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ABSTRACT 

A prncedure ;s presented for predicting the flow through axial compressors. The matrix 

,h,oiJghf .ow equ.,tio:1 i, transformed to yield an expression of radius dependent on stream 

fll. ,c, on a11d axial po,1t1{1;i. The soiution of the resultant equation combines the advantages 

ot folh wing streamline!, :hr, ugh the calcula!Jon domain (as in the streamline curvature 

method, SCM) with the stability of the matrix throughflow method (MTFM), and is 

correspondingly called the streamline through flow method (STFM). The predictions of the 

method were compared to analytical results for a number of inviscid test cases and gave goo<l 
result,. 

As with the SCM and MTFM. using STFM to predict turbomachmery flows requires empirical 

model-. for cascade loss and llefl•·..:tion as well as endwall loss. The off-design loss and 

deflection model of Howell >was used as the basi., fc: J new off-design correlation, H2. valid 

for axial velocity density ratios (AVDR) of unity. The H2 rnrrelation was developed from 
the NACA 65-Senes database as carpet-plotted by Felix. 

A simple subcrillcal Reynolds number correlation for loss and detlecti,m was adapted from 

a method of Roberts, using inlet blade chord Reynolds number, camber angle, pitch-chord 

ratio, maximu,n b!adc thickness-chord ratio and • :~oul..!nce factor a,; parac 1eter!i. T!ic H2 

co:-relu:;r,n 10ge1t,•: r with the adapted Roberts correlation . ., ·e good predictions of loss and 

defl,·c11vri lnr low-Reynolds number cascade flows at AVOR values ol unity. 

Mea-,urem~1.1• \v1
• , • taker. at the compressor inlet and behind ea~h bl .. jc ro\·.' ;Jf a low speed, 

three stage ..ixinl il0,1.· •0r-•pr,'ssor at three flowrates: near-design, near-surge and near-choke. 

Tl:e predictions ot S1 r M using Howcl!'s endwaJI loss models, the modified low Reynolds 

numher correlation an<l , • ,1JCl..lively Howell's original off design method and H2 were 

comp.:rcc1 wirh the exp.:rimcnta' ,.',ults. Ho"·ell's method predicted pressure nse to within 

3% at di dgn aurl I 0% at 0ff-dc<;1g1• , :-;-1pared tu " % at d1.:sign and 9% at off-design for the 

h2 md:od. The predic.tic,n ot flow angl.:!~ for 112 were considerably worse than that of 
Hl'Well. rhi'> was deemed :o be caus d by ; ' 1DR effects. 

An interim A VDR correlacion, dependent on stagger angle, was used together with H2. 

Chcosing valuc.s of A VDR for the interim correlation which together with H2 would predict 

flow angles to match the experimental values, predictions of total pressure rise within 3% at 

design and 8CJf at off-design were achieved. As a measure of confidence can be placed in H2 

and the modified low Reynolds number correlation, rhe endwaJI loss correlation of Howell 
w~s determined to be the cause of lack of further gains m accuracy. 
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OPSOMMING 

'n Prosedurc v1r die voorspel van vloei deur aksiaalkompressors word daargestcl. Di,e 

matriksdeurvloeivcrgelyking word getransformeer om 'n uitdrukking van radius, wat 

afbanldik is van stroomfunksie en c1ks:. le posisie, te gee. Die oplossing van die gevolglike 

vergelyking span die \-Oordelc verbonde aan die volg van stroomlyne deur die 

berekeningsgebicd (soos in the stroomlynkrommingsmctode, SKM) met die stabiliteit van 

die matriksdeurvloeimetod~ (MDVM), saam. Dienoorkomstig word die prosedure die 

stroomlyndcurvloeimetodc (SDVM) genoem. Die voorspellings van die metode is met 

analitic'>e rcsulta!e van 'n aantal nie-viskeuse proefgevalle vergclyk en goeie resultate is 

hehaal. 

Soos met die SKM en MDVM, genoodsaak die gebruik van SDVM om vloei deur 

turbomm,jiene tc voorspel ernpiriese kaskadc verlies- en defleksiemodelle, asook 

wandverliesmodclle. Die af-ontwcrp vcrlies- en defleksiemodel •, an Howell is as 'n basis 

gebrutk vir ' n nuwe af-ontwcrp korrclasie, H2, wat geldig is vir 

aks1aalsnelheid-digtheidsverhoudings (ASDV) van een. Die H2 korrelasie is vanuit die 

NACA 65-Reeks databasis soos deur Felix gcplot, ontwikkel. 

'n Subk.ritiese Reynold get al korrelasie vir verlies en defleksie is vanuit 'n met ode van Roberts 

aangepas. Hier<lie metodc maakgebrnik van inlaat lemkoord Reynoldsgetal, krommingshoek, 

lcmspasie-koordvcrhoudmg, rnaksimum lcmdil..te-koordvcrhouding en turbulensiefaktor as 

parameters. Die H2 l..orrelasie, saam met die aangepaste Roberts korrclasie, het goeic 

voorspcll i ngs van vcrl ics en defleksic vir lae Rcynoldsgetal kaskadevloeie met ASDV waardes 

van een gegcc. 

Metings is gencem by die kompressorinlaat en agter elke lcmry van 'n lae-spoed, driestadium 

aksiaaJvloeikompressor teen drie massavloeie: naby die ontwerppunt, naby die stollyn en 

naby die wurglyn Die voorspellings van SDVM met gebruik van Howell se 

wa'1dverliesmodellc, die gemodifiscerde lae Reynoldsgetal korrelasie en onderskeidelik 

Howell sc oorspronk.like af-ontwerp metode en H2, is met die ekspcrimentele resultatc 

vergclyk. Howell se mctode het drukstyging tot binne 3% by ontwerp en 10% by af-ontwerp 

voorspcl, in vergl.!leke met 4% by ontwerp en 9% by af-ontwcrp vir die H2 mctode. The 

voorspelling van vloeihoeke deur H2 is heelwat swakker as die van Howell. Dit is as gcvolg 

van ASDV-effekte geag. 
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' n Interim ASDV korrelasie. atbanklik van lcmstelhoek, is saam met H2 gebruik. Deur van 

ASDV waardes vir die interim korrelasie le kies wat saam met H2 die eksperimentele 

vloe1hoek~sal voorspel, is totaledruk voorspellings binne 3% by ontwerpen 8% by af-ontwerp 

behaaJ . Aangesien · n mate van vertroue in H2 en die aangepasde lae ReynoldsgetaJ korre)a<;ie 

gcplaas kan word. is die wandverlies korrclasie van Howell uitgesonder as die oorsaak van 

die gclm:k aan verderc verbctcrings in akkuraathcid. 

Trefwoorde: 

aksiaalsnelhcid-digdheidsverhouding, ASDV, af-ontwerp defleksie, af-of"ltwerp verlies, 

di;urvloei, H2. kask?.~e. kompressor, kritiese ReynoldsgetaJ, lac Reynoldsgetal, 

matriksdcurvloeimetode, MDFM, NACA-65, SDVM, SKM, stroumlynkromming, 

stroomlynkrommingsmetnde, subkritiese Reynoldsgetal 
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NOMENCLATURE 

a distance along blade chord line to point of maximt::m camber, Davis and WJllar 

exponent for Reynolds number loss correlation 

A area, determinant of Boadway's transformation matrix 

b maximum camber (measured perpendicular to chord line) 
c velocity 

c( ) constant 

C0 drag coefficient 

C00 annulus drag coefficient 

CD_, secondary flow drag coefficient 

CL lift coefficient 

D drag force, diffusion factor 

D equivalent diffusion ratio ,q 

F body force 

h enthalpy 

H blade height 

incidence angle 

K constant in A VDR correlation 

/ chord length 

L lift force 

L, macroscale 

m coefficient of Constant's deviation rule 

M gradient coefficient in H2 correlation 

n exponent for Constant's deviation rule 

n normal vector 

p pressure 

r radial co--ordinate, radial position ..>f streamline 

Re Reynolds number 

Rer cascade inlet Rc.,ynolds number based on blade chord 

s entropy, blade pitch 

S southern grid point, source terms 

S dimensionless angle of correlation of Jansen and Mo~fat 
t thickness 

T absolute ttmperature 

Tu turbulence intensity 

U dimensionless axial velocity 

v local velocity 
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V mag,1itude of velocity vector 

v1 component of velocity along stn:amline 

W dimensionless radial velocity 

X blade force i~ axial direction 

y displacement in the traverse plane or blade to blade direction 

Y blade force an tangential direction 

:: axial co-ordinate (cylindrical coordinates) 

ex flow angle (inlet or outlet) 

ex' blade angle (inlet or outlet) 

cxm mean flow angle 

y blade sta~ger angle 

o deviation dllgle, boundary layer thickness 

o,, deviation angle at A VDR = I 

6 difference 

E deflection angle 

~ :oss coefficient: l; = !lpj: pc;) 
<p d1..mrny variable of rand z for Boadway's transformation 

'If stream funccion 

p density 

P.. far upstream 1cfe1ence density 

cr solidity (/Is) 

· - / 1 2) t•> lo~s coefficient: w = !lp,,,\.. 2 pc1 

n angular v.!locity 

u camber angle 

Subscripts 

B burstmg 

c choke 

er critical 

e midpoint between eastern and central points in discretisallon grid 

E eastern grid point in discretisation gnd 

elf effective 

n midpoint between northern and central points in discretisall- n grid 

N northern point in discretisation grid 

o stagnation 

vpt Carter's optimum condition 

p pressure surf ace 

- xxiii -

Stellenbosch University https://scholar.sun.ac.za



ref reference 

s stall, suction surface, midpoint between southern and central point<; in discretisation 

gnd 

S 'ieparation, distance rrom stagnau~~ pnint, southern point in dic;crctisation grid 

SB subbursting 

11, midpoint between western and central points 111 discretisation grid 

W western point in discretisation grid 

x axial 

y blade to blade direction 

z axial in cylindrical coordinate<; 

/ upstream, hlade inlet 

2 downstream, blade exit 

0 tangential 

Superscripts 

* nominal condition, design condition 

" non-dimensionaJised 

inches, corrected value for Jansen and Moffat correlation 
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1 INTRODUCTION 

1. J B~ rt.ground 

Many theorctkal method, exi,t fo, the simulation of thret·-dimem,ional flows through 

axial-flow turbomachinery. As the flow is inherently three-dimensional. different approaches 

have historically been taken to arrive at ,olutions. Initially the calculation method, 

concenrrntl' d on solving two ,cts of equations describing ~ vo-Jimensional flows. one set 

concerning axi,ymmctric flow in the axial-radial plane, the other flow on a stream ,urface of 

revolution. The former set is generally r-derred to as meridio11al throughflow methods, the 

latter as "blade-to-blade" methods During the last decade . however, emphasis has shifted 

towards the cJcvcloprnent and applicatinn of computational fluid dynamic (CFD) methods 

which allo\\ calculation of the full three-dimensional flowfield without two dimensional 

a,,umption,. lntti.!lly used for the calculation of three-dimen,ional flows through blade rows, 

CFO has more recently allowed the simulation of flows through multistage machines. 

Being fuily three-dimensional .,imulation,. the CFO methods have formidat:le computer 

memory and proccs,mg power requirements, and solve either the discretised invi,cid F.Lilc~ 

equations nr the di,creti,ed vi,couo; Na vier-Stokes (N-S) e..;uations compounded 0y a relevant 

turhulcnce model. At least four equ.1tions arc ,olvcd at each node in both method,, the 

continuity equation and the three velocity component e4u:1tiom If the flow modelled is 

nnn -i,othcrmal, an energy equation must be solved as \\ell. In the case of the N-S methods 

additional equatmns model 1he ~, feet of turbulenre (2 in the case of1he k - £ turbulence modd ), 

A di sad\ antagc to N-S i, th.H the number of nodes rcquia ,•d greatly exceeds that of the Euler 

methods, since sh'Cp gradient" in fluid variables exbt at wall boundaries and blade surfaces 

,~uc to\ iscous cffl'ch. By contra.,t, the inviscid Euler equations cannot model those secondary 

Ill, .. phenomena that arc boundary-layer cJriven: <."ndwall effect, including tip clearance 

vortices and corner separation; blade boundary layer wakes; spanwise flow along blade 

boundary l,1yer, and !.eparation bubbles. Prcdtctmn 1"f blade row exit flow angles is therefore 
poor compared to N S. 

Blade row interactions using CFO are taken into m ')Unt by circumferentially averaging the 

_upstream blade row outlet \araablcs at a given ratliu . Different solution algorithm~ exist for 

the CFO methods depending on whether the flow "' largely incomp:cssible, ,;ubsomc, 
transonic or supt:r, onic. 

• I • 
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Dt>spite the <levdopme .. ts in CFO a need still exists for simple meridional flow calculation 

methods whic'.1, when combtncd with .., .·,ni-empirical loss and hlade deviation models, arc 

reliable prelirn1 .. ~ry design tool,. Meridic-nal methods have much more modest computer 

memory and prnccs-.ing 1,n•.i.1e. n.!1.jUin:n.;•r,ts c0··1p.ired to CFO, whkh mean that either simpler 

machines ..,uch as personal .:1,r ,i1ul ··, c,111 t,: .:111ployed rn else solution times on advanced 

machine!'> arc greatly reduced. 

The most popuhu meridional throughflow mcthoJ :s :la." S1rca111l11ll' Curvatt ',: I\ ;cthod (SCM) 

(Novak. 1967: Davis um! Millar, 1975; Denton. 1978) which i'> used in many commerciul 

and in-house <:odes. The advantages of SCM are that it requires sm:.111 computer memory and 

that being strl!amline ba!->ed, flow propert1e, arc conserved along str~amlines as in mviscid 

f10w 1 >r else determined by the actual llow path Since streamlines an! used computational 

rcs1!lts du not need to he interpolated for interpretation. Disadvanta~1.::-. of the SCM a.re the 

determination of the !-.Lreamline curvature since it is dependent on the type c.1f curve fit, the 

change in blade section pwFrties ,vith '-lfe·Jmlinc shift hctwccn iteratio1i\ and instab11ily 

cau,ed by uneven ,panng of qu..isi-on!tc;gonah. 

An alternative meridional lhroughflow ,~--~~nod is the r.1atrix 1hrougl!~low m~·.hod (MTFM) 

(Marsh, 1968; Davi!'. and Millar, I J75) which soivcs the ;angemt<il vorticity equatkm 

expressed in tcrnv, of the ,tream function a-. independent variable on a fixt>d in1.:1:;:1llar grid. 

Vdocities and eventually other vanablcs can he calculated at eacl: grid point from tnc sirt·am 

function values. The advantages of the M fFM arc the use of standard Cf D d i,;cretls.;\;\l:l 

,chcmes and !>oluuun method, and its inherent stahilily, since it 1s solved as an elliptic Pois-.,•n 

equation of the form: 

I.I 

The di,advantagcs of the \1TFM are the requirement of larger computer memory and the 

advantage-. of using strc rn,lines a-; in the SCM are lost. In addition to the advantages and 

db,advantagc), of the two methods discussed above, Davi), and Millar ( 1975). comparing the 

two method..,, found that fewer iterations were required for convergence and overall running 

times were shorh. · for the MTFM, but the programming was le~s simple th:•n for the SCM. 

Denton (l 9781 adds that the SCM is the natural choice in problems for which regions of 

Mtpersonic flow are expected, as stream function methods cannot easily be used lo analyse 

flow-; where patches of !->Upcrsonic flow Pxist. For a given value of stream function two 
I 
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po.,sibk v1.docity fields values exist, one at a Mach number less than and one greater than 

unity. and there i-, no a priori way of deciding which solution ..,hould be chosen. This problem 

is relat1wly ca-.ily overcome with SCM. 

A di,advan1agc of both the MTFM and the SCM j.., the axisymmetric inviscid flow as-.umption 

itself. Blade row, arc modelled hy empirical ca-,cadc test correlation, for fluid deflection and 

pre.....,urc lo,, (.k-pcndcnt on hlade loading and geometry, while ncur-wall vi-.cous effects arc 

taken into account by d1,placcmen1 thicknesses at hub and shroud boundarie,, blockage factors 

or end wall bmmdary calculation procedures (Davi.., and Millar, 1975). The effect ot\econdary 

flow-. i-. .,crnunted for by rnrrel:11ion. Recirculating flows arc not calculable. 

A con..,ideration of the vanow, methods led tn the question of whether the best properties of 

the two a;,mymmetric method-. could be combinL•d: the ,1ah1h1y and lack of streamline 

curvature a,,umption-. of the MTFM with the streamline property con,ervation advantage, 

of the SCM. Bo.tdwuy ( I 97f- ' de,cribcd such a method for general irrotational 

non-turbomachmcry flows , transforming the Laplace equation expressed in terms of the 
,trcam !unction, 

1.2 

hy mean, of a chauge of v,iriables to: 

[ 
i),. ] ~ ai,. r ( dr )zj· iir I l or Ji .., or ar i?r - -+ I+ - -=-- - +-----d\j/ a: l L i);: d\jr r a\jl iJ: d\jl dZ d\jl 1.3 

Applying the -,ame tn1n,tormation to the MTFM equation, an equation is ,1rrived at which 

resemble, the SCM in h.i\ ing -.1rcamhnc position as dependent variable, but in general 

formul.11ion is similar to the MTFM. For this reason the new method is called the StreJmlinc 

Thrnughllow Methml (STFM) (von Backstrfim and Rom,, 1993). 

- 3 -
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1.2 Scope and Objectives 

The purpose of this thesis is to investigate the stability and accuracy of the STFM, and then 

analyse flow through a low pressure-ratio (essentially incompressible) three stage axial-flow 

compressor using the STFM for a design flowrate and two off-design tlowrates, one each 
near choke and surge. 

Empirical cascade correlations for flow deflection, pressure loss and secondary flow will be 

used in the STFM code. The results generated by the STFM will be compared to tho!-e obtained 

by experiment. The STFM will be evaluated with respect to its predicted velocity and total 

pressure distributions The experimental analysis will serve to indicate how accurately the 
axi!,ymmetric analysis predicts the real now. 

-4-
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2 EXPERIMENTAL PROCEDURE AND RESULTS 

2.1 Introduction 

Experimental compressor data are required to vahdate the predictions of the ~TFM and the 

model-. nr cascade dcllection and profile and endwall loss. In th,, chapter the apparatus and 

procedure used to generate this data is described. Firstly the compressor testbench layout, 

assembly, blading and operation is discussed. Sections follow dcscrit,ing the instrumentation 

aml aerodynamic probe used and their calibration. The experimentaJ procedure is given, and 

finally the results generated by the r;xperimcnts are presented and discussed. 

2.2 Descripti<m of Test Bench 

The test bench consists of the low pressure ratio three-stage Rofanco axial flow compressor, 

shown in figure 2.1. At the inlet an annular bellmouth configuration with inner and outer 

11angcs guides the flow from a mixed flow (axial and radial flow) into the axial parallel-walled 

comprcsso,· inlct annulus. Six struts equally spaced circumferentially around the inlet between 
the hub and the casing provide structural stiffness. 

A straightener consisting ol -,ix honeycomb sections wedged bet ween the inict struts removes 

any swirl f1 om the flow. Attached to the downstream edges of the struts an annular wire mesh 

removes wa1'.es induced by the honeycomb and generates near isotropic turbulence (Roach, 

1987). The honeycomb and mesh were installed by Lewis ( J 989) to remove low frequ .. mcy 
fluctuations observed al the inlet. 

The casing is split along the horizontal diameter to allow access tu the blades. The rotor 

blades arc bolled onto the rotor d-iim, and the stator blades are bolted into half rings which 

fit into circumferential grooves on the inside of the casing. Stagger angles of the rotor and 

stator blades arc fixed using jigs (Roos, 1990). Three builds arc possible, giving axial blade 

pitches of 0.5", 0. 75" and tlP75", and this is achieved by three separate rotor drums and three 
casings. The ma>.imurn axial spacing build was used. 

The stator rings can be moved circumforentially a dist;,1• ... e ni , · ·1iade pitches while the 

·ompressor is running to allow circumferential travcr~e c,f fl, , · t·dund the stator rows. The 

compressor blading was de5igned for 80% reaction using N ALA 6.'i blade profiles on a circular 

arc camber line by Benade ( 1987). The design pressure ratio and mass flow occurs at 3000 

rpm, and is I .')3 and 2.66 kg/s respectively at standard sea level conditions, namely slat ic 

pressure of IO 1.3 kPa and static temperature of 293 K. The blade design details are given in 

• 5 -
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table 2.1. The stages are repeating, which is to say that the velocity triangles at a given radius 

arc com,idered the same for all three stages. Although inlet guide vanes (IGV's) were part 

of the original de,ign, they were not installed by Lewis ( 1989) for his singlc." stage tests. Their 

absence was not regarded as significant due to the high reaction of the blading. 

The compressor casing has static pressure tapping points and probe traverse positions at seven 

axial stations, one at inlet after the IGV's and tine after each blade row. At each axinl station 

there arc four cirt.umferentially spaced static pres.,ure tapping points to allow 

circumterentwlly averaged readings. In add1t1on, at each axial station there ::re two probe 

traverse positions, one on the left and the other on the right at equal angles from the vertical, 
to chrck for now asymmetry. 

An annular diffu,cr decelerate, the flow after the last blade row, discharging into a dump 

plenum. Two honeycomb., tn the plenum straighten the now before it passes through a 

mc,L,uremcnt Venturi. A lockable throttle plate at the end of the Venturi diffuser permits 
control of the ma,s now. 

The cumpres,or is driven by a 151 Ip D motor. Thyristor ,peed control ensures speed holding 
acer :ate to 0. 1 '7r: over the r.mge 300-3000 rpm, even at surge. 

2.3 Description of Instrumentation 

2.3.1 Pressure measurement 

I .cw is ( 1989) measured prc,.,urcs u,ing a ,ingle HB• •I IO kPa djfferential pres.,ure transducer 

linked to an HMB bridge amplifier. The sequential switching of micro-soicnoids in a Furness 

Controls Selector allowed up to 20 individual prc,sure'i to be transmitted lo the transducer 

consccut1vcly. A microcomputer equipped with an analog-to-dig1tal converter card controlled 

the ,olenoid ,witching and the mea.,urcment of the output from the bndgc amplifier. Lewis 

doc.., not desert be the microcomputer, but Gcttliff e ( 1992) made use of an Olivetti M21 PC 

with analog-to-digital card, and it could have been the same machine. 

The same instrumentation a, used by Lewi-, was employed by Gettllffe, but with minor 

differences for various reason.,. Instead of an HBM pressure transducer Gettliff e used a 

Foxboro transducer linked to the Furness Controls Selector, with the channel selection done 
manually rather than by computer. 
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In the pre!-ei11 experimental series, the methods of Gettliffe were followed with a few 

modifi .:ations. 

Ongmally. p:.!,sures were to be measured using a Foxboro differential pressure transducer, 

as u,etl hy Gettliffe, ,ince it is typically robust and not sensitive enough to register the higher 

frequency pressure oscillations caused by turbulence. An HBM p,essure transducer, hnwever, 

was used in.,tead for reasons explained m section 2.4. 1 under the calibration procedure. 

To take out turbulent fluctuations, damping cylinders were used in the pressure line~. 

2.3.2 Flow Measurement 

Lewis ( 1989) used a three-hole cobra probe for measuring hub-to-casing profiles of flow 

velocity, angle and static and total pressure. A diagram of a cobra probe is given in figure 

2.2. The assumpti •,1 wa, that due to the high hub-to-tip ratio of the blades, the radiaJ 

component of vcloc11y would be small, and the flow could be assumed approximately 

two-dimensional in the axial-tangential plane. 

Two method-. arc given by Lewis for determining flow angles using the cobra probe. In the 

first, the probe is nulled to the flow by rotating the probe until the pressure1, meusured by the 

two side tubes arc equal. The orientation of the probe stem indicates the flow direction. The 

alternative technique 1s to fix the probe direction and calibrate a set of k-factors against known 

flow angles and Reynolds numbers. The details of this technique are given in Lewis' text. 

Lewis used .i combmation of the two metho<ls by approximately nulling the probe to the flow 

and then fixing the probe ,cuing angle. During a traverse, the probe calibraticn was used to 

determine the flow parameter,. This had the advantage of narrowing the required calibration 

range of the probe. The probe was mounted in a traversing mechanism which was operated 

manually. 

Lewis also made use of a TSI Intelligent Flow Analyser and hut-film sensor to measure inlet 

turbulence levels as well as velocity. 

The same instrumcntatic,n ;1 , used by Lewis was employed by Gettliffe, but with minor 

differences for various re ... ons. 

Gettliffe made use of the nulling technique of now angle determination for the cobra probe 

rather than the k-factors used by Lewis for non-nulled probe position. The probe angle was 

measured using an angular potentiometer fixed to the probe and the traversing mechanism. 

- 7 -

Stellenbosch University https://scholar.sun.ac.za



- - - - ----------·------------ --- ---·----.... SQ 

The yaw angle as well as the radial traverse position was controlled by stepper motors from 

thi: computer. The stepper motors were only able to move in increments of l .8°, which limited 

the number of angles at which the probe could be set. At the true tlow angle the difference 

between the pressures in the left and right tubes of the cobra probe would be zero. At each 

radial station readings were taken :it three consecutive angles straddling the true angle, and 

interpolation was used to obtain the correct flow angle. 

The velocities were obtained from the dynamic _>ressure ratio with the probe nulled to the 

flow. The dynamic pressure ratio is that ratio of dynamic pressure to quasi-dynamic pressure, 

wh.:re the dynamic pressure is the difference between the total pressure tmeasured by the 

<.:en~al tube of the probe) and the static pressure, and the quasi-dynamic pressure being the 

:lifference between the total pressure and the pressure measured by one of the side tubes of 

the probe. 

ln the present experimental series, the methods of Gettliffe were followed with a few 

modifications. 

Diffict.lties arose with the dr:vers and wiring of the stepper motors. Due to lack of time, their 

use 10 comrol radia~ .ind ang11lar traverses was abandoned. Traverses were done manually. 

lo prevent angular rlrift of the probe during measurement under simultaneous influence of 

vibration and the weight of the pneumatic piping, t!1e u,,11Jugged angular stepper motor was 

u<;cd 10 hold the probe a1 the given ang!~. Inte;polation w,1s used to obtain the flow angles. 

2.3.3 Rotor Spf'e~ Measurl!m~nt 

A geared wheel with 60 teeth i- fix--'.: ,o the mai:• '-, .ve sh .. fl. The frequency in Hertz of 

pulses from a magnetic transducer pid:irg up th~ p.i~sing of e~r.h tooth was shown on the 

LED display of a frequency counter. As there ar~ fJi1 teeth on the gear, the display in Hertz 

is cquiwlent to the number of revoluti0ns per mi11ute. A toggle switch on the counter allowed 

the display to shew exactly half the frequen..,y . This setting was necessary for rotor speeds 

near 3 000 rpm because the counter could not follow frequencies that high, so a d1:.play of 

l 500 at the second setting indicated that the compressor was running at design speed. 
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2.4 Calibration 

2.4.1 Pressure Transducer 

The analog-10-d1gi1al c.-rd converts voltage s1gnuls between -JO · and 9.99.SV to an integer 

between -32 768 und 32 752. By d1v1dmg the resultant integer value by 32 768 and 

multiplying by IO the original input rnltage can be found. Gettliffe calibrated the input 

pressures and angles to the Foxboro transducer and potentiometer respectively directly against 

the integer readings f1om the analog-to-digllal card. a:1d not the voltage outputs. The pressure 
trans;duccr was calibrnted by means of a Beu micromanornctcr. 

The ... amc procedure was follo\\-ed for the current test series. First a Foxboro pressure 

transducer wa.., calthratcd 1n th1, wa}. Dunnp calibration the output of the Foxboro was found 

to be very linear, hut d1.,playcd a scatter of up to ..t25 Pa from the linear lit consbtently across 
the runge of calibration. 

For u tn:e dynu1nic prcs-,ure om Pa indicating a velocity ofO mis a mem,ured dynamic pressure 

of 2'.'i Pa wmlld y1.:ld a mea..,ured velocity of 6 mis, or : 5% oftrc maximum expected velocity 

in the comprcs,or. This lack of preci-,1on was clearly unacceptable. The reas,Jn for the scatter 

was that thc Foxboro had a large ope rat mg range ·md the ,mall yet rcprescntutivc differential 

pressures innemenh mea,urcd during calibra!ion corresponded to threshold voltages 

increment, for the an.ilog to digital card. A foxboro with a smaller operating range could 
not be li.iund. so un I fBM prl!ssurc transducer wa., used instead. 

Two sets of pressure di ff erent1al readi11g., were taken from -1 . 75 kPa 10 I. 75 kPa to check for 

repca1ab1h1y, and a linear regression was performed. Figure 2.J sho"ws the results of the 
calibrntion. The repeatability was excellent. 

The d1ffNence between the true readings and the regression prediction for each reading i!-> 

-,hown plotted on the -.ame graph on a differ~nt y-axi-; as the I st and 2nd set errors. The error 

has improved from 25 Pa for the Foxboro to about 3 Pa for the HBM in the low pressure 

region. For a true velocity of 0 m1., this could yield a measured velocity of 2.2 mis, or 5.5~ 

of the maximum expected velocity in the compressor. At no stage i,; the velocity expected 

to fall to :,-,ero, hut for a true velocity of 10 mis this imprec1s1on translate, to a veloc1ty error 

of 0.25 mis. whereas for the foxboro a velocity error of 1.9 m/s would result. 
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2.4.2 Angular Potentiometer 

The angular potentiometer was calibrated by mean!-of protractor. Two sds of angular readings 

were taken from o· to 180° lo check for repeatability, and a linear regression was performed. 

Figure 2.4 shows the results of the calibration. The repeatabiHty was again '!Xcellent. 

The difference between the true readings and the regression prediction for each reading is 

shown plotted on the same graph on a different y-axis as the I st and 2nd set errors. A large 

error spike of 2° is shown to exist at 80°, but everywherP. else the error is only of the order 

OS and smaller. The OS and smaller errors fall within the range of human judgement error 

for the protractor userl, and were not considered potentiometer inaccuracies. It was decided 

io use the potentiometer in the range of 180° to J00°, far from the 2• error region. 

2.4.3 Cobra Probe 

The cobra probe was calibrated in the Calibration Facility as described by Glass ( 1986). This 

facility was designed for the calibration of aerodynamic probes and can be described as a 

small subsonic wind tunnel. Figure 2.5 shows the layout of the facility. 

Two methods can be employed to induce air through the test section for probe calibration: a 

blow-down and an ejector mode. In the ejector mode, the ball valve B
1 

is removed from the 

system leaving the front nange of the plenu,r open to atmosphere. Opening ball valve B
2 

supplies high pressure air to the ejector nozzle downstream of the test section, and so draws 

air from the atmosphere through the plenum. In the blow-down mode the plenum is supplied 

with high pressure air fro:n ball valve 8 1, and the ejector is used only when necessary. Higher 

velocities and Mach numLJt:rs can be obtained in the test section for the blow-down mode 

than the ejector mode, but requires much rnore air which influences the available calibration 

time. As th~ Mach numbers in the compressor are not expected to exceed 0.1, calibre1-tion of 
the probe was performed in the ejector mode. 

The Mach number in the test section is determined by a sized nozzle located in the ejector 

which chokes the flow. The test section Mach number resulting from use of this noz.zle is 

0.118. This amounts to a velocity of 40 mis. The compressor velocities are expected to be 

about 34 mis but Lewis ( 1989) found that Reynolds number dependence of a cobra probe is 

very small in this range, with a slight increase in effect being visible at half this speed. so a 

calibration of the probe at 40 mis was regarded as apph.;able. 
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The probe calibration procedure followed was the same as that of Gettliffe (1992), with the 

goa.l being to Jetermine the dynamic pressure ratio with the probe nulled to the flow. The 

probe was rotated from a nominal -12° to 12° and the plenum to test section dynamic pre.;sure, 

the probe dynamic pressure, the quasi-dynamic pressure and the differential pressure between 

the outer two tubes of the cobra probe were measured at approximately l .8° angular intervals. 

The results arc shown i!l figure 2.6. The probe is regarded a-. nulled to the now when the 

di ffercntial pressure between the outer two tubes is zero. The position of the zero angle was 

found by linear interpolation. After fitting a quadratic function th•.., i the five closest points, 

the value of the dynamic pressure ratio was found by quadratic interpolation to be 2.084. 

2.5 Experimental procedure 

The compressor was r1Jn at ihree c!ifferent flowrates, near-design, near-surge;: and near-choke. 

The near-design flowrate was found by moving the throttle plate until the mass flowrate a<, 

mdicated by the uncalibrated venturi was approximately 2.66 kg/s. The near-surge flowrate 

was found by opening the throttle until the gap uetween the throttle plate and the exit duct 

was a fraction wider than 0.375". the surge position as mentioned in the manual. For the 

near-choke flowrate 1he throttJe was simply opened as wide as possible. All tests were 

performed c1~ J 000 rpm. 

Radial traverses were performed at inlet and behind each blade row at each of tlie flowrates 

using the cobra probe. The radi11l increme.it~ grew from I mm at the hub and casing to 4 mm 

at the centre. A varying increment size was used to capture detail in the b01;ndary layers but 

not wa!'>te effort in the centre where grad.!nts in angle and velocity W"'re not expected to be 

great. At least three measurements were taken at each rad1al station. This was done to provide 

points for linear interpolation to determine the flow angle!-. and velocities. 

Measurements were taken using only one of the two banks of ,robe traverse positions. The 

only exception was at the inlet at the near-de.'>ign flowrate to ensure a smooth inlet velocity 

profile. ln addition, as explained in section 2.3.2, radial and angular traverses had to be 

performed manually, greatly increasing !lit> time to complete a single radial traverse. Since 

three flowrates had to be covered with ~even axial stations per flownuc, time constraints 

dictated that only one radial traverse could be done per blade row. For this reason, use was 

not made of the c: :cumferentially movable stator rings to obtain a range of readings for a 

blade-to-blade average <11 ea~h mcasurenent radius. Measurements behind the stator rows 

consisted of .i single radial traverse behind each stator row. 
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While b~ginning testing, 1t was discovcrf'd 1hc.1t the rnlct velocity profile"' as far from sn ooth, 

:md up!)earcd jagged and uneven. l011i;:lly it was thought that the h•1ncycomb segments were 

n<>t propcily in:;erted, bul were i11 fac:t dh,torted, causing flow ,o be alternatively focussed anJ 

dispersed at u1fforcnt radii Ly respectively conver;enl and divergent :\djacent honeycomb 

cc!ls. Afte,· n.·moval, straightening u11d careful reinstallation of the honeycomb, the results 

were no uiffcreut. Thl' c,1usc v. .is l!n!nt!tally fouml :o be tluff acct.mu lated from yl!ars of 

Lest:- v. hich hl'd been trapped on the upstream sicic of ti.e in lee mesh. After deaning the mesh 

th.! inlet profiles Wl!fC muc.h :;moo1:1..:r. 

After the mcasuremc:1ts ha<l hl·en •·,ken. the da1a on the flcppy disk was imported into a 

~!')readsheet .111d ihc interpolation was done to obtain the flow angles and velocities. Static 

pressure values were deduced at each r.tdial station from the total pressures and the 

4uasi-dyna111ic pressures. Densities we1c calcul11ted from the static pressures and the external 

lotJl pressure. Two er ,>rs were introduced hy this procedure. Firstly the l.lS'-Umption that the 

stJgnation temperature docs not change across blade ro\\s ~1ves rise to a cumulative 

tcmpcra~urc underprcdiction of I .J. K per sta~c, at •he meanhne al the design llowrace, or 4.2 

K ,icr0,-; the wh\,lc lOn 1xesso1. Th1,, second error, using the total and not static temperature. 

ghcs nse to ,1 constant tempc: <!lure overprediction of 0.8 K after rotor rows and 0.6 K after 

st.,tor iows. ,, orking against the first error. Den~ity is therefor~ 1.16% overpredicted at the 

las1 rotor row and 1.23% o, erprcdictcd al the last stator row. These errors were consiJcred 

acccptahlc, 

2,6 Results 

Till 1.;-s11ll:-. were plol!cd on graphs db,playing Jlow a,1glc. l,·ngcntial velocity, uxial velocity 

an<l total pn.:ssme. The axe, of the axiul velocity graphs we1 .. shifted 10 allow all the s:age 

data 111 b~ pre ,l."ntcd or1 ., single graph for cad1 11m ·ratL. n• :i, v, a'> done by raising the zeroes 

:)f rhc rutcr pwfiles hy 20 111/s ,1nd the inlet profiks: y •10 ml:-. The axe, of the total pressure 

graph-. were also sniftl!tl. To allow fcrcompari,on the torn) Pr'!i:sures were plotted with respccc 

to the mas.., aw rage of the inlet tot:il pres:,Url!, effective!; defimng the inlet total pressure a.s 

1cro for cu~ h llowratc. Th~ llow an£les \Wrc almost all negative by common l!onvcntiun, 

hut were plo11cd a, positi\c to aiJ !l.e rcarler by having the profile al1ovc the x-axis. 

• 12 • 

Stellenbosch University https://scholar.sun.ac.za



2.6. I Ma.,.,; Balances 

Mas, haJances were done at each axial station for each flowrate. and are shown in table 2.2. 

The true mass tlow for each llowrate was taken as the average of the three rotor flow 

cah.:ul.1tion,. Thi, \\ a, done hecau,e the stator .·nd inlet mass ha:ances are overprcdict1ons 
due to hlock,1ge, a, can be seen from the values ;., tahk 2.2. 

The st,1101 mc,Mu-ernem.s were not made up of p1tchwisc averages but we;'e single readings 

at each radiul station. Ca,cade thu)ry dictates tha: to get true values of !urning and pressure 

io-.s it is nccc,,ary to take several readings across •he pitch of the blades in cascade. These 

rcadings mu:-.t thcn hi.! m,1,s and an:a averaged. 111c current set of stator readings, therefore, 

an: ovcrpredietiom. :,111cc they have not reen negatively weighted by the bl.,Jc wake values. 

The -.tator nia,s flows arc 2,lc;; ovcrprcdictcd on average for the near-surge tlowratc. This is 

to he expected hl.'t'au,c :he suction surface blade boundary layers are at their largest at this 

llmvrate t
1 

.. c 10 high incidence angles. and present the most blockage. The ovcrpredictions 

arc mild:!r for the near-design und near-choke flowrates, being 8% and 4% respectively. 

The inlet mass flows arc ulso o\·erprcdi,.tetl, although lc.ss so th:in the stator flows. These 

overprdktion, are 1'.uc to the• wakes of t11e inlet ,trut•: causing blockage. The blockage appears 

lO r.e the ,ame fc,r the ncar-dcsig1: and ne:ir-choke flowratc,, where the inlet flow 
ovcrprcdict ion b :ib,lUI .l89,, hut at the 11ear-st11gc flowrate rise., to 5.5<:r: . 

Ct'mparin~ the rotor mass a, .:rages, the rigrcc111en1 hctwccn the different blaJc rows is very 

good. For the r:car-dcs1gn ,l!,d nc.•,--chokc tlowrates. difli:rcnces ure les:. than J <;,; from the 

avcr.igc. For the nc.is-d1oke flmHall.! the maximum deviation from a\'crage i, l.6'h. 

2.6.l Flow Angle and Tangential Velo<':ly Profiles 

The ink; fiow profile l'an be -..:en to hc approxirn,:tcly axial lrom the flow angle and tangential 

vcloci1y graphs fr; ,tll tiircc llowrati:s, except in the casing boundary luyer. At the near-de-.ign 

tlowratc inlet tr,1
1
·crscs were taken ,!I the left anel r:ght hank. and arc shown at ti,uun.:s 2.:1 ,ind 

2.8. Thl: left and right profile,; corn!sr,1,Pd quite well. except that Oow angle nfthe bulk tlow 

ouhidc •lte huh boundary i, po,itin: for the one oank and nl'gati\'e for the other in a 

nc.ir-syn1111c>trirnl fa•,him, Ti1is 1.·m,ld he a•; 1J rc,u!t or the prescnl'i: of inlet struts. si;ice the 

:..twt positi0n re!ati\'c to the rrnhc :s inverted fro,n o,1e probe ha,!li: to the other . 

• J.l . 
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In the hub boundary layer the circumferential entraining effect of the spinning hub is clear 

for all three flowrates. At the near-choke f!owrate the effect is reduced, since the flow is 

moving faster and has had less time for the viscous forces to drag it circumferentially before 

it reaches the probe. As expected, the effect is most pronounced at the near-surge nowrate. 

At all three 1lowrates the flow pattern can be seen lo be repeatable after the rotor rows, with 

the rotor flow angle and tangential velocity profiles collapsing cnto apr~roximatcly the same 

respective line1,. The only exception to this is the flow behind the first rotor at the near-surge 

flowrutc (figure 2.15 and 2.16), where the turning of the flow is less than for the other rotor 

rows. The explanation is simply that t;'c absence of inlet guide vanes means that the flow 

has not been prcrotated before the first row ')f rotor blades. This lack of prerolation increases 

the incidence angle ";,cen" by ihe first stage 11tor. Cumpsty ( 1989) states that deviation is a 

wcak function of incidence until blade stall 1s app1oached. (The deviation angle •s the 

differen-.c between the air outlet angle and the hlade outlet angle, and is illustrated ir figu1r 

4. I). The absence c,f prer'ltation therefore does not affect the rotor outlet flow angle f0r the 

near-design and near-choke flowrates, since the flow docs not approach stalling incidence. 

At the 1,car-.mrgc flowratc, however, tte flow is very near stall, and so deviation is increased 

and flow turning b correspondingly decreased for the first stage rotor row. 

The flmv pattern after the stator rows 1s also repeatable after all three stages for the near~choke 

J1owratc. The same can be ~.aid for the second and third stages for all three tlov.rates. The 

first st,l!!e stator flow angle and tangential velociL} profiles apocar lower than for the other 

two stages for the near-design a:id the near-surge Oowrates. This 1s possibly due to the probe 

hcing near to th1
.:: suction surface of a firsr stag1;. stator blade during measurement so that the 

, ight ..,idc tube of the probe protrudes into the suction surface boundary layer wake of the 

blade. Since the right tube is •101 reading a "frcestream · quasi-dynamic pressurr but a s lowe1 

boundary layer flow, the probe will under-read the flow angle. 

The above S<.:en:!rio b a very plausible explanation for the near-design flowratc state, flow 

measurement resuils. For the near-surge stator fl<)W the whole probe was probably in the 

boundary IJ)'l'r ,vakc, '>incc the axial velocity measurement for this stage at this flowrate is 

lower than for the other two ,tages, as can be s1.:.cn m figure 2. 17. This is only possible if the 

central LU be of the cobra probe 1s in the houndary l.1yer w~kc, underreading the total pressure. 

The left side tube was probably in the boundary layer wake, as the 1-tator flow angle 

measurement for this '>tage at this flow rate does not differ from the other two stages as much 
as at the near-dc,1gn flnwratc. 
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At the near-surge tlowrate the suction surface boundary layer is expected to be thinner than 

for the other two flowrates , causing the right side tube of the probe to be outside the suction 

:;urface boundary layer of the stator blade. 

2.6.3 Axial V eJocity Profiles 

'I 1-ie inlet axial velocity profiles can be seen to be smooth for the three tlowrntes from figures 

2.9. 2 13 and 2.17, hut an interesting gradient exi!>ls in these profiles with the velocity 

decreasing from hub to casing . The -;ame lrcnd was noticed by Lewis ( 198<;) who went to 

cons1dcrablc lengths to natten out the prolile by adjusting the honeycomb and the !low 

coefficient without success. 

The velocity gradient can be explained hy potential flow theory. The ca!iing flange has greater 

curvature than the hub flange (see figure 2.1 ). As the air flows through the bellmouth, potential 

flow theory di<.:tates that the streamlines lie closer together, and ha"e greater curvature, on 

the casing (the mside of the bend) than on the hub. Flow near tt-ic casmg therefore enteri. the 

honeycomb at a higher vclodty but also gr<.ater inciden_e than al the huh. Thi'.. leads to the 

flow experiencing greater lo-,-.ei. through the honeycomb at the casing than the huh. At the 

measuring stat ion at the inlet to the first rotor there is no streamline curvature, due to the 

combined influence of the parallel walls and the free vortex design of the compressor There 

is also no flow rotation due tu the straightening effect of the honeycomb. A static pressmc 

gradient 1s therefore unpossihlc at the inlet measuring st,lllon, so tht' total pressure g~adicnt 

as de-,cnbcd ahovc re~ulls 10 a velocity gradient. 

Downstream of the blade rows flow coefficient eff~cls come mto play. Outside of the boundary 

layers al the hub and casing, the axial velocity gradient varies depending on 0owratc. Figt•:-e 

2.13 show-. the axial velocity lo decrease with 111creai;ing radius fur tne high flowrate, while 

in figure 2. 17 it increases .vilh radius for the low flowrale. At the near•de!-itgn flowrah~ the 

profile ts approxunatcly flat. This is because a change in axial vciocity causes th" rotor 

velocity triangles to predict varying incidence angle!> from huh to casiPg. As a result the 

thrust imparted lo !ltrcam tubes, aries from hub tc casing. 

2.6.4 Total Pressure Profiles 

The inlet total prcsi.ure profiles show the effect of the boundary layers. Figure 2.14 shows 

that the inlet boundary layers for the m·ar choke llowrate at the hub and c-a!-iing arc larger than 

- 15 -

Stellenbosch University https://scholar.sun.ac.za



for the other two Jlqwrntes (figures 2. IO and 2.18), since the Reynolds numbers :ire greater. 

At t!le other two 1lnwrates however, the rotational hub boundary layer becomes visible by 

increasing the total pressure by viscous entrainment. 

The total pressure profiles show very little loss bet ween the 1\>tor rows and their corresponding 

stator rows, and in some cases the total pressure after a '.lt ,. :-:;- row exceeds that of the 

corresponding rotor row. This is another consequeuce 0f not pitd1 ,vi!-.t' averllo;~ r •~e stator 

flows, as the lo,scs are generated in the boundary layers and wakl·:: ,t been 

transferred to the bulk passag.:: flow as early as the trailing edg<' 

The measured total pressurt:s do deviate at the hub, howt\t..l . •1 i1 '. 1.ht: total pressure after the 

rotors being higlu:r than after the stators. This is due to circuri1f ,ntial viscous entrainment 

of the flow on the spinning rotor drum boosting lotal pressure after the rotors but blade tip 

clearance effects cawiing losses through the stator hub gap. 

The measured total pressures at the casing are higher after the stator rows than after the rotors 

in all ca1 rs .;xcept the first stage at the ncar-de::,ign flowrate. In addition to the effect of not 

pitchwisc averJgmg the stator measurements, Lhis is due to redistribution of total pr:!ssure 

losl due to rotnr bludc tip clearance effects. This eff ecl can be seen at the edge of the casing 

boundary layer where the total pressun~s after th.: rotors are higher than after the statt,rs in 

most of the measurements. 

Outside the hub and casing boundary layers, the gradient uitotal pressure after the blade rows 

follow 1hc same trend us the axial velocity profiles. 

2.7 Conclusions 

The mass balances show that lhe rotor flow measur~ments are reliable and serve a good basis 

for comparison with numerically predicted results. Acknowledging the detrimental effect of 

not pitchwisc averaging the stator measurements, the stator flow measurements are useful for 

qualilativc compari ... nn. The inlet measurements prove that the flow quality is good and can 

bt; numerically modelled by Dal profiles. 
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3 THE DEV... .>MENT AND TESTING OF THE STREAMLINE 
THROUGHFLOW METHOD 

3.1 Previous work 

As mentioned in the introduction, the two main inviscid axisymmetric methods are the 

Streamline Curvature Method and the Matrix Throughflow Method, Oates t l 988) derived 

the following MTFM equation for the stream function \jl for turbomachines: 

d [ p,, I d\jl l + d [ p,, l d\jl] = ! nF -1 p r[ a11t) _ T as _ Cud(r<:o)] 
ch: p r iJz j ar p r ar v, p,, o\j/ a'V r a'I' 3· 1 

where the velocit1 components arc Jiven by 

p,, l d'lf p,, I d\jl 
l ----, l -----

1 pr az ' pr ar 3.2 

Owing to the complication introduced by the presence of the body force term F, Oates 

simplified equation 3.1 hy .1pproximating blade rows by infinitely thin actuator discs, with 

the p1oviso that thr '!au;.11-.m does not apply across actuator discs. The t::ffect of the forces 

upon t;~ngential momentum, stagnation entropy and enthalpy within the actuator disc is the 

same as that witltin the blade row, but the forces do not appear in the equation. Equation 3.1 
wa, therefore reduced to 

d [ p,, J d\j/] + al r p,, l d\jl]- p r[ ah,, _ 'fas _ C9d(rc9)] 
a:. p r o:. ar p r or p,, a'I' a'V r a'I' 3.3 

Oates et al. ( 1976) transformed the matrix throughflow equation, 1;:quation 3.3. to yield as its 

depend1.:nt variublc the radial position of stream function r = r(z, \j/) instead of the value of 

stream fu11-.:t)l)n \j/ = '¥(r.: ): 

3.4 
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The function r = r(z, \jl) was approximated by finite element discrcth,ation and solve<l as a 

variation:!) problem. lsentropic compressible flows through a Matar-rotor pair were solved 
using this method. 

In this thesis, Boadway·s transformation ( 1976) is applied Lo the matrix throughflow equation, 

equation 3.3. A longer. hnt less contorted expression of the transformed MTFM equation is 

llhtained than that of Oates et al ( 1976). The function is discretised using the considerably 

simpler finite difference approach. The method is applied to several exact test cases to 
determine the ch.iractenstics of the method. 

3.2 Application of Boadway's Transformation to the Matrix Throughflow 

Equation 

Boadway·s transformation ( 1976) was applied to cylindrical coordinates and is given in 

.1ppendix A. By making use of this transformation, a different form of equation 3.4 can be 

derived which, when discrctised. gives nse to a rapid solution algorithm. Denote the RHS 

so11n.:e lcm1'. ol equation 3 .J hy S. Expanding the LHS terms of equation 3.3 we get 

p,.[cJpo\jl apa'lf] p" [ara'lf O'lf] 
rpi a;: a: + ar or r1p oz oz + a, 

+ p,, [ a2"' + ai'I'] = s 
rp oz.2 i),-2 3.5 

The variable, rand z ar~ mutually independent. therefore a,,a:. = 0. Equation 3.5 simplifies 

to 

_ p,. l- op o\jl + ap a"'j, _ p,, a'I' 
rp2 a~ o;: ar ar r2p ar 

+~[ o1\jl + a2'l'] = s 
rp ();::: c)r1 3.6 
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Making use of Boadway's transformation in Appendix A. equation 3.6 becomes 

J.7 

Multiplying by r .t l' f: r we obtain P,. ,,,. 

3.8 

This equa~ion can be seen to be equivalent to that of Oates et al., cquatmn 3.4. The density 

gradient term can be moved to the RHS since it may be regarJcd a1, a form of source tem1: 

-[ 2..,1/.[ a, ]l dh(/ -Tds - C9d(rc6)] - l [ dr( dr )
2
dp - ap or (I+{ dr }

2
)] 3.9 

p., . d\j/ L d'lf d\jl r d\jl p dz d'lf az d\jl ( V i>z 

lf the flow 1s incomprc:ssible, then f)/p,, = I and~, ~ = 0. Equation 3.9 then simplifies to 

2 a,a,. a2
, -(a,)2a2

, _ii,( 1+{a,}2)-'(a, )2 

a'I' dz dz cir d\jl dz 2 d'r az , d'lf 

= 'l ;~ JT ~~ -Ti~ -:aa~;o)] 3.10 

Examining the LHS of equation 3.10 the same terms as Boadway's transfonned Laplace 

equation for cylindrical coordinates (equation 1.3) can be seen. The first four terms on the 

• 19 • 
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LHS of equation 3. IO are equivalent to the terms in x and y coordinates of Boadway's 

transformed Laplace equation fur Cartesian coordinates. The last term on the LHS of equation 

J. lO is ther.:fo1c the transformed extra term for cylindrical coordinates. 

3.3 Discretisation and Solution 

The efficiency of application of the stream function equation after Boadway's transformation 

is greatly improved if use is made of non-uniform grid spacing. This allows fine spacing in 

areas of extreme velocity gradients and coarse spacing in areas of very gradual gradients. 

Thi! former is to improve accuracy, the lattt...r lo reduce the amount of computer memory and 

computation time required. 

Greyvenstein ( 1981) extended the Boadway numerical method to non-uniform grids for the 

above reasons. Appendix B contains the method used to discretise equation 3.9. Compressible 

now was not investigated in this thesis, so the simpler equation 3.10 was discretised. To 

solve equation 3. JO, initial radial positions are found from the stream function definition 

, r 

'If= J 2-c,rdr = J c,rdr p,. 
'"hiJ, rhub 

3.11 

where c, is the component of velocity in the axial direction, and"• was assumed constant for 

all rndt~ '. stat ions at a given axial station. 

Successive Jlcrations employ a relaxation factor of less than unity to prevent instabilities, 

typiLally 0.9. The code was written in Pascal for a personal computer with a 80286 processor. 

The convergence criterion was that streamlines should move less than 0.00 I% of the distance 

between neighbouring streamlines per iteration. 

3.4 Test Case Classification 

The test cases required to investigate the behaviour of the incompressibll! STFM fall into four 

L<ttegories, anJ involve sequentially activating .!ach of lhe source terms in the last bracket on 

ihe RHS of equatiou 3.10. 

Firstly, all the sourct! terms are set equal to zero. These test cases Jepend entirely on boundary 

condi tions and do nm have tangential momenlum, entropy or enthalpy gradients acro-;s 
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streamlines. These tl!st cases investigate the basic tendencies of the method, and explore the 

hehaviour of the extra term for cylindrical coordinates, ;(~ r mentioned at the enri Jf ,~ction 
3.2. 

Secondly, non-7 ero tangcnti<1l momentum gradients across streamlines arc introduced with 

the stagnation enthalpy and entropy gradients kept equal lo zero. These test cases compare 

the known effect of certain vortex distribution manipulations from actuator cii<.c theory with 

the STF.M results for the same vortex distribution manipulations. 

Thirdly. non-zero stagnation enthalpy and tangential momentum gradients across streamlines 

are tested assuming isentropic llows. These test cases add the effect of non-uniform work 

input 10 the vortex distrihution effect, mentioned in the previous class of test cases. This 
class of tlows will not he investigated in this thesis. 

L·tstly, all the source terms arc non-1ero, representing general classes of bounded inviscid 
llows with Jos es such , s turbomachmery Hows. 

3.5 'oun·e terms l'qual lo zero 

3.5.1 Parallel-'" . lled annulus 

:11 tin te t asc. e -,treamlincs will he paralkl since the walls are parallel and radial 

--qu1librium i, 11nd1sturbcd hy blade rows. Slug t1ow with n0 swirl is assumed. Tht: inlet and 

ou I bo dttr} conditions are specified by zero gradient in radial position of Mreamlines, 
I e 

:.u2 

Since the aho\ c gradient will become zero, the first two terms on the LHS uf equation J. I 0 

effectively disappl'ar r becomes a variable in 'I' only, and the LHS becomes an ordinary 

second order differential equation. First the effect of hub-tip ratios on discretisution error 

was examined hy taking an even-spaced nme-ooint grid (sec figure B. I). with 

3.13 
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,ind 

r,\ = r,, 

rs = r, 3.14 

These were non-dimensionaliscd by dividing all the radii by the outer radius r,,. The solution 

was co1npared with the exact solution from equation 3. l I and both are plotted in figure 3.1 

as a function of r,-lr,\. The difference between the two, expressed as a percentage ">f the exact 

solution, is also shown. The largest t.rror occurs when r
5 

equals zero. 

Next the effect of the number of nodes in the grid in the radial direction was investigated. To 

make the error as visible as possible, the inner radius r, was chosen t.> l,e zero. The grid was 

evenly ,paced in the stream function direction, again with three nodes i t the axial direction. 

Cakulation.., were don1: with grids containing I, 3, 7, 15 and 31 internal streamlines to examine 

the effect of halving the stream function spacing. The resultant values are shown in figure 

3.2 as fraction.., of the exact values. The procedure was repeated for different values of r, ad 
arc shown in figure ,, 3.3, 3.4, 3.5 and 3.6. 

from the figures it can bl' seen that if calculations have to be made involving low hub-tip 

ratios, the grid mu'-! he made finer in the smaller radius regions. 01 else the cylindrical 
t·oordinate term, ;(: [. should be modelled differently. 

- 22 -
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3.5.2 Flow over a sphere 

This cc,· ·:ise b useful since it gives a means of assessing the flow over the nose cone of the 

huh of a turhomachine. Il differs from the previous lest case in that~ is no longer zero. so 

the first two terms on the LHS of equation 3.10 come into play. 

A sphere ol radius 0.4 umts was chosen for the internal bounding streamline. To eliminate 

the complication of taking blockage into account, J.n exact potential now solution was taken 

for the external bounding streamline, with a radius of unity at the widest point. 

Non uniform increments were used in the stream function direction to avoid using too many 

grid points and still examine a streamline close to the centreline, and in the axil" direction to 

be able to follow the curvature of the sphere relatively accurately. 

Figure 3. 7 sf · ws the compari,;on between the STFM and potential flow solutions. Only one 

it,1!f of the solutic· is displayed ,ince the streamlines are ..,ymmetrical about the z = 0 axis. 

The er 'Or is shown in figure 3.8. It can be seen that the error at all streamlines is less than 

J ~ at z == 0. This shows that tlte STFM yields accur.iie velocity distributions after nose cones. 
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3.6 Non-zero Tangential Momentum Gradients across Streamlines, other Terms 
equal to Zero 

ActUiJt<>r disc theory (ADT), as discussed by Dixon ( 1978), provides a model for introducing 

t11n:}ential ,norncntum changes in the tlow for the STFM, as well as an analytical method 

against which to compare the predictions of the STfM. An a<.'tuator disc i~ an idealised blade 

row. infinitely thin. w111cr. provides a ,tcpwise change in tangential momentum and stagnation 
ent~nlry hllt not axial velocity. 

A, applied to the STFM, the actuator disc is not part of the tlowfield and values upstream 

and down ... tream of the disc must be calculated to ~atisfy ~tepwise ch.:nges across the disc. 

This may he dont: in tme of two ways: either the disc lies between two axial STFM stations, 

,u th.II the full step in tangential momentum and :,tagnation enthalpy is irnplememcd at the 

downstream ,tation relative to the upstream station for a given streamline; or the disc is 

situated at an STFM station where the change in tangential momentum and stagnation enthalpy 

b the average of the upstream and doww,tream STFM stations for a given streamli11c. 

Two compatibility condition<, m11,t be sati,ficd at the discontinuity, mass conservation and 

r..rdial momentum conservation. Mass com,ervation amounts to the radial pt'sition of a 

streamline being the \ame immediately ufler as immediately before the disc. Since the STFM 

procedure under d1,cu,.;ion in this thesis is incompressible. rhis requires the axial velocity 

across the disc to remain the • ame. Radial momentum conservation requires th:it the radial 

velocity comp<,ncnt he conscn,ed across 1he disc. Combined with the constant axial velocity 

condition of mass nmservution, this means that streamline slope cannot change across the 

actuator disc. 1 hc.,c ronditions of continuou:; streamlines and !'ltrea;nline slopes arc 

automatically satisfied by equation 3.10. 
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3.6.1 Parallel-walled annulus with single actuator disc 

Using actuator di,c theory (ADT) as discussed by Dixon ( 1978), flow was nnalysed through 

lln actuatord1,c in a parallel-walled annulus with hub-tip ratioofO ..1, Simple radial equilibrium 

(SRE) lirst power "0rtex d1strihution, were chosen : p and down.,tream. The radial positions 

of streamlines \\ere found\ :th equation 3.12. The calculations were repeated using the STfoM 

with grid, containing I, 3 and 7 ir,tcrnal streamlines to examine the effect of halving the 

stream function spacing. 

The re,ultant positions of the median strc.1mline are shown on li~•·:-c 3.9. The ,adial error 

varies from an acceptable 0.9% for a singlz internal streamline to an excellent 0.24% for 7 

internal streamlines, as can be seen on figure 3.10. The corresponding velocity pw'i1es for 

7 in:1·rn.!1 !-.lreamlines arc given in figure 3.11 where the agret-ment is seen to be ex.cl!ll,'nt. 

3.6.2 Parallel-walled annulus with two actuator discs (blade row interaction) 

Dixon ( 1978) dbcus,cs hlade row interaction effects using ADT for a repeating stage. A 

parallel-walled annulus with huh-tip ratio of 0.4 with actuator discs one blade length apart 

was ured to analyse flow through a blade row t,~:ng A OT. The sumc first power vortex 

distrihut1\ms as for the single actuator disc were t:hosen, one up anct downstream and the other 

between thl' di,cs. The cakulutions were repeated using tht: STF f. again with grids 

containing I, 3 an·J 7 internal : trc~mlines. 

The resultant positions oJ the mcdiun streamline arc shown on figure:,. ; .. Figure 3.13 shows 

that the radial erro1 varies from an acceptable 0.95% fo .. a ihglc internal ~treamline to an 

excellent 0.05% for 7 internal strcamlin~s. 

The calculations were repeated for sparse, non-un:form grid :;pacing. Wherea~ figu1cs 3.12 

and 3.13 show the results for 5 stations between the actuator discs, figures 3.14 and :u 5 

illustrate the results for 3 stations between the discs, 3.16 and 3.17 for 2 stations between th.! 

discs and 3.1 b and 3. IQ for a single station between the discs. For 3 stations between the 

discs the radial error vaned from I% for a single streamline to0.35% for 7 internal streamlines. 

For 2 stations between the discs the radial error varied from 1.25% for a single streamline to 

0.2% for 7 internal streamlines. For a single station between the discs the radial error varied 

from 1.1 % for a single streamline to 0.15% for 7 internal streamlines . 
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3.7 Non-zero Total Enthalpy, Tangential Momentum and Entropy Gradlent'i 
ar.ross Streamlines, Incompressible Flow 

Th•.si> test cares :;rr, in effect. the results from the experiments performed on the Rofanco 

compresv,r. Si1a-:e lht' STFM is inviscid, losses will have to be introduced by correlation. 

The comparison, w11.1 Inc experimental results will not he presented in this chapter as they 

arec~pcctccJ to he quite dependent ur,on the different correlations employed The substitutions 

within the source term to remove the entropy gradient will, however, he presented hC'rc. 

f'rom thermodynamics the following equation is obtained: 

dp 
TdJ ::: dh - -

p 

Since the flow is incompress1hle. the following rc!ation~ apply: 

I I -~ \,'2 
!,, = . ' 2 

A ♦'r, r cllmbinini1 the two above equations. it is clear that 

.::o therefore 

Substituting 3.15 into 3. I 8 yields 

p,, p 
h - h =-- -,, p p 

di - dp" =d!, - dp 
p p 

dp,, 
Tds =dh --

" p 

Applying finite instead of differential differences, 3.19 becomes 
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A/7 T~ = llh __ _::_ 
" p 

Applying 3.'20 a ... ,m,s a blade row, the notation change~: 

7.A Al llp,., ,2 
uJ =L..\/1 ---1,2 11 1,2 p 

The E '.. .. r turbomachi:1ery equation is 

3.20 

3.21 

3.22 

where n is the angular velocity of the blade row and r 1 an<l r2 are the upstream und downstream 

r,1<lii of lhe streamline. The change in total pressure across a blade row can b:: broken dov·n 
as tollows: 

AJ1,. ,.2 = P,,2- P,,i 

= /1,. I + !ip,,u,.,,,,, - llp,d,2/u11 - p., I 

= AJ1,,i, 7/d,nJ - llp n I, 2/,.u 3.23 

In an actual blade row llp.,1,,,, results from viscous boundary la! er lo ses on the blades and 

endwalls a, well as sccondart flows. These can be obtained by correlation. Substituting 3.22 
and 3.23 into 3.21 we obtain 

(AJ1.,, ,2u1,111 - llp,., 21,,, i) 

p 
3.24 

If the flow is i!ientropic and ideal, then it follows that 

Aru = 0, llp,.1,2,,,11 = 0 3.25 

Inserting 3.25 into 3.24 yields 

3.26 
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On combining 3.26 and 3.24 we get 

l 6.s _ (.tJ.p,,J,2/o.u) 
1,2- p 

Considering 3.22 and 3.27 alongside 3.20, it is clear that 

and 

Rearranging 3.1 CJ yields 

Since 

APol ,2 
!ll1

1
, 1 , -Ttls

1
, =--.• .. p 

= 

ah,, 'cJh,, 
dh11 = o\jl d\jl+azdz 

dS dS 
ds = rJ\jld\jl+ a~ dz 

op,, opu 
dp,, = d\jl d\jl + c}z dz 

· 28 -
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. . 

and (except across acmator disks) 

equation 3.30 is equivalent to 

i)lr,. 
- =0 a: 
ih =O 
c)z 

cJp,. 
- =0 
i)z 

ah,, dJ I ap,, 
- - T - =--
d\jl do/ p a'I' 

3.32 

3.33 

·1 his substitution removes the entropy gradient term in equation 3.10 which in turbomachinery 

flows i-, in~onvcnient. The use instead of the total pressure gradient allows use of 

two-dimensional empirical correlations from which the amount of fluid turning and the total 

pressure lo,s across blade wws due to profile drng and secondary flows can he calculated. 

't'hc values of stagnation enthalpy h,. , total pressure p,,, entropy s and tangential momentum 

rc0 in inviscid flow urc all conserved along streamlines until changed by external influences 

such as blade row,. Given initial p, ollles of total pressure p,. and tangential momentum re 8, 

the method will calculate all the downstream values. 

3.8 Conclusion 

The test cases have systematically examin.!d the behaviour of the STFM, gradually including 

more of the source terms. A substitution for the turbomachinery test case was introduced 

replacing the~ - T: term with a~~ term, where p,, is affected by the Euler turbomachinery 

equation and loss correlations. No mtempt was made to investigate compressible flows. The 

STFM has shown to yield accurate results for inviscid, incompressible flows d.:termined by 

external boundaries alone, cxterr.J.l bo~ndarics and ac·uator disks and intr.rfrrence between 

actuator riisks. 
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4 COMPRESSOR CASCADE NOMENCLATURE AND DEFINITIONS 

4.1 Introduction 

Th~ correlations referred to in the previous chapter depend upon a thorough understanding 

of the compressor casc~1dc nomenclature, def mttions and derivations. Horlock ( 1958), Dixon 

( 1978) and Cumpsty ( 1989) all give the denvation of the relevant compressor cascade 

equation,, but tor the ,ake of completeness and to assist the reader they arc repeated here. 

One as,urnption in the use of casc.1de correlations is that hub and casing boundary layers do 

not extend a great deal into the calculation domain which is regarded as inviscid. Furthermore, 

1t is assumed that there is not a great radial variation in the 0ow properties being calculated, 

since the corrclat10n, were developed from two-d1rnensional flows. Where the blades being 

modelled do contain such a large variation, the flows arc still calculable but the number of 

radial calculation stations must increase to decrease the differences between adjacent radial 

stations, making the region under examination al each radial station still at least approximately 

I wo-d 11nensional. 

4.2 Cascade Nomenclature 

In figure 4. 1 the basic nomenclature of the compressor blade in cascadt! is :Uustratcd. The 

hladc surface coordinates result lrom a thickncs.., distributit'n symmetrically "wrapped" 

around a curved camber line. The camber line is usually a circular or parabolic arc, defined 

by the maximum camber b at a distance a from the hlace leading edge. Tne thickness 

d,..,tribution might bl! of a known family of blades, notably the British C-series, the NACA 

65 seric.., .md the double circular arc (DCA), or eh~ it may have been designed lo a prescnbcd 

velocity distribution (PYD) also known as a supercritical profile. Figure 4.2 shows a 

comparison of the four profile types designed forthe same nominal turning t Cumpsty, 1989). 

The DCA blade is meant for the transonic regime and is cumplctely described by the suction 

and pressure surface radii as well as the leading and t ailing edge radii 

The NACA 65 series was not originally intended for cascade applications but for a low drag 

aircraft wing profile. This is borne out by its numbering convention: for a blade profile 

designated 65-( 12) IO. the number in brackets refers to the lift coefficient of the isolated 

aerofoil m tenths, i.L. C, = 1.2. Figure 4.3 shows a relationship between the isolated aerofo;t 

lift coefficient and the equivalent camber. The la~t two digits in the number give the maximum 

-,o 
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thickness of the blade in hundredths of the chord. The "6" refers to the series and the "5" 

refers to Lhe fraction in chord lengths for which the static pressure was to remain constant in 

tenths of the chord for the isolated aerofoil. 

The C-series sections were calculated mathematically and then modified to give better 

performance in cascade (Cumpsty. I 989). The numbering wnvention of the C-series is 

analogous to the NACA series: For a bi..idc profile numbered 10C4/30C50, 10 refer~ to the 

thickness-chord rauo in percent, C4 describes the thickness distribution, 30 is the camber 

angle in degree:-., C refers to a circular arc camber line and 50 tue percent chord at which the 

maximum camber occurs. 

The leading and trailing edge points of a blad'! profile are the forn .. t·~ and rear intersections 

of the camber line with the outer surface of ti , blade. The bla~e chord l is the length of the 

chord line, which is the straight line joining the pro ·ilc leaJing and traHing edge poi11ts. ln 

figl,re 4.1 the camber line y and the thid,,1ess d1stri' · 1tion t are shown as functions of the 

distance x along the chord/. Having describ · j the ind1 .;J u'll biade, the cascade is completely 

described by the spacing of the blades and ti ~ •i' •~ctini, <L.1gle. This setting angle is known 

as the stagger angle y, being, in the case of a tu oomachine. he angle between the chord line 

and the machine axis of rotation, and in the ca,;e of ·1 cascace, the angle between the chord 

line and the line perpendicular to the cascaue fror., . fhe blade rr·•cing is denoted 111 British 

terminology U:, •h,! pitch-chord ratio s/1, and in American termir.ol :_y by its inverse, soHdity 

(er= lls). The blarle inlet and OL1Liet angles are denoted Ii} o..', and cf •. The C<!mber angle e 
is the change in angle of th\! camber line between inlet t:iu o~nlet 

4.1 

and is an indication 01 the loading of the blade. For circular an.: camber lines the stagger 

angle is simply the mean of the inlet and outlet blade angles 

4.2 

For parabolic arc camber I ines the relationship between a' 1, a' 2 and y depends on the locatior 

from the leading edge a of the maximum camber point, :ind is given by 

, - 1 bll , -I b!l a ="(+tan --. a -y tan , (u/1)2 2- - (l-a//)2 
4 .3 
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The comprcssur analysed in this thesis is fitted with NACA 65 profiles on a circular arc 

camber line. so no more ,u, ~ntion will he paid to parabolic arc camber lines. Three more 

angle definition., complete :ne cascade nomenclature: incidence, deviation and deflection. 

The incidence angle i is the di fcrence between the air inlet angle a, ana the blade inlet angle 
a',: 

4.4 

The deviation angle o 1, the difference hetween the air outlet :tngle <Xz and the blade outlet 

angle a'2: 

4.5 

The deflection angle Eis the difference between the entry anrl ~:..11 air angles: 

4.6 

4.3 Cascade Forces 

Figure4.4 illus r·l!e!', flow through a cascarle en:ering ll":C control volume irom :ne- far upstream 

boundaJ) ..1t velocity c 1 at ·mangle a 1 ...nu leaving the cascJdc al the far downstic ... 11 boundary 

of the ~01111 \.11 volume at velocity c2 at .:n ansle a.2• 1''1e side hounaaries of the control volume 

, ,e median st~e..t:nlines. The flow is as~un:ed to DC ,·cady and incompressible. The forces 

X and Y are c, cr:cd upon the fluid by unit le" • t 1-ilade, and are exactly eqn&! r ,d opposite 

to the forces C;\e:1ed hy th fluid upon unit .., 01 rtade. 

<\pp lying cor.t:nlltty to a unit depth of s · an an .... -4,):,uming incompressibility, the .iKial velocity 

is constant through t'1e cascade: 

~ .. 
• • I 

The momentum equation applied in the x and y directions with constant axial velocity gives 
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.. . . ' . 

or 

Y = psc;(tan ex, - tan <:Xi) 4.10 

4.4 C&Scade Losses 

Total p1essure losses arc incurred as a real fluid passes through a cascade a! a result of skin 

friction and other effects. From Bernoulli's equation we get 

A 2 2 up,. Pi - Pi c, -Ci 
-=--+--
p p 2 

Pi - P1 (c:;, + c?) 
=--+---

p 2 

p,-Pi I 
=--+-(c . p 2 ,, 

(c2 + c2) 
,2 ' 

2 

4.11 

(If the: flow is though a rotor row. the above lierivation is not applicable. and use must be 

made of equatior. 3.29 to take Euler's pump equation into account. The derivation is 

nor-:theless useful for describin-- the origin of loss coefficients). Substituting equations 4.8 

and 4 .9 into 4. 11 yields 

D.p,, X Y\<:,, + C,i) 
-=--+----
p p.. 2psc, 

4.12 

Now 

c., + c,2 = c,(tan cx1 + tan <:Xi) 4.13 

Let 

4 .14 

Substitute equation 4.13 and 4.14 into 4 . l ~ ;,, obt1in 

- 3:; • 
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• • 1, ) • 

fl.p,, l -
-=-(-X + Ytana) 

p ps "' 
4.15 

Pressure losses .ire most oflcn presented in dimensionless form. Two comnwnly used loss 

coefficient~ are 

4.16 

and 

4 .17 

4.5 Lift and Drag 

Figure 4.5 t.hows a single cascade blade with the lift and drag forces it exerts on the nuid. 

Define a mean velocity cm as 

c, 
C =-

m cosam 
4.18 

where o.., is defined by equation 4.14. A lift force L acts in a direction pcrpend,cular to cm 

along a unit depth of blade, and a drag force D simill.'.rly acts in a direction paralld to cm. 

Experimental data presented in terms of lift and drag can be f.-!solved in terms of .u.:al and 

tangential forces. From figure 4.6 it can be seen that 

D = y sinalll -X COS(lnr 

On combining equation 4.15 and 4.20 we get 
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Rearranging equation 4.21 to solve for X and then substituting into :.+.19 gives 

L = (Y tan n,., -s!lp,,} sin ex'"+ Y cos ex'" 

= Y sec u,., - f ~p11 sin ex'" 4.22 

Inserting equation 4 .10 into 4.22 yields 

4.23 

Coefficients for lift and drag based on the chord / and the m~an velocity c,.. may now be 

introduced: 

Considering equations 4.16, 4. 17 and 4.'.l. l alongside 4.25 we can write 

J !lp,. cos ex,,. s 3 - s cos3 ex,.. 
C = -----'-= r -cos ex = w----

D I 2 ~I . "' I 1 - ~c I cos ex, 
2 t' '" 

Substituting 4 .23 into 4.24 results in 

psc;(tan ex, -tan °'2) sec ex,,. -s6.p,, sin ex.,,, 
Cr.= I l 

2pc,,./ 

Inserting 4.21 mto 4 27 we obtain 
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Values of Cr: arc very muc!i less than C,. within the normal range of operation of a cascade. 

In addition, since a .,. is unlikely to exceed 60°, it is normal practice to drop the C
0 

tan ex,,, term 

in equation 22. Within the STFM code, however, it was decided to retain the term as it wouJd 

not be dcrrimcnt.il to calcnlate, and extreme flow conditions may well result necessitating a 
mo1e accunlle :tpproach. 

- J6 -
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S COMPRESSOR CASCADE COI:RELATIONS 

5.1 Introduction 

A.s mentioned in lhe introduction to this th!!sis, in axisymmctr:c mvisc:d methods such as the 

MTFM and the SCM, the effects of hlude rows are mo<ielled by cmptrica; two-dimensional 

cascade test correlations for fluid deflection and prr--~ure loss dependent on blade loading 

und geometry. It i, a.,sumed that in axial compressor5 of high hub-tip ratio, radial velocities 

a,e small. justifying the two-dimensional approach. Endwall los~es exceed the profile lo es 

in the de~:gn regime (Cumpsty, 1989). and comprise annulus skin friction ai,d seconda..y 

losses (t11ree-dimensional flow losses). Near-wall viscous effects are taken into account by 

en<.! wall boundary layer calculation procedures, displacement thicknesses at huh and ca.,ing 

houndaric.,, or hy hlockugc factor, (Davis and Millar. 1975). The effect of secondary flews 

is accounted for by correlation. This chapter will introduce different low speed i:ascade data 

sci.. and corrclatt."ln for deviation, profile loss ,ind endwall lo,;s from the literature. 

Review., of comprcssClr cascade correlations arc given by Cumpsty { 1989), Dixon ( 1978), 

Hirsch and Ocnton ( 1981) and H·Jrlock ( 1958). There is a fair degree of overlap between 

Horlock ( 1958) and Dix,m \ 1978), the former for many years having heen the standard 

reference ,m axial flow compressors and the latter an introductory .,tudent textbook to all 

cla.,ses ef turhornachtnery. indudin! relevant work that is more current and 01111\ting outdated 

methods. Cumpsty ( 1989) de .:snot attempt to he a design manual, but is very comprehensive 

in reviewing papers and reports on relevant work in many disciplines within the field. Hirsch 

and Denton ( 1981) cdited the work carried out by Working Group 12 of the Propulsion and 

Energetic Panel (PEP) of the Advisory Group for Aerospacr. Research and Development 

(AGARD) of NATO. \\hich reviewed all the loss, deviation and endwull correlations from 

the literature or from sources not '-Ubject to commerdal or military restrictions, collected test 

cases and compared the prcdic1ive capability of the correlations. 

Dixon ( 1978) presents two sets of compressor bl:!de correlation ... : thosr: of Licbkir, , 1959, 

1905) and Howell ( 1942, 1945). Dixon gives only Lielllein' s correlation for pressure loss ut 

design point and at positive incidence angles in the low loss regilin, but in Lieblcin { 1965) 

correlations for design-point deviation and incidence are given. Howell's cNrelation allows 

for operation of the cascade at conditions noticeably removed from the design point. 

Gen1.ralised curves predict the blade profile drag and generalised fluid deflection for a gi\'en 

generali.,ed blade incidence angle. Howell alsti adds two endwall loss correlations - one to 

uccount for secondary flow losse, und one for annulus trictional los.,es. 
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As well as Howell's correlations, Horlock ( I 958) presents the correlation of Carter (1950) 

for "optimum" incidence and deviation (defined later), and the NACA 65 low speed cascade 

data (Herrig Pf al .. 1951) plotted by Mellor ( 1956). The same NACA 65 low speed cascade 

data is plotted by Felix ( 1957), but a diffe!"entconvention is user. Dixon ( 1978) also references 

the work of Herrig et al., but refl.'rs to a later report (Herrig et al., I 957), while Cumpsty 

( 1989) refers to a later report still (Emery et al .. 1958). Cumpsty ( 1989) gives a review of 

the above correlations and data plots. 

Hirsch and Denton ( 1981) present the loss correla1ions of Swan ( 1961 ), Monsarrat ( 1969), 

Jansen and Moffat ( 1967). Fottner ( 1979), S!rinning ( 1977) and Koch and Smith ( 1976). The 

correlation of Monsarrat ( 1969) is oniy valid for the design case, although it includes the 

effects of tip clearance, secondary and endwall boundary layer losses to some degree by 

increa'-ing the lossei,; from midspan of the blade to hub and tip. The methods of Strinning 

( 19771 and Koch and Smith ( 1976) arc both intended only for design conditions. The method 

of Swan ( 1961 ). while ingenious, bases its off-design momentum-thickness parameter 8// on 

.1 cubic expression of the inlet Mach number, and as the title of the paper suggests, appears 

to be meant for the high subsonic to transonic regime. The methods of Jansen and Moffat 

( 196 7) and Founcr ( 1979) are very simtli.ir, with Fottner ( 1979) introducing a blade thickness 

to chord ratio modification . At a ti/ ratio of 0.1 the methods are prc.1ctically identical. Both 

methods u:-.c the same off-design lm,s prediction procedure. 

Concerriing deviation prediction, Hir:-.ch and D,:nton ( 1981) mention the National Gas Turbine 

Estahlishmcnt tNGTE) correlation (otherwise known as Carter's rule), the NACA correlation 

(Lieblein'" deviation correlation) and the USSR correlation. No discussion is given of the 

I SSR correlation. 

Hirsch and Denton ( 1981) and Cumpsty ( 1989) give reviews of cndwall boundary layer 

methods, and Cumpsty ( 1989) gives a history of the development of spanwise mixing 

calculation in turbomachines. Tht incorporation of these methods was considered beyond 

the scope of thi, thesis. 

Compressor blades arc designed to have a turbulent bo•Jndary layer on the suction surface to 

allow deceleration of the flow without m~jor separation (Cumpsty, 1989). At low Reynolds 

number, I tminar ,cparation bubbles arc quite common near the leading edge, and the separated 

layer in mor.t cases undergoes transition and reattaches almos: immediately as a turbulent 

boundary layer. If the separation region grows to a significant portion of the blade chord, 

deviation and prci,sure Joss in.::rease markedly. These two effects work together to greatly 

reduce the pressure rise ,1cross .. compressor stage in the low Reynolds number regime. 

- 38 -
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M .. ,1_1 , , 'lrkers have repv.-,ed the t'ffect of Reynolds number variation on cascade performance, 

and , 1, , reader is referred tc '.:umpsty ( 1989) and Roberts ( 1975) tor reviews on work done 

on cascade, at low Reynolds numbers, some of which include turbulence level variation. 

Figure :i. I rUcb'cin. 1965) 1-hows the combined effects of Reynolds number and turbulence 

on pressure loss for a range of compressor cascades, and figures 5.2 and 5.3 (Lawson, 1953) 

show the effects of Reynolds number or. pressure loss and deviation for a I OC4/40PS40 blade 

cascade of solidity 1.333. Since the Rofa'lco compressor rotor blade chord Reynolds number 

at design point is 1.3 x IO~ (Lewis, 1989), Reynolds number effects are expected to be 

significant and b . • 10 he accounted for. 

Very :·e•v prediction methods s~cm to exist to accol'nt for compressor cascade flow in the 

low Reynolds number regime. J 1 their con,parison of the SCM and the MTFM, Davis and 

Ml!lrr ( 1975) compou"dcd the off-design transonic loss correlations of Swan ( 1961) by a 

Reyno;ds numhr· correcti..,, of the form 

Ct) =Ct) --
_,. -•[3x lO']u 

Re 
5.1 

where Re $ 3 x IO\ using figures 5.1 and 5.2 us justification. This correlation does not appear 

to have been validated for the combined effects of camber, !-.olidity and turbulence intensity 

as the critical Reynolds number is held constant (as with Howell's method). The equation 

for the exponent a w.1s not givP., , ·md . 11:iy be dependant on a number of parameters. Roberts 

( 1975) states that the only available prediction method generally known at the time of writing 

is the "power relation" of Howell ( 1942), which he dbmbses as pdmitive. Hirsch and Denton 

r 1981) quote only the work of Roberts ( 1975) for low Reynolds nu·nbcr effects in the chapter 

''Review of Loss and Deviation Prediction Methods" in the section dc:.ltng with axial 

compressors, PART II. 

- 39-
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5.2 Howell's Correlations 

Howell ( 1942, 1945) has laid much of the basis of compressor cascade work, at design and 

off-design conditions. In this section three sets of correlations are presented; correlations for 

the nominal condition (design point) deviation and incidence, off-ocsigu loss and deflection 
and endwall losses. 

5.2. l Howell's Nominal Condition 

Howell ( 1942) defined nominal conditions of cascacie operation as those pertaining to a 

cascade deflection which is 80% of its maximum stalling deflection E, (see figure 5.4 ). HowelJ 

found that the nominal deflection t' of various cascades are a function of the nominal outlet 

air angle a;, space-chord ratio s/l and the Reynolds number Re 

E. =J(sll,cii_,Re) 5.2 

This correlation is independent of camber within its normal range of choice (20' < 8 < 40 ) 

(Dixon ( 1978)). The correlation, based on C-Series profiles, 1s shown in figure 5.5 as a 

function of a; and sit. as dependence on Reynolds number is smalJ for Re :> 3 x 105• This is 

borne out hy HowPJl's original graphs: figure 5.5 originated from figures 5.6 and 5.7, while 

figure 5.8 show., the low-Reynolds number deflection behaviour as an s-shaped curve with 
values of 

5.3 

varying from 0.84 at Re = l x I 05 to 1.0 at Re = 3 x 1 os. 

To obtain the value of a;, it is first necessary to obtain the nominal deviation c/, which is the 

deviation the flow experiences at the nomim .. condition explained above, since 

5.4 

Howell used an empirical deviation rule by Constant ( 1939) relating deviation to camber 0 

and space-chord ratio s/1.: 
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o· = m0(sllf 5.5 

where n = i for compressor cascades and n = 1 for inlet guide vanes. Constant originally 

suggested m = 0.26. but Howell modified m to allow it to vary with ex; 

( 

' 2 • 

m =0.23 2~) +~ 
l 500 5.6 

where all is the frartion of chord from the leading edge to the point at which maximum camber 

occurs (see figure 4.1 }. For inlet guide va.1es, the flow is accelerated as in turbine passages 
and 

m =0.19 5.7 

From equations 5.4, 5.5 and 5.6, for a circular arc camber Jine compressor cascade, ( 27 Y 
reduces to J, and: 

-[ (CX'z+O•)]e• ~ 
- o.23+ 500 \/ 7 

o· [ (a\+ o·)] 
:. 0-{f = 0.23 + 500 

o· , i::• .'. -{f = [500 X 0.23 + CX 2 + u ] 
8 1 

~00 I 

.-.~-( ,~ i-l) = [500 x0.23+a',l 

• [500 X 0.23 + <X'2] 
.'.0 = ( I ) - - I 

~~~ 
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Having obtained ex; from equations 5.4 and 5.8, £.maybe obtained from tigure 5.5. Equation 

4.6 

4.6 

allows ex~ to be ;;alculatcJ, and the design incidence ( foll{'ws from equat'on 4.4: 

•• • I 
I =(XI-Cl I 5.9 

5.2.2 Howell's Off-design Correlation 

The off-design dcnection and pressure loss may now be calculated from the general iscd curves 

shown in figure 5.9 as a function of i. since ( and £
0 

arc already known, and the ordinate 

(1 - ;°)!£
0 

can he calculated. Th,· effect of Reynolds number is included by adding 0.007 to 

the value of c,,obt.iinedinfigurc5.9fo, flowsatRe < 1 x 101
. ForflowsatReynoldsnumbers 

between 1 x 101 and 3 x 10~ linear interpolation can be used. Low-Reynolds number deflection 

has been dealt with in the previous section. 

All th.: Reynolds numbers rcfl-rrcd to in Howell's methods arc effec:ti~·e Reynolds numbers 

Re,0 , wheR' test Reynolds numbers arc multiplied by a turbulence factm TF to obtain the 

e4uivalcm Reynolds number where similar results would he obtained in a turbulence-free 

tunnel (Howell. 1942). Modern trends arc to correlate turbulence intensity Tu and Reynolds 

numhcr independently instead of together in an effective Reynold" number. 

5.2.3 Howell's Endwall Loss Correlations 

Howell ( 1945) a!>sumed that two distinct source, combined to produce endwaJl loss. being 

frictional drag from the annulus wall and secondary loss. and correlated both hy m,•ans of 

drag coefficients. The annulus loss drag coefficient scales on the blaJe spacing to height ratio 

5.10 

Cumpsty ( 1989) states that Howell derived the secondary loss by analogy with the trailing 

vortex loss behind aircraft. Additional incidence would be induced over the whole span of 
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a blade as a result of trailing vorticex shed by the blades due to circulation variation along the 

length. Secondary loss was therefore believed to ht.. Jinked to the reduction in blade circulation 

in the blade end region and represented by 

C,,
1 
= 0.018(Cj 5.11 

where C1 is the blaoe lift coeffkient outside the endwall region. The loss over a blade row 

is then obtained by summation 

5.12 

where C0 ,, is the profile 101-s drag coefficient. Howell ( 1945) gives an illustration of the 

relative magnitudes of the different loss sources as they vary with stage flow coefficient in 

figure 5.10. 

S.3 Carter's Deviation Rule 

Carter produced correlations which, unlike Howell, include the effect of camber (Horlock, 

1958). An "op11mum' condition of incidence and deflection is defined, being the point of 

maximum lift-drag ratio. Figl1re 5.11 shows lines of constant UD on a graph of deflection E 

against outlet angle a.2 for cascades at a space-chord ratio of 1.0. Abo included in the figure 

is a stall line (twice minimum drag), a nominal line and an optimum line. Similar figures c<'.n 

be drawn for other space-chord ratios. 

For a detailed explanation of the workings of Carter's correlath ·· the reader is advised to 

consult Horlock (1958). Of interest here, however, is Carter's moo '"cation to Constant's 

deviation rule. The constant m is related to stagger y for cascades wtth c ·cular anci oarabolic 

arc camber lines. Figure 5.12 shows the variation of m with y 

Horlock ( 1958) also refers to, but docs not supply, an off-design deti.. Jt. cnrve of Carter 

similar in nature to that of Howell, linking (E- £ 11,,1)/(i, - i,,,,,) to (i - i,,,,,J/li., · ,,_,,,) where ,, is 

the c;talling incidence and i,,,,1 is the optimum incidence. No off-design loss curv· · is '11entioned, 

however. 
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5.4 Lieblein's Loss Correlation 

Dixon ( 1978) states that the correlation of Lieblein { I 95~. 1965) is based on an experimental 

observation: A large amount of velocity diffusion on blade surfaces tends to produce thick 

boundary layers and eventually separation. Conventional compressor blade suction surf ace 

boundary layers are considerably larger than the pressure surface boundary layers, and as a 

result dominate the compressor blade wake formation. The growth of the boundary layer on 

the suction ~urface is controlled by the diffusion in velocity on the suction surface of the 

blade. Lieblein' s hypothesis therefore is that the total pressure loss can be correlated by the 

suction surface velocity distribution in the region of minimum loss. 

A typical compressor cascade blade velocity di::trilJ'Jtion where the blade is operating in the 

minimum loss region is shown i,1 figure 5.13 Th1.; ratio of maximum suction surface velocity 

to outlet velocity, cma, Jc 2, cau be m,cd as an express:on of the diffusion in velocity. The wake 

momentum thickness to chord ratio 8if/ for NACA 65 and C4 circular arc camber line blades 

at the reference incidence (rrud-point of wo:.king range) was found by L1eblein to be correlate'.:! 

hy cm,. Jc2• The wake momentum thickness is defined as 

5. 13 

where 6, and o,. are the suction and pressure Slirface boundary layer t111ckness, V is the 

freestream velocity and v is the velocity at distanc,e y above the wake rent~eline. These 

parameters arc illustrated in figure 5.14. This correlation between 8/ / and cm;u.Jc2 is 

considered to be fitted by the equation 

82 0.004 

I== { l - I .171n( r";='·' )} 
5.14 

As 8if / tends to infinity, the diffusion ratio Cm;i,..,lc 2 tends to an upper limit of 2.35. Efficient 

operation confines the practical 1Jpper bound of diffus10n ratio to a value between l .9 and 

2.0. From chapter 4, losses can be presented as drag coefficient C0 or as either of the two 

total pressure los~ coefficients, 
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l;;= tip,, 
4.16 I 2 

2PCx 

and 

tip,. 
4.17 W=--

!pc2 
2 I 

Lieblein and Roudebush ( 1956) have shown a simplified relationship between 0ifl and total 

pressure coefficient, valid for unstaJled blades, 

w = 2( 02 )(!_ )cos
2 
a 1 

I s cos3 a.i 
5.15 

Sub<;tituting equation 5. J 5 into 4.26, 

qs)cos'a,,. (02 )(coscx,,.)
3 r(s) 3 C0 = - --...;.=2 - -- =-, - cos a 

l cos1 a 1 I cos <X:? / · "' 5.16 

Since values of <'ma,.,/c2 will not be known without detailed cascade data or flowfield 

calculation results, an equivalent diffusion ratio D,q has been correlated for NACA 65 and 

C4 blades from inlet and outlet cascade conditions: 

c ma, , cor, <x.i { ( s ) 2 } D," =--· =-_-- 1.12+0.61 -
1 

cos cx1(tana1 -tan<Xi) 
c2 < osa1 

5.17 

At incidence angles greater than the reference incidence i,,
1 

(either mid-point of working range 

or position of minimum loss) Lieblein extended the above correlation to 

COS °'2 { I 4, ( S ) 2 } D,, = -- 1.12 + k(i - i,,1) - + 0.61 -
1 

cos cx.
1
(tan <X

1 
- tan <Xi) 

coscx.1 
5.!8 

where k = 0.0117 for NACA 65 blades and k = 0.007 for C4 blades on a circular arc camber 
line. 
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Lieblein ( 1965) also dc\'c(oped a complicated but accurate method of determining the 

minimum-loss loss incidence angle i,,1 and deviation angle o a<; a function of solidity O', 

maximu,/1 blade thickness-chord ratio, thickness distribution (profile), air inlet angle cx
1 

and 

camber 8. No off-design deflection calculation method is given. however. 

S.5 Jansen and Moffat Loss Correlation 

In the correlation of Jansen ar,d Moffat ( 1967) it is the desi3n diffusion factcr incorporating 

streamline radiai shift which is the paramete:- determining design loss ro: 

5.19 

The wake momentum thickness to chord ratio 8/1 is linked to the design diffusion factor D 

by the expression 

( 7 J = 0.003 +0.02375D -0.05D2 +0 125D3 
5.20 

In Hirsch and Denton's ( 198 l) revieu1 of Jansen and Moffat (1967), Lieblein's loss expression 
is then used 

5.15 

Jansen and Moffat ( 1967) originally used a simplification in their paper of 

ro=-- -- 2cr (0)· 
cosf l 

5.21 

The method of Wiggins ( 1963) is used to account for Mach n•tniber effects and incidence 
effects at off-design: 

5.5.J Inlet angles for design, choke and surge 

If the inlet Mach number exceeds 0.7, the inlet flow angles are "orrectcd uy the following 
equations 
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p;, = ~tr+ l .5~P 

~;. = p; + ~p 5.22 

wheres represents surge, c represents chok,!, " indicates a corrected value and i1p is given by 

5 23 

5.5.2 Supercritical Mach Number 

If the inlet Mach number exceeds its critical value, the design loss coefficient is co1rected by 

5.24 

5.5.3 Off-design Loss 

A parabolic variation of loss with incidence is assumed for off-design operation, with choke 

or surge being achieved at twice the minimum valL.:: 

ro = ot°(0.8333S
1 + o. t 667 s + 1.0) 

where S is defined as 

5.6 NACA Cascade Data 

s =l'!.=~ 
P1c - ~; 

5 = P1 -- P~ 
p" - p~ 

5.25 

5.26 

Herrig et al. (1951) systematically tested the NACA 65 family of rrofiles (65-0-10 to 

65-(27)10) from positive to ,1egative stall and solidities from C.5 '.'') 1.5 at low speed. The 

data has been summarised respectively by Mellor ( 1956) and Felix ( 1957). 
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In the case of Mellor the data w.1s plotted in the fonn of graphs of (X-i against a 1, as a mesh 

of intersecting lines of constant stagger and lines of constant angle of attack (cx.1 - y). Euch 

separate gniph displays data for,, different camber 9 and solidity CJ combination. The work 

of Mello, was nc, er pubfo,hed hut the complete set of diagrams i:,. sho vn in Horlod: ( 1958) 

No inforn1:ition concerning prc,surc loss is given <'ther than the positive and negative stall 

lines which bruckct each block of results. Mellor defined stall as when the drag coefficient 

increased by 50% above the mmi111um , ·alue. 

Felix ( 1957) presented the data in the form of "carpet plots" of deflection E as a mesh of 

intersecting Imes or constant air inlet angle a 1 and lines of constant angle of a1tack. As with 

the work of Mc :or, •,cparate graphs display data for differe111 camber 0 and -;olidity CJ 

combinations. Prc<;sure lo!->s infonnacion was not given explicitly, but by inspection of the 

1.on~tant a 1 lines the values of E often form clear maxima and tl1cn decrease at high values of 

angle of attack ( <x1 - y). indicating blade staJJ and post-stall cond1llons. 

Herrig er al. ( 1951 ) give "design points" for eacb cascade which represent the angle of attack 

al whid1 the smoothe-,1 pressure distribution is observed on the hlade surfaces. Figuri: 5. i 5 

sh,,ws th,11 the curve-. of c•'sign angle of attack {a 1 - y) against solidity CJ and camber 0 10 ht> 

l'Onsistcnt <le!->pite the subjec ivc nature of their dct m,t!'lO ( Horl,Jck, I 9.'.i8). 

S.7 The Correlation of Roberts for Reynolds Number and Turbul:.nce Effects 

Roher:s ( 1975) performed sevcrnl low-speed cascade test series on 3 N ACA 65-Series profiles 

in cascade where in eact1 series the blade chord Reynolds numb~r Re, was varied in steps 

from -250 000 Jo-v:, to ~40 000 by varying the tunnel speed and blade chord. The three 

profiles were NA( 'A 65-4(A 11,Jt0, NACA 65-l2(A10)10 and NACA 65- 18(A10)10, 

repn:senting camber angk:s of IO , 30' and 45° respectively. The tests were performed at a 

constar,t inlet air angle a 1 of 60 and at a s/1 ratio of 1.2, except fo, one series of tests on the 

NACA 65• I 8(A 10) IO profile done at a .1/1 ratio of O.:,.:;. The blade stagger :ingle y for the 

NACA 65-4(1,w)JO ,ind NACA 65-12<Aw)l0 profiles was varied between positive and 

negative stall to give a wide r1ngc uf data at various blade loadings, whiie for the NACA 

65• l 8(Aw) IO profile tests were performed at a single y, chosen near the minimum loss point 

for each ~1f the two sli ratios. Robe, ts display:; his results graphically. 

In additiori to bis own r" ' ·1lts, Roberts displays graphical results for cascade tests at varying 

Reynold, numbers froin Schlichting and Das ( 1970) and Erwin et al ( 1956). These data s.!ts 
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comprise ca-,cade tests done on a NACA 65-6(A io) lu ( 15• camber) cascade with a
1 

of so• 
and NACA 65-12,. lw) IO (30' camber) cascade with CY.1 of 60" respectively. Each of the two 

-,ets were performed at a single ,tagger angle and a s/1 ratio of 1.0. 

Roberts ( I 0 75) moJificd a semicmpirical theory of Horton ( 1969) for predicting the behaviour 

of the ,hcar layer acro,s a 1.uninar separation bubble. The method can be used to pr~dict the 

length of the laminar bubble. the Reynold, number hclow which a short laminar hubhle 

"bursts" into a long laminar bubble and the development of the shear lryer in the separated 

region. Combinerl with a boundary layer method the lo_.,e., of comprcssm and t~1rhinc casca,les 

where separation bubbles are prc,ent can he predicted. and Roberts obtair.ed gond ugrceme111 

with experimental compressor cascade rc,ults. 

For Reynolds numbers below "hursting·· the semiempincal thl!ory docs not apply, so Roberts 

developed a wholly cmp;rical correlation to calculati: comprc~,or cascade performance in the 

subbursting regime. The correlation wus deri"ed from the duta Roberts obtained in the low 

Reynolds number cascade tests. The empirical correlations were of the form 

where 

[ 
Re . ] [ R,• · ] 

MX = ~ - --
8
-' 

(S II):, ~II (Sil h /I 

e = e,e,,,. e,,, = 10° 

f= (t/1) ' (111),,r (111),,1 =0.1 

.v = (s/1 '1(:,/1),,1, (.\//) 1 = 1.0 

5.27 

5.28 

5.29 

and 8~ i!-. the separation momi:ntum thickness, (Sil):, is the fraction of chord al which ,eparation 

occurs, B refers to bursting, i.e. Re, = Rt'. 
11

• and !.:8 rrfcrs to ,ubbur~ting, i.e. Rt• · Re, 8 • 

In addition. Roberts developed a correlation for the bursting blade chord Reynolds number 
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R,•, = ~ X JO + 10000 [
(D+0.4)] , 

H 7.5 vTF 

a, a function of the NAC/\ m 11u , .. •o. :vi 

ar,d Taylor's turhulencc fa:tor 

where 

I 

TF =Tu(.!_ ); 
/,, 

_r-,, 
V II • 

Tu=-
V1 

5.30 

5 .31 

5.J2 

3.33 

~.34 

If 1F i., not avaih1blc then Tu can be u,ed as an approximation. No bursting takes place :ii 
value:. of D below 0.14. 

5.8 Comparison and Discussion 

Cump,ty ( 1989) give! a substantive review of the correlations mentioned in the sections above 

in term, o f incidence, deviation and loss. 

Conccrninr rcft•rcncc incidence ~variously called .wminal, optimum, design and 

minimum-llhS by Howell { 194~). Carte, ( 1950), Emery et al. ( 1958) and Lieblein ( 1960, 

I <>6S) re,pecti vely), Cumpsty comments on the philosophies of the different approaches and 

concludes lt",at very similar pred1cttons are obtained by using the different approachc!-1 for 

moderate to high camber blades, but tor low camber blades Carter's predictions diverge from 

those of the other methods. Carter's method predicts the incidence to give the highest lifl-dr:ig 

ratio for a given camber, but for a giwn flow deflection the lift-drag ratio,., not the highest 

and is regarded by Cumpsty to be the incorrect approach. 
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Of the deviation correlations, Cumpsty comments only on the prediction methods of Carter 

and Lieblein, but not on Howell's correlation. As Howell's method is a precursor to Carter's 

rule. the comments on the latter are regarded as applicable on the former. Although Carter's 

met rod wa-. intended for use al "optimum incidence" and Lieblem 's method for minimum-loss 

incidence, as has been pointed out these incidences arc quite close together. In addition 

Cumpsty remarks that deviation is quite a weak function of incidence unttl stalling incidence 

i, approached. Carter's method is the simpler of the two but Lieblein 's 1s more ,lccurate and 

reliable, bring based on the NAC' A data at constant axial velocity. Carter's rule typically 

predicc-, between about I O and 2 less deviation than Lieblcin's correlation. Carter's rule wm, 

based on data from British cascades in which the axial velocity-density ratio 

5.35 

was not held al unity but typkally varieJ between I. I and 1.2 (Gostclow, 1984). The NACA 

data, uµon which Lieblein' s correlation b based, had been obtained with careful attention 

hcing paid to maintaining AVDR at 1.0. C'umpsty quotes Felix and Emery ( 1953) as writing 

that up tu 3° more turning (or 3 les,; deviation) can be attributed to the fact that British tests 

were performed at A \'DR> I . A nurnberof correlations exist in the literature fortakingAVDR 

variations into account. 

Pollard andUostclow CI 96 7) developed the following expression for a cascade of I OC4/30C50 

blades set at a :-.t.tgger of 36 , a space-chord ratio of 0.875 and a nominal air inlet angle of 
52 SO': 

6 = 6,, - I O(A "DR - I) 5.36 

where 15,, is the uevia1 111 at A VOR = 1.0. Cumpsty ( 1989) disputes the universality of this 

rule. and presents simi lar expressions with different -;oefficients for two calculatccl cascades: 

O= 611 -S(AVDR - I) 5.37 

for a cascade of 40° camber and 15° stagger, and 

8 = 6,, - 20(A VDR - I ) 5.38 
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for a cascade of 20 ' camber and 45 stagger. Both cascades were of C4 blades at a= 1.0. 

I 0% thickness and zero incidence. 

Jan-,en and Moffat ( 1967) quote the work of Pollard and Horlock ( 1962) and Kubota ( 1959) 

for correcting techniques. and then present theirown method, similur 10 that of Kubota ( 1959 ). 

more sui1~1bk for rotating ca,l·.iJc:-.. Go:-.tclow ( 1984) mentions the work of Pollard and 

Hurlock ( 1962) a-. well a-. two equation, of Schultlc n al (1957), !lnd then compares the 

prediction, of the two method, lO the experimental results upon which Pollard ,ind Gostclow 

( 1967) ha!->ed theircorrelat1on (equation 5.36). Gostclow ( 1984) also supplies a figure showing 

the variation of effect of A \'DR on deviation, loss and pressure cocflicient with incidence 

angle using data from Liverpool University and German i;ources (figure 5. 16). Stagger angle 

y is noted to be a very signilic, ,t variable, and high incidence angles on high stagger blades 

such a-. compn:ssorrolOrs e1Tcc1 •Jcv1ation angle markcdly. From the ahovc it can he concluded 

that A VDR effect-. arc significant. although at the lime of writing ( 1989) t:'umpsty stated that 

there ·wa:-- no comparably acrnratc nwthod for introducing the effects of A VDR "i:- 1.0. 

Comparing I i<mel I's und Carter•-. correlation..,, Horlock ( 1458) comment~ that Carter's curves 

of optimum Jcllect1on again-.1 ex,_ are .:lo-.c to Howell', nornmal deflection tor Re,11 ::. 3 x 10'. 

but at lower cffcct1vc Reynold-. numbers the optimum dellections of Carter may be closer to 

the stalling tk.flectmn-.. 

Gcttlitlc { 1992) used Licbkin'-. correlation tor lo,s and Howell's correlation for n01ninal 

de\1ation in h1, .ir ·ilysb of the Rofanco compn.:ssor u-.ing the STl•M. De.-,pite th'! ab-.enn: 

of inlet guide \ anc, for which the blading "-U'> Jc-.igncd, hr Jecidcd that due to the high 

re.1ction of R0'i. the hlades would he operating at or very ne,,1 lo the design pomt for the 

design flow r.itc. In the light of Cumpsty's remarks concerning variation of deviation with 

incidence thi-. approach appear., to have hcen justified. 

For the prc,cnt analy,i-.. , off-design flow,, (a near-surge flowratl and a near-choke tlowratc) 

will he analysed as well as a design tlowrate. Of the reviewed lo.,s correl.ttions, only those 

of Howell and Jan-.en and Moffat ( 1967) provide off-dc-.ign capubilit1es, since Licblein's loss 

correlation is only valid in the low-loss region. For thr sake of consistency it w J!- decided to 

make use of the generalised off-design correlation curns of Howell. NAf' A o~ -S~r;.:s 1:.ita 

would be w,ed to ch1:~k for predictive er• ,1s a rcsul. of exceeding camber ·.;ng, rg,~a·,.r 

than 40" and :css than 20' . Dixon, 1978), profile ch·u:gc (NALA 65 and not •.'-.,.:rie!-1), and 

A VDR, and correction factors wouJd be developed. 

- 52 • 

~ . . . ~ 

. . .. ; 

Stellenbosch University https://scholar.sun.ac.za



For the low Reynolds number regime the correlations of Howell ( 1942) .wd Davis and Millar 

( 1975) appear too sin1 plistic. Neither the semi-empirical correlation nvr the empirical 

correl~1tion of Roberts ( 1975) are useful in a method such as th,. STFM since the blade velocity 

di,tribution und a boundary layer method are required. Since Roberts provides the data from 

which the correlation was derived in graphical format, however, it is possible to create 

correlations of loss and turning versus the difference in bursting and subbursting blade chord 

Reynolds number!'> 

5.39 

in the same mannc1 as Roberts' cmpiri<:al correlation. From section 5.7 it can be seen that 

Robert~ had ba,c<l his original correlation on the diftercncc in bur•:ting and subbursting 

separation momentum thickness Reynolds number to separation position blade chord fraction 

ratio, 

[ 
Rt• · ] [ Re · ] MX = __ 11_l - __ o_s 

(Sil>.\ \H (S/1 >s H 

5.29 
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6 CASCADE CORRELATION DEVELOPMENT 

6.1 Howell's correlations: curve fits 

Figure 5.5 ,hows Howell's corrclat1011 for nominal fluid deflection versus fluid outlet angle. 

Two approximating formulae for this relation are mentioned by Dixon ( 1978J: the 
tangent-difference rule, quoted by Howell 

• • 1.55 
tan a~ - Ian a,= 

1 
s 

1 + L.1/ 6. 1 

for the range O S a , S 400 aPd a linear apprnximation for studi.;nt use 

f
0 

=(16 - 0.2~)(3 - s//)0 

6.2 

These two arproximating formulae arc shown plotted 111 figure 6. 1, as well as isolated data 

point, chgiti,cd from Howell', graph in figure 5.5. Although uscf ul as simple approximations. 

they were cons1<len:d to be too inaccurate;: for the purpose at hand. A polynomial curve fit 

throut l' the Ho~cll d.ita points was obtained to remove range and inaccuracy problems and 

i, also plollt' d in the figure . The lit can be s1'cn to be very good, with a correlat1nn coefficient 
o f0.9')9 ' 75. The equation for the polynomial fit is 

1::· = 54.t,68880 - 0.795123 ex.; +0.00261660 a;i 

- 26.080-l 7 +5.09697 ( ~-J +0.::!54166 o:.;7 
- C.000554660 ( a; j J 6.3 

;\ oolynomittl was fitted through the relative deflection <lala points in figure 5.9. Figure 6.2 

shows the relative deflection data and approximating curves. The correlation coefficient of 

the polynomial b 0. 990 9 ! ~- Since at values of non-dimensionalised incidence f = (i - i°)le· 

below -0.6 the polynomial values .start dropping considerably below those of the lrnear 

approximation that Howell (1942) gives, it was decided to use the linear approximation for 
[ < 0, and the polynomial for [ 2'. 0: 
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t<O 

t~o 

E A 

-:= I.O+i 
E 

E • t" !"'" -; = 0. 99-+648 + 0.879105 I - 0.235132 t' 
E 

-0.958304 f1 - 1.0' 3 I 7 t" + 0.68773 I ,- 6.4 

A polynomial with 2 variables, t and sll. was fitted to data points taken from the prefile drag 

coeflicil'nt curves in figure 5.9. The resultant tit in figure 6.3 can be seen to be good, and the 

correlation coefficient i, 0.997 324. The polynomial is given by 

A •i c0 = o.0244835 - o.0253888 i + 0.0304050 ; 

+ o.o 19518 r1 + 0.0931483 f4 + o.446040 r 

+0.508065 i"'-0.00809064 7 t0.0137634 tf 

➔ 0,0229892 { f J-0.0125055 { f) I 6.5 

6.2 NACA 65 Data Comparison 

Seeing that Carter"-, deviation rule (figure 5.14) was developed subsequent to llo~cll's 
deviation rule 

5.5 

it was logical to i:omparc the effects of the two rules to see if eith,:r was to be preferred before 

applying correction factors to one of them. Firstly, the NACA 65 data as "carpet plotted" by 

Felix ( 1957) was digitised and typed into a spreadsheet. A polynomial was fitted through 

Carter's curve form for a circular arc camber line for values of stagger angle y between o• 
and 70 , obtained from Robhins et al ( 1965), and 1s shown in figure 6.4. The polynomial 

titting the data 1s a simple quadratic equation, being 

m =0.215188+0.000969877 y+2.4512x 10·~ y 6.6 
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Then the values or m from the two rules for a circular arc camber line were c0mpared as a 

function of y for all the cascades in the database. The results arc shown in figure 6.5. The 

two correlations exhibit the same trends and approximate values, with i-lowell's correlation 

-.howing a fair amount of scatter in the midrange, generally predicting more deviation than 

Carter's rule. For values ofygreater than 45° and les:-. than 5°. Caner predicts more deviation, 

although Carter's value,, for y less than o• arc e:~trapolations. It b to be c.xpected that Carter•., 

rule would he more accurate. having been developed later, but Howell's nominal condition 

correlation relating £
0 

to ct; and.\// was based on Howell's dcviat;on correlation. 

To make a meaningful deci,ion rcgardi.•g which of the two correlations lo use as a basis for 

development. the NACA 65 database was non-dimensionaliscd co e = E/£
0 as a function or" 

[ = (i -()tr", where t:' was oh:aincd from Howell':; and Carter's deviation rules respectively. 

u-.ing Howell '-. nominal condition c(1rrelation. The results arc shown in figures 6.6 and 6.7. 

Each dotted line curve represents a series of tests perfoa med at constant inlet air angle a
1 
and 

solidity cr, with ,tagger angle y varicJ. Plotted on the same system of axe, on both graphs 

wa, Howell'., off-design ddlectio11 correlation. The tv:o graphs can be seen to be very similar. 

Since neither of the 1wo graphs •.!ood out clearly as hcltt·r collapsed <,nto Howell', off-design 

curve. it was decided 10 u,c Howe!,', deviation rule for the sake of consistera::y. 

6.3 Corrcctlor. Factor Correlation 

The dat .. 111 figure 6.h doc-. not collapse very well onto Howell's off-design curve. The 

difl~rcnce between thl' NAC,\ point values .~ ,,: llowl!IJ's prediction, rrc quantified by an 

avcr~age error rn c of 0.0? ~ 1,;5 and a ,tanda:tl <"vial ion of the error of 0. 116 902. Two 

con.,1an1-.. , ... , and C2, w1 re in1rot1L,:~d 10 mo\e thl: ·, all point ,>f each of the NACA data lines 

lo Hm, ell'-. ,,tall pt,int ,>l / = n 4 .,,id e = 1.:?5 tnc philosorny h.!hind this approach was that 

it ttw J::,a coutd he ,, a le 10 :ntl;ipse on '. [-1"' ell s line t,y correiation, then by starting with 

Howell·., cunl: the N \., \ . 1,11 ·1 c0u1t: h:: ,.:r :oduceC! by applying the correlation in reverse. 
Th.: values of r· were ad_p,11·J I•) 

b. 7 

re,ulting in ;' becoming ;,;d1 from equations ..;.4 and 4.6 

;;,, = £:./, + a: - 0,' I 6.8 

und , becoming i~,11 
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6.9 

Values of C1 we1e chosen so that the ia,11 values of the stall points would t,e 0.4. The C
1 
values 

found in this manner were then correlated by the expression 

c, =0.720467 -0.154903 cr-0.00446029 a, 

+o.00459836 0 + 0.000 I 52596 a7 

with a correlauon constant of 0.946 775. The values of£= C.i,,,)e:,, were adjusted by 

6.10 

6.11 

choosing values of C1 which !med up the£"''' points at stall to I .25. The C2 values were less 

easy to correlate, requiring more terms and yielding a lower correlation constant of 0.922 
307: 

c~ = o 4 I 0688 - 1.06448 cr- 0.00505307 a, 

+ 0.00292760 0- 0.379925 cri + 0.00048433 ea, 

-4.19067xl0-() 8cx~+0.0150439 ecr+0.00511456 ecr2 6.12 

The NACA data was adjusted using the correlations of C, and C1, and the result is shown in 

figure 6.8. The spread of data has narrowed noticeably, with the average error in£ dropping 

to 0.0 IO 241 and the standard deviation of the error to 0.073 736. Unfortunately the adjusted 

NACA data still diverges as ( 1,11 decreases from the stall point value of 0.4. 

A third constant, M , was then introduced to adjust the gradient of the NACA data lines to 

converge to the off-design correlation of Howell: 
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---~-- - ---~ 

for values of E.a,11 where {.,J/ < 0.4. Correlating M proved to be the least straightforward. Success 

was ultimately only achwved hy dividing the data into two ranges. 30° $ a, $ '.:i0° and 
50° < a, $ 70°: 

• 50 
a <-

1 - 30 

. 50 
01 > 30 

M1 and Mi are given by 

6.14 

M1 =l.051072 +0.867436 0 + 1.11147 cr 

+ 0.524389 ci, -0.0389094 cif-0.351642 cr2 

- 0.209736 02 
- o.535405 ea -o.415628 cra, 

- 0.202516 a,a + 0.0893002 (00->2 + 0.0113806 caa, >2 

-o.014s901(a,cr)2 +0.21sos6 ea-a, +o.0263945 01 

-o.oon8454 ecr1 
6. 15 
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50° < ex., ~ 70° 

where 

-~~----~------~~--

M2=-22.886694+ 12.1308 r+2P..6134 & 

,,. ... 2 ... ., 
+ 11.1523 a, -0.207618 0 1 - 5.58370 er 

- u1315 01 - 6.8ss16 e&--s.o9s87 &o, 

-12.9649 a,cr+o.s31582 ce&>2 +0.16sso5 cetil 

-1.19605 ca.o/+2.33333 ecra.1+0.018s601 01 

- 0.0345338 ea' 

• 0 
a=-. crrr,= 1.0 o,., 

6.16 

6.17 

The correlarion cocflicicnb for the two ranges arc 0.866 199 and 0.923 300 respectively. 

Using these mtcrp"lation equations. the M correlation-, were w,ed to modify F..-.,.iJ in the 

following way: 

E,noJ = ~I - M <f...,, - 0.4) 6.18 

for the value, of Cu.1, where {u.,, < 0.4. Application of the correlation for M had the effect of 

reducing the average error to 0.008 44 and the standard deviation of the error to 0.060 252. 

Qualitati"ely, the spread of the worst diverging NACA data lines was reduced, but some of 
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the data lines that convergeJ well to the Howell correlation line to start w1111, such as tho.,e 

with low 8, low cr and low a,, were more dispersed. This 15 due to the correlation of M being 

1mpcrfcr.:t and nvcr•predicting values of Min regions where it should become very small 

To overcome this eff cct, table 6.1 was rirawn np showmg the region<, where the values of fut1,, 

the NACA data adjusted only by C1 and l , , were considered good (with acceptably small 

L-:!Vtalion frvm I Jowell' ., ·urvc). Using table 6.1, table(, 2 was drawn up showing z,.mes of 

applicability oft he two !vi correlation,. In the non-app;· .. 11c regions M wa)) assumed to equal 

zero. LineM interpolatio11 wa~ used 10 l-nsure smooth transitions between the different rcgioi1s. 
Ti1:!rcfore 

• 50 
(X < -

I - J() 

A 5 c; 
(J ~ -

JO 

50 A .,5 
-< a <
JO 1 30 6.19 

6.20 
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I • • • ' • . ·.. .. . , . ' . . ' ' 

• .. ;.. • : • t • .. - • • J - . . · .. - ~- ·. 
~ • ' • ( • ' , • , .. • • r , 

• I • • • • , • • • ~ ... • • • • • • , 

. 
a$ 1.0 

cr ;::: 1.2 

1.0 < & < 1.2 

es 1.5 

0 ;::: 2.5 

1.5 < 0 < 2.5 

Gs 3.8 

0? 4.2 

3.8 < 0 < ..:..2 

(0- l) -ra= l + -- -(cr- 1.0) 
(l.2-1.0) 

, ( I - 0) • 
Lui = 0 + (2.5 - 1.5) (8- 1.5) 

(0- I) • 
C82 :::, I + ~ 

2 3 
) (8 - 3.8) 

(•,. - .8 6.2 I 

The NACA d::ita v·as again modif:ed using equation 6.18. this time withM having been altered 

hyc4uat10m 6.19, 6.20 and 5.2 1• The average error ts now0.005 89 and the standard deviation 

of the error i~: 0.052 933. The exercise was repeated, this tirnc applying equation 6.18 for all 

values of f,,.,,. collap~ing the dt1tn lines at t,, > 0.4 by 

{s 0.4 

r > 0.4 

M = M 

M=-M 6.22 

The rc:;ultant values of En.,>J are sho,·m plotted in figure 6.9. The spread has been successfully 

narrowed and the divergence minimised, and the values for averare and standard deviation 

of the crrr)r are 0.003 )4 ,tnd 0.054 261 respectively. 

To regenerate the NACA rt',ults, firstly the values of E. and C1 must be found from 0, a (or 

s//) amt a 1• Then. C1 and e:· produc. r,;,1, and, with i, T.,"r From l,i,1
1

, use 1s made of Howell', 

off-design , orrf'la11on to obtain c,,11,,1 a11d. with sll, Cn, After finding M from equation 6.22 

a11d CJ, the detlecrio·. Eis finally found from 

6.23 
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6.4 Modification to the Correlation of Roberts for Reynolds Number and 
Turbulence Effects 

As mentioned in section 5.6, the correlations of Roberts ( 1975) are not directly applicable to 

the cascade correlation requirements of the STFM, since the blade velocity distribution and 

a ooundary layer method are required. The data in the graphs of the two papers of Roberts 

( 1975), however, were w,ed lo create correlations of loss and turnir,g versus the difference in 

bursting and subbursling blade chord Reynolds numb~rs 

where 

6.Re, = Re, 8 -Re, IR 

0 = 0/0".'' Orr1 = 10° 

f = (l l l)l (tll),,.1, (t l /),,,1 = 0.1 

.f = (sl/)l(sllt,r (s /1),,
1 
= l.O 

6.24 

6.25 

S.39 

6.26 

The subhursting and superbursting values of W 1 and £ were digitised from the graphs in the 

two papers of Rohc11s ( 1975). By means of the modified Howell correlation (sections 6.1 to 

6 J l, a sprea<lshec1 WU\ w,cd lo calculate the values of diffusion factor D for each of lhe test 
pnin1-. . 

The bursting Re• ·110Jds numbers were then obtained from Roberts' correlation equation 

Re :: _ ~ x W- + IOOOO [
(D+0.4)] , 

' ll 7.5~TF 5.30 

and Taylor's turbulence factor 

I 

fF=Tu(t J 5.32 
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where Roberts gives the turbulence intensity Tu of the VKJ cascade tunnel as 0.48% (or0.004 

8)and thcmacroscalel, as~ 15mm. TJ--e li!..idechord/was 127mm forthetestsatRer ~ 200 000 

and 60mm for lower values of Re,, giving TF values of 0.006 3 and 0.007 4 respectively. ln 

practice, however. none of the bursting Reynolds numbers from the rorrelation reached 200 

000, so the TF value of 0.007 4 was never used. Since Roberts rcfrrs to the value of TF as 
-0.006, it was decided to drop the fourth decimal pla<.:e. 

The ~ursting values of W1 anti c were not available, so the ..,uperbursting values were used 

Figure 6. IO ~,hows values of 

6.27 

and 6. l l values of 

£ -E 
n sn =/{Mc) 

0~ l 

I 
6.28 

Linear regression, wen: fitted 10 the data in both graphs. and in both cases the iines do not 

pass through t!le origin but pass above it as can be ,een in figures 6. JO and 6.1 l. This fr 

becaur,c of the u,c of surerbur,;ting values for bursting ones. The cxar.t value of the bursting 

W1 und £ can be calculated by Roberts· sc1111-crnpirka.l correlation, but since the inviscid 

solution augmented hy u boundary fayer method is rcquirl!<l for each data point, a differenc 

course of action was decided upon. The values of w, and E for the highest Reynolds number 

in each test se,ies wn-; assumed to b 0 equal to those for a Reynolds number high enough for 

transition to occur b~for•• separaring into a laminar bubble. This assumption 1s shown to be 

1 easonable by examination of Roberts· data tn figures 6.15 to 6.22. The r1.te of decay of ro
1 

and e with decreasing Reynolds numtcr is very mild in the superbursting regime compared 

to the subbursting regim<.:, and in some cases is imperceptible. 

The linear regre<;sions were extrnpolat\!d backward until they crossed the x-axis. The average 

of the negatives of the ordinates of the two intercepts was taken. and added to the RI rs of the 

bursting Reynulch number equation (5.21) as an additional constant. New values of burs~ing 

Reynolds number were calculated, and using updated \alucs of MX a new linear regres5ion 

was formed. This cycle was repeated until the lllllrccpts 0,1 the x-axis of the two regrcs-;ion-; 
were eq11idistant from the origin on both sides. 
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The newly modified bursting Reynolds number equation predicts an "artificial" bursting 

Reynold, numher wilh the ..,ame rate of decay of W1 and E in the -,uhhursting regime, but 

occurring at a 1~irher Reynold, number to account for supcrbursting ro1 and £ without having 

Lo calcuhne the ~1.,ynolds number al which laminar !->cparation begins. fhb is illustrated in 

figure 6.12. The "artificial" bursting Reynolds number c,1uation j., 

[ 
(L) +0.4)] R,• H = ffe x 105 + IUOOO , : 7766 

' 7.5 TF 
o.29 

Having found the "artifir;al" huNing Reynolds numt:er equ, •ion 6re.,.,ions of 

equations 6.28 ;ind 6.29 were performed, with the lines fo·, ~•1 : ~, go th1ullgh the tirigin as 

seen in figures 6. IJ and 6.14. The resultant equations t,, ,:bt 1i11 subbursting IJ.)1 and£ arc 

w. = ro, + 2.458 26 X l0"7(0(.1')Me 
~ 8 ' 

6JO 

6.31 

6.5 \n Interim A VDR Correction 

Sin<.:e the NAC A data ( fr"m which the adjustments to the Howell cm1dution \.\.ere done) were 

of ea,c~ide te,h done at AV/JR of unity an A \'DR correction was added to the Howell 

adjustments. This would allow the effect on the STFM predictions of A \'DR •::iriations to be 

analy,ed 4ualitutiwly. ,incc the Rofancn compressor blade rows are expc<.:tc<l to operate :it 

AVDR > I. 

Different techniques for Laking t\ VDR variattons were listed in section 5.8. Cur11:,sty ( 1989) 

!->Lated that there wa, no <.:ornparahly accur.ite method for introducing tl,e effects of 

A VDR :J:. 1.0. The effort required lo compile a representative A I/DR correlation dependent 

on stagger. sohdit>. incidence and camber would nut be justified if no cndwaJI boundary layer 

method was incorporated into the STf;M to predict the endwull displacement thicknesses, and 

hen,:e the uc:Lual A VDR values. The A\ DR L'Orrc<.:tion was therefore not intended to be uccuratc. 

hut to he simpk and 10 indicate the tn:nds. 

The ,hree rules for A VDR-allccted deviation mentionrd in -,ection 5.8 (cquutiom, 5.36 to 5.38) 

were incorporated into a pii.:<.:ewise-line:u interpolated corrclatic.,n with stagge1 as the 

independent vanabk 

- M -
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O= 6,,-K(I.VDR- t) 

where 611 thc deviation at A VDR = 1.0. K is givc.1 by 

15° >y 

15° <:y< 36° 

36° >y 

K=8 

K=-8+ (y-lS) X(I0-8) 
(36- 15) 

A = JO+ :~--
3
3
6
~ X (20- 10) 

( . . ) 

6.32 

6.33 

The rei.J,on the h:gh-:-taggcr porti0n of the correlatio;1 is allowed to extrapolate beyond the 

top limit while th,,. low--.ta!,.gcr ponion i, bundcd by the lower limit i-. that the ,11ree points 

seem to sugg~st an exponential-type curve. Figure 5.16 from Gostelow ( 1984) provides some 

justification for value-. of K Jbove 20 for high stagger blades. even t11ough the values in the 

figure arc inl'idence-dcpendent. The' ·atuc of 20 was obtained from a ca,cade at zero incidence. 

6.6 Testing of the Howell Correction Factors and Modified Metho" of Roberts 

The method of flowell •Jsing the adjustmcnL factors was u-.ed together with the iow Re1nolds 

number modi lied Robert...· method to predict the w1 and e of the data pre~cnted hy Roberts 

( '. 975). The ni,ufl c;. " "' shown in figures 6.15 lo 6.22. 

Howell', 1111:thod with adjustment factors is shown to be quite accurate for all tne test ca~es 

by comp~1ring the highe,t Reynold-. 1111mbcr data with the ,,>lid lines indicating most turning 
or lea'il loss . 

The turning f for the IO' 0 and 1.2 ~11 cascade (figure 6.15) wa-. consistently overpredicted 

hy ubout I" for all incidence angles, whereas greater variation wa<. evident for the 30' 0 and 

1.2 .,// ca'>cude (figure 6. 17). At highly positive incidence£ was undcrpredic:ted by t • whereas 

at highly negative incidence E was overpredicted by IS and 2.5°. Por both cascades at design 

point E was prcJicted to within 1 •. The prediction of E for the other. single-incidence, four 
cascades was within I. 75 

The prediction of los-. w1 wa-; very good, being everywhere within 2 percentage points and 

mo,tly within I percentage point. with the exception of the highly negative incidence on the 
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10 8 and 1.2 .,// cascade (figure 6.16), where the loss was ovcrpredictcJ by 8 percentage 

points. This is lo be expected since from figure 6.3 it c:m be seen that a [ value of -0.84 is 

far from the given darn range and extrapolation is always dangerous. 

Th<.: prediction of suhbursting E and ro1 was very good, given the simplicity of tl1e correlation 

and the acc:.: racy bounds of Howell'., au justed method. Thl' two methods were then deemed 

acccptahlc for use in the STFM. 
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7 RESULTS 

7.1 General 

For all the compressor runs, lhe computational domain consisted of 52 .ixial stations and 11 

stream function stal10ns. The axi;!1 station positions were chosen such that: 

a) 1 he expansion ratio would never exceed 1.30. Thf" expan!,ion ratio i-, ckfine<l as the 

ratio between the distances to the upstream and downstream station from a given 
station. 

b J The axial stations would coincide with the mean biade inlet and exit posi tions as well 

a., the cx11crimcntal position of the nose of ".: c.:,,bra probe at inlet and :1fter the blade 

rows. The probe nose position behind the stat1 ro,v \\ as foun<l lo be so close to the 

stator blade exit plane that lhe two stations were made coincident. 

c) Each black row c.:onsi.,ted of 4 axial stations. Values of change of total pres<;ure and 

tangential momentum were calculated at the hl,1dc exit and lincnrly intcrpolat..:d from 

the full value al the blade exit to zero at tht:. L,ade inlet. 

The STFM equation has no term dealing with tolal pre.-,sure value.-;, only toraJ prt'-.sure 

gradients. Fm this rea,on guage pressure, measured aguinst any reference. may be used for 

lolal pressure values im,tead of absolute pressure. Compres<,or inlet values for total prcs-;ure 

and tangential momentum were assumed to be zen The down,;tream oullet streamline 

gradient was held at zero by making the oullet radius of a ~lrcumhne equal to t 1c radius 

calculated for lhe adjacent upstream node at the prcv1ow, i1eration 

The maximum stream function values were calculated from the ,i,,s averaged velocity for 

the flow ouli,i,h,; ,,f the hub and ca<;ing boundary layers from the expl;runental vclocit_ prol lie:-.. 

These velo,;ities were then corrected lo remove the effect of inlet blockage prcse111cd by the 

six struts circumlcrentially distributed about the inlet. nus was done b,> multirlymg the 

thus-calculated inlel velocity by lhe ratio of the average of the thrc1. cxpernnental rolor mass 

flows at a given flowrat.:! to lhc implied inlet flowrale from the c perimcntal inkt , elocity 
prof:(!:. 

The 5TFM program was run simubling th1. three mass flowrmcs al which th1• Hofanco 

cornpn.'s-;or wa., te-.ted. The.: different cascade correlations fitted uml mod1ftcd in chapter 6 

were used, na111dy: Howell'" nominal and original off-design correlation for Jetkc.:tion and 

los~; the off-design correlation of Howell as adjusted in section 6.3 (hereafter referred to a.s 
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H2); the modified low Reynold'> number correlation of Roberts~ and the mterim AVDR 

correction. Licblein's correlation was also used at the design nowratc as an alternate profile 

loss prediction. The STFM ;:,redictions were plotted on the same graphs as the experimental 

datJ for comparison. The inlet llow angle and tangential \elocity profiles were not plotted 

us they were assumed Lero for the STPM purpose-,, and their <:ompurison with the cxpenmcntal 

values is not meaningful. The zeroes in the axial velocity prot1k-; are ,;taggercd for clarity. 

The rotor profile, have had their zeroes raised by 20 m/-., an<l the inlet flows by 40 mis. 

When applying Roberts' correction, the value or Taylor's 1urbulc.1cc factor TF was not 

available since no turbulence or macroscalc measurement-. had been taken. u~e was made.. 

of the turbulence measurements of Lewi-, ( 1989) at the inkt LO the first rotor, downstearn of 

the honeycomb and mesh screen. at , t1ow coefficient of 0.6. Lewis· build of the compressor 

differed from the current one by heing only one stage. The turbulence intensity from figure 

5.J of Lewis ( 1989 J in the hull- !low ouhide the annulus boundary layers is 1.38%. A1 this 

point two assumptions were rnack; firstly that lhe value of Tu remained approximately 

uncluingcc.l from inlet to outlet (not very physical, given that the effect of wake passing 

probahly overrides the decay of turbulence). and scrnntlly that the value of TF was close that 

ot Tu (reasonable.given the I/5th powt·r of the chord to mac rose ale ratio in the scaling fat. 1r 

in equation 5.32). The value of Tf wa ... therefore ,1ssumed constam al 0.01.18. 

At the ncar-..,urgc llowrate. R1,~crts · <..orreclion was also applied for a higher value of TF. 

Justification for this Ls a figure frnm Gostelow ( l 984) ~huwing Iha! turbulence intensity 

increa..,cs as flow cc1dfic1cnt dccrea,es (figure 7.1 ). A value cf TF of 2.5% was arbitrarily 

rhosen to investigate the cfiect. 

In .ill the tangential and axLal velm:11y graphs the valuc'i after the stator rows .ippcar to be 

hadly underpred1ctcd Thi.' c;,;planation for 1his anomaly is that the experimen!,1i Mator 

mca,.urements were not mas-, ,md area averaged across the pitch of the stater passages a chord 

length downstream (a'- 1s customary lur casc:1dc testing) but were singk measurements at 

cadi radial stai,un at the trniling c<lge axial position, approximately midway pitchwise between 

the ,1a1or trailing edge-,. The result of this was lhat th<.' probe read ~ v..:-!ncily of the hulk 

passage lluw accelerated by the blockage caused hy the hlad;:s and the:r boundary layers . 

Had the wake, been taken into account by pitchw1se averaging, the vclocit,c, would have 

been lower. 

The ,tator flow angles aho appear underpredicted due to the deviation being greatt.r (hence 

lhc turning hcing less) in the passage bulk flow lha11 in the blade suction ur pressurf! ,urfacc 
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houndary layer wakes. The flow has been given tangential veloci1y by the rotors, and if the 

, truightcning by the slators is less in the passage hulk flow than in the blade boundary layer 
\\.'akes. then the flow angles will be greater there. 

For a similar reason the tnlel !lows seem underprcdicted. As pointed c;ut in chapter 2. the 

blockage presented hy the mlct struts and !heir wakes accelerate the flow locally. giving a 

fabe ly high n:ading if 1hc wakes urc not taken in10 account. 

The near-wall velocities. pre,sures and angles arc inaccurately predicted bec:1use the STFM 

is an invisciu P1ethnd. and no endwall method has hcen incorporated together with a mixing 
model. 

7.2 Ncar-d11 ign flowrate: 2.54kg/s 

Howell', original loss nnd dellcction correlations give good predictions of flow angle and 

tangential vclocily afler the ro1or rows (figures 7.2 and 7.4). which together with Howell's 

endwall Gorrelnt1on, predict the tolal pressure distribution very well. 10 within 3% (fJg11re 

7.<J). L1cblein's lo,, corrclat1on wus used at this flowratt! with Howell's original correlations. 

and predicts less pres urc loss (greater pressure rise). particularly nl.!ar the casing. The 

daffcrcm.es are not remarkable, bdng of lhe order of 3% at most. Both simulations were done 
with Rubert!> oncc11un w, itched off. 

The e feet f<ohcrts' correla:ion was very mild on the 1angential velocity and flow anglt: 

prof cs ( figure-: 7.2 and 7.4) but shows up ,nost clearly on the pressure Jistribution (figure 

7 I I). A l.1mrnar hubblc is predicted across lhc span of the rotor blades, most clearly visible 

m e 20mm clo-,e:-.t to the hub of lht! rotors, and corresponds to a drop in total pn.-:ssurc m 
the experimental results in the same region. 

The H2 1111:1hoJ fared poorly at this t1owrate, underpredicting turning (figures 7.3 and 7.5) 

and therefore p1essurc rise (figure 7. 11) in the top two-thirds of the rotor hlades. The inclusion 

of Rnh~rt, · correlatio!1 alleviated overprediction of press11re rise at the hub (figure 7 . 11 ). 

Sine\.' !t i, primarily AVDR effects that separate Howell's correlation from H2, the interim 

A \1DR corrclalion was applied to the rotors in H2. Tt,c stators were not corrected for A VDR 

efi'ect~ for 1wo reason,. Firstly the effrc1 of A VDR on stators blades with their lower stagger 

angles i-, much !css than on rotor blades (compare equat·ons 5.37 and 5 38). Secondly. it 

would be difficult to make comparisons since the experimental data taken behind the sta1or 
r,)WS arc 1101 ma•;, and area averaged. 
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The A VDR value was taken to be constant for the three rotor rows, and was varied until the 

predicted rotor flow angle equalled the experimental angle at mid-height (see figure 7.3). and 

was settled at 1.05. The flow angle aud tangential velocity distributions improved (fig11res 

7 .3 and 7 .5), not surprisingly, and there tore so did the total pressure distribution. Figt.re 7 .12 

shows vcr)' good predictions for stage., l and 2 and overprediction for stage 3 (about 3% ), 

instead of underprediction for all three. Also plotted is the vessurc distribution for an A VDR 

of 1.03, to show the effect of an int~, mediate value. 

It must he borne in mind that the interim A VDR correlation does not account for 

A VDR-dependent pressure loss. Fm A VDR values of greater than unity pressure loss is most 

often less than for two-dimensional flows (A VDR = 1.0), but can be greater for neg:itive 

incidence and high stagger_ a.; can be seen from figure 5.16. 

7.3 Near-choke flowrate: 2.80kg/s 

Howell's original lo::.s and deflection correlations. with and without Roberts' correction (TF 

at 1.38% ). underpredict the flow angle and tangential velocity profiles after the rotor rows at 

this now rate ( figures 7 .13 and 7 .15). PredictabJy, this leads to poor total pressure dhtribution 

prediction, too low by 10% at midspan using Roberts· correction (figure 7. I 9). The effect 

of Roberts' correction 1s much less vistbk than in the design flowrate, and only makes a 

noticeable difference at the hub in rhe pressure distribution graph at •he hub (figure 7.19). 

The reason tor this Jrop m influence is not so much that the :otor blade inlet Reynolds number 

ha'.'> increased from the design case (merely from 1.24 x 10\ to 1.27 x 105) but that the value 

of the dtffw,ion factor D has Jecrcased with the decrease in incidence angle, dropping the 

bursting Reynolds number. 

The H2 method fared worse than Howell's method with both compounded by Roberts ' 

correction, undcrpredicting turning (figures 7.14 and 7.16) and therefore pressure rise (figure 

7 .20). In the lop two-thirds 0f 1he rotor blades, the pressure rise prediction is worse than 

Howell's and Roberts' correlation predictions. 

Jn the sam~ manner as tne design flowrate case. the AVDR vaJue was varied until the AVDR 

interim correlation accur.1tely predicted the mid-height rotor flow angle (see figure 7 .14), and 

was settled at 1.07. Figure 7.20 show~ the A VDR-correction to yield a fair prediction of total 

pressu,·c for stage I, sligbt ,,\ ·rprediction for s1age 2 and about 7% overprediction for star:e 

3. 
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As menrioned in the previous case, for AVDR values of greater than unity. as can be seen 

from figure 5.16. pressure loss can be greater for negative incidence and~ igh stagger. There 

b rea-,on to believe that an A \'DR dependent pressure loss correction would yield a betler 
pressure pn:diction. 

Whereas the 1 ·.·cfa:tions of axial velocity profiles were flat for the dc.,ign fiowrate (figures 

7.6. 7.7 and 7 ~). for the near-choke flowratc the flow i.; pr.dieted to accclcrar~ at the huh 

and decelerate at the casing. Although not evident from the experimental rotor pwfilcs, the 

experimental stator profiles clearly show this trend outside ot the boundary Jaye1, 

7.4 Near-surge flowrate: l.99kg/s 

Problems arose in the low flowrate prediction in that 'itreamline shift became pronL•unced and 

v,:a., unstable. Changing the relaxation factor oniy delayed the in•ilability that prevented 

convergen('.C. It was suspected that the problem lay in Howell's correlation with the turning 

rc1thcr 1hat1 the drag coefficient correlation. since two values of t,,.
11 

will give the same value 
off., ~ po.,._ihle cau:-.c or m ... 1abili1y. 

To reach a con\'ergrd solution it was thought necessary to put limits on Howell's correlation 

at 1"'11 = ±0.6 instead of at i~ = j:;{)_7 (set f-gure 6.2 and 6.3). By this is meant that if the 

predicted value of ~.41 lay outside the limits. the value of i returned by the correlation would 

be the value at the limit, not the extrapolated value. The limit wa ... set on E only and not on 

C0 • hu~ the prvrl'!m wa, nor sr,lved a:1d the instability contmued. Limits were ~et on both e 
and C,,, a11u convergence was achieved. In a real c0n,1:"e~sor. either the blade row would 

stall or vi,t'Olfa effects would damp out streamline shift by increasing frictional drag on the 
acceleratin!, c:,..,ing streamtube. 

The upper limit of 1~1,11 was first scr at 0.6 (the first limit at which a converged solution was 

possible) ),0 tlw.t the tendencies of the method could be investigated. Thereafter it was set at 

0.4, Howe Ir, st .. l!ing condition, since beyond that point in practice stall would he very likely. 

With the limit ..,ct at 0.6. the effect of streamline shift can be clearly seen from the axial 

velocities predicted by hoth Howell and H2 (figure 7.27), which are underprcdicted at the 

hub and ovt"rpredi<.:ted al the ca-,ing, and the flow angles which arc overprcdicted at the huh 

and undcrpredi-,cd at the ca..,mg (figure<; 7.21 ). Roberts• correlation aggravates the situation 

(iig11re-, 7.22, 7 23, 7.25. 7.26. 7.28 and 7.29). Jn all ca-.l'"· HL'Welrs method appears worsl:, 

cxct pl for the flow angle predic110,i behind the third st..itor tor H2 at Tu of I .3h%. Both 
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methods over-predict h,tul pressure (figure 7.30), but Howell's method overpredicts by more 

sincc. tl predicts more turning. NoAVDR c0rrection was attempted for this situation as it wa, 

dearly unrealistic. 

Setting the upper limit of i,,.,, to 0.4 improved matters ~onsirlcrably. The prediction of flow 

angle, tangential velocity and axial velocity more closely approximated the experimental 

values for hoth methods a, this setting, although Howell's method gave better profiles. Figure 

7.33 ,hows Howell's prediction of flew angle. The slopes of the rotor flow angles for the 

three stages are quite well predicted. The same comments apply to the axial and tangential 

\'Clocity profiles (figures 7.39 and 7.36). The H2 method underpredicts the flow angles and 

tangential velocities (figures 7 .35 and 7 .38), as well as the variatton in slope! of the axial 

velocity profiles (figure 7 41 ). This is all explaineJ hy the fact that the, H2 method is calculating 

flow at an AV/JR of unity 

Examining figucs 6.2 and 6.3, it can he seen that by setting the limit of [aJi at 0.6, the profile 

losses were highrr and the amount of turning was lower than for the case at stalling incioence 

at 0.4, yet the tolnl pressure is still overpredictcd for 211 stages using both .nethods at both 

incidence limits, including Roberts' correction at two turbulence intensitit>'-. This implies 

that somewhere a loss generating mechanism is being underpredicted and probahly concerns 

th..: cndwall losscs, sine.: the blade losse:. anc! ;;1g have been varied and accounted for. 

As with the uthcr two 11owrate:,, the H2 method was augmented by the interim A VDR 

corrcla:10n. More or less correct rotor flow l.lngle prediction was obtai11ed with an A VDR 

value of I.I, as ,hown by tigu1c 7.45. The variation in slope of the axial velocity pro tiles 

inip10\'~d (figure 7.47). The total pressure rise (with Roberts' correction with a turbulence 

irt,.:-isity of 1.38%) was overpredict::d by 9~, e,Ttphasising the pressure loss problem. A 

turb111'!nce intensity value of 1.38% appears to have consistently given better results than the 

2.5% value. 
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8 CONCLUSIONS 

The STFM procedure appears to give good results for internal flows in general. The test cases 

chosen in chapter 3 show that for inviscid flows the method compares well with classical 

methods. Inaccuracies result from the w,e of ve1y few streamlines in regions of hub-to-tip 

ratios less than at.out 0.2, but increa~ing the number of streamlines soon suppresse, this effect. 

As can be expected. for coll'nressor flows the method was shown tu be ve1y dependent on 

the cascade models chosen. 

The H2 method (the adjw,tment factors correlated for Howell's method in chapter 6) gave 

much better predictions of the NAC A data than Howell's method. The H2 method together 

with the Roberts-type low-Reynolds number correction (as modified in chapter 6) were shown 

10 give good flow turning and profile loss predictions for Roberts· low-Reynolds num~r 

data. Both sets of test cases had A VDR values of U'lity. 

Measuren1cnts were taken at three different flowrates of the low-speed Rofanco compres"ior; 

near-design point. near-surge and near-choke. The STFM program was run at the three 

experimental tlowratcs. using Howell's nominal and off-design methods, compoundcrJ by 

Howell's endwall loss correlations and the Robl:rts-type correction. Compared to the 

experimental re,ults, the STFM program using these correlations performed well at the design 

point and acceptably al off-design. The pressure rise \;as underpredictec. by 3% at a 

near-design llowrate, undcrpredictcd by 9% at a near-choke flowrate ~11d ove,prcdicted by 

10% at a nettr-surge flowrate. In the absence of any capability of p.cdicting ;\ VDR values i11 

blade rows. there is no option but tG 11sc this collection of co1Ccl~ticn,. 

When the STFM w.;s used togelhcr with H2 combined with Ho"-di' ~ endwa,1 loss corrclalions 

and the Roberts-type correlation, the flow angle predictions were not a_-, good as those of 

Howell. This gave rise to a 4% total pressure underprediction for de:.ign. 9% underprediction 

for near-choke and 8% overprediction for near-surge flowrates respectively. 

Making euesses of rotor row A VDR values to match the flow angles, the adjustment factors 

correlated for H well' s method in chapter 6 combined with the Roherts-type correlation gave 

total pressure ovcrpredictiom, of 3%, 7% and 8% for design, near-choke and near-surge 

flowrates respectively. Since a lot of confidence can be placeJ in H2 and t~e Roberts-type 

correlation, tt would appc.1r that Howell's endwall loss correlations are the bottleneck in 

improvement of pressure prediction. 
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In neithei of the two methods is mass flow comparable with experimental values because no 

annulu~ btl,Ckage capability has been built into the method. A better comparison would he 

,Ns•;ble if r ,~liable endwalJ boundary layer technique were employed to predict blockage 

1t•o;pecially in ,, ,:.id~ :-nws to yield AVDR values) and endwall losses. 
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9 RECOMMENDATIONS 

9.1 Numerical Recommendations 

In order to improve the capability of the STFM program. a numher of modifications are 

necessary tn pr~d,~t compressor nows. 

The ph" osopby behind the correlations has been proved, but use of Howell's devrntion rule 

:-.hould he abandoned because of th~ AVDR inaccuracy. The deviation prediction graphs of 

Licblcin (1965) should be curve fittc>d and used instead, since the definillons of reference 

11: id~n-=~ produce similr:r angk:s, and deviation is a very weak function of incidence when 

bbd1. stall is, pproached (Cumpsty, 1989). A new Howell-type n'l~i,,al condition should he 

developed using the NACA d.~t:i. Using these two new correlauons. new C1• C2 and M 

acljustmcnts should prove less difficult to correlate and should yield simpler expressions. 

since most of the variations should have been taken care of hy the deviation anJ nominal 

condition correlmions. 

The va!ucs .,f thl' lo~•;es f,,und in the NACA investigations should be compared with the 

predictions of Howell a:10 .'ansen and Moffat ( 1967) to establish which is preferable. 

An endwall loss prcdkllon method (including the dfcct of tip clearance) combined with a 

spanwise mixing procedure should be implemented to replace Howell's endwall los•, 

prediction method. A great deal of work has been done in this field, and Cumpsty (I~!!?) 

presents a re\tew of pupers up to 1989, and Dunham (1994) presents a method as wPII a~ 

reviewing more recent work. 

A better correlution should be found or developed to prec!ic! both deviation and loss 

modifications a,.; a result of A VDR variations. having incorporated an cndwall method which 

should yield the value of A VDR for each blade row and streamline intersection. 

A correlation predicting turbulence intensity variation behind compressor blade rows 

incorporating wake passing and turbulence decay should be developed as input to the modified 

Roberts· low Reynolds number correlation. 

Lastly. the STFM procedure can be upgraded to cal,;ulatc compressible flows. and the method 

of Swan ( 1961) may be used for off-design tninsonic loss prediction. Lieblein' s ( 1965) Mach 

number correction for deviation prediction can be implemented. 
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9.2 Experimental Recommendations 

The experimental runs should be repeated incorporating a number of important modifications. 

The traversing in the radial and yaw plane should be automated to decrease the time taken to 

complete measurements. This will allow more tests to be taken in a reasonable amount of 
time. 

Measurements should be taken at several pitchwise stations behind each stator row to allow 

mass and area averaging for comparison with predicted values of pressure, velocity and angle. 

The cobra probe should also be calibrated for errors in angle prediction in flow with pitchwise 
velocity gradients. 

Detailed turbulence measurements, including calculations of macroscale l,, should be done 

at inlet and behind each blade row. 
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APPENDIX A: BOADW A Y'S TRANSFORMATION APPLIED TO CYLINDRICAL 
CO-ORDINATES 

The stream function \jl is a function of radius and axial position and hence its differential is 
given as 

A.I 

Introducing a dummy variable <1> = <1>(1, z) another differential is found: 

A.2 

New functions are required, such that: 

z = z(<l>, \jl), r = r(q>, \jl) A.3 

dZ ih 
dz =-dcp+-d1v 

dG, d'f A.4 

a, a, 
dr = -dcp + --d\jl 

cJ<)> cJ\jl A.5 

Substituting A. I and A.2 into A.4 and A.5 we obtain 

A.6 

and 

A.7 
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Collecting the d'f. terms the following set of simultaneous equations. expressed in matrix form. 

can he derived: 

A.8 

frnm which it follows that 

A.9 

where A is the determinant of the matrix. Similarly, collecting dr terms one obtains: 

[ 

ch ch][ d$] a$ a,1, a, = [o] 
a, a, ? 1 1 

a$ d'V dr 

r'\. IO 

from which 

A. I I 

The second pa:tial derivatives can be ohtained in an analogous fashion: 

A.12 

A.13 
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A.14 

Inserting A.13 and A.14 into A. i2 yields 

By a similar process:,; can be found: 

If one lets <I>= z, then: 

dz = 1 dz = 0 ?~ = dr 
iJ<I> ' d\jf ' Jell i}z 

dZ dr c)z dr Jr 
A=-----=-

a<1> d\jf d\jf d$ a\j.1 

oA d2r 

d\Jf = av 
oA dA a2r 
a<1> = a; = az a'I' A .17 

Considering A. I 7 alongside A.15 and A.16 it ir. clear that 

d
2
'1' 1 [ ar [ iJr ·cJ2r iJr ,ir] a, [ iJr a2r or iJ2r ]] 

oz2 
- (drld\jf)3 d'lf dZ dZd\jf d\jf c)z2 dZ dZ av d\jf dZd\jf 

d
2
'1f I [ cJ2r ] 

ar2 = -· (i)r/d'lf)3 a~ 
.J\\f (ozld<!>) l a, = A = (drld'lJf) A.18 
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Density gradients are handled in the same manner: 

p = p(<p, \If) 

ap = a~ a4i + ap a"' 
clz a<1> a.: <1\lf az 

= ap (drld\lf) + clp [- c1r1a<1>] 
o<p A d'lf A 

= a~ (rlrld\lf) + ap [- ar/cl<j)] 
iJ<I> (drld\lf) a\lf ar!d\lf 

ap ap [ artaz ] 
= o<j) + O\lf -ar!cl\lf 

ap I clp dr 
= aqi -(arlc)\lf)d'ljldZ 

-----+---- ---- + dp clpclq> op O\lf op[ dZld\lfl dp (oz/dq>) 
a, - cJ<j> cir d\lf clr - aqi - clr/chµ _ o\lf (arlo'4f) 

= o +-~ ap = ~ptchj, 
(i>r!d't() t1o/ •.•/o\lf 
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APPENDIX B: DISCRETISA TION OF MA TRIX THROUGHFLOW EQUATION 
USING GREYVENSTEIN'S NON-UNIFORM GRIP METHOD 

Equation 7 is .-cproduced for convenience: 

2 ;~, ~: o~
1

;r -( :~ J ~~ -: ( I + { :; r )- ~ ( ;~ J 
=[ :.J[ :; it~ -T:-,:•~;·>J-m:(i; n~ -:~r I +1 ::r)J 0

-
1 

Analogous to the method of Greyvcn"tein ( 1981 ), but in axisymmetric 1:0-ordinates, the 

equation is discretised for ·11.:ct..ngul ar ('lf,z) grid. The equation is then numerically solved. 

Figure B. l shows a section of the (\jl.:.) grid. N, S, E and W indicate neighbouring grid points, 

while n. s. e and w arc the midpoints between the neighbouring points and the point P, the 

point being examined. The gnd is not necessarily evenly spaced. 

Using linear interpolation, the term ~ at the point P ca, written as 

•vhere 

and 

[
or] =(r,,-rw)+oz .. [(rt.- r,,) (r,,-rw)] 
oz r 6::,. 2oz 6~ oz.., 

• I = I. 

oz, 
ZG2 = 

2
1: 1:~ 
uzu~ .. 
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The term~ at the point P can be expressed in a ,imilar fashion a:, 

=A 
B.5 

where 

B.6 

and 

B.7 

The remaining terms in equation B. I arc discretised in the same way. The following 
expressions arc used: 

[ a2
r ] -- =ZGl(C-A)+ZG2(A-B)=D dZd'.jl p 

[ i~ l =ZGJ (pE-pp)+ZG2(pp -Pw) = F 

[ ~ l = PGJ(pN-pp)+PG2(pP-Ps) =G 
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These, ond-order partial derivatives in B. I can be written as 

Using equations B.3 to B.14 in the LHS of equat;..1u B.1 yields 

In a similar manner, the RHS of equation B. I can be expressed a.'-

[ ] 2 f J PP . C9p 1 1 2 
= -r,, A L--N --[HA F-AG(I +H )] 

P11 Tp p,, 

=SO 8.16 

where 

and 

N =[ a(rc8)] 

a'V r 

-e . 
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If flow is incompressible, 

8.19 

Inserting 8.19 into 8.17 results in 

1 
=- [PGl(p"N-p,,p)+ PG2(p0,,-p115

J B .20 p 

Substituting equations B.15 and 8.16 mto B. I, we obtain: 

Substituting Q = "
2 

and rearranging, !he following identity emerges: 
fp 

B.22 

Equation B.22 is solved by iteration, with A, D, H, Q and SO calculated from values of r,. 

obtained from the previous iteration. 
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Table 2. 1: Details of blade geometry 

Rotor blades 

Blade number: 41 Blade chord: 30 mm 

Radius Stagger ! Camber Solidity Maximum 
(mm) (degrees) 

150.0 38.00 

165.0 45.00 

180.0 49.40 

195.0 53.00 

210.0 56.10 
-

Stator blades 

Blade number: 43 

Radius Stagger 
(mm) (degrees) 

150.0 20.38 

165.0 I 8.18 

180.0 16.61 

195.0 14.90 

210.0 14.32 

(degrees) Thickness 

31.04 l .305 l 0.10 

23.48 l.1864 0.10 

17.93 1.0876 0.10 

13.85 l.0039 0.10 

10.90 0.9322 0.10 

Blade chord: 30 mm 

Camber Solidity Maximum 
(degrees) Thickness 

46.28 1.3687 0.10 

43.39 l.2443 0.10 

41.05 1.1406 0.10 

40.57 1.0529 010 

40.00 0.9777 0.10 
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Position of 
Maximum Camber 

0.5 

0 .5 

0.5 

0.5 

0.5 

Positior of 
Maximum Camber 

0.5 

0.5 

0.5 

0.5 

0.5 
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Table 2.2: Mass balances 

Near-surge flowrate: 
Density = I, 1757 kg/m 1 

rh = 1,9892 kg/s 

Rotor 

Stage No. 2 3 

rh 2,0093 1,9573 2,0010 

1h 

Ill,,,. 
1,0 IO 1 0,9840 1,0059 

Near-design flowratc: 
Density = 1.1664 kg/m3 rh = 2.5378 kg/s 

Rotor 

Stage No. - I 2 3 1 

2,2949 

1,1537 

Measured inlet velocity 27,413 mis 
Corrected inlet velocity 25,984 m/s 

Stator Inlet 

2 3 left 

2,5651 2,5579 2,0986 

1,2895 1,2859 1,0550 

Measured inlet velocity 34,631 mis 
Corrected inlet velocity 33.384 mis 

Stator Inlet 

2 3 left right 

rh 2,56()1 2.5 l•lO 2,5394 2,7877 2,6854 2,7623 2,6356 2,6296 

rh 
1.0088 1 ll. 9906 , I ,0006 - 1,0984 1,0581 1,0884 I ,0385 I 1,03621 

rh,nc 

Near-choke flowratc: 
Density= 1 .1602 kg/m1 rh = 2,8036 kg/s 

Rotor 

Stage No. I 2 3 

rh 2,7850 2,8309 2,7949 

rh - 0.9934 1,0097 0,9969 
rh,.e 

I 

2,8917 

1,0314 

- 92 -

Measured inle1 velocity 38.367 mis 
Corrected inlet velocity 36,924 mis 

Stator Inlet 

2 3 left 

2,8959 2,9686 2,9131 

1,0329 1,0589 1,0391 
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Table 6.1: Prediction quality of H2 correlatbn without gradient correction 

+ good 
poor 

• nm applicable 

Camber Solidity 

angle -
0,5 

0,75 

10· I 

1.25 

1,5 

20· l 

1.5 

-
0.5 

0,75 

30• l 

1.25 

1,5 

31.s· I 

1,5 

0,5 

0,75 

45• 1 

1,25 

1.5 

30• 

+ 

+ 

+ 

+ 

+ I 
+ 

+ 

-
+ 

+ 

+ 

+ 

+ 

+ 

-

+ 

+ 

+ 

+ 

Inlet angle 

40• so· 60. 10· 

+ + + + 

+ + + + 

+ + + + 

+ + - -

+ + - -

+ + + + 

+ + - -

- - - -
- - - -

+ + + + 

+ + - -
+ + - -

·-
+ + - -

+ + . -

- - - • 
+ + + • 
- - . • 
. . . • 
+ - . * 
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-- ~--------------------~~--------------

Table 6.2: Regions of applicability of gradient correction correlation M 

+ applicable 
not applicable 

M1: 30° $a,$ 50° 

Solidity Camber angle 

10· - 20· 20° - 30° 30° -37,5° 37,5° - 45° 

0,5 - 0,75 - + + + 

0,75 - 1 - + + + 

I - 1,25 - - - + 

1,25 - 1,5 - - - + 

M2: so· ::,; a 1 $ 10° 

Solidity Camber angle 

10· - 20· 20° - 30° 30° - 37,5° I 
37,5° - 45° 

0,5 - 0,75 - + + + 

0,75 - 1 - + + + 

1 - 1,25 + + + + 

1,25 - 1,5 + + + + 
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Figure 2.2: Cobr .. 1 three-hole probe 
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Figure 2.11: Flow angle profiles at near•choke flowrate: 2.80 kg!s. 
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Figure 2.12: Tangential velocity profiles at near•choke flowrate; 2.80 kg/s. 
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Figure 4.1: Compressor cascade and blade notation 
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Figure 4.2: Fou!" compressor blade profiles for nominally identical turning, 

0.1 = 43.6°, Cli = 23.5" 
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Figure 4.3: Relationship between isolated aerofoil lift coefficient and equivalent camber 

for NACA 65-Series profiles 
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Figure 4.4: Forces and velocities in a cascade 
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