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(f)      .1  MMAIO 

I h«- twii  iia^«- asi.ii compressor w*a  rodosiKntsd uumf; t«'«t data 
Irtmi tli«' prcvu>ii:< two Btsgc U ■!• and from Ml unilysm of a family of 
liii'li pressure ratio SKISI conipreMSoi   rotors<     rht* major chanffrH made 
to llu- mi^iual design vvi-ri-  rcUiiocti soliciity  JM both rotor»,   inc reauccl 
first sta^f rotor aspect ratioi   and modified first>slags rotor blad«- 
profile. 

rhe redesigned am il compressor lia<l the tollowin^ design point 
performance |oalst 

AulUm 5 His 'se< 
Prossure  ratio       <. 0:1 
Adiahatic  efficiency     B2.6 percent 
Inlet Iml) tip ratio      >. 51 
Ki r »t-staj;«'   rotor I p sprt-d       144« It/s»-«. 

in 
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U)   FOREWORD 

lins  report [> it's int s tlii' redesign analysis oi the .ixmi compres- 
SDT pt'DL'.I'^MI tot tlu- advancement i>i sniitll ^.'.is turbine component tech 
nolony.     1 he rt'tlfsi^n .m.ilysis is presented as an addendum to Volumi 
11. 

I'lus program was  sponstiri'd Ly thi- United State!  Army AviatKJii 
Material Laboratoriei under Contract DA 44-l77-AMC-<!VM'l i,   I ask 
IG162203O14413. 

Tho coniprt'ssor program was divided into three phases« Phase 
1 prosents a study of a fatuily of advanced axial compressors. It is re- 
ported as Volume I, with an addendum under a separate cover reporting 
the analysis and design. 

Phases 11 and 111 are presented in Volume 11. Phase 11 presents 
the axial «.ompressor fabrication and test. Phase 111 presents the axiai 
comprossor redesign,  fabrication an«! test. 
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(C)     DKTAli^Kl) AKRODYNAM1C HKDKSKiN (U) 

(U) 'l'ht> cunipr«'HHur rotor unch-r Htudy in thiH program in »hown in 
Figur»-  I.     Thf rt'doMign of the comprt'HH ir rotor,   lirst   sta««- was initi- 
ated based on the analysis of the family of high-preiiHure-ratio axial 
compreBbor rotors using the following ground rules: 

Parameter Range 

Tip Solidity 1.3 to 1.45 
Aspect Ratio Greater than O.H 
Free Vortex Diffusion Factor Less than 0.5 

(U) Five redesign flowpaths were generated.    Each flowpath was con- 
structed to cover the range of hub and tip contours capable of matching 
with the existing second-stage flowpath contour.    The aerodynamic pa- 
rameters resulting from computer runs for each flowpath were analysed 
and compared to provide direction to the final redesign flowpath.    The 
optimum flowpath.   Figure 2, was selected on the basis of rotor tip 
relative Mach number,  tip turning,  tip loading,  and stator hub absolute 
Mach number.    The rotor losses used in this study wore obtained from 
the high-pressure-ratio axial compressor analysis. 

(U) Using the optimum flowpath,  the first-stage rotor exit pressure 
profile was varied to determine the effect of this parameter on the sec- 
ond-stage rotor incidence angles and the compressor exit velocity grad- 
ient.    From this analysis,  it was determined that a flat first-stage rotor 
exit stagnation pressure profile provided the best second-stage incidence 
match and compressor exit velocity profile. 

(U) Throughout the redesign analysis, the Continental axial compres- 
sor aerodynamic design computer program was used to generate the 
static pressures and the corresponding velocities.    This program includ- 
ed the effects of streamline curvatures and calculated the boundary layer 
growths based on flat-plate theory. 

(U) Table I compares the redesign compressor performance with the 
original design values.    A 1-percent transition duct loss, which was 
verified in Phase I testing,  was used to determine the overall perform- 
ance at the end of the transition duct.    The differences in first-stage 
and overall efficiency between the original design and the redesign are 
directly related to the reevaluation of first-stage losses.    In addition 
to redesign of the first stage, the aerodynamic implications of second- 
stage solidity were investigated in g*-*at depth.    Significant 

1 
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rONFIDENTIAL 

. IW,K I    (U) 

IH ■.U.NI.I) > t'MI  Hi   . .t  K  I  I UI(il<MA  .Cl    ( OMI'AKISON (^) 

I  irsl 'll.ii'i 

J<<-<lii . i)MI W 11ti 

Original !■.( .1  Sta^t' I.DAI i  Solidity 

Mfi^Ti Iwilf'.i^ri Si-i,,tii| St.«!'«- 

l't>mpr«,sst) r  Wot at mi .1 
■ip,-,-.!,   rpm                                     ■''•, ».no SM, ( (i(i ',■(, ».on 

L'i>nipr«>ssor  !• low   K.ii<■, 
!l)     ■ .-,                                                                         S. I) '.. I) '>. (I 

Ovt-rall pressure  ratio             1.0:1 $.0:1 '..l):l 

Ov. rail i-lticioru y.     '»              Hi. i 81.1 82.fi 

Prossurt- Ratio     fir   ' 
I . H25:1 1. K^S: I 1.825:1 

Pressure Ratio - second 
tagf                                               1 • *','t|: I ' • 660: I 1 .660:1 

Efficiency  - first stage. %     85.5 .si.'* 83.9 

Efficiency   - second stage, 
82.9 HZ.'» 86. 1 

[ ip Speed - fi rst rotor, 
•    -,•.                                               1415 1451 14^1 

Performance at transition duct v\\l 

performance increase! wen   anticipated with a  reduced solidity second 
-»taLt«    'I   ible  I) due to  rj-rfin lions  in loss coefficient  and  increases  in 
• ■•      tnt flow range. 

"') Th«-    econd-stage  solidity  analysis w.i.s conducted using the 
itinental double circular ari   blade  loss  system.      This  loss  system, 

u. h11 h w.ii  recently placer! in operation,   predicts losses based mainly 
i and critical Mach number i riteria.     This method has sm - 

essftilly predicted performance of other compressors  in th«- Mach num- 
■" r  and diffusion  range ol the L'SAAVLAMS seiond   stage. 

p«f«      Id   of     23   PagM CONFIDENTIAL 
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(IM A-.   .1   i mif. i'i;iu in i- DI   t^ll■    . i> diiii    .-. t .i^r  Hulifiity  .m.i I y ■. i ••,    tin-  nuiii 
ixi  ni blitdca  in ilu- s«» iiiid   .t.ij.'.c wau  t(iiiniil from  II  to   '^.    i itftlidity 
reduction ol   19.5 percent.     I he III.KIC cuntoui oi tlie i>rif(in<il Bfcond 
■.l.iHc u.is   m.i mt.i mi'(l. 

(U) The  lomiea usctl fui   the  i cdi ■. i^'iud first   •.l.»>.,i'  lotoi,   li^ur.'   i, 
.is compared to the original values, -.how .i significant in« rease at tlic 
tip of the rotor and .i slight decrease Crom the hull lo .ibout HO petet-nt 
span, llus trend was ohaerved in th<- test data for most ol the rotors 
investigated in tlu- lunli   pressure   ratio   ixial compressor study. 

(C) The loss variation along tlic Id.nie height significantly < han^cs 
tlu   local tip loadingi  as shown In a comparison with diffusion factors 
and  relative velocit)  ratio,   Figures   I and 5,   respectively.    The value ol 
tip diffusion factor for the redesigned rotor (d. Sf)} appears lo \>f h,fi,h but 
has been demonstrated and exceeded on previous Continental high»pres- 
sure   ratio  rotors.     For fxamplc,   the first-sta^c  rotor of Continental'a 
8:1   pressure   ratio compressor has  demonstrated diffusion factors   in  ex- 
cess of 0,65 at comparable tip pressure ratio levels. 

(C) The free vortex diffusion factor (the diffusion factor  resulting 
from an assumption of constant spanwise prt-ssure  ratio and constant 
spanwise energy addition) is 0.423 as compared to 0.39 for the original 
design. 

(C) Because of the increased redesign tip loss,  the tip absolute flow 
ancle into the slator increases from the original design value of 42 de- 
grees to about SO degrees (Figure 6).     To match the tip of the stator to 
this higher angle,   the stator was closed 8. 5 degrees at the tip to zero 
degrees at a 1. Si-inch radius (80-percent length). 

(U) The  redesigned first-stage pressure ratio and efficiency profiles 
are presented in Figure 7.     The reduced efficiency at the tip is a result 
of the additional tip losses shown in Figure 3.    The slight variation in 
st,ige pressure  rat.o is due to a reevaluation of first-stage stator losses 
(Figure 8),   which was necessary because of the change in stator absolute 
angles. 

(U) A i omparison of the redesigned and original design exit velocity 
gradient,   Figure Q,   shows only minor change.    The redesigned gradient 
should provide a satisfactory transition duct exit velocity profile. 

CONFIDENTIAL     Page   11 of  :3 ra8e5 
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(C) riu- redesigned tlowp.uh,  Figure I, embodiei .i higher hub an«! 
higher tip radius .it the Inlet to the tirst .st.iH«-.    Nn change in fluwp.ith 
contour was made downstream of the second rotor inlet.    Increasing the 
aspect ratio trom 0.646 to 0.963 required a higher first-stage inlet tip 
radius to provide a smooth flowpath transition between the first and 
second stage and to hold the tip relative inlet air angle between 65 and 
70 degrees.    Higher angles tend to close the rotor and narrow the rotor 
choke margin (the ratio of actual blade throat to the flow limiting throat, 
that is,   sonii.  conditions),   so that excessive incidence angles are re- 
quired to pass the desired flow      Lower angles tend to raise the tip rela- 
tive Mach number and in turn increase tip losses. 

(U) As shown in Figure 2,  an accelerating tip flowpath turn between 
the first-stage rotor and stator has been provided to reduce the tip load- 
ing.    The accelerating turn tends to locally increase meridional veloci- 
ties and tu offset  some of the velocity deceleration caused by high tip 
losses. 

(U) The flow blockage factors (aerodynamic flow area divided by 
actual area) calculated for the redesign arc listed in Table II and are 
compared to the original design values. 
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(':) TABLE II   ( Ü) 

FLOW HI AX ;KAriK i KA( IOKS fill 

Ori^ma 1  !)• SIK" Kcilcsi^n 
Axial Station B1(M k..M. Blockaf« 

Inlet to Rotor 1 O.'JV 0.991 
Exit of Rotor 1 O.^H B.971 
Exit of SUtor 1 O.'»? 0.'>7 2 
Exit of Rotor L 0.97 0.V54 
Exit of Stator 2 •.97 0.9S3 

(U) Good agreement is shown (maximum deviation of 1. 7 percent) 
between the blockage values of the original design and the redesign. 

(U) The velocity triangles,  which define the aerodynamics of the 
redesigned first-stage rotor,   are presented in Figure 10.    The seven ve- 
locity triangles are located at selected streamlines that enclose the 
percent total flow values from the hub as defined below: 

Streamline 

7 
6 
5 
4 
3 
2 
1 

Total Flow Value From Hub (Percent) 

100.0 
83.3 
66.7 
50.0 
33.3 
16.7 
0.0 

(U) The blade geometry summary is presented in Table III.    Double 
circular arc blading was selected on the basis of flow range and success- 
ful experience with other Continental high-pressure-ratio axial compres- 
sors. 

11 
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Figure 10.    (C) First-Stage Rotor,  Velocity Triangles.  (U) 
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1 (C)   TABUS III   (U) 

USAAVLAliS HKST STAGE KOIOH RKDKSKiN GCGM1 IKY. 
lX)UIU-h ; CIRCULAR ARC  HCADINd   (UJ 

I'rt'Msiiri' 
Thifkru'HH Suction            Surface Axia 1 

K.itiiuii Clhord 
Solidity 

I'd ('htird   Surface           Radius I.CII^tll 
(I... ) 

0.6159 

Ratio Radius (In.)     (In. I 

6. IS7               139.71 1,13 \.t\ 1.40* 0.01 
I. so 1.23 1. S66 o.oir./ J.MVK                 \U.W) 0.7Z14 
z.zo 1.23 1.779 Ü.Ü44S L.A\L                   S.8S Ü.H6f)9 
1.90 1.23 2. 0<>0 Ü.0S4 1   608                    i.Ol 0.9977 
1.69 I.2J 2. »7 1 0.0()S 1.161                      1. HK4 1. 1ZS 

L. K. R.   and T. B. U. • 
To Chor«! 

Ratio 
Inh>t Metal 
Angle  (Dg|j 

Kxit Metal 
Angle (n«B) 

0.00326 
0.O03Z6 
0.00326 
0.00326 
0.00326 

Turning 
Angle (Peg) 

62.76 
59.52 
56. 18 
52.80 
49.23 

Deviation 
Angle  (Peg) 

57. 14 
48.42 
35.49 
18.77 
-1.594 

Incidence 
Angle (Peg) 

5.35 
9.80 

18.01 
30.35 
47.50 

3.21 
4.67 
6.51 
7.97 
7.99 

2.94 
3.38 
3.83 
4.30 
4.67 

Camber 
An^le(l)eg) 

5.62 
11.09 
20.68 
34.02 
50.82 

Setting 
Angle (Peg) 

59.95 
53.97 
45.83 
35.79 
23.82 

:\L. E. R.     -   Leading edge radius 
T.E.R.     -   Trailing edge radius 
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II    •U**LKMftNT*nv   MOTKS 

Addendum to " ■ihimf II ol a Z-voIurno 
report 

1i     «HOH1IIMINU   Ml I   I  I *HT    *(   flVllv 

US Army Aviation Materiel Laboratories 
Fort Eustisi Vircinis 

II.  •••TIIACT 

This report  presents the   redesign analysis >     th»' axial rompressor  pru^r.im for 
the advancement of small gas turbine component technology,    (U) 

A two-stage axial «.onipressor was redesigned using test data from the previous 
two stage tests together with an analysis of a family of high-pressu re-ratio 
compressor  rotors.     The major changes made to the  original design were   reduced 
solidity in both  rotors,   increased first-stage  rotor aspect  ratio,   and modified 
first-stage  rotor blade profile.     (U) 

The  redesigned axial compressor had the following design performance goals: 

Airflow   "   S lbs/sec 
Pressure  ratio -   5.0:1 
Adiabatic   efficiency ■  82.6 pet 
Inlet hub tip ratio - 0. S 1 
First-stage  rotor tip speed      1448 ft/sec     (U) 
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