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Maximum Loading Capability of Axial Flow Compressors

J K Schweitzer*and J E Garberogliot
Pratt & Whitney Aircraft, West Palm Beach, Florida

A maximum loading prediction system for determining the design speed stall margin capability of axial flow
compressors is presented The formulation of the primary correlations for this system is based on the analogy
between a compressor cascade and a diffuser passage Semiempirical corrections are applied to relate the initial
cascade derived maximum loading values to the real compressor environment The system was formulated on
the basis of meanline parameters, such that it can be used to guide the selection of the primary compressor design

- variables early in the design phase Good agreement is demonstrated between the predicted and test stall margins
for a wide range of single and multistage compressor geometries

Nomenclature

= cross sectional flow area, in 2

=blade aspect ratio

= passage aspect ratio

= blade chord length, in

= clearance, in

=lift coefficient

= static pressure rise coefficient

= diameter, in

= friction factor

=blade height, in

= diffuser length, in

=ideal static pressure rise coefficient
=Mach number

=number of airfoils

=pressure, psia

= pressure ratio

=radius, in

=Reynolds number

=thickness, in

=temperature, R

= total pressure loss coefficient

=relative air angle degrees from tangential
=ratio of specific heats

=boundary layer displacement thickness, in
= equivalent sand grain surface roughness, in
= static pressure rise efficiency

= camber, deg

=tangential blade gap, in

= diffuser divergence angle, deg

=relative loading parameter
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Subscripts

eq = equivalent
H =hub

hyd = hydraulic
=relative
=stall

=tip

= stagnation
=inlet
=exit
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Introduction

URING the design of new axial flow compressors, an

early estimate of the stall margin capability is 8 matter of
great concern to the designer Insufficient stall margin at any
point in the operating range can lead to serious problems in
performance and/or durability; an overly conservative ap-
proach is usually accomplished only at the expense of an
adverse tradeoff with compressor efficiency, number of
stages, length, or weight While detailed refinements during
development can lead toward attainment of a given com
pressor’s full loading potential, in general, the level of this
potential is determined once the primary design variables are
selected during the preliminary design phase An accurate
assessment of loading capability as early as possible in the
design process, therefore, is essential.

Current compressor design practice has been to limit the
loading in each compressor blade row through various
loading parameters These have fallen into two general
categories: airfoil aerodynamic loading parameters such as
the diffusion factor and the equivalent diffusion ratio
proposed by Lieblein et al ,!2 and endwall oriented loading
parameters such as the blade row static pressure rise coef
ficient Previous attempts to correlate the maximum loading
at stall based on these parameters have met with, at best,
limited success While useful design criteria have resulted for
similar compressor geometries, extrapolation outside the
range of the data base upon which the correlations were
formulated generally have proved inadequate Most recently
Koch?® pursued a diffuser analogy concept for correlating the
maximum attainable loading at surge for compressor stages
and showed that when the stage stalling static pressure rise
coefficient was corrected to equivalent diffuser conditions, a
trend with varying length to width ratio was obtained similar
to that for two dimensional diffusers. Sufficient scatter was
implied by the range of effective static pressure rise coefficient
values calculated however, limiting its usefulness as a
quantitative design tool

The objective of the analysis described herein was to
develop an improved, more generally applicable system for
predicting the maximum loading capability of axial flow
compressors capable of guiding the selection of the primary
compressor design variables early in the design phase This
work was an extension of work originally initiated at Pratt &
Whitney Aircraft (P&WA) in the late 1960’s to formulate an
equivalent conical diffuser correlation for axial compressor
cascades,*® and subsequently developed into a comprehensive
meanline design system ¢ The approach is similar to that of
Koch in that it also is based on a diffuser analogy concept,
except that the equivalent conical diffusion angle
(representing the rate of diffusion) and the ideal loading,
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which; in turn, is a function of the area ratio (amount of
diffusion), are utilized as the primary correlating parameters
The base correlations of the system were developed from an
extensive series of in-house cascade tests with semiempirical
corrections subsequently applied to relate the cascade
correlation to any given compressor operating environment
Diffuser and pipe flow data were employed where appropriate
to help extrapolate the compressor and cascade derived
correlations outside the range of available data A useful
design tool has resulted which will be shown to exhibit good
agreement between predicted and demonstrated compressor
stall margin for a number of compressor geometries Further
details of the system formulation and maximum loading
analyses can be found in Ref 7

Diffuser Analogy

Since a compressor cascade.is, in essence, a diffusing
passage, it seems plausible that the same parameters that have
been found to influence diffuser performance also could be
used to correlate the performance of compressor cascades
Straight wall two-dimensional and conical diffuser per
formance has been shown by Dolan and Runstadler®® and
others to be a function of 1) geometric parameters including
specification of both the area ratio, which establishes the
overall amount of diffusion, and a normalized wall length,
which establishes the rate of diffusion, and 2) the inlet flow
parameters (Mach number, blockage, etc) For conical
diffusers a third geometric variable, the diffuser included
divergence angle (2¢), is also often employed Since the
conical diffuser divergence angle can be expressed in terms of
the area ratio (4,/A;) and passage length to inlet diameter
ratio (L/D;),

tang= ————~ 0))]

specification of any two of those three variables characterlzes
the diffuser geometry sufflclently Two-dimensional single-
plane-dlvergence diffusers require an additional parameter,
the passage aspect ratio, for their complete description and
extension of the above to include curved diffusers further
requires specification of the passage curvature.

In the present investigation, the compressor cascade is
expressed in terms of an equivalent conical diffuser of the
same area ratio and length as the cascade The primary
geometric correlating parameters used are the equivalent
conical diffusion angle (¢.,) and the ideal loading (L), which
for incompressible flow is a direct function of the area ratio

) @

L=t (-
d A, /A,

Referring to Fig 1, equivalent conical section radii can be
defined for the cascade inlet and exit,

R, =(A/m)"% 3

from which the equivalent diffusion angle ¢., can be
calculated:

Peq =tan~’/ [—2‘“‘—Lﬁcg ] 4)

Rewriting this expression in terms of typical compressor
cascade parameters and utilizing the blade chord as the
representative length term, it can be shown that for a rec
tangular cascade with no flow path convergence

['IR——( :r/b) ]Vz (sinB% —sinB7) ©

tan¢eq =

J AIRCRAFT

Since a compressor cascade is a turning passage and any
given value of equivalent area ratio (A,/A4;)=f(sing,
/sinB;) can be attained over a range of inlet and exit flow
angle combinations as the cascade stagger angle is varied,
some correction for the amount of passage curvature is also
required. For a typical circular arc camberline, the radius of
curvature is inversely proportional to the difference between
the inlet and exit angles In the current analysis, passage
curvature effects, therefore, are accounted for by including
the blade row turning (8;—8;) as one of the cascade
correlation parameters

The need to account for the two dimensional characteristics
of a compressor blade row through incorporation of the
passage aspect ratio, given by AS=AR/(r/b)sinB, while
recognized, was not specifically included as a part of the
initial cascade correlations since the passage aspect ratios of
the cascade configurations tested were typically higher than
the point below which passage aspect ratio effects become
significant (4S<2 0) Extrapolation of the cascade derived
correlation to account for the effects of low passage aspect
ratios is discussed in a later section

Maximum Loading Correlation
Cascade Data

Data used to derive the cascade maximum loading
correlation came from two sources The first series of cascade
data were taken in the Pratt & Whitney Aircraft suction
tunnel and the second in the United Technologies Research
Center (UTRC) cascade tunnel In all, a total of 121 cascade
configurations was evaluated covering a wide range of design
parameters

For the P&WA tunnel testing; the cascade span was kept
constant at 11 in while the chord was varied between 2 and 4
in to yield a range of blade aspect ratios from2 2to 5 5 For
each aspect ratio, gap to chord ratios of 0 817, 1 126, and
1,553 and stagger variations from 40 to 85 deg were
evaluated All airfoil sections were circular arc sections with
30 deg of camber and a maximum thickness-to chord ratio of
0 0468 Each configuration was tested over a range of in
cidence angles All data were acquired at an'inlet Mach
number of 0.25 with an inlet blockage of approximately 3%
The tunnel endwalls were not bled

The UTRC tunnel configurations evaluated were run at a
constant aspect ratio of 2 0 (4 in: span and 2 in chord) while
the camber and thickness to chord ratio were varied from 10
to 50 deg and 5 to 9%, respectively The configurations were
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Fig.1 Schematic of diffuser and cascade geometry
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Fig.2 Typical static pressure rise data from P& WA cascade tests

tested over a range of gap to chord ratios from 0 536 to 1 50
and a range of inlet air angles from 25 to 70 degs All data
were acquired at an inlet Mach number of 04 As in the
P&WA tunnel, the endwalls were not bled in the cascade
passage and the inlet endwall boundary-layer thickness was
estimated to give 3% blockage For each inlet air angle, the
cascade stagger was varied to yield the desired range of in-
cidence angles

The cascade performance from both tunnels was derived,
similar to that of diffusers, in terms of the static pressure rise
coefficient C, and static pressure rise efficiency 1, defined as:

1=C, /Cpldeal ©)

A set of typical results is shown in Fig 2

Correlation Technique

Since the cascade configurations were run at various
Reynolds numbers and sizes it was necessary to correct the
data to standard values before correlating Each cascade
configuration was corrected to a standard Reynolds number
(R, =109), relative roughness (/D=0 0008), and effective
entrance length (b/Dy, =1) This was accomplished through
the use of the Moody diagram!® to describe the relative
change in the cascade friction factor and an entrance length
effect as described by Ross !! The static pressure rise ef
ficiency # of each cascade was thereby corrected to the
standard by ratioing the cascade inefficiency (1 —-7) to the
standard through the use of the ratio of the non fully
developed friction factors derived from the Moody diagram
and the Ross entrance effect In equation form this is:

(=1 somecsed = (1= 1) smsomecsd (fsta;iard )i [ 7 /.{;;;;ard) ]§ @

Calculation of the friction factors used in the correction of
the cascade pressure rise inefficiencies was made through the
use of the Colebrook equation

D 251
1= 2oy (00 + 220) ®)

3.7 RS

fFactor derived from Moody diagram
§Factor derived from Ross entrance effect
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Fig 3 Loss due to passage length

as it represents the Moody diagram Use of this relationship
required definition of the relative roughness of the airfoil and
sidewall surfaces of the cascade The Moody diagram is based
upon data taken from Nikuradse’s experiments'? in which he
artificially roughened pipes by attaching graded size sand
grain to the pipe surface. Nikuradse found the losses
developed in the pipe to be directly a function of the relative
roughness (e/D) of the surface Later, experimenters
discovered that these pressure losses are also a function of the
relative spacing of the surface irregularities The sand grains
in Nikuradse’s experiments were quite closely spaced and,
therefore, represénted a ““less” irregular surface than would
be produced through normal manufacturing techniques Koch
and Smith!?® subsequently showed the normal manufactured
surface to be effectively 6 2 times as rough as that indicated
by Nikuradse This relationship was adapted for the current
investigation and can be expressed as

€=6 2ecLa ®

where e is the centerline average surface roughness as
measured by a profilometer

The Moody diagram, however, is based on fully developed
flow Ross showed that in the entrance region of a pipe where
the flow is not fully developed, the losses are cons1derably
larger due to the development of the boundary layer on the
walls The steeper velocity gradient in the cross span direction
causes greater shear stresses and, therefore, greater frictional
losses. The Moody diagram friction factors were, therefore,
modified through a relationship derived by Ross to give the
ratio of the loss in the entrance region to that loss that would
occur in the same length of pipe for fully developed flow This
relationship is shown graphically in Fig 3 An initial
boundary layer at the entrance to the cascade reduces the
shear stresses in the boundary layer and results in the effective
length to diameter ratio of the cascade being larger than the
actual cascade This effective length-to diameter ratio then is
used to determine the above calculated loss ratio The
relationship between the effective increase in inlet length and
the inlet boundary layer thickness as a function of Reynolds
number is shown in Fig 4

Correlation of the cascade maximum static pressure data
was accomplished through the definition of a maximum
loading quasiefficiency in which the maximum static pressure
rise coefficient values were normalized by the ideal loading at
the respective cascade peak efficiency points:

3 - [AP/ (Po _P) ]max demonstrated
max [AP/PO _,P] ideal at peak efficiency

10

The corrections applied to relate the cascade peak efficiency
values to standard values of Reynolds number, relative
roughness, and effective inlet length subsequently were ap
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plied to the maximum loading quasiefficiencies and the
resultant values correlated as a function of the cascade
equivalent conical diffusion angle, ideal loading, and blade
row turning at the peak efficiency point This technique of
using correlation parameters and corrections defined at peak
efficiency for correlating the maximum loading is employed
for ease of eventual incorporation in the design process With
this technique, definition of the cascade configuration at peak
efficiency also results in definition of the maximum loading
capability without the need for off-design calculations

Cascade Correlation

The corrected maximum pressure rise efficiencies for all of
the cascade configurations evaluated are shown plotted
against the respective equivalent conical diffusion angles in
Fig 5. A consistent trend is evident in the data even though a
wide range of ideal loading (0 07 0 63) and air turning angles
(6 55 deg) are included in the cascade data base A regression
analysis of this data to include these effects resulted in the
following equation for the maximum pressure rise efficiency:

27847 2.0348 0.087858
% T 32 + L,
—0 019203A8% ‘ (1

7 max = —023355+

Multiplying through by the ideal loading yields the following
direct expression for :the maximum static .pressure rise
coefficient: .
aP |
(f—’———f’> max — —023355L[ +

27847L; 2.0348L,
Py - 2

+0 087858 —0 019203A8% L, (12)

It should be noted that the correlation recognizes the effects
of blading aspect ratio and solidity through the influence of
these parameters on the equivalent cone angle.

The effect of blade row turning on the maximum pressure
rise efficiency derived from the regression analysis is com
pared in Fig 6 to circular arc diffuser data!¢ obtained at two
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Fig 4 Effective increase in inlet length due to inlet boundary layer
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different area ratios The magnitude and general trend of the
cascade derived correlation is seen to agree quite well with the
diffuser data

Compressor Calculations

Since the data used in the derivation of the cascade
correlation were referenced to a standard Reynolds number,
relative roughness, and effective entrance length, application
of the correlation to any given compressor blade row
therefore requires appropriate adjustments to relate the
cascade derived maximum loading values to the actual flow
conditions These adjustments are applied in inverse fashion
to the procedure outlined previously for initial correcting of
the cascade data to the standard reference conditions In
addition, the compressor blade row loading is influenced by
several noncascade effects, including tip clearance and mean
radius change through rotating blade rows, which need to be
taken in account, Finally, small corrections also are required
to account for nonstandard leading edge radii and passage
aspect ratio effects outside the range of the cascade data base

These additional adjustments required to relate the cascade-
derived maximum loadings to the actual compressor en-
vironment are described in the following paragraphs

Inlet Boundary-Layer Thickness

It is well known that the inlet boundary-layer thickness to a
diffuser has a large effect on the pressure rise of the diffuser.
Rundstadler and Dolan,®® Ackeret,!> and others, have
documented this effect. Similarly, compressors are also highly
responsive to the relative boundary layer on the endwall at the
entrance to each blade row Since the cascade-derived
maximum loading correlation was developed from data all
taken with an inlet blockage of approximately 3%, some
correction is required to account for the effects of varying
inlet relative boundary-layer thicknesses.

Figure 7 shows P&WA results where cascade performance
was found with different inlet boundary layers This data
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shows good agreement with the diffuser data and is described
analytically by the relationship

5* 025
n=1/[c<27) +1 225] 13)

where Cis a slope coefficient given by

4
C= [(;) =1 225] /003 4
Nat 26*/h=0 03 d

Mach Number

Typical modern advanced compressors operate over a wide
range of Mach numbers, mcludmg the high transonic and
supersonic regimes. Corrections in the calculation of the ideal
loading and equivalent conical diffusion angle are therefore
required to account for compressibility effects. These are
accomplished by using the area ratio from the equlvalent
incompressible diffuser that would be required to give the
same velocity change as the actual compressor blade row

Increasing the Mach number always gives a larger equwalent ‘

area ratio than the physical area ratio, The appropriately
corrected expressions for the ideal loading and equivalent
conical diffuser angle, respectively, are given by

= (PIP); = (PIPy), o as

1= (P/Py),
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[ (D%, — Dj;)sing,; 1%

BN {U-L)~°%-1} (16)

tan¢eq =

Additional losses also occur as the blade row inlet relative
Mach number approaches the transonic region and proceeds
into the supersonic region These losses are due to the for

‘mation of shocks and the interaction of these shocks with the

blade row suction surface boundary layer In order to
preclude use of design calculations, for the present analysis
the Mach number related losses resulting from a design point

‘meanline efficiency analysis are converted into a
“corresponding reduction in the blade row static pressure rise,

which, in turn, is subtracted directly from the predicted in
compressible maximum loading capability While further
refinement to properly account for the changes in inlet
relative flow conditions between the design and stall points
may seem prudent, the present simplifying assumptions
appear adequate for the current study

Tip Clearance

The loss in static pressure rise due to tip clearance is
represented in the present analysis by the semiempirical model

developed by Lakshminarayana.'® The basic relationship
derived from this medel gives the loss as

= ?ijfz(sf;Z’)n[ 10( /R/CL>] an

Rotor’ Radlus'Change ‘
The change in‘mean rotor speed associated with an increase

‘in ‘the mearn: radius through a rotatmg blade results in an
Vmcrease in the relative enthalpy The increase in static

pressure rise assemated with this increased work is considered
““free’” (in addition to that which could be attained through a

‘similar. blade row with no radius change) since it does not

require any d1ffus1on of the relative velocity Starting with the
well-known Euler work equatlon the following expression for
the change in static pressure rise capability due to mean rotor
radius variations can be derived:

(AP) ragivs = Porr {[14. %‘%‘UT%JQ ]'7/(7—1) _1}/
{[ “T_I )2 ") 5
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Fig 9 Profile minimum loss as a function of leading edge thickness
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Passage Aspect Ratio

Passage aspect ratio is known to be an important parameter
influencing diffuser performance Rundstadler® observed that
for low inlet blockage flow in two dimensional diffusers, a
predominant effect on pressure recovery occurs at low (<2 0)
passage aspect ratio values Since the passage aspect ratios of
the cascade configurations used to develop the maximum
loading correlation generally were greater than 2 0, a com-
parable trend could not be delivered directly from the cascade
data However, advanced low aspect ratio, highly loaded
compressor blade rows can have passage aspect ratio values
less than 2.0 Thus, some method of extrapolating the cascade
correlation to lower passage aspect ratio values was required

The method used was formulated from rectangular duct
loss data obtained from Ref 19 which includes the effect of
passage aspect ratio on loss coefficient for the flow through
90-deg rectangular bends at various radius ratios Calculation
of equivalent radius ratios for a number of compressor blade
rows indicated the radius ratio to be characteristically between
2 5 and 4 0 Ratioing the Ref 19 loss values for radius ratios
in the range 2 5 4 0 to the loss values at a passage aspect ratio
of 3 0 and superimposing the results (Fig 8) shows a con
sistent variation in loss as a function of passage aspect ratio
This trend generally agrees with Rundstadier’s diffuser data
and, when incorporated in the maximum loading system,
provides consistent results for those compressors miodeled to
date with low passage aspect ratio blade rows

Leading Edge Bluntness

Variations in the leading edge thickness of compressor
airfoils are known to influence the airfoil total pressure
profile loss characteristics These profile loss variations can,
in turn, be translated into a change in the airfoil maximum
loading (static pressure rise) capability. Typical P&WA low
speed cascade data for airfoils with circular leading edges are
presented in Fig 9 showing the variations in minimum profile
loss as a function of leading-edge thickness to-chord ratio
The simpler linear relationship shown on the figure has been
found to describe this effect adequately for the purposes of
the present study

Stall Margin Correlation

The cascade maximum loading correlation, when ap-
propriately corrected to the actual comipressor operating
environment as outlined in the previous section, provides an
estimate of the maximum loading capability for each in-
dividual blade row of a given compréssor The conversion of
the collective individua! blade row loadings into an overall
compressor maximum loading prediction and the relationship
of this maximum loading to the compressor stall margin
potential from peak efficiency is discussed in the following

For each compressor blade row a relative loading parameter
Q, indicating the proximity of that blade row to its maximum
loading capability, can be defined as

AP/Py—P

j = (AP/P,—P) a9

where AP/P,— P is the actual static pressure rise coefficient
for that blade row at any given point and (AP/Py— P)y,y iS
the predicted maximum loading obtained from the
correlation The distribution of the individual blade row
relative loadings for a number of compressors was examined
both at peak efficiency and near stall in order to evaluate the
behavior of the relative loading parameter and identify the
limiting stage (or stages) This examination indicated two
factors which needed to be taken into account The first of
these was the fact that at design speed the rear stages of a
compressor tend to load up more rapidly than the front stages
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for a properly matched design as stall is approached Thus,
even though a rear stage may be relatively more lightly loaded -
than a front stage at peak efficiency, the rear stage in many
cases could be the stall limiting stage The second factor is the
observation that lightly loaded upstream and downstream
adjacent blade rows can have a significant stabilizing effect,
such that individual blade row relative loading values greater
than one can and often do exist within the overall compressor
stable operating range

Some method of averaging the individual blade row relative
loading levels thus was required in order to provide an in
dication of the overall compressor loading potential Ac
cordingly, a stall indicator (SI) was formulated which
provides a weighted average of the individual blade row
relative loadings taking into account the two factors discussed
above:

Q Q_ \ PS/NOS
ST PR

where @ is the average loading parameter of the entire
compressor; {3, the rotor peak loading parameter; PS the
stage number in which @, occurred; and NOS the total
number of stages

A measure of the degree of nonuniformity of the individual
blade row relative loadings is included through the 2,/ term
with the magnitude of the effect of this nonuniformity
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Rotor Aspect Ratio

Fig 13 NASA single stages stall margin variation with aspect ratio

dependent on the stage number in which the peak relative
loading occurs (through the exponent PS/NOS).

Figure 10 shows stall indicator values calculated at the
design speed peak efficiency points plotted vs demonstrated
stall margin for 31 high pressure compressor configurations
Included in this data base are both single- and multistage
compressors covering a wide range of design variables, in
cluding compressors with both highly skewed and fairly
uniform loading distributions A linear regression analysis
was conducted to fit a line to the data with the following
result:

% stall margin =93 958 (1-SI) Q1)

A direct comparison of the test vs predicted stall margin for
the same 31 compressor configurations is presented in Fig 11
A good match of the demonstrated stall margin is evident with
a rms deviation of 3 3% stall margin for the collective data
set .

The maximum loading prediction system was formulated
based on static pressure rise characteristics, hence, it was
intended to be primarily applicable to endwall limited blade
rows (as is typically the case for multistage high pressure
compressor configurations). Since the hub to tip radius ratio
for the Fig 10 compressors ranged from 0 5 to 0 9, the stall

the system be capable of predicting the effects of variations in
the primary compressor design variables on the maximum
loading capability To verify the effects of aspect ratio, four
highly loaded NASA single stages?? encompassing two levels
of aspect ratio at each of two stage pressure ratios were
analyzed The results (Fig. 13) show that the maximum
loading system accurately predicts the relative change in stall
margin with variation in aspect ratio at both pressure ratios
although there is some bias in the level of the predicted stall
margin at the lower pressure ratio Solidity effects are
illustrated in Fig 14, where the predicted and demonstrated
variation in stall margin is shown for a P&WA highly loaded
three-stage research rig in which the number of airfoils was
varied in subsequent tests Again, good agreement between
the predicted and demonstrated stall margin is apparent

Conclusions

A maximum static pressure rise capability correlation was
developed from low-speed cascade data utilizing the analogy
between compressor cascade and a diffuser passage to define
the primary correlating parameters Accounting for the ef
fects of Reynolds number, inlet boundary layer blockage,
surface finish, tip clearance, passage aspect ratio, leading
edge bluntness, rotor radius change, and Mach number, it was
shown that the cascade correlation could be related to a
multistage environment An overall compressor stall index
subsequently was formulated from the individual blade row
relative loadings which was shown to vary in a linear fashion
with the demonstrated stall margin for a number of single
and multistage compressors The resulting formulation can be
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used to estimate the stall margin potential within a rms ac-
curacy of approximately 3 3% for any given compressor
configuration The system is derived totally from meanline
type information, hence, it is applicable during the initial
compressor preliminary design phases
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