUT SPEED PICK—UP
26 1 (2 3604232—1 BEARING 2
27 1 C2 3604253—1 CENTER HOUSING
28 1 C4 58990—158 PACKING
29 1 G2 S9419—0002 2 8OLT 4
30 1 Cl AN4CH4A BOLT 12
31 1 Cl M520995C20 LOC KW IR E AR
32 1 04 3804494—1 PROBE 3
31 1 04 3604495—1 RETAINER 3
34 1 04 791—503—9001 1 WASHER S
35 1 04 MS35265—30 SCREW 6
36 1 04 58990—006 PACKING 3

1 VENDOR ITEM SEE A PPLICABLE
SPEC OR SOURCE CONTROL DWG

2 A IRESARCH INDUSTRIAL.
DIVISION PART NO.

-5— — —  _ _ _ _ _ _ _ _ _ _ _ _  ________________
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QUALIFICATION TEST LOG
E.W.O. k.T..~ _.- j~/~~ :j .•’ .:-~’DaIe42: ~~~

‘ 71 Tesl CeIl or Stati~iNo. ~~~~~.

Assembly lo.. I4edel N.. , OniI SerlaI No.
Devekpmeul Ee . -

- - 

. . T LdL L.~~~-’~~~.. -s-

Tesi Type - - - --  Test Schedule I l4oddlcatlot -- 
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