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FORTRAN PROGRAM FOR PRED ICTING OFF-DES IGN PERFORMANCE
OF CENTRIFUGAL COMPRESSORS
by Michael R. Galvas

Lewis Research Center and
U.S. Army Air Mobility R&D Laboratory

SUMMARY

A FORTRAN program for calculating the off-design performance of centrifugal com-
pressors with channel diffusers is presented. Use of the program requires complete
knowledge of the overall impeller and diffuser geometries. Individual losses are com-
puted using analytical equations and empirical correlations which relate loss levels to
velocity diagram characteristics and overall geometry. On a given speed line com-
pressor performance is calculated for a range of inlet velocity levels. At flow rates
between surge and choke, individual efficiency decrements, compressor overall effi-
ciency, and compressor total pressure ratio are tabulated. An example case of per-
formance comparison with a compressor built by a commercial engine manufacturer is
presented to demonstrate the correlation with limited experimental data.

INTRODUCTION

Centrifugal compressors are frequently used in refrigeration cycles, refining sys-
tems, aircraft auxiliary systems, turboshaft engines, and other systems where light-
weight compact compression is required. The off-design performance characteristics
of centrifugal compressors are of interest because of the large effects that compressor
component performance has on overall cycle performance and because the compressor
is required to operate at off-design conditions much of the time. For turboshaft engines
assuming a drive turbine inlet temperature of 1422 K and efficiency of 90 percent, a
2.6-percent loss in compressor efficiency results in a 2-percent increase in engine
specific fuel consumption (SFC) and a 2. 8-percent loss in engine power at design speed.
These losses become more pronounced at part-power settings. In addition to good per-
formance at off-design flow rates it is important that the compressor operate stably over



the range of flows and speeds required by the engine operating envelope. The usable
range of the compressor pressure ratio-mass flow characteristic is bounded by the surge
and choke mass flow rates. Operation at flows less than the surge point flow should be
avoided because of potentially dangerous vibrations induced by the intermittent flow re-
versals and power loss. Operation with the compressor choked is generally avoided be-
cause of the poor compressor efficiency and pressure ratio at the choke point. The
problem undertaken in this analysis is to determine the centrifugal compressor perform-
ance characteristics over a range of rotative speeds and flow rates and predict the
usable range of flow rates at which the compressor can operate. The method of analysis
uses the loss correlations and equations of reference 1 with surge and choke criteria
added to predict compressor operating range.

A FORTRAN program has been developed at NASA Lewis Research Center which
predicts centrifugal compressor performance through utilization of empirical correla-
tions which are related to the compressor geometry and velocity diagram characteris-
tics. A complete knowledge of the compressor overall geometry and working fluid inlet
total conditions is required for its use. Working fluid state conditions and flow proper-
ties are calculated using a mean streamline one-dimensional analysis. The program is
limited to centrifugal compressors with channel diffusers operating up to their choke
point. A comparison of calculated and experimental performance is given to demon-
strate the correlation with limited experimental data. The experimental data presented
for comparison were obtained from a compressor developed by Solar Aircraft Company,
Division of International Harvester, Inc. Shock losses in the rotor are neglected.
Clearance losses are considered to be inherent in the impeller losses since good per -
formance correlation is achieved on compressors operating with reasonable clearances.

METHOD OF ANALYSIS

Input values of (V/ Vcr)O are used to determine compressor mass flow rate. (Sym-
bols are defined in appendix A and compressor stations are shown in fig. 1.) Individual
losses are calculated using velocity diagram characteristics and empirical correlations
determined by the input absolute velocity level and compressor geometry. For com-
pressors having inlet guide vanes it is assumed that the vanes are placed in a constant-
area annulus having no wall curvatures or slopes. Overall compressor efficiency, total
pressure ratio, and mass flow rate are tabulated for each operating point inside the pre-
dicted range for each speed line that is input. A complete discussion of the loss calcula-
tions is discussed in appendix B.
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Figure 1. - Meridional cross section of compressor.

Required Information

The compressor data needed to use the FORTRAN program are the following:
inducer inlet tip diameter, inducer inlet hub-tip diameter ratio, inducer inlet blade angle
at the root-mean-square diameter, inducer blade blockage at the rms diameter, inducer
inlet hub and tip wall slopes, inducer inlet hub and tip wall curvatures, inlet solid-body
swirl angle at the rms diameter, inducer-tip to impeller-exit diameter ratio, impeller
exit blade angle, impeller blade exit height, number of impeller blades at exit, vaneless
diffuser diameter ratio, vaned diffuser setting angle, total vaned diffuser throat area,
vaned diffuser area ratio, skin friction coefficient of the wetted surfaces, design rotative
speed, and the fraction of design rotative speed for which the calculations are to be per-
formed.

The working fluid properties and state conditions required are: inlet total pressure,
inlet total temperature, inlet dynamic viscosity based on total conditions, specific heat
ratio, and gas constant.

Two control variables are used to select the options of solid-body prewhirl and im-
pellers with splitter blades. Inducer inlet hub and tip wall slopes and curvatures are all



set equal to zero for compressors with inlet guide vanes.
Information which corresponds to the design speed line for the example compressor
is as follows:

Compressor data

Design rotative speed, N, rpm . . . . . . . . . . L0 e e e e e e e 72 000
Inducer inlet tip diameter, DIT' ¢ T 0.0813
Inducer hub-tip diameter ratio, X . . . .. ... ... L Lo oL 0.5313
Inducer inlet hub wall curvature, ClH' m-1 (positive around axis of rotation) . . . ... ......... 0
Inducer inlet tip wall curvature, C1T' m-! (positive around axis of rotation) , , . . . . .. .. ..., .. 0
Inducer inlet hub wall slope, XH» deg fromaxial . . . . . . .. .. ... . e 7
Inducer inlet tip wall slope, x, deg fromaxial . . . . . . . ... L 0
Inducer inlet blade angle at the rms diameter, BiMFb’ deg from meridional . . . . .. ... ... ... 49.0
Inducer-tip to impeller -exit diameter ratio, DI.T/D3 .......................... 0.5614
Number of impeller blades at exit, Z3 ..................................... 32
Impeller blade exit angle, Bgs deg from meridional (positive opposite to direction of rotation) . . . . . . . 25
Impeller exit blade height, b3, . ¢ 0.0051
Vanless diffuser diameter ratio, D4/D3 ................................... 1.14
Vaned diffuser setting angle, o4 deg frgm meridional . . . . ... .. ... .. e 78
Total vaned diffuser throat area, A5, 40 0.00071
Vaned diffuser area ratio, AG/AS ....................................... 2.7
Friction coefficient, Cf ........................................... 0.004

Specific heat ratio, ¥ . . . . . . . . oL e e e e e e e e 1.4
Gas constant, R, J/Re)(K) . . . . . . . . L e e e e e e e e e e e e 287.05
Inlet total pressure, 8 N/m2 ...................................... 101 325
Inlet total temperature, T, K . . . . . . . . . 0 o e e e e e e e e e e 288.15
Inlet dynamic viscosity based on total conditions, pb, N-sec/m2 .................. 1. '788><10'5

Velocity diagram properties

Number of values of compressor inlet absolute critical velocity ratios used in calculating performance . . 15

Compressor inlet absolute critical velocity ratios, (V/vcr) ................... 0.47t0 0.61
0

Inducer inlet solid-body swirl angle at the rms diameter, o MF deg from meridional . . . . . .. .. .. 0

Splitter control variable, SPLT (SPLT = 0, no splitter blades; SPLT = 1, splitters) . . . . ... ... .. 1




Calculated Losses

Inlet guide vane loss. - Equations relating working fluid kinetic energy level, bound-
ary layer, and blade geometry were developed for axial turbine stators in reference 2.
These equations were used to calculate state conditions downstream of the inlet guide
vanes; thus the velocity diagram characteristics were found by satisfying one-

dimensional continuity.

An inlet guide vane loss coefficient is calculated using the same assumptions about
blade geometry and boundary layer characteristics as used in reference 3. The inlet
guide vane loss is then calculated as a fraction of the ideal kinetic energy at the rms
diameter.

Inducer incidence loss. - Reference 4 developed equations for optimum inducer in-
cidence angle of centrifugal compressors with axial inlets. The optimum incidence angle
is calculated from the inlet velocity diagram characteristics and blade blockage at the
rms diameter assuming an incompressible working fluid. The enthalpy loss due to inci-
dence is calculated assuming that the relative velocity component normal to the optimum
incidence angle is lost. Therefore, the incidence loss is simply

where
Wi, = WimF Sin|Bopt - BimF |

Blade loading loss. - Boundary layer growth in the impeller is highly dependent on
the diffusion of the working fluid internal to the impeller itself. Reference 5 proposed
an equation for calculating the diffusion factor of the impeller based on a uniform veloc-
ity loading along the blade chord. This equation is used to calculate the impeller dif-
fusion factor for impellers without splitters. A modified form, with reduced penalty
due to aerodynamic work input, is used for impellers which have a set of splitter blades.
With the diffusion factor calculated by these methods the blade loading loss was ex-
pressed as

Skin friction loss. - In addition to the losses resulting from the aerodynamic load-
ing of the impeller blades, the impeller incurs losses due to skin friction of the impeller




and shroud wetted areas. Reference 5 developed an equation for this loss based on fully
developed turbulent pipe flow. In the case of impellers with splitter blade rows, the
empirical constant appearing in the equation is modified to account for the higher mean
channel relative velocity caused by the addition of splitters. The general equation used
for skin friction loss is

L
~ 2
D
3 /w\ 2
Ahgp = KR pCy 5 (u—> us
HYD \"3/,
D,

where KSF = 5.6 for conventional impellers and KSF = 7.0 for impellers with tandem
blades.

Disk friction loss. - The specific loss due to windage on the compressor back face
is calculated using the equation

P3 3.2
wRe™"

This is a form of the disk friction power loss of reference 6.
Recirculation loss. - Losses resulting from work done on the working fluid due to
backflow into the impeller are expressed as

'/ 2 2

This is a modification of the equation proposed in reference 5.

Vaneless diffuser loss. - The flow angle and Mach number variation with radius in
the vaneless space are determined by numerical solution of the differential equations for
vaneless space flow developed in reference 7. The equations are simplified through the
assumptions of adiabatic flow and constant geometric depth passage. The radial total
pressure distribution in the vaneless space is calculated using the equation derived in
reference 5. When the fluid state and flow properties are determined at the vaned dif-
fuser leading edge radius by the methods described previously, the vaneless diffuser
loss is calculated from the equation
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Vaned diffuser loss. - Curves of maximum static pressure recovery coefficient at a

given area ratio were extrapolated from the test data for square throat diffusers reported
in reference 8 for various combinations of vaned diffuser throat Mach number, aerody -
namic blockage, and area ratio. These data were recorded for channel diffusers with
symmetrical pressure loadings about the channel centerline. The vaned diffuser in a
centrifugal compressor is loaded with a pressure gradient across the channel. In this
analysis it was assumed that the difference in the loadings between the test diffusers of
reference 8 and the compressor diffusers would have no effect on calculated diffuser re-
covery. A one-seventh power velocity distribution in the boundary layer along the vane-
less space endwalls is used to calculate the displacement thickness representing vaned
diffuser throat blockage. The value of static pressure recovery coefficient C;* cor-
responding to the vaned diffuser geometric area ratio, inlet Mach number, and aerody-
namic blockage is extrapolated from the test data.

The vaned diffuser exit critical velocity ratio is calculated using one-dimensional
continuity. Vaned diffuser loss is then calculated using the equation

Dy N DA

Ah c |78
VD ~ 3|\ + -
P Pg Pg

Calculation of Compressor Choking Flow

Two criteria are used in the prediction of compressor choking flow: (1) inducer
choke and (2) vaned diffuser choke. Reference 9 presented data on inducer choking inci-
dence levels as functions of relative Mach number and blade angle at the rms diameter
for inducer pitch-chord ratios of 0.5 and thickness-chord ratios of 0.05. These data
were used to predict compressor choking flow due to inducer choke.

Vaned diffuser choke is predicted from one-dimensional continuity using the com-
puted values of weight flow, total temperature, total pressure, aerodynamic blockage,
and the geometric throat area. The maximum value of the one-dimensional weight flow
function is calculated from the equation
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p5A5B5 x R\v +1

At the first input critical velocity ratio where the left side of the equation equals or ex-
ceeds the right side the compressor is choked. One would expect the speed lines to
have infinite slopes at the choke point. The vertical portions of the speed lines are ap-
proximated through the assumption of zero static pressure recovery in the vaned diffu-
ser for the cases of vaned diffuser choke. The impeller characteristic should exhibit
a vertical slope at the impeller choke point but this is not predicted by the correlations

used.

Calculation of Compressor Surge Point

The vaned diffuser is assumed to be the component which governs the location of the
compressor surge point. Examination of performance characteristics of centrifugal
compressors covering a range of pressure ratios indicates that compressor flow range
can be expressed as a function of the vaned diffuser leading edge Mach number. With a
good impeller-diffuser throat area match the flow range will vary with the diffuser lead-
ing edge Mach number as shown in figure 2. This curve was deduced from unpublished
operating range data for centrifugal compressors with design point pressure ratios
ranging from 1.9 to 10.0.

Compressor flow range, Wsurgelwchoke

| { L L I 1 J
.3 .4 .5 N 7 .8 9 1.0
Vaned diffuser leading edge Mach number, My
Figure 2. - Compressor flow range as a function of vaned diffuser leading edge
Mach number,




Comparison of Estimated and Experimental Performance

This section compares the results obtained by the analytical procedure described
herein to the experimental results obtained with a commercially manufactured centrifu-
gal compressor.

Figure 3 shows the comparison between calculated and experimental pressure ratios
as functions of corrected flow for 60, 80, 90, and 100 percent rotative speeds. Choking
flow is caused by inducer choke at 100 percent speed and by diffuser choke at the other
speeds. The assumption of zero static pressure recovery at the vaned diffuser choke
point permits an estimate of the flow rate at which the compressor pressure ratio char-
acteristic becomes vertical. Experimentally, the impeller characteristic exhibits be -
havior similar to that of the diffuser at the choked condition. However, the multi-
dimensional effects that characterize this behavior apparently cannot be approximated
accurately with strictly one-dimensional correlations. Modifying the correlations for
evaluation at the hub, mean, and tip sections and averaging the results may help to pre-
dict the gradual pressure ratio reduction in moving toward choke. The potential refine-
ments offered by this approach have not yet been considered herein. Maximum error in
predicting the choking weight flow occurs at the 90 percent speed line and is 25 percent.
Maximum error in predicting the compressor operating range (ws
the 80 percent speed line and is 8.1 percent.

Figure 4 shows the comparison between calculated and experimental efficiencies as

urge/wchoke) occurs at
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functions of corrected flow. The worst estimate of peak efficiency occurs at the 90 per -
cent speed line and is in error by 1.2 points. Only partial data is shown for the effi-
ciency contour at 60 percent speed. This results because the data is replotted from a
performance map that had efficiency contours and more data could not be accurately in-
terpolated. Predicted surge point efficiencies for all speed lines are considerably lower
than those experimentally measured. This can be attributed to preédicted diffuser pres-
sure recovery being lower than that attainable experimentally. Aerodynamic blockage
growth may not be as rapid as that predicted by the model in moving toward surge.

Compressor efficiency increases with increasing flow until the choke point is
reached. At the choke point vaned diffuser static pressure recovery decreases, result-
ing in a decrease in overall compressor efficiency. At the impeller choke point one
would expect the impeller losses to increase substantially, resulting in a decrease in
overall compressor efficiency. However, this behavior is not predicted through the use
of the empirical correlations.

CONCLUDING REMARKS

This section summarizes the pertinent characteristics of the prediction method,
discusses the limitations of the method, and notes the effect of the limitations on the re-
sults.

For inducers with relative Mach numbers appreciably in excess of unity the pre-
dicted compressor total pressure ratio and efficiency are greater than that attainable
experimentally. This is a result of neglecting shock losses in the inducer inlet.

Predicted static pressure recovery for vaned diffusers with throat Mach numbers
greater than unity will be too large. Extrapolation of the channel diffuser data used in
the program is valid only in the subsonic flow regime.

The prewhirl option available in the program is for solid-body vortex swirl. This
type of swirl is used primarily because it minimizes inducer inlet tip relative Mach
number.

Compressor total pressure ratio and efficiency are not adequately predicted with
the one-dimensional correlations when the compressor mass flow rate is limited by the
impeller rather than the vaned diffuser. The predicted total pressure ratio and effi-
ciency levels are higher than those measured experimentally.

Predicted surge point efficiencies are considerably lower than those measured on
the example compressor. Correlation with experimental data from other compressors
indicates that the predicted surge point efficiencies are sometimes higher and some-
times lower than the corresponding experimental values. This may be due in part to the
difficulty encountered in making precise measurements at this flow condition.
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FORTRAN PROGRAM
Program Input
The information required for the program is input using NAMELIST format. A

sample input sheet, with the data used for generating the 100 percent speed line for the
example compressor, is shown in figure 5. The definitions of the FORTRAN input varia-

bles are:

ADTH total vaned diffuser throat area, A5, m2

ALIMF inducer inlet absolute flow angle for solid-body swirl at rms diameter,
Y1MF

AL3 vaned diffuser setting angle, a 4 deg from meridional

AR vaned diffuser area ratio, A 6 /A5

B1MFB inducer rms blade angle, BIMFb’ deg from meridional

B2 impeller exit blade height, b3, m

B2X impeller blade exit backsweep, Bsp» deg from meridional

BLOCK inducer rms blade blockage function

Ty PROIECT MUMBLR ANALTET

Sample input

e FORTRAN STATEMENT

AR I [0 7 [ENTINL mT‘o 220 7r AN Ealae Ie 2T 08 20 B0 WP MY W 3Y 3ALAT SR 53 X Al ut
$INPUT GAM=1.4¢,RGAS=287].05, POP <1013 TO|P: . :
MUO=]L|.78BE-|5,CF=.0004, VOVCR=, 47, .48,/.43 ,.5|,.51, .52, .53|,. 54, .55, .56, .57, .156,.53,
.6, .BL,NVOVCR=15,DRAT=./5614,LAMX=. 5313, B2X=25.,|2=32.,[VLDRR=1.14,B[2=.005]1,
BI MF|B=49 ., AR=2.7,BLOCK=|.9, AL3=78 ., AD TH=.0/0071 ,NONDES=1 .,8 PL T=1, AL|IMF=0.}
CURVHEO ., CURVT =0.|,CHIH=[7., CHIT=0 . $
AOS Vo BERVL =D VELE AR T O O SO DR ,

P S ERT AT A (S S P v e e R
......... . s , [P b . P - N
............. , et e
......................... - Fa + 4 [RERERRVS RES e ey - —

i
.................................. A O U -
............... b e g . D S
U USRI N O SO G I S SR S
13 e Lol ¢ 90 wiahs s w20 ra2 23 sl ae 4178 29 59 o 57 58 513 6[57 583940 41 s k45 40 47 40las 50 3 37 53 3813 36 37 30 3 0]t 2 6364 63 acle? o8 89 10 7 |73 Te TS T0 T Te 4
NASA-C-836 (REV 9-14-59} o

Figure 5. - Sample input sheet.
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CF
CHIH
CHIT
CURVH
CURVT
DRAT
DIT
GAM
LAMX
MU0

NONDES
NVOVCR
PoP
RGAS
SPLT

TOP
VLDRR
VOVCR

In the normal mode of operation the program performs two iterations over the

range of inlet absolute critical velocity ratios which are specified. On the first iteration
the compressor choking flow rate is determined. On the second iteration the printout of
compressor performance at flow rates outside the usable range is deleted. A listing of
the input information is tabulated for the compressor configuration studied. Then the
compressor surge and choke flow rates are printed out.
point inside the operating range, compressor equivalent weight flow, total pressure
ratio, total efficiency, and individual efficiency decrements are printed out. Sample

skin friction coefficient, Cf
inducer inlet hub wall slope, X1 deg from axial
inducer inlet tip wall slope, X171 deg from axial

inducer inlet hub curvature, C,y, m-1

inducer inlet tip curvature, Cy, m-1
inducer-tip to impeller-exit diameter ratio, D, /D3
inducer tip diameter, DlT’ m

specific heat ratio, ¥

inducer hub-tip diameter ratio, x

total inlet dynamic viscosity, p.b, N-sec/m?
compressor design rotative speed, NDES’ rpm
percent compressor design rotative speed, N/NDES
number of input values of (V/V cr)O

total inlet pressure, pb, N/m2
gas constant, R, J/(kg)(K)

control variable for splitter calculations (SPLT = 0, conventional

impeller; SPLT = 1, impeller with splitters)
inlet total temperature, Tb, K
vaneless diffuser diameter ratio, D 4/D3
values of inlet critical velocity ratio, (V/ Vcr)O

number of impeller blades at exit, 23

Sample Output

output for the example compressor is as follows:

12

Finally, for each calculated
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Definitions of the abbreviated FORTRAN output variables are:

DETABL efficiency decrement due to impeller blade aerodynamic loading, AT’BL
DETADF efficiency decrement due to disk friction, A"DF

DETAIGV efficiency decrement due to inlet guide vane loss, AT’IGV

DETAINC efficiency decrement due to inducer incidence, Anpg~

DETARC efficiency decrement due to recirculation, A"RC

DETASF efficiency decrement due to skin friction, A"SF
DETAVD efficiency decrement due to vaned diffuser losses, A"VD

DETAVLD efficiency decrement due to vaneless diffuser losses, Anyy

ETAT compressor total efficiency, 7
WEQ equivalent flow rate, w ‘/-5/6, kg /sec

Error Messages

If the compressor choking flow rate is not reached with the specified values of inlet
absolute critical velocity ratios, the operating range cannot be determined with the
methods used in this analysis. When this happens, the calculated performance output
is deleted and the message COMPRESSOR CHOKING FLOW HAS NOT BEEN REACHED
is printed.

If the first input value of (V/V cr)O results in calculated weight flow greater than

the compressor choking weight flow, the message VOVCR ARRAY TOO LARGE is
printed.

For input values of (V/Vcr) much too small for the compressor of interest a
0
velocity diagram solution at the impeller exit cannot be obtained. When this occurs

the message IRRATIONAL EXIT TRIANGLE is printed. All of these problems can be
corrected by making the appropriate adjustments to the VOVCR array used.

Main Program FORTRAN Variables and Corresponding Engineering Symbols

Al ay
A2 ag
ACOUSR a/a
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ADTH
AL1
ALIMF
AL2

AL3
ALPH1

ALPHA
AMT
AMU

AMULT

ANU
AR

BO

B1

B1H
BIMF
BIMFB
B2

B2X
BARR
BLOCK

BMULT

BOPT
BT
CF

18

Ag

by

Y1MF

o3

@4

temporary storage

o

array of vaned diffuser throat blockages

By

1T
exp Cdn

T'{MF

F1MFopt
vaned diffuser inlet blockage

Cs



CHIH
CHIMF
CHIT
CINC
CINC1
CINC2
CINC40
CINC50
CINC60
CONST1
CONST 2
COSA

CP
CPSTAR
CURVH
CURVMF
CURVT
D1H

D1T

D2
DEBL
DEDF
DEEXIT
DEIGV
DEINC
DELTA
DELTAB
DELTAR
DELTAS

X1H
X{MF

XT
inducer choking incidence

interpolation variable
interpolation variable
choking incidence array for 40° rms inducer blade angles
choking incidence array for 50° rms inducer blade angles
choking incidence array for 60° rms inducer blade angles

Kp1,

A77exit
Amgy
Amne

AB
Ar

AS*

19



DERC
DESF
DEVD
DEVLD
DF
DHACT
DHAERO
DHBL
DHDF
DHDIF
DHEST
DHIGV
DHINC
DHRC
DHSF
DHVLD
DHYD
DIFLEM
DMF
DRAT
EPS
ETAD
ETAR

EWF
F1
F2
F3
F4
F5

20

ATpc
Angg
an

AnyLD

Ahact

Ahaero

Ah

Ahest

Ahygy

Ahyrp

Dyyp/Ps3
M 4 2rTay

1IMF

w ’/-9_ / ]

C** at vaned diffuser area ratio of 1.2
at vaned diffuser area ratio of 2.0
at vaned diffuser area ratio of 3.0
at vaned diffuser area ratio of 4.0

at vaned diffuser area ratio of 5.0



FINT

FLFUNC

FLRNG
G1

G2
GAM

GINT

HO
H1
HIS
INC

JAN

LAMX
LOD

MUO
MWRMS
N

NO
NONDES
NVOVCR

NWRITE

y [ 2 +1) /by -1)
R <’y + 1)

wsurge/ Wehoke
vy +1

v -1

Y

I
C dn

'H
'yMF - T1H
Tyt - TIMF
Ahis

BIMF -~ P1MFb
index variable

iteration counter

choke indication variable
index variable

A

L /D3

index variable

ko

array of inducer rms relative Mach numbers

NpEs

index variable

N/NpEs
number of values of (V/V cr)

output control variable

0

21



POP pb

P1 PiMF

P1P p'lMF

P2 Pg

P2P p'3

P3P Py

P4 Pg

P4PG iteration variable

P4PL iteration variable

PEXIT Pg

PHI @

PIMF PyMF

PIPMF PhHMF

POPP1 (p/P)ymF

PP storage variable

PPEXIT Py

PPOP1 (p'/p)lMF

PR Pg/Pp

PREC1 array of C;* at area ratio 1.2
PREC2 array of C;* at area ratio 2,0
PREC3 array of C; * at area ratio 3.0
PREC4 array of C;* at area ratio 4.0
PRECS5 array of C;* at area ratio 5.0
PTH Pg

PTHP p%

Q Q

QAERO Qaero

R r

ROP Py

R1 Py

22



R1P

R2

R2G
RANGE
RARRAY
RE
RGAS
RHO2
RHOH
RHOMF
RHOR
RHOT
RMRMS
RTHP
RVOEST

RVORP1

RVORVC

RVRVC4

RVRVTH

S
SINA
SPLT

TO
TOP
TOPP
T1
T1PP

n
3
P3 est

Wsurge/wchoke

temporary storage
Re
R

WiMF/21
P5

v
e
e
(ov/e 'Vcr)6
Ve,

integral of M3

2

P} /PimF

oy

sin ayr
splitter control variable
w

T

=)
2 o o

!

!
- o2

H

23



T2

T2P
T2PEST
T2PP
TALPH
THETA
TOTO
TOT1
TPL
TX

UlH
ULMF
U1T

U2
VIMF
V1T

\'2
VARAL
VARAL1
VARM
VARM1
VCR

VCRTH

VLDRR
VM1
VM1H
VM1MF
VM2
VM1MF

24

T'
T!Best
T"
tan o
2
TI/TO
To/Ty
P'/p}

TR Ah /CpTE) +1

aero

UH

VimF
Vit
Vs

A tan o
temporary storage
am?

temporary storage
(Yer),
(Vcr)5



VOVCR
VOVCR4
'VOVCR1

VSL
VU1H
VulMF

VU1T
VU2

W1H
W1MF
WIMFEF
WI1T

w2
W20W1T
WCHK
WCR

WFUNC
WI1MF
WL

wou2

WSURGE
WU1H
WU1MF
WUILT
wuU2

X1

(V/Vex)
("Ver),

Ve,

VsL
VulH
VulMF

0

VulT
Vu3
WVin
WiMF

W MFeff
Wit

W3
Ws/Wir
WYehoke
w

cr
W\/_T"s/{"s%B

WiMF
W,

(W / u3>:v

Ysurge
WaiH

WUIMF
W

w

ulT

ul
01-0I4

25



XC K

vu
XK K vm
XM M
XM1 temporary storage
XM2 M3
XMACH Mg
XMARR array of vaneless diffuser Mach numbers
yA yA 3
ZETA ¢

Program Listing

DIMENSICN VOVCR(15)

ODIMENSICN P3P(20).XMARR(20)

OIMENSICN F(203,5(20)

DIMENSICN AMT{(4)+BARR(O) +PRECLI4¢6) sPRECZ21446) +PREC3(4,46)

DIMENSIUN PREC4(44+6) +PRECS(4,6)

DIMENS ION MWRMS(B)CINCO0(B)CINC50(8),CINC4LO(8)

DIMENSICN FLRNG(7)DIFLEM(T)

INTEGFR SPLTY

REAL LAMXsLCDoMUQ«NUNDES +MWRMSINC SN

DATA‘AMT([,'lzlo4’/02v04006908/

DATALRARRUIDeI=146)/¢02+043¢069e08+e1044612/7

DATAU(PRECL(T ¢ Do 1=144)40=096)/0234902441025T790¢26990215+0622%40233,
124340207 00215¢0223+023201019300199+0206+0212+401839019050196506202,
h6S+e1 760418240188/

DAT‘((pRECZ([oJ)Ql=lo“’0J=196)/0644'ob?Jvo696'0722v062000638'06561
106740-590v-6069'62300639'-56200576o-590006050-538'0551!0564v¢578!¢
29510 ¢ a9 240053840552/

UATACLIPREC3( T+ )el=104)0d=136)/0782¢e7899T796948029e750¢075649¢762»
107689-]08'071600124007320067200680u0687g0695.0652906481065400660p0
200400612006 190 626/

DATA((PREC4(T+d)el=1s4)ed=146)/e842:0838+0833948289080080089089475
120-756'076090763v0710v07139071610719-06750067300680v0683uc630.0635
2006404646/

DATA‘(PRECS(!.J).I=1'4).J=1.6)I.878..865..852.-838.-832.-825.-818y
108120-7800780n73'078007360-135007350-73400692'069400695006961-b“n
20647¢40£500 652/
DATA(CINCOOUID s I=1980/=10e54=9e9=2031e592¢5040 45095/

DﬂTA‘C[NC50(l).I=l.8)/‘150"7050-300105'40'605|90'1101

DATALCINCA0{I) e [=2148)/=20e4=12e+=50010595e¢¢8e011e5+14¢5/
OATA(MURMS([)e1=148)/050ebv0Tr1e8v099leslelsle2s

DATA(DIFLEMIT) e I=1e7)/ 0B ee500b0eTee8re9slel

DATACFLRNGUI) s I=007)/ 4B 4569 0649072079984 4089/

NAFELIST /INPUT/ GAM+POP+TOP N ULT yMUOCF+VOVCRyNVOVCR+RGAS»

IDRAT sl AMX eB2XeZ eVLORR+B24 BIMFB+AR«BLOCK ¢AL 3¢ ADTH,NONDES,»SPLT,
Z ALIMFCHIBRCHITLCURVHCURVT
1 REAL(HS.INPLT)
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WRITE(£,4309)
WRITE(64315) POF.TUP +MUOGAMIRGAS
WRITE(6,310)
WRITF(64316) 2eCFoSPLToNeALIMFBLOCK
WRITE(6.311)
WRITE(64,317) BIMFB.LAMX.DRAT
WRITE(6.304)
WRITE(64318) B2XeB2.VLORR+ALS
wWRITE(£4313)
WRITE(€4319) ADTH.AR
WRITE(6.314)
WRITE(€4320) (VOVCR(1),I=1+NVOVCR)
PERDS=NCNDES*100.
GIl=GAM+].
62=GAM=1.
CP =GAM®RGAS/G2
H2X=e01145%82X
AL3=AL3%.01745
ALIMF=.01745%ALIMF
CHIH=+01745%CHIH
CHIT=4C1745%CHIT
FLFUNC=SORT(GAM/RGAS*(2./G1)%%(GL/G2))
ROP=POP/RGAS/TOP
VCR=SORT(2.3GAM/G1*RGAS*TOP)
UlT=3.14159NANONDES%*D1T/60.
NWRITE=1
DO 18 t=1.2
MIN=]
DC 17 J4=MIN.NVOVCR
K=C
BIMFB=.01745%B1MFB
VULT=0e.
VUIMF=0e
VULIH=0.
VM1h=VvOVCR{JI*VCR
U2=U1T/DRAT
D2=C1T/CRAT
UlH=UL1T*LAMX
D1+=D1T*LANMX
NDMF=SURT{DIT*#%2%( |+ LAMX®*%Z2)/2.)
ULIME=ULIT®CMF/DLT
CHIMF=(CHIT-CHIH)*(DMF=-D1H)/(D1T-DI1H)+CHIH
CURVME={CURVT-CURVH)I*(DMF-D1K) /(DLT-D1H)+CURVH
HO=(CMF-D1Fr)/2.
HI=(CL1T~-DMF) /2.
FINT=HO/2* (CURVH+CURVMF)
AMULT=EXPULFINT)
VMIMF=AMULT*VYM]1H
GINT=(H0+HL) /6% {2.-HL/HOI®CURVH+(HO+HL)*%2 /HO/ H1*CURVMF+(2 .~HO
L/Rh1)*CURVT)
BMLLT=EXP(GINT)
VMIT=RMULULT®*VM1H
VMIAN=VMLIH*COS(CHIH)
VMIMFN=VMINF®COS(CHIMF)
VMITN=VM]IT*COS(CHIT)
REGH=KOP*(1.—VMLIH%X%2 /2. /CP/TOP )*%( 1a/G2)
RHCMF=ROP¥ (L e=VMIMF®%X2 /2 . /CP/TOPI®*%X(1e/G2)
RECT=ROP#( 1 o=VMIT2%2/2./CP/TCPI**¥(1./G2)
FONLI=RECH*VM LHN*CIH/ 2.
FON2=RPCMFAVMIMFN®DMI/ 2.

27



36

28

FCANI=RFCT*VMITN*0L1T/ 2.

Swz={HO+h1) /6% 12¢=HL/HOI*FON1+{HO¥HL)I*%2/HO/HL1*FCN2+(2e-HO/H1)*
LFCN3)*6.28318

DFIGV=0.
VINF=SORT (VMLMF#% 2+ VULMF*%2)
TA=TOP~VIMF*%2/2./CP

P1P=POP
POPPLI=(1e=VIMF#%2/2./CP/TOPIS®(GAM/G2)
P1=P1P*POPPI

R1F=P1P/RGAS/TOP

Rl = RIP*(P1/PLP)I**(1./GAM)
RE=U2%02/MUO*ROP

ALSTAG=AL IMF/2.
FS=0.0076/(COS(ALIMF)=2025)%(1+4COS{ALSTAG)/0aT)
VOVCRL=VOVCR(J)

[FIALIMF.LTZ0.001) GO TO 36
VUVCR1=VOVCR1+.001
AKE=(VCVCRISVCR)*%2/2.
POPP1={1.=AKE/CP/TOPI**(GAM/G2)
AKEIC=AKE/(1+=ES)
P1OPPO=(1+=AKEID/CP/TOP)**(GAN/G2)
P1P=POP*P10OPPO/POPPL
R1F=PIP/RGAS/TOP

P1=P1P*POPPI
RI=R1P*(POPPL)I*3(1+/GAM)
01=3.14159%D1T*#%2%( ) «~LAMX*%2) *VUVCRL*VCR®COS{ALLIMF) /4.
wTCHK=01*R )

IF(WTCHK.LT.SW) GO TO §
VUIMF=VOVCRI#VCR*SIN(ALLMF)
VMIMF=VOVCR1*VCR*COS(ALLMF)
VIMF=SORT (VULMF*$ 2+ VMLIMF*%2)
T1=TOP=-VIMNF*%2/2./CP
XK=VULMFX$242.5VMIMF&#2
XC=VULIMF/DMF*2.

VUIT=XC*D1T/2.

VULH=XC*¥DLkr/2.
VMIT=SCRT(XK=2.%VUIT#%2)

VMIH=SORT (XK=2.#VUlH*$2)

OF IGV=ES*AKEID
VIT=SURT(VMIT**2+vUlT*%2)
ALL=ARSIN(VLIT/VIT)

WULT=ULT=-VULT

B1=ATAN(RULT/VMIT)
WIT=SORT(VMIT**2+wUlT*#2)

WU JH=U1h=VU IH

RIH=ATAN(WULH/VMIH)
W1H=SORT(VMIH® %2+ uULlH*%2)
A1=SCRT(GAM*RGAS*T1)

WU LMF=U1MF=VULMF
WIMF=SORT(VMIMF*%2+wULMF*%2)
RMRMS=WIMF /A1
BIMF=ATAN(RUIMF/VMINF)
INC=(R1MF-BIMFB)%57.29577
EPS=ATAN({1.=BLOCK)®TAN(BIMF)/ (Le+BLOCK* (TAN (BLMF) 2%%2))
BGPT=R1MF-EPS
TIFP=TI4WIMF#%2/24/CP

WCR=SURT(Z +*GAM/G1*RGAS*TLPP)
TCET0=1.=G2/G1*( WIMF /WCR) %%
WIMFEFzwlMF*COS (RGP T~BIMFB)



TOT1=1e=G2/G1*(WLIMFEF/WCR)*%2
TI=T1PP*T0T1
WL=WIMF*SINIABS(BOPT-BIMF))
OHINC=wlL%%2/2.
PIFMF=PIP*EXP(-DHINC/TI/RGAS)
DELTA=PGOP /101325435

THETA=TQP/288.15
EWF=SW*SORT(THETA)/DELTA

BIMFB=RIMFP*57.29517
IF(BIMFBGE e40e«ANDBIMFBoLE-50+) GO TO 71
=2
81 [F(RMRMS.GE «MWRMS(I=1) cAND<RMRMS.LE-MWRMS(I)) GO TO 8O
[=1+1
GC TG 81
80 CINCl=(RMRMS—MWRMS{ I=1))/ (MWRMS(I)-MWRMS{I-L ) *(CINCOO(I)~LINCOOLI]
1=12)+CINCOEOLI-1)
CINC2=(RMRMS~MWRMSLI-1))/ (MWRMS{ ) ~MWRMS{I-1))*{CINC50(1)~-CINC50(I
1-1))+CINC50(1-1)
CINC=CINCI+(60-BIMFB) /10.%{CINC2-CINC1)
IF(INCJLELCINC) K=1
GO TO 174
71 1=2
72 IFIRMRMS+GEMWRMS(I-1) cAND.RMRMS.LE.MWRMS(I)) GO TO 73
i=l+]
GC TC 12
73 CINCAI=(RMRMS—MWRNS{I=1))/ (MWRMS(I)=MWRMS{I-1))*(CINC50{)-CINC50LI
1-1))+CINCS50(I-1)
CINC2=(RMRMS=MWRMS{ I=1)D/ (MWRMSLI)=MWRMS{I-1))#{CINC4O(I)-CINC4OL]
1-1))+CINC40(I-1)
CINC=CINC1+(50=BIMFB) /10« *(CINC2-CINC1)
[FUINCLE-.CINC) K=1
74 COMTINUE
{IF(KeEQuloANDoJ<EQel) GO TO 202
I1F{KeEQel «cANDeLEQs1) GO TO 18
T2PP=TIPP+{U2%*2-ULMF*%2)/2./CP
PHI=VMIMF/UZ2
EPSLIM=1./EXP(8.16%C0S(B2X)/Z)
VSL=SURT(COS(B2X) )*U2/7%%*.7
IFL(OMF/D2) «GTEPSLIM) VSL=U2*{SORT(COSIB2X) )/ 2*%.7)*(1l.~( (OMF/D2~-
LEPSLIMI/(1e—EPSLIMI I**3)+U2%( (DMF/D2-EPSLIM) /{ 1+~EPSLIM))I*%3
DREST=UZ*%2
T2PEST={DHEST/CP/TOP+1.)*TCP
R2G=R1*(T2PEST/TOPI**(1./G2)
4 RHE2=R26
VMZ=SuW/(3.14159%RK0Z2%D2%B2)
VUZz=U2-WM2*TAN(B2X)-VSL
MIN=J
IF(VM2elTe0eaANDeL<EQe2) GC TO 200
IF(VM2.LT.0.) GO TO 17
IF(VU2LTe0eeANDeL+EQ.2) GO TO 201
[FIVU2.LT.0.) GO TO 17
abe=L2-vU2
W2=SORT{WU2*%2+VM2%%2)
TF((VSL*COS(B2X)/42)eGTeleeANDeL+EQ.2) GO TO 202
IFC(VSL*COS(B2X)/w2)6Teled GO TO 17
T2=T2PP~u2%%2/2./CP
A2=SORT(GAMSRGAS*T2)
W20n1T=w2/417
WOUZ=(PHI*$2+{DNF/02 )% %2+ W20W L TH¥2 % (PHI**%2+DRAT**2)) /2.
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51

30

AL2=ATANIVUZ2/VM2)
V2=SORTIVU2%¥2+4VM2%%2)
T2P=T2+4V2%%2/2./CP

DHAEROD=CP*TOP*(T2P/TOP~14)
QAFRO=CHAFRO/UZ2%*%2

DF= WlT/U2%(2/3¢14159%(1~01T/D2)+2.%D1T7/D2)
CCAST1=0.75

IF(SPLT.FECe1) CONST1=0.6

DF=1.-020u 1T+CONSTL*0AERC/CF

DEBL=0 «05%DF%%23U2%%2
LOD=(1.~-DMF/.3048)/C0S51(B2X3/2.
ODhDF=<01356%RHO2%U2**%3%D2%%2 /SN/RE*%,2
OHYD=2/3.14159/€0S(B2X)+D2/B2

OFYD=) o« /DHYD+01T/D2/(2e/(1 o=LAMX)+2%2/3214159/(1«+LAMX)
12SCRT( 1 et l 1o tLAMXR%2) /2., ({TAN(BL) )*%2))
DFRC=002%SORTITAN(ALZ)IERDF*#232%%2
COGNST2=5.6

[IFISPLTECe1) CCNST2=7.0
DHSF=CONST2*CF*LOD/0RYD*W0OU2%UZ**2
OHACT=CFHAERC+DHDF +DHRC
HIS=DHAERO-DHBL-DHSF=DHIGV-DHINC
FTAR=HIS/DHAERD

TX=ETARSDHAERO/CP/TOP*].
P2F=TX*%{GAM/G2)*PIPMF
P2=P2P*(T2P/T2)%%{-GAM/G2)
R2G=P2/RGAS/T2

IF(ABS{(RHO2-R2G) /RHO2).6T«0.001) GO TO 4
XMg= V2/A2

RZ2=02/4.
AMU=1.4579E-6%T2%%1.5/(T2+11C.4)
ANL=AMU/R2Z2G

BO=1.

XM= XM2

ALPHA=ALZ

R=]1.0

FLLISXM2%% 3/ Le4G2/2.%XM2%%2)%%(GLl/2./6G2)
P3P(1)=P2P

XFPARRILI=XN2

DELTAR={VLDRR~1.)/10.

TETA=CF*R2/B2

AS=0e

BC 1000 NO=2,.10

XM)=XM

ALPHI=ALPHA

OS=CELTAR*R2/CAOS(ALPHA)

AS=AS+0S

DELTASz 03 7#ASER ¥ (=o2)%{V2/ANUI*% (=42} %]DS
R=B0-2.#0ELTAS/B2

DELTAB=BO-B

VARM==2 % ( 1e+G2/2%XM*¥%¥2) / (XM*%2-1+ /COS{ALPHA) ¥%2) *( (GAM*XN*%2~-TAN
LOALPhAY®*2Z )%7ETA/BO/COSIALPHA)+1./B0%DELTAB/DELTAR=1+/COSUALPHA) %%

22/R)*XM¥S2%DEL TAR
VARAL=1/COSTALPHAI**2/(XM¥*¥2~{1+/COS(ALPHA) I*$2)2({l.+G2

1)%7ETA/BO0/COS{ALPHAI+1«/BO*DELTAB/DELTAR=XM*22/R)I*TAN(ALPHA)*DELTA

2R

VARM1=VARM
VARAL 1=VARAL
81=8

B=B0



AS=AS~-DS

XM=XM1%32+VARM

XM=SQRT(XM)

TALPH=TAN(ALPHL )+ VARALL

ALPHA=ATAN(TALPH)

DS=DELTAR*RZ2/COS(ALPHA)

R=R+DELTAR

AS=AS+DS

OFLTAS=037%AS*% (=0 2)%(V2/ANUI*¥%(~02)*DS

B=BO0—2.*DELTAS/BZ2

DELTAR=BO-B
VARM==2#(1e4G2/2%¥XME%2) / (XM*%2-1¢ /COSTALPHA) *%2) *( {GAM*XM**2-TAN
L{ALPHA)#%2 )%7ETA/BO/COS(ALPHA) +1¢/BO®DELTAB/DELTAR=1+/COS(ALPHA) **
22/R)*XM*%2*DELTAR

VARAL=1+/COS(ALPRA)**2/(XM*%2~(La/COSIALPHA) )**2)%((1.+62 XX MEXZ
1) %7 ETA/BO/COS(ALPHA)#1./BO*DELTAB/DELTAR-XM**2/R)*TAN(ALPHA) *DELTA
ZR

VARM=(VARM]I+VARM) /2.

VARAL=(VARALLI+VARAL) /2.

8=(B+R1)/2.

XM=XM1%%2+VARM

XM=SCRT(xM)

TALPH=TAN(ALPH]1)+VARAL

ALPHA=ATAN(TALPH)

#0=¢

ACCUSR=SORT(1e/(1+4G2/2.%XM%%2))

RHOR=1e/7(1e4G2/ 2 $XM¥¥2 ) %% {1+/G2)

FING)=XM*23*ACOUSR*RHOR*R

IF(NOEQeZ) SINO)=(FINC)+F(NC-1))*0.5%DELTAR

IF{(NO-EC.2) GO TO 8

CALL FNTGRLINODELTARF.S)

8 TPL=1e/(1a+GAMRCF*R2%S(NO)/COS(AL2)/B2/XM2¥(1e+G2/ 2 ¥XM2%%2)%*((1/

10040

21

22

L2/G2))

PP=TPL*P2P

PIPI(NOI=PP

XMARR(NG)I=XM

XMACH=XMARR(NO)

PTHP=P3IPINQ)

IF(L.EQ.1) GD TO 30

M=2

TF(XMACH<GEDIFLEM({M=1)+sANDXMACH.LE.DIFLEMI{M}) GO TO 22
M=M+]

GC TC 21

RANGE= (XMACH-DIFLEM(M~1) )/ (DIFLEM(M)-DIFLEM{M-1))* (FLRNG(M)-FLRNG(
M= 1)) «FLRNG(M=1)

WSURGE=RANG E*WCHK

IFIEWF.LT.hSURGE) GO TO 203

30 CONTINUE

PTH=PTHP/( 1e462/2 «*XMALCH¥*2 )% ¥ (GAM/G2)
CHVLD=CP*T2P*((PTH/PTHPI** (G2/GAMI—(PTH/P2P) % (G2/GAM))
BT=1.-8

XMACH=XMACH*COS{ABS(ALPHA=AL3))
PThP=PTH¥( }e+52/2 «*XMACH*¥2) %% (AM/G2)
X1=(ALPHA-AL3)*57.29571

WFUNC=SW*SORT(T2P)/ADTH/PTHP/B

[F(MFUNCGEFLFUNC) CPSTAR=0.

IFI(WFUNCGEFLFUNC) K=1
IF(WFUNCCGE-FLFUNC) GO YO 14

[F ((AR=102)eGT e0eeANDe{AR=2e1slLTe0e) GO TO 10
IF ((AR=202+GT e00eANDe(AR=3e)¢LT«0e¢) GO TO 11

31



15

17

32

10

11

12

13

14

100

19

35

IF ((AR+=34)eGTe0s eANDe(AR=4e) s TeUe) GO TO 12
IF ((AR=4¢) e5T 0e0e oANUS (AR~5e) e LTe(e) GU TO 13
CALL LININTU(XMACH BT +AMT sBARRWPRECLe4004F1)
CALL LININTUXMACH+BT sAMTsBARR«PRECZe4+6.F2)
CPSTAR=(AR=1e2)/.8%{F2-FLl)+F1

GC T0 14

CALL LININTI{XMACH+BT+AMT+BARRPRECZ2+446+F2)
CALL LININTIXMACH+BTsAMT sBARR+PREC344+6,F3)
CPSTAR={AR=2.)*(FI~-F2)+F2

GC TO 14

CALL LININT(XMACH+BT+AMT»BARRIPREC39496+F3)
CALL LININT(XMACH+BToAMTBARR+PREC4+44+6,F4)
CPSTAR=({AR=3.)*(F4~F3)+F3

GC T0 14

CALL LININT(XMACH+BT+AMT sBARR ¢ PREC4+4+6+F4)
CALL LININT(XMACHsBT+AMT +BARRIPRECS+4+¢6+F5S)
CPSTAR=(AR=4. ) *(F5F4)+F4

CCNT INUE

IF(KeFQelesANDJEQaL) GG TO 202
IF(KeEQeleANDeL «EQe1)d GO TO 18

IF(KeNEol eANCeJsEQeNVOVCR}Y GO TO 204
PEXIT=CPSTAR®(PTHP-PTH)+PTH
RTHP=PTHP/RGAS/T2?P
VCRTH=SORT (2. *GAM/GL1*RGAS*T2P)
RVRVTH=SW/RTHP/VCRTH/ADTH/B

VOVCR4=.020

PO4PL=PEXIT/(1=G2/GL*VOVCR4*%2 )%x(GAM/G2)
RVRAVE4=(1-627/G1%VOVCR4**2)*%( 1. /G2)*VOVCR4
P4PG=RVRVTH¥PTHP/AR/RVRV(C4
VCVCR4=VOVCR4+.001

IF(P4PL LT .P4PG)Y GO TO 100

PPEXIT=P4PG
ORCIF=TaP2CP*((PEXIT/PPEXITI**(G2/GAMI=(PEXLIT/PTHP)I®*X*(G2/GAM))
PR=PPEXIT/POP
ETACL=0hRAERD-DHSF-CHBL-ORVLC-OHDIF-DHIGV-DHINC
ETAD=ETAD/DHACT

DEIEV=0FIGV/DHACT

DERL=D+BL/DBACT

NESF=DHSF/CHACT

DECF=NDFCF/DHACT

DERC=DHRC/ODHACT

DEVLO=0HVLD/DHACT

DEVC=DHCIF/DHACT

VEINC=DRINC/DHACT

[F(LeFCe2) GO TO 19

CONTINUF

IF(L.EQ-1) GO TO 18

IF(NuRITESNECL1) GO TO 35

WRITF{64+300)

WwRITE(6.30)) PERDS

wRITE(6.302)

WRITE(6303) WSURGE +wCHK

NoRITF=NWRITE+]
MIN=MIN®]

WRITE(€4304)

WRITE(6+305) EWFPRWETAD

WwRITE(6+306)

WhkITE(6.307) DEIGV.DEINC+DEBL+DESF,DEDF+DERC.DEVLD»DEVD
IF(KeNEe) cANDoMINCLEJNVUVCR) GO TO 2



IF(KeFCealeONLel «EGCecz) GO TO 1

200 wRITE(6.400)

MIN=MIN+]
IF{VMINSGT«NVOVCR) GO TO 1
GC TO 2
201 WRITE(6+400)
MIN=MIN+]
IF(MINSGT«NVOVCR) GO TO 1
GC 1O 2

202 WRITE(€+.402)
GG TO 1

203 WRITE(€+403) VOVCR(J)
MIN=MIN+]
[FIMINSGT «NVOVCR) GO TO 1
GG 106 2

204 WRITE(6,308)
GC 10 1

I8 WCHK=SWxSORT(THETA)/DELTA

GO T0O 1

300 FORMAT (59X +13H PERCENT NDES)

301 FORMAT(63X.F5.1)

302 FORMAT(45X,16H SURGE FLOW RATE+10X+15HCHOKE FLOW RATE)

303 FORMAT(51XeF563420XeF53)

304 FORMAT(44Xe4H WEQ+10Xe 14HPRESSURE RATIO, 10Xy 4HETAT)

305 FORMAT (44X eF5e¢3+13XeF5e630¢15X9F4e3)

306 FORMAT(11X+8H DETAIGV+8Xe THDETAINC +8X+6HDETABL +8Xy 6HDETASF ¢ 8X» 6HDE
ATACF+8X+6FDETARC, 8Xe THDETAVLD + 8X+ 6HDETAVD)

307 FORMAT(13X o F6e5e9XsF605¢8X1F6e5:8XeF60598XeF6e548XeF6e5¢9X9F6e51
18X eF6e5:.9XeF65)

308 FORNMAT(45H COMPRESSOR CHOKING FLOW HAS NOT BEEN REACHED)

309 FCRMATU(21H1INLET TOTAL PRESSURE+5X+23HINLET TOTAL TEMPERATURE+5Xs2
19hINLET TOTAL OYNAMIC VISCOSITY 95X L9HSPECIFIC HEAT RATIO«5Xs12HGA
2S CONSTANT)

310 FORMAT(17H NUMBER OF BLADES+5X+20HFRICTION CCEFFICIENT ,5X,4HSPLT,»5
1Xe 12HDESIGN SPEED+5Xe23HINDUCER RMS SWIRL ANGLE»5X27HINDUCER RMS
2BLCCKAGE FACTOR)

311 FORMAT(11X+,24H INDUCER RMS ELADE ANGLE +5X+30HINDUCER HUB-TIP DIAME
ITFR RATIO+5Xe40OHINDUCER TIP-IMPELLER EXIT OIAMETER RATIO)

312 FORMAT({30H IMPFLLER BLADE EXIT BACKSWEEP+5Xy23HIMPELLER BLADE EXIT
1 HTas5Xe32HVANELESS UIFFUSER DIAMETER RATIOs5X+28HVANED OIFFUSER S
2ETTING AMGLE)

313 FORMAT(33X.33H TUTAL VANED ODIFFUSER THROAT AREA:5XK+25HVANED DIFFUS
1ER AREA RATIO)

314 FCRMAT(47Xe36H INLET CRITICAL VELOCITY RATIO ARRAY)

315 FORMAT(IXsF 700021 XeF6e2423XeFBeTv24XsF3e1916XeF62)

316 FORMAT(TXeF300020XeF4e3915XKells9XsF6e091TXeF%e2+26X9FGe2)

317 FORMAT(24XeF4¢l 127X eF604e34XsFbe4d)

318 FORMAT(13XeF4el e26XeF6e5421XeF6e3030XeF5.2)

319 FCRMATUA4IXeFTeb428XeF4e2)

320 FORMAT(B8F10.2)

400 FORMAT(1X.24HIRRATIONAL EXIT TRIANGLE)D

402 FORMAT({IX.21FVOVCR ARRAY TOO LARGE)

403 FORMAT(1X+34HWT FLOW LESS THAN SURGE FOR V/VCR=,4F42)
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Subroutine LININT(X1,Y1,X,Y, TN, MX, MY, F)

N . . . s ¥ %
This subroutine interpolates a value of maximum pressure recovery coefficient Cp

from a table of vaned diffuser throat Mach numbers and aerodynamic blockage given as
input.

X1 input, vaned diffuser throat Mach number
Y1 input, throat aerodynamic blockage
X input array of throat Mach numbers

Y input array of throat blockages

* %

p corresponding to throat Mach numbers and

TN input two-dimensional array of C
blockages

MX input, number of throat Mach numbers

MY input, number of throat blockages
* %k

F output, interpolated value of Cp

$IBFTC LININT

SURROUTINE LININT (XLoY1leXeYsTNeMX oMY, F)
DEIMENSICN X(MX)o YI(MY), TNIMX,MY)
DG 1 J3=2.MX
1 IF (XlsLEeX(43)) GO TO 2
J3=kX
D0 3 J4a=2.MY
IF (YlelEeY(J4)) GO TO 4
Jb=MY
4 Ji=43-1
Jd2=d4-1
EPSI=(XI=X(J1))/7(X{(J432=X{J1))
FPS2=(VY1=Y(42))/(YLJ4)~-Y(42))
EPS3=) .-EPSI
EPS4=1.-EPS2
F=TN(JLedZ2 IREPSI®NEPSA+TNIUIJ2)*EPSLI*¥EPS4+TNIJL, JGI*EPS2*EPS3+TN(J
13.J4)%EPSI*EPS2
RFTURN
END

w A

Subroutine FNTGRL(NO,DELTAR,F,S)

This subprogram is used to integrate the function M3(pa /p'a') in the vaneless dif-
fuser.
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NO number of equally spaced radii

DELTAR radius ratio between stations
F function M3(pa/p'a')
S integral of F

No FORTRAN listing of the subprogram is available but a brief description of the
method of integration is as follows:
The subprogram uses Simpson's rule in the following manner:

First interval:

X1
/ f(x)dx = 0
X

1

Second interval:

X
2
f(x)dx = Ax(5f, + 8f, - £.)/12
/x1 1%y 13

Remaining intervals:

X

i+1
»/x. f(x)dx = A.x(5fi+1 + 8fi - fi_l)/lz
i

Lewis Research Center,
National Aeronautics and Space Administration
and
U.S. Army Air Mobility R&D Laboratory,
Cleveland, Ohio, August 2, 1973,
501-24.

’
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APPENDIX A

SYMBOLS

A area, m2
AR ‘ area ratio
a local acoustic velocity, m/sec
B effective depth ratio
b blade height or passage depth, m
C wall curvature, m-1
Cs skin friction coefficient

P specific heat, J/(kg)(K)
C; * maximum pressure recovery coefficient at a constant area ratio
D diameter, m
Dy diffusion factor
eg inlet guide vane loss coefficient
h spacing for numerical integration
Ah incremental compressor specific enthalpy, J/kg
K constant
L blade length, m
M Mach number
N rotative speed, rpm
n distance along radius, m
p pressure, N/m2
Q volumetric flow rate, m3 /sec
q dimensionless enthalpy
R gas constant, J/(kg)(K)
R radius ratio
Re Reynolds number based on inlet total conditions
r radius, m
S arc length, m
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As

incremental arc length, m

T temperature, K

t blade thickness, m

u blade speed, m/sec

A" absolute gas velocity, m/sec

w relative gas velocity, m/sec

w mass flow rate, kg/sec

yA number of impeller blades

o absolute flow angle, deg from meridional plane

B relative flow angle, deg from meridional plane

By blade angle, deg from meridional plane

v specific heat ratio

) ratio of inlet total pressure to standard sea-level pressure

AS* incremental boundary layer displacement thickness, m

€ difference between compressor inlet relative flow angle and optimum incidence
angle

€ vaneless diffuser loss coefficient

n total efficiency

An total efficiency decrement

0 ratio of inlet total temperature to standard sea-level temperature

X inducer hub-tip diameter ratio

n dynamic viscosity, N-sec/m2

v kinematic viscosity, mz/sec

p gas density, kg/m3

Q@ flow coefficient

X wall slope or streamline angle, deg from axial

Subscripts:

act actual

AD adiabatic

aero aerodynamic

317



av average
BL blade loading

calc calculated

choke value at choking flow rate
cr critical condition

DES design

DF disk friction
eff effective

eq equivalent
est estimated
exit exit

H hub

HYD hydraulic

i iteration subscript
id ideal

IGV inlet guide vane

INC incidence

is isentropic

L lost

m meridional
max maximum
MF rms

n normal

opt optimum

R rotor

RC recirculation
SF skin friction
SL slip

st stagger

surge  value at surge flow rate
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T tip

u tangential

v vortex

vD vaned diffuser

VLD vaneless diffuser

0 station just upstream of inlet guide vanes
1 impeller inlet upstream of blade

2 impeller inlet just downstream of blade leading edge
3 impeller exit

4 vaned diffuser leading edge

5 vaned diffuser throat

6 vaned diffuser exit

Superscripts:
! absolute total condition

" relative total condition
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APPENDIX B

EQUATIONS

This section presents a more detailed discussion of the method of calculating com-
pressor performance than was presented in the section Method of Analysis.

The equations used in calculating the flow solution through the compressor are listed
here in the approximate order of solution in the FORTRAN program. The known con-
stants are the input fluid state and thermodynamic properties, compressor geometry,
and velocity diagram data. The working fluid properties and state conditions are spe-
cific heat ratio y, inlet total pressure pb, inlet total temperature T, and inlet dy-
namic viscosity based on total conditions pb. The velocity diagram data are compressor
design rotative speed NDES’ the fraction of design rotative speed for which performance
data is desired N/Nppg, the number of values of (V/V cr)o for which performance is to
be calculated, the values of (V/V cr) to be used, and the inducer solid-body swirl angle

0
at the rms diameter Oy MF- The compressor data are inducer inlet hub and tip wall

slopes X1H and Xy inducer inlet hub and tip wall curvatures C1H and ClT’ inducer
inlet tip diameter DlT’ inducer inlet hub-tip diameter ratio 1, inducer~inlet-tip to
impeller -exit diameter ratio DIT/D3’ number of blades at impeller exit (including split-
ters) Z3, impeller blade exit angle (positive opposite to direction of rotation ) ’33b’ im-
peller exit blade height b3, inducer inlet blade angle at the rms diameter BiMFp in-
ducer inlet blockage factor calculated at the rms diameter, vaneless diffuser diameter
ratio D 4 /D3, vaned diffuser setting angle o 4 total vaned diffuser throat area A5,
vaned diffuser area ratio A 6 /A5, and wetted surface friction coefficient Cf. With these
known values compressor performance can be evaluated by the method described.

Calculation of Inlet Velocity Triangles and Compressor Weight Flow

Calculation of the inducer inlet velocity diagrams and weight flow are handled by two
methods depending on whether the inlet is swirl-free or subject to solid-body swirl. For
the swirl cases it is assumed that the inlet guide vanes are located in a constant area
annulus with zero wall slope with respect to the axial direction. The inner and outer
diameters of the annulus are assumed to be equal to the inducer inlet hub and tip diam-
eters. For the swirl-free cases it is assumed that the flow orthogonal can be approxi-
mated by a radial line. These assumptions greatly simplify calculation of the velocities
specified by the general velocity gradient equation.
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Swirl-free inlets. - For compressor configurations with swirl-free inlets the input
value of (V/Vcr) is used as the hub streamline value of V/V or The variation of inlet

velocity with radius is calculated from the general velocity gradient equation simplified
for swirl-free flow. This equation is (in simplified form from ref. 10)

n
f C dn
0

V =V (B1)

m- 'miH €

where leH is the hub absolute velocity, C is the streamline curvature, and n is the
distance along a radius. Streamline curvature and slope at the rms inlet diameter are
approximated by linear interpolation of the input hub and tip values. The integral in the
previous equation is approximated by the trapezoidal rule at the rms diameter and by
Simpson's rule for unequal intervals at the tip. The numerical approximations are

hy
?(C1H+C1MF)
VmiMF = Vin1g © (B2)
and
ho+h,\ [/ by (h0+h1)2 hy
o )|\ hy ) I Thgn, CtmE )
0 1P 1
V1T = Vi © (B3)
where
hg =TymF - T1H (B4)
and
By =TyT - TIMF (B5)

Static densities at the hub, rms, and tip diameters are determined from the inlet total
density and the calculated velocity at each station. Velocity components normal to the
annular inlet plane are calculated using the velocities and streamline angles at the three
stations:
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Voin = Vi1 €08 X (B6)

ml

where ¥ is the streamline angle. Inlet mass flow is then computed using Simpson's
rule for unequal intervals

2
h, +h h h. +h
0*th 1 0*hy
w =27 -—— (pr)lHleHn A — (pr)lMFleMFn
6 h h h
0 o1
hy
+ 12 =)0 rVimyTn (BT)
1

Inlets with solid-body swirl. - For impeller inlets with inlet guide vanes producing
solid-body swirl the equations presented in reference 2 for kinetic energy loss were
iteratively solved for state conditions and velocities downstream of the inlet guide vanes.
Conditions at the rms diameter were assumed to be representative of the flow distribu-
tion at the impeller inlet. The inlet guide vane stagger angle was assumed to be one-
half of the turning angle at the rms diameter; that is,

OIST = (B8)

The inlet guide vane loss coefficient was calculated from the equation

cos a
0.0076 1+ ST (B9)

es =

Using the input value of (V/V cr) as a first approximation to the value of V/V cr down-
0

stream of the inlet guide vanes at the rms diameter, the following equations are solved
iteratively with successive increments in V/V er until continuity checks the calculation
of equation (B7):
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. _PivF
PIMF = RT.
0

. p
PiMF = PiMF (‘;.)

IMF
1/
PIMF = P1MF (f)
IMF
_ T R2 2\{ V
Q= ZDIT(I -2 (V—> Ver €OS oyyp

Cr/AMF

W = Qo) MF

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)
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When continuity is satisfied downstream of the inlet guide vanes, the impeller inlet
velocity triangles are calculated. Combination of the Euler equation with the solid-body
vortex equation and simple radial equilibrium equation shows that the meridional veloc-
ity distribution can be expressed as

_ 2
le = KVm - 2Vul (B20)

Using the value of V/V cr which satisfies continuity downstream of the inlet guide vanes
and the input value of the rms turning angle allows solution of the constant in equa-

tion (B20). The tangential components of the inlet absolute velocity at the hub and tip are
calculated from the vortex condition. Then the hub and tip meridional velocities can be
determined as follows:

V, = Kyt (B21)
where
VvV
Kvu - ulMF (B22)
T{MF

The following general inducer inlet velocity diagram characteristics are calculated
after the particular swirl-free or solid-body swirl calculations are completed:

) 9 2
Vit = \/err +Var (B23)
v
ayp = sin~}{_w1T (B24)
Vit
Wit = Wt = Varr (B25)
W
Byp = tan'1< “1T> (B26)
leT
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2 2
Wi Vit * Warr (B27)
WoiH = “H - VuiH (B28)
W
Bip = tan'l( “1H> (B29)
leH
Wer - Vv w2 (B30)
1H = m1H * Waim
Vo= 4/V2.. 4+ V2 (B31)
IMF = WIMF * VmnIMF
WIMF = WMMF ~ VulMF (B32)
w - ¢/ v2 + W2 (B33)
AMF = mIMF ¥ VaiMF
W
BIMF = ta“-1<———u1MF> (B34)
leMF

The wheel speeds used in the previous equations are obtained from the following input
constants:

N
™ NDES>NDESD1T
Uym = (B35)
1T 60
D
1MF
1T
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where

1.2 2
DyyF = ]/EDIT(I +29) (B38)

Individual Losses

Inlet guide vane loss. - When the inducer inlet velocity diagram characteristics
have been determined by the method described in the section Inlets With Solid-Body
Swirl, the inlet guide vane loss is computed using the equation found in reference 1, sub-~
ject to the assumptions made in reference 3.

Ahy = egKE (B39)

Inducer incidence loss. - The equations developed in reference 4 are used to deter-
mine the optimum inducer incidence angle for incompressible flow. Compressibility
effects are ignored because the incidence loss is evaluated at the rms diameter and com-
pressibility effects are insignificant except at the hub according to reference 4. Using
the input blade blockage factor at the rms diameter the optimum incidence angle is found
by

(1 -BJ)tan B
€= tan"} 177 "IMF (B40)
2
1+ B1 tan® gy g
where
Z.t
Bj=1-—14 (B41)
27T ) M
The optimum relative flow angle is then
Bopt = BIMF ~ € (B42)

and the component of the relative velocity lost is
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The enthalpy loss due to incidence is expressed as

Wy
AhINC = -

2Cp

(B44)

and the total pressure just inside the blade row is

(=)
T2t (B45)

Impeller work and losses. - The impeller exit density is obtained through iteration
of the impeller loss equations and calculated state properties. The enthalpy rise in the
impeller is initially approximated as

PoMF = PIMF ©

Ay = (B46)
and the corresponding impeller exit total temperature is then
Ah
T3est = ——?rSt +1)Th (B47)
Cp 0
The impeller exit density is initially approximated to be
T! 1/ v-1)
3est B
P3 = PIMF (B48)
To

The meridional component of exit absolute velocity is calculated from continuity

' v (B49)

m3
7rp3D3b3
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The tangential component of exit absolute velocity is then

where the slip velocity VSL is calculated by the method of reference 11.

(B51)

The remaining state and flow properties at the exit were calculated from the follow-
ing relations:

2 2
Ugs - u
Yy _ 1A 3 1MF
Ty = T{MF * ——— (B52)
2C
p
Wu3 =ug - Vu3 (B53)
_ 2 2
W3 Vm3 + W\13 (B54)
W3
T, =T, - — (B55)
3 3 20
p
2 2
V3 = Vm3 + Vu3 (B56)
£
T, =T, + — (B57)
3 3 2C
p
The work loss due to blade loading is calculated from the equation
Ahg, = 0.05 D2u’ (B58)
BL : £73

which is given by reference 5. The diffusion factor Df is defined as
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w Knra
D=1 - 3 . BL™aero (B59)
W
T Wir(23 ( _Dir), ,Pir
ug |7 D3 D3

where a value of 0.75 is used for KBL for conventional impellers and a value of 0.6 is
used for impellers with splitters. A parametric study of calculated diffusion factors
with a variation in the number of blades indicated that changing the constant to 0.6 would
compensate for the changing solidity near the exit. The dimensionless actual head is
obtained by dividing the enthalpy rise by the exit blade speed squared

Ah,ero
Yero = 9 (B60)
U3
where
T3
Ahaero = CpTO T—‘— -1 (B61)

0

Impeller disk friction loss is computed using the method of reference 6

p
Ahnv = 0.01356 — 3 u3p2 (B62)
DF 0z 303
wRe™ "’

The Reynolds number in this equation is based on impeller exit dimensions and inlet
total conditions

u,D P
Re = 3 3 1MF (B63)

1

o

Skin friction loss is calculated from the correlation found in reference 5
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L
D 2

3 [W 2
HYD \"3 av
Dg

where the mean flowpath blade length-diameter ratio is expressed as

, - PimF
D3 2 cos Bap

= + (BGG)
Z D

3 3 3 22 2
_ 2 2 3 2 )Y

+ 1+tan® g 1+—

meos By, by g .y 71(1+7\)‘/ 1T( 2)

and the ratio of mean relative velocity -impeller exit velocity is determined by

2 2 2 2 2 2
v D w A% D
Wy _1 m1MF + 1MF + 3 miMF) 1T (B67)
2 D w D

u u u
3y 3 3 1T 3 3

Some studies of the effects of the addition of splitter blades on the impeller flow in-
dicated that the mean channel relative velocity is increased in the splitter region. The
ratio of mean flow path blade length and hydraulic diameter -exit diameter ratio remain
virtually unchanged. Computation of the mean relative velocity ratios for an impeller
both with and without splitters showed that, for splitters, the average relative velocity is
about 14 percent higher than for conventional impellers. This phenomenon is accounted
for by using the constant 7.0 for impellers with splitters and 5.6 for impellers without
splitters.

At this point in the iteration procedure the impeller ideal enthalpy rise is calculated
as follows:
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Ahi q° Ahaero - AhIGV - Ahyye - Ahgp - Ahgy (B68)
Defining the impeller efficiency as
Ah,
ng = —9— (B69)
Ah
aero
the state conditions at the impeller exit are calculated from the relations
-1)
Ny Ah ')’/('Y
Py = Pynp | — e+ 1 (B70)
CpT0
p‘
Py = ——— (BT1)
To\y /b =1)
T3
P3
=2 (B72)
P37 Rt

3

The value of pg obtained from equation (B72) is compared to the value estimated in
equation (B48).

If the values do not compare within 0. 1 percent, the former value is used as a new
approximation and equations (B49) to (B72) are iterated until two consecutive values of
exit density agree within the tolerance specified.

Recirculation loss. - Recirculation of the working fluid from the vaneless space back
into the impeller results in additional work which is lost to the system. Reference 5 ex-
presses this loss as a function of the impeller exit absolute flow angle, impeller diffu-
sion factor, and impeller exit tip speed. The following modified form of the equation of
reference 5 is used to calculate the recirculation loss:

Ahpe = 0.02 ‘/tan ag Dfug (B73)

Vaneless diffuser loss. - Reference 7 developed differential equations relating Mach
number, flow angle, and total temperature to vaneless diffuser radius ratio through the

51



fundamental relations of continuity, equilibrium, heat transfer, and fluid state. These
equations are evaluated at ten equally spaced intervals in the vaneless space. Two iter-
ations of the equations are performed at each station; the first iteration uses the calcu-
lated properties at the point of interest to compute the variation in Mach number and
flow angle to the next point; the second iteration uses the estimated properties of the
downstream point to compute the same variations. The arithmetic average of the two
iterations is then used for the solution.

These equations, simplified for adiabatic flow in a geometrically constant depth
radial passage are

9 -2<1+7'1M2) e p)
1 dM“ _ 2 oM2 -tan? o) —— + L 4B _sec” o (B74)

M2 dE Mz-secza B cos o Bdlz R
and
1 dtana sec2 o 2 £ 1 dB M2
— = 1+(’)’-1)M —_—t —- — - — (B75)
where
C,r
g=_L£3 (B76)
bs
R-L (B77)
s
B=2 (B78)
b3

The schedule of effective passage depth is determined by boundary layer displace-
ment thickness growth on the end walls. The end walls in the vaneless diffuser are as-
sumed to be parallel and have a spacing equal to the impeller exit blade height. The
flow pattern between the end walls is approximated as a log spiral between adjacent cal-
culation stations. With these assumptions the incremental flow path length is
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r, AR
AS = (B79)
cos o
and the incremental boundary layer displacement thickness is
0.2
0.2(Va
Ad* =0.037S "9 — AS (B80)
v
where
n
S = Z A8, (B81)
i=1
The effective passage depth is
2 Ad*
Bi+1 = Bi - - (B82)
3
and
AB = Bi - Bi+1 (B83)

Loss the total pressure in the vaneless space is computed from the following equa-
tion derived in reference 4:

R — —
M3 2 £ RdR
a' 1
1 vCy T34 P

—— +

P, CoS aq b a
o)t )
2 3\P /3

The integral in equation (B84) is determined by numerical methods. Vaned diffuser
leading edge static pressure is calculated from the isentropic relation using the total
pressure obtained from equation (B84) and the Mach number obtained from the distribu-
tion prescribed by equation (B74)

(B84)
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Py

Py = (B85)

Ly 1,2/

9 4
Vaneless diffuser loss is then determined by
p o -1) Ay -4

-c .1y (-2 P4 (B86)

Shypp = CpTs| | -\

Py P3

Vaned diffuser loss. - Vaned diffuser performance is predicted by use of the test
data reported in reference 8. Lines of maximum pressure recovery coefficient at a
given area ratio were estimated from the performance maps reported for single plane
divergence diffusers with square throats. The component of the vaned diffuser leading
edge Mach number parallel to the vane setting angle is used as the throat Mach number.
A loss in total pressure associated with this incidence is calculated holding static pres-
sure constant between the leading edge and throat. The throat blockage is estimated
from the displacement thickness growth on the vaneless diffuser end walls. Using these
conditions of throat Mach number, total pressure, and blockage the pressure recovery

of the vaned diffuser is extrapolated for the specified geometric area ratio. Vaned dif-
fuser exit static pressure is then calculated from the relation

_o¥*, .,
pg = Cp (B5 - P5) + Py (B87)

The exit total pressure and velocity are determined by trial and error using esti-
mated values of exit critical velocity ratio. The total pressure at the vaned diffuser
throat is assumed to be constant across the free-stream area outside the boundary layer
displacement thickness. The total pressure and velocity at the vaned diffuser exit are
calculated assuming full flow across the geometric area. Starting with a low value of
(V /v cr) the lower estimate of exit total pressure is expressed as

6
P
P = 6 (B88)
27//(7/-1)
1-Y= 1/V
v+ 1\V
ch
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and the higher estimate is

oV
' P;
P'Ver 5 5
pé SR A — (B89)
p'V
cr/g
where
pV_ | - w (B90)
P'Ver p'5(vcr> AgBg
5 5
Equations (B88) and (B89) are solved using increasing values of (V/V cr) until conver-
6
gence is achieved. The vaned diffuser loss is then calculated from the relation
o -1 4 p o-DA
Ahy = C.Ty| (8 - (8 (B91)
VD "~ “Yp 3| |+ -
p6 Pg

Efficiency decrements. - Decrements in efficiency caused by the individual losses
are obtained from the following equations:

Ah
Mgy = — (B92)
Ahact
2hmve (B93)

ATI =
INC
Ah
act

Ah
ATIBL = BL (B94)
Ahact
Ah
SF
Angp = (B95)
SF Ahact
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DF
Ahact
Ah
Mo = —C (B97)
C an
act
Ah
A . __VLD (B98)
VLD Ah
act
Ah
Ay = —2 (B99)
VD Ah
act
where
Ah, et = Ahyero + Ahge + Ahpp (B100)
Overall efficiency. - The overall total efficiency is calculated as follows:
b ero = Bhygy + Ahpye + Ahgy 4 Ahgp + Ahyy 1y + Ahyp) (B101)
MAD =

Ahaero + AhRC + AhDF
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