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The reference number of the AGARD Lecture Series entitled “Engine Airframe Integration for Rotorcraft”
(June 1986) should be LS 148 and not as printed.
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PREFACE

This report is the outcome of AGARD Support Project T15. The support programme of AGARD to Southern Flank
Nations started in 1981, its purpose being to set-up cooperation among member nations and thereby improve the capabilities
of Southern Flank Countries in the field of aerospace research and development. The programme is intended to provide
assistance to member nations for the purpose of increasing their scientific and technical potential.

Project T15 was initiated from the work of Working Group 12 of the AGARD Propulsion and Energetics Panel (PEP).
The work was mainly conducted in the Mechanical Engineering Department of the Middle East Technical University
(METU), with the technical support of Vrije Universiteit Brussel, Belgium and Iowa State University, USA.

The authors would like to thank the National Delegates of the countries involved, the members of the Propulsion and
Energetics Panel, the Turkish Aircraft Industries (TUSAS) for their support in the initial phase of the project, and the Turkish
Scientific and Technical Research Council. The members of the Fluid Mechanics Group (METU, Mech. Eng. Dept.) who took
part in this project on various occasions are acknowledged.

Le présent rapport s’inscrit dans la suite logique du Projet de Support T15 de TAGARD. Le programme de support
AGARD aux Nations du Flanc Sud date de 1981. Le but du programme est de promouvoir une coopération parmi les nations
membres de TOTAN et d’améliorer les potentialités des Pays du Flanc Sud dans le domaine de la recherche et des réalisations
aérospatiales. Le programme doit servir d’aide aux nations membres de 'OTAN, et leur permettre d’accroitre leurs capacités
scientifiques et techniques.

Le projet T15 résulte des travaux du Panel de Propulsion et d’Energétique de TAGARD (PEP). L’essentiel du travail s’est
effectué au sein de la Faculté de Génie Mécanique du Middle East Technical University (METU), avecle support technique du
Vrije Universiteit, Bruxelles, Belgique et du Iowa State University, USA.

Les auteurs tiennent a remercier les Délégués Nationaux des différents pays concernés, les membres du Panel de
Propulsion et d’Energétique, et les Industries turques de I’ Aéronautique (TUSAS) pour leur supportlors dela phase initiale du
projet, ainsi que le Conseil National de la Recherche Scientifique et Technique de la Turquie.

La contribution des membres du Groupe de la Dynamique des Fluides (METU Mech. Eng. Dept,) qui ont participé au
projet a plusieurs reprises est également trés appréciée.
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APPLICATION OF MODIFIED LOSS AND DEVIATION CORRELATIONS
TO TRANSONIC AXIAL COMPRESSORS

by

M.Cetin, A.$.Uger, Ch.Hirsch and G.K Serovy

1. INTRODUCTION

Throughflow calculation programs are probably the most important tool of the compressor aerodynamic designer. The
main objective of a throughflow calculation is to provide a spanwise prediction of thermodynamic and other flow variables so
that suitable blade profiles can be selected to cope with the variations of inlet angle, turning, Mach number, etc. Throughflow
programs may be either of analysis or design type. In the former, which is more extensively used, the blade geometry is specified
and solutions are sought for the resulting flow pattern. The design method, whichis less commonly available, requires enthalpy
variations and obtains solutions for meridional velocity and hence flow angles. To determine realistic solutions with both
techniques it is necessary to provide reasonably well predicted entropy gradients resulting from viscous effects. Similarly, the
solution obtained from an analysis program is very dependent upon the predicted values of blade exit flow angles. Once loss
and deviation models have been incorporated into a program it can be used to predict overall machine performance.

Continuation of improvements in throughflow analysis programs and in the empirical correlations necessary for them has
become one of the interests of the AGARD Propulsion and Energetics Panel. The Panel organized a Specialist Meetingin 1977
on “Throughflow Calculations in Axial Turbomachinery”. A Working Group (WG 12) was subsequently formed on
“Throughflow Calculations in Turbomachinery”. This group started work in January 1978 and published its report in 1981. A
part of this report is devoted to the work of the WG 12 compressor subgroup. The task of the compressor subgroup was to
review many aspects of compressor correlations. As a result of this work it was concluded that no set of correlations has general
validity, and this was especially emphasized for the validity of off-design correlations. This conclusion was reached for both loss
and deviation correlation. As general recommendations of the Working Group it was stated that:

(@) Careshould be taken to define a constant set of relations within the correlations in order to avoid the duplication of effects
and influence of parameters.

(b) Notwithstanding the continuous development of three dimensional viscous flow calculations and the increase of
computing power of digital computers, it is not likely that through flow calculations in multistage machines will be
replaced by full viscous calculations in the near future. Therefore the need for reliable correlations will continue to be of
great importance.

(¢) The general trends with regard to the influence of parameters (such as Mach number) are of particular interest. A
particular effort in this direction should be made, especially for off-design cases.

It was with the above conclusions and recommendations that further work on loss and deviation correlations was
proposed. The purpose was to use transonic compressor test results of the 1970s for reassessing the loss and deviation
correlations. Comparison of the experimental results with the existing correlations was foreseen. It was expected either to
correct or modify the existing correlations or to develop new correlations for the off-design prediction.

As the first step of the present investigation, existing loss correlations were reviewed and put into table form, which it is
hoped will be useful for users. In the table a consistent set of notation is used and the relevant tables and figures are listed with
their number as stated in the reference from which the correlation is adopted. The table is given in Appendix IT with the
notation used in the table of Appendix I, together with cascade terminology. Appendix II lists the equations used in different
correlations together with the calculation procedure. The range of applicability of each correlation is also stated in the remarks
section.

Suitable data reported in a number of NASA and Pratt & Whitney compressor tests were analysed to obtain consistent
trends which might result in new correlations. During this process an off-design loss correlation was obtained for transonic
upstream Mach numbers. Design incidence correlation by NASA for plane cascades was modified for transonic upstream
conditions and design deviation angle prediction of Carter’s was corrected. More successful comparisons were obtained from
modified and new correlations when their results were compared with those of the other loss and deviation methods. No
consistent experimental data was found at the transonic upstream conditions for off-design deviation angle assessment. Hence
several off-design deviation correlations were examined and it is concluded that the correlation given by Creveling is most
successful.

Section 3 of this report discusses the methodology used in data analysis and comparison. The set of correlations which was
set up during the course of this study is programmed and fed into a finite-element throughflow code. The correlations were
tested by predicting the details of the spanwise variation of total loss, deviation angle, axial velocity and density. The test case



used for this purpose was a two-stage fan. A listing of the loss and deviation subroutine which may be adapted to other
throughflow programs is given in Appendix IV.

It must be noted that in all multi-stage performance prediction calculations the computation goes off-design if an
inaccurate prediction of deviation for an upstream blade row is made. Therefore, a computer code should calculate design and
off-design loss and deviations simultaneously at all times.



2. TEST DATA USED FOR CORRELATION STUDIES

2.1 General

Thesearchfortestdata of transonic compressor stages which might be used for loss and deviation assessment work revealed
eight useful data sets (references [1]to [8]). These tests were carried out in the test facilities of the NASA Lewis Research Center
and the Pratt & Whitney Aircraft Company. Test reports include aerodynamic design parameters, blade element geometry, and
blade element performance as well as overall performance of blade rows. Some of the necessaryblade elementdata waslackingin
the testreports prepared by Pratt & Whitney Aircraft Company. The first five test reports were the results of a research program
on axial flow fans conducted by NASA Lewis Research Center. All data which was used in this work was obtained from
compressor stages designed using 1970’s technology. The annulus areas of these compressors varied over a large range, with tip
diameters rangingbetween 0.25 mand 0.41 mand hub diameters ranging between 0.125 mand 0.15 m. Blade elements used were
either Multiple-Circular-Arc (MCA) or Double-Circular-Arc (DCA ) type. All rotors were equipped with part-span vibration
dampers. For more information the reader can refer to references [1} to [8].

2.2 Test Procedure and Data Uncertainty

Since the main objective of the work was to investigate off-design behaviour, blade element performance data from stall to
choke conditions should be available.

The details of the test facilities are given in references [1] to [8]. In all tests from which the experimental data had been
obtained and used in this investigation, the following test procedure was employed.

The compressor rotor was set to a predetermined rotational speed, which corresponds to the required blade velocity Mach
number component. The sleeve valve located in the collector at the downstream of the compressor stage was then adjusted. Each
flow condition created by closing the sleeve valve (increase of back pressure) established a new flow field within the compressor,
and hence it was possible to obtain incidence angle changes with the associated changes in total pressure loss coefficient and
deviation angle. This procedure was repeated in the unchoked region until the stall point was reached. The sleeve valve
adjustment was repeated for several rotational speed settings. Passage survey measurements were made at 9, 11 or 16 radial
positions, depending on the test, ranging from 5% ro 95% span, for anumber of rotational speeds and back pressures. Data were
recorded downstream of rotor and stator blade rows and upstream from the stage.

Ateach radial position total pressure, static pressure, total temperature, and flow angle were measured. At the downstream
of the stator circumferential measurements of total pressure, temperature and flow angle were performed. Mass and energy
averaging procedures were applied to these circumferential measurements. Axial and radial velocities and flow angles were
obtained from the mass-averaged properties. Data recorded at the measuring stations were modified to give blade leading and
trailing edge conditions using theoretical considerations. More information on the analysis procedures can be obtained from the
relevant references [1] to [8].

The calculation of total loss coefficient in references [1] to [8] is accomplished through the equation below

— (POZ)id - P02
= \702/d 02 2.1
Wt P, - P, (2.1)

(Py;)iaisequal to Py, in the case of stator blade rows, and total loss coefficient can readily be calculated from the averaged values of

the measured data. However, for rotors (P, ), is the summation of Py, and the stagnation pressure rise due to the radius change
along the streamline. Thus equation 2.1 is modified to

— P, P 1
o (e )
PO] PO] — v/y—1
ol o]

(h) - {1 + Y + 1 (or,)’ [1 _ (2)2]}7/7—1 (2.3)
Po1/ia 2 vgRTy ¥

Equation 2.3 implies that rothalpy remains constant along a streamline. In calculating the rotor total loss, equation 2.2 is
used and it is assumed that the real streamlines coincide with the design streamlines. Measured properties Py, , Py;, T,; and o
together with the approximated value of r, are used to calculate . The error made in the calculation of o largely depends on
how well the value of r, is approximated. The effect of the measurement uncertainties on Py, , P,,, T, , which are tabulated in
AppendixII, are used and propagated through equation 2.2 for calculating the amount of percentage uncertainty on wr. In this
calculationitis assumed that the streamlineis exactly passing through the radii tabulated in the test reports. The uncertainty in the
radiiisestimated as £ 0.33 mm from reference[40}. As the nextstep the uncertainty in the value of r, is sought. Itis concluded that
including the bias error corresponding to + 0.5 mm probe mispositioning relative to the actual streamline a total uncertainty
interval of # 1.86% is expected on w;. Although streamline mispositioning error should be more of a bias type this cannot be
detected in the experimental minimumtotal losses, since the minimum total loss values do notshow adistinct bias when compared
with Kochand Smith results (Fig. 3.10). As for the off-design total loss variations a consistent expected trend is detected with an gle
ofincidence. Thusitis concluded thatthe errorimposed on wdue to streamline mislocation is not of serious order. The details of
the calculations are given in Appendix III. Due to the lack of data used in averaging procedures, the uncertainty analysis for data
reduction was not possible. The uncertainties in the angle measurements are tabulated in Appendix III.

where



3. METHODOLOGY OF DATA ANALYSIS

3.1 Overall Loss Correlation

Transonic decelerating flow in the turbomachine is one of the most complex flows which can be found in fluid mechanics.
This is because alarge number of factors affect the flow regime and therefore influence the magnitude of losses. The complexityis
overwhelming because of the fact that the effects of several loss producing factors are not independent, but are cumulative and
interrelated. A well known example is the shock-boundary layer interaction. In the presence of such an interaction the order of
magnitude of profilelossis closely related to the strength of the shock wave as well asits location on the blade surface. The losses at
the end walls are due to the interactive phenomena between blade boundary layers, end-wall boundary layers, passage shock-
waves, leakage flow and secondary flow effects. It may be quite unrealistic to single out a loss source, find a loss coefficient for it
from experimental work, and then add these linearly for sections along the blade span where the particular loss under
considerationis of importance. The equations which govern the entropy accumulation are highly nonlinear, thus loss assessment
using superposition is not likely to be realistic.

Inthe presentstudy, due to the difficulties arising from accurate assessment of interaction of loss factors, loss sources are not
separatelyidentified. Instead, the datais analysed so as to determine whether there are some meaningful trends in the variation of
total loss coefficients with flow and cascade geometry parameters. Losses are considered as a whole and expressed by a total
pressure loss coefficient which accounts for all types of losses except the blockage effects of end wall boundary layers and
clearance flows. This approach is advantageous for performance estimation because the combined effect of profile, shock and
secondary flow losses are accounted for simultaneously whereas assessment of loss sources separately leads to a superposition
type of synthesis which is in many cases unrealistic and imposes some unverified assumptions.

In this work total losses are considered in two parts. The first part is the minimum loss produced in the blade row, which
corresponds to the minimum loss incidence; the second part being the loss increase when angle of incidence is not equal to the
value of minimum loss incidence.

3.2 Variation of Total Loss with Angle of Incidence

Thefirststep was to plot the data as the total loss versus incidence, and seek a variation of total loss with incidence which has a
detectable minimum near the zero incidence. This kind of curve, which is referred to as loss characteristic of a blade section, can
only be obtained if the incidence is changed over a wide range, so that a meaningful variation of total loss can be detected. A
variationinangle ofincidence canonly be obtainedif the test compressor back pressureis changed at constant speed. The number
of tests thatareavailable in the openliterature having datasuitable for off-designanalysis is limited. Although a variation of weight
flowis expected with achange of back pressure atunchoked flow, this variation s quite small. Thusitis possible to obtain different
flow regimes by changing the rotational speed and back pressure independently. The plots of total loss with angle of incidence for
stator blade rows exhibit results similar to the sample given in figure 3.1. As it is clearly seen it is rather difficult to indicate the
minimum loss point from such data. The test reports also mention as a conclusion that for stator the minimum loss range extends
8° around the minimum loss point which is rather a large range. Thus the flatness of the loss characteristic around the minimum
loss directly affects the process of determining the minimum loss incidence. Therefore all stator data were excluded from the
analysis and rotor data were used for the basis of design and off-design total loss analysis. Some of the loss characteristics of the
rotors also exhibited variations of w; with i which does not allow definition of a rational minimum loss point. In these
circumstances the data were not used.

Sixsampleloss characteristic are givenin figures 3.2 to 3.7. The samples are chosen from three different spanwise locations.
The first three samples are for DCA blading and the remainder are for MCA blading. The blade element section parameters and
cascade geometry are givenin each figure. There was difficulty in finding the variation of total loss withincidence foragivenblade
and cascade geometry at a single constant inlet mach number. Therefore, as is seen in the sample figures, inlet Mach numbers
corresponding to the datapoints are presented as intervals. The Mach number range for each curve is narrow enough to assign an
arithmetic mean Mach number value for each curve.

It was a formidable task requiring careful observation of the curve trend and engineering intuition to fit curves to the data
points and fix the minimum loss point of each curve. This process gave the minimumloss incidence i:;p and c_o:xp values. Since the
main objective was to find off-design correlation for transonic blade sections, it was decided to check whether both experimental
minimum loss and experimental minimum loss incidence can or can not be determined using existing correlations.

3.3 Minimum Loss Incidence Prediction

Itiswellknown and canbe seen very clearly from figures 3.2 to 3.7 that minimum loss incidence angle predictionis one of the
most important issues for the assessment of off-design performance. It is essential to predict an accurate value for this incidence.

The incidence angle can be measured from blade suction surface or from mean camber line (see Appendix I). It was found
convenient to use incidence angle definition referenced to the mean camber ling, in accordance with NASA incidence angle
correlations. However, it is always possible to convert the angle of incidence based on suction surface i into the one based on
mean camber line i, if the geometry of the leading edge is known.

Theminimum loss designincidence angle correlation presentedin NASA SP-36 [9] covers awide range of parameters which
were carefully examined for subsonic flow regimes in two dimensional cascades. NASA minimum loss incidence angle
correlations also cover corrections for three-dimensional rotor cascades against relative inlet Mach number for DCA and NACA
65-(A10) series blade profiles.



Since the compressor test data used in this mvesngatlon included 3-D effects it was decided to compare the NASA-2D
prediction with the expenmentally deterrnmed 1cxp values. Figure 3.8 shows the variation of 1:xp = 12,3 nasa With inlet Mach
number. The figure shows thati 10,(p = 12,3 nasaisless for MCA blades than for DCA blades. The other observation fromthe figure
is that, forbothtypes of blade profiles, the difference increases withinlet Mach number. Straight lines are fitted separately through
the data points of DCA and MCA blades. The following equations are obtained for correcting the NASA-2D minimum loss
incidence prediction.

For DCA blade profiles

0.7238M, + 7.5481 (3.1)

% ok

Icor ~ b
For MCA blade profiles

itor — ip = 1.3026M, + 5.7380 (3.2)

where itor in the above equationsis the corrected value of minimum lossincidence. Figure 3.9 shows a comparison of NASA-3D
minimum loss incidence angle prediction method and the presently modified NASA-2D method. A random sampling of a
number of DCA profiles operating at different flow conditions have shown that the NASA 3-D prediction s close to the present
prediction around inlet Mach number 1.0. However, at low and high Mach numbers, the discrepancy between the present
prediction method and NASA-3D predictions increases to as much as 60%. The correction applied to NASA-2D correlation in
reference [9] for 3-D effects and inlet Mach number exhibits no Mach number influence between inlet Mach number 0.25 and
0.55. The correction then increased with inlet Mach number. This increase continues approximately between inlet Mach
numbers 0.55 and 0.95. The 3-D cascades used to derive the NAS A-3D correlation were probably choked at inlet Mach number
0.95. Thus, a constant value of correction is indicated. It can therefore be argued that the variation of correction between inlet
Machnumbers ~ 0.6 and ~ 1.0isnotthesameasitis established in thiswork. Thisleadsto adiscrepancy ini* predictions for M,
valuesless than 1.0 in Figure 3.9. For inlet Mach numbers greater than 1.0, the NASA correction isno longer valid. In the present
analysis 3-D and Mach number effects cannot be separated.

3.4 Design Total Loss Prediction

Asitis mentioned above, the minimum loss points of the experimental loss characteristics are fixed by fitting curves to the
available test points present at an approximately constant inlet Mach number. These fixed minimum loss values are then
compared with the existing design loss prediction methods which include corrections for transonic effects. The comparison
between experimental and calculated total losses using different prediction methods can be seen in Figure 3.10. Four different
design loss prediction methods are used. Koch and Smith [17), Swan [16), Dettmering [34], Jansen and Moffatt[18]. A number of
calculations have suggested that the method proposed by Koch and Smith is the most satisfactory one in determining the design
loss for transonic cascades. This method in fact is the most complete one, accounting for many parameters such as stream tube
contraction, blade surface roughness, etc. The method uses an equivalent sand roughness termin the calculation of profilelosses
which affects the profile loss magnitude. It is concluded in [17] that an accurate assessment of profile loss can only be obtained by
the evaluation of surface roughness with utmost care.

3.5 Off-Design Total Loss Prediction

The work described above on the prediction of minimum total loss @y and minimum loss incident i* showed that the
experimentally obtained values of these quantities can be determined with less error using the correct form of NASA-2D
correlation for minimum loss incidence angle Koch and Smith correlation for minimum total loss.

The experimental loss characteristics were then replotted as (w; — @) v. (i — i*), keeping in mind that i* and @3 can be
determined from the above mentioned correlatlons Initially the loss characteristics for MCA and DCA blade profiles were
replotted on the same (wr — wy) v. (i — i) plane. It was then realised that there are observable differences in the slopes of the
characteristics for MCAand DCAblades. It was therefore concluded that the magnitude of losses depends on the proﬁle shape.
The plots are repeated separately in Figures 3.11 and 3.12 for MCA and DCA blade profiles respectively. The origin in these

figures, (w; — or) = 0 and i—-1 ) = 0, corresponds to experimentally determined values of minimum loss and minimum loss
incidence.

The figures show that at off-design incidences the total loss parameter o7 depends largely on the inlet Mach number.
Although cascade geometrical variables such as solidity, camber angle, maximum thickness, etc., influence to a large extent the
minimum loss ot , no systematic influence of the cascade geometrical parameters on the off- des1gn loss can be detected.

A comparison between the off-design losses for DCA and MCA blades showed that the losses produced by DCA type of
blading are higher compared to MCA type of blading. This is because, for MCA type of blading, camber angle and blade thickness

are smaller at the enterence region, thus providing lower suction surface Mach numbersjust ahead of the passage shock foragiven
range of Mach number.

A careful examination of the data points shows a very consistent inlet Mach number dependence at the negative values of
(i = i*). As theinlet Mach number increases at a constant negative value of (i — i*) the total off-design loss increases. On the right
hand side of (i — i*) = 0, Mach number dependence is not very distinct because of the large scatter of data points. However, the
increase of off-design loss with inlet Mach number can still be detected if least square fits are applied to data points.



It should once more be strongly emphasised that the experimental data points in Figures 3.11 and 3.12 are for MCA and
DCA airfoil sections with alarge range of cascade geometries. The ranges of solidity, camber angle, stagger angle, and maximum
thickness to chord ratio are indicated in the figures. This indeed shows that the inlet Mach number and the type of blading are the
two strong governing factors in determining off-design losses at transonic speeds.

Datafor(i — i*) < Oand(i —i*) > 0 are treated separately. The available datafor each inlet Mach number are used for least-
squares fittoafunctioninthe form w; — u)T = Cufi — i*)". Alarge number of trials revealed that curves with exponent nequalto
2 give the best fit to the data points for all inlet Mach numbers at both sides of the origin. Thus o1 — w} = ¢,(i — i*) is chosen
and values of ¢,, for all inlet Mach numbers are determined. The fitted curves are shown in Figures 3.13 and 3.14 for multiple
circular arc and double circular arc blades respectively.

The relations between inlet Mach number and the coefficient c,, are given by Figures 3.15 and 3.16. Figure 3.15 shows the
variation of ¢, with inlet Mach number for MCA blade profiles. The variation can be approximated by a straight line. A straight
line is fitted to the data pointsusing leastsquare curve fitting technique. The slope of the straight line for (i — i*) < 0is greater than
that of (i — i*)> 0. This means that for negative incidences the total loss increases faster with Mach number at off- -design. The
same trend can alsobe seen from Figure 3.16 for DCA blade profiles. Double circular arc profiles exhibit higher off-design losses
at the same inlet Mach numbers compared to the MCA blades. Variation of c,, with inlet Mach number is given by the equations
givenin Table 1.

The equations in Table together with the modified NASA-2D correlation for minimum loss incidence and Koch & Smith
design loss correlation may be used to predict the off-design loss performance of blade sections for design and performance
prediction purposes. For calculating the total pressure loss coefficient for a given blade and cascade geometry, inlet flow direction
and inlet Mach number one can proceed as follows:

Table 1 Variation of Coefficient c,, with inlet Mach Number
Base equation 07 — oF = c,(i— i), M, = 0.5

Blz;I;i)IepISr%ftile (i = 1%) Equation
<0 ¢, = 0.02845M, — 0.01741
. > 0 ¢ = 0.00363M, — 0.00065
<0 ¢, = 0.05336M, — 0.02937
P >0 ¢, = 0.00500M, — 0.00075

1. Calculate the minimum (design) loss coefficient o} using Koch & Smith [17] correlation.
2. Calculate minimum loss incidence i* using modified NASA-2D correlation (see Section 3.3)
3. Calculate the value of coefficient c,, from the equations given in Table 1.

4. Calculate off-design loss-coefficient from
or = 01 + culi —i%).

Equation 3.3 can also be used to estimate stall and choke angle of incidences if they are taken as the incidences, where the
losses are twice their minimum values. Equation 3.3 can now be written in the form
—*\1/2

1sl,ch =1 +
Cm

(3.4)

where c,, can be obtained from Table 1. The value of c,, for predicting stall incidence is obtamed from equations given for
{i—i*) > 0, whereas for choke incidence, equations for (1 —i*) < 0 are used. The values of i* and w} are calculated from
modified NASA-2D and Koch & Smith correlations.

3.6 Verification of the Total Loss Correlation Set

Thefour off-design correlations of Creveling etal.[19], Swan [16], Howell [20] and Jansen & Moffatt[18]are used to predict
the off-design loss and the results are compared with the measured values of (w; — o). For these calculations samples are taken
arbitrarily from different blade profiles, cascade geometry and upstream conditions. Figures 3.17 to 3.20 show these
comparisons. From the figures it may be concluded that, although a slight under-prediction exists, the best prediction is made by
Swan’s off-design correlation. The large over predicted values by Howell’s correlation are attributed to the wrong assessment of
fluid angles at design and off-design operations, and to the lack of any corrections for Mach number effects. The overpredictions
seenin Jansen & Moffatt off-design loss calculations are most probably due to the errors in assessing the stall and choke angle of
incidences. Creveling’s off-designloss prediction method is more successful compared to the above two. The discrepancies from
the experimental values are attributed to the non-continuous variation off-design loss correction with inlet Mach number. Swan’s
correlation is more successful since it accounts for the momentum thickness change with the inlet Mach number.
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Figure 3.21 shows acomparison of the experimental off-designloss and the off-designloss predicted by the new correlation.
Itis clearly seen that the new off-design correlation predicts the off design losses most satisfactorily. The results are condensed
around the one to one correspondence line with a low degree of scatter.

Two other verification calculations are also performed by using the new loss correlation set. The loss coefficient, including
design and off-design parts, is calculated for a number of blade and cascade geometries and inlet conditions. The calculated loss
coefficients are then compared with the corresponding experimental values. The first comparison is given in Figure 3.22. This
figureis obtained from sample operating conditions selected arbitrarily among the data used for obtaining the new correlation set.
The figure shows the variation of percent deviation of the calculated value from that of the experimental, with inlet Mach number.
Itis clearly seenthat there is no bias with regard to either inlet Mach number or the shape of the blade. All points fall inside + 30%
deviation from the experimental value. The range of incidence angles of the data points presented in Figure 3.22 is between — 3
and +15 degrees. The second check for the new correlation set was made by utilising the unused data. Percent deviation of
calculated loss coefficient from experimental value is plotted against inlet Mach number in Figure 3.23. A larger deviation is
expected, since this data was not used in the correlation assessment work due to the large scatter. The data points with higher
percent deviations mostly belong to the near stall operating conditions. The figure shows that about 60% of the data points fall
inside the + 30% deviation band.

3.7 Design Deviation Angle Correlation

The data available in references [1] to 8] were used for deviation angle correlation assessment. Measured deviations were
plotted against angle of incidence for the prescribed inlet Mach number ranges. A large number of such plots were made for
stators and rotors at various spanwise locations [40]. The result of careful inspection of all the plots showed that the effect of angle
of incidence on deviation angle does not show any consistent trend. A sample plot is shown in Figure 3.24. No influence of the
Mach number was also seen. For rotor blade elements a slightly increasing trend of deviation angle with positive incidence is
detectedinsome of the tests. However, it was not possible to detect this rise for stator blade sections. Therefore, a single deviation
angle was calculated from the arithmetic mean of the data points of different inlet Mach numbers and incidence angles of the
known cascade geometry. It was then decided to compare these mean deviation angles with the deviation angles calculated from
correlations[42]. Figure 3.25 shows the comparison of these mean measured deviation angles with the deviation angles calculated
from Carter’s rule. The figure implies that Carter’s rule underestimates the deviationangle to some extent, especially at the higher
deviationvalues. In Figure 3.26 asimilar comparison forNASA/NACA deviationis given. This correlationis betterin predicting
the experimental deviations obtained from the compressor tests withalarger scatter. In Figures 3.25 and 3.26 data points for both
MCA and DCA blades exist. Since a more consistent trend is observed in the discrepancy between measured and calculated
values with Carter’s rule, a correction to the Carter’s ruleis obtained by fitting aleast square second order curve to the data points,
as follows:

8% = —1.099379 + 3.01868¢,r — 0.19888%2 (3.5)

The discrepancy between 8¢,z and 8, and therefore the required correction can be attributed to the transonic and 3-D effects
which can not be separated in the present analysis. The value of coefficient min Carter’s rule was obtained by assuming circular
arc mean camber line. The comparison of modified Carter’s rule and experimental mean deviations is shown in Figure 3.27.

3.8 Off-Design Deviation Angle Correlation

Since no consistent off-design deviation angle data could be extracted from the available compressor tests, it was decided to
use throughflow calculations for the assessment of the best off-design deviation correlation. For this purpose, off-design deviation
angle correlations proposed by Jansen & Moffatt[18], Swan [16], Creveling[19]and Howell [20] were evaluated. Systematic test
runs were performed for determining the most successful off-design deviation calculation technique. As a result of these
calculations Creveling’s off-design evaluation method is found more successful than the others. It must be noted that some
convergence problems were experienced during the computations performed by correlations other than Creveling’s more
detailed information with regard to the computations given in Section 4.
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4. APPLICATION OF MODIFIED LOSS AND DEVIATION CORRELATION SET TO PERFORMANCE
PREDICTION

As a result of the work explained in the last section a set of correlations were selected which may be used for performance
prediction of transonic compressors. These are:

Minimum loss incitdence angle: Modified NASA-2D

Design total loss: Koch and Smith
Off-design total loss: New Correlation (Table 1)
Design deviation angle: Modified Carter’s rule
Off-design deviation angle: Creveling

It should be noted that the design loss and deviation are the values which occur at the minimum-loss incidence angle.
Therefore blade sections will be operating at off-design condition if i* # i. This condition almost always occurs in performance
prediction calculations because of the iterative procedures and inherent errors of the computational method. Especially during
the convergence phase of the computation, the blade sections would be operating far from design. Therefore, some stops must be
included in computer codes in order to control the loss and deviations when the blade rows either stall or choke prematurely.

The throughflow computer code used for performance prediction calculations was developed in the Mechanical
Engineering Department of the Middle East Technical University [37]. The code uses a finite-element method for determining
the flow on axisymmetric hub-to-shroud surfaces. The code requires empirical correlations for determining the losses and
turning through the blade rows. Interblade calculation stations are allowed and blade blockage and lean angle are distributed to
theselocations from the geometrical data. Turning and loss are also estimated for the interblade nodes in the streamwise direction.
Inorder not to complicate the problem by introducing additional unknowns, no end wall boundary layer calculation procedureis
used. Instead, experimental values of the end wall boundary layer blockage are introduced. This is done by displacing the hub and
tip walls.

A systematic investigation was performed on the influence of the streamwise inter-blade distribution of loss and deviation
on flow properties. Both linear and exponential distributions of 1oss and deviation were evaluated. Different ways of distributing
the loss and deviation to the inter-blade stations had a negligible effect on the calculated flow property distributions. Exponential
distribution with the exponent less than one gave convergence problems. The exponent equal to two was successful with results
almost the same as the linear distributioni.e., exponent equal to one. A linear distribution of loss and turning is preferred and used
in the performance prediction calculations.

Asthe test geometry,a NASA two stage fanis used. This test case is well documented in references[26] and{41]. The fan has
low aspect ratio blading particularly in the first rotor (aspect ratio being equal to 1.56). This test case is quite challenging with
regard to performance prediction, especially off-design asillustratedin AGARD WG12 report[11]. The test case is one of the few
well-documented two-stage compressor test cases, allowing comparisons for multiple blade rows.

As the first check of the computer code, calculations were performed at 70, 80, 90 and 100 percent design speeds using the
measured totalloss and deviations given in reference {26)]. The axial velocity and density variationsin the spanwise direction were
found tobe satisfactoryat all speeds. Later computations were performed using measured turning angles and correlations forloss
prediction. Computations were also performed using correlations for turning angle,and measured values of losses as input. These
calculations showed that correct prediction of turning angle at design and off-design is moreimportant than the correctprediction
of losses.

For selection of the most suitable off-design deviation correlation, test computations were performed using measured total
losses as input with the various off-design deviations mentioned in Section 3.8. Asa result of thesc computations Creveling’s off-
design deviation correlation was found to be the most satisfactory one.

The experimental and predicted values givenin Figures 4.1 to 4.4 are the results of the computations performed using the set
ofloss correlations recommended as a result of the work described in this report. The design and off-design correlations are used
simultaneously in the calculations. The correlation sub-program is given in Appendix IV. The test point calculated is at 100%
design speed. The comparisons of experimental and theoretical results of the first stage rotor, first stage stator, second stage rotor,
and second stage stator are given in Figures 4.1, 4.2, 4.3 and 4.4 respectively. In each figure the variation of axial velocity and
density with percent span is plotted bothu pstream and downstream of the blade row. On the same figure the variation of predicted
loss and deviation with percent spanis also displayed. Percent spanindicated in the figuresismeasured from the hub. As expected,
examination of the figures shows that the correlation set can not be regarded as very successfulin predicting the details of flownear
the huband casing. Because no explicitspanwise treatmentof the secondary flowlosses exists this mis-prediction extends towards
the mid-span especially in rotor blades. The discrepancies are greater at the tip of the rotor blades due to the complicated flow
structure of leakage, end wall boundary layer and transonic flow effects which can not be completely accounted for in the
predicted total loss coefficients. However, except at the end wall regions, deviation and loss predictions of stator blade rows are
moreaccurate compared to the prediction oflossesin the rotors. Inall cases the deviations are predicted better than the losses. On
the whole overall mid-span trends at almost all stations are predicted well. However, there are discrepancies between measured
and calculated values. A careful examination of the development of flow through the blade rows shows that any errorsin total loss
and deviation distribution in the spanwise direction propagate downstream and can be detected in the spanwise property
variations at the downstream stations.



UPSTREAM
LOSS AND DEVIATION

DOWNSTREAM

la

4,
.1b
1c

4
4

_".."q.___n."_q TYTIIV{TT .3..4.:. % 18 ..mL_FEH_q..-.m._‘.'.wqﬁ_fﬁ‘uﬂdﬂﬂm
| ef ; B i % :
- " ol fﬂf, = U5 - b s
i b :: A :
- =t - y e 3 g Jé
|- 4 N
- T, F X 1=,k S
u 4 a - K
- H: -4 0 —As 0 g s
A <° " I 1@ o J e
= de + - " )
i |2 B Z k- s m = a8
o : : u
- L I — 48 & - k-
% w w N
1. o 1. o .
- 18 ~ s d P
- 1o 3 % ; s
¥
2 I A b= p-]8
s w 3 - * ;
.w.ﬁM.thrubﬂhbﬁrr_mﬁg‘a. telverelsvalvwnnlone e Liger -

2.8642. _.._.. .
PG G PR S Bon B a8 48 g

(EW/0H ALISNAG LNIIDIAS30D S807 (EW/0H> ALISN3Q

s I.ﬁﬁ,ﬂ.ﬂ.—.mﬁ.ﬂm. REr m A.,.r._lu..q_;m::_",:q".".ﬂ_n_l__ | m
18 18 1€
4. 0 F e
1. 4 = .« L
18 & g & i p
| & ! |
1§ 5 1 o e
. = ] w
; 1. o 3 . o 2
i 18 % : {8
- % EC $ - 14
.;.
= £y =i & = = = — =
; % 1™ . \ - 1=
:"_..r_._._..lr_L.tm_.".“tL_..".m...m 1l E_..__.._L.wt_.._kt.l_...t;.. iidl frarlosadlesesl i leasels it
2 F~ L = < . . r- [ ]

n. _. 1 .
m“mmumﬂ 42 & 2 d 5 < 4 g

16. 67

; & & B g
B - w P4 - H B
(SAHY ALIDOTEIA WIKY (2930 NOILYIA3Q CS/WY ALIDONIZA IWIxXY

133.33

MEASURED

PREDICTED

PERCENT SPAN

VA

FIRST STAGE ROTOR

PERCENT SPAM
FIGURE 4.1



34

UPSTREAM

4,22

LOSS AND DEVIATION

4.2b

DOWNSTREAM

4.2¢

PERCENT SPAN

s

PERCENT SPaAN

MEASURED

PREDICTED

STATOR

STAGE

FIGURE 4.2 FIRST

T T ”Jﬂﬂﬁ:d%. pieRy RELEY RRER) EARRS Ed i) ERER B3 ain T 8 m
. H . ”H f y .
: i q. - 1.
- .m s e
- A‘ o b3 o 3 l%
o uwo. -~ W &
b A b4 A -
1.« < 1.
- K Ml% % W a2 _ﬂ I...%
- _ 1 & oo # g
1 W ;
1. 0 Q * 1
- 1§ & x - ER
. ) w u % :
B . a g 1.
- 18 s Tx e
= b 5 1 8
- -]& [ EE
Lelisiliod coduadees sl T FET g
« %333 IR B
CEW/OMY ALISNIA ANIIDIAA430D SS01 (EW/D3) ALISN3G
M&m HYHY ~.ﬁm ,w.w.— [ m.mﬂﬂﬁﬂﬂmﬁﬂjﬂ._‘wﬂwﬂ_.ﬂﬂjﬂjt_w N”
: X E ‘9 A4
1s - - 1%
12 2 5 1§
1. € : < 1.
1é & H 5 5 18
g2 I z | 1
u 8 uw
.0 - 0 2 .
§ « - 14 v
w w i
o e ] .
8 ) 3 8
$ y i 1%
< - 3 1%
i slissids ”“9“ ESRTA RERE w,:7.. i ! SETEL ¥
. %5 B L & B . ;s IR 5B

(D30 NOILYIAZR] (S ALIOOT3A HIXY

& ’ o
(S/K) ALIDON3A MWIX



UPSTREAM

4.3a

iy ; i
= ]
- . ]

(TW/DH> ALISN3A

SARM RN i LAl \Eid e
L 2 :
Lol

m - " .
- - ]

i~
L8Pt

2%,

SR RS vl Rt HEaed Aha 0 DEARE RaELY B
ShRA] farti figs) paredwls § IAAR]

99,

9.

8

7%,

€0,

5e.

PERCENT SPaN

RORR?

aduobudisdi ] walbogd &

PERCENT SPaN

T Y .._ut._....._._...._.r_.rrr_h_hl

- ©®
ALIZOT3AA IWIXY

LOSS AND DEVIATION

4.3b

€
~t

¥

Wl ]
I

2¢,

i
3¢, 42,

B

8 o« 8 + 8

AN3IDIAHA30D S80T

%e.

32. 4, 5¢. ©e. 78, g8e. ¢ge,

20,

& %2 d o 4 &

(23dy NOILWIA3Q

SPAaN

PERCENT

PERCENT SPAN

g

DOWNSTREAM

3¢

<

- f e
:
5 .w n‘%
o g b
- 18
7 18
y 1
1 »
vilidushanliea vl g
3] . - o - o
o™ - -
(ZW/DH) ALISNIA
£ :ﬁﬂ.m

ae.

2.

..L..EWF.LI: thizseloinluegl ;

“N..T.-..I._
nnmﬂmm

- = ]

18.67

= < R
(E/H) ALIDON3A "WIXw

MEASURED

SPAN

CERCENT
PREDICTED

3 SECOND STAGE ROTOR

PERCENT SFAN

FIGURE 4



36

UPSTREAM

<
Lo
o

100,

g0.

a

(ZW/7DH) ALISN3J

TIFTEeT

41._.._ﬂqﬂ“.._ﬂ..".._ym4..m,m &

2e.

~ 1 . @

(S/7W) ALIDONZAA IYIXY

PERCENT SPAN

PERCENT SPAN

LOSS AND DEVIATION

4.4b

[ PO )

.38

ANIAIDILALI0D SS0T1

[TTTY j_l_.._._l..z._._ TITT qmpwlﬂw._‘.mln..a.ﬁ

N

mﬂnjmd FYTT ‘41_11,_.413_ :,
D\ E
.\\

70.

NOILYIAZQ

33, 46. 53, 69, 7%, g

22,

AR T

22. ¢%,

ge.

4G,

3z,

2e.

PERCENT SPAN

sPAN

PERCENT

DOWNSTREAM

.4c

o

1.— mfnﬂﬁ.md 4.“. %...

29,

8 i P
-]

i L
e
R B oSy
. ~ M,“
k. ”. <

o

I FEREY ESI5E B RN I
siddiiinl g

kl @x

- &

(EHADH) ALISN3A

ALIDOTIA IWIXG

(SAUWD

SPAN

PERCENT

PERCENT SPAN

—F&——  MEASURED

PREDICTED

4 SECOND STAGE STATOR

FIGURE 4.



5.

37
CONCLUSIONS

The goal of this work was to analyse the transonic compressor tests available in the open literature and to propose possible

improvements in total loss and turning correlations. As an outcome of the work the following conclusions are reached:

The level of accuracy of deviation prediction should be greater than that of losses.
The off-design deviation correlation which gives most consistent and successful results was found to be that of Creveling.

The minimum loss incidence predicted by the NASA-2D correlation needs a modification separately for DCA and MCA
blade profiles. This modification depends on the blade element geometry and accounts for the transonic and 3-D effects
which can not be separated in the present investigation.

The design deviation angle correlation of Carter needs a correction for taking into account the transonic and 3-D effects
which are not separable in the analysed data.

The off-design transonic loss correlation developed in this work compares quite favourably with the other available off-
design correlations in terms of overall performance prediction.

Koch and Smith [17] minimum loss correlation is the most accurate design loss prediction method available in the open
literature.

The comparison of the experimental results of a 2-stage compressor with the computed results using the new correlation

set, revealed that the new set can be regarded as satisfactory in giving the overall trends in deviation, losses and fluid properties
except at the end walls. A consistent end-wall boundary layer and secondary loss calculation method is necessary for more
accurate predictions. The loss and deviation predictions across the stators are more accurate compared to the predictions of
losses across the rotors. For more accurate predictions of the flow in multi-stage machines spanwise loss mixing procedures
must be used. Especially for off-design predictions the minimum loss incidence of the blade row together with the flow
direction of the flow ahead of the blade row should be correct. Small errors in the incidence obviouslyincreases in a cumulative
way through the compressor in the case of multi-stage machines.
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APPENDIX I
NOTATION AND CASCADE TERMINOLOGY

Annulus area of the streamtube
Annulus area contraction ratio
Chord length

Drag coefficient

Skin friction coefficient

Local static pressure coefficient
Diffusion ratio

Blade height

Form factor (6 /)

Angle of incidence (0)

Laval number

Correction factor for deviation
Mach number

Radius

Pressure

Gas constant for air

Reynolds number

Suction surface radius of curvature
Pitch length

Entropy

Blade thickness

Velocity relative to blade row
Maximum suction surface velocity

Meridional velocity



Greek Letters

a Angle of attack (°)

B Fluid angle ©)

Y Ratio of specific heats

6 Deviation angle (°)

5" Displacement thickness , Design deviation
r Circulation parameter

€ Deflection angle %)

0 Momentum thickness

Opy Prandt1-Meyer expansion angle (0)
K Blade angle (0)

v Prandtl-Meyer angle (%)

£ Stagger angle (%)

p Density

o Solidity

o Camber angle (0)

® Loss coefficient

© Rotational speed (rad/sec)
Subscripts

1 Inlet condition

2 Outlet condition

is Upstream of shock wave

2s Downstream of shock wave

a Sonic condition

o Based on chord length

ch Choke condition

cl Clearance

com Compressible

COR Corrected value

CR Critical condition
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eq Equivalent

inc Incompressible

LE Leading edge

m Average (based on mean velocity vector or at mean radius)
md Modified

min Minimum

p Profile

ref Reference

S Shock

st Stall

T Total

TE Trailing edge

thr Throat

% Axial direction

] Tangential direction
Superscripts

* Design condition

Corrected values
- Arithmetic average

A Pitch average
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Fig.1.1 Blade Section Profile Terminology

a Location of maximum camber

d Location of maximum thickness

C Chord Length

Kyg Angle between blade-element suction-surface leading edge tangent
line on conical surface and meridional plane referenced to
leading edge

Kog Angle between blade-element suction-surface trailing edge tangent
line on conical surface and meridional plane, referred to
trailing edge

Kim Angle between blade-element mean camber line on the conical
surface and meridional plane, referred to leading edge

Kom Angle between blade-element mean camber line on the conical
surface and meridional plane, referred to trailing edge

® Total Camber Angle

tmax Maximum blade thickness

LER Leading edge radius

TER Trailing edge radius
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AXIAL
B, UPSTREAM DIRECTION

TARGENTIAL DIRECTION

SUCTION
SURF A

PRESSURE
SURFACE

Fig. I.2 Cascade Terminology

s Pitch length

V1 Air inlet velocity

Vs Air outlet velocity

B, Air inlet angle

By Air outlet angle

£ Stagger (setting) angle

o Solidity (chord length/pitch length)

€ Deflection, difference between air inlet angle and air outlet

angle




m’i Mean incidence angle, angle between inlet-air direction and line
tangent to blade mean camber line at leading edge

6 Deviation angle, angle between exit-air direction and tangent to
blade mean camber line at trailing edge

The dependent parameters, listed above, may also be expressed in

arithmetical form;

= Kip - Ko

e =By - B
6= Bp - Ko
In = By - Xy

Sometimes it is convenient to define incidence angle with respect
to suction surface. As shown in the magnified form of the leading edge
(Figure 1.3). Suction-surface incidence angle is denoted as the angle
between inlet-air direction and the line tangent to the blade-suction-

surface. The relation between iSS and im is given as

I = 1gg + (K1S - I<1m)

45
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Axial —_}
direction

Fig. 1.3 Definition of Suction-Surface Incidence Angle



APPENDIX II

CORRELATIONS AND CALCULATION PROCEDURE

The table of correlations given in the following, pages are complied
from the relevant references on design and off-design loss and deviation

correlations present in the open literature. The first column of the
table gives the references from which the correlations are taken. The
second column containes the equation numbers. Since some of the equations
are repeated in the different correlations, such equations are referred
to by the equation numbers. The third column gives the correlation
formulea together with the calculation procedure. The sequence of
computation is indicated by giving each step a number. In most cases,
for obtaining the required result from a correlation several empirical
coefficients are needed. These coefficients in most of the cases are
given in a graphical form. The figure numbers in column 3 of the table
are the figure numbers of the original publications (references in
column 1). The last column under the heading "remarks" include informa-

tion with regard to the applicability of the correlations to different
flow conditions and blade geometry.

47



48

TABLE OF CORRELATIONS

*
(%)—(%) = (2.80M;-8.71M1%49.

3 il *)2 < *
36M1 )(Deq Deq Y, Deq Deq

Ref. | Eq'n CORRELATION FORMULAE & PROCEDURE REMARKS
No
PROFILE LOSSES
V2 lAvel
{1) | 1) Calculate, D=1 - vr + oV, Blading NACA65 Series Low
speed application,
*
2) (-(e:-) = f(D*) (Fig.148, p.204) and H = 1.1 Correction for Re & M,
Reasonable results up to
(9] 6 o cosB: 2 3% Re < 2.5x10°%,
(2) | 3 w=2 7}
¢’ cosBz ‘cosB: _¢8y __oH g
[1 Q@ cosBz] Design only.
4) Correct, & = f (Rec, Blade) (Fig.152, p.206)
@=k®, k=f®M,H ) (Fig.156)
1) Calculate, . Incompressible.
cos®By cosB2 = e
(3 D, = [1.12+a(u—u*)1'43+0.61 5 (tanBi-tanBs) | —— a5s, 0.0p T toriessesgles)
4 : a = 0,007 (for C.4 series)
[13] 6
2) (E) = f(Deq) (Fig.15) and H = 1.08 Design & off-design,
3) Substitute into eq'n(2) for
]
8 Ce .
G| 1) = — Incompressible.
€ 1-k_ 1n (ﬂ)
s V2 v occurs near the
max
[14] leading edge.
2) The values of k_ & Cf' from Table 2, H = 1.08
3) Substitute into eq'n{2)for w
1) Calculate,
cosf, Vzl 1.43 cos2B,
(5) D =-—————{<— l.124a(a-0*)"" ~40.61 ——— . NACA65 and C.4 series.
eq cosB; Vz o
12'2V _ r? Design & off-design. For
.(tanB,- TVZZ tanBz- g— (1- r_zz))J transoniccase off-design
2 z depends on M.Spanwise
For design (a-0*) = 0 and Deq = Deq* correction for (-2-) Leakage &
8. * secondary losses partly
A . * ; ;
[16] 2) Correct, (c) f (Deq , radial pos.) (Fig.2) . S
_ 8 o cosB: 2
6yl 3H w=2 (-c-), o od .(—CB-S—B-;) a = 0,017 (65 series)
a = 0,007 (C.4 series)-
Off-design:
8, 8 *, - 2 3 *)2 *
(-2 = (0.827M1-2.692M1%+2.675M1*)(D_ -D_ *)?, D_>D
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4) For off-design, follow the eq'ns. (11), (12), (13), (14)
but use a factor of 1.8 instead of 2.0 in eq'n.(13)

Ref. | Eq'n CORRELATION FORMULAE & PROCEDURE REMARKS
No
& rlvﬂl_rzvﬂz
7 1) Calculate, D¥ = 1- 7Y + m Tip clearance, secondary,
end-wall B.L losses partly
. .
2) (%) = £ (D*, % SPAN) for rotors (fig.6) incluged.
*
29} (%) = f (D*, Z SPAN) for stators (fig.7)
Desing only,
B3y 5 294"
inc - *
inc  ,e8, C
V. AVe
9) 1) Calculate, D* = 1- v+ Zov;
*
(10) | 2 (%) = 0.003 + 0.02375 D* - 0.05 D*? 4+ 0.125 D*°
*
3) Use eq'n(6)for w
Off-design :
(11) | 1) Determine MlCR' NACA 65 series, DCA, PCA
2 Xl y )Y/Y—l For Transonic Flows.
(maxy® ) Tyrl T v+l ICR
Vi (1+ 151 MzICR)Y/Y—l -1 Design & Off-design.
MlCR can be approximated
where,
as, M = 0.7
Vmax t AVB t =
(12) T = 1+ (0.4+ z) (E)+0.03+0.7 o
_*
2) If M1>M1CR , correct w as, For off-design operation,
~k K 5 a parabolic variation of
13) @oop = @ [2(M1-M1CR)+1]
IR loss with incidence is
3-) Correct flow angles (if M1>M1CR) L
" - . " = . *1 _ *
14) 1st Blst H Blch Blch +1.548 ; B B1* + A8
where, AB = 10.M;-7. Choke and stall conditions
- L
4) Then, off-design losses, BEE R edcliediuhensial.ap2.0
N - -
as) w=w .(0.8333 s? + 0.1667 5 + 1.0)
vhere,
_ B1-B1* _ B -By¥
s = for B1 < B1* ; §5 = ———— for B1>B*
=B.% —R.*
Blch 81 Blst 81
Vmaxmv2
@16) | 1) Calculate, D* = - Incompressible.
1
where,
vmax t, 1 AVB t
a7y v - = 1.03+(0.4+ z) sV, t 0.7 < Blade thickness arbitrarily
1 1
specified.
) *
(301 | a8y | 2) (%) = (6.6 % + 0.34)(0.0088+0.0107D*-0,052D*%+0.116D*°)
—*
3) Use eq'n(6) for w oo Design.




Ref. | Eq'n CORRELATION FORMULAE & PROCEDURE REMARKS
No
For M <1 ,
Vmax V2
a9) | v Dcom = ( 'R )com -V, Design only,
Chered Covers up. to M; = 1.4
v Y-k
max 1 1l -1 2y Y/ ¥-1
(20) (max: - )com - %-T{ [1 (-Rax. rcax) (1-(1- YL )] % At supersonic inlet flow,
D is calculated assuming
max
use eq'n c”) for ( )1nc an equivalent subsonic flow
* %
[35) 2) for (g) and W use eq'ns.(18)&(6)respectively. shead of the shecky that
leads to the same Mach
>
For My > 1, number at the position just
\'/
1
QLD VW =— downstream of the shock.
M. 2
1
Av vV, -V, M2
98y _ .61 082 &
2) ( ) = v1
3) Substitute the corrected values into eq'ns.(17)&(20)
max v2
22 | & Deom » oy Vi ) V_"
1
0.* ¥ '
5) for (E) and @ , use eq'ns.(18)&(6)respectively.
1) Calculate,
V1 SB 1/2 t
(23) D = g~ |(sing,K,ol*)2+(—— (14K, = +K,T*)
eq AX p* c
p
where,
2
nv, -r,V M . tanB
(26) I* = 81 “* 62 , p*=1- “E (1-Ap -Kx i al'*) Desing only,
r1+rz 2
( ) g vl l-le
~ Compressibility, M, Re,
* K2°E Aa1-Aaz - BitBa
(25) A = (1- =)(1- 34 Y, B = 5 streamtube contraction are
P cos B a1
taken into account.
* Fig.2a-b 8
2 og Bl Gy
* Fig.3_ (8
(171 3) Deq' M, ——°°" o5 (c)' H (correction for M;)
h Ky = 0.2445
* 1 =
4) D , TN Fig.4a-b (Q), H (correction for streamtube
€q" N2 height variations) K, = 0.4458
5) If Rec > 108 , a final correction for Rec K3z = 0.7688
~ Obtain ks from Appendix 2. K, = 0.6024
- Enter Fig.5 with ks & Rec and correct (-2-)
_*
6) Use eq'n(2)for calculating w .
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Ref. Eq'n CORRELATION FORMULAE & PROCEDURE REMARKS
No
i-i¥
For AB* <0
_ ocos?8; foi® 4,23
(26) | 1) iy = ——g— g7~ |0.017+0.91 IAB* |
cos®(: 5
{20l Off-design only.
i-i*
For ABF 20
dcos?B, .
- i-i*.3.5
27) | 2) mT = ; B11B, %.017+O.423 (AB* ) ]
cos’( 3 )
_*
1) Calculate W, from any of design loss correlations
(the method described in reference {171 is recommended)
f19 2) For My < 0.6
- _*
(28) oy, = @y + 0.0005 (i-i%)* Off-design.
3) For 0.6 <My <0.95
- %
(29) W, = Wy + (-0.0055+0.01 M,) (i-i*)*
4) For M1 > 0.95
- %
(30) B = O + (-0.0594+0.0667 M,) (i-i*)?
SHOCK LOSSES
2 \Y¥1 Y-1/vy
1 l—(ﬁ) (Cp l)min]
(31) | 1) La = 1-
1CR ¥1 1 - (Coy)
P1)pin
Vmax
(32) | 2) gy = 1~ (T
where,
vmax t AVB t
flis] | (33) ( v, dine = 103 + (T + 0.4) o+ 0.7 ¢
or,
v v P . AVe
izl | (38) 2% T SP8X _ 140,7688 & + 0.6024 0 ——
V1 v Cc V1
thr
La
1CR
(35) | 3) M\, =
1CR 2 !
\//0.5 [1+Y—(Y—1) LalCR]
Supercritical subsonic inlet conditions:
= = - i Taking into account the
f18] [ (36) | 4) =B, O =B [2.0 (M MlCR)+1]

compressibility effect on

mp as well as the losses

due to local shocks.
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Ref. | Eq'n CORRELATION FORMULAE & PROCEDURE REMARKS
No
4 W, = ® w =00 - — 3 . = )
[34] | 37) | &) & B+ =8 o il.a [Ml My op 0.4)] +1§ For DCA profiles wp,inc is
given in eq'n.8
o 1
38) 1) M =3 (M + 1.0)
1s 1s
Y-1 _
02s _ L Y+1 La1 1/¥-1 The shock losses are
(39) 12) (1- P01 M= Lals 1- y-1 1 calculated from the
Y+l . 2 . . .
Lals pressure distribution.
f11]
where La is calculated using (31), but using
the values at shock location instead of minimum ones,
40 Gam a= ie(lia ) 410
(40) ST LT
(41> 3) Pitch averaged total pressure at the exit of the cascade,
A
“2) Po2 = M L _ Po2s
POl B M M POl
1s
Supersonic inlet conditions:
max LE [ YR, 2
tE - [— - ——-] tan (—)} + {E - TE}
@3) |1)Ru=—==+
t"max LE
2{ I: :l tan(—) + —_ —2—-}
44) 2) The Prandtl-Meyer expansion angle is,
s.sinf;
0., = tan—1 ———
PM s.cos B1+Ru
3) The Prandtl-Meyer angle is,
(45) v = 0 T (1‘112-1)1/2 } - t’.an_l(l\hz—l)l/2
Y-1 Y+1
[16]
4) After the wave, the Mach number is given by,
@6) Mg = f(W+85) = £(v, )
or,
%7) Mls = 1.0 + (0.0432) Vi
5) The normal shock entry Mach number is,
“8) Ho=Lona )
1s 2 V17 1s
6 ) From normal shock tables, with Hls’ find the value
of Poys/Pors
@9) o B 15 02s - 1_IJOZS/}’Ols
s~ Py P 5
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Ref. | Eq'n CORRELATION FORMULA & PROCEDURE REMARKS
No
1) Losses due to leading edge bluntness is given in terms of There exist 3 types of
entropy rise, shock losses,
(171 | (50) 8. {1-t; p/(s.cosB1).[1.28(M1-1)+0.96 (M:-1)*]} 1= Due to leading edge
bluntness
2) Shock losses due to normal and oblique shocks are given in 9¢ iDue to normal ipassage
figure 7. shock
3- Due to oblique shock.
DEVIATION
1) Base equation is given as
[32] | (51) 8% = mo v ;5
2) m = m (profile shape, £ ) Fig. A.3 in [11] or Ref. [32]
1) Modified base equation is given as € fluid turning angle
degrees,
(e-i)m , V2 B fluid angl
[29] §* o m c 2 average uid angle at
=d T /s cascade exit measured from
DU axial direction, degrees.
2 —
(52) | 2) m 4 =0.92 (5 +0.002 B,
or,
331 | (53) med = (0.219 + 0.0008916 £ + 0,00002708 £2).
(23)2.175—0.035525 + 0.0001917&2
e
1) Base equation is given as, (52)10= f(B,0)(Fig.161,SP-36
m__ m__.= f(B,) (Fig.163,SP-36)
(54) 80, = 62 +-LE o ot
ot b = £(B,) (Fig.l64, SP-36)
o _ o = L —
(55) | 2) 8y = (Ko (Kg)p (810 (Kg) = £(2) (Fig.172, SP-36)
o] (Kd)sh= f(Blade shape)(SP-36)
F -
3) For off-design = 1.1 (for C series)
(56) 8 =62+ (i-i__ )% 48 —£(81,0)(Fig.177,P-36)
ref ref’‘di’ref di’ref ~\F1* 8e1/1y
1) Base equation is given as s Maximum thickness
K36 Length of camberline
(57 & Ziky.Ky [1000 i B] = Location of max.thickness|
¢ Lenth of camberline
where,
—— K = Blade angle at LE
(58) Ky= (5-2 2) /€200 £ + 100 (5.5 - 2.6 &) ™0 (measured from
c c c .
tangential direction)
(59) B=8 (3 -1724+16
c c FF = minimum flow blade
[11] _ _ passage width (throat)
(60) K1 = 1-0.28 (xC - 0.40) for X, = 0.3 to 1.0
(61) K, = 1-0.016 (10-c) for ¢ = 1.25 to 12.5%
at base incidence
2 . o fr
(62) 1, = Kip g = sin = —
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Ref .,

Eq'n

3) where x is defined by equation (74)

CORRELATION FORMULAE & PROCEDURE REMARKS
No
1) Correct design air inlet angle for Mach number, For off-design.
63) (B1*)' = B1* + 10 My ~ 7.0 for My > 0.7 Themethod | Suggested by
Lieblein [13] is used with
*)' = B,%
(64) (B1%) 81 for My < 0.7 corrections applied for
2) Corrections for streamline slope & axial velocity variation M; , streamline slope and
are applied as, axial velocity,
%'
(65) tan(B* ) = 2 tan [(Bl ) /cosa] a = streamline slope.
lcor’ W,
@ +g)
m2
18] 3) Assuming the air turning angle varies linearly with incidence
in minimum-loss region,
*
(66) B, =81~A8 = B1~ (AB* + [Q(A_B)_] (i-i%*)}
e di
where, O0B* = ¢ ~ & + i*
* -
(67) [44882 1% < 0.4805 + (0.00407-1.38x107*)8,*
di co
+ (0.698-0.005 B+ 1.51x10™* ** )o
COR COR
+ (-0.226+0.00152 B* - 0.431x107* B¥*)o?
COR COR
1
(68) | 4) tanB; = %{W—-/—w——-f 1} tan (BZe cosqa)
mz My
(69) | 5) & = Ba~ (1-0)
&
[16] (70) | 1) 6 = 6* + [6.40—9.45 (M1—0.6)] (De —De ) For off-design
1 € For DCA Blading 6* may be
obtained from either {9]
or 132] i
§-6* y
71 1) = f(x
1) g
2) for x>0 For off-design .
(72) f(x) = —0.8O9x10_3+0.5588x—0.2928x2
(19] for x < 0
(73) £(x) = 0.1191x107>40.480x+0.3452x
where,
i %
74 x = 22
(7%) 287
s | Ba= B1-AB%* {f(x)}
2) for x >0,
(76) £(x) = 1.0 + 0.86x - 1.36 x? For off-design.
[20] for x <0,
aan £(x) = 1.0 + 0.86x - 0.35 x?




APPENDIX II1
DATA UNCERTAINTY

Table III.1 lists the precision errors given in the reports on
which the work explained in this report is based on. It was not possible
to apply uncertainty analysis to the averaging procedures due to the
lack of relevant data. However, the uncertainty limits given in the
table is propagated through the equation 2.2, (Section 2) which is used
for loss coefficient calculations. The precision index for the loss

coefficient (S, ) is calculated using Taylor series expansion [43]
T
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g 3@ 2% 3 38 m
T 2 0071 2 88y o 3y 2 BT o BT

(IT1.1)

The partial derivatives in the above equation are evaluated from
equation 2.2 and precision index of the loss coefficient is calculated
for 197 sample points of reference [1]. If was found out that the maximum
occurance is at the precision error of + 1.78 % on the total loss. In

this calculation the precision error of g and r, are taken as + 0.33
mm.

For analysing the effect of mislocating the streamline, a single
operating point is chosen and it is assumed that the upstream location
of the streamline is correct. The downstream radius is then changed
between + 0.5 cm along the span. For each downstream spanwise streamline
location, thermodynamic quantities measured at the corresponding
location are taken. The precision errors on the measured quantities and
on r, are then used in Equation III.1. The change of uncertainty interval
due to the mislocation of the downstream point of the streamline can be
seen in Figure III.1. The figure shows that the precision index gﬁ
reduces + 0.04 % when the streamline position is misplaced by 0.5 cm
towards the bub of the blade. If the streamline is misplaced by 0.5 cm
towards the tip of the blade the precision index on By increases by

2
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APPENDIX IV
SUBROUTINE FOR THE NEW LOSS AND DEVIATION SET

The following subroutine is prepared in FORTRAN IV language and
used in the throughflow computer code for performance prediction.



OO0 000000000000000000000000C0
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SUBROUTINE CASCADE(AAL, AA2, ALPA, CAM, CODE, CORD,ET1.ET2,
1GM, H1H2, LER, MIN, OMEGA, PH1, PH2,P1, PO1, R1, R2, RO1, S0L, T1X,
2TRAT, WML, WM2, WZ1, WZ2, XBET1., XKAP1, DEV, PLOD?}

IMPLICIT REAL*8(A-H,0-7)

DIMENSION HOHM(4), TOTM(4). DFACT(4), HOHH(4}

REAL #8

MIN, KAP1, INCH

FOLLOWING DATA SHOULD BE SUPPLIED TO SUBROUTINE CAECADE

- = e e s 2 v v e e i e e — - - - _____.__.C

1 SPECIFIES ROTORS ; 2 SPECIFIES STATORS

DIMENSIONLESS RADIUS AT THE INLEY
DIMENSIONLESS RADIUS AT THE EXIT

FLOW COEFFICIENT AT THE INLET
FLOW COEFFICIENT AT THE EXIT

BLADE THICKNESS TO CHORD RATIO
MERIDIONAL VELOCITY AT THE INLEY
MERIDIONAL VELOCITY AT THE EXIT
AXIAL VELOCITY AT THE INLET

AA1 ANNULUS AREA AT THE INLET
AA2 ANNULUS AREA AT THE EXIT
ALPA STREAML INE SLOPE
CAM CAMBER ANGLE
CODE
CORD CHORD LENGTH
ET1
ET2
oM RATIO OF SPECIFIC HEATS
H1H2 STREAMTUBE HEIGHT RATIO
LER BLADE LEADING-EDGE RADIUS
MIN : RELATIVE INLET MACH NUMBER
OMEGA : ANGULAR SPEED
PH1
PH2
P1 INLET STATIC PRESSURE
PO1 INLET TOTAL PRESSURE
R1 RADIUS AT THE INLET
R2 RADIUS AT THE EXIT
RO1 INLET DENSITY
soL SOLIDITY
TiX INLET TEMPERATURE
TRAT
WM1
wM2
Wz1
Wwza AXIAL VELOCITY AT THE EXIT
XBET1 : AIR ANGLE AT THE INLET
XKAP1 : BLADE ANGLE AT THE INLET
DEV OFF-DESIGN DEVIATION ANGLE
PLOD

> o e D Y D (e D D (e S S i e Gl e D S e § s D | SN o T e S e el S

QUTPUTS ARE

OFF-DESIGN LOSS COEFFICIENT

OO0 O000000O00

KOUT SPECIFIES OFF-DESIGN DEVIATION ANGLE CALCULATIOM METHOD C

KOUT=1 MOFFAT(LIEBLE IN+CORRECTIONS) C
KOUT=2 SWAaN c
KOUT=3 CREVELING C
KOUT=4 HOWELL C

c

________ = —————— e ——— e e
C

KSER SPECIFIES THE TYPE OF PROFILE C
KSER=1 DCA PROFILES c
KSER=2 MCA PROFILES c

C
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G224 30203 3634 2 3634 3 36 3634 303036 330 4 3636 3633 3333 333 34 4 34343430 3 3 334 HH A F AN W UEN
CH3#HA#RARBAAARRAABH 122 PRELIMINARIES #3343 3382 HHHF 1313344043 R A4 X N1
C*********************************************}*-3(*'*****%*******"%**
C

PI=3. 141592

DEG=PI/180.

INCH=100. /2. 84

KOUT=2

KSER=2

SH=0. 7

EQ=0. 007

BET1=DABS(XBET1)}

KAP1=DABS (XKAP1}

STG=DABS (KAP1-CaM/2.}

ACIN=XBET1-XKAP1

XKS=0. Q00 1* INCH

CORD=CORD* INCH

RTIP1I=R1/ET1

RTIP2=RZ/ET2
C
C 334 34 34 34 34 34 3634 34 34 34 34 34 36 36 36 3636 35 36 36 3634 34 34 34 34 34 36 363 334 34 2 3 34 3 34343434 343 33 M -F S 3 F A4 AAR SN Y
C 338 34 34 34 36 36 36 3 3 35 36 38 34 3 36 34 3434 334 3¢ DESIGNMN INCIDENCE———AIN*********'ﬂ**********"‘ﬁ*
C****************************************************}"}***********'4*4

C=—=r—m=—=——==== SP—-36 DESIGN INCIDENCE (MODIFIED)
BiM=KAP1
SLP=(-. 0463+, 02274x*S0L )+ (—-. 0035+, 0029#S0L }#B1M+(~, 379E-4~1. 11E-G#
1S0L ) #B1Mx#2
ZCI=(.0325~. 0674#S0L)+(~. 2364E-2+. 0913#50L ) #B1M
1+(1. 64E-5-2. 38E-4#S0L ) #B1M#»2
COR=-4. 19E-3+13. 643 TRAT-93. 7#TRAT##2+274 SHTRAT##3
AIN=COR*#SH*#ZCI+SLP#CAM
GO TO (100.200) KSER
100 AIN=AIN+O. 7238#MIN+7. 5481
GO TO 300
200 AIN=AIN+1.301&3#MIN+3. 7380
300 BiM=KAP1+AIN
c
C 334 3430 36 363030 30 36 3030 3 30 3030 30 30 36 3 36 303036 3038 3030 30 38 36 30 38 30 30 34 336 34 35 34 30 3 3034 3 28 3300420 31 31 303 30 30 234 34 30 34 43 3 AN 4
Cat33H3H3 4333 H #4843 3#3%34%% DESIGN DEVIATION=——=DEWVIT #3435833 313383303 363 3 B 43 % b 44
C 3303430 3 3030303 3030303 3030 30 303 3 3038 3030 303 3030 303030 30 30 30 20 30 30 34 3030330 34 3330 A BB AN TR A A AL AN 4 $#

G=——==s==—==—cc=== CARTERS DEVIATION RULE (MODIFIED)

SC=0. 216+7. 72E-4x#STG+2. 3BE-5#5TG##2

DEVM=SC#CAM/DSGRT (SOL)

DEVM=—, 17881 83#DEVM*#2+3. 018&6#DEVM—1. 099379
c
C 3630 33630 3038 303 33030 3 3 3030 30 3030 38 3 303038 3038 3030 30 38 3030 3036 3030 30 38 3 3030 3 3 30303 3030 W0 23033 R ISE 3034 4 Mt
C3h3h3H30 303330304 H3 4 R HH A% 4% PRELIMINARIES 3336 30 03 34303020 338 2 36 3030 30 36 30 3 330 A 30
C 33 3430 30303 30 3 3 3030 3 3 30 30 3 35 30 36 38303038 3030 3030 30 3038 30 3030 34 38 3036 334 30 38 3 36 50303 SH 203030 0 0H3 3020038 34 34 H NS A R ¢
c

C ——-COMPUTE THE FOLLOWING DESIGN PARAMETERS---
C Bis, BZx*, DELB3:*, DEG:

DELBM=CAM-DEVM+AIN

B2M=B1M-DELBM

BiR=BIM#DEG

B2R=B2M*DEG
B1=BET1#DEG
CSB1=DCOUS(BLIR)
TNB1=DTAN(B1IR)}
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CSB2=DCOS(B2R}
TNB2=DTAN(B2R}
C ———-MINIMUM LOSS DIFFUSION FACTORS———
AK1I=ET2#PH2/ (ET1%#PH1}
C -——CORIOLLIS TERM———
AK2=ET1/PH1I*# (1. O—(ET2/ET1)%#x2)
IF(CODE. EG. 2} AK2=0.0
AK3=EGQ#* (DABS(ACIN-AIN} =1, 43
V1V2=PH1 #CSB2/ (PH2%*CSB1}
c
o T L - L L Dbt Lt b R R R R R T R TR R R R RO ST LD TR DD 0 ]
Cassadaastsiss DESIGN TOTAL PRESSURE LOSS COEFF ICIENTS #4334 35334845 %%
(of 22 L2 2 220 L E b b bt Rt PRy Y L R R T TR T TP AT L2 L X E
c
C —-——KOCH % SMITHS CORRELATION TO COMPUTE DESIGN LOSS---
IF(CODE. EG. 2} OMEGA=C. 0O
VTET2=0MEGA*R2-WM2%DTAN(B2R }
VTETI=0OMEGA#R1-WM1#DTAN(BIR}
VI=DSART(VTET1%##2+WMI #%2)
IF(CODE.EG. 1} V1=DSGRT((WM1#DTAN(BIR) }#*2+WM1 %42}
C —-—-CALCULATE BLADE CIRCULATION PARAMETER-——-—
RAVE=(R1+R2} /2
CIRC=(RI#VTETI-R2%¥VTET2)/ (SOL*RAVE#V1 )
BETAV=(B1M+B2M} r2. 0
BETAVR=BETAV*DEG
XMZ1=WZ1/DSART(GM*287. 0S5#T1X)
C —-——CALCULATE ANNULUS AREA CONTRACTION RATIO-—-
AACR=(1. 0—0. 44S8+SOL*TRAT/DCOS(BETAVR) }# (1. O—-((AA1-AAZ} /
1(3. O%AAL} )
ROPRO1=1. —(XMZ1##2/(1. - XMZ1#%2) )% (1. —AACR—. 244S*(DTAN(B1R}/
1DCOS(B1R}) }#SOL*#CIRC)
VMAXVP=1. 0+0. 7688%#TRAT+0. 6024%CIRC
VPV1=((DSIN(BIR}-0. 244S54+S0OL#CIRC ) ##2+(DCOS(B1R} 7/ (AACR*ROPRGL §  #n2
+3##0. 5
C —-——CALCULATE DESIGN DIFFUSION FACTOR——-—
DEGM=VPV1*VMAXVP #VIV2
: IF(DEGM. GT. 2. } DEGM=2. 0
C ———CALCULATE DESIGN MOMENTUM THICKNESS———

DMTU=0. 0216#DEGM*%#2-0. 0557%DEGM+0. 0406+0. 0025
C ———CALCULATE FORM FACTOR---

HTEU=2. 04746284DEQM*#2—4, 202983%DEQGM+4. 2060419
IF(DEGM. GE. 2. } HTEU=2. &

C ———CORRECT DMT % HTE FOR INLET MACH NUMBER-—-
HOHM(1)=0. 29761 #MIN#32+0. 109226#MIN+0. 99
HOHM(2)=0. 188788+MIN*%#2+0. 069702#MIN+0. 994
HOHM(3)=0. 140357#MIN#%2+0. 039275#MIN+0. 9992
HOHM(4)=0. 0884 74+MIN*%2+0. 035108+MIN+0. 9984

c
TOTM(1)=—0, C4S103#+MIN*%2-0. 01841 9+MIN+1. 0035
TOTM(2)=-0. 0BB46#MIN#%#2-0, 01967#MIN+1. 004
TOTM(3)=-0. 110173+MIN#%2-0. 033056%MIN+1. 004
TOTM(4)=-0. 120996+MIN##2-0. 065324#MIN+1. 004
C
DFACT(1)=1.0
DFACT(2)=1. 3
DFACT(3)=1. 5
DFACT(4}=1.7
c

CALL INTERP (DFACT, HOHM, DEQM, HOHMX, 4}
CALL INTERP(DFACT, TOTM, DEGM, TOTMX, 4}
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IF(DEGM. GT. 1. 7} HOHMX=1.0
HTE=HTEU*#HOHMX
DMT=DMTU#TOTMX
C -—-CORRECT DMT % HTE FOR STREAMTUBE CONTRACTION(HIH2) -—-
DMT=DMT# (0. 5S88235#H1H2+0. 4117465}
HOHH(1}=-0. 02143#H1H2+1. 02143
HOHH(2}=-0. 0071 4#H1H2+1. 00714
HOHH(3})=0. 04324#H1H2+0. 95476
HOHH(4)=0. 13714#H1H2+0, 84286
caLlL INTERP(DFACT, HOHH, DEGM, HOHHX. 4}
HTE=HTE*HOHHX
¢ --—CORRECT DMT FOR REYNOLDS NUMBER-—-
XMUL=0. 00001 #(0. 0045833#T1X+0. 468751}
XNU1=XMU1/RO1
REX=(V1#CORD/INCH)/XNU1
RROUGH=XKS/CORD
IF(RROUGH. NE. 0. } GO TO 222
548 IF(REX.LE. 200000. ) TOTR=5879. &4#REX##(-0. 3)
IF(REX. GT. 200000. } TOTR=10. O#REX##(-0. 164}
GO TO 333
222 CONTINUVE
IF(RROUGH. GE. 0. 005} 6O TO 111
IF(RROUGH. GE. 0. 001} GO TO 544
IF(RROUGH. GE. 0. 00053} GO TO 545
IF(RROUGH. GE. 0. 0001} GO TO 344
IF(RROUGH. GE, 0. 00003} GO TO 547
547 THTH=((RROUGH-0. 001})/0. 004)%#0. 115+0. 915
IF(REX.LT. 1800000. } GO TO 548
TOTR=THTH
G0 TO 333
544 THTH=((RROUGH-0.001})/70.004)%#0. 36+1. 03
IF(REX.LT. ?00000. } GO TO 548
TOTR=THTH
G0 TO 333
545 THTH=((RROUGH-0. 001} /0. 004} 0. 58+1. 379
IF(REX.LT. 108000. } GO TO 548
TOTR=THTH
GO TO 333
544 THTH=((RROUGH-0..001}70. 004} %2, 33+1. 97
IF(REX. LT. ?0000. } GO TO 548
TOTR=THTH
GO TO 333
111 IF(REX.LT. 18000. ) TOTR=10. O#REX##(~, 1464)
IF(REX. GE. 18000. } TOTR=4.3
333 CONTINUVE
C ———-CORRECT HTE FOR REYNOLDS NUMBER-—-
HOHR=2, 29087#REX## (-0, 04&)
DMT=DMT#TOTR
HTE=HTE#HOHR
C -—CALCULATE PLM——-
AA=( (2. #HTE) /(3. #HTE-1. 3}/ ( (1. ~-DMT#SOL*HTE/DCOS(B2R ) }##3)
PLM=2. #DMT#(SOL/DCOS(B2R) }# ((DCOS(BIR}/DCOS(B2R ) I ##2)#AA
C —--—-CALCULATE SHOCK L0OSS---
PLE=(PO1/(PO1-P1))# ((2#SOL#LER/CORD#DCOS(BIM) (1. 28(MIN-
11, )+0. P6(MIN-1. ) #%2})
PLM=PLM+PLS
c CORRECT Bi1# FOR MACH NO
IF(MIN.LE.O. 7} GO TQ 10
DB=10. #MIN-7.
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BIM=BIM+DB
10 CONTINUE

c
C 3838 30338 303030 3030 3030 30303030 33030 30 30 30333 30 3430303030 3H 3030 34 3E3H 3H 3 3E 33030 3030 A 300 320 BN 0 33 WA AR A4

C3 3R R 4414413434343 OFF—DESIGN DEVIATION 3538338 353024300 3 3303 303030403 3 2 A 43¢
G303 30303030 3030303030 030303030 3030 3030 30 3030 S H H S 3030 3000 30 30 30 30303 3030303 330 30 3030 30103 303033 220 A 2 3 303 300 H R4
c
GO TO (483, 486, 487, 488, KOUT
485 CONTINUE

c

C —--LIEBLEINS OFF-DESIGN DEVIATION CORRELATION-——

C —=————- CORRECT FOR AXIAL VELOCITY VARIATION AND SLOPE(MOFFAT)———
B1E=B1M/DCUS (ALPA*DEG)
VRAT=WM2/WM1
B1E=DATAN(2. *DTAN(B1E#DEG) /(1. +VRAT}) ) /DEG
DBDI=0. 4805+ (0. 00407-0. COC1384BIE)}*BIE+ (0. 498+(—-0. Q0S5+
10. GOO1S51#B1E)#BIE)}*S0L+ (-0, 226+(G. 00152-0. 431E-4*B1E)*B1E}HEOL w2
ZI=ACIN-AIN
B2E=BET1-(DELBM+DBDI%#ZI}
BET2=DATAN(O. 3% (1. +1. /VRAT)*DTAN(B2E*DEG*#DCOS (ALPA%*DEG) ) )/ DEG
GO TO 489

486 CONTINUE

c

C —--SWANS OFF-DESIGN DEVIATION CORRELATION---
BET2=DEVM+ (KAP1-CAM)
KNT=1

250 CONTINUE
B2=BET2#DEG
VRM=1. 12+AK3+0. 61#DCOS(B1)##2%# (DTAN(B1)—AK1#DTAN(BZ2)-AK2) /SCL
Viva=PH1%#DCOS(B2) /(PH2%#DCOS(B1})
DEG=VRM#V1V2

C ——————————— IF FLOW SEPARATES.USE A LIMITING VALUE OF DEQ--—-
IF(DEG. GT. 2. 2} DEG=2. 2
DIFF=DEG-DEGM
AM=MIN
IF(AM.LT. 0. 65} AM=0. &5
DF=(6. 4-9. 45%# (AM-0. 6} }#DIFF
DEV=DF+DEVM
BET2=DEV+ (KAP1-CAM}
IF(KNT. EQ. 2} GO TO 260
KNT=KNT+1
B2=BET2#DEG
GO0 T3 250
260 CONTINUE
G0 TO 489
487 CONTINUE
c
€ ———CREVELINGS OFF-DESIGN DEVIATION CORRELATION-—
X=(ACIN-AIN} /DELBM
IF(X.GE. 0. 0} F=0. B0FE-3+(. 5588-. 2928%#X}#X
IF(X.LT. 0. 0) F=0. 1191E-3+(. 48+0. 3452%X %X
DEV=DELBM*F+DEVM
BET2=DEV+KAP 1-CAM
GO TO 4879
488 CONTINUE
c
C —-——-HOWELLS OFF-DESIGN DEVIATION CORRELATION —-—
X=(ACIN-AIN} /DELBM
Fi=1. 36
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IF(X.LT. 0.0} F1=0.35
F=1. 0+0. B&#X-F1l#X%x2
BET2=—-DELBM*F+BET1
DEV=BET2-KAP 1+CAM
489 CONTINUE
COB1=DCOS(B1}
TAB1=DTAN(B1}
B2=BET2#DEG
COB2=DCAS(B2}
TAB2=DTAN(B2)
DEV=BET2-(KAP1-CAM}
c
3300 I 3 33 303030 3 0303000 0 0 200 36 3000 2 30 BRI 20 3 0 T M B 303 P 6 20390 2 2 NSE B %
CHEHHHUAJHHURAA#1F OFF-DESICGN LOSS COEFFICIENT 3333341393423 5344 #H 4 ¢
333303 30 3 00 303 30000 9 30300 6 300 3000 9 3030 30 3030 2630 3030 30 3020 30 3006 30 0000 SHIE 60 0303630 4 WP 3 MR A%
c
C ---THE NEW OFF-DESIGN LOSS CORRELATION--—-
AX=ACIN-AIN
GO TO (450, 300} KSER
450 IF(MIN.LT.O. 36) GO TO 451
IF(AX.LT. 0.} AEX=0. 05336#MIN-0. 02937
GO TO 452
451 AEX=0.
452 IF(AX.GE. 0.} AEX=0.00500#MIN-0. 00075
G0 TO SS0
500 IF(MIN.LT.O. 62} GO TO S0t
IF(AX.LT. 0. ) AEX=0.02845#MIN-0. 01741
GO TO 502
501 AEX=0.
502 IF(AX.GE. 0.} AEX=0.00363#MIN-0. 00065
550 PLOD=AEX#AX##2+PLM

c
RETURN
END
c
G == — SUBROUTINE INTERP INTERPOLATES THE PARAMETERS —----———-
c

SUBROUTINE INTERP(PSI, PROP, PSIX, PROPX: NYY}
IMPLICIT REAL#8(A-H, 0-2)
DIMENSION PSI(NYY}, PROP(NYY)
NYNY=NYY-1
1 IF(PSIX.LT.PSI(1)} GO 10 3
IF(PSIX. GT. PSI(NYY}) GO TO 4
DO 3 I=1,NYNY
IF(PSIX. GE.PSI(I}. AND. PSIX. LE.PSI(I+1)) GO TO &
CONTINUE
PROPX=PROP(1)
RETURN
PROPX=PROP (NYY)
RETURN
PROPX=(PSIX-PSI(I+1}}/(PSI(I)-PSI(I+1}}%PROP(I}
PROPX=PROPX+(PSIX-PSI(I}}/(PSI(I+1)}-PSI(I)}*#PROP(I+1)
RETURN
END

et &~ Wn
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