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Disclaimer

The findings in this report are not to be construed as an official Depart-
ment of the Army position, unless so designated by other authori zed docu-
ments.

The citation of trade names and names of manufacturers in this report Is
not to be construed as official Government endorsement or approval of corn-
mercial products or services referenced herein. I ~

Disposition Instructions

Destroy this report when it Is no longer needed. Do not return to the
originator.
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13  A S  R A C Y

The design of a f ree rotating vaneless/vaned diffuser (F. II. D .) for a nominal 1. 9 pps ,
high pressure ratio, single stage radial compressor was completed , together with a
comparative conventional stationary vaneless/vaned optimum channel diffuser.

Both types of diffuser were subsequently fab ricated and individually installed in an
existing turbodrive compressor rig for compa rative performance evaluation.

A t 100 ’~ corrected design impeller speed , equal to 62 , 000 rpm , the peak pressure
ratio and adiabatic efficiency fo r the stationary and F. H. D. systems were 7. 91 and
72. 6c~ compared to 7.43 and 70%, respectively. Impeller efficiency was not repeatable
and reduced 3. 8% at design speed with the F. H. D. installed , probably as a resul t of
diffe rent radial clearance settings .

Overall peak vaneless/vaned diffuser static pressure recovery was essentially the
same (0. 61) at design speed with either the stationary or F. H. D. systems.
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FOREWORD

This work was authorized under Contract DAAS53—76—C-0 107 to extend compa rative
performance evaluation tests on an experimental high pressure ratio single stage

centrifugal compressor rig to both conventional stationary and free rotating diffuser

systems.

The technical representative of the U. S. A rmy was Mr. F. D. Jordan. The principal
Solar personnel attached to the program were:

L. Blinman and R. Strassburg - Program and Contract Management
C. Rodgers and M. Lafferty - Design and Test Ana lysis
D. Lucas, and M. Sandhin - Test Evaluation
W. Brees - Prepa ration and Editing of the Final Report
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LIST OF SYMBOLS

A

A Area sq in
b Blade Height in.
Cp Specific Heat at constant pressure B. t. u/lb
Cu Tangential Velocity Component f .p. s.
D Diameter in.
g Gravitational Constant ft/sec2

J Joules Equivalent ft lb/B.t.u. j
L Length in.
M Mach Number -

N Rotational Speed rpm
P Total pressure psia
p Static pressure psia
q Work factor = g J Cp A~T/U2

2 
-

r Radius in.
T Total Temperatere °R or °F
U Tangential Speed f .p. s.
W Airflow p .p.s. 

•

GREEK

a Streamline Angle deg.
Blade Angle deg.
Specific Heat Ratio -

Difference
Efficiency %

A Speed ratio (F. R . D/Impeller -

Subacripta

1 Compressor Inlet
2 Impeller Exit
3 F.R.D. Discharge
4 Vaned Diffuser Discharge
E Exit
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INTHO DUC TION

Lu 1971 the (then) U. S. AR MY Mobility Fquipmcnt Research and !)c vcloprn cnt ( ‘ .nk~z’
t MEHI ) C )  issued a contract to the Solar Division of International 1 Lar vesk~r to pci’-
form the mechanical design of an experimental high pressure ratio single-stage cen-
trif ugal compressor test rig incorporating a rotating vaneless/vaned diffuser. The

test rig was to be a self-contained unit including the compressor impeller , rotating
diffuser, stationary diffuser , shafts , beari ngs, seals, shrouds , instrumentation and
supporting structure . The compressor rig was to be designed, based upo n Army-fur-
nished aerodynamic design data . A test evaluation program plan was also to be pre-
pared , identifying the instrumentation systems, mechanical and aer odynamic tests,

test objectives, and analytical procedures for the data reduction. Upon design approval ,
all major rig components were to be manutactured and assembled ready for test.

In 1972 the cont ract was extended to cover test evaluation of compressor performance
wi th the first rotating vaneless/vaned diffuser design . Subsequent ly, two additional

rotating diffuser conf igurations were fabricated and performance evaluated.

Refe rence 1 shows the best overall performance attained at 100~ design speed was a
pressure ratio of 7. 7 with an adiabatic efficiency of 72. 3(~ at a rotating diffuser speed
ratio of 0. 30, compare d to the design pressure ratio and efficiency goals of 9. 0 and

~4 . 5% , respecti vely . Peak impeller efficiency was calculated, using a windage loss of
3. 7~ at design speed , and was 85.5%, eight percentage points lower than the design
goal . The rotating vaneless/vaned diffuser pressure drop coefficient ~ P/P (inlet) was
0.24 , some 40% greater than the design intent. Nevertheless, installation of rotating
diffuser of Build 2 did increase overall compressor efficiency by up to 5% compared
to the stationary vaneless/vaned diffuser configuration of Build lB . The maximum
stationary vaned diffuser stati c pressure recovery was 0.64 . The most notable fe a-
ture of the compressor performance was the broad flow ratio range of 1.25 obtained
between choke and surge with the diffuser rotating at design speed.

Design and Test of an Experimental Rotating Diffuser Centrifugal Compressor Test
Rig: C. Rodgers SAE 760927

1
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The objective of this progra m was the continuation of previou s work to enable an
evalua tion and comparison of test performances of three candidate diffuser systems
for a single stage , high p ressure ratio , cent rifugal compressor. These systems
are:

Rotating V aneles s/Va ned Diffuser (configuration previously tested)
Stationa ry Vaneless/Vaned Diffuser
Free Rotating Vaneless Diffuser (F. R. D.)

The rotating vaneless/vaned diffuser previously tested presented a difficult installa-
tion problem in an actual gas turbine engine , In that power had to be extracted from
it, requiring an additional gear train to couple the diffuser to the engine mainshaft.
The free rotating diffuser does not require such a gearing system, and thus presents
a somewhat less complex engine installation problem . Installation of a stationary dif-
fuser Is of course the least difficult.

7
.

Th e work of this program was divide d into four tasks , covering:

Task 1 Perform design analysis and complete design
drawings for the test diffuser and test rig.

p

Task 2 Fabricate test hardware

Task 3 Set up the rig and conduct the testing

Task 4 A nalyze the results and prepare the final report

A progra m plan was subsequent ly completed and budgets assigned to each of the four
tasks . The budget data was used for the preparation of the Performance and Cost
Reports.

DESIGN ANA LYSIS AND DESIGN

Task 1 called for the design analysis and completion of design drawings for the
stationary diffuser and F.R. D., for incorporation into the existing turbodrive test
rig. Aerodynamic design of the diffusers was conducted , using the baseline test
ilnp9ller performance characteristics shown on Figure 1. This Impaller was previous-
ly developed under MERADCOM contract and was of moderately low specific speed

2 
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wi th 28 radial blades exhibiting a peak impeller adiabati c efficiency of 85% at the
design speed of 62 , 000 rpm .

st at iona ry Vane less/Vaned Diffuser Design

The matching of the impeller and vaned diffuser at hig h pressure ra tios is of cri t ical
impo rtance and is affected by the vaneless spa ce diameter ra tio and the vaned diffuse r
throat a rea. Of secondary importance are the throat aspect ratio and downstream
channel diffuser geometry, which principally infl uence the overall static pressure
recovery of the diffuser system. Computer matching studies showed that the best
compromise between operating range and efficiency was a diameter ratio of 1. 18 with
a throat area of 1.04 square inches. Under these conditions, the diffuser inlet T~Iach - s
No. was subsonic at 0.83 and the estimated flow ratio between choke and surge was
1.09. The throat aspect ratio and diffuser channel were optimized for maximum
recovery , resulting in the stationary vaneless/vaned diffuser geometry shown in Fig-
ure 2. Estimated performance is listed in Table I . At a corrected airflow of 1.83 pps
it was anticipated that this geometry should attain a pressure ratio of 7.9 with an over-
all efficiency of 71.3 percent .

F’ ree Rotati ng Vaneless Diffuser Aerodynamic Design

Free Rotating Diffuser design studies were conducted using the following impeller
exit flow conditions:

Exit Absolute Mach No. 1. 25

Exit Absolu te Flow Angle 78. 60

Diffuser width/radius ratio 0. 044

Diffuser diameter ratio 1. 3

The F.R.D . estimated performance was calcul ated, using the procedure outlined in
Reference 2 , assuming a coefficient of friction of 0.005 , and is pl otted against an
ahcissa of Inlet Mach number with speed ratio U2/CU2 as a parameter in Figure 3 .

2 AnalytIcal, Experimental and Mechanical Evaluation of Free Rotating Vaneless
Diffusers; C. Rodgers; AD 744475

_ _ _ _ _-. -
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TA BLE 1

ESTIMATED DIFFUSER PERFORMANCE COMPARISONS

Build :j  Free
Rotating Stationary Rotating
Diffuser Diffuser Diffuser

Corrected Airflow , pps 1. 68 1.83 1.93
Impell er Rotational Speed , rpm 62 , 000 62 , 000 62 , 000

Impeller Efficiency (inc . windage), % 83. 3 83. 6 83. 6

Impeller Pressure Ratio 10. 5 10. 2 10. 2
Impelle r Tempe rature Ratio 1. 140 1. 116 1. 116

Impeller Work Factor 0. 95 0. 93 0. 93
Impelle r Tip Mach No. 1. 27 1. 25 1.25
Rotating Diffuse r Speed , rpm 18, 600 0 28 , 000

Rotating Diffuser Rel Mach. No. 0. 89 0. 86

Rotating (or Vaneless) Diffuser, ~ P/P 0.23 0. 15 0.078

Rotating Diffuse r Work Ratio 1. 05 1.003
Rotating (or Vaneless) Diffuser Exit, ii. 2 9. 4

Dia. in.
Stationary Diffuser Entry Dia. in. 11. 6 8. 5 10. 2
Stationary Diffuser Entry Mach No. 0. 56 0. 83 0. 79

Stationa ry Diffuser , L~P/P 0.045 0.09 0.07

Stationary Diffu ser Exit Mach No. 0. 27 0. 23 0. 22

Ove rall Pressure Ratio 7. 7 7. 9 8. 7

Overall Temperature Ratio 1. 083 1. 116 1. 111
Overall Efficiency (Total -Total), % 72. 3 71. 3 76. 1

Flow Range (Choke/Surge ) 1. 25 1.09 1. 15

4
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A t an entry absolute Mach No. of 1. 25 and free rotating speed ratio of 0.4~i , the
dilluser total pressure loss coefficient , as a f unction of the inlet dyn ;i mi e  head , i~
o. 14. The equivalent pressu re loss coefficient as a function of the inlet tot al pressu ii

• is 0. 078.

1\-latching studies were completed, using a F.I1.D. loss coefficient , A~P/P , of 0.078
wi th the baseline impeller performance characteristics. A downstream stationa ry
vaned diffuser throat area of 1.04 square inches (equal to the stationary vaneless/

- 
- vancd diffuser system) was determined to he optimum , using the existing diffuser

vat~ s from BuIlds 5 and 6 . Es timated performance for the proposed F .R.D . config-
uration is listed in Table I. It is estimated that an overall pressure ratio of ~~. 7 , with
a corresponding adialv~ ic efficiency of 76 .1%, coulr’ be attained with the F. R. D . design .

Main core streamline paths for the F. R. D. at the design inlet conditions w ith speed
ratios of 0, 0. 4 and 0. 5 were computed and are shown on Figu re 4.

The F. H. D. front shroud support blades would ideally be positioned alo ng such
calculated rela tive streamline paths for the desired speed ratio. Howeve r , three

dimensional flows will probabl y result In an incidence variation onto the blades ,
- 

- thereb y causing diff erent sections of the blade to operate away from the desire d
‘ neutral d riving u ode . Addi tionally , the predi ction of the free running speed is
limited to a ccuracy ~ i0~~, as prasi tic drag effects fro m the bearings and brake
are not precisely established. For these reasons , it was decided to position a
simp le str uctural blade shape between the 0. 4 and 0. 5 speed ratio streamline paths
as show n on Figu re 4. For aerodynamic dra g reasons , it was desired to emp loy a

minimum number of support blades , thus a finite element stress model was generate(l
to study the effect of blade numbe r on F. R. D. structural integrity.

F ree Rota ting Va neless Diffuser Structural Design

A two—dimensio nal finite element stress model of the F. R. D. geometry , shown in

Figure 5, was generated and stress computations comp leted at a free rotating speed
- - 

ratio of 0.45 (27 , 900 rpm) . Stress results are tabulated on Figure 6 and indicate that the

• maximum blade stress occurs In the vicinity of the leading edge and front shroud , increas-
ing from 32.5 to 42 .5 thousand p.s. i. (KS!) with a reduction in blade number from 12 to 6.

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



~TTiIiITI~~
ER 2602

F. B. D. growths with’12 and 6 vanes are essentially the same with a maximum axial
displacement of 0.085 Inches at 500°F near the tip. Design radial growth at the double
lip labyrinth seal was . 047 inches , and assessed to be more than adequate to provide
a “rub—in ” seal condition with appropriate choice of a smaller cold clearance between
the labyrinth and abradable seal mate rial. Venting of the forward cavity of the F. R. D.
to ambient will be provided to prevent the possibility of labyrinth seal leakage back
to the impeller tip. Vent size should be sufficient to permit a 4% flow bypass which
could be accomplished with six 0. 15 inch. diameter holes.

A critical speed analysis of the r.R.D. assembly was made, using bearing stiffnesses
of 0.5 x lb. In. with a rotating diffuser weight of 4.2 lb. Only one critical speed
was computed at 41,682 rpm, which is well beyond the design speed of 28,000 rpm.

The detail design geometry of the F. R. D. and its relative “cold” axial stack—up to
the impeller and stationary diffuser is shown in Figure 7. Critical features in the
cold stack-up measurements are the axial clearances between the impeller and front
shroud , impeller and F. R. D., and radial labyrinth sea] clea rance. 

- 

- _ _ _ _
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E X P E RIMENTAl ,  EQUIPMENT AND PROCEDURE

I •

l- ’ :ibricotio n and F. 11. D. Spin ‘I’est

Two new major components fabricated for the program were the stationa ry diffuser
and F. R. D. The stationary diffuser was integrally machined by contour mill ing
from stainless steel plate, and is shown with the impeller in Figure 8. The
F.R . D. was integrally machined from a Titanium forging, originally with twelve
neutral struts, and finish-machined, matched to an existing rotating diffuser shaft
and seal .

The F .R .D., impeller , and downstream stationary diffuser are shown In Figure 9
to portray the component flowpath. Prior to installation in the turbodrive rig, the
F. R. D. was installed on its actual rotor assembly and dynamically balanced prior
to the spin test. It was then removed from the rotor and installed in a spin fixture
containing induc tive proximity probe instrumentation to measure axial deflection at -

,

the diffuser outer flange during spin testing. The diffuser was slowly accelerated
in an evacuated chamber to 30 , 000 rpm , with pauses at 5000 rpm increments , to
record flange deflection. The maximum speed was maintained for approximately 30
seconds. The diffuser satisfactorily completed the spin test with no evidence of struc-
tural failure. Flange deflection vs . rpm is shown below :

- 
- RPM Deflection

15,000 0.006 inch
20,000 0.013
25,000 0.022
28,000 0.029
30,000 0.034

:~t ..!~,O00 rpm, the axial deflection at the tip was 0.029 inch compared to the design
estimate of 0.044 Inch (see Figure 6). There was less than 0.002 Inch deflection up
to 10 , 000 rpm. A comparison of critical dimensions befo re and after the spin test
revealed no si gnificant changes.

J 
_

_
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Turbodrive Test Rig

The turbodrive configuration is shown In FIgure 10. This configur ation comprises two
separate aerodynamically coupled rotating assemblies; the impeller with Its drive tur-
bine, and the diffuser rotor , each with its own shaft and bearing system. Each of
these bearing systems consists of preloaded angular contact ball bearings mounted
in a capsule , which in turn is mounted in its respective support housing. The impeller/
turbine capsule mounts three bearings , including a matched tandem pair at the impeller
end to carry the combined axial thrust of both rotors. Both bearings systems employ
pressure jet lubrication.

The rotating diffuser is positioned with respect to the impeller through the fabricated
scroll assembly with shimming adjustment possible at the scroll flange . Impeller to
shroud axial clearance can be established at assembly by shimming at the bearing
housing flange. The shroud Itself has a bonded abradable coating to minimize damage
from potential Impeller rubs. A stationary vaned diffuser is installed downstream of
the rotating diffuser, and is mounted with clamping screws to insure that no gap is
left at the vane ends . The diffuser rotor has a two-stage staggered, overhung labyrinth

seal at the diffuser entry to prevent discharge to Inlet recirculatlon, and is designed to

rub in during operating at rated speed. A five-step seal is installed at the periphery of
the diffuser rotor support shaft to reduce direct air leakage to ambient, and control
axial end thrust. A small three-step seal is used adjacent to the bearing assembly to
minimize the lube oil loss from the bearing drain cavity.

The drive turbine section employs a modified Solar Titan radial inflow turbine rotor

and nozzle capable of providing 400 hp output at a pressure ratio of 5. 5 and an inlet

temperature of 1300°F at design speed. The multi-stage labyrinth seal at the turbine

hub has provision for buffering with shop air as necessary to prevent overheating of the

lube oil drain cavity. A ten start vlscoseal with knurling of shaft surface is Installed at

the compressor hub to prevent migration of lube oil Into the Impeller inlet.

8
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Impeller and rotating diffuser speeds were sensed by electromagnetic induction
proxi mity probes. Externa ll y mounted accelerometers are installed on each bearing
housing. Protection against malfunctions is provided by automatic shutdown devices
sensing rotor speeds, low oil pressure and excessive turbine inlet temperatu re

Table 2 contains a list of parameters monitored. Figures 13 and 14 show the instru-
mentation in the Impeller shroud and diffuser sections.

: 1
r
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Test Rig Installation

The turbod rive was specifically designed for installation into an existing facility used
for Solar ’s advanced radial compressor development program . Constraints were
observed during the design and planning activities , In part , by matching the rig dimen-
sions to the existing facility.

Figu re 11 show s a schematic layout of the test facility. Plant compressed air was - -

heated with an in—line natural gas combustor for supply to the drive turbine. Flow
rate and temperature at the turbine were modulated by manual control from the
adjacent cont rol room. Automatic speed governing was available , but not required ,
since the plant air supply pressure was extremely stable. A self -contained lube oil
system was used, consisting of a reservoir , electrically driven rotor pump, pressure
regulator , oil/wate r heat exchange r , and two accumulators to maintain oil supply in
event of an electrical power loss. Compressor inlet air was drawn from outside
ambient conditions through a 3. 0 or 4. 5 in. venturi to the cell through an inlet muff
shielded from the hot turbine drive section to prevent heat pick-up. Compressor
back pressure was regulated by a remotely controlled butterfly valve downstream of
the orifice run.

When the F. R. D. was Installed it was allowed to rotate free without coupling to the
Kahn high speed water dynometer used in previous pe rformance calibrations , (see
Figu re 12).

Protection against malfunctions was provided by automatic shutdow n devices sensing
impeller speed , vibrations , low oil pressure and excessive turbine inlet temperature.

InstrumentatIon

Data required for aerodynamic performance evaluation was recorded by an au tomatic
data acquisition system (DAS). This system records multiple channels of non—tran-
sient , linearized tempe ratu res and strain gage transducer pressures. The output ,
in engineering unit s, was displayed on a digital voltmeter and on printed paper tape .
Pe rfo rmance evaluation measurements not compatible with this system were recorded
manually fro m their respective visual displays.

12
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I)ISCU SSION 01-’ TEST RESUL T S

I h e  test program for performance eval uation of the stationa ry and 1.11. D. d i f fuse r

configu rations covered the four builds. The optimum stationary vaned diffuser was
installed for the first build of the new series of tests , Build 7. A mechanical shake-
down run was conducted with the F. 11. D. installed on Build 8, followed by performa nce
calib rations with first 12 F. R. D. struts on Build 9 and subsequentl y 6 1 . R. D. str uts
on Build 10.

Build 7 Performance - Stationa ry Diffuser System

Perfor mance calibration tests were completed on Build 7 of the experimental corn-
pressor with the rotating vaned diffuser replaced by the stationa ry vaned diffuser. - -

Overall compressor performance for Build 7 is shown on Figure 15 and indicates a
rna’drnum pressure ratio and efficiency of 7 .9 and 72.6 17 * near surge at 100~ design
corrected speed 62 , 000 rpm. This was the highest stage pressure ratio attained and
the subsequent intentional surge was quite violent, resulting In some permanent defor-
mation of the compressor scroll . Table 3 compares predicted performance with the
stationary diffuser to actual test performance at design speed , showing excellent
agreement.

Figu re 16 shows impeller pe rformance data points superimposed on the baseline
impeller map from Builds 3 and 4, indicating essentially unchanged performance .
Stationary diffuser static pressure recoveries are presented on Figure 17, revealing
a maximum recovery coefficient across the vaneless space and vaned diffuser of
0. 63.

Total—total efficiency based upon calculated diffuser exit total pressure from mea-

sured static pressure and continuity, using y = 1.395. UsIng measured total
pressure the pressure ratio and efficiency were 8.18 and 74% respectively.

‘3
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TABLE 3

Predicted Tes t
Performance Performance

Rotational Speed, rpm 62,000 62,000
Corrected Airflow, pps 1. 83 1. 86
Overall Pressure Ratio 7. 9 7. 91
Overall Efficiency 71.3 72.6
Flow Range (Choke/Su rge) 1. 09 1.06
Impelle r Work Factor 0. 93 0. 918

Th e performance comparison of the rotating vaned diffuser from Build 3 and stationary
diffuse r of Build 7 shown on Figure 18 illustrates the substantial flow range improve-
ment with the rotating diffuser , but with slightly lower peak efficiencies. However ,
Build 6 tests demonstrated that rotating diffuser seal leakage at 95% corrected speed
accounted for almost 2% loss in peak efficiency . Had leakage losses not
occurred on Build 3, comparable efficiencies to Build 7 would probably have been
attained. - 

1

Reduced test data for Build 7 Is attached in Appendix I

Build 8 F. R. D. Mechanical Shakedown

Following the violent surge Incident at 100% design speed on Build 7, a substantial
amount of rig rework was necessary. The rework Involved replacement of the bear-
ings , shafts and impeller with spare components, and modification of the distorted
forw ard casing. The abr adable shroud aluminum epoxy coating was also replaced
with a nickel graphite coating to provide higher temperature durability. The F. R. D.
wa s installed plus a downstream stationary diffuser with the design throat area of
1.04 square inches. Impeller cold shroud axial clearance was 0.033 Inches, compared

to 0.024 inches on the previous Build 7. Mechanical check-out was completed to 45%
design speed and indicated satisfactory operation of the rig and the F. R. D. in the
uncoupled brake mode. The free speed ratio of the F. B. D. to shaft of the Impeller
varied from 0.34 to 0. 37. The maximum free rotation speed attained during test was
23,160 rpm .

14

_ _ _ _ _  
~~~~~~~~~~~ IJ ~~~~~~1~~~~~~TITTTI. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -~~ “~~-~~ —-—-——~~~~~——------— ~~~—— - --- —- ~~ -~- - - ~~~~~~~~~~~~~~~~~~~~~ —‘——— ~~~~~ —.-— 
—- - —-

ElI 2(102

Performance checks made during the mechanical checkout of the F. 11. D. system
indicated that the imp~llcr performance was some 5% in efficiency lower than the
established baseline efficiency level and that the stationary diffuser was mismatched .

Post-mechanical checkout inspection of the rig components showed no evidence of a
1’. R. D. labyrinth seal rub-in condition as intended , or rub-in of the impeller to the
abrad able nickel graphite shroud coating. The nickel graphite coating was also
substa ntially rougher in surface finish than previousl y experienced with the aluminum
epoxy.

-\s a consequence of these results the following modifications we re recommended for
F. B. D. performance calibrations on Build 8.

Replace abradable coati ng with aluminum epoxy material and set impelle r
cold shroud axial clearance comparable to the gap of Build 7.

1

. Reduce F.R. D . labyrinth seal radial clearance from 0.025 , to 0.012-0 .017
inches.

. Increase the stationary diffuser throat area from 1.04 to 1.25 square inches by
re-stagger of the existing vanes .

Build 9 F. B. D. Performance - 12 F. R. D. Struts

The mea sured cold impeller shroud axial clearance was set at 0. 020 inch and the
;ndu cer radial clearance was measured , varying fro m 0. 008 to 0. 022 inch.

Performance calibrations were conducted with the F. R. D. u nrestrained at 55 , 70 ,
80, 90, 95 and ioo~7 design impeller corrected speed. Su rge was determined at 55 ,
70 , 80 a nd 100% design speed.

Overall compressor performance for Build 9 is shown on Figure 19, and indicates

• Improved efficiency and flow range up to 90%- speed as compared with Build 7 and
8, followed by a performance reduction at 95 and i0o~7- speed precipitated by pre-

• mature Impeller choking. Peak overall efficiency attained was 75(7 at a pressure
ra tio of 5. 96 at 90%- design speed. Maximum pressure ratio at 100 7 design speed

15
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was 7.43 with an overall efficiency of 70’1. Component performances ar e  discussed

in detail as follows:

impelle r Performa nce

Impelle r performance for Build 9 is compared to the baseline impelle r pe rformance

(Reference Builds 3 and 4) on Figure 20 and indicates better performance up to 90 1
design speed where after evidence of premature choking occurs compa red to the
baseline impeller flow capacity . Reasons for this choking effect are not clear , apa rt

fro m the eccentric inducer radial clearance and a concurrent relatively large inlet

tempera ture spread (up to 14°F) at 100’ speed. The impeller h ub viscoseal clearance
varied from 0.002 to 0.007 inch and may have been leaking hot oil fumes to the inlet.
It was pl anned to reduce the clearance to the design value of 0.002 on the next build.

F. R. D. Performance - 12 Struts

Performance of the F. B. 0. is show n on Figure 21 in terms of static pressure re—
cove rv , total pressure loss ratio and free rotating speed ratio versus impeller tip

flow function , \V fT~ . Test performance of the F.R. D. at 100% design speed is
compared to des1g~~ erformance bel ow.

Static Pressure Total Pressure Free Rotating
Recove ry Loss Ratio Speed Ratio

Test , Build 9 0. 32 0. 32 0. 385

Design 0. 32 0. 14 0. 45

-\lthough the design static pressure recovery was attained , total pressure loss
ra tio (as a fraction of the inlet dynamic head) was still more than double the design

intent. ~~rip down of the F. R. D. showed no evidence of seal rubbing at the labyrinth

tips even th ough cold radial clearance had been reduced to 0. 013 inches. Mechanical

operation of the F. B. D. was quite satisfactory , a maximum free speed of 24300 rpm
being obtained at 100% design Impeller speed.

16
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Stationary Diffuser Performance

l’er forrna nce of the stationary diffuser with and without the F. H. 0. for Build 9 with
its throat area increased to 1. 26 sq. inches (by va ne restagger) is shown on Figure
22 showing comparable performances with builds 7 and 8. Maximum choked flow
capacity ~VJ~I~ increased from 0.485 to 0. 555 and should have matched the impeller
slightly belos~~ts choking limit had not premature impeller choking been experienced .

Recommended Modifications

The relatively high total pre ssure loss of the F. R. 0. a nd slightly reduced free
rotating speed suggested that additional loss may be occurring across the neutral
support vanes . It was therefore recommended that half the neutral vanes be removed.
In an attempt to delay premature choking of the impeller two modifications were incor-
porated.

I

• Reduce impeller shaft viscoseal clearance to a uniform gap of 0.002-0. 003
inch.

• Modify inducer leading edge as shown on Figure 23 to slightly increase
choked flow.

Build 10 F. B. D. Performance - 6 F. R. D. Struts

Performance calibrations were conducted with the six stru t F. R. D. installed at
55,68.4,79. 0, 86 , 92, and 99. 6% design corrected speed. Surge was determined at
55, 68 , 79. 0, and 99. 6% design speed. Overall compressor performance is shown on
Figure 24 and indicated essentially the same pressure ratio and efficiency levels as
Build 9 but with significant shift s in the maximum choked diffuser flows. Maximum
pressure ratio at 99. 6% design speed was 7. 3 at surge with a corresponding adiabatic
efficiency of 69% . Component performances are discussed as follows:

17
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Impeller Performa nce

Impeller performance for Build 10 is compared to the baseline impeller pe rformance
on Figure 25, and as Build 9 indicates, reduced performance near design speed .
Examination of the inlet temperature spread showed that smaller viscoseal radial
clearance did reduce the variation to less than 4°F at 99. 6% design speed , hut peak

impeller at this maximum test speed was only 81%~. Since the impeller axial clearance
was within requirements reduced impeller performance at high speed may have been
the result of the eccentri c inducer radial clearance varying from . 008 to • 022 inch.

F. B. D. Performance - 6 Struts

Performance of the F. R. D. with six neutral struts is shown on Figure 26 in terms
of static pressure recove ry , total pressure loss ratio , and free rotating speed versus
impeller tip flow function. Test performance of the F. B. D. at 99. 6% design speed
is compared to design predictions below.

1

Static Pressure Total Pressure Free Rotating
Recovery Loss Ratio Speed Ratio

Tes t , Build 10 0.29 0. 35 0.315

Design 0. 32 0. 14 0. 45

Total pressure loss ratio was more than double the design intent and free rotating
speed ratio with six vanes dropped to 0. 315. Post-test strip-down of the F .R. D.
still showed no evidence of seal rubbing at the labyrinth tips, thus it must be concluded
that some F.R.D. flow recircul ation was still taking place.

Stationary Diffuser Performance

Performance of the stationary diffuser with and without the F. R. 0. is shown on
Figure 27 , indicating that its choked flow capacity had apparently increased from 0.55
on Build 9 to 0. 62 on Build 10 without any change in throat area. Thi s would amount
to a throat blockage diffe rence of 12% . The peak static pressure recove ry of the
va ned diffuser near design speed was essentially unchange d at the order of 0. 65.

18
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Perfo rmance Summary Builds 7,9 and 10

A nalysis of the test results for Builds 7 , 9 and 10 of the MERA I)COM compressor rig
reveals that only Build 7 with the stationary diff user met the design performance
goals. Overall compressor performance with the F. R. D. installed was reduced as
a consequence of the inability to repeat the baseline impeller performance level and
to obtain dynamic closure of the F. B. D. labyrinth seal.

Comparative test performances of Build 7 and 9 are shown in FIgure 28, indicating
that the overall compressor performance with the F.R. D. installed was better in
terms of peak efficiency and flow range except approaching and at design speed,
where impeller performance was not repeatable (with different radial clearances)

from test-to-test, resulting in the peak pressure ratio and efficiency falling from
7.91 and 72.6% on Build 7 to 7.43 and 7C% - on Build 9. Maximum overall and compon-
ent performances for Build 7 and 9 at 100% design speed are listed on Table 4 .

19
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TA BLE 4

COMPA RA TIVE DESIGN SPEE D TEST PE R FORMANC E S

BUI LD7 BUILD9

Rotational Speed, rpm 62 , 000 62 , 000

Corrected Airflow 1. 86 1. 93
Overall Pressure Ratio 7.91 7.43

Overall Adiabatic Efficiency 72. 6 70. 0

Flow Range (Choke/Surge) 1. 06 1. 035

Impeller Work Factor 0.918 0.913
Impeller Pressure Ratio 10. 1 9. 25

Impeller Efficiency 84. 1 80. 3

Diffuser Speed Ratio - 0. 39

Overall Diffuser Static Recovery 0. 628 0. 607
I

Vaned Diffuser Exit Mach No. 0. 28 0. 28

20 
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H

CONCLUSIONS

The design of a free rotating vaneless/vaned diffuser (F. R. D.) fo r a high pressure
ratio single stage radial compressor was completed together with that of a comparative

conventional stationary vaneless/vaned optimum channel diffuser .

Both types of diffuser were subsequently fabricated and individually installed in an
existing turbodrive compressor rig for comparative performance evaluation purposes.

Analysis of the test results showed that the ove rall compressor performance with the
F. R. D. installed was better in terms of peak efficiency and flow range except approach-

ing and at design speed, where impeller performance was not repeatable fr om test-to-
test. This resulted In the following performance levels at 100% design corrected
speed.

Stationary
Diffuser F. R.D.

Peak Pressure Ratio 7.91 7.43

Peak Adiabatic Efficiency % 72. 6 70. 0

Impeller efficiency and pressure ratio with the F. B. D. installed reduced 3. 8~
and from 10. 1 to 9. 25 respectively probably as a result of an eccentric radial
clearance condition at the inducer entry.

Mechanical operation of the F. R. D. at impeller speed ratios between 0. 30 to 0. 4
was satisfactory , except that dynamic closure of the labyrinth tip seal did not occur
even with the cold assembly radial gap reduced to 0.013 Inch . Free rotating speed

ratio did not change significantly as the flow was vaned from choke to surge at con-
stant impeller speed.

Overall peak vaneless/vaned diffuser static pressure recovery with both the stationa ry
and F. R. D. designs were essentially the same (approximately 0. 61) at 100% design
speed, indicating the possibility of tip seal flow leakage effects wit h the inability to
obtain a rub—in seal operation.

21
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Figure 2
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28 ,000 RPM 

241~~~~~~~~~~~~~~~

TITANIUM: 6A 1 4V 22—~ 
-

~

WEIGHT 4 .2 LB
Ip 37.8 LB IN 2

AVG TANG TL STRESS 26.5K SI

12 6
BLA DES BLADES

RADIAL AXIAL STRESS STRE SS
NODE TEMP GROWTH GROWTH KS I KSI

R .T .019 .024
241 78. 4 7 7 .3

500°F .047 .045

R .T .012 .035
186 3 2. 5 4 2.5

500°F .036 .067

R .T .009 .044
29. 2 29 .0

SOOT .029 .OL5

R.T .003 .0003 •

22 — — 51.7 51.5
500°F .009 .001

Figure 6
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1 - - DIFFUSE R EXIT : 3 ~
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KEY :
S.P. = Static Pressure (tap)

— - 
T.P. = Total Pressure (Kiel )
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Figure 13 StatIonary Vaned Diffuser Configuration Shroud/Diffuser Performance
Instrumentation
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— 

— •- VANE EXIT : 3 9 S.P.
- I KEY : -
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J T.P. Total Pressure (Kiel )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1. Temperat ure (RTD )

— - — VANE THROAT: 2 ~ S.P.

— ROTATING DIFFUSER EXIT: 6 9 S_ P.
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1 1
Figure 14 Rotating Vaneless/Downstrea m Vaned Diffuser Configuration

Shroud/Diffuser Performance Instrumentation
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