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1.0 INTRODUCTION

The NASA Lewis Research Center employs a general computer program NNEP (Ref.1)
for calculating the thermodynamic performance of jet propulsion engines. To calculate
off-design engine performance, the NNEP user must input component maps defining the
characteristics of the various components over their full range of operating con-

ditions.

For early cycle analysis of advanced propulsion systems, these map characteris-
tics are not generally known because the geometry of the component has not been
specified. Furthermore, the typical user of NNEP is not sufficiently knowledge-
able and/or cannot afford the time to do an extensive design followed by an off-design
analysis of the component in question to define the map characteristics. Typically,

in this early stage, the user scales some available map.

The available methods for scaling maps can lead to significant errors in com-
ponent representations. A traditional method of scaling a compressor map retains the
flow speed relation of the base map and applies a constant pressure rise scalar cal-
culated at the design point. Size scaling is, of course, legitimate. The accuracy of
such a procedure can be considerably improved by using parametrically generated com-
ponent maps. A parametric component representation can be thought of as a scaling pro-
cedure which uses the key design point parameters to impact the fundamental differences

in the map characteristics when generating the component maps.

The objective of the present study is an improved method of representing single
stage flow modulating fans and/or compressors of either the axial or centrifugal types
when performing calculations of off-design performance for advanced air-breathing jet
engines. The axial flow machines include flow modulation through either variable inlet
guide vanes (VIGV) or variable rotor pitch (VPF). The centrifugal compressors include
only the variable inlet guide vane (VIGV) option. This method, which is a computer pro-
gram called MODFAN (i.e., flow modulating fan) is compatible in both form and format
with the cycle program of Reference 1 and the example map representation of Reference

2.

This report is a user's manual for the computer program MODFAN and contains a
description of the input-output data, values of typicel inputs, and sample cases. A
brief description of the engineering analysis used to generate a program is given near

the end of the report. 1



The program uses design point data and semi-empirical correlations to
generate off-design values of corrected flow,efficiency, and pressure ratio over a
range of blade angles, corrected speeds, and pressure ratio parameters specified

by the user.



2.0 PROGRAM STRUCTURE

A flow chart showing the flow of control in the MODFAN program is shown in
Figure 1. The program first displays a description of the design point variables
together with the default values. The user can then change the default values as
desired. The input is then checked and the updated input displayed. This completes
the input phase of the program. The design point calculations are then carried out.
These calculations determine the blade row overall geometries from the design

point input.

Once the design point calculations have been completed, the off-design calcula-
tion can begin. The calculations for each of the desired angles, speeds, and *R values
are carried out in a set of nested DO loops. For each angle and speed, the min-loss
point (i.e., the map backbone) is first located. Then the values of work coefficient
both at stall and at a pressure ratio of unity are determined. These values of work
coefficient form the upper and lower limits of the speed line. The R values are then
converted into equivalent work coefficient values, and the fan characteristics
determined. When the inner or R DO loop is completed the speed is incremented and the

calculation repeated: when all speeds are completed, the angle is incremented.

After the off-design calculation has been completed, MODFAN writes the three

data sets required for the computer program NNEP input.

*R is a measure of the relative distance along a speed line starting from R=1 at
stall.



READ INPUT

.

PROCESS INPUT

l

**  DESIGN POINT CALC. **

CALL DESPTX
CALL STALLX (IDES=1)

il

Fekx OFF-DESIGN CALC.  ***
(For all angles, speeds, and R values)
DO I =1, NANGIT
DO J = 1, NSPDS

CALL MINLOS
CALL STALLX (IDES=0)
CALL PRCHOP

DO K= 1, NR
CALL STAGEX

CONTINUE
CONTINUE

CONTINUE

‘1 ‘ Flow

WRITE NASA OUTPUT j EFF
CALL WGTOPX PR

FIGURE 1. FLOW CHART SHOWING FLOW OF CONTROL IN MODFAN




3.0 PROGRAM INPUTS

Most of the MODFAN inputs are of the free-field format (NAMELIST) type, and
begin in column two. The only exception is the initial type switch which requires
either a 1 or 0 as a response. The program first gives a brief description of the
variables used in the NAMELIST INPUT. The default settings of these variables are
then displayed. The user can then enter changes in the design point values and/or
the range of angle settings, speeds, and R values desired. If the user wishes the
program to generate a value for the design point efficiency, a zero value should be
input for EFFD. The program will then echo the updated NAMELIST and go into exe-
cution. Upon completion, the program will display a message to the effect that the
NASA output files have been written on file codes 30, 31, and 32.

A sample of this showing the terminal conversation is shown in Figure 2 .

This example is for a axial flow fan having fixed geometry. Note that all of the
design point values have been reset as well as the range of inlet guide vane angles
and corrected speeds. The range of R values has not been altered. The R values are
used to fix a point on a speed line. The R value is unity at the stall line and in-
creases along a constant speed line as the flow increases. The algorithm used in
MODFAN forces a value of R equal to two at the min-loss point which is slightly
below the peak efficiency on the speed line. The concept of min-loss is discussed

in detail in Reference 3 .

The fan map generated by the program from the input values given in Figure 2
is shown in Figure 3. The locus of the R=1 and R=2 lines have been indicated on

the figure.
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DESCRIPTION OF INPUT VARIABLES IN MODFAN PROGRAM
(NAMELIST INPUT}

ITYPE=1 VIGYV
ITYPE=2 VPFINO IGY )

DESIGN POINT VALUES OF:

PQPD PRESSURE RATIO(TOTAL-TO-TOTAL)

EFFD ADIABATIC EFFICIENCY(TOTAL~-TO TOTAL)

w10 INLET CORRECTED FLOW

PSID ROTOR EXIT MERIDIONAL LOADING(2GJ*DH/U2=*2)
WQA1D INLET CORRECTED FLOW PER UNIT AREA

XMZ2D MERIDIONAL MACH NO AT ROTOR EXIT

SMD CONSTANT SPEED STALL MARGIN(PERCENT)

STP1D IGV METAL ANGLE

GEOMETRY SPECIFICATIONS

A3QA2 STATOR INLET TO ROTOR EXIT AREA RATIO
RRAT INLET HUB TQ TIP RADIUS RATIO
ROQI RATIO OF ROTOR EXIT TO INLET RADII (MERIDIONAL LINE)

MAP RANGE (ARRAY VALUES MUST BE IN ASCENDING ORDER)

NR NO OF R VALUES TO BE CALCULATED
AR ARRAY OF R VALUES(1=STALL,2=MIN-LOSS)
NSPDS NO OF SPEED LINES
APCNC ARRAY OF SPEEDS (DECIMAL PERCENT)
NSTP1 NO OF IQV SETTINGS
ASTP1 ARRAY OF IGV ANGLES(-12 TO 48 DEG)
NROT1 NO OF ROTOR PITCH SETTINGS
AROT1 ARRAY OF ROTOR PITCH ANGLES( -5 TO § DEG)
NAMELIST INPUT
ITYPE = 1,
PQPD = 1.6559, EFFD = p.8349,
wiD = 223.89089, PSID = 0.8226,
WQAID = 41.97082, XMZ2D0 = g.45292,
SMD - 14.10082, STPID = a. '
A3QA2 = #.9609, RRAT = #.5822,
ROQI = 1.9998,
NR =- 11
AR(1I) =
1 1.0888, 1.2008, 1.4008, 1.6088,
5 1.82049, 2.9988, 2.20498, 2.4909,
9 2.6904, 2.8099, 3.0634,

Figure 2. MODFAN Sample Terminal Conversation.



NSPDS = 6

APCNC(I}) =
1 8.5828, 8.7288,
] 1.2829, 1.1229,
NSTP1 = 3
ASTPI(I) =
1 a. ’ 27.90488,
NROT1 = a

AROTI(I) =
1 a. ’

END NAMELIST INPUT

ENTER CHANGES TO NAMELIST INPUT

=SINPUT NSTP1/ASTP1=98.49,

g.89049,

9.99989,

49 .90R8,

=PQPD=1.62,EFFD=.84,WQA1D=45.9.W10=219.2,PS10=.863,

=XMZ20D=.5,5MD=29.9,STP1D=0.0,A3QA2=1.

=NSPDS/APCNC=.5,.7,.9,1.8,1.1,
=3

P25 ,RRAT=.5,R0QI=1.9,

NAMELIST INPUT

ITYPE = 1,

PQPD = 1.62889, EFFD = B.8429,

wiD = 219.2098, PSID = 2.8634,

WCA1lD = 49.980273, XMZ2D = 2.5989,

SMD = 20.20808, STP1D = 8. '

A3QAZ = 1.9524, RRAT = B.5098,

ROQI = 1.0904,

NR - 11

AR(1) -
1 1.90009, 1.2009, 1.43908, 1.6000,
5 1.8084, 2.9069, 2.2089, 2.4099,
9 2.6292, 2.8008, 3.0080,

NSPDS = -]

APCNC(I) =
1 g.5409, 2.7028, #.98428, 1.9808,
S 1.1028,

NSTPl = l

ASTPI(I) =
1 g. .

NROT1 = g

AROTI(I) =
1 g. '

END NAMELIST INPUT

OUTPUT ON IFC=384,31,32
PROGRAM COMPLETE &

Figure 2. MODFAN Sample Terminal

Conversation (Continued).
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4.0 PROGRAM OUTPUTS

The basic output from the program consists of three tables. These tables
show the variation in corrected flow, efficiency, and pressure ratio for each of
the vane or rotor angles, R-values, and corrected speeds specified in the input.

The output tables for the default cases are shown on pages 15 thru 17 and 20 thru
22. The table structure is compatible with NASA cycle deck requirements given in

Reference 2 (pages 23 and 24).

The output tables can be visualized as three dimensional, composed of a
series of planes with each plane assigned a value of angle position, STP1 or ROT1.
Then in each angle plane, the dependent variable (ordinate axis) is a function of
corrected speed, SPED, and R value. The dependent variables are respectively

corrected flow, total-to-total efficiency, and pressure ratio.

For example, in the output table on page 20 the 12 lines of the dependent
variable correspond to the 6 values of corrected speed, two lines per speed. Within

each speed there are 11 R values.

It should be noted that for pressure ratios less than unity the efficiency is
negative. These efficiency values are not incorrect, however, the efficiency be-
havior in this region makes curve fitting and interpolation of efficiency values
extremely difficult, For this reason many engine manufactures use some form of locus
or temperature ratio parameter rather than efficiency for interpolation. The solution
used here was to simply discard the information below unity pressure ratio and to
display the solution for unity pressure ratio for all values of R at which the
pressure ratio is less than unity. This means that identical values of pressure ratio
(PR=1.0), flow and efficiency (EFF=0.0) will appear in the output table on any speed

line where the value of R results in a pressure ratio less than unity.
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5.0 PROGRAM DIAGNOSTICS

The MODFAN computer program contains error printouts to aid the user in
trouble shooting. A list of the error messages and their meaning are given

below.

ERROR IN SUBROUTINE MINLOS.
PCN = F7.3, STP1 = F7.3, ROT1 = F7.3, ERR = F7.4

Failure to find the min-loss or "backbone location"”
at the input corrected speed and angle. The rotor
is not choked.

ERROR IN SUBROUTINE ROTORC
TANAl = F7.3, PCN = F7.3, PSI2J = F7.3, ERR = F7.4

Failure in the Newton-Raphson loop which solve the
continuity equation across the rotor for the case
where the rotor is choked.

NO STALL INTERSECTION FOUND: PCN = F7.2

Failure in the STALLX Subroutine. No stall intersection
found at the specified speed and y¥>2.



There are three iterations in the program which are balanced using the Method
of False Position. This method is contained in the subroutine QIREXX. A maximum of
25 passes is allowed for any single iteration to balance. If the iteration Aoes not
balance within the specified tolerance the error message shown below will printout

with the number of the offending iteration in the I5 format field.

QIRE CTR ERROR - - (CALLING LINE = I5)
QIRE CALLING
LOOP ROUTINE COMMENTS
1 MINLOS Calculation of Min-Loss or "Backbone"

location at the input corrected speed
and angle with Rotor choked.

2 STALLX Calculation of the intersection of
speed line and stall line (R=1),

3 PRCHOP Calculation of the corrected flow at
unity pressure ratio.

11



6.0 EXAMPLE CASES

Two example cases are given in order to illustrate the use of the program.
The first case utilizes the default settings to generate a single stage fan having
variable inlet guide vanes (VIGV). The second case uses the default settings to

generate a single stage fixed geometry centrifugal compressor.

A complete record of the two terminal sessions including a listing of the
output tables is given on the following pages. The program inputs and outputs have

been discussed previously in Sections 3.0 and 4.0.

12
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DESCRIPTION OF INPUT VARIABLES IN MODFAN PROGRAM

(NAMELIST INPUT)

ITYPE=] vIiGy
ITYPE=2 VPF{NO IGV )

DESIGN POINT VALUES OF:

PQPD PRESSURE RATIO(TOTAL-TO-TOTAL)

EFFD ADIABATIC EFFICIENCY(TOTAL-TO TOTAL)

W10 INLET CORRECTED FLOW

PSID ROTOR EXIT MERIDIONAL LOADING(2GJ*DH/U2**2)
WQA1LD INLET CORRECTED FLOW PER UNIT AREA

XMZ2D MERIDIONAL MACH NO AT ROTOR EXIT

SMD CONSTANT SPEED STALL MARGIN(PERCENT)

STP1D IGV METAL ANGLE

GEOMETRY SPECIFICATIONS

A3QA2Z STATOR INLET TO ROTOR EXIT AREA RATIOQ
RRAT INLET HUB TO TIP RADIUS RATIO
ROQI RATIO OF ROTOR EXIT TO INLET RADII (MERIDIONAL LINE)

MAP RANGE (ARRAY VALUES MUST BE IN ASCENDING ORDER)

NR NO OF R VALUES TO BE CALCULATED
AR ARRAY OF R VALUES(1=STALL,2=MIN-LOSS)
NSPDS NO OF SPEED LINES
APCNC ARRAY OF SPEEDS (DECIMAL PERCENT)
NSTP1 NO OF IGV SETTINGS
ASTP1 ARRAY OF IGV ANGLES(-19 TO 44 DEG)
NROT! NO OF ROTOR PITCH SETTINGS
AROT1 ARRAY OF ROTOR PITCH ANGLES( -5 TO 5 DEG)
NAMELIST INPUT
ITYPE = 1,
PQPD = 1.65549, EFFD = 2.8341%,
wip = 223.89989, PSID = 2.8226,
WQALlD = 41.9798, XMZ2D = 7.450%,
SMD = 14.1090, STPID = Q. )
A3QA2 = B.96409, RRAT = 2.5089,
ROQI = 1.0008,
NR - 11
AR(ID) =
1 1.0008, 1.2909, 1.4099, 1.6908,
5 1.8020, 2.0202, 2.2999, 2.4200,
9 2.60098, 2.82040, 3.49988,
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NSPODS = 6
APCNC(1): =
1 2.5088, 8.73829, a.8904,
5 1.2888, 1.1099,
NSTP] = 3
ASTPI(]I) =
1 g. ' 29.2948%, 48.9994,
NROT1 = 2
AROTI(I) =
1 . ’
END NAMELIST INPUT

ENTER CHANGES TO NAMELIST INPUT
=SINPUTS

NAMELIST INPUT
ITYPE = 1,
PQPD = 1.655%, EFFD =
wiD = 223.890049, PSID =
WQAL1D = 41.97489, XMZ2D =
SMD = 14.10249, STP1D =
A3QA2 = 9.9649, RRAT =
ROQI = 1.9894,
NR = 11
ARCI) -
1 1.0009, 1.2089,
5 1.890049, 2.904889,
9 2.6097, 2.8084,
NSPDS = 6
APCNC(I) =
1 g.5808, B.7083,
S 1.2908, 1.1244,
NSTP1 = 3
ASTPI(I) =
1 2. ’ 29.9084989,
NROT! = 9
AROTI(I) =
1 8. ’
END NAMELIST INPUT

OUTPUT ON IFC=390,31,32
PROGRAM COMPLETE &

g.8349,
7.8226,
2.4548,
g. '
9.500%,

1.4209,
2.2804,
3.8999,

#.8004a,

49.9999,

{

9.9998%,

1.6009,
2.40498,

9.984d89,



1001 P-FAN FLOW VS. R, SPFFD, AMD ANGL

STP1 3 0.0 20.000 AUV, 000
SPED 6 0.500 0.700 N. 6800 0. 900 1.000 1.100

R 11 1. 000 1.200 1.400 1.0:0.0 1.810 2.0060 2.200
R 1T 2. 400 2. 6h0 . OO0 3. 0un

FLOW 11 93.3197 1N0. 0060 'N: 2719 1151715 121.6018 127.502G  132.6R90
FLOW 11 136. 8715 1%3.6807 1% LBOY 138,630/

FLOW 11 140 D116 147.5968 170, 5,/0  1EO w1 166.5290 171.3347 174,852

FLOW 11 T76.5082 176.71°8 1/0..020 T/60 710

FLOW 11 164.2182 170.0L422  17G.2OGA 82 2423 186,8874 190.7852 193.3546
FLOW 11 194.0171 194.0171Y 134,017 121,017

FLOW 11 187.6732 102. .20 V59, . 33144 #0171 74 205, 3710 203 13806 210. 3036
FLOW 11 — 210. 7646 210.7C16G 210 /645 10,716

FLOW 11 209.77V7 213.2176 2.6.50.. ?173.17063  221.6648 2°3.8120 225.3357
FLOW 11 225%.94%0 2%5.9450 2% SN 20150450

FLOW 11 227,494 229.7C37 23187223 .. 7W8  £35.%5316 #37.0652 238.2061
FLOW t1 236.97185 73%.13%a :36.1374 2.9 1321

SPLD 6 0.%00 0.700 U. 30 0. 300 1.000 1.100

R 1 1.000 1.200 1.400 1.6n0 1.800 2.000 2.200
R &l 2.400 2. 600 2 ann 3.0

FLOW 11 79.0008 = 35..0,7'5 1. 9127 97.6371  103.5341 108, 7800 113.5039
FLOW 11 117.5L50  120.9125  j2i.872. 121.877%

FilLow 11 117.5362 124. 0625 (71,2006 157.2%43 142.7091 147.47e2 151,2191
FLAW 11 153.5704  154.10632  1°. 1. 4761 1544761

FLOW 11 137.4.97 144, 2,08  [50_45/74 15C 0514  160. 6605 145 1433 168, 1275
FLOW 11 169.4122 169.1611  1F4. 4611 165.46: 1

FLOW 11 157..0%62 161.5344 1CU 0sN2 173 863 178.0440 161.5134 183.7331
FLOW 11 184.2108 134.2108  1714.2108  181.2108

FLOW 11 176.8737 181.9057 108G 4078 1.7.3420 193. 67185 196.4565 198, 1221
FLOW 11 19€.3105  198.33105 1413 3605 1945, 30058

FLOW 11 195.7194 199.74363 202 L4677 205 4047 207.8334  209.8586  211.1310
FLOW 1) 211,337 21).14/39 2113733 _211.5733

SPED 6 0. 500 0.700 a. (00 0.900 1.000 1.100

R 1 1.000 1.200 1.400 1.€00 1.800 2.000 2.200
R 1 2.400 2.600 2.800 3,000

FLOW 11 67.3477 72 8435 v 7.,.10246 83.18%4 A7.9807 02 1795 96.6033
Fiow ti 100.2/090 103.4467 105 4111 105. 4111

FLOW 1} 98.8U77 10..0914 110,493 116.2320 121.1199  1:5.4542 129.0222
FLOW 11 131.5302 132.078% 1L 48 113 40806

FLOW 11 LIS, 1530 121, 2962 1 s, G40 1A Nehhye  1536.617%  110.34%37 143, %5455
FLOW 11 145.2C62 145 . LR35 115 .€.37F 115.C30 5

FLOW 11 131.2371  137.0/71 142 3642 1.17.0791  151.1219  154.5567 156.0238
FLOW 11 187.7993 157 7633 1%7.7992 157.7.)3

FLOW 11 147.0756 152, 41727 1 . S92 151.0715%  167.5337  167.3703___169.1323
FLOW 1) 169.4217 1694217 16V A217 160,477

FLOW 11 162.3147 166.7025 170.* 357 174. 8736 176.6800 173.9214 180.1747
FLOW 11 180.2639 180.2639 140 2631 1bL0. 2339
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1002 P-FAN EFF VS. R, SP D, AND ANGL

STPY 3 0.0 20.000 an . oo
SPED 6 0.500 0.700 0. 800 0.900 1.000 1.100
R 11 1.000 1..'00 1. 100 1. L0 1.800 2.000 2.200
R (1 2.400 2. 600 3. 500 3. 000
EFF 11 0.7794 0.8141 . ea1e 0. 8205 0.73a3 0.7017 0.5379
€FF 1 0.21419 Q. 0006 U. OGS o, NUNG
eFF 1) 0. 8.'30 0. 1111 n R 0.8'1) 0.8302 0.7358 0.7100
EFF 1 0.5902 0. 47273 0. 2070 0.3
EFF 1) 0.83u5% 0.3515 0. 3592 0, 8520 0.e460 0.8205 0.7785
EFF 11 0.7178 0.6502 . 3000 0,403
EFF 11 0.8418 0.8515 0.6370 0.an77 0.8%5°9 0.8416 0.8231
EFF 11 0.7976 0.77¢3 u. 72410 0.7075
EFF 1N 0. 8300 0.83%0 n.8L81 0. 8300 0.8377 0.83410 0.8277
EFF 11 0.8186 0.8101 0.L0114 0.7913
EFF__ 11 0. 74960 0.786 0. £Nng 0.8(:13 0.8013 0.8003 0.7984
EFF 11 0.79%% 0.7915 0.76U2 0.7878
SPED 6 0.5%00 0. 700 0.tLNo 0.570 1.000 1.100
R 11 1.000 .200 1.400 1.600 1.690 2.000 2.200
R 11 2.400 2. 600 2.800 3. 00u )
EFF 11 0. 7633 0.8122 0. 8%02 0.87¢9 0.8735 0.8102 0.753%
EFF 1 0.5741 Q.2127 0.0149 V.0t149
EFF 11 0. 7997 0.83%6 N. 864 0.8502 0.8822 0.8634 0.8157
EFF__ 11 0.726% 0.574) 0. 5708 0.11¢0
EFF 11 0.6106 0. 2405 0.8637 0.8782 0.8814 0,.8684 0.8380
EFF 1 0.7809 0.7Vv77 0. R3U2 9. 5066
EFF 11 0.8149 0.8383 0. 8565 0.80682 0.8719 0. 8655 0.8470
EFY 11 0.8190 0. 7904 0, 7500 0. 6345%
EFF 11 0.68105 0.827% 0. 8408 0.08497 0.A53S 0.8311 0.8419
EFF 11 0.08299 0.8160 (. 8017 0.7860:2
EFF 11 0.7963 0.8067 0.8118 0,825 0.8234 0.8231 0.8196
EFF 11 0.3148 0.8116 0. 807V 0 8007
SPED 6 0.500 0.700 0. 600 0.900 1.000 1.100
R 1R ] 1.000 1.200 1.400 1.600 1.800 2.000 2.200
R 11 2.400 2.t.00 2.600 3.000
EFF 11 0.7217 0.7/36 0. 81723 0.6511 0.8681 0.850% 0.08098
EFF 11 0.6874 0.1155 n.0126 0.016
EFF 11 0.7491 0.7901 n.8240 0.8%10 0.8647 0.3860% 0. 8305
EFF 11 0.7626 0.G316 0.4393 0.2179
EFF__11 0. 7554 Q.7910 0.8°:u9 0.3133 Q. 85453 0.8528 0.8308
EFF 1) 0.7876 0.7.:54 0.:R5P2 0.5511
EFF 11 0. 755 0.7857 0 8110 n._8;79 0.8102 0.0300 0.8237
EFF 1) 0.7924 0.7709 0 7375 0.63.0
EFr 11 0,.21492 Q. 7716 0, 79n% 0. 809N 0.8173 0.8170 0.807)
EFF 1 0.7348 0.7019 N, 7666 0.74¢9
EFF 11 0.7350 0.7%34 0. /685 0.779% 0.7856 0.7856 0.7796
EFF 11 0.7754 0.7707 V. 7626 0.7%0)
EOT
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1003 P FAN PR VS. R, SPEFD, AMD ANCL
STP1 3 0.0 20. 000 1, NG00
SPED 6 0.500 0.700 0. &6 0.9nn 1.000 1.100
R 11 1.000 1.200 1.400 1. 600 1.300 2.000) 2.200
R [ 2.400 2. 600 2. 800 5. Unu
I’R 11 1.15067 1.1486 1.1364 1.1701 1.0998 1.07%3 1.04862
FR 1 1.01vS 1. 0000 1.00a00 1.0000
PR 11 1.0037 1.3070 1.20013 1.208/7 1.227% 1.1990D 1.1526
PR 11 1.1097 1.06/3 1.006) 1.0503
PR 1M 1.4397 1.1197 1. 34151 1.361 1.33729 1.2958 1.25561
PR 1" 1.2119 1.1714 1.1304 1.05%°3
PR 11 1.5694 1.5C.8 1.5 141 1.9510.0 1.48%0 1.4507 1.4136
PR 11 1.3749% 1.3250 1.3900) 1.7625
PR 1M 1.7698 1.7%10 1.7301 1.706/,0 1.6820 1.6550 1.6262
PR 1 1.5958 1.5667 1.3383 1.0007
PR 11 1.9818 1.8664 1.9.197 1.9%18 1.9127 1.807%4 1.8709
PR 11 1.8188 1.8251 1.8041 1.7832
SPED 6 0.%00 0.700 0. 600 0. 900 1.000 1.100
R " 1.000 1.200 1.400 1.600 1.800 2.000 2.200
R 11 2.410 2.600 2.800 3. 000
PR 11 1.1487 1.1430 1.133%36 1.1207 1.104% 1.0851 1.0627
PR 11 1.0378 1.0104 1.0005 1.0006
PR M 1.3000 1..864 1.2680 1.2451 1.2178 1.1866 1.1520
PR 11 1.11.18 1,07L5 1.01%¢ 1. 008
PR 1 1.3996 1.3817 1.3%88 1.3313 1.2994 1.2631 1.2249
PR 1M 1.1836 1.1467 1.1105 1.0736
PR 1 1.5162 1.4944 1.4681 1.4371 1.4076 1.3642 1.3234
PR 11 1.2833 1.72462 1.2084 1.1/700
PR 1 1.6%5.10 1.62)8 1.6017 1.5700 1.5350 1.4938 1.4570°
PR 1 1.4192 1.3824 1.3470 1.310V1%
PR 11 1.8091 1.78149 1.7500 1.72°5 1.6906G9 1.6631) 1.6284
PR 11 1.59%5 1.5670 1.9%3472 1.502%
SPED 6 0.5n0 0.700 0.800 0.900 1.000 1.100
R 1 1.000 1.200 1.400 1.600 1.800 2.000 2.200
R 11 2.400 2.600 7.300 3.000
PR 11 1.1360 1.1310 1. 1230 1.1121 1.0802 1,0816 1.0626
PR 1M 1.0414 1.0182 1.0004 1.0N)A4
PR 11 1.2037 1.2577 1.7211IR 1.220% 1.1965 1.1687 1.130801
PR 11 1.1059 1.0721 1.004a9 1.015N
PR 11 1.3578 1.3363 1. 3152 1.£2-97 1.2503 1.2273 1.192
PR 1" 1.1558 1.1220 1.0038 1.0647
PR 11 1.4470 1.42%8 1.4000 1.369 1.33%9 1.2986 1.2596
PR 1M 1.2214 1.190% 1.1508 1.12641
ER 11 1.95Q-1 1,510 1. 45951 1.4G173 1.4241 1.3839 1.3431
PR 119 1.3074 1.274G 1.24C9 1.2046
PR 11 1.6604 1.6316 1.5u491 1.5133 1.%52/18 1.4828 1.4433
PR " 1.4096 1.3767 1.34732 1.9791
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saassaananawpARAMETRIC FLOW MODULATING FAN®®wessawsana
‘M.O.D'F'A'N'

AXIAL OR CENT COMPRESSOR? 1=CENT;# OR CR=AXIAL

=1

DESCRIPTION OF INPUT VARIABLES IN MODFAN PROGRAM
(NAMELIST INPUT)

ITYPE=] vigv
ITYPE=2 VPF(NO IGV )

DESIGN POINT VALUES OF:

PQPD PRESSURE RATIO(TOTAL-TO-TOTAL)}

EFFD ADIABATIC EFFICIENCY(TOTAL-TC TOTAL)

w10 INLET CORRECTED FLOW

PSID ROTOR EXIT MERIDIONAL LOADING(2GJ*DH/U2%*2)
WQA1D INLET CORRECTED FLOW PER UNIT AREA

XMZ20 MERIDIONAL MACH NO AT ROTOR EXIT

SMOD CONSTANT SPEED STALL MARGIN(PERCENT)

STP1D IGV METAL ANGLE

GEOMETRY SPECIFICATIONS

A3QA2 STATOR INLET TO ROTOR EXIT AREA RATIO
RRAT INLET HUB TO TIP RADIUS RATIO
ROQ! RATIO OF ROTOR EXIT TO INLET RADII (MERIDIONAL LINE)

MAP RANGE (ARRAY VALUES MUST BE IN ASCENDING ORDER)

NR NO OF R VALUES TO BE CALCULATED
AR ARRAY OF R VALUES(1=STALL,2=MIN-LOSS)
NSPDS NO OF SPEED LINES
APCNC ARRAY OF SPEEDS (DECIMAL PERCENT)
NSTP1 NO OF IGV SETTINGS
ASTP1 ARRAY OF 1GV ANGLES(-14 TO 42 DEG)
NROT1 NO OF ROTOR PITCH SETTINGS
AROT1 ARRAY OF ROTOR PITCH ANGLES( -5 TO 5 DEG!
NAMELIST INPUT
ITYPE = 1,
PQPD = 4.39949, EFFD = 2.76049,
wiD = §.50894, PSID = 1.8164,
WAALID = 35.31040, XMZ2D = 2.29549,
SMD = 12.0008, STP1D = 7. '
A3QA2 = 1.4504, RRAT = 2.2758,
RCOQI = 2.83949,
NR = 11
AR( D) -
1 1.9209, 1.2904, 1.4089, 1.68099,
5 1.80072, 2.20208, 2.2348, 2.4209,
9 2.6249, 2.800859, 3.99389,



NSPDS =
APCNC(1) =

1 A.5238,

S
NSTP]l =
ASTP1(1) =

g.7929,
1.9389, 1.198988,

1

1 . ,

NROT1 =
AROTI(I) =

1
END NAMELIST
ENTER CHANGES

2

. ’
INPUT
TO NAMELIST INPUT

=$INPUTS
NAMELIST INPUT
ITYPE = 1,
PAPD = 4.3009, EFFDO =
wiD = 5.5009, PSID =
WQALD = 35.31292, XMZ20 =
SMD - 18.80249, STP1ID =
A3QA2 = 1.0529, RRAT =
ROQI = 2.8329,
NR = 11
AR(I) -
1 1.0829, 1.2008,
5 1.8008, 2.40004,
-9 2.6008, 2.890%,
NSPDS = 6
APCNC(I) =
1 #.%5299, B8.7829,
5 1.90089, 1.19909,
NSTPL = 1
ASTP1(1) =
l B. 9
NROT1 = 2
AROTI(I) =
1 a. '
END NAMELIST INPUT

QUTPUT ON IFC=39,31,32
PROGRAM COMPLETE &

8.7608,
1.8164,
g.29548,

@.27549,

2.8284,

1.4908,
2.2900829,
3.94994,

2.8209,

2.9998,

1.6909,
2.4094,

9.99249,

19
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P-FAN FLOW VS. R, SPEED, AND ANGL

1001
STP1 1 0.0
SPED 6 0.500 0.700 0.800 0.900 1.000 1.100
R 11 1.000 1.200 1.400 1.600 . 800 2. 000 2.200
R 11 2.400 2.600 . 800 3.000
FLOW 11 2.1464 2.2372 2.23270 2.41%6 2.5029 .58 2.6730
FLOW 11 2.7553 2.8353 2.9135 2.9L91
FLOW 11 3.2070 3.5132 3.4175 3.5198 . 6200 3.71380 3.8127
FLOW 11 3.9032 3.9892 4.0706 4.1469
FLOW 11 3.7912 3.8982 4.0033 4.1062 4.2069 4.3051 4.3997
FLOW 11 4.4892 4.5732 4.6%17 4.7243
FLOW 11 4.4077 4.5106 41.6116 4.710% 4.8073 4. 9017 4.9924
FLOW 11 5.0777 5.1572 $5.2308 5.2982
FLOW 11 5.0481% 5.1420 5.2542 5.3716 5.4132 5.4909 5.5831
FLOW 11 5.6611 5.7337 $. 8008 S. 3620
FLOW 11 9.6978 5./7771 5. 05582 5. 9320 6. 0075 6.08195 6.1527
FLOW 11 6.2197 6.2824 6.3405 6.3910
EOT

20



1002 P-FAN EFF VS. R, SPEED, AND ANGL

sSTPI 1 0.0

SPED 6 0.500 0.700 0. 800 0. 900 1.000 1.100

R 11 1.000 1.200 1.400 1.600 1.800 2.000 2.200
R 1M 2.400 2.600 2.800 3 000

EFF 11 0.8195 0.8210 0.8217 0.8°13 0.8199 0.8175 0.8142
EFF 11 0.8098 0. 8045 0.7982 0.7979

EFF 11 0.8249 0.0772 0.8278 N.0./78 0.8272 0.8260 0.8242
EFF 11 0.8217 0.8187 0.8150 0.8107

EFF 11 0.8136 0.8147 0. e1s2 0.8154 0.8151% 0.8143 0.8130
EFF 11 0.8113 0. 8092 0, UG Q. 80358

EFF__ 11 0.7918 0.7926 Q. 7542 Q. 79:3 Q.7932 Q.79P8 0.7920
EFF 11 0.7909 0.7293 0.7%878 0.7850

EFF 11 0.7590 0. 7596 O. /600 0. 702 0.7602 0.7600 0.7596
EFF 11 0.7589 0.7%81 0.¢5/1 0.7%59

EFF 11 0.7103 6.7107 0.7110 a.72111 0.7112 0.7111 0.7109
EFF 1) 0.7106 0.7101 0.7096 0.7089

EOT

21



P-FAN PR VS. R, SPEED, AND ANGL

ORIGINAL PAL

il Loms

OF POOR QuUALLTY

1 0.0
6 0.500 0.700 0.800 . 8n0 1.000 1.100
11 1.000 }.200 1.100 . &N 1.800 2. 000 2.200
1" 2.400 2.600 2.800 . D00
11 1.5766 1.5749 1.5723 1. 5600 . 85650 . 5601 . 5544
1 1.5481 1.%5410 1.5433 1.%5218
11 2.3420 2.3367 2.5-310 2.3°% 2.32038 2.3123 2. 3025
11 2.2915 2.2734 2.272661 2.2517
11 2.8961 2.84%.°0 2.0864 2.8793 2.8708 2.8607 . 8193
11 2.8365 2.8224 2.80/70 2.7903
" 3.5714 3.95657 3. 55095 3.55-8 3.5435 3.53g7 5204
1 3.5068& 3.4918 3.4754 3.4576
1 4.3386 4.3337 q1.5274 4.31237 4.3105 4.3000 .2880
11 4.2748 4.2602 4.2114 4.2274
11 5.0864 5.0816 5.0798 5.0688 . 0606 .0513 .0410
" 5.0296 5.0171 5.0036 4.9391



7.0  ANALYTICAL BACKGROUND

7.1 Method of Map Generation

The fan geometry is defined implicitly by the design point input, and the user
selected option such as VIGV settings etc. The rotor design parameters are first
separated from those of the IGV and stator. The rotor is then analyzed separately and

the IGV and stator losses added on after the rotor calculation has been completed.

The min-loss line which forms the backbone of the map is assumed to pass through
the design point. This sets the optimum incidence angle on the rotor. The flow co-
efficient (Cz1/U;) is assumed to remain constant with speed along thezmin—loss line
for any given value of STP1l or ROT1l. The work coefficient (2g J DH/U2 ) is obtained
from the flow coefficient, rotor geometry, and rotor continuity. The rotor loss at
min-loss is obtained at the design point. This loss is assumed to be a function of
rotor inlet relative Mach number only since at design point the incidence is assumed
optimum. A curve of loss vs. rotor inlet relative Mach number is used with a scalar
to force the loss through the design point wvalue. For off-design the incidence loss is

assumed to vary as (l-cos™i) where n is determined from the NASA TASK II data of Ref. 4.

In order to indicate how different IGV positions are calculated, consider the
min-loss point on the 100% speed line. Assume an IGV setting of STPl= +20° is required.
The rotor exit relative flow angle (BETA2) is assumed to remain constant. The flow
coefficient and work coefficient are then calculated from the known value of ALPHAl and
BETAl. A slight shift in the min-loss value of BETAl and IGV position has been observed

in the data and is applied as a correction to BETAl before the calculation is made.

The rotor continuity iteration to determine the axial valocity ratio across the
rotor is the key iteration in the program. The results of this iteration together with

the known flow angles sets the work coefficient at min-loss.

To determine the off-backbone characteristics, the angles ALPHAl and BETA2 are
assumed equal to their min-loss values at the selected speed. A value of the work
coefficient is then chosen and the rotor continuity iteration carried out. The stator

and IGV losses are then added to obtain the stage performance.

23
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7.2 Discussion of Variable Geometry Options for Axial Flow Fans

7.2.1 Variable Inlet Guide Vane (VIGV) Option

The VIGV option can be used to generate a set of off-design performance maps
for a user selected design point and set of IGV angles (i.e., STPl). The design
point is assumed to be at a zero value of STPl. The VIGV are assumed to be of the
type tested in the NASA TASK II program (Ref. 4), i.e., of a flap-type as sketched
in Figure 4. Since the IGV leading edge does not move, no IGV incidence loss is in-
cluded in the stage loss calculation. The inlet flow angle (ALPHAl) is somewhat less
than the IGV angle (STP1l). As currently set the ratio of ALPHAl to STPl is about
0.775, as determined from the data of Ref. 4.

The nature of the flow modulation produced by the VIGV's is illustrated in
Figure 4. Let the nominal IGV setting represent the design point. Then at the same
speed and rotor incidence angle, the closed position results in a smaller value of
inlet axial velocity and, therefore, a smaller flow. A similar line of reasoning

leads to the conclusions that a negative IGV setting results in a flow increase.

The above conclusions can be made somewhat clearer and more quantative by
referring to the stage characteristic sketch shown in Figure 5. The fan stage

characteristic can be expressed in either of the following two ways.

b =2-28 (Tad+ Sly, f ) ()
o2 (for 0, =Gty Ton 6,) (2)
where ¢ = 6*71{‘725.3 ) d’, = CS'/U:

o(, = absolute inlet angle
¢: = relative inlet angle
®o= relative exit angle

24



Positive IGV Nominal IGV

u u u
. Rotor
—————.
u

| Stator

Figure 4. Vector Diagram for Variable Inlet Guide Vanes (VIGV)

at Constant Rotor Incidence and Deviation Angle.
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orIGIAL PAR S
OF POCR QUALITY

2.0

Min-~-Loss Locus

1.5}
B, = 61.6°

-
o
!

o
U
]
]

. - 2
Work Coefficient ¥y AH/Ul /ZgOJ

0
Flow Coefficient
= CZl/Ul

STP1 = +40° +20° 0° -10°

Figure 5. Stage Characteristics for VIGV Axial-Flow Fan.
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If the axial velocity ratio (C,,/Cz1) and the exit flow angle are assumed to be con-
stant, then equation one is a straight line passing through two (2) when the flow
coefficient equals zero. A series of these lines for different values of STP1

(ALPHAL = 0.775 x STP1) are shown in Figure 5. Also shown in Figure 5 is a line of
constant incidence angle passing through the design point (as given by equation 2). -
The locus of the min-loss point on the 100% speed line,as generated by the programs,
has also been indicated in the figure. It can be seen from Figure 5 that the min-loss
locus closely follows a line of constant rotor incidence angle. The changing flow
coefficient explains the flow modulation observed. Parametric maps generated for

the NASA TASK II VIGV Comparison (Ref. 4) are shown in Figures 6 thru 9. One negative
angle map was generated from the program in order to show the basic trends. Test data
is reported in (Ref. 4) includes three positive IGV positions (0°, 20°, and 40°) and

no negative IGV settings.

The test data of Reference 4 was compared with the program results along the
min-loss locus. These comparison plots are shown in Figure 10, 11 and 12. As can be
seen from the plots, as the IGV are closed, both the flow and the pressure rise de-
crease. In general, the agreement between the map and the test data is quite good.

All of the trends in the data are correctly predicted by the program.

7.2.2 Variable Pitch Rotor (VPF) Option

The VPF option can be used to generate a set of off-design performance maps
for a user selected design point and set of rotor pitch angles (i.e., ROT1l). As with
the VIGV option, the design point is assumed to be at a zero value of ROT1. IGV are

assumed to be absent in this option.

The nature of the flow modulation produced by the VPF is illustrated in Figure
" 13. Let the nominal pitch setting represent the design point. Then at the same speed
and zero incidence angle the positive pitch (i.e., rotor closing) has a smaller value
of axial velocity than the nominal pitch. This results in less flow as the rotor is

closed.

As with VIGV, the same conclusions follow from the stage characteristic. This
is shown in Figure 14. Note thate the min-loss locus generated by the program closely
foliows zero rotor incidence angle. The relative flow angle corresponding to zero
incidence is changed by varying the pitch of the rotor. Note that the min-loss locus
is nearly horizontal for the VPF while for the VIGV's the locus sloped upward from

the origin.
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Corrected Flow Ratio, W/WD

0

ORIGIN&L Froy o
OF POOR QUi

I 1
STP1 W/WD = 223 pps
O ©o° PQPD = 1.65
| o 20° EFFD = 0.834  —
O 4o°
| e Map
O
C
(O
-
()
(3 4.
i ¥,
A l
| J
® <
|
-3
|
|
|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Corrected Speed, percent

Figure 10. Flow Variation Along Min-Loss Locus (Single Stage

VIGV Fan).
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Pressure Rise Ratio, AP/AP

O  o° W/WD
0O 20° PQPD
o 4o EFFD

223 pps
1.65
0.834

l

Figure 11.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Corrected Speed, percent

Pressure Rise Variation Along Min-Loss Locus (Single
Stage VIGV Fan).
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Efficiency Ratio, EFF/EFFD

Gy

OF PGUL (.
1.5 T
[T I
o STg% W/WD = 223 pps
D 200 PQPD = 1-65
13— O 4o EFFD = 0.834
—— Map
1.1
0.9
0.7
0.5
0.3
0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Corrected Flow, percent

Figure 12. Efficiency Variation Along Min-Loss Locus (Single
Stage VIGV Fan).
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Figure 13. Vector Diagram for Variable Pitch Rotor (VPF).



Work Coefficient wl = AH/Ulz/ZgOJ

54°
B, = 49°

Min-Loss Locus

/— -

0.5 |- —_

o
0 0.5 1.0 \1.5\ 2.0
Flow Coefficient

ROT1 = +5° 0° “50 ¢1 = CZl/Ul

Figure 14. Stage Characteristics for VPF.
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7.3 Discussion of Centrifugal Compressor Option

7.3.1 Fixed Geometry Centrifugal Compressors

The centrifugal compressor option can be used to generate a set of off-design
performance maps for a user selected design point. The default settings assume a
geometry consisting of an impellor followed by a radial diffuser. The inlet swirl

angle is assumed to be zero and no provision is made for inlet guide vane loss.

The test data of Reference 5 was compared with the program results for the
centrifugal compressor default case along the min-loss locus. These comparison plots
are shown in Figure 15, 16, and 17. In general, the agreement between the map and the
test data is fairly good. All of the trends in the data are correctly predicted by the

program,

7.3.2 Variable Inlet Guide Vanes (VIGV)

Centrifugal compressors frequently have a substantial degree of inlet swirl.
This swirl may result from the presence of an upstream axial compressor, or from the
presence of inlet guide vanes. In order to account for inlet swirl at the design point,
the program has provision for user selection of the design point inlet guide vane
position (STP1D). The turning effectiveness of the IGV is assumed to 0.775 (i.e.,
ANGAl = 0.775 x STP1). No loss is charged to the IGV.

A variable inlet guide vane option (VIGV) has been provided for the centri-
fugal compressor just as for the axial flow fan. The most significant difference
between the axial and centrifugal VIGV options is that no loss is charged to the inlet

guide vanes in the latter case.

The nature of the flow modulation produced by the VIGV's for the centrifugal
machine is somewhat different from that for an axial machine. This can be made clear
by comparing the stage characteristics for the VIGV centrifugal compressor with those
of the axial flow fan which was shown in Figure 5.

The stage characteristic for a centrifugal compressor can be expressed in

either of the following two ways:
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Corrected Flow Ratio, W/WD
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Pressure Rise Ratio, AP/AP,
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Figure 16. Pressure Rise Variation Along Min-Loss Locus

(Centrifugal Compressor).
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Efficiency Ratio, EFF/EFFD
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Equations three and four reduce to equations one and two if the ratio of the inlet

to exit radii is set equal to unity.

If the axial velocity ratio (C,2/Cz1) and the exit flow angle are assumed to _
be constant, then equation three is a straight line passing through two (2) when the
flow coefficient equals zero. A series of these lines for different values of STP1
(ALPHAL = 0.775 x STP1) are shown in Figure 18. Also shown in Figure 18 is a line of
constant incidence angle passing through the design point (as given by equation 4).
The locus of the min-loss point on the 100% speed line has also been indicated in the
figure. It can be seen from Figure 18that the min-loss locus closely follows a line
of constant rotor incidence angle. The flow modulation results from the change in

flow coefficient along this locus,

Note that the value of the min-loss work coefficient increases as the flow coefficient
is reduced. This behavior contrast with that of the VIGV axial flow fan shown in
Figure 5 , where a reduction in the value of the min-loss flow coefficient resulted
in a reduction in the work coefficient. The difference is due to the presence of the

inlet-to-exit radius ratio in equations three and four.

Performance maps were generated for the VIGV centrifugal compressor reported
in Reference 6 . In this reference test data was reported for three IGV positions
(-13°, 0°, 40°). The data as reported gives only the impeller performance. In order to
generate a map of the impeller performance the program source was edited to eliminate
the diffusser loss. The test data of Reference 6 was compared with the program results
along the min-loss locus. These comparison plots are shown in Figures 19, 20, and 21.
As can be seen from the plots as the IGV are closed, the flow is reduced and the impelle:
pressure rise increases. The agreement between the map and the test data is fairly good.
According to Reference 6 , an additional loss of about 2.5% in impeller efficiency at

the STP1 = 40° position occurred as a result of inlet flow distortion.
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Work Coefficient, ¢y = AH/(U22/2g0J)
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Corrected Flow Ratio, W/WD
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Figure 19. Flow Variation Along Min-Loss Locus (VIGV
Centrifugal Compressor-Impeller Only).
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Pressure Rise Ratio, AP/AP0
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Efficiency Ratio, EFF/EFFD
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