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ABSTRACT

This study focuses on predicting axial compressor stage characteristics using a
single performance point comprised of mass flow, temperature rise and pressure rise
coefficients (®, W', and W) obtained in experimental testing and a generic stage
temperature characteristic. A new temperature characteristic is generated using a mapping
technique where changes in stage blade angles are iterated from assumptions of free
vortex flow and constant increment of flow turning angle with increased flow incidence. If
additional data corresponding to the new curve are available, the characteristic is adjusted
using non-linear least squares estimation. Essentially, the modified mapped curve results
from a re-estimated change in the stator outlet angle which is iterated to minimize the total
error between the new curve and the new aggregate of the given data.

A pressure characteristic for the single data point may be predicted from the new
temperature characteristié and an assumption of constant efficiency. Upon collection of
additional data points, three being sufficient, an improved pressure characteristic is
obtained using an improved model for efficiency.

The predicted characteristics agreed well with calibration data in pre-stall regions.
For those data near stall, the assumed linear relationship between incidence and flow

turning is invalid, and a new model for flow turning is required.
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I. INTRODUCTION

1.1 Background

A plot of temperature and pressure changes versus mass flow, compressor
stage characteristics display the entire operating range for a stage. The mass flow,
temperature and pressure rise are often non-dimensionalized and typically redesignated
as flow (®), temperature (¥7), and pressure (P¥) coefficients. The superscripts “T”
and “P” denote temperature and pressure, respectively. Figure 1.1 is an example of a
compressor characteristic. This figure also shows the efficiency characteristic which
can be calculated from the pressure and temperature characteristics.

Characteristic curves are developed during the design process and verified by
testing. In the first case, they are developed from first principles (and computer codes)
using blade and machine geometry and the semi-empirical methods of cascade theory
to adjust for losses due to separation and boundary layer effects. Off-design
performance, i.e., the characteristic, due to profile loss on the surfaces of the blades,
annulus skin friction and secondary losses due to three-dimensional flow effects, may
be estimated using empirical data and relationships as described in Ref. 7. Figure 1.2
shows a comparison of a characteristic calculated using first principles augmented with
cascade theory and the actual characteristic determined by testing the compressor.

In the testing phase, mass flow, temperature and pressure data are non-

dimensionalized to account for different environmental operating conditions (such as

1-1




inlet temperature and pressure), rotor speeds and the size of the compressor. Ideally
(barring Reynolds number effects and excessive losses), the data acquired in this
manner should collapse to a single curve independent of rotor speed and enviromﬁent.
For fixed relative blade geometry, the temperature and pressure rise for a given stage
could be determined by geometrically scaling up or scaling down from a characteristic
curve representative of a family of compressor stages. Figure 1.3 illustrates the
correlation of head coefficient versus flow coefficient along a single curve fpr a
centrifugal pump. The head coefficient (a measure of the energy transfer) is a scaled
form of the temperature/coefﬁcient used in axial compressors.

It is useful at this point to review possible methods of developing
characteristics for variable geometry. For stages of a given rotor geometry, a change
in inlet gas angles due to variable inlet geometry will create a family of characteristics
with inlet gas angles as the parameter. A change in blade angles, such as occurs with
variable inlet guide vanes (IGV) or stator vanes, will cause the stage characteristics to
be shifted up or down relative to the original curve. Figure 1.4 shows an example of
how the pressure characteristic (¥* vs. @) may be changed due to a change in the
stator outlet angle. This figure was developed using a computer code, STGSTK
(described in Ref 12), capable of predicting the overall performance of an axial -
compressor. Ref 12 describes the method by which STGSTK changes individual
stage characteristics due to blade angle resets. The program user must input the
design pressure rise and efficiency characteristics. (If the characteristics are

unavailable, they are estimated by parabolas through the design pressure rise and
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efficiency for the design flow coefficient.) The design pressure characteristic is
adjﬁsted for changes in speed and blade angles through changes in flow angles, mass
flow rate, and pressure and temperature rise. A change in the stator outlet angle is
precluded from causing a change in any of the other angles (relative flow angles inlet
and outlet to the rotor) through an adjustment of the flow coefficient. The algorithm
also assumes that the efficiency for the new pressure characteristic remains unaltered.
STGSTK, however, requires design-level knowledge of the compressor. For example,
all of the blade angles as well as the resets or changes in those angles must be known.
The design pressure and efficiency stage characteristics for each stage are also
essential inputs to the model and must be fully developed before the model may be
used.

With individual stage characteristics known or estimated, the stage stacking
analysis determines the overall compressor performance. | The meanline velocity
diagram inlet to the first stage along with the pressure ratio and efficiency for the given
flow coefficient determines the outlet meanline velocity and this gives the inlet
conditions of the second stage. The second stage outlet conditions are the inlet of the
third stage and so on to the final stage until, finally, the overall temperature and
pressure rise of the compressor are determined.

In an indirect procedure, individual stage characteristics can be developed from
the generalized compressor stage characteristic typical of that shown in Figure 1.5.
Ref 10 describes the procedure which involves a stage-stacking approach and

iteration of the désign point values, Wrer, Orer, at the maximum efficiency point.
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The general pressure characteristic shown in Figure 1.5 was developed using pressure |
rise data for a number of different compressor stages as referenced in the figure. Since
the stage-stacking method requires knowledge of the blade angles, the initial absolute
flow angle inlet to the first stage is assumed to be 15 degrees if the compressor has
inlet guide vanes. Without IGV’s, the initial angle is zero degrees. A variable angle
geometry schedule is estimated based on field measurements of the compressor in
question. A stage-stacking analysis given a mass flow, inlet temperature and pressure,
and estimated inlet flow angle, yields the general stage characteristics. The
characteristics are updated for new reference design points (Pger, LI’REFP) for each
stage until agreement occurs between the calculated overall temperature and pressure
rise and those of the given compressor.

So far, a direct and indirect way have been described to develop stage
characteristics. The degree to which characteristics are straight rather than parabolic
can allow for simpler analysis. For example, one may account for variable geometry as
given in Ref 2 which describes a model for off-design performance using ideal,
straight—line-design stage characteristics. The model is accurate only for small
deviations from the stage design point (within 4 percent of the design flow coefficient),
since for large deviations thé characteristic is curved due to losses and separation of
the flow. A benefit of ’the straight-line-characteristic assumption is its use in studying

perturbation effects and possible design changes.




1.2 The DYNTECC Analysis Program

The analysis and resulting code formulated during this research will become an
integral part of the DYNamic Turbine Engine Compressor Code developed at Arnold
Engineering Development Center at Arnold Air Station. DYNTECC [Ref. 6] is a one-
dimensional, stage-by-stage axial compression system mathematical model designed to
analyze dynamic instabilities of any compression system. DYNTECC numerically
solves the mass, momentum, and energy equations with turbomachinery source terms
(mass bleed, blade forces, and shaft work). Stage characteristics are an essential part
of the compressor model and are required as inputs to DYNTECC.

 Generally, stage characteristics required for DYNTECC are acquired from
tests on the actual compressor being modeled. The test data is curvefit using an
external program, PACFIT, which separates the test data into subsets, fits a parabolic
curve through each subset and records a series of constant coefficients for each
segment accounting for temperature and pressure coefficients as a parabolic function
of flow coefficient. PACFIT coefficients along with the appropriate flow coefficient
ranges are inputs to the DYNTECC model and used subsequently within the model to
determine the pressure and temperature rise over each stage for any given mass flow.

Other required inputs to DYNTECC include hub and tip radii, rotor blade
speed, the axial location of the entrance and exit to each stage, and a number of
parameters defining the operating environment of the compressor, such as inlet
temperature and pressure. These inputs are outlined in Ref. 13. DYNTECC does not

require and cannot accept any specific blade geometry.
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Currently, AEDC is modifying DYNTECC so that it can be applied as an on-
line test data validation software package to allow for rapid on-site determination of
data outliers or inconsistencies. Essentially, it will run while a compressor is being
tested and before fully-developed stage characteristics are defined. Requisite to that
modiﬁcation is an ability to develop the stage characteristics during the test itself using
an initial data point (temperature and pressure rise for a given mass flow rate) acquired
for each stage characteristic.

1.3 Problem Statement

In an effort to stay within the limits of the current DYNTECC inputs, the use
of first principles which requires blade angles, thickness, spacing, height, and chord
length of the actual blades, information which is usually proprietary to the compressor
designer, and thus unavailable, was eliminated. The problem finally reduced to: Given
only a single performanée point, comprised of temperature and pressure rise versus
mass flow rate, overall stage geometry, and operating environment data, determine the
pressure and temperature characteristics for the stage over the entire range of flow

coefficient.

1.4 Approach

The solution method involved relating a performance point acquired real-time,
stage-specific parameters and a general reference curve, to obtain a new characteristic
through the performance point. The reference curve could be that of the stage being

tested, perhaps one that was acquired during scale model tests, or a general curve

1-6




representing the performance of a number of other compressor stages. An essential
requirement was that the reference curve be non-dimensionalized with respect to
radius, operating environment and blade speed in a way consistent with the governing
equatipns for mass flow, momentum and énergy.

The performance point for a stage must alsov be similarly non-dimensionalized
and compared to the reference curve. The algorithm assumes that the performance
point is not on the reference curve and has possibly experienced a blade angle reset.
Based on the references cited earlier (Ref , 10 and 12), the curve generation
methodology presented in this thesis assumes that because stage characteristics of
fixed geometry should collapse any differences between the reference curve and the
given performance point are due solely to a change in the absolute gas flow inlet angle,
.

Figure 1.6 is a graphical depiction of the problem statement and its solution.
Since the pressure curve is related to temperature curve through the efficiency, a new
temperature curve is generated first. The test values, ®r and YT, are used to
determine both the change in a; from the reference curve and the point on the
reference temperature curve (®gr, Wx') that transforms to the test point. This is
accomplished by determining the vector sum of the change in W' due to Ao, along a
line of constant flow coefficient and the change in ®r due to Aa, along a line of
constant temperature coefficient. With a new o, computed, the temperature curve
through the test point, ®r, W1, is generated using the flow and temperature
coefficients of the reference curve. From W1 and W1, the efficiency at the test point
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is calculated and initially assumed constant for the whole range of flow coefficient.
Finally, a new pressure curve is generated using the constant efficiency and the new
temperature curve.

Once the new temperature and pressure characteristics are generated, another
portion of the algorithm uses additional data points acquired real-time to improve the
estimated curves. For the temperature curve, this is accomplished using a non-linear
least square algorithm to adjust the calculated Act; such that it minimizes the sum-
squared error between the test data and calculated temperature coefficients.
Additional data points can also be used to improve the efficiency model which up to
this point had been assumed constant. The additional test data are used to develop a
parabolic function for the efficiency, and the pressure curve is recalculated using the
new efficiency and temperature curves.

The following items were accomplished during the validation of the methods
presented in this thesis:

1. Acurve generation algorithm was developed to generate new stage characteristics
from a reference curve for the same stage and one test data point comprised of @, V",
v

2. The algorithm was also used to predict the characteristics for other stages using a
reference curve from one stage and one test data point from a different stage.

3. The effect of changing the input data point, ®, ¥", on the accuracy of the curve

generation was studied.
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4. Finally, an improvement scheme for the generated curves due to additional test
data points was examined.

The remaining chapters in this thesis are devoted to: Chapter II, a development of
the governing equations and algorithms used to predict a new characteristic from a
single data point and to update the prediction as new data is accumulated, Chapter III,
the selection and development of reference curves to be used in the prediction
algorithms; Chapter IV, application of the prediction algorithms to stage performance
data for a three-stage axial compressor and a summary of the results; and Chapter V,

conclusions and recommendations for the project.
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II. DEVELOPMENT OF GOVERNING EQUATIONS AND CURVEFIT
ALGORITHMS

2.1 Introduction

There are four steps in determining the temperature and pressure stage
characteristics from a test performance point comprised of ®, P, ¥*. First, a
reference temperature curve is compared to the test data flow and temperature
coefficient. Second, if they do not lie along the same line, parameters for a new
temperature characteristic are computed based on a change in stator outlet angle.
Third, a new temperature curve is developed and the efficiency at the given point
calculated using the test data temperature and pressure coefficients. Fourth, with the
efficiency initially assumed constant over the entire range of flow coefficient, a new
pressure curve is generated using the new temperature curve and the constant
efficiency.

The theory and necessary equations used to solve this problem as described
above are presented in this chapter. First, non-dimensionalized stage characteristic
parameters for the performance point and reference curve are defined. Second,
theoretical relationships between the ﬁow, temperature and pressure coefficients are
derived. Third, the equations employed in adjusting the curve assuming a change in the
stator outlet angle are derived. Fourth, the development of the reference curve angles
is described. Finally, the solution algorithms are presented.

The derivations presented below are based on the following assumptions:

2-1




1. Compressibility effects over the stage may be ignored. This is common in many
derivations as seen in Ref. 3. For example, the density change for first stage of the test
compressor used to verify this approach is only seven percent of the initial value. The
density is treated as a step change between stages.

2. The flow is in radial equilibrium (i.e., the radial component of the flow velocity is
negligible) and follows free-vortex flow theory such that the product of the tangential
flow velocity and the radius is constant. With these assumptions and assuming
incompressibility, the work done by the compressor is equal at all radii. Thus, the total
stage performance may be determined from mean radius calculations.

3. The increment in deflection angle for an increment in incidence for a stage is
constant. This limits the analysis to pre-stall effects. At stall and post-stall, the slope
of the deflection versus incidence curve can vary considerably with changes in flow
coeficient.

4. For a given rotor speed, the stator outlet angle, a;, remains constant for the entire
flow coefficient range although the stator blades may be reset for a change in rotor

speed.

2.2 Non-Dimensionalization of the Stage Characteristic

There are many ways to define the flow, temperature and pressure coefficients
in order to non-dimensionalize the stage characteristics. For example, using the

definitions from Ref 4, the flow, temperature and pressure coefficients are given by:
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m

o=——— 2.1
2p NI A @D
CpAT
P =P 2.2)
(2n N1, )
AP,
PP = R (2.3)
pol(zn N rm )

where m = the mass flow rate, N = the rotor speed in rotations per second, r,, = the
mean radius of the stage, A, = the mean area of the stage, AT,s = temperature chaﬁge
over the stage, AP, = pressure rise over the stage, p, = the mean density of the stage,
and p,; = the inlet stagnation density of the stage. Equations (2.1-3) are also the
characteristic coefficients used in this analysis.

Since variations due to speed, operating temperature and geometry are
accounted for by nondimensionalization of the performance parameters, all
performance data for a stage should collapse into one curve. When this does not
occur, the deviation of the data from a single cufve is generally attributed to Reynolds
number, stall and secondary loss effects. The deviation can also be due to changes in
the blade geometry such as variable vanes. As this analysis is limited to pré-stall
performance by assumption 3, stall and loss effects on the performance data are
minimal when compared to the effect of changing blade geometry. Thus, deviations of
the data from a single curve are assumed primarily due to changes in the blade angles,

particularly changes in the upstream stator outlet angle (o).
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2.3 Adjusting the Characteristic for Changes in IGV or Stator Angles
2.3.1 Basic Compressor Equations

Shown in Figure 2.1 are the various angles of the compressor stage that will be
referenced in this derivation. The subscripts “1” and “2” denote the inlet and exit to
the rotor, respectively; thus, absolute air angles inlet and outlet to the rotor are
designated o; and a,, respectively. The direction of the flow with respect to the rotor
blade is given by B; and .. The deflection angle, €, is equal to B, - B2. This is the
overall angle through which the rotor turns the flow. The outlet angles of the stage
are the inlet angles to the next stage. Hence, o for the first stage in a compressor is
a; for the second stage.
The absolute inlet flow angle, o, is zero for the first stage unless an inlet guide vane
(IGV) is present. The IGV turns the flow from a purely axial direction before it enters
the compressor. C denotes the absolute velocity while V is the flow velocity relative
to the rotor.

As seen by the velocity triangles, the inlet and outlet blade speeds, U, and U,

and the flow’s absolute axial velocities, C,; and C,,, are related to the flow angles by:

U =tana, +tanf, 24

al

Us o tano, +tanf3, (2.5)
a2

Using conservation of mass principles and assuming no bleed flow from the

stage, the mass flow rates entering and exiting the rotor are equal and given by:




m; =m (2.6)
m; = p1CaA 2.7
m; = pCarAg (2.8)

The power input to the stage due to a change in angular momentum is given

W= m(U2Cw2 - U1Cw1) (2.9)
where C,; and C,; denote the inlet and outlet tangential velocities. The power input
can also be determined by the difference in the stagnation temperature between the

stage’s inlet and outlet:

W = mC,AT.s (2.10)
where C, is the specific heat of the gas taken as constant across the rotor.
Setting (2.9) and (2.10) equal and simplifying;
CoATos = (UCuz2 - UiCu) (2.11)
Using (2.6-2.8) and the velocity triangles, the right hand side of (2.11) can be

determined in terms of the mass flow. Starting with the velocity triangles:

Cwi=C, tan oy (2.12)

Cw2=U;-Cy tan B2 (2.13)
Using (2.7-2.8):

Ca = myi/pi1Ay (2. 14)

Ca = my/prA; (2.15)

Substituting the above into (2.12-2.13):
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Cwl =m, tan (ll/plAl (2 16)
sz = Uz - m; tan Bz/pzAz (2 17)
Substituting (2.16) and (2.17) into the right hand side of (2.11) and using conservation

of mass:

(2.18)

C, AT, = |:U§ - U,mtanp, _ Ulmtanal}

P, A, PA,

Replacing the mass flow and the temperature change by ® (2.1) and ¥'(2.2) we have

an equation solely in terms of the flow and temperature coeflicients:

2 U, A_@tan :
1 L Uz - 2 FPm Bz _ UIAm(Dtanal (219)
(21: Nrm) A,2xr Nr, A,2n Nr,

The above equation also assumes that the flow is essentially incompressible over the
stage, 1.€. P1 = P2= Pm.

The temperature coefficient can be recast in terms of the flow angles using
velocity triangles, conservation of mass, and the definition of the flow coefficient.
Substituting (2.14) into (2.4) and solving for the mass flow:

m= _LAIUL_. (2.20)
tana, +tanf,

Dividing through by the mean radius and area and substituting U; = 2rNr;:

2.21)

m PiA, 21 Nr, i
Amrm

tano, +tanf, ) A 1,

Dividing both sides by 2nNp::
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m :( A j 1 2.22)

p;A, 21 Nr, \tano, +tanf,/ A 1,

Substituting (2.22) into (2.1) and again assuming the flow across the stage is

incompressible:

®= ( L j Ay (2.23)

tano, +tanf,/ A_ 1
Substituting (2.23) into the right hand side of (2.19) results in:

T U; = UAntaB, _ U, 1, tana,
@n Nr,)* A,2n N r’(tana, +tanB,) 27 N r2(tanc, +tanp,)

(2.24)

In the above equation, the explicit dependence on the flow coefficient has been
removed. However, its effect is still present through the tan a; + tan $, terms in the
denominators.

The pressure coefficient is related to the temperature coefficient through the
efficiency. For an ideal stage, the stage’s pressure ratio can be calculated from the

temperature ratio by:

X

1
P _ (Iijy (2.25)
P, \T, |

Putting (2.25) in terms of temperature and pressure changes:

X

=1
APPSS—H _ (ﬁml)’ (2.26)

ol ol
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Since there are losses in the compression process, not all of the temperature rise
results in a rise in pressure. This is accounted for by the isentropic efficiency.

Including the efficiency:

Y
AT, i
APPos 1= (“ o +1j ! 2.27)

ol ol

Finally, putting the temperature and pressure changes in terms of ¥* (2.3) and P’

(2.2) and using the ideal gas law:

Y
¥T(2n Nr.)? |
., T,R { n ¥'( m)} i 228

" (2n Nr)? C,T,,
When determining the pressure coefficient, it will be initially assumed that the
efficiency is constant over the whole range of flow coefficient. In the pre-stall case
where the flow coefficient is close to the design point, the efficiency changes very little
from the maximum. However, as seen in Figure 1.1, the efficiency changesb
dramatically as the flow coefficient moves away from the design point and into the off-

design portion of the curve.

2.3.2 Changes in the Performance Coefficients

The basic equations describing the relationships between the performance
coefficients are given in equations (2.23), (2.24) and (2.28) and account for rotor
speed and geometry. The change in the performance coefficients due to a change in
the IGV or stator outlet angle, a;, can be determined from those equations. When

determining the change in a multivariate function due to a change in its variables, the
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differential can be used as an approximation of that change. Given a function z =
f(x,y), this can be mathematically stated as (Ref. 9):

0z oz
Az=—Ax+—A 2.29
2= +6y y (2.29)

where 0z/0x and 0z/0y are the partial derivatives of z with respect to x and y
respectively. This concept is used to determine the changes in the temperature and
flow coefficients. For constant rotor speed and fixed geometry functional relationships
of (2.24) and (2.23):
¥ = floy, Ba) (2.30)
D= f{oy, B1) 231
For ease in calculating the derivatives, both functions are put in terms of the same flow
angles. Thus, the relationship:
B.=PBi-¢ (2.32)
is substituted in (2.30) to remove the §, dependence.
¥ = flou, Br, &) (2.33)
In general, the change in temperature and flow coefficients due to a change in angles
is:
AY" = (0F"/d0) Ay + (OF/0B1) ABy + (BF"/der) Ae (2.34)
AD = (6®/00.1) Aay + (0D/0B1) AP, (2.35)
When determining the changes in the flow and temperature coefficients, a
change in the temperature coefficient will be computed along a line of constant flow

coefficient, and a change in the flow coefficient will be computed along a line of
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constant temperature coefficient. Thus, for the derivative of W' (2.24), @ is kept
constant. Similarly, ¥ is kept constant for the derivative of ® (2.23). In either case,
B, and € depend only on a;, and the functions in (2.30) and (2.31) can be cast in terms
of the single variable, o;, The changes in the performance coefficients due to a change
in o are then:
AYT = (0¥ /6a) Aoy (2.36)
A®D = (8®/60,1) Aoy | (2.37)

The change in W;* is related to the change in ¥p' and the efficiency by (2.28).
g

2.3.2.1 Change in the Temperature Coefficient for Constant ®
Starting with (2.33) and expanding the partial derivative where the variables B,
and € are dependent upon o, (through the constant flow coefficient in (2.23)):
oW /0a,; = B /da, + (BF/0B1) (8B1/6a;) + (BF"/8€) (e/0B1) (8B1/Oau) (2.38)
Using (2.24):

oY r, sec’ o,
0, 27 Nr’(tana, +tanB,)’

(UXA‘ tan(B, ~¢ ) - U, tanB,J (2.39)

oY r,
dB, 2m Nr}(tano, +tanp,)’

(— U;A‘ (sec’(B, —¢ )(tano, +tanP,)—tan(B, — € )sec’B,)+U, tana, sec’ 51]

2

(2.40)

oY UAn
d&  A,2rn Nr)(tano, +tanp,)

(secz(ﬁ1 - )) (2.41)
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In order to determine the changes in B; and € with respect to o, the flow
coefficient (2.23) is used. Solving (2.23) for B, and taking the derivative with respect
to o; holding ® constant:

B1 = atan((Ar)/Apfn®) - tan o) (2.42)

_ 2
0B, _ sec” o, (2.43)

0o, ( A, jz
1+ ————tanq,
A r @

m

The change in € is functionally given by:

de/60t1 = (O6/0B1) (OB1/datr) o (2.44)

For two-dimensional and free vortex flow, it can be shown that the deflection angle, €,
is a function of only ;. Thus, the first term in (2.44) is an ordinary derivative, de/df;.
This derivative can be estimated using the approximately linear relationship between
the incidence and deflection angles as shown in the pre-stall portion of the curve in
Figure 2.2. The “*” values are fixed and denote a design point value for the cascade.

The variable incidence is related to 8, through the fixed blade angle, ', as follows:

i=p-p (2.45)
i =P - B (2.46)
i-i'= B1 - 31* (2.47)

Taking the derivative of both sides:




dGi-i)=dp, (2.48)

dle/e’] /d[(i - 1')/e"] = de/dB, (2.49)

The right hand side of (2.49) will be designated €' throughout the rest of this paper and

is a source term used in determining the changes in the temperature characteristic.
Putting this all together:

Oe/0a = €' (OB/Oou) (2.50)

For a constant ', the above relationship is true only for the pre-stall case. As

the stage moves into and past stall, the relationship between the deflection angle and

the inlet flow angle is no longer linear. As seen in Figure 2.2, the slope of the

deflection curve may be zero or negative as flow through the stage approaches and

moves past stall.

2.3.2.2 Change in the Flow CoefTicient for Constant b 4
The change in the temperature coefficient dqe to a change in o, has been
determined. The change in the flow coefficient along a line of constant temperature
coefficient is derived similarly from (2.31) noting that ; depends on a; via (2.24) with
¥T constant.
od/oa; = 0D/0a, + (OD/OB,) (OB1/0cn) (2.51)

Starting with (2.23) to get the partial derivatives of @ with respect to the angles:

o —sec’a Ar
=( 1 ZJ 1*1 (252)
0o, (tana, +tanB,) ) A, Ty
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K] :(( —sec’ B, ) A, (2.53)

0B, tana, +tanBl)2 A_r

m

In order to get OBi/dou, solve (2.24) for B, and take the derivative holding P*

constant.
U,A r, tan(B, —€) N U,r, tana,,
A,2r N 12 2n N r}
tanﬁl = 2 (254)
UZ \PT
-
(2w Nr,)
U‘Sz ~1|sec’ a,
op 2o ey )
7 Nr
P _ = = (2.55)
o0a, (I1-g YU,A1,

sec’ (B, —¢€)

sec’ B, —

U; i 2
(Z‘)'t—NI—'-—)—{—\P A227C N |

2.3.3 Calculating the Reference Curve Angles

The previous sections demonstrate how an initial reference curve may be
adjusted by a change in a;. The reference curve is a general temperature characteristic
used in determining the new temperature characteristic through the test flow and
temperature coefficients (®r, W1'). Once the differences in geometry or flow angles
between the reference curve and the test point have been calculated, the new
temperature curve can be generated from the reference curve. The reference curve is
based either on the temperature characteristic from the stage to be tested, other scaled

models, or other compressor stages in the same compressor. The angles are
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determined through a single reference data point, and the full curve is developed
through iteration of €' which will be discussed in section 3.3.3. |

‘For evaluation of the partial derivatives in equations (2.39-41, 2.43, 2.50,
2.52-53, and 2.55), reference curve values are required for the determination of
0®/oa. and 0¥/0a, and this involves knowing the angles (o, B1, and €) for the
reference stage at the particular reference point which maps to the new curve. Not
only do we want to determine the change in the stator outlet angle, Aa;, we need to
know a; for the reference curve. @ is constant for the entire reference curve because
it is assumed that the stator blade is fixed for a given rotor speed. However, on the
reference characteristic, B; and € will change with the flow coefficient, and they may
be calculated using the reference curve performance points (®g, W) if a; is known
for the reference cufve. A method to determine an appropriate o; was devised based
on common design principles of diffusion factor, degree of reaction, and relative inlet
Mach number.

The diffusion factor (DF) is a measure of the blade loading, with common

values ranging from 0.4-0.6. It is defined in Ref. 3 as follows:

Dle—y—z--k—éS:l (2.56)
VvV, 20V,

where o = solidity (chord length/spacing) and is assumed to be 1.2 for the three stages
in this study; values below 1.2 significantly increase the diffusion factor beyond the
general design limit of 0.6. From the velocity triangles in Figure 2.1, the relative

velocities are given by:
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V1 =Ca/cos B 2.57)
V, = Cy/cos B2 (2.58)
Using the velocity triangles, the change in the tangential velocity is given by:
ACy=U; - Cy tan B, - Uy + C,; tan By (2.59)
Substituting (2.57-2.59) into (2.56):

C,, cosB, N cosf,
C, cosp, 20C,,

DF=1-

(U,-U, -C,, tanB, +C,, tanp,) (2.60)

The axial velocities in terms of the mass flow rate are given by (2.14 and 2.15):
C.i = my/piA, (2.14)
Ca2 = my/prA; (2.15)
Substituting in the flow coefficient for the mass flow rate (2.1) and simplifying with
the incompressible flow assumption:
Ca1 = 2 INImAn®/Ay (2.61)
Caz = 2 TNImALD/A, (2.62)
The blade speeds, U; and U, can be determined by the radii, r; and r,, and the rotor
| rotational speed, N:
U; =2 nNn; k(2.63)
U, =2 7N,  @264)

Substituting (2.61-64) into (2.60) and simplifying:

A, cosp, + A, cosp, ( L0, tanB, _ tanBz] (2.‘65)

DF=1-
A, cosB, 20 QA r, A A,
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A second design parameter is the degree of reaction, A. It is a measure of the
rotor’s contribution to the overall static enthalpy rise of the stage. Typical on-design
values range from 0.4-0.6 at the mean radius. It is defined in Ref. 3 as follows:

A = Ah, /Ah, (2.66)
where Ah is the change in the static enthalpy, the subscript r denotes the rotor and the
subscript s denotes the stage. The enthalpy is related to the static temperature change
by the specific heat of the fluid:

Ah=C, AT (2.67)
Substituting (2.67):

A =C, AT,/C, AT, (2.68)
The work input to the stage is given by the change in the stagnation temperature:

W = C,AT,, (2.69)
using (2.11-12) and the velocity triangles the work input is given by:

W=U,Cyxtana;, - Uy Cy tan oy (2.70)

Substituting in (2.61-62) for the axial velocities and simplifying;

2 1

W =027 NrmAm[—U—Ztanoc2 —&tanalj (2.71)
A A

The work can also be determined by the change in the static temperature across the
rotor and the change in the absolute velocities, C; and C,.
W = C, AT, + (C;* - C/%)2 (2.72)

Setting (2.71) equal to (2.72) and solving for the enthalpy rise across the rotor:
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U U 1
C,AT, =2 NrmAm(D[—A—ztanaz - A—ltanotlj —E(sz -¢/’) 2.73)

2 1
Using the velocity triangles, the absolute velocities are given by:
C,=C, sec oy (2.74)
C,=C,; sec o (2.75)
Substituting in (2.61-62) for the axial velocities:
Ci =2 TNy An® sec ai/A (2.76)
C, = 2 INr An® sec a/Az 2.77)

Substituting (2.76-77) into (2.73) and simplifying;

U 2 2
C,AT, =20n NrmAm(—z—tanOL2 ——U—'tanalj —2((I>1t NrmAm)z(Sec 20,2 _ e Za‘J
AZ Al AZ A1
(2.78)
It is common for compressors to be designed such that the absolute velocity entering
the stage is equal to the absolute velocity leaving the stage (Ref. 3). In this case, the
stagnation temperature rise over the stage is equal to the static temperature rise over
the stage. Thus,

CoAT, = CoATo (2.79)

and substituting (2.71):
C AT =®2n Nr_A_| —*tana, ——-tana (2.80)
P s m-m A 2 A 1

2 1

Substituting (2.78) and (2.80) into (2.68) and simplifying:
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On Nr A (seczzcx2 _ sec:(xlj
AZ Al

A=1- (2.81)

U2 Ul
—Ltana, —— tana,
A, A,

The final design parameter is the relative Mach number at the tip, inlet to the
rotor (M;). When looking at the distribution of the velocity along the rotor blade,
hub to tip, the highest relative velocity is at the tip of the rotor blade. The relative
Mach number at this point must be limited in order to limit the aerodynamic losses due
to shock waves. Its value is generally limited to 1.1 - 1.2. The relative Mach number

can be calculated as follows:

M, =V,/Jr RT, (2.82)

where VY, is the relative tip velocity.

In order to determine an appropriate value for o, the diffusion factor, degree
of reaction and relative Mach number are calculated for a range of ;. The inlet
absolute flow angle, a;, is chosen such that the calculated design parameters (DF, A,
and M,) fall into the acceptable ranges stated above.

Once o for the reference curve is determined, the variation of 8, and € over
the reference curve may be calculated. For a given reference curve data set, a primary
reference point (®g, Wr") is selected from the data. For this analysis, the midpoint of
the reference curve data set was selected. Using the primary reference point and o, a
reference inlet flow angle is calculated from (2.42) as follows:

Birer = atan((Ar1/Antn®r) - tan ) (2.42)
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Solving (2.24) for 8, with the primary reference point gives the reference outlet flow

angle:

Brer = atan (2.83)

z

, .
2n Nr_A

na || _Ys - ¥, _Ua, tan o
U,0A_ 2n Nr,

271

From the definition of the deflection angle, €, the reference deflection angle is
calculated as follows:
€rerF = Pirer - Porer (2.84)
The inlet flow angles for the rest of the curve are determined from the
reference angles (Birer, €rer), 0, and the reference curve flow coefficients using
(2.42). The linear relationship between € and B, derived in section 2.3.2.1, yields the
deflection angle, given by:
€ = erer T €' (B1 - B1rer) (2.85)
Up to this point, the temperature coefficients, ¥T have not been involved in
the determination of the reference curve angles other than for Birer and eger. In order
to check the accuracy of the reference curve angles, the temperature coefficients
related to these angles are calculated using (2.24). These calculated values are
compared to reference curve data using the mean sum square of the errors as follows

(Ref. 8):

> (%)
MSE = &% S (2.86)
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where j denotes the data point, R denotes the value of ¥* from the reference data set,
C denotes the calculated ¥”, and N is total number of data points. €' is adjusted in

order to minimize the MSE. This adjustment of €' will be presented in section 3.3.3.

2.4 Solution Algorithms

The theory needed to solve the stage characteristic generation problem has
been presented. The reference curve and test performance data have been
nondimensionalized; the reference curve angles are known; and the theoretical
relationships detailing the changes in the performance parameters from the reference
curve due to a change in o, have been derived. The algorithm determining the
adjustment parameters, Aa; and (Pg, ¥, between the performance point and the
reference curve is covered below in section 2.4.1.1. Section 2.4.1.2 outlines the
process to generate the new temperature and pressure curves given Ao, and (g,

¥rh).

2.4.1 Predicting the New Characteristics from One Performance Point
'2.4.1.1 Determination of Aa; and the Reference Curve Mapping Point(®z, ¥r")
There are two unknowns involved in the prediction of the new characteristics -
- the change in o; between the reference characteristic and the new characteristic and
the point on the reference curve (O, W) that maps to the given performance point.
The determination of these values parameters requires an iterative approach. Firsf, an

initial (i.e., guessed) reference point is chosen by setting the reference flow coefficient,
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®x, equal to the test data flow coefficient, @1. The reference temperature coefficient,
¥ is already determined as a function of ®r. Aa, is calculated using Wr" and the
given temperature coefficient, Wr'. The calculated Aa; is then checked by first
calculating a new flow coefficient, ®.,, using Aa; and the reference ﬂow coefficient,
®g. Dq is compared to D, and if the two values are not equal, new ®r and W' are
chosen, and the iteration is repeated. The method of solution is outlined below:
1. Assume a reference point on the reference curve such that the flow coefficients of
the reference (®g) and test (®@r) points are equal.

DOp = Dy (2.87)
Calculate the angles (B, and €) using (2.42) and (2.85) and the previously selected
value of o;. Calculate the reference temperature coefficient using the angles, (o, B1,
and €), and @y in (2.24)
2. Calculate AYT.

AYT =T -yt (2.88)

3. Calculate 8¥"/6a,, along a line of constant flow coefficient using (2.38-41), (2.43)

and (2.50).

4. Determine Aa., approximating the differential as the ratio of the total differences.
Aoy = AYT/(0Y/o0u) (2.89)
5. Compute 0®/da, along a line of constant temperature coefficient using (2.51-53)

and (2.55).
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6. Calculate AD.

A® = (0®/0a1)* Ay (2.90)
7. Calculate @, that is associated with the choice of (®g, Wx") and the calculation of
Aa.

Dy = Pp + AD (2.91)
8. If the proper reference point has been chosen, @, = ®r. Otherwise, check to see

if the calculated and test flow coefficients agree to within a chosen tolerance.

(DT - (Dcalc

T

L= <0.0002 (2.92)

9. If v is not within the specified tolerance, select another reference point and restart
calculations at step 2. The selection of another reference point requires some
explanation. If it is not chosen correctly, the iteration algorithm will diverge. The
method used in choosing the new reference flow coefficient is commonly referred to as
the “shooting method” (Ref. 15). The new ®x is determined by minimizing the error,
v, at each iteration step. Essentially; if the error and the selected ®r were to be
plotted, the x-axis intercept for a straight line connecting the previous estimate and the
current estimate would approximate a zero error as shown in Figure 2.3. The equation

for the intercept point is as follows:

o, -D,.
RJ___I_‘I_LJ (2.93)

®, =D, -V, (
R; i1

-1 —

V; -V,

where j and j-1 refer to the current and previous iteration step respectively. It is

evident that this iteration requires two previous guesses of the reference point before
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the shooting method can be applied. The second value in the iteration is determined
by setting that iteration’s new reference point equal to the calculated flow coefficient
from Step 7.

(I)R(j=2) = (I)ca]c (2 . 94)

10. After the iteration has converged, the efficiency for the test point is calculated by

solving (2.28) for the efficiency:

¥-1

T,.C, {1 | ¥rn Nrm)zr » 295

" T 9T (2n Nr)? RT

ol

2.4.1.2 Generating the New Curve

Once the change in o; and the reference mapping point are known, the new
stage characteristics can be generated. The difference vector (A®, AY") at each
reference point is calculated and added vectorally to the reference point resulting in the

new characteristic coefﬁcients.‘ The solution is as follows:

1. Starting at the leftmost point on the reference curve, the changes, A® and AY’, are
calculated from (®g, ¥r") using (2.38-41), (2.43), (2.50), (2.52-53) and (2.55).
AD = (0®/0a.;)* Aoy | (2.96)
AY" = (0¥"/60u)* Aaty (2.97)
2. The new flow, ®g, and temperature, W', coefficients are determined from:

O = Og + AD (2.98)

2-23




Yol =T+ AY | (2.99)
3. From the efficiency (2.95), the new temperature coefficient, W', and (2.28) the
new pressure coefficient, " are determined assuming that the efficiency is constant
over the curve.
4.. To complete the generation of the temperature and pressure curves, the

calculations are repeated over the whole range of the reference curve flow coefficients.

2.4.2 Refinement of the New Characteristic Curves

2.4.2.1 Non-Linear Least Squares Estimation of New Aa,

Once a new stage characteristic has been generated, additional test data may be
used to improve that estimate. This may be accomplished through a non-linear least
squares estimation method developed in Ref. 14. What is basically involved is finding
the value of Aa,; that minimizes the sum of the squared deviations of the data points
from the values predicted by the algorithm.

During the one-point solution process described in section 2.4.1.1, we
determined the value of Aa; using the initial given data point. Once this was
accomplished, the rest of the data on the curve was generated using the estimated Ao
and the algorithm outlined in section 2.4.1.2. The new temperature coefficient curve
may be functionally represented as follows:

¥, e’ = G(Aat) (2.100)
where j denotes a particular data point and G represents the non-linear relationship

T

between the calculated temperature coefficients, Weae', and Aay, as given by the
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algorithm outlined in section 2.4.1.2. Equation (2.100) is known as the observation
relation (Ref. 14). In a non-linear least squares analysis, the observation relation must
be linearized. If the initial test data point (@, ¥1") had been a perfect measurement,
the iteration in section 2.4.1.1 would have yielded the true value of Aa;. True values
are denoted by the subscript “0”. Since this is not the case, set:

Aoy = Aay, + 8AQy (2.101)
where Aq, is the iterated value, Ao, is the true value, and 5Aa is some deviation from
the true value. The true error vector is given by:

e=¥T . (2.102)
where ¥T and ¥, are matrices containing the measured temperature coefficients and
the true value of the temperature coefficients, respectively. The true values would be
those obtained if an instrument with no measurement error were used to record the
data. Replacing the temperature coefficients with the observation relation:

e = G(Aa,) - G(Aay,) (2.103)
Substituting in the value of Aa; (2.101):

e = G(Aa, + 8Aa,) - G(Aa,) (2.104)

A Taylor series expansion of the first term on the right hand side yields:

e=G(Aa,)+

5Ac, - G(Aai,,) (2.105)
alo Aalo

Or:
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SAa, (2.106)

Equation (2.106) is the relationship between the true error in the matrix of the
temperature coefficients W' and the error in Act;. Since the true error can never really
be obtained, it is approximated by the residual vector, which is the difference between
the measured data and the estimate of that data calculated in section 2.4.1.2:

r=¥"-¥.,' (2.107)
Substituting in the observation relation (2.100) where Aq, is the iterated value:

r=%"-G(Aw) (2.108)
The residual is approximately equal to the true error if the calculated Aa; is nearly
equal to Aa,, or 3Aq; is small. Linearizing the error by setting E equal to the

difference between the residual and the true error and replacing the true error with

(2.106):
E=r- -8 SAa, (2.109)
OAat, Ao,
Defining H = G ;
OAa, Aa,,
E=r-HsAo, | (2.110)

From gaussian error statistics, the probability of obtaining a particular data set

is given by:

P=(2m) Q™" e)ip(——;-S) (2.111)
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where P is the probability of obtaining the data set, N" is the number of data points, Q
is the instrumental covariance matrix (the error in the data due to the measuring
instrument), and S is a scalar quantity. For non-linear estimation:
S=E'Q'E (2.112)
Here the superscript “T” refers to the transpose of the matrix and “-1” fefers to the
inverse of a matrix. Substituting in (2.110)
S=(@"-HsAo;) Q! (r' - HAa) (2.113)
Multiplying out the matrix quantity:
S=r' Q' r-r' QT HsAo; + (5Aa," H Q' H)' + H' Q' HsAa, (2.114)
Using the Principle of Maximum Likelihood (Ref. 14), the most probable data set is
obtained when (2.111) is at a maximum. This is determined by taking the derivative of
S (2.114) with respect to the estimated Aa.; and setting it equal to zero:"

8S/8(8Acy) = -(r" Q' H)' - H' Q7 r + (3A0” H' Q' H)' + H' Q' H3Aa,; =0

(2.115)
Simplifying:
2H'Q'r+2H'Q'HsA0; =0 (2.116)
Which gives the change in the calculated 3Aa;
sAa, =(H Q'HY'H'Q'r (2.117)

1 The gradient of an inner product obeys the identity:
17 o

— (@' x)=—("a)=a

ox ox

where a is a constant with respect to x.
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The new value of Aa; which minimizes the error between the estimated and measured
temperature coefficients is given by:

Aalnew = A(X.1 + 5A(X.1 (2 1 18)

2.4.2.2 Updating the Temperature Characteristics with the New Aa;

At this point, the Ao, used in calculating the temperature curve has been
computed. The temperature characteristic using one performance point has been
generated. As additional test data on the new curve are acquired, they are integratéd
into a new estimate of Aa;, and the temperature characteristic is updated. It has been
assumed that the best fit is attained through adjusting the originally calculated Act; by
minimizing the errors between the estimated and actual ¥" values. The theory for
obtaining the change in Aa,; was outlined in the previous section. The implementation
of that theory is as follows:

For each test data point (®;, ;")
1. Calculate the estimated ‘¥; ot Using the acquiréd ®; and the algorithm described in
2412
2. Compare the predicted ¥; ot values with the actual ¥;" data by calculating the
residuals:

=Y - ¥ (2.119)
3. Numerically estimate H; = 6G/3(Aa,) by incrementing Aa; by some small value x
and re-calculating W s’ using the algorithm in 2.4.1.2.

H = (Pjer - ¥t VK (2.120)
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4. Determine the new Aq, using (2.117) and (2.118), calculating the matrices as a
running sum.
Hr

27

3a, =— (2.121)

When calculated as a running sum, the instrumental covariance matrix, Q, cancels out
of Equation (2.121) resulting in:

Sa, = Z (H; 1) /T (H;)? (2.122)
5. Calculate the change in Aa, using (2.118). Check the convergence of the
algorithm, by comparing Act; new to the previous Aa;.

Ao, —Aa,

< 2.123
Aa, G ( )

If they are not equal within some tolerance, ¢, redo calculations starting at Step 1 by

setting Act; = ACtinew.

2.4.2.3 Determining the Updated Pressure Characteristic for Additional Data

The pressure and temperature curves are related by the efficiency (n) of the
stage as seen in (2.28). In general, n ivs not a constant over the possible range of flow
coefficients. Given a curve representing 1 as a function of @, it is generally parabolic
as seen iﬂ Figure 1.1. If additional points are available, an alternate, more accurate,
method to estimate the pressure curve may be used. Once the temperature

characteristic has been modified with additional data to minimize the error between the
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data and the estimate of the data, the efficiency model can also be modified. The
temperature curve can be ilpdated with as little as two points; however, a minimum of
three points are required to determine a parabolic efficiency model.

The efficiency is computed for the additional points using (2.95), and. a
parabola of negative curvature is fit through the calculated data. The least squares
curve fitting algorithm in Ref 11 is commonly used to curve fit parabolic data.
However, least squares does not necessarily determine a parabola of negative
curvature, particularly for data with experimental scatter. With the efficiency model,
vthe pressure curve can be updated using (2.28) with ® and pT

In order to understand how the efficiency model was developed, a brief
overview of parabolic equations will be presented. Any parabola, as shown in Figure
2.4, may be described by:

y=Ax*+Bx+C (2.124)
where A, B, and C are constants. The slope of the parabola at some point is given by:

dy/dx=2Ax+B (2.125)

For negative curvature, at the maximum y on the curve, dy/dx = 0. This location on

the x-axis is denoted x,.

2Ax,+B=0 (2.126)
Solving for B: |

B=-2Ax, (2.127)
At two points on the curve,.the slope may be linearly approximated if the points are

sufficiently close:
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m = (y; - y)/(X2 - X1) (2.128)
The subscripted values in this case represent values of n and ® determined from two
test data points. Setting (2.125) equal to (2.128):

2Ax+B=m (2.129)
Substituting in (2.127) for B and solving for A.

A=m/(2 (x - X)) | (2.130)
Thus if x, and m are known, A and B are immediatély determined. Given some data
set, X, occurs at the maximum value of y.

The slope, m, in (2.130) is determined by examining the slopes to the left and
the right of x,. If there is scatter in the data, the calculated slopes may not have the
proper sign. In Figure 2.5, the third slope is negative when it should be positive. By
searching through the calculated slopes, the median slope of correct sign is used to -
calculate A in order to avoid zero or infinite slopes. B is determined by (2.127). With
A and B calculated, C is determined from the value that minimizes the error between
the data points (1y;) and the values predicted by the parabolic curvefit. This value, C,- is
computed using non-linear least squares.

The curvefit algorithm just described is outlined below:

1. Calculate the efficiency for the additional data points using (2.95).

1-1

T, .Cs | ¥/ (2n Nr,,)* |7 ,

= + —
¥/ (2m Nr,,)’ RT, ,

[

n; (2.131)

2. Given the data (®, n) points, determine the straight line slope between them:
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m; = (T]j+1 - nj)/((bj+1 - (DJ) (2. 132)
3. Determine the flow coefficient corresponding to the maximum efficiency, ®,, by
checking the calculated efficiencies for the maximum value. The associated flow

coefficient is set equal to @,

Nmax = MAxX(M1,N2, N3,... Njs- - TIN) (2.133)
Namax = (Do) (2.134)
4. Determine the slope, m,, used to calculate A. First, check the signs of the slopes
to the left and right of @, to be sure they are positive and negative, respectively.
Second, remove the slopes from further examination if they are not of the correct sign.
Third, select my from the remaining slope values by choosing the median value.
m, = median(m;,my, m;,...m;,...mMy) (2.135)
5. Given m,, the gorresponding flow coefficient, ®,, and ®,, calculate A and B.
A = mp/(2(P4 -D,)) (2.136)
B=-2A0, (2.137)
6. Calculate the first approximation for C.
C=m-A®>*Bd (2.138)
7. Calculate the estimated efficiencies.
n=A®’+Bd;+C (2.139)
8. Calculate the residuals between the estimated values and the actual values:

j = Mjact = M (2.140)
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9. Estimate H; for each point by incrementing C by some small value £ and evaluating
the efficiency, m;, at that point using (2.139).

Hjz (i -n)/ & (2.141)
10. Determine the change in C and its new value:

8C =2 (H; 1) /Z (Hy)’ (2.142)

Crew = Coia +6C ' (2.143)
11. Check the value of Cpew against the old value to see if C has converged within

some tolerance .

C - Cold

new

<u (2.144)
Cold

12. If the iteration has not converged, go to Step 6 and repeat the calculations.
As more pressure rise data is acquired, C is further adjusted to minimize the
errors. With a new efficiency model determined and the temperature curve, the

updated pressure characteristic can be determined using (2.28).
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ITI. DATA ANALYSIS

3.1 Description of Validation Data Set

The data used to validate the characteristic curve generation algorithm was
obtained from the DYNTECC testcase data files. Partial listings of the data may be found
in Ref. 13. The testcase data file is from the three stage High-Stage Loading/Low Aspect
Ratio Compressor (HSL/LARC) described in Ref. 1. The file contains mass flow rate,
pressure ratio, and temperature ratio data for each of the three stages and seven rotor
speeds. The rotor speeds are designated 1 through 7 in the following order: 100, 95, 90,
80, 70, 60, and 50 % of design speed (227 rps). Figures 3.1-3.6 show the given
characteristic curve data for stages 1-3. The flow, temperature and pressure coefficients

shown in these figures are defined according to:

m Tol
o} :———“T“’f*NRcor (3.1)
. Pol .
/Potef

(T
PI=| =2 _1|*NRcor’ 3.2)
AT Y,
ol
(p \
WP —| 22 _1|*NRcor? (.3)
PP Y,
ol

where the subscript “D” denotes DYNTECC data, Toer and Por are the reference total
temperature and pressure at sea level standard, and NRcor = (Design Speed/Actual

Speed)/(To1/ Tors) 2. As seen in Figures 3.1-6, Stages 1-2 exhibit orderly pressure and
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temperature curves. The data for Stage 3 are more scattered which is problematic for a
prediction scheme that uses a smooth, continuous reference curve to generate new

characteristics.

3.2 Transformation to Classical Definition

The flow coefficient given in (3.1) is dimensional with units of lbm/s. The
temperature and pressure data in (3.2) and (3.3), however, are nondimensional but have
not been scaled for speed and stage geometry. Therefore, each data point was

transformed to the coefficients defined in Chapter 2 (2.1-3) resulting in:

@, P%
d = oref ‘ (3.4)
2p_A_ N r_  n NRcor ‘,T‘%
oref
. C,T, ¥
= > > (3.5)
NRcor“(2n N 1)
RT ¥,
’ — (3.6)

~ NRcor? 2r N )’

where R is the Universal Gas Constant for air. Figures 3.7-3.12 show the shift in
characteristic curves from Figures 3.1-3.6 when transformed to the classical definitions of

(3.4-6).

3.3 Analysis and Determination of the Reference Curve

Before the curve generation method may be executed, an appropriate reference

curve must be identified. The angles associated with that curve, o, B1(®P), and &(P), must
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be determined (if not already known from a measurement of the reference stage angles) in
order to calculate the partial derivatives needed to generate the new temperature
characteristic. o; may be determined from design principles as demonstrated in section
2.3.3. Once q, is known, B, can be calculated from the flow coefficient and € (a linear

function of B;) as given in (2.42) and (2.85).

3.3.1 Selection of the Reference Curves

For this study, the speed 3 characteristics were selected as reference curves for
each stage because of their continuous, smooth nature and the fact that the data were in a
pre-stall region. (The curve generation algorithm is based on pre-stall theory and
assumptions.) Since the characteristic data were obtained from DYNTECC testcase input
files, blade angle data were unavailable as was the gas angle, o;. The determination of an
appropriate a; was accomplished in accordance with section 2.3.3. The results of that

analysis are presented in the next section.

3.3.2 Determination of o, for the Reference Curve

A method to select appropriate values of a; for the reference cufves was based on
an analysis of the diffusion factor (DF), degree of reaction (A), and relative inlet Mach
number (M). (Recall that common values for DF are 0.4-0.6, 0.4-0.6 for A, and 1.1-1.2
for My,.) Figures 3.13-15 show values of DF, A, and My, for a range of a;’s for the three
reference curves, respectively. In Figure 3.13, for most values of a; below 40 degrees, the

diffusion factor is fairly constant and on the high end of that commonly seen, 0.583 -
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0.605. Reference curve 2 (Figure 3.14) shows diffusion factors of 0.560-0.575. As for

the third curve (Figure 3.15), the diffusion factor ranges from 0.534-0.567.

The degree of reaction for all three curves is within reasonable design limits for a,
values less than 30 degrees, M., however, is low for higher values of a.;. In choosing a;,
larger angles, above 60 degrees for all three reference curves, are improbable because of a
negative degree of reaction. The most probable values fér o lie at the low end where M
is near unity and degree of reaction is roughly 0.5. For example, for o, equal to 10
degrees, A = 0.47, and M,;= 1.03 for curve 1. For reference curve 2, A = 0.5, and M =
0.975. For reference curve 3, A = 0.534, and M; = 0.945. With an appropriate value of
o, established (10 degrees for all curves), the reference curve angles, B, and €, with an
assumed value of €', are calculated using the method outlined in section 2.3.3. The value
of €', however, must be iterated, as mentioned in section 2.3.3, in order to establish a good

curvefit. This is discussed next.

3.3.3 Fitting a Reference Curve to Stage Data through Iteration of €'

The curvefit algorithm is highly dependent upon the validity of the reference curve.
As discussed in section 2.3.3, the development of the reference characteristic requires an
iteration of ¢'. A parabolic fit (obtained using PACFIT) was available, but it was not
always in accord with the physics involved in stage characteristics. In the course of
determining the reference curve angles, as discussed in the previous section, the
temperature coefficients associated with those angles were also calculated and these

provided a means to secure a good curvefit through the data. To achieve a best fit for the
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reference curve data (®g, ‘PRT), €' was used as a source term and adjusted to minimize the
deviation between the calculated and given stage temperature data as follows:

For each reference curve data point:

1. Calculate the estimated ¥ st Using the given @, the calculated angles, B; and €, a
guessed €', and (2.24).

2. Compare the estimated ¥; « values with the given ¥." data by calculating the
residuals:

= T 7P (2.119)

3. Calculate H; = 6G/0(g'). For this case the observation relation, G, is equal to PT given

in (2.19). And since

B2=PB1 - (erer + €' (B1 - Pirer)) (3.7)
Then
G= U; —UzAm(Dtan[B1 —SREF_S'(BI —BlREF)]__-UlAm(Dtan(ll (3.8)
(27c Nr )2 A, 27Nr, A,2m Nr,
" The derivative of G with respect to €', H, is given by:
AU,

i = TaNe A, (31 Bz ) S€C° [Bl — e —&'(B, - BIREF)] (3.9)

4. Determine the change in €’ as a running sum.
=2 (H ) /Z (H)’ (3.10)

5. Calculate the new ¢’ as follows:
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g, =€ +0¢' (3.11)

6. Check the convergence of the algorithm, by comparing €’ .cw to the previous ¢’

AL P | (3.12)

If the error is not smaller than 1, redo calculations starting at Step 1 by setting €'= &'yew.
The minimum error for reference curve 1 was achieved when €' = 3.205. For curve 2, €' =
3.072. For curve 3, the _algorithm did not converge properly because the stage data were
near stall. For this case, a value of €' equal to 1.0 gave the minimum error and negative
curvature of the reference curve. (Values of €' less than 1 resulted in a parabolic curve of
positive curvature, opposite to that required of pre-stall characteristics.) Note that since €'
does not occur in the formulations of ®g and Wg", DF, A and M, are not affected.
Figures 3.16-18 show a comparison between the parabolic curvefits determined
from PACFIT and the reference curves developed using the physics-based approach. The
pre-stall portions of the new reference curves extend beyond the parabolic curves. For
reference curve 1 (Figure 3.16), the line matches the data and does not indicate a definite
stall like that of the parabolic fit. Curve 2 (Figure 3.17) is similar in shape. The curve 3
(Figure 3.18) fit is not as good as the fit given by PACFIT. The data for curve 3 are near
the stall region, and since the new fit method assumes pre-stall with constant €', the fit

temperature coefficients do not capture the curvature as well.
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IV. RESULTS AND DISCUSSION

4.1 Validation of Stage Characteristic Generation Algorithm

This chapter presents the analyses of the stage characteristic generation algorithms.
The data that were used as inputs to the algorithms were taken from the DYNTECC
testcase input files. For the one-point generation algorithm in section 2.4.1, a point was
arbitrarily selected from the data set to simulate results from an in-progress compressor
test. For the non-linear least squares algorithm in section 2.4.2, additional data required
for the algorithm were also taken from the DYNTECC testcase data set. The following
items were accomplished in validating the characteristic prediction algorithm:
1. New stage characteristics were predicted using a reference curve from the same stage
and one data point.
2. Characteristics for stages 2 and 3 were predicted using reference curve 1 and the one-
point algorithm.
3. The assumed value of o, (determined in section 3.3.2) was varied to check the
sensitivity of the curve generation method to a.;.
4. Different data points (from the DYNTECC testcase data set) were input to the one-
point algorithm in order to study changes in the generated stage characteristics.
5. Additional data po.'mts, using the algorithm of section 2.4.2, were used to improve the
initial curve prediction generated using the one-point algorithm.
A summary of the results for each of these items is given in the summary section at the end

of the chapter.




For each generated stage characteristic, the generated curves were compared to
the given data (from the DYNTECC testcase data files) by calculating the square root of
the mean sum-squared-deviation of the predicted performance coefficients from the given

performance coefficients:

_1 ]
o = N5 (\I;TJT)Z @1
of = _1_ (\IJ_T’P____\{I?_P): 4.2)
Ny~ (lPTjP)

where the subscript “j” denotes the data point index, subscript G’s denote values from the
generated curve, subscript T’s denote testcase data, N is the total number of data points,
o" is the deviation for the temperature coefficients and ¢* is the deviation for the pressure
coefficients. Values of 6 and ¢® below 1.6 e-2 indicate that the generated curves
represent the test data accurately. For the one-point generation algorithm, in order to
avoid misrepresenting the goodness of the fit, the input data point was removed from the
error calculations, 6” and o, since the error at that point would be zero. (The algorithm
forces the generated curve to go through the input data point.)

The tables in this chapter summarize the results of the analyses. The tabulated
values of @ and Wy' are those points on the reference curve that transform to the
tabulated test data points (®r, 1) for an iterated Ac;. The tables also list the estimated
change in the stator outlet angle from the reference curve to the predicted curve, Aa;, and

the errors in the generated curves, 6" (4.1) and o (4.2).
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4.2 Characteristics Generated for the Same Stage with One Data Point (P, L 8 ‘I’P)

This section presents the results of the c;ne-point generation method. For this case,
the reference curves and the new data at a different speed are from the same stage. For
example, reference curve 1 (the stage characteristic for Stage 1/Speed 3) is used to
generate the temperature and pressure curves for the other stage 1 speeds, 1, 2, 4, 5, 6 and
7. Only a single test data point was input to the generation algorithm outlined in section
241,

Figures 4.1-4.6 show the results of same-stage, one-point predictions for the three
stages running at rotor speeds 2, 4, 5 and 7 (95, 80, 70, and 50% design speed). (Speeds
1 and 6 are not shown in order to improve the figures’ clarity.) The broken lines are the
ggnerated characteristics. The symbols represent data points taken from the DYNTECC
testcase data files for the HSL/LARC compressor (Ref. 13). The thick solid lines shown
on the temperature figures (Figures 4.1, 4.3, and 4.5) are the reference curves. A
discussion for each stage follows.

4.2.1 Characteristics for Stage 1 Generated with Reference Curve 1

Figures 4.1 and 4.2 display the results of using reference curve 1 to generate four
of the first stage’s temperature and pressure characteristics. Table 4.1 is a summary of six
computational results. In Figure 4.1, most of the data points fall on the generated
temperature characteristics. There is some deviation at the left end of the speed 7 (50% of
design speed) data set which is in the stall regime. In Table 4.1, ¢" for the speed 7 data is

larger than any of the other spéed line errors.
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Table 4.1: Summary of Results for Stage 1

Speed | Ot b 2 Mapped | Mapped | Aa,; Error Error
Line Or P! (degrees) o' ol

1 0.5153 0.7266 0.4377 0.6518 -11.18 5.843 e-3 | 5.360 e-3
2 0.4834 0.6890 0.4385 0.6500 -6.453 2.053 e-3 | 7.894 -3
4 0.3723 0.5918 0.4387 0.6495 9.547 5.908 e-3 | 1.567 e-2
5 0.3160 0.4267 0.4668 0.5741 22.93 7.310 e-3 | 9.942 e-3
6 0.3101 0.4995 0.4490 0.6247 20.27 8.111 e-3 | 9.777 e-3
7 0.3035 0.5267 0.4401 0.6461 19.70 1.646 e-2 | 4.845 e-2

Also of interest in Table 4.1 is the change in the stator outlet angle, Ac;. Speed
data above the reference curve speed line (Speed 3, or 90% design speed) show a
decrease in o; while speeds below the reference show an increase in a;. This is in accord
with the theory used in this analysis. The ideal equation for P as a function of ® (Ref. 3)
is:
¥T =1 - ®(tan o, + tan B,) 4.3)
where for the ideal case, B, is constant over the entire flow coefficient range. It is evident
that for fixed @, an increase in a; decreases the temperature coefficient.
In Table 4.1, the pressure errors, o, are larger than the temperature error values,
visually observable in Figure 4.2, where the discrepancy between test data and generated

curves is apparent. Speed 7 has the largest deviation as is expected due to imminent stall.

The speed 4 data also deviate from the generated curve; but in this case, the data are not
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approaching stall and the deviation is more likely due to the constant efficiency
assumption. In order to improve the generated pressure characteristic, a variable
efficiency model is required, as will be discussed in section 4.6.
4.2.2 Characteristics for Stagé 2 Generated with Reference Curve 2

In Figure 4.3, the data for speeds 4, 5 and 7 deviate from the generated
temperature characteristic due to stall effects. Likewise, the deflection angle, €, is no
longer a linear function of B;, as can be inferred from cascade results, particularly as seen

on the right side of Figure 2.2. The visual discrepancy is quantified in Table 4.2 which

shows an increase in the 6" errors, particularly for speeds 5 and 7.

Table 4.2: Summary of Results for Stage 2

Speed | @ b 28 Mapped | Mapped | Ao, Error Error
Line dr P’ (degrees) | ¢" o

1 0.4119 0.6460 0.3807 0.6114 -6.784 5.985 e-3 | 2.504 e-2
2 0.4019 0.6315 0.3817 0.6090 -4.404 4.744 -3 | 1.120 -2
4 0.3702 0.5929 0.3826 ‘ 0.6067 2.695 1.402 e-2 | 2.116 e-2
5 0.3645 0.5443 0.3935 0.5779 6.376 2.057 e-2 | 3.185 e-2
6 0.3652 0.5682 0.3876 0.5936 4.899 2.869 e-2 | 1.494 ¢-2
7 0.3481 0.5837 0.3785 0.6712 6.598 5.019 e-2 | 6.135 e-2

Since W' is dependent upon W', errors in the temperature curves will be

propagated into the generated pressure characteristics, as is apparent for speeds 5 and 7 in
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Figure 4.4. As for speeds 2 and 4, in Figure 4.4, the pressure curve deviations are due to

the assumption of constant efficiency required when only one data point has been

acquired.

4.2.3 Characteristics for Stage 3 Generated with Reference Curve 3

Stage 3’s generated temperature characteristics, seen in Figure 4.5, were poor

compared to the curves generated for stages 1 and 2 (Figures 4.1 and 4.3). Practically all

of the data shown here are in the stall region except for a portion of the data for speed 4

where the fitted curve predicts well the pre-stall portion of the data set. The pressure

curves for stage 3, shown in Figure 4.6, are also not very accurate, again due to the

proximity of the data to stall. In Table 4.3, most of the Aa,,’s are negative because the

input data points lie above the reference curve.

Table 4.3: Summary of Results for Stage 3

Speed | ®r y, T Mapped | Mapped | Ao, Error Error
Line Dr PR (degrees) | o’ o

1 0.3649 | 0.5392 | 0.3620 0.5354 -0.7562 9.895 e-3 | 4.707 e-2
2 0.3597 | 0.5423 | 0.3583 0.5404 -0.3710 9.840 e-3 | 4.719 e-2
4 0.3824 | 0.4848 | 0.3911 0.4960 2.101 1.058 e-2 | 3.924 -2
5 0.4000 | 0.5122 | 0.3893 0.4984 -2.590 1.823 ¢-2 | 2.352 -2
6 0.4313 | 0.5230 | 0.4005 0.4832 -7.277 1.892 e-2 | 2.210 _e-2
7 0.4315 | 0.5263 | 0.3994 0.4847 -7.620 2.798 e-2 | 3.068 e-2
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4.3 Predicting Stage Characteristics for Stages 2 and 3 using Reference Curve 1

In this section, the temperature and pressure characteristics for stages 2 and 3 are
shown for the performance point (®r, ¥1', ¥1°) previously used and the reference curve
for stage 1, a stage of slightly different geometry and different inlet temperature and
pressure than for stages 2 and 3 (The radii, temperatures and pressures are listed in Ref.
13). Figures 4.7-10 show the resulting characteristic curves.

The temperature curves for stage 2 shown in Figure 4.7 are similar to the curves
using reference curve 2 in Figure 4.3. This is to be expected since the two reference
curves are similar in curvaturé as shown in Figures 3.17 and 3.18. In fact, a review of
Tables 4.2 and 4.4 indicates that the characteristics using reference curve 1 are slightly

better than those using reference curve 2.

Table 4.4 Summary of Results for Stage 2 using Curve 1

Speed | Mapped Mapped Ao, Error Error
Line | ®g Pr' (degrees) |c" a

1 0.4329 0.6630 2913 6.105 e-3 2.530 e-2
2 0.4349 0.6584 4.600 3.801 e-3 1.163 e-2
3 0.4405 0.6452 7.439 9.349 e-3 2.142 e-2
4 0.4387 0.6495 9.612 1.093 e-2 1.753 e-2
5 0.4513 0.6191 12.39 1.608 e-2 2.689 e-2
6 0.4447 0.6352 11.24 2.252 e-2 3.656 e-2
7 0.4360 0.6557 12.29 3.948 e-2 5.041 e-2




As seen in Table 4.4, the calculated Aa;’s have changed from those in Table 4.2
due to placement of the stage data with respect to the reference curve; i.e., the positions
of reference curves 1 and 2 relative to stage 2 data are quite different as can be seen from
an examination of Figures 4.3 and 4.7. Hence, all of the Aa;’s, as shown in Table 4.4, are
positive.

The pressure characteristics shown in Figure 4.8 are similar, in terms of curvature
and placement, to those shown in Figure 4.4. The similarity in the generated pressure
curves is expected since the predicted temperature characteristics are similar regardless of
which stage reference characteristic (1 or 2) is used, and the calculated efficiencies remain
unchanged. A comparison of the pressure errors in Tables 4.2 and 4.4, indicates that the
errors are slightly lower for Table 4.4 which further illustrates the previous point.
Improvement in the predicted temperature curve will always lead to improvement in the
predicted pressure curve.

Figures 4.9-10 present the results of generating the temperature and pressure
characteristics for stage 3 using reference curve 1. There is no improvement in the
generated curves over that using a stage 3 reference curve. This can be seen more readily
by compariﬁg the ¢"’s in Tables 4.4 and 4.5. A general increase in the deviations from
reference curve 3 characteristics to reference curve 1 characteristics is apparent. This is
an indication that perhaps a flatter reference curve, such as curve 3 (see Figure 3.19), may

predict stall data better and improve the pressure curves; however, a flatter, stall reference
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curve could not be developed since the methodologies presented in section 3.3 can only be
used to develop pre-stall curves .

The Aa,’s for the stage 3/reference curve 1 (Table 4.5) have also changed ﬁém
those computed using reference curve 3 (Table 4.3). As for the pressure characteristics,

some of the curve 1 predictions are better. The poor temperature fit may in some cases

offset the error due to the constant efficiency assumption.

Table 4.5: Summary of Results for Stage 3 using Curve 1

Speed | Mapped Mapped Ao, Error Error
Line | ®g Wr' (degrees) | o' ol

1 0.4544 0.6113 11.55 1.074 e-2 | 4.141 e-2
2 0.4524 0.6163 11,92 1.777 e-2 3.867 e-2
3 0.4576 0.6033 11.42 2.170 e-2 4.198 e-2
4 0.4731 0.5628 12.09 2.067 e-2 3.315e-2
5 0.4698 0.5716 9.263 4.025 e-2 4.707 e-2
6 0.4742 0.5600 5.722 4.902 e-2 5.424 e-2
7 0.4714 0.5605 4.142 9.449 e-2 9.869 e-2

4.4 Effect of o; Selection on Predicted Characteristics

In this part of the analysis, the selected value of the reference curve a; (as

discussed in section 3.3.2) was varied to demonstrate its effect on the generated stage
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characteristic. The stage characteristics for stage 1, speed 4 generated using reference
curve 1 and varying o, are shown in Figure 4.11. As seen in the figure, the generated
curves are practically indistinguishable from one another. Table 4.6 summarizes the
results for a range of a.;’s ranging from 0 to 30 degrees. In the table, it is evident just how
similar the curves are, as the values of 6" and ¢ are approximately the same regardless of
the input a;. However, the selection of a; does affect the value of Aa; and the reference
curve ¢'. The value of &' determined during the development of the reference curve
(section 3.3) decreases to account for increases in the reference curve a;. Increases in the
selected a; also lead to a decrease in Aq;, suggesting that the characteristic generation

method is insensitive to the selection of the reference curve o, as stated earlier.

Table 4.6: Summary of Results for Stage 1/Speed 4
Characteristic Generation using Curve 1 and Changing o,

o Mapped | Mapped | Aa, Error Error €
degrees | YR’ (degrees) | ¢” ol

0 0.4386 |0.6496 |9.843 5.828¢-3 | 1.561 e-2 | 3.258
10 0.4387 0.6496 9.547 5.908 e-3 1.567 e-2 | 3.205
15 0.4386 0.6496 9.181 5.902 e-3 1.567 e-2 | 3.167
20 0.4387 | 0.6496 | 8.686 5.905 e-3 1.566 e-2 | 3.118
25 0.4387 | 0.6496 |8.074 5.891 e-3 1.565 e-2 | 3.055
30 0.4388 | 0.6496 | 7.367 5.898 e-3 1.565 e-2 | 2.975
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4.5 Changing the Given Data Point

When testing the compressor, there is no way to know a priori which input data
point for the curve generation algorithm will occur. In the validation phase of the
algorithm, as has been previously discussed, rﬁidpoints of the known data were arbitrarily
selected as the single input data points for the curves generated in the previous figures.
Figure 4.12 shows the effect on the generated temperature curves with changing input
data. This figure shows the temperature curvefits for the stage 1, speed 4 curve using
reference curve 1 (speed 3) and different selected starting data points from the given set.
Table 4.7 lists the input data points, mapped reference points, Aa;, and the deviations, 6"

and o, for the generated curves.

Table 4.7: Effect of Changing Data Point

Data Point Mapped | Mapped | Ao, Error Error
(@1, Y1’y ¥r) Dy Wg' (degrees) | o’ o
(0.3561, 0.6278, 0.6691) | 0.4238 | 0.6836 | 9.536 5.742 e-3 | 2.517 e-2
(0.3663, 0.6139, 0.6642) | 0.4306 | 0.6683 | 9.149 3.966 e-3 | 1.388 e-2
(0.3723, 0.5918, 0.6432) | 0.4387 | 0.6495 | 9.547 5.908 e-3 | 1.567 e-2
(0.3797, 0.5825, 0.6416) | 0.4432 | 0.6386 | 9.201 3.518 e-3 | 1.508 e-2
(0.3835, 0.5737, 0.6367) | 0.4467 |0.6302 | 9.193 3.575e-3 | 1.813 e-2
(0.3864, 0.5692, 0.6351) | 0.4488 | 0.6253 | 9.089 4,672 e-3 | 2.224 -2
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While the temperature errors, o', for all input data in Table 4.7, fall into acceptable
ranges (less than 1.6 e-2), the generated temperature curves, shown in Figure 4.12, using
the first and third data points do not predict the rest of the data set as well as the curves
generated using the second, fourth, fifth and sixth data points. The deviations, 6" and 6*,
indicate that some input points result in more accurate curves. Obviously, a scheme is
required to optimize the generated éurve to minimize the deviation with respect to all of

the data.

4.6 Increased Accuracy of Prediction using Additional Data Points

Figures 4.13 and 4.14 show the results of improving the prediction using the
combination of additional test data and the non-linear least squares estimation algorithm
discussed in section 2.4.2. Both figures compare the curves generated using one, three
and six data points. The one-point curve used the section 2.4.1 algorithm, while the three
and six data point curves used the algorithm from section 2.4.2. The steady improvement
in the pressure curves is evident as more data points are included in the generation
procedure. The final pressure curve, using all six data points, goes through the middle of
the data set in comparison to the fits using one or three data points.

Values in Table 4.8 illustrate how the non-linear least squares algorithm adjusted
the initial value of Ac; (determined from the one-point algorithm) such that it minimized
the deviations between the predicted data and given data. It also lists the data points that
were used for each case. For the six-point case, all of the supplied data in the set were

used.




Table 4.8: Summary of Results for Stage 1/Speed 4
Characteristic Generation using Additional Data Points

Number | Data Points Ao,y Error Error
of Data | (¥, ¥1', ¥1) (degrees) o' o
Points
1 (0.3723, 0.5918, 0.6432) 9.547 5.908 e-3 1.567 e-2
3 (0.3561, 0.6278, 0.6691) 9.410 3.395 e-3 1.553 e-2
(0.3663, 0.6139, 0.6642)
(0.3723, 0.5918, 0.6432)
6 (0.3561, 0.6278, 0.6691) 9.282 2.712 e-3 4.704 e-3
(0.3663, 0.6139, 0.6642)
(0.3723, 0.5918, 0.6432)
(0.3797, 0.5825, 0.6416)
(0.3835, 0.5737, 0.6367)
(0.3864, 0.5692, 0.6351)

As discussed in section 2.4.2., a method for improving the generated pressure
characteristic includes improving the efficiency model. In the one-point method, efficiency
was assumed constant, which is consistent with near-design flow coefficients. With
additional data, a more realistic model of efficiency versus flow coefficient can be
developed. The improved efficiency models for stage 1, speed 4 can be seen in Figure
4.15. In the figure, the three curves shown were developed using one, three, and six test
data points. The function coefficients A, B and C are recalculated as additional data
points are acquired. With the efficiencies and their respective flow coefficients, the
algorithm discussed in 2.4.2.3 determined the constant coefficients for the following
function of efficiency versus ﬂbw coefficient:

n=A®*+Bd+C 4.4)
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For the one-point curve, A =‘B - 0 and C = 0.9273; for the three-point curve, A =-112.7,
B = 83.89 and C = -14.69; for the six-point curve, A = -61.35, B=47.41 and C =-8.211.

The section 2.4.2 algorithm can also be used to improve the stage characteristilcs
generated using a reference curve from another stage. Figures 4.16 and 4.17 show how
the temperature and pressure curves for stage 3, speed 7, generated with reference curve
1, can be moderately improved for near-stall regions using additiohal data. The new Aq,;
from the section 2.4.2 algorithm is 2.380 degrees in comparison to 4.142 degrees using
the one-point algorithm. In terms of the errors, o' and 6", an improvement was made.
Using the section 2.4.2 algorithm, ¢* decreased from 9.449 e-2, using the one-point
algorithm, to 6.791 e-2, and o decreased from 9.869 e-2 to 6.742 e-2. The new
calculated errors, however, do not fall below the acceptance range of 1.6 e-2. They are
not even below the values calculated for the curves generated using reference curve 3
(Table 4.2). These large deviations can be seen in Figures 4.16 and 4.17 where the
generated curves do not line up with the test data. Thus, using the section 2.4.2 algorithm
to incorporate additional data into the curvefit is not sufficient to overcome the errors due
to stall effects.

Stall effects can be accounted for by changing €'. The curves generated in Figures
4.18 and 4.19 were developed using the Aa; determined from the section 2.4.2 algorithm,
2.380 degrees, and the reference curve generation scheme outlined in section 3.3.3. The
reference curve generation algorithm iterated €' to best fit the given data and found €' to be
equal to -0.1718. This result for €' is consistent with the stall portion of the deflection
versus incidence curve shown in Figure 2.2 where, at stall, ¢' approaches zero and
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becomes negative. The reference temperature curve resulting from the section 3.3.3
algorithm is shown in Figure 4.18 and compared to the curves generated using one-point
and non-linear least squares algorithms. Even though the fit for the data is good (c" for
this case is 6.096 e-3), the negative curvature shown is not typical of stage characteristics.
For this case, a variable €' model as a function of flow coefficient would be of use in
generating the new temperature characteristic.

The pressure curve shown in Figure 4.19 was developed using the new
temperature curve from Figure 4.18, generated using a new €', and an efficiency model
developed using the section 2.4.2 algorithm. The curvefit has improved significantly for
this case as well, 6© = 9.526 e-3, and the curvature of the resulting characteristic is
correct. Figures 4.18-19 and the results clearly demonstrate how a variable €' versus flow
coefficient model could be used to improve the generated curves.

4.7 Summary of Results

The one-point stage characteristic generation algorithm was shown to be accurate
for the first stage of the compressor since the data for those curves were pre-stall,
howéver, for post-stall data, such as stage 3, the generated curves were not as accurate.
Curves generated for stage 2 using reference curve 1 were similar in curvature and
placement to those generated using reference curve 2. However, the generated stage 3
characteristics using reference curve 1 showed a marked increase in the temperature
deviation, ¢”, suggesting that a flatter reference curve would better predict data in the stall

region. In comparison to the temperature curves, the generated pressure curves were not
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as accurate using the one-point stage characteristic generation algorithm. This is due to
the constant efficiency assumption, necessary with only one available performance point.

The generated stage characteristics were not sensitive to the selection of lthe
reference curve ;. A change in the input reference curve a, to the one-point generation
algorithm changes the iterated value of Aa; and €' of the reference curve and generates the
same curve. On the other hand, the generated characteristics were dependent upon the
input data point. The generated curves shifted in order to go through the input point and
depending upon that point, the deviation, 6", increased or decreased.

As additional data were acquired, the algorithm in section 2.4.2 could be
implemented in order to determine a Aa; that nﬁnimized the deviations between the
generated curve and the testcase data. However, the section 2.4.2 algorithm could not be
used to generate accurate stage characteristics for stall test data. In order to develop
accurate curvefits for stall data, a variable &' model would be requifed. Additional data
could also be used to construct a more realistic, parabolic efficiency model. With the
improved efficiency model and temperature curves, an improved pressure curve could be

generated.
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V. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

1. Thé stage-characteristic curvefit method presented in this thesis is valid for the
pre-stall portions of the stage characteristics as quantified by deviations, ¢’ and o, less
than 1.6 e-2. The goodness of the curvefit, however, is dependent upon the choice of
reference curve. Data in the high curvature stall or post-stall regimes will not be
represented as accurately by reference curves chosen from pre-stall conditions, as seen in
the flatter speed lines of all three stages, particularly for stage 3. Accurate fits were
obtained for the first two stages (using a reference curve from stage 1) for data that
followed a curvature similar to the reference. Flatter reference curves could be made to
predict the stall data better, but this would require more work to be done in optimizing the
parameter, €'.

2. The accuracy of the curvefit in predicting the true characteristic from one point
depends on the deviation of that point from the true operational characteristic; i.e., an
invalid first data point will result in a skewed predicted curve not representative of the true
characteristic. The deviation between the test data and the generated curve, o', varies
decidedly depending upon the input data point. In Table 4.7, ¢" varies from 4 e-3 to 7 e-
3, and while these deviations are all within acceptable ranges, the lower the deviation, the
better the fit. The best curvefit may be determined by the use of additional data in a non-
linear, least-squares estimation algorithm. The non-linear least squares algorithm adjusts

the estimated gas inlet angle for the stage, o, in order to minimize the errors. Using this




technique, the deviations for the stage 1, speed 4 curves, for example, are about half that
of the one-point prediction as seen in the 6 columns of Tables 4.1 and 4.8. The
refinement algorithm of section 242 can be used to decrease errors in stage
characteristics generated using a reference curve from another stage;, however, it is not
sufficient to predict the curvature due to stall effects. In order to account for stall effects,
a variable €' versus flow coefficient model is required.

3. The pressure characteristics are not predicted accurately using the one-point
generation method. Accuracy may be improved by using additional data points to develop
a parabolic model of efficiency versus flow coefficient. For example, when all of the data
in the set are used, deviations in the pressure coefficient curvefit using the parabolic
efficiency model for stage 1, speed 4 are only one third of those using the one-point
algorithm.

4. It has also been shown that though the angles on the reference curve may be
unknown, if the angles are derived based on common design and theoretical principles,
valid characteristics can be generated. The one-point algorithm, from section 2.4.1, is not
sensitive to the choice of the stator outlet angle, a;, since an adjustment to the change in
the stator outlet angle, Ao, for the new data will occur and result in a nearly identical

curve.

5.2 Recommendations

1. More research needs to be done in the following areas: post-stall regimes; the

change in the slope of the deflection versus incidence curve as it relates to the flow
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coefficient; the development of stall reference curves, efficiency modeling; and changes in
other blade angles, B; and €. The algorithms presented in this thesis are based on pre-stall
theoretical behavior. Once the compressor stage enters the stall and post-stall regimes,
the losses that have been assumed negligible become significant. Also, in the stall regions,
the flow is separated and does not follow the contour of the rotor blades, and the linear
function of € versus ; used in this study is not accurate. As seen in Figure 2.2, €' may
decrease or become negative as stall is reached. An algorithm constructed to include the
dependency of €' on @ would more adequately model stall and post-stall losses. Such a
model could be used to develop a stall reference curve. Significant improvements were
seen when using the flatter reference curve of stage 3 to predict the near-stall data as seen
in Figure 4.5.

2. The pressure curves are dependent on both the temperature curve and the
efficiency. Improvements in the efficiency model would greatly improve the pressure
curve predictions. This could be done by developing a model of the efficiency as a
function of flow coefficient to include effects due to changes in the blade angles. Such a
model could be derived from cascade theory loss relationships described in Ref. 7.

3. Finally, the curve generation algorithms (section 2.4) mainly used changes in thg
IGV and stator outlet angles with the assumption that changes in other angles (B, and €)
were dependent upon changes in «;. The algorithms’ accuracy could be enhanced by
including other blade angle changes, such as stagger, as independent quantities. A less
constrained relationship, essentially with a nonzero A, or Ae in (2.34-35), could improve

the prediction for curves that are not of the same stage as the reference, particularly in the
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cases where in addition to the stator angle changes, the rotor blades angles have been

changed as well.
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