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Scope and Method of Study;	 The performance of an axial vane - type
swirler was investigated to aid in computer modeling of gas tur-
bine combustor flowfields and in evaluation of turbulence models
for swirling confined jet flow.	 The swirler studied is annular
with a hub- to-swirler diameter ratio of 0 . 25 and ten adjustable
vanes of pitch - to-chord ratio 0_.68.	 Measurements of time-mean ?

axial, radial, and tangential velocities were made at the swirler
exit plane using a five-hole pitot probe technique with computer f
data reduction.	 Nondimensionalized velocities from both radial_' L

and azimuthal traverses are tabulated and plotted for a range of
swirl	 vane angles ^ from 0 to 70 degrees.	 In addition, a study
was done of idealized exit-plane velocity profiles relating the
swirl numbers S and S' to the ratio of maximum swirl and axial 24

velocities for each idealized case, and comparing the idealized
swirl	 numbers with ones calculated	 from measured profiles.

Findings and Conclusions:	 Measurements of time-mean velocity components
at the swirler exit plane show clearly the effects of centrifugal
forces, recirculation zones, and blade wakes on the exit-plane
velocity profiles.	 Assumptions of flat axial and swirl profiles
are found to be progressively less realistic as the swirl vane
angle increases, with axial and swirl velocities peaking strongly
at the outer edges of the swirler exit and significant non -zero
radial veloci ties present.	 Higher-order idealized profiles gave
improved correspondence with moderate to high swirl cases, but note
of the idealizations studied could approximate the measured pro- a
files satisfactorily. 	 For strong swirl, the central recirculatiofl
zone extended upstream of the exit plane, and nonaxisynmetry wes i
found in all swirl cases investigated. i
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NOMENCLATURE

English Symbols

C blade chord width
N

d swi rl er exit diameter

D test section di-ameter

F velocity ratio w/ufor case I0	 0
G axial flux of momentum; velocity ratio wm o/U 	for case II
H,I.J' w - /u	 for cases III - V

{

mo	 mo	 -

p time-mean pressure, N/m 2 	Pa

s blade spacing or pitch

S swirl number =	 Ge/ (Gxd/2)
F

u,v,w axial, radial and tangential components of velocity

x, r,l) axial, radial, azimuthal	 cylindrical 	 polar coordinates {

Z hub-to-swirler diameter ratio d /d

}

Greek Symbols

t

R yaw angle of probe = tan 1
	
(w/u)

ti

pitch angle of probe - tan -1 	[v/(u2 + W2 1/2 f	 j

6 azimuth angle

No density

pitch - to -chord ratio T^

swirl vane angle = tan
-1	 ( win /u 'n), assuming perfect 'vanes'`

!1
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Subscripts
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atm	 ambient atmospheric conditions

C,N,S,E,W center, north, .outh, east, west pitot pressure ports

h	 huh

in	 inlet condition.,,, upstream of swirler
}

f

III	 maximum profile value

e	 value at swirler outlet

x	 axial direction
j4

1

F	 tangential direction	
t

reference value at edge of swirler exit

^r

Superscripts	
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CHAPTER I

INTRODUCTIO14

1.1 Combustor Flowfield Investigations

The problem of optimizing gas turbine combustion,chamber design is

complex, because of the many conflicting design requirements. The need

for a more complete understanding of the fluid dynamics of the flow in

such combustion chambers has been recognized by designers in recent

years, and research is continuing on several fronts to alleviate the

problem.

As part of an on-going project at Oklahoma State University, studies

are in progress concerned with experimental and theoretical research in

2-D axisymmetric geometries under, low speed, nonreacting, turbulent,
4

AI

swirling flow conditions. 	 The flow enters the test section and proceeds

into a larger chamber (expansion ratio D/d 	 2) via a sudden or grad-

ual expansion	 (side-wall angle a = 90 and 45 degrees). 	 Inlet swirl	 vanes

are adjustable to a variety of vane angles with 	 0, 38, 45, 60 and

70 degrees being emphasized. 	 The general aim of the entire study is to

characterize the time-mean and turbulence flowfield, recommend appro-

priate turbulence model advances, and implement and exhibit results of

flot-,ifield predictions. 	 The present contribution concentrates on the

time-mean flow characteristics being generated by the upstream annular

swirler,	 using a five-hole pitot probe technique.

-zlz--.	 -Z	 R-W
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,search is progressing in several areas related to the flow facil-

ity investigation just described. Computer simulation techniques ere

being used to study the effect of geometry and other parameter changes

on the flowfield. An advanced computer code (1) has been developed to

predict confined swirling flows corresponding to those studied experi-

mentally. Tentative predictions (2) have now been supplemented by pre-

dictions made from realistic inlet conditions (3) for a complete range

of swirl strengths with downstream nozzle effects (4). Accuracy of pre-

dictions from a computer model is strongly dependent on the inlet boun-

dary conditions used, which are primarily determined by the swirler and

its performance sit different vane angle settings.	 In the earlier predic-

tions, the velo%city boundary conditions at the inlet to the model com-

bustor were approximated by idealized flat profiles for axial and swirl
,l

velocity, with radial velocity assumed to be zero. 	 However, recent
}x

measurements taken closer to the swirler exit show that the profiles :E

k	 produced are quite nonuniform, with nonzero radial velocity and nonaxi- ,

symmetry.

The flowfield'in the test section is being characterized experimen-

tally in a variety of ways.	 Flow visualization has been achieved via x

still	 (5) and movie (6) photography of neutrally buoyant helium-filled

soap bubbles and smoke produced by an injector and a smoke wire..	 Time- i

mean velocities have been measured with a five-hole pitot probe at low

(5) and 'high	 (7) swirl strengths. 	 To help in turbulence modeling, com-

plete turbulence measurements have been made on weakly (8) and strongly

(9) swirling flows, using a six-orientation single-wire hot-wire tech-

nique.	 An alternative three-wire technique has also been shown to be
u

1.2 Previous Studies



useful in the complex flow situations (10).

References to previous work done elsewhere are found in Chapter II,

relating to theoretical analysis of swirler performance.

1.3 Scope and Objectives

A key element in swirling flow studies is the swirl generator used.

Since it lies at the inlet to the combustor model, th e swirler can have

a strong influence on the n^easuretients or predictions made downstream.

Better definition of the swirler`s performance characteristi',s is needed.

In the present study, the main objective has been to make time-mean

velocity measurements as close as possible to the swirler exit, so as to

define more accurately the performance characteristics of the swirler. Y3

A range of swirl-blade angles qp from 0 to 70 deg, is considered. Speci-

fic objectives include;

I. Investigate the flow turning effecti veness of flat blades in
1

annular axial vano swirlers at various blade angles,

2. Investigate the degree of nonaxisymmetry introduced by vane	 y.

type swirlers.

3. Establish carrelai.ions between the blade angle h and the velo-

city profiles and degree of swirl actually produced.

4. Evaluate the appli cabil ity of idealized velocity profiles used

recently in'flowfield prediction codes, and specify more rea-

listic idealized profiles for future use.

5, Provide swirler exit data usable as inlet conditions in predic-

tion codes being used to establish, evaluate, and improve

R	
turbulence models,

s a

4
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1.4 Outlir of the Thesis

In the previous sections, the scope and objectives of this study

were presented, with the significance of the study in relation*to past

and present work on combustor flowfield investigations being high-

lighted.

Chapter II describes riathematical derivations from idealized

swirler exit velocity profiles, relating the swirl number to the ratio

of maximum swirl and axial velocities for several cases.

Chapter III covers the experimental equipment and procedures used

for measurement of the swirler exit flowfield 	 It includes descrip-

tions of the flowfield facility, the swirler, and the five-hole pitot E

probe and its associated instrumentation. 	 Calibration, measurement,

and data reduction procedures are also briefly described.

The first two sections of Chapter IV discuss experimental results
k

from radial and azimuthal traverses, respectively, noting the presence

of nonaxisymmetry, recirculation, and strong velocity gradients at the
i

swirler exit plane.	 A third section describes the results of a check

on sensitivity of the measurements to calibration errors. 	 The last Y

section of Chapter IV compares the swirl numbers calculated frmm mea- {

sured profiles and from the idealizations of Chapter II to judge the
,x

f

usefulness of the idealized profiles.

Chapter V presents conclusions drawn from the above results and

;z

'F

makes recommendations for further research on this topic,

Appendixes A and ,B include tables and figures, respectively.	 A

description of revisions to be computer program for reduction of five-

-.e

hole pitot probe data is in Appendix C, and a listing of the program
i.6

with sample input is in Appendix D.

a .,	 r
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CHAPTER II

IDEALIZED VROFILE DERIVATIONS

2.1 Idealized Velocity Profiles

All theoretical analyses of swirler performance and most numerical

simulations of combustor flowfields have used simple idealized swirler

exit velocity profiles. Common assumptions made include flat axial and

swirl velocity profiles downstream of the swirler for swirlers with vanes

of constant angle (2, 5, 11, 12), and flat axial profile with linear

swirl profile (solid-body rotation) for swirlers with helicoidal vanes

and for tangential-entry swirl vener=ators (13, 14). These, however, have

been shown 'to be gHte unrealistic (3, 12, 15) and to lead to consider-

able errors in computer sfitulations (4). Although the best approach for

numerical simulations is to use experimentally measured profiles if they

are available, idealized profiles are very useful in theoretical work.

If more realistic profile ,.ssumptions can be developed which are still

mathomati`cally tractable, wore useful analytical results may be derived.

Getter idealized profiles would also be 'useful as inlet boundary condi"

tions for computer modeling when measured data is not available.

Measurements have shown (3) that linear and parabolic trofiles of

axial velpci`

and that the

swirl streng'

of the swirl

are more appropriate for moderate and high swirl cases,
,l

wirl velocity also approaches a parabolic profile at high;

is, with most of the flow leaving near the outer boundary 	 r

Several combinati ons of linear  and parabolic idealized 
r

5
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profiles are shown in Figure 1, along with the flat and linear profile

assumptions used in previous studies Parameters associated with these

profiles are investigated in Section 2.3.

2.2 Definition of Swirl Parameters

The Swirl number is a nondimensional parameter used to characterize

the degree of swirl generated by a swirler. It is defined as follows

(1 3 ) •	 Gp

Gx (d/2)	 (1)	 w

where the axial flux of angular momentum G D is given by	 }

27rd/ 2
G	 ^ do ^	 ^ TM^uw + pu'w'] r2 dr	 (2)

and the axial flux of axial momentum G x is given by

27r	 d/2
GX = i	 dt	

C,.yu2 + pu"2 + ( p - per ) ]r dr	 (3)
Al
	

I

and d/2 is the swirler exit radius (4). These equati-ons are obtained

from appropriate manipulation; of the axial and azimuthal momentum equa-
i

tions, respectively. In free jet flows these two expressions are

invariant with respect to downstream location. In the axial momentum 	 r

expression, the pressure term (p - per ) is given from radial integration
a

of the radial momentum equation (16) by

( p - per ) = rr Cwt r] 
dr 	 pv,2	 (4)

d/2

i^

If the pressure term is omitted front the axial momentum, the dynamic

axi al momentum flux Gx i s obtained:

i	
21T	 d/2
	

r

t	 'ZG	 r do r	 [ou + pu] r dr	 (5)
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This leads to an alternate definition of swirl number (17)c

G 

GX(d/2)	 (6)

If turbulent stress terms are neglected, it is apparent that a know -

ledge of the distribution of the time-mean u and w velocity components

across the swirler is sufficient to calculate either swirl number. The

idealized exit velocity profiles provide just such knowledge, and expres-

sions relating swirl number to the ratio of maximum exit swirl and axial

velocities can now be derived for each of the profile types. As the

procedure is similar for each of the five cases a detailed derivation

will be shown for the first case only, with only final results given

for the other four.

2.3	 Swirl	 Numbers -for Idealized Profiles
t
f

By assuming axisymmetric flow and neglecting turbulent stresses

F	 as stated previously,, the definitions in Equations (2) through (4)	 re-
`	

duce to

d/2
G o - 27T	 Ei uw]r 2 dr (7)

^1	 a

d/ 2
G x 	2r	 $	 Eou 2 (p - p.)]r dr (8)

;1

x	
ti

and
1.

4

(p - p.)	 =	
rr	

[,,w2 r]dr (9)

d/2

When the expressions_ for axial	 and swirl velocity for case I (See Figure

i	 1)	 are substituted into Equation 	 (7), one obtains

r
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(10)

tution of w(r) - w0 into Equation (9) and integrating produces

( p	 p") = Pw2 [ln(r) - ln(d/2)] 	 (11)

substituting Equation (11) into Equation (a) and integrating, the

Mon becomes

w	 Gx	 Rplu'	 (d/2)2 C1
w	 2

2 ( u°) ] (12)

Finally, putting Equations	 (10) and	 (12) into Equation (1) and defining

the velocity ratio F = w
0 
/UO 2 the swirl number S can be expressed thus:

4

2F/3_ 1
(1 3 )

j

The alternate swirl number S'	 follows from fi ndi ng the dynamic axial
r

flux of axial momentum:
E	

{

Gx _ 7rou2	

(d/2) (14) j

A

Using this in Equation (6) leads to the simple expression,

LL

S'	 = 2F/3 (15) .	 a

By the same procedure, expressions for S and S'	 for the other four
ti

cases are found to be as follows:
r

For case II with u(r) _ u	 w(r) =
o

w	 (r-)	 and defining G as
mo	 d/2

w	 /u
mo	 o

1	 G /4 e

jw

t
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F

For case III with u(r) = u	 ( r ), w(r) = w	 (	 r 	 and defining
Rio	 'd2	 mo d72

r	 H as wmo/umo'
tk

_

4H/5 (,18)

and

S'= 4H/5 (19)

For case IV with

2

u(r) = u	 ( r )	 w(r) = 'w	 ( r )	 and
1110 d-/2	 mod/2' defining 1

as wmo/umo: ..

S =
1

I 
2----3I /4

j
(20)

and

S'=I (21) `(

Finally, for case
2

V	 with u(r)	 umo (:d 2 )	 w(r) = wmo

2

d%2)

}

and defining J as w	 /umo mo .0

k S _ 4J/. (22)
1 -2J/3

and

S'	 = 4J/7 (23)
9

Each of these expressions for S and S' may be inverted to yield

the velocity ratio as a function of swirl number. 	 A summary of the
}
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Case T -

r A 4/ 35^, * ,^^^35 ^^^ ^a 8

2

r =3S'J2

f

Case TT

G - 
,2/(S) + [21	 16

'L

G=2S"

10

t
a



Numerical values from each of these expressions are given in Table I,

and the same relationships are shown graphically in Fig. 2 for a range

of commonly-encountered swirl numbers.

It is evident from the equations alone that the S' expressions are

all simple linear relations. The parameters f through J will increase

without bound as the swirla be `sn m r i increased in each case. In con-

trast, the parameter variation with S shows asymptotic behavior; the

exit velocity ratios all approach definite values as swirl number in-

creases. The asymptotic values are also given in Table I.

Although the curves ore generally similar in shape, some observa-

tions can be mace. The curves for cases II and IV are the upper and
k

[t

lower extremes for both the S and S' relations, with the curves for

cases I, IIT, and V falling in between. This may be anticipated since

the w profile is of higher order than the u profile for case II (that

is, linear versus constant) and the opposite is true for case IV

(linear versus parabolic). In the other three cases the u and w pro-

files are of the same order.

In appraising the usefulness of ne idealized profiles, comparison

may be made with the measured profiles given later in Chapter IV. As
t

the swirl strength increases from 0 to 70 deg., corresponding profiles 	 =.
z

of cases I to V appear roughly appropriate. The moderate swirl case

45 deg.) gives the best match with its corresponding idealization

(case III, linear axial and swirl profiles), by visual inspection alone.

However, the presence of the hub and central recirculation zone prevent

adequate representation by the idealized profiles, as demonstrated by

the experimental results discussed: in Chapter IV.

3

s
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CHAPTER; III

	 OF POOR QUALITY

EXPERIMENTAL EQUIPMENT AND PROCEDURE

3.1 Combustor Flowfield Facility

The installation on which all tests were performed is a low-speed

wind tunnel- designed and built at Oklahoma State University. It pro-

duces uniform `low of relatively low turbulence intensity, with contin-

uously adjustable flow rate. The facility consists of a filtered intake,

an axial blower, a stilling chamber, a turbulence management section,

and a contcured outlet nozzle, A schematic of the facility is shown in

Fig. 2

The intake consists of a rounded entrance containing fixed inlet

guide vanes, surrounded by a coarse-mesh screen box covered with foam

rubber panes to filter the incoming ambient air. The blower is a six-
F

bladcAd propeller-type fan, driven by a 5 h.p. U.S. Varidrive motor which 	 E	 j
"

can be continuously varied from 1600 to 3100 rpm.
.s

Air front the blower is expanded into the stilling chamber and passes
4	 t

through several fine mesh screens to help remove the turbulence gener-

ated by the blower.. The turbulence level is further reduced by passage 	 _	 I
7

through the turbulence management section. This section, a round duct	 =

of 76 cm diameter, contains a perforated aluminum plate (2 mm diameter

holes) followed by a fine mesh ,screen, a section of packed straws 12.7	 F.t

cm long, and five more fine mesh screens. Most of the turbulence reduc	 ;."

tion occurs in this section, and any traces of fan-induced swirl are

t(
12 "
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effectively removed by the straws,

To reduce the duct diameter down to the 15 cm outlet diameter, a

specially contoured nozzle is used. This was designed after the method

of Morel (18) to minimize boundary layer growth and produce a uniform

top-hat profile, with no separation or instabilities upstream. The

nozzle is of molded fiberglass with a steel flange at the outlet for the

attachment of various test articles, A l cm diameter hole a short dis -

tance upstream of the outlet allows for insertion of a standard pitot-

static probe to measure the dynamic pressure upstream of the swirler.

This measurement, with a small correction for difference in flow area,

is used to calculate the swirler inlet reference velocity, uin.

3.2 Swi ;^l er

s

The swirler used in this study is annular with hub and housing dia -

meters of 3.75 and 15.0 cm respectively, giving a h ub-to-swirler dia-

meter ratio z of 0.25. The hub has a streamlined parabolic nose facing

ui)stream and a blunt base (corner radius approximately 2 mm) facing down- a

stream. It is supported by four thin rectangular-section struts or

spider arms from the housing wall. The base of the hub protrudes approx -

imately 3 mm downstream of the swirler exit plane Photographs are sche

E	 matics of the swirler are shown in Figures 3 through 5.

The ten vanes or blades are attached to shafts which pass through tît

the housing wall and allow individual adjustment of each blade's angle.
.;F

The standard vanes are wedge-shaped for nearly-constant pitch-to-chord

ratio u of approximately 0.68, which according to two-dimensional cas -

cade data should give good flow-turning effectiveness. Sets of

vanes with chord widths of 05 and 0,75 of the standard width may be

5 .

^ìz	
_.
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installed to study the e l̀ fect of increased pitch-to-chord ratio on turn-

ing effectiveness, nonaxisymmetry, and radial secondary flow patterns.

Vane planforms are shown in Figure 6,

3.3 Five-Hole Pitot Probe and Instrumentation

Velocity profile measurements were made using a five-hole pitot

probe (Model DC-125-12-CD by United Sensor Division of United Electrical

Controls Co.), one of the few instruments capable of measuring the mag-

nitude and direction of the local time-mean velocity vector simultan-

eously. Detailed explanations of five-hole pitot operating techniques

and basic principles may be found in Reference 5. A schematic of the

probe ti p geometry showing the velocities and angles measured is given

in Figure 7

The probe is mounted in a traversing mechanism (Model C1000-12 from

United Sensor) which in turn is mefunted on a 30-cm diameter plexiglass

tube which fits closely over the swirler exit flange. This tube com-

prises the test section for combustor flowfield modeling in related

studies (1- ;0) and creates confined-jet conditions downstream of the y^,	 r

Rio

swirler. The presence of the rest section tube has neg1:F'O ble effect

on the flow patterns observed at the swirler exit plane.

The traversing mechanism allows the probe to be translated verti-

cally (on a radial line outward from the test section axis) and rotated

F	 360 degrees about the probe's yaw axis. In addition to the motion per-

mitted by the traverse-mechanism, the test section tube on which the

traverse mechanism is mounted may be rotated about its axis with respect

i
to the swirler, thereby allowing azimuthal traverses to be performed.

Tubing from the probe's five pressure taps is routed through selec

j



tot, valves so than pressure differences between any two of the probe's

i

five holes may be measured by a differential pressure transducer (Type
3

590 Barocel Pressure sensor by Datametrics Inc,, * 10 turr range).	 The

resulting pressure difference values are then read directly from a digi-

tal voltmeter with selectable averaging time-constant (Model 1076 True

RMS Voltmeter by TSI, 	 Inc.),

r	 3,4	 Calibration, Measuremmnt, and

i

Reduction Procedure

Calibration of the five-hole probe is done using a small free Jet

which has a contoured nozzle similar to that of the flowfield facility.
ti

The probe tip is placed in the uniform parallel flow of the jet potential

;p

5

core and adjusted to zero yaw angle.	 The probe is then rotated about

its pitch axis and values of (p 	 p 	 (p	 p ), and	 (p	 p t,,, ) pres-`	 N^	 S^	 W	 C^
	

atm

sure differences are measured at different values of pitch angle S.

Velocity imasurements with the five-hole probe are made after the

probe has been carefully aligned with the facility and the pressure
{

transducer properly zeroed, 	 At each measurement location, the probe is

aligned with the local flow direction in the horizontal plane by nulling

the pressure difference (p F W pw).	 The value of yaw angle 0 is then a	
h

-read from he rotary vernier on the traverse mechanism.	 Finally, values

of the pressure differences	 (pN - pS )a	 ( p C - pW), and ( pC - 
paten) are

sj

t

measured.

The raw pressure data are reduced by a computer program to yield

nondimensionalized values of the u, v	 and w velocity components, as ,k

well as, the static pressure. at each location. 	 The reduction program

also performs numerical integration 	 on the radial traverses to obtain

-	 ORIGINAL PAU	 Is
OF POOR QUALITY

j
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values of the axial and angular momentum fluxes, and from these calcu-

lates the swirl numbers S and S'. Some details of the reducti on proce-

dure are given in Appendix C, the description of changes made to the
S

reduction coda while more general descriptions of the original code
Y

are found in references (19) and (20). A l isting of the code with

sample input anu output is given in Appendix D.

.^	
a
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CHAPTER IV

EXPERIMENTAL RESULTS

Velocity profiles from both radial and azimuthal traverses for each
t

of the flowfields investigated are now presented and discussed.

t	 Table II gives a summary of the operating conditions used during the

studies.	 With nonswirling conditions, the low fan speed delivers rela-

tively high ax-{al velocity and corresponding Reynolds number.	 At pro-
k

gressively higher swirl strength conditions, progressively higher fan

speeds are used, but even so exit velocities and Reynolds numbers reduce

because of increasing flow restriction of the swirler.	 However, based

on a limited study elsewhere (4), it is expected that all flowfields

are in the Reynolds number independent regime.

The radial traverses consist of ten points from the centerline to

the swirler exit radius, spaced 7.6 mm apart. 	 Of these ten, only seven
t

stations were actually measured since the hub blocked the inner three
d

positions.	 The azimuthal	 traverses contain nine points spaced 6 degrees

apart at a constant radial distance from the centerline. 	 Azimuth angles

0 were taken from -24 to *24 degrees, , with the 6 = 0 position in line

with the shaft of one of the swirl vanes.	 A diagram showing the tra-

z

verse patterns on the face of the swirler is given in Figure 8.

Unless otherwise stated all traverses are taken immediately after

the swirler exit downstream face with no expansion blocks present.

Nominally, this location is x/D = -0.109, where the positon x/D = 0.0

n,
17
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ie expansion station, separated from the swirler in practice (5-10)

one aP the expansion blocks, Only for the data presented in Tables

XV and XVI and Figures 21 and 22 is the expansion block affixed to the

downstream face of the swirler and measurements then taken at x/D = 0:0.

4.1 Velocity Profiles From Radial Traverses

Axial, radial and swirl velocity component data are tabulated in

Tables III through VIII for radial traverses from the swirler centerline

to the swirler exit radius. Data are presented for five values of swirl

blade angle; zero (no swirler) zero (with swirler), 38, 45, 60, and

70 deg, Corresponding velocity profile plots are shown in Figure 9 to

14, with the profiles extending from the centerline to twice the exit

radius (r/D	 0.5 where D is the test section diameter used in associated

studies). All velocities shown are normalized with respect to the

swirler inlet uniform axial velocity, deduced independently from the F

pitot-static measurement upstream of the swirler. The outer ten data

points are zero in each profile because the presence of the solid boun-

dary of the swirler flange precluded measurements at these locations.	 },. f

The nonswirlincg case shown in Fig, 9 has a nearly-flat axial velo-

city profile, as expected for the plain nozzle opening without the 	 €	 j

swirler installed. There is no measurable swirl velocity, and the ra-

dial velocity is zero except for points very near the edge of the exit,

where the flow begins to anticipate the abrupt expansion to twice the
,

exit diameter. The second nonswirling case, see Figure 10, has the

swirler installed with the blades set to 	 _ 0 deg. The traverse was

made midway between two blades and away from any of the hub supporting
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increase toward the hub. However, the velocity has increased by nearly

26 percent, because of the decrease in flow area with swirler hub and

vanes in place. In addition, the hub induces a negative radial velocity

across the entire annulus, overriding the tendency to anticipate the ex-

pansion corner, The swirl velocity Is, as expected, negligible.

The 38-degree blade-angle case 
in 

Figure 11 shows remnants of the

flat inlet profile over a S ►1 ►,111 portion of the radius near the outside

edg it) bot :h tile. axial and swirl profiles. The presence of the hub nowe 

constrains 'tile three Innermost points to zero, and the region between the

IlUb and tile flat portion in the axial and swirl profiles is approximately

linear. 'rho maximum axial velocity is 1.5 times the inlet axial velocity

because the flow area is decreased by tile hub and also because centri=

finial effects have shifted the profile outward. The radial velocity has

an irregular profile with a ji ►aXiII ►UJI) value of one-half the inlet axial

velocity,

In the	 45 degree case of Figure 12 the flat segments are no

loncjer present and both axial, and swirl profiles vary from zero at the

hub to a maximum at or near tile rim of the swirler in an almost linear

fashion. The similar shape and 111Aq0tUde of the profiles indicates that

the turning angle is 
fairly 

uniform and only slightly less than 45 de-

grees. The radial velocity is again irregular, but shows a step at r/D

0.1 sfiliflar to tjjktt in the axial and swirl profiles; this is probably

due to 'tile central recirculation zone downstream beginn.';nq to slow down

the flow upstream of it

Profiles 
ensuing 

from the caso of	 60 degrees, see Figure l3t

all have a shatply peaked shape, with most of the flow leaving near the

outer boundary. The radial component is considerably stronger, with a

19
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peak value nearly twice that of the reference velocity upstream of the

swirler. The step in the 45 degree axial profile has now developed into

reverse flow, indicating that the central recirculation zone now extends

upstream past the exit plane. The reverse flow is accompanied by reduced

swirl velocity and very low values of radial velocity. The positive

axial velocity adjacent to the hub may be the result of a slight clear-

ance between the blades and the hub, allowing air with greater axial

momentum to pass through.

Exit velocity profiles obtained for the strongest swirl case con-

sidered ((p = 70 deg.) are shown in Figure 14. Almost all of the flow

leaves the swirler at the outside edge. The maximum axial and swirl

velocities are approximately 3 and 2.5 trines the upstream reference

values, respectively, and the velocity gradients across the profiles are

quite large. The reverse flow in the center of the axial profile is
	

=i

stronger than in the 60-degree case and is now accompanied by negative

or inward radial velocity. This suggests the possibility of a vortex

ring structure occurring at the exit of the swirler under high-swirl

conditions. The swirl velocity profile remains positive but shows a

step corresponding to the outer boundary of the recirculation zone.
q

4.2 Velocity Profiles from Azimuthal Traverses

tp	
Y

An indication of the azimuthal or 0-variation of axial, radial,
C

f

and swirl velocities is now given for the same vane angle settings used	 r

in the radial traverses. The measurements were taken at a constant
:m

radial position of r/D = 0.175, which in most cases illustrates ,ade-

quately the azimuthal flow variation. However, measurements at r/D =

0.204 were necessary in the = 70 degree case to get data more repre-

f
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sentative of the retain region of the flow. In addition, azimuthal tra-

verse measurements were taken 0.109 n downstream (at x/D = 0.0, expansion

corner with the 90-degree block installed) for 	 - 70 degrees to inves-

tigate further the upstream extent of the central recirculation zone.
1

Radial	 profiles at this location for all degrees of swirl are already

available	 (3).
ref

Measurements i'n each case span, an angle of 48 degrees, somewhat more j

than the 36 degrees between successive blades.	 Data are tabulated in ;

numerical form in Tables IX through XVT, and corresponding velocity pro-

files are given in Figures 15 through 22:

The variations in all normalized velocity components u, v, and w

occur in approximately 36-degree cycles, coinciding with the blade

Spacing,	 The profiles all show significant variation with azimuthal TJ

' position, except for those in or near recirculation zones where thew
*	 1

velocity component is dominant.	 These variations can be attributed to

several causes, among them being blade stall from; using flat blades at

i high angles of attack and wakes from blunt trailing edges.

Figure 15 shows the azimuthal profile with the swirler installed,

but with the vanes set to zero angle. 	 The 6 = 0 degree position is di-

{ rectly downstream of one of the swirl vanes, approximately 3 mm from

the trailing edge at the r/d = 0.179 position ..	 The velocity defect in

the wake of the blade is clearly seen in the axial	 velocity profile, al-
A

though the precise accuracy of these measurements is uncertain because

of the velocity gradients across the width of the probe. 	 The decreased

u-velocity at the left side of the ,profile is caused by the presence of

an upstream strut supporting the hub, located at e = +24 degrees. 	 The

radial velocity is uniformly negative indicating inflow over most of
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^ange, which agrees well with the results of the radial traverse

snow" earlier in Figure l0. The radial velocity is positive only in the

blade wake region. The swirl velocity, as expected, is effectively zero.

Figure 16 presents the results of an azimuthal traverse for the

38 degrees low-swirl case. The measurement position at r/D = 0.179 is

in the middle of the flat portion of the radial profile, as may be de-

duced from observation of Figure 3. The 36-degree cyclic variation from

one blade to the next is apparent in each of the profiles. 	 The u and w

profiles have a flat portion, apparently between blade wakes, with an

average yaw angle of about 39 degrees..	 This confirms the assumption
r

that the blade pitch/chord ratio of 0.68 is sufficient to adequately turn

the flow.	 In fact, over the rest of the profile, the turning angle is ='

even higher than the blade angle. 	 The radial velocity shows no flat
x	

a
region and varies the most of the three components,	 It is also quite 'k

large even at this low degree of swirl. Al

In the case of	 _ 45 degrees, Figure 17 illustrates that the 36-
i

degree cycle is not as clear, but nevertheless significant variation

exists in all profiles. 	 The radial component is nearly as large as the ^	 ..

axial and swirl components in some places, and again exhibits the great-
4

est variation with azimuthal	 position. a

For the 60-degree swirl case of Figure 18 variations with azimuthal

position are again evident in all	 profiles.	 The variation is less than 't

in the cases seen heretofore 	 possibly beca use	 ip	 y	 u e the ma i n flow has shifted.

further outward under centrifugal effects and the measurement position

is in a region of reduced velocity.

This effect is even more notable _in the	 = 70 degrees profiles x

portrayed in Figure 19. 	 The measurement position is now no longer in

}

s
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the main exiting flow, but on the edge of the central reecirculation

zone. The axial velocity here is effectively zero, although consider-
r	

able swirl and radial velocities are present, The radial velocity, it

{	 should be noted, is negative or inward towards the centerline. Azimu-

thal variations are fairy small here, which is to be expected since

the flow is mainly in the azimuthal direction. To get a more represen-

tative sample of the exiting flow from the swirler with blades at 70
P	

degrees a traverse was made at the next outward radial station at r/D

f

	

	 0,204. When the velocity profiles shown in Figure 20 are compared

with those in the previous figure, the effects of extreme velocity gra-

dients in tiM radial direction may be perceived. The accuracy of the

radial velocity and pitch angle measurements may be suspect in the pre-

sense of high radial velocity gradients, but the major features of the

flow can still be assessed. In a radial distance of only 7.6 imi, the

axial velocity jumps from zero to over 12 m/s 	 In addition, the swirl

velocity increases over 50 percent and the radial velocity changes sign.

The 36-degree cyclic vaj , i a ti on with blade spacing is again present in
i

all profiles.

To investigate further the complexities of the flow with swirl vane

angle = 70 degrees,azimuthal traverses were also made 3.25 cm down-
	 a

stream of the location of Measurements just discussed. both radial
	 E

locations, r/D = 0.170 and 0.204, were investigated at x/D = 0.0. This

is the axial location of the expansion station in practice, (1,3,5,

7-9) and the 90 degree expansion block was affixed to the downstream

face of the swirler for these measurements. The profiles appear. in

Figures 21 and 22; they may be compared with corresponding profiles

r"rOM farther upstream in Figures 19 and 20, respectively. It appears
:z

,_	
i
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from both sets of profiles that the recirculation zone has narrowed

somewhat with the additional length before the expansion earner. At

the inner radial position (r/D R 0.179) of Figure 21, the axial velo-

city iS no longer zero. It iG now positive, i ndicating that the main

exit flow has moved slightly further inward. The azimuthal variation

is still quite small, however, suggesting that the damping influence

of the recirculation zone is still in effect.	 At the outer radial posi-

tion ( r/D = 0.204) of Figure' 22 the axial and radial velocities are

larger than at the upstream position, also implying that the outer high-

i

velocity zone has moved further inward. 	 The azimuthal variation is
2

again similar to that of the exit-plane position at the same radius.

4.3 Calibration Sensitivity Verification

Since minor variations occur from one probe calibration to the

next, it was decided to check the sensitivity of the data reduction
,i

procedure to thes e va riations.	 The case of swirl vane angle 	 = 70

degrees was used, at x/D' = -0.109 and r/0 = 0.179.	 The most recent '^	 x

calibration provided the baseline values of the pitch and velocity

coefficients, (5,7) which were then varied by increasing the magnitude

of each value by ten percent.	 Three cases were tried;	 increased pitch

coefficient with baseline velocity coefficient, increased velocity co-

efficient with baseline pitch coefficient, and increased values of
k

both coefficients.	 The percent difference in the output values of the

velocity` components is shown in Tables XVII through XIX for each of

these three cases respectively.

Referring to Table XVII 	 changing the pitch coefficient value is

seen to affect the radial component the most, as expected.	 The change
f
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in output stays below ten percent for all but three of the output values.

For the case of increased velocity coefficient only, Table X4III shows

a quite uniform increase of less than five percent over all the values.

This indicates a relatively predictable, low sensitivity response to

changes in the calibration velocity coefficient.

The final case, shown in Table XIX, indicates that increases in

both coefficients tend to cancel each other for the radial velocity mea-

surement, which was the most sensitive to pitch coefficient variation.

The axial and swirl components increase somewhat, but all variations

remain well below ten percent. This relative insensitivity to calibra-

tion errors is satisfying but it should be noted if the coefficient

changes are of opposite sign i n the combined case, errors of greater

than ten percent in the radial velocity measurements would probably

ensue.

4.4 Swirl Strength Comparison

For comparison with the results of the idealized profile deriva-

tions, swirl numbers S and S' were calculated from experimental data

using Equations (1) and (6) with the turbulent stress terms omitted.

Measured velocities and pressures from the radial traverses described

in Section 4.1 were used, with appropriate numerical integration per

formed by the computer data reduction program described in Appendixes 	 x
^	 ^a

C and D. Since actual Wall static pressure measurements were unavail-

able, the reference pressure P C, was taken as the static pressure mea-

surement at r/D = 0.230, the point nearest the outer edge of the

swirler. The results are given in Table XX, showing the asymptotic

behavior of the flat swirl vanes in producing strong swirl. Also shown
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in Table XX is the ratio wmo/umo for each vane angle, taken from the

measured radial traverse data. These ratios were used to compare the

actual profiles with the idealized ones.

Two comparisons were made to investigate the usefulness of the

idealized profiles. In the firsts swirl numbers from the measured pro-

files were compared with those predicted by the Case I idealization.

This was done by making the standard assumption that an "ideal" flat

blade swirler (with an infinite number of infinitely thin blades)

operating on a plug flow would produce flat exit profiles as shown in

Figure 1, part (a). The flow turning angle would be everywhere equal

to the vane angle $, and the ratio w o/u4 = F would' be equal to tan ^.

Corresponding S and S' values for each vane angle are then found using

Equations (13) and (15) or Figure 2 with F = tan 0. The results for

the four swirl vane angles used are shown in the left half of Table XXI.
t

It is immediately apparent that the negative S values for 0 = 60 and

70 degrees are based on values of F greater that the asymptotic value,
	

i

and are physically unrealistic. The S values for 0 = 38 and 45 degrees

are considerably higher than the measured values, while the S' values

start close to the measured ones but diverge rapidly at high vane

angles. This confirms the unsuitability of the Case I idealization

for modeling flat-bladed swirler performance.

The other comparison was done using the "most appropriate" idea-

lized case, as judged by visual comparison of the profile shapes. The

measured value of the ratio of maximum profile velocities from Table XX

was used instead the tan, assumption, which has no theoretical' basis
	

I

for Cases II ­V. Most appropriate cases were determined to be Case I for

38, Case III for = 45, and Case V for = 60 and 70 degrees. S

w
s.:
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S' values were then determined using Equations (13) and (15), (18)

(19), and (22) and (23). Results are shown in the right-hand side

fable XXI Again we see considerable discrepancies between the act ual

and idealized values for both S and S'. Although use of Cases III and

V gives a much be tter match for the higher swirl vane angles, the newer

idealized profiles are still inappropriate for modeling actual swirler

output. The disparities may be attributed to the presence of the central

hub, the upstream extent of the central recirculation zone, and flat

swirl-vane ineffectiveness at high angles of attack, with associated

wakes and nonaxisymmetries.
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CHAPTER V

CLOSURE

5.1 Summary and Conclusions

This study has investigated the performance characteristics of an

axial vane--type swirler, used in combustor flowfield measurements and

turbulence modeling research. A theoretical analysis of swirl numbers

associated with several idealized exit velocity profiles is included,

and values of the ratio of maximum swirl velocity to maximum axial ve-

locity at different swirl numbers are tabulated for each case. Measure,,,

ments of actual swirler exit velocity profiles were made for swirl vane

angles ip = 0, 38, 45, 60, and 70 degrees using a five-hole pitot probe
,:4

technique. The values of normalized velocity components are tabulated

and 'plotted as part of the data base for the evaluation of flowfield'

prediction codes and turbulence models.

Assumptions of flat axial and swirl profiles with radial velocity

equal to zero were found to be progressively less realistic as the 	
,Y
.x

swirler blade angle increases. At low swirl strengths ( = 38), por-

tions of the u and w profiles remain flat while the v-component is al-

ready significant, At moderate swirl 	 = 45 degrees, approximately 	 r

linear profiles of a and w with radius are found, with strong v velo-

city. At stronger swirl 0 = 60 degrees, even more spiked profiles are

seen with most of the flow leaving the swirler near its outer edge,

and some reverse flow near the hub. At strong swirl	 70 degrees,	 14

28	 >.r



29

prof 11 es are extremely spiked with flow reversal , The central re-

Sul ation zone extends uostroam of the exit plane, almost to the

swirler blades in high-swirl cases. Because of this recirculation and

the presence of the hub, none, of the idealizations considered could

model actual swirl cases adequately.

The flow-turning effectivati pss of the flat blades was generally

adequate for all vane tingles tented, However, the large variations of

flow angles and velocities with radius made meaningful comparisons with

t%vo-dimensional cascade data impossible. Nonaxisymnetry was found in

all swirl cases investigated,

5.2 Recommendations for Further Work

Other aspects of swirler performance not covered by this project

include pressure drop across the swirler and the efficiency of swirl

generation. It is recommended that these be investigated for the pre-

sent swirler 'to allow comparison with values quoted by other swirl

researchers.

Development of idealized profiles accounting for annular flow

and recirculation is another area 
in 

which further work is recotmiended,

This should include relating the ratios at maximum profile velocities

to effective vane (angles to allow prediction of swirler output for a

given vane angle setting.

l'inally, it is suggested that an uncertainty analysis be done on

the five-hole pitot technique 'to estimate the effects of turbulence

intensity and velocity 9r,adients on the accuracy of measurement re-

cults.
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TABLE I

RATIOS OF MAXIMUM SWIRL AND AXIAL VELOCITIES F-J
LE CASES T - V FOR COMMONOF IQEALIZCD PROFII

VALUES OF SWIRL NUMBERS S A	
i

'ANDS 

S	 F	 S1
	 F

0.10	 0.148	 0.10	 0.150

0. 25 	 0.352	 0.25	 0.375 =i

0.50	 0.610	 0.50	 0.750

0.75	 0..782	 0.75	 1.125

,^	 3

1.00	 0.897	 1.00	 1.500

1.50	 1.038	 1.50	 2.250

2 ..00	 1.120	 2.00	 3.000	 44

,r

1.414	 o

a^	
7

(a	 Case I - Flat axial	 and swirl profiles, r^
F = w /u

0	 0 f
f

4

t

S..
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S	 rr,

TABLL 1 ( Continued)
i

i	 G	 i

.aFv?l:e.S.aYY.MUUFC+IC	
arr`rww."'y".. y'»

3	 ,

ERR J.^	 V1 M^Yk	 1^'	 y1	 1q,	 1	 (^{
	 0,10	 0.200

{

0.25	 0. 472	 0.25	 0.500	

#jr

'	 0. 50 	 0.828	 0.50	 1. 000

0. 75 	 1.070	 0.75	 1.600

1.00	 2.233	 1.00	 2.000

1.50	 1, 442	 1.50	 3.000

00	 1.5f12, 00	 4. 000

  
ry

t\h 2.000 {

(b)	 Case 1 1 .	 rq tt t axi kl	 anri linear  swirl	 profiles
F
i	

a

C1 ^ w ,l t^	 #
Mo

{
:i

t^,y
z^

al
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TABLE I (Continued)

S H So H

0.10 0.124 0.10 0.125

0.25 0.299 0.25 0.313

0.50 0.535 0.50 0.625

0.75 0.705 0.75 0.938

1.00 0.825 1.00 1.250

1.50 0.978 1.50 1.875

2.00 1.070 2.00 2.500

1.414

fi

Case III	 Lin
H
earaxial	 and swirl profiles,

w 	 /u
mo	 mo

li
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TABLE I (Continued)

36

S I S1 I

l	 1
0.10 0.099 0.10 0.100

0.25 0.239 0.25 0.250 }

► ^	 0.50 0.431 0.50 0.50

0.75 0.568 0.75 0.750
a

1.00 0.667 1.00 1.000

1.50 0.793 1.50 1.500

2.00 0.869 2.00 2. 000 r

00 1.155

:E

i
=t

(d) Case IV - Parabolic axial and linear swirl
profiles,	 I = w	 /u j

mo	 mo

r q̂

q

i

it

is

l4
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5 ' J

0.10 0.172 0.10 0.175

0.25 0.393 0.25 0.438

0.50 0.638 0.50 0.875

0.75 0.780 0.75 1.313

1.00 0.869 1.00 1.750
^f

zj

1.50 0.972 1.50 2.625 if

'	 2.00 1.029 2. 00 3.500

1.225 4#
H

(e) Case V - Parabolic axial and swirl profiles,
J	 wmo/umo

i

lI

9

at

it

;x
.1

LA
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TABLE I I
t^

SUMMARY OF OPERATING CONDITIONS
3

'f

Ar	 a +:zw.5. xru	 ..	 x. w»:Mafw.wrn!.- ^++!+wneNn^^ nx.n .+.. , . Mrw-w.w.	 .. ^:r.us . +.a.-.^ r^..a fe ..w.^^w.ae.nw..ne +...+^.w.s+.:r+tw+r..:r. .w..: rrrt+
 iv

r	 1
3

(degrees)	 FS (rpm)	 un (m/s) Red x 105

t	
0	 1950	 23.00 2.22

38	 2265	 13.30 1.30

45	 2600	 13.00 1.26

60	 2800	 9.20 0.90

70	 2800	 5.52 0.53 t

Abbreviations used are, _c
F

Swirl	 vane angle
'

FS	 Fan speed

ui 
n	

Spatial-mean swi rl er exit axial 	 velocity, deduced from 1

independent upstream measurement, excluding presence of

the hub and swirler 1

Rea	 Swirler-exit Reynolds number based on u in and swrler .;
r.r

diameter

w

_	 _._	 ..:.	 ...	 ^..	 ....._	 d	 r_	 ..,. .sna.:m.°s..._..xar	 ,..d_vsu.am...avfn - .wvs.s4u.._Alsai° 	 "4e.uWit-w.smierlry wAi	 •1^1nifi"—°
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TABLE XVII

t	

CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER
1 PITCH COEFFICIENT ONLY

ri

Percent Difference

K U (deg.) u/u
in	 v/uin W7uin

1 -24.0 1.91	 -8.22 1.91 ..

2 -18.0 0.80	 -10.23 080. ^

3 -12.0 0.27	 -11.43 0.27

4 -6.0 0.92	 -10.01 0.92

5 0.0 2.15	 -7.89 2.15

6 6.0 1.87	 -7.27 2.87

7 12.0 2.55	 -7.51 2.55

8 18.0 2.29	 -7.73 2.29

9 24.0 1.93	 -8.17 1.93

z

3
t
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TABLE XVIII

CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER
VELOCITY COEFFICIENT ONLY

Percent Difference

K 8 (deg.) u/u n	 v/uin W/uin

1 -24.0 4.86	 4.86 4.86

2 -18.0 4.88	 4.88 4.88

3 -12.0 4.88	 4.88 4.88

4 -6.0 4.88	 4.88 4.88

5 0.0 4.86	 4.86 4.86

6 6.0 4.88	 4.88 4.88

7 12.0 4.87	 4.87 4.87

8 18.0 4.87	 4.87 4.87

9 24.0 4.86	 4.86 4.86

u

z

fl

c
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TABLE XIX

CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER,
BOTH PITCH AND VELOCITY COEFFICIENTS

Percent Difference

K A (deg.) U/uin V/uin W/uin

1 6.87-24.0 6.87 -3.75

2 -18.0 5.72 -5.85 5.72

3 -12.0 5115 -7.12 5.15

4 -6.0 5.84 -5.62 5.84

5 0.0 7.12 -3.41 7.12

6 6.0 7.88 -2.75 7.88

7 12.0 7.54 -3.01 7.54

8 18.0 7.27 -3.25 7.27

9, 24.0 6.90 -3.70 6.90
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TABLE XX

SWIRL NUMBERS S AND S' FRO14 RADIAL TRAVERSES

S
S6 wmo/umo

38 0.567 0.559 0.801

45 0.765 0.71.8 0.876

60 0.850 0.759 0.937

70 0.883 0.750 0.887

TABLE XXI

s

THEORETICAL SWIRL NUMBERS 't
BY TWO METHODS

Ideal Case 'I	 Most Appropriate Case

S S'	 Case	 S _S'
4

38 0.750 0.521	 I	 0.786 0.534 -

45i 1.333 0.667	 III	 1.137 0.584

^
60 -2.309 1.155	 V	 1.291 0.625

70 -0.660 1.832	 V	 1.066 0.591

4 ^:

,a

^	 y>

^	 ._ P..vw..au_^ a^.i xas.v._	 •_	 .xxa...tax..	 ♦ 	 -	 ._a.. .^ = "--
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Figure 3. Photograph of Swir•ler - Upstream End
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Figu a 4. Photograph of Swirler - Downstream End
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APPENDIX G

The data reduction program used for this project is a modificationr !

!	 of a program written by Rhode (19) and described in some detail by Yoon

(20).	 A brief overview of the entire program will be given, followed

by a more detailed description of the major changes,

1-.	 Program Overview

The reduction program consists of a main program, two function

subprograms, and five subroutines. 	 The main program first calls sub-

routine INIT to initialize all array variables to zero, then reads in

calibration data, control parameters, and the data to be reduced.	 The

actual data reduction is done by repeated calls to the function SPLINE, j

which uses a cubic spline interpolation method to find pitch angle,

velocity, and static pressure at each point from the calibration data.

The function H and subroutines ABUILD and GAUSS are called from SPLINE

as part of this process.

Next a set of auxiliary calculations are performed.	 These include

nondimensionalizing the output values, calculating momentum fluxes and r

swirl nuttbers for radial. traverses, and computingavera es of the out g

put quantities over successive one-blade cycles for azimuthal traverses.

Finally, the primary output values are 'written into an unformatted
y

:r

a
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output data set for disk storage, and all output variables are printed

out in standard format using the subroutines WRITE and PRINT.

Changes were made to two sections of Rhode 's 
original programs

the main program and subroutine INIT.	 For brevity, only the changes

to these sections will be considered in detail here. 	 For information

on the structure and function of the unmodified parts of the program,

see Reference 20,

2.	 Additions and Modi fi cations	 f
w

The code's new capabilities include calculation of static pressure 	 1

R! 

at each location and reduction of either° radial or azimuthal traverse

data.	 For radial traverses * the dose calcul ates axial fl ux of axial

momentum (with and without static pressure contribution) and swirl

numbers S and S'.	 For azimuthal traverses, it calculates averages of	 k

.	 In addition, substantial changesthe output values. u, v, w, and p - p^	 1

have been made in the way data is labeled, read in, and stored, in an

effort to reduce storage requirements and make the code easier to use 	 t

and understand.

Static Pressure Calculation

The static pressure is found using a method based on one described

by Bryer and Pankhurst (21). The method uses the fact that the absolute

pressure at any of the five holes in the probe tip can be expressed as 	 `
z

pi = Pst + Kig

where ps t is the local static pressure, K is an empirical coefficien t
}

which is a function of pitch angle 6, q is the local dynamic pressure

z

^_^ L-A
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4
F

hpV , and the subscript i stands for any of the ports N. S, E,, W, or C

F	 Rearranging this and subtracting atmospherl^ pressure from both sides,

'	 we obtain for the central pressure port

'	

p	
_ 

p	 (p	 p	 )- K q	 (C.1)st	 atm	 C	 atm	 C

t
'	 We now introduce the velocity coefficient,

2

VC =	
^Pv

nCTI —p	 pl C - p4^ 1

`	 which is already used in the code to determine total velocity magnitude.
t

In accordance with standard practice, it is assumed that the velocity

coefficients under calibration andand measurement conditions are identical

at a given pitch ar9le a l , regardless of differences in fluid velocity. fi

That is, VC	 VC	
or6 1 . cal	

S 
,meas

1

acal	 gmeat

e

_

(PC	 pW s l ,cal	 PC	 pW dl,meas

This rearranges to

-	 ( p61 ^ PW )dg ; -	q'	 meas	 ( Cmeas	 o,	 ^.2)Pk . 1- ^c^,l	 1 l

f	 Now, from Equation (C.1), taken at 8	 under calibrati o
l	

n conditi ons :

f

pC	 pst
(PC - patm)dl,cal

KCd
1 
,cal q 81,cal	 gcal

since the static pressure equals atmospheric pressure in the free jet

used for calibration. 	 Substituting this and Equation ( C.2) into

{

"

i	

-
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Equation (C1), we get

J

(pst - patm^meas	 (PC - patm ) 6
1
 ,mean -

(PC 	 patm)a,,cal
gcal 

(p	
_ 

P
(PC - pW S1.cal	

C	 W difWas
gcal

The calibration dynamic, pressure cancels, and the remaining calibration

F	 pressures may 	 combined to 	 adimensionless static pressure coef-r ,.

ficient,

(PC - patm^
SPC	 —

PC - PW)

which is determined as d function of d from calibration data. 	 This leads r
r

to the final expression for the gage static pressure at a location where
x

the pitch angle is 8l:

SPC	 (PC	 pW)al,meas
_ 

patm^a l ,meas - (PC - patm^(p	 -st	 l ,meas

t

This l ast expression is used direc tly in the code. 	 The value of SPC is {

found by the same third-order spline interpolation technique used to

find the pitch and velocity coefficients at each measurement location. 1

(See lines 2690-2720 and line 3070 in the listing in Appendix D.)

Radial andAzimuthal Capabili ty

G
^q

The reduction of both radial and azimuthal traverses was implement-

ed by the addition of an integer flag in the input data to indicate

which type of traverse is to be reduced. 	 This flag, the variable

KRADTR, is given a value of 1 for radial traverses and 0 for azimuthal
.A

ones	 Since this value is read in only once for the entire run, all

;i



86

?s to be reduced in a single run must be of the same type -

ill radial or all azimuthal.

Data for both traverse types is treated identically through

Chapter I of the code, with the azimuth angles read in as values of

radius, RINCHS. The major differences ocCur 'In Chapter II where the

auxiliary calculations are performed. Depending on the value of

KRADTR, radius values are nondimensionalized by the test section dia-

meter or reset so that azimuth values remain in degrees. Next, the

value of KRADTR is used to control branching to program segments which

perform calculations unique to each traverse type, which are described

in the next two sections. The last application of KRADTR is in Chapter
	 f

III, Output. Here again, it controls branching to ensure that only

those output values appropriate to the traverse type being reduced are

printed out.

Radial Traverse Calculations
`^	

s

When reducing data from radial traverses, the code autonatical,ly 	 I
;

performs a simple numerical integration procedure to -find approximate
	

s

values of mass flow rate and the momentum fluxes`G, G x, and GX'

i	 These values are then used to calculate the swirl numbers S and S' as
a	 s

defined in Chapter II.	 a

The integration procedure is effectively the same as that used by

Rhode in his original reduction code, as well as in the STARPIC;predic-

tion code (22). However, the integration has been rewritten to cal-

culate terms for the 'ring elements in a more straight-forward manner,

and the central disk element has been added for completeness (lines

3830 through 3880 of Appendix D).
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In the absence of true static pressure 'taps in the rim of the

swirler, the reference pressure k). has been approximated by the monsured

static pressure at the masuremont location nearest the wall of the

swirleri. This may introduce an error, but the results will still be

useful for comparing trends.

Azimuthal ' Traverse Calculations

For the azimuthal data, an averaging procedure is used instead of

the intepm ►ion routine. Since the data is expected to be cyclic with

a period of one blade width, averaging is performed over successive

one-bla(le cycles. These successive avencges may then be compared to

i

	

	 check deviation from cyclic behavior or averaged agai n to get a single

reps ► sentati ve value for each of the. maj or output quantiti es.

i

	 The code is set up to handle traverses having six points over the 	
i

width oaf one Mode- for example, six-dogree increments for a ten-bladed

swi rl er. For other spacings the value of NREP (line 4470 of the code)

must be changed

Si nce the reforence pressure p n, for , each vane angle setti ng i s

taken from  radial traverse at the exit plane, the value of p^^ must be

supplied by the user for azimuthal runs. This allows calculation of

the. pressure di fference p w pax, from azimuthal traverses for compari son

with the values obtained from radial traverses_. For those users not; 	 z

cooceroed with static pressure- measurements, the supplied reference

prosstire PREP olay be omitted or set equal to atmospheric pressure.	
it
^i

Miscellaneous. Modifications

To make the code easier to use, all `primary user inputs have been
ff

s.
.t
^i
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separated from the body of the code and incorporated into the block of

input data, which is stored in a separate dataset.	 This minimizes the

need to make changes in the body of the code, and reduces the memory
3

space required to keep a record of all input data for each run. 	 New

headings were added to the input dataset to identify both the calibra-

tion and measurement data, and additional variables are stored on disk

for use by auxiliary programs which produce tables and profile plots.

To improve readability of the code, all DO loops were indented and

extensive comments were added. 	 A listing of the reduction code	 with

sample input	 and output: appears in Appendix D.

t
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00130 C; MFf1S11C;F,Mr.NrS IN TURVUL,CEN `r ► 	 15)WIRLINCir	 RECIRCULATING FLOW
001. 110 0 IN C:061J: TOR GCOMURIE'S
()0 L.a0 C
00160 (: VrRSION OF MARCHr	 19E1

E U0Vy0 C MODIF':CC(1 ION11 I,NCL UDE C OMBINVD RADIAL 	 AND AZIMUTHAL. C AF'A^ d.

00:t 80 C PIL.ITY r	 RI IiUC rION '01`- STATIC PRESSURE* DA'T'A r	 AND CALCULATION 
Cj01V0 G OF MOM1;.NT UM F`LIJXES ANLi :TWIRL NUMIILRS FOR RoDIAL h'hC F.TL 1-:S #
00200 C3
00210 G BASED ON A PROGRAM BY , )a•	 L.	 RHODE (F'HO 'rHESI:Sr	 OSIJr	 1981)

F O0:>n0

i 00"`.30 C:
00 ?40 C 0,	 F.	 SANDErz

j 002115() C MECHANICAL AND AF I^061'-'AC C ENGTNECRING 3r

00260 C OKLAHOMA STATE' UN:I:VIINS11Y
002 .7 0 c c4*rxLLwxrl"hr	 OK	 7407Ef
002030 C: T

00300 t; *>k	 >	 **>k*	 > >k>	 *>k>!> **v ***	 >k> *>k	 ****^r>k**	 *	 *	 >k***^c	 *	 *aKw	 * c>r^	 **	 ^I;*
0()310 C:
00320 C.----MAJOR FORTRAN VARIAR,ES IN MAIN 1 ROORAM (LISTED IN ()RD ER
00330 C; OF F"TRST OCCURRFNC:E IN THE PROGRAM) '€

' 001340 r< ,1 003,'.1 C TWR TE - LOGICAL FL.AC FOR WRITING INTO OUTPUT DATAS)E r	 (LINF'ORhfAT"1'1 1))
k+ 00 360 C DXAGNS - FLAG FOR DIAGNOSTIC OU rF'U'1'
' 003VO C 1 11"	 -	 MAX	 NO.	 OF	 TRAVLR(LiR' ,	 AU,.OWF'Ii;;	r1 IMF:NS1 ON	 VAI I11	 IN	 r>UTIr^C)t)1'1:r^+i,R

00300 (:: OJT	 ^-	 MAX	 NO.	 00	 PL)INr9,	 ALLOWED	 I LI°(	 TROVI-1'a)i ► 	 ALSO	 1:i'I:MI N°LION	 Vr1L.LIi';
()( 390 C: HEI)M ETC.	 -- ALL VARIABLES	 VrA1.'YING WITH	 'HET"	 ARE AL.I I•IAN1lMERIC, ARRO Y'3
00400 C ror2 OUTPLff	 1IHADIN1;4
00-110 C; NO AL	 - NO,	 OF C;A1 IDRA r LON' z	 rA POTNT«7

ti 	1' 004.'0 C; L1'1 1C,H	 CAL 110W)T'ION	 PITCH	 f,C)I [. V,	 --	 (h'N	 L'S>7/(FC	 FW>	 -
004'30 r 6111-1_16	 C.AL.,	 PITCH	 ANGLE	 RANI-	 -^,,H	 TO	 I;.if3	 LiL-{ + 
00-440 (1 C V1 1,	 CAL ,	 VEL,;OC" LrY	 COF:F F,	 (OAI	 .	 DYN,	 1''121 I3;. a/(I ()^I11w)
00 11 C { 1	 <	 101 • "	 CAL	 91 1 1))	 CG	 I^'Itil	 L^^aL1i2L	 r`(i1"l^'N.	 --	 (I	 C	 .F'A)!(F'!	 I'W)
00460 C 1II.T.t1.IJ:LrF1kh:Cll,s 	 —	 USFR	 WIF'OD1NGS	 IC)	 IIIE.NT:CI Y	 rHI--'	 1 IJN	 13r:1'NCa	 hL L^1.11 C I) f

004 o C: all1'LIA	 I:NI.1	 r	 ;tTIiHWALL	 I	 PAN IS1 ON 	ANQI.]».
x)0400 G I I IT	 SWIRL,	 VANC	 ANOL H	 Sk T 1INL'i
004 9 0 r; 11 11 q NVI •I	 1:N1.11 	 NOZZLt	 ON	 1,W1 R	 I,R	 ri CAMETERY	 D	 MA1..1_ ► 	 IN	 INCI11,"19" IC	 ^
0OU00 C IU I NOI-I	 111'S1 1'	 $l'C 1 1 ON	 IlT AMETE h r 	 IiLAR()1 r	 LNCI41-6
00: L0 C: KNAIITR	 T.N11T,	 R	 F I AO	 FOR	 T_h,1VI lTSI:"	 TYPE	 --	 1.	 FOR	 RALITAL ' r	 0	 I. OR	 0ZI114 ^C
OO,:i G NS I ATN - NO, OF rrmvrNsi r,1 'ru riE; RE DUGS r
(a<),,,3O C: MAX,F1-.1 'r	 --	 MAX NO.	 Ol'	 POTNT i	 IN ANY OF	 THE	 T'RAVF14r,L,;;i TIFINO	 REDU{11711
00 1J40 C 'X I NC 111) 	 AYTAL	 1`0 1.5 `TION	 Or	 !"ticH	 TriAVI I^SI	 ► 	 tr^C;111. a
005.'0 C:- NM)TAA	 - NO,	 UC	 VATAI"OTN 1 S	 Trf I ACM	 11+AVf	 .
00 60 C 111NI FMS	 -	 INL L T	 IIYNAMIG	 I RI SSURK	 (1. P	 REAM	 OF;	 5SWIRLER) r	 'i {)i2Fi

1t, OO.a70 C: 11 1 H	 Ri;r .	 1 Rr'`+^i,	 [)Sr" D'I'C1	 C.AI.^C`.	 F'IiIFF	 FOR S4)J lif,	 NIJMk:Ilcly r	 TORI's
0(a:`tt)0 C fi APl:;r'I:i	 ,•	 F'Ar`'	 UI	 C F'.rir	 Iir M
0on, 7 o c TI (-C1W	 C,`"MI 1 F`AT'UI i 	 U1	 (jrri	 IN	 TL:ST	 ^i	 C:T `TU)Nr	 DEC,).	 CE.L.0 10%

r UOE,O0
00610

C%
C7

)AIM	 (7 ,ATM1	 III'RTC 	 P13)	 'z'+CIF i	 ,	 TOf
B/01 F	 BFT(l	 l'Ua) O F8Fr VOR YAW ANC,I i:; hF'AIrTrNr)S

00620 G , R1NGHS	 - RALi161	 F'0:,.	 Ur	 1 1 61Ab'OINTr	 T.id(., IKS	 (THE-TA	 FOR	 (VTM.	 rRAVLItr3b^Sra ^
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(11)t,,itl t' Itf,f 1.1	 kAW MOt lit tit	 i.AW ONlit t	 Vt 1, 11* lit I-#
t 06 .10 V lit NhI "S ^ M1 iAti, VA( of tit VN01, IIT

	
1"4111111 1'R1.','i, Flat	 OW

00)̀t,0 0 101111V	 MFEAU, VtAIIlt': litEVF61111%	 IMIiTt ttkR
00660C 111't'Mt'A ,m MI A.ix VA1 01 (lt t'I t NlI R	 I-A1Mt1 WIR M + ION
t!t?. ,W C H61itAt f - INl L T NOIl F OR '4tJ 11.4 T R kA1t1111a r Ml TF teia
t)Om1('1 C fit mot'rt !it 'a t'l.LON NA111111i ► Mt- [EM;
ooewt-l t) 1. X	 A\Mt. V11:£TTIM Of 1tiAVI1+TiFr MF.TLhli
0(000 (. R	 HAL1T-AI. f OSI11t1N tit I) AVAt'1TINT r M£ 1F'RS
00.1 10 in 11.11;1 1	- FlAV 10 thil: LNIRl 11)1NI 11W 'IN 11PlINI INIIFPOIAlION h1111'IINl
0(PV,0 tT 1`1t'11t'F'	 FoAluct 11 ITYL'I i'tl£ f f' - F`tlh F:At`ti TIATAHTNT
001,150 V. TILT TA	 14,111)(1 it I I I MIT tANUVI. FFIiINC1 VN TNTI'RF'UI tArIt1N 1111TNU PWIli''C'
0(}`3 j10 U t'CkI`f-	 1iFrll1't:11 t►1"1 01'.l'FY I'M F^I I F RMI TNrC100t t TION 11 1 iINO lit  1A
90 4!40 1, Pit, 	RV011C) 11 tiTfAT IV F°hLS'S, I'm ['I' I Mom TNTI:RPOI AT ION 11;1TNG 111 t 16
;7t?>'A0 t' RIM	 ^ TJFNSI TY f OF, 1 F51'.ti ri,, t1Ll t i =i1 ^► r mm t1w )I = 1t̀ t1'.i i, mj
0f.) t s0 ('= PEI 1)	 fiFI1L1f'F 1) VALHI ION PPOI(i )l AW AN61 V r LIE ti
t)t) IO t VTU'IAt, - Tt1TAI W1 r1t.:1TY V10TOR MAUNI'VOIJEr MPi
00 11V I1 It	 - AXIAL. COMF`OW NT OF` VEt>1ICT l)'r MWU
001100 0 v	 w ropot, t,I'1Mf`. tit" VF(f1tT1'rYr M,s
001110 (' 1J	 - rANG NTIAI. (SWIRL) MUM, M^^B
008 ,20 (: F'	 > I&tal1CC I 'VALUE OV 111A M' V141)1̀11.0 r NetaU. M WA1,11
0011,10 t' XNT1	 NONCIMENSTUNAI A\TAI I , 01i.f FION: X41I TAROT
Otttllt) C FIN	 - TNLFT Rf ('rrsF:N('f VtI FIVTTY WAL11, F-HOR Iilihlf'tall s M "Ii
04711',,1) C MAof, 1 Cl _ TNLI:T MASS rI OW RAILa (A cISRIMINU 11NII FIRM AXIAL YEI III'I 1Y A r R(+ 'i
C)c7tit,lA lA Vr111+A1r 	 N(1N111M, r(1TAI ULl-UCITA	 AGNlTUt t VTIITAMIN
0011 O C 11;lTAh	 NONPIM, t1XIAI VFLf1VUYr U'11IN
0011110 V Y ISIAk 	NONI11M1 RATIMI YFL.f)CI'1Y, V,,OTN
00119k) t. ► sl'Au	 NOWITM, I AN( t'N1 TAT VI I , , WitITN
00900 r' F'STrAR	 N£1N11IM, a1A'fII' FF'f"UtiLII.F'r )'1c1;1NF'Ti;i
00910 1,' RN11	 - N11NDIMi KA11161 f t11to 1, 141.11 Al WAY t1HSO IFIFfA FOR A,r 1M+ TRAM 10'l t1
I?C) 1.jo (: I1Y1'ti	 'Ki,TA ti-Yr f'UIN1 E;O11111' (I OR'RZAIIIAL, 1NrAINATIONi IHOM :a'till(I'li'l
0O'.l30 C 11YNF'	 *DVL,'rA--Yt NORTH °POINT I tRIM, TO IiM)
00 1 40 0 ,NS	 #UMAL. L, NORT11-801,111V Fht1M 51AREII Y' (18111 AS Pfl1A ii 1`116 TNTfLiR*
00 1' 1,1(7 C F^l1Tf F" 	 F'RE`ti>i, TA1lf^ t h' 	 F'hf;F tfclL.	 '1'[) CAT 01,11, ATr_ OWIRI Nt i l•II(ER, N "i10, M
{TO' eio n Aiil".:AI	 t*pr1 OF I,IT,it , I . I VMI NI T AT C UNIV,R OF INTI"Cif+AT IIIN H(J;TON
0 0 9e7k7 G FLUIJ	 HOMMATIUN FOR MAHS FL.MJ 1HROUGH KING IF i:"MEN'l.a
00900 (1 WMMI
0('t1IM I, OMOM
0J t)t)t? V O1J()Ffj`
01.0111 (1 AKFA.1
010. 1 0 f: MASS
0 10 30 1, TIME AN
01010 V ANUMOM
010 1,10 C AXMtIM
01060 c AVIOMP
010's'0 C SPRIMVi
1,51 111 t t) C' a
01(A +̂ ^ 1: liF.iTAV1i
0.1100 C VSFAVU
01110 c W I)TAV1
(.)11:'O 'C PTIVAYLi

SUMMATION FOR ANC(II AR MOM NTTIM I  ttX
TIFTOMMA) ION FOR I► YNFAMTC' A'\T ►A1 MOM. Fk-ll\ (Nr'(iI-, F'f^f 11^;«-	 IaM)

;TIIMMAITON f Ok AXIAL M041 Nr11M FI FIX 	 IWE , 1'10 11 ifIRE 111€"1 . 11 101-

Ak 'A OF t At'1i J^ INO I I 1 Mf N1 r 'M, M
INTLOKAILAI MMtt.i HOW KATF r kti a
IN1IPGRAT.FF1 MFAN MIAL VIAL Ot` 1TY r MWS'
INTI-ORAM11 A\1A1. i= I VX lit ONWIL.AR MOMFNT1JM* W-M
TNt, AXIAL F°LtlrX -OF 11YNAM:Tt, t+XIAL. 'MOM. r N (NFAXt , PKI SH * ll MI
T'NT, AXIAL. Fl,ll\ (Jf'~ A\IAI MOh1,NrWF1v N (INt'1., 1`10 !11^11[IV 11101)
S14IRL. NUMI*R' VALVi U13INU I1M)MIC AXIAL. MOM1-N"1(ih1 1lO\
r.'WI1 L. NUMI)t R CAL.0 . 1114I.N0 F UL 1„ AXIAL MOO s F LO\ % 1NI'l , CRT' ';S * =
AV RACE OF IMI't1Tt VAL UL FOR A41M1 TRAV. r UVCR 1)NG 111„AIiI: l iVili t
t1VG, OF VBWAR VAL LILS
AVG, OF 'WSTAN VAL OF S
AM ' OF PICT VI Ur)L 1J1, i

1,)1 t Xo 1. l l I. ft:(itT	 ' I,AMTNATC APP. 11l,11,4MI TY VAI VULAT1 T1 f 1 OR F OUH TINA(?t 1011' r 101'M*II	 `..
_	 1)1140 V 1*111N	 1NIJJ Rl YNtll-1 1 11 NUrMM 10 V ALA", 14TNO V1;il'." O1311Y FOR I rlt;lf IWAY,

0t1^,(7
01.1 'i) f" IIAP MR 0 0 0 0 O (? t) 0 Phr_1 IMMARIVIo 0 0 0 0 0 (? tit (?
t?).1[To C

	

	 ,r;
01190	 DIMCNUICIN fit 11M(WO) o FiL MOINC7) WVIINM8(9I tlolf llt. MWC9) PEIVOC'MA01 ) .
=11 00	 4HE'RI(9) r11f.°d1t1t9)rtalT+lit( )rf{t'TAt11t'^)rNFCt(1;lTt`^ar
01 I'llI	 M,1IF1iVSTi9ir Fit llf4 g I(9 1 rIiLF1T'flI l( 11) v i-1I,I , bL'1.	 111013FA,(9dr	 ^E
011 1 . I sA 	ff-ILWO11, (9) flit DM) V(9Il),lit1101f'1LV)+IIFIIAM(9)r
O1.i.;1C1 '	 ^1 rIlAX(9) r111'11A^F'(9)111FL11iF`R(9) rH1.11 t (Y) 1 , 1,11f`( 1i1 ) 0HLIWIJF'00 ) v141%1114 , It(ri ) r	 I
0III 'lo	 litA)lIt1(19)111LpT1.)."t18)fliv lf.A(9)1tif.CtVNA(Y)rEM)1J!3'A(1t1)tIIt111-111AtV)
01.1 110	 4MVI)rANMw lit, PIFI ol)rHI_tPAT`kY)rNL,lttiNf;I(Y)iHFa1)V;lti(9)?11111CA1 (9)
U 1.' {+O C

t)1:F1O	 il:^t"ALIFx:t',f`T'Ft,`11t>'t,['lIl'f't,l1,:,r.),CVItC'.L'(1}t )etTt'FiTt'F (26)
Ii

{{
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01`2110 4/ME° ASUR/RPETA(0124) ► hl'NMf'8GIY:14)vRf'(.'MIIWMP24)eI(F'OfjVASI1r:!+J)r
01300 #:	 NPATA(0)rMAXJF'TrONPRS(11)r
013:10 #	 F"AM311*00) vThI_OW(S) r1^'ATM(fl) rFjLt)FF (W)
01320 l:/GF;C)M/X ( fl) v R C24 ) ► XND 10)0 UND(24) r VYfll C?? 4) y DYNIr (24? r
01;3:50 1	 SNS (24) rN )TA'TNvXTNC:IIS(H) oRINCHS(24)
01340 i/CALL/VTOTAL(8r24)rU(Ely:?-4) rV(Gr24) ► WCOY2117vPff)r24)r
01350' 1	 VTSTAR( flr24) rUriT ARMY	 4 ) ► VGI'AIMJr24)r4l 5ToR(IYr: 1 4),i^ ,s'r)kMYV4 v
01.360 4;	 PTCHCF( r:Tr:.4)rVVL,Ct°C0r24	 vr.iCcL"rA(Clr241rm.." A(#'Ir:`'4
014V0 1	 ANGMGM(0)rUMCAN(0) r NA M')(0) y MAf3FLO(0) v USN (11) v
01,380 #<	 F'DTFF(8r:',4> y F'tITCf• (Etr !4# rr1XMC1M(CI) rAXM17MF'(H) r

l 013?0 J>;	 SPR IMI (Q) r8( 8) i REDIN(0) rh'REF( EJ) ► RHOM) rV h`iC01MI) r
t 01400 4	 LJ9TAVG(St24) rV:TAVG(8 y 24) rWSTAVG(O p 24) rEDVAVtJ(8 y '4)

01410 11OLITF'UT/STORf„(G)t 0 1, 42 0 C'
01.430 REAL MASSYMASF40
01440 L OGICA1. TWI' ITC01AGN
014:;0 ('

E	 01460 IWR:I'TEw. TRUE, FOR WRT,T3:NG OI,.N 	 ON T l$K ST0R6Gr'v
t	 01470 C GET DIAGNS	 ,'TRUE. TO ACTTVATF: DIAGNt7STTc: wnTE. sTA'rrJlFNTs

014110 C
01,490 IWRTTE=.TRUN,
01500 DIAQNSO,FALSE#
6151.0 iTims
01LS,20 JT-24
01:130 C
01'040 C --- RLAD CHARACTkI3 DATA FOR HEA111N'.i	 USED HY-EiBRC)UTIN17,S)
015.50 C WRITE AND PRIN'r (ALSO CALIBRATION HEADING)
01 160 C
01170 R-"A11(5r20a)	 r1E DMrIIELiIlMNrHIa1;1UvH1 IVrIIEDWr
01500 :q:	 HEDVT v HEDLIST i HE GVST r HIMWSTr 111 IdO S"I P H EDDLI.. r I ILiC11'tG;'I'r
01.090 J:	 HETINMS v 1U TIC:MW 9 HrrICMA r1-II' DMMf" f FIEDNIV 011F.DMIF , ? I-Ki:_f;lAm
01600 U.	 HEDAXr1EFIAXF',HEDSF`RrlilmilJrI1CI,Ih'rIItlr)F'OFrILCtIRL1) ►
01.610 JI;	 IIEIINAN P HC'"ll'I II'L v	 I-II.; Iroin, m: lv:rs Y
01620 f	 1-111-:D11SA ► HF'LIVS(i r HF'DW	 A r I-IV,	 ► I IFDCAL,
01630 20S FORMAT M4)
01.64( to
01es,'a0 VARIABLES To ZERO)
01660 C
01670 CALL INIT
01680 C.
01690 C-•----------RrAD FTVK-HGLE I^'T'TOT CALIBRATION flAIA
01700 C
01710 NCAL.r-2S
01720 IDO 10 1 a i y NCTAL
01730 READ(	 P21,0)	 (F ITr:Ii(:), cDE :I_TA(I `,CVEf.C;F (];) riyl=';STC:f'('I':>

"	 01740 10 CONTINUE
01750 210 FORMAT (4F10.' )
0176 0 TF(DIAGNS)	 WRIrE(6 y 400)	 (CF'I:rCH(T)vT-ly:'i)
01770 ,TF(UTAGNS)	 wHT'rE:(6r-?00)	 (C;XIC:I Tr1(:1)v C-ir:?l,)
01780 IF(D:CAGNS)	 WRITE(6P400) 	 tC:Vi.„I_CF(:C)rC-lv:?w;)
01.7 90 IF(DI6GNS)	 WRITF:(6Y400)	 (l I :i'rC:F( I:)rxvx,lr.;t;i)
01.800 400	 FC)RMAT(///r1Xrl;i(FS,4y1.X)r//rsXri.2(FO.4))

F	 OiEl10 C
01820 C-, RFAD USER H-ArITNG;ar	 GEOMETRIC: ANII,CONTROL. I--ARAMI TI RT) AI^'PLYINt,y
01830 C: TO ENTIRE, RFMIrTION RUN
01840 C
01.850 RrAD(Sr21S) HEDINYHl.D11.12
01060 2 1', FORMAT0.0o4)t	 03.870 READ(Uv'216)	 ALPFIArF'HIy11 i]:NC11rI;t1..TNCFI

E	 -01.17110 5116 FORMATW10. )
01.1190 READ (l v :'.17)	 KRArlTR r NSTATNr MAXJl=' T'

6	 0:1,900 217 FORMAT(3110)
I	 01910 CJ

01'x20 1. ,.. I+C:AI7 GXF'ERIMENr F'ARAM17 I'I'f .i 	 cSF'SCIFIC TO	 EA CH	 TRtiVEf21;E:r	 THEN'
019:30 G A(M)AI. MEAr,Uf.f-l'tlVNT DA'rn	 TN TNAVIIRGlr

!.	 01,940 C
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1
019 1.)0 lit)	 30	 I--:CrNSInTN
()I 91-o C{T.Al105•:.30)	 kiidi'FI°iti)rNX1ATnt1:)rr(TiNF'tsil(Trrt`I'{lr tI)
01 ,M) riT?OWir'IE))	 F^1t1at'	 (T)rT> 1•NCIWSJ:)rl''1TMtL)r11	 )1tF<1) a
019VO 41 r+..NT'tnrn('C)
01 U "10 Do	 )0	 .V1 1 y J1' l!j
{)'. 000 RtA11C;ioV20)	 h" TII(r'C::ifJ?rR111 T(1{J'rJ?rHII11-11^i 	 I	 t	 eI t't,hF'W	 )rr,.I}r I^

t):0«'0 20 CON'TTNOV I
0'0,'0 JO r:1 ► NTJNWII.;
020 , 10 C

K	 t+„)t);',0 K.”	 -, ---- - --C0NVFAT X'S" ANti R'S FROM 1:Nf:,H[ "-	 10 Mk I )f'^1
02060 t;

i	 (';!oio R13MAr r;DSINr'.11'k0.0 )i: 4/2 .$) f	 j
^	 {);+Otl(! WynTC'il	 T1IaJ.NC'.FI'k0,0 2li4i2.0

020 1i0 1)U 3T)	 1'	 i r N£ r6TN )
0123 00 X(T	 1)*0#OP 4 `^1

I	 OV1 TO JT'TW•NT1f1Tnf'O
I 01+ 11;'t) TACT 32	 ,J nt F Ji~, 'H;
E.	 0'!1.30 F^ SJ)Fi] NrtF{tii S.l) ^Kfl. (?.':i^l

€

0 11 1 	 0 32 C.(JNTJ NU

02160 20 f-01r MAT (,	 I(N.S
0 1l0 230 r,Offt)T(1F1{),Sf111.0r:')h1(1,^,^)

r	 0P1100 1r"(111'Ar, N is )	 WR'r'r (P)r4',o ) 	iN11A1r1ti.1.) y J-'1,xNirATN) j
'	 !	 021,9 0 ri'(tiTAGNC3)	 Wf{1'IL:(e)r4`10) 	(X(T)PI	 . J rN SaT am) l

01Q00 Tr•	 rixnt'ms)	 WFtIff-'(e,u;, c 0)	 SrrS.1Sr.1; .. 7.x JM't4'3)^
W"! .'.t() DODO 37ST O T Pl I11)	 t^ 1500

	
a	 )IF (Z^7tlGNS)	 WRITT- (6 6 	 (1+1{r^'i'n( r	 .J) r ! +i Y. 	 T.3) i

0 114'(	 'EA0148)	 Wk'r11'(6y'b00)	 (131 (dMt"1(TrwlsyJ^C,rJI'TR:i)
0,	 4 0 T	 1)1A0NS)	 Wt1TTC`(6p500)	 (Fr T"MI"'w	 'rr,.l) rJ	 1.r,11'r'))
c)5o	 10 TF(TIJAI NS)	 WT4:r'T1:(6v.'j00)	 (I t' I,^h11"' n 'Tvel)v,,l • :f rJf'i:^i)
02260 J7 r'ON't`rNlJr:
02, 1 ) J O 450 F• ONMAT(fY40' 'I,(F[Ir4e IX? )
f):+",'!1f) ^i"14) f r)l'{14P1'1 f t!/ r ^1f)X r 1. ( i t:l i ;1X)
0?t?` Q ,1.500 TCII"tFit)'r'(Illr.'0Xr10(1 ..'0#4	 ) 1
02 ,1300 Cr s
023 t 0 L'Flnl-'TI`A 3,	 1, 	 1	 1 1	 DATA RUM 11ON	 'I,	 ;r	 1.	 ' 1	 :1.	 1
0.'.Q0 C
0 V330 C 11- 1- 1-- l -CA1 (1	 I°' rC.'FiC	 nNfr1	 m TI :Iti ,ni n Tla	 I , r;	 w ."t m	 r°ru)11
0 ,23 C ."... - -	 I'1TC'T coo.mA T) CN C(+I.RV1
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d:)'rvin CALL	 I'H1.I9I t i p lr KIA114	 0N.if W 1IV 11+Xft+rot.-1 I) Iz4+3-
0!,.t1 t ) 1'Al,L	 >'P'I(JfdrL^11^.It	 TTt•M^1'.r1	 7	 1 ('r. r Cr:trF<rf'rflLl,t	 ^

1
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OF POOR (QUALITY

0%:':N) I'Al 1. 	 F'NINI I1 9 1 v 	 IAINrMAX.I ► 	 I r 1 I ,. I f9X•krI l l I	 IArPit III'I l	 ►
05:1 60 VALL	 VkINI I I• I .NSIAI fill rMAXJ1 I r 1 1 r.11 rXii IA#10 I	 It 1
MAP. , 70 PALL	 F'kINI I 'rIrNSTATN•MAX.1 ► 'I•I19JIoXrkrVI111A1 r ►/IIIVII
0',:'80 1 At L	 F'kIN1 ( 1 9 1 .N111AIN• MAX, It	 I, I 1 r.11 r XNII.I•,11 1 ,IV;IAlk.tit I-11'il )
05:11 6 L At, I	 ViINI(Iv19N',IAIN9MiA	 11	 I.IIr.IIrXhUr1, Nil oV:,IAN9Ht11V`:I)
0'.0.400 C ALL	 FkINI ( 1 9 1 vN'.IAINr MAX, If 	 I r l l r.119XNII . 1, Nil ,WSIANvI*I1W'.I )
05.110 CAI 	 Plot INT(191rN';IAIN• MAX JI Irllr.'I•XNI I .I• Nif	 1 1;1Akr tit III'tiI)
0%3:1 0 CAI I	 Pk1NTI I r „N'^IAIN.MAY.11	 I o I 1 •.11 •XNUr ► His .F'I 1 10 t 9tit I I I U I	)
05.430 CC CAII	 VkINI( lrl.NSIAIN9MAX, It' Tr(I r.1IrXN11rkN11rVIIiIAK	 IIIIVI'"
0: ' :440 C
05.1C00 II (hkAllIk.1 U. 1 )	 GJ	 10	 1/^
05:16) CALL	 F'kINI c 1• I rN'	 1AINrMIIX.If	 I r I f r.ITrXINI ' N'irkINCI1 ci . 111i1.'IV( • rHt lotf':A!
Obi /0 PALL	 F'klN111rIrN',IAfNrMAXAl	 IvITo.IIrXlNffl l i. +!.!:I:/1'irVrii„Vli.11fI- 0 	1+
01, No CALL	 I*INl ( 1.I,NSIAINrMi)X . 11	 I•II•.I1 9XINl11'..kIHCHSvW S I	 ir tit I-I.l.'1)
OG,SY0 CAI 	 Pro: INI 11 rI rNSTATNrMAX , 11	 I r l l ,	 11 rXINCH1,rhINCFIS•I'llf 11Vtrr1It 10 6 Ulf)
O'1400 C
0' ' 410 1 /2	 CAIN I 1 NUt.
O'14ti0 CAI I.	 I*lN1lIr1rN';fr11N.MAX.IFI.11..11rXINC115rRINC ►1S.RP14hf'SrHlUfIMti1
+):,440 CALL	 f'kINI	 I t 	 vW.1.11N•MAX . 11'I.I Tr. IT.XINCHf'i.klll( H!;vttPChl WrHFhI:MW+
0:,440 LALI	 ► 'KINTlI Ill •NSIAINrMAX_11'IrIIr.11rXINCHS•kINCHtirkPCMf'Artit Iit MA+
0:14^,j0 L I OF'
0:.460 C
0:,4;'0 l- °-	 -----iflkMAT	 STAIFMFNIS
UL4t10 C
0[.4YO 41 1	 I IIkMAI ( IIII r 1 A 'v	 ^xI`.iYMMLTRICt PiOTHF kMAI . 	 O:	 C0MII0SfIIR	 I I OW, 11 l h
0:,'.000 It'MIASIIF(FMFNIN 'ri 	rlti3 r'IIS INli	 A	 11VL	 110i 	 VITUT	 1*0141
(1'/:,10 .41:'	 ► ORMAT(//T 10.ItIr,1/TIOvI SA4/il10vYA4)
O oWo .4.':,	 I OkMA1 (1 riot 't v AN51ON	 ANO I I (I I F'li. )	 .1''4o114 1.4.A
0',x30 3.160	 1 (IRMAI (/I 10 r '!W11%1	 VAN ► 	 ANIJ f IIIFO.)	 r I:)O r 111 13.3)
OLt/40 3.4:1	 F ORMA1	 l/110r ' INl ►. T	 kA IIIlif1kM1	 -	 • f :i0. I ► , i	 1.4.31
0','150 .440	 1 0F<MAI ( / I10r ' CUhV U SIUk	 kAUlllti<M)	 r I to0r 1FF I - i. I
OIt,60 END
oJ!,/0 C
0`,iGHO Sll[IhU(I 11 NF	 I N I 1
0:,.140 CAit It1M Ill III 1 III 1A111t Ill 4	 11/i /1fktrtw4 Al l MM III *Ill 1dIM Ill t0	 111Atttlll1l * Ill MYX*t ► t
0;,600 C
OS610 COMMON
0:,620 1 /Ml ASLlkr'RNF I11( N.:'4) rkl'NMFS( 11r.'4) • NK'Mf'W( H ► 24 ) rRF'1'MVA( I1.: 1.1 + .
O',,6.50 1	 NIIAIA(8)rMAk.4'TrRfINf'RS(U)r
0',640 1	 fAN1;1'U(t1+r 111ow I o)rF'A7M(U).h:0FI	 (il)
0`,16b0 1/tr.(IM/X(II)rk(:!41.XNII(III, NNII(:'41r11YF';i(.'4)r1IYN1 	 (:4)r
0:i660 1	 8Nfi(:4)1,NtiII)INr^(f11:Hf,l0)rkINI,IN	 (.'4)
0:1614 1. CAI C/VI it: AI	 111..'4)Iilt11r.!4).V(it,24),Wt1:1r.4lrV(11.21)r
OG6li0 1	 VISIAF(11r:'4)•U!iIlip((t-24) rI Il i IAF`(Fir:.'.4 + rWSIf.k(ki-_'4	 •I"1IOP,	11..'41
0, 1690 1	 F'ICHI.:F(Ur:'41•V1IUP(H1,?41r lit I	 IAIFIr'4)rfit	 IAtHv24)r
0!,000 a	 ANGM I IM01	 IlMt AN( It + rMAFa( H1.h,1FtFIMill	 WIN(L)lr	 -
O',I!lo I	 f UIFF(ttr.'4) v  !iICF t11v24 1 r1i :MOM ( H) rAY. fit OW( (1) •
05/.'J (	 SPR1Mk:(R	 I,	 (tf)vRfIIIN(tI	 , 1%11	 -II)rkH(1(ttl.VIS1;flr,(rt
O:1 /30 I	 U:iTAVIi(F)r24)•VlifAVO	 11r.'4) rW: IAVUt8r:'4)+F'I,iAVG it	 .'•I)
W. /40 1'
O5 11i0 ki At.	 MOSS.MASf 1 O
O'./60 C
O: , / /t1 I1f1	 ;'.0	 1-IrNS`AIN
W. 1110 HASF1.0( I )	 0.0
05140 MA;(S( I ) 10.0
0:1900 ANOMOM ( I)	 o.0 
O:IH1 0 AXM OM(I )-0.0
0'*N.'0 AXMCIMF'( T)	 0,0
0L!'.(0 Nt 'k I Mk ( 1 )	 0. 0
0:,1140 S( I )	 0.0
W.W10 HMF AN( I )	 0.0
Ot ' H60 LI M I ) • 0.0
V: ' II/0 110	 10	 .1	 1 , MAx.l1' I
0:,11(10 V101M (I 1.0	 0.0
O;,HYO LI (1 r J) :.0.0
0`,70!) V (I r J 1	 ().0



Oit 1,C:4vt+1- Pil.i,.' TS

OF POOR QUALITY

O'. y 11' WI1. -I1 	 0.1+
OJV. 1 0 F'( I r.0 - 0. 1
Ob930 VTtiTAR(Ir.1)	 0.0

Qb440 Wi1Ak( l..1 + 	r.,1
d.M'.o VS I AN ( 1 0. 1 )	 0.0
0!1'!040 WSIAk(l #J)	 0.0
()S9 /0 PsIARl1 x.1 11 	 0.0
05511 0 PIII ► F(Tr.l11	 0.0
O1990 RIM	 IA( 1 r.1)	 0.0
06000 !II	 I A l I r	 l 0	 0. t.
06010 It, PNMI S( 10.111	 0.0
060: 1 0 h1 CMF'W( 1 0.1 11	 0.0
060.40 hF('MPAc 1 ..1 11	 I'.0
460 .40 VICHC ► + 1 •.0	 1+.0
1 160'x0 Vt l C ► l 1 •.0	 0.0
0606(1 YS I CF It I #,D	 0. 0 
06010 UI-1	 TA( I r.I) -0.0
060N(1 USTAV[4(1 rJ)	 0.0
06090 VSTAVG(T..l)	 0.0
06100 W;IAVG(I..I)	 0.0
01,1 to 1,111A1,10(T.1) 	 0.0
Oht.' II 10 CON 	 INIIE
061.4o .'0 CON f I NtIC
06140 NEIURN
061: , ► F Nil
06104 0 C
W 110 I I INC I I ON	 SF'I	 INI l (.	 K.	 N.	 I+
0611110 l*#*1M###***##*######MYt##*^i!##/*##411###t+#'###111 #11it 	t`ti;'
06150 C C1.1114 IC	 5I1 1N1	 CllkVl	 I	 II IING	 IN	 111 M N!;IIIN41	 VA I A 	 t'
06. , 00 C I NF'l11	 VAI. [It : i	 :
116.'t0 C X0	 F 	 PAIR	 AI, I:AYb.	 [INI	 I I JMI N:,II)N11I	 ,	 IN	 INI	 I:I	 NI,	 I'1

Un.'?0 C N	 NIIMIIt.k	 dt	 PA I A	 f' I I INIti	 114	 X.	 M,IX,	 .'^.
06:30 C XI	 f(IINI	 I l k	 1N11HLS1.	 Will	 I	 f	 F(XI	 I	 Ii	 III	 HI	 I,	 44L1
06.'40 C
06:",O C kl	 1111(N	 VAI	 1 (I
06:60 4 !iI'I	 LNl	 ON	 ' , I	 I	 , X t	 +
062/o C I H I S	 NOWI I NI	 A( 	 1	 VA) 1 1.	 I (III I I	 INI	 III	 lI r	 II I,	 1)NII	 1,1111,
01,21110 C I ON	 INIIF0 , E)i	 ,'II II.IN	 Of	 0	 1	 AhI.l	 N001	 ,	 k	 111	 IIATA	 f	 110i	 ..	 '	 rI'
06;1 Y0 C tiF'l	 INF	 MAY	 li t	 VAl1.UP	 [INI. Y	 I INI '1	 .	 'IN[ , 	 ' , 111 1 '41 (111 N(	 I',',I	 +
06304 C I N I NY	 1111 N l	 'W.
06.4t0 C*III	 **11*# III All III III III III * III * III 111	 k11# #1##111 #10M«##41M11ii
06:1:'0 f,IMI- NSION	 XII)0	 f 	 I)r	 A(.'nr.171
U6.4.iu C
O6340 C---- --	 -[:CINSTk11(:T	 SVI INI	 MAINIX
06 4`,O C
061611 N t	 N+ 1

1	 06A/0 U[1	 10	 I	 1,	 N
011,480 110	 10	 1	 1,	 NI
O6.4Y0 10 A( f 0 .1 1	 0.
01,400 MI	 N-1
06410 lit)	 .10 	 1- .'.	 M l
064:'0 210 CAt l	 ANU:I II(	 I Xr	 .I.	 N.	 I I
06430 04(191)	 H( :(r:')
06440 A(Iv:')	 -WXrl)-NIYr.'+
064'-0 A( 193	 H(Xr 1 +
06460 M.'- N	 •'
1)64/0 A(N.M.,	 HIK.Ml1
064110 A(NrMI)	 HO.M:"	 II. -.Ml I,
0!.44:) A(N.N)	 H(X.P,.',
(16'.100 C.
06:,10 l'---- --FINII	 ',160011	 III hIVAITVkS
'16.,20 C
( ► '','130 CAI I	 G 11I!;;;IA9	 N•	 U1 +
06'440 IfIINY	 I'(Xr	 FXr	 N•	 ^I
06:, 1 ,(1 1'
06 . 0,0 I F	 10111	 ► 	 c>.	 I)

99
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ORIOW"6 VACW C::

OF POOR QUALITY

"n'. •0 l:
06`-,00 GL)	 40	 1	 1.	 111
06"Vo it	 111
06600 I F (X I	 .11 0. 	"	 1) )	(ill	 Ill	 _.0
06h10 It	 (X1	 .11.	 `(%l)	 •A"P.	 Il l 	 .61.	 -til l )	 I;6I	 Ill	 al
066:0 If(Xt	 .61.	 YtI W 	•AND.	 ).1	 - t.. r.	 ('1 ► 	 )	 till	 Ill	 41
06630 40 V00TI Oil t
0ha40 if - X1	 .IAA	 k(N) )	 110	 It)	 60
of, 6 , wlF j I 	 (b	 I	 XI
01.660 4? FOPMAT('	 ! 1	 •	 U 	 I. % r	 0111	 f1F	 It: iF kPI It	 ^iI I UN	 I-, u II	 I
06670 v	 (1'	 )
066flo ;F'	 U.
066VO Sill 104	 0
JA % (h^ !i l 1.11'
0671( C.
067:.'0 41 1,001 11,40k,
06730 '1	 IFI
On '1A HI- H(XrI)
Oh':•0 HX	 X(I1)-';1
0671.0 1,02	 XI _X( I )
06 17 0 fXl	 HX4*3/1, 41	 ill*HX
06/Ho FXIsFXI*A(IrN1)
0/•%'!0 '70-HX:'**A/HI	 -	 Hr*HX.'
06800 FX1=-(FX1+Slt)*.)(11 •N1)	 ) /6.
06H10 SPI.INk = (FX( I)*HX1) x( II )*HA '>/H1 fl X1
06820 SP	 £F'I..INr
Ohf130 kk I UNN
O6H40 C
0AW"o `i0 CONT INI1E
)51260 SPI.1N1-=FX( 1 >

0AV /0 SF` SPI..1 NF
060FIO RE, I LJRN
061190 C.
(6'000 60 CONTINIJF
06910 SPL INV. "FX(N)
069:0 SP==SK I Mr
06930 kF I UIRN
06940 F. ND
Oh9`i0 C
0h'060 FUNCTILM H(Xrt)
kM9/0 C:** wv wMf#***w/i#kM*w**^*411*X1c**1*It 7kAM^Kw*tYNlw*f1ti1/firYiiri'
06980 C CALCUL.Arl	 OF1'rr>	 X	 WHI(H	 Irt	 (ISLIALLY	 (.'N! i F D	 H.
06990 C*«*w**Mww***w* *******• ww«**0* ** 41*k*11 *****>rMwfM«1ift1^11?	 y
07000 I(1 Ml.Ns2TON	 X(t)
0 7010 11- I+1
•)70''.0 H:-X(11) -X(r) 
07030 RETURN
.17040 END
070!i0 C
07060 SLIrwourlm.	 ,.Hllri I"",	 F ► 	 A.	 1+r	 1)
0?0/0 cw**w*w* rv« rvwvr**vw*r+*wv*r***Fr y «vwvv«wlrl y 	w**wlrvw*wvc ► Iwr
0/0130 C CONS rk , jc r	 SH, IM	 MATk I X	 l llk	 F INIIINf;	 'Nt.	 1 [:F' !	 ! Ali ('F
0/0va (.****+^*wr'<v*w**wwlw**r rw*v*	 «w*r «**w**v«*r «v r+* r ^*c +..«+.v.«k r F l < 1 '
07100 DIMEWMIN X(1)7	 f(1)r	 Ai.'6r2/)
(Wt 10 IMI	 1- l
0!l. 1 0 T1.-1+I
07.1:+) N1 -N+1
0/14 e) SII1=H(XII)
071`;n H)M1-H(XrIMI)
07160 A(TrIMt)	 11111.1
0/170 A(1rT)	 :'.wclllrlL}1	 I(I)
07100 A( lrll)	 !i10
071 100 A(IrNI)	 (	 (1k11 l	I<I))/'if11	 .-	 lf(li-F(IM1 O /Ill	 t)	 )M/,

kl	 Il1I:N
1!) l Nh

(i 1: 1 : 1 0 1:

r
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ORIGINAL PAGE IS

OF POOR QUALITY

!4 1 11kn11 ► INt	 r 11 .' •, . (.. M1
'40	 .r•04t*•?rtt*r*

%1 '.".0 (	 I.110SII; .1111,10N I I IM I NA I I )to
0/:At ► I ♦. t* *4 *1111*61t***t * III III *******4****• Ott*****rrr•.* III *r•r*r****tt***rrr***tt

01:1 1)	 M1 • M- 1
01. 1 Y1 ► 	hl A• 1
0/.400	 111) 3	 1	 1. h1
07110	 L1.1 *1
07.1:0	 110 .1	 1 1 1 . k
07.1.1(1	 l ON! I X11 1 .1 1 Alt 01 1
07.44)	 1'11 A	 I . M
0/3'.0	 3	 A( l. +1 X1.1. 1) 1'0N!il*.1119J)
07160	 110 e I 1. h l
07310	 I1•if 
013tH%,	Un r.	 1

	
it. M l

07,1Y11	 VIiN!I1 .111 .1 1 All 91 1

014111 1	IW /.	 I 1, M
0/410 6	 A% I r I1 Al I •	 + t' t+N!,1*A(Lr.l1
0A 1.'•)	 lit) 10	 1	 1 r n
0/4. 110 	 A l •M1 Al I •M ),'Alt 11
0/44. 1	!J	 r1( 1 . I 1	 I .
074'.0	 kt 1Ill%N
07461 1	I Nil
074 'J l
0 1 400	 -illikiltl I IN[ F'kINY1191AKI..I:;IHi..•Ni.N.1•I1 .11rXrYrFllI lit All
074YO L'* 1 11 4 0*** 11* 10*6********** 11 *** 44111411 1 111 11 911k 6 111 0***$44011141l1111,l>tfL*It 	 tIt t	 tytt
07,x00 C
07'110	 IIIMI NtiI(IN F'H14 11, 11 1 .\% I1 ).Y(J) 100 Al'%Y1
01:1.'0	 COMMON /01111'111	 h I IINE l 1: )
07550	 1SKII I
07 1 i40	 I!:h l I	 I
Ol'1M1	Wk111 •r.l l%, 1 141 AD
O/SAO	 U;1A ltilAk l 10
0"N/0	 100 VONI lN11t
07W10	 I!'Ir1 I!;lA110
0/''Y0	 it Nil- I!IIA1V
0'600	 11 %NI 1. 1 • II Nil) It Nil NI
07610	 WkIII!0xIII)( I 11 ISIA.It Nil. i';KIY'1
0/6:1 0	 WNIT1	 .114)(A(I I #I I!;1'1•It Nil, MAY')
0/6. 110	 Wt.l II t:.. l 1.0)
0'640	 110 101 . 1 .1 .1 1 ; I Ak l • N.I ..L;k I t'
0 /A: ' 0	 .1+.Iti 1 AVI1N.I- ,I t

0/660	 110 1''0 I f 1!i 1 A. It N1•
016/0	 A•1'H1 ( 1 •.1)
07680	 11 l A10; ( A l . l I. I. I	 t' 1 A-0.0
07AY0	 1:10	 !; I (lkt % I 1 A
07,'(10	 f01	 WkIII (6.I1.4 1 .1.1%.1).t!;IOkF(IIvI 	 ISTArII Nil .I!:NIV1
07710	 11 t It Nil  I .NI'(1lt 10 100
017;'0	 t<1 111'tN
071.40	 110 1ONMAI(1110•I'(:'ll* 1.'/\. YA4.' \rl 	.'tI- III 1)
011 .10	 1 1 1 1 (IRMA 1 t 11110 1 :.H	 I	 r I :' • v l l l)
0/7'.1% 1	I l.' I OKMAl (111, 10 .I	 1 )
0716%)	 11.( t ONMAI (I q .JI ! 14.4, Ott 10%  lX.l 10..1) 1
0// 1 0	 11.1 1ONMAI(1311	 X	 9FH.49Yl 11.4)
07/110	 1 N11
0/lYl1 C
01000	 ';llt+k(11111N1	 WNI It f 1!;IAk1..JSIAk1 .NI -NA, I I..)I .X-)I .*'111 rill •11.1
071410 1' Ill t******!t r ** t** 4It* * r *t0**'/*1161'1 1 1)M*tt *M* 111It	 tt**tMOIt III III *t* ► *ttrrtt*t*
0)"W 1 0 C
0111.40	 COMMON /001 Vll l /	 I l lkl kit)
0/H40	 111 MI N! ; 111N 1'l l l (1 1 1 . \ (I I 1 . Y (.I I l . Hl ANY 1
O/11:r0	 I!;hIF 1
0/460	 .1!;x_1 ► 	 I
078111	WI%I II ('•.110 1 14 All
0'0110	 l!;IA P;IAki- 1.'
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ORI ONNAL PAGE '(S
OF POOR QUALITY

U 1 14 40 100 1'1IN 1 1Nllt
0 V%v I..IA•ISIAtI.,

"y 14) II ND	 I r;IA# 1 I
07V20 If	 (N1.1	 1. 1 1 NI-	 FI N11	 NI
'.) I4li(l WN 1	 1 ► 	 .	 —III	 ) q	 i	 •	 l	 I' , 1 . 1 .	 I I	 Mi . .	 I	 .. 	 .
0/v 40 WkI 1F l hr l 14 	 t	 (	 1	 1	 1	 1'11.1. 1!	 I 1	 1
^) hll	 101	 .l.l	 . I ;iliU.l	 •N	 1.	 1	 .1	 1 ►
U .1	 15 1.1k 1 ♦14.1 -	 1 1
0	 ^ UII	 1.'0	 I	 ISI(lr I!	 1•'ll

A	 ► 4/111)
11	 (AHti(A),I	 I. 1.1
F 1 010	 ( I 1	 11

Wf•• I11	 (-, 011.4)	 (l	 i11;	 f	 .l	 I•',. fill.I -it	 tl')
1114 11 .1	 1	 .1i1	 X 00	 IU	 1"

kt I UkN
0 1I0 t111 • MAI	 IH0.1	 'fit	 11.1. 'tl	 *1
0 111 F11hMA 	 IH^'	 1	 •'	 I	 •,. .1111)
I t I 1.1 ► 0ItM111	 1	 " I	 -	 1^•	 I

1 1 4 1	 IIhMA 1 1 	1	 l;	 '1	 I a
V I	 N11

The following listing is of a dataset containing the input data

for the reduction code. The two datasets are submitted together as a

single batch job; they are merged by the computer before execution.

OOOLO /.1.1-.1 11lF00i Ill' r0iN 'VI 26Et6A.N;) 	 I.:'1N.DA10 r1 , 1 A	 It 11
000: 1 0 //GU.iiYSIN 1 1 [ 1 ►
000: 110	 C:1Jhf'IJTF'l1 Mos'; F  OW 1 AIF (h1i/'•'
00040	 ('I1M1'111E:U MEAN AXIAI. VI 1 01:11Y (M	 )
00050	 11 VE Loc I f Y ( M.'S )
0006()	 V VELOCITY (M'S)
00070	 W VLLOI:I I Y (MIS)
0001,10	 1 111 AL VII OC 1 T Y MAGN [ TIIUI (M/S )
00040	 10 MFNS I ON1 ► S!; 0 VF 111(' T 1 Y
00100	 It I MFNS I ON1 Ftic; V 0 1. 1 CI(' I I Y
00110	 1)1 MFNS i ONI F !;F; 41 VI I I IC I f Y
001.'0 DIMENSIONLESS S IAT It: f hl-SS• 1'!h'I Nt'F<4
00130	 f R118F. t' l 117.11 ANI4 I (DE I l. t
00140	 PR SHE YAW AN61 [ ( DC0. )
001:j0	 F'(NUNIM) - F'(SOIf111)	 (VOI. IS)
00160	 P(Ct.NILR) - F' (Wt ST!	 (VOI IS)
00170	 V(I:ENTER)	 Fl Al M. 	 (VULIS)
00luo	 MI AS. INl LT MASS 1 I OW 10TF (h,l;• 111
001' 0	 MI AS. INLET AXJ01 VELU1:IIY (M!';1
00700 hl AS . 1 NL F T DYNAM I C F*Rf ti'; . ( I Okk )
0021 0 AXIAI Ft I IX OF ANCilll AN MOMI N f UM ((4-M)
00220 AXIAI FLUX Of AXIAI MOM. (NI 01.. t' S1')

I	 00: 30 AXIAI F1.10 (IF AXIAI MUM. ( lN('l . PST )
00240	 SWIRL NO. S-F'k I NF	 (NF 61— F'S l )
002`i0	 t4W [f(L NO.	 S	 (INCI . F'SI )
00260	 SIAI E(: PRLt ;S111:F. SAGE (N/SIT. M)
00270 51tO . F RFS5. DliF . r F'-1'kC.F (N/ti(I.M)
00'.1 00	 INLET kE YNIII L1i; NOMPEh
00.90	 FAN SFF LD (RI-M(
00.400	 k  1'. FL(IW TEMP. (Ill (; ['tL 1US)
00310	 A I oil ;Ff1F RTC F'kt SSUFF ( 11Ikk )
003 1-1 0	 DFNSTTY (t'G/['l1. M)



oRIONAL PAGE IS	 103
OF POOR QUALITY

00AJ0 ANS. (IAM,) VI:11'11S1 ► Y	 (NS/M-10
00340 AVFkA.1F S OF NON111 M .	 11 -VEI I IC 17 Y
003too AVI kAGIE S OF NON 	 I M.	 V-VF I OC I it
00-460 AVI kAOtS 'If MINI IM.	 W-VFI IWITY
003/0 AVLkA1:1 '; Of S W IC	 VkFNS.	 I(If f t kt NCt
003H0 CAL (14kAIION NO. 19 --	 10/10/82 WFS)
00.390 2.'_.44 -;ili.0 1 •AAI -0.81H
00400 ?.233 -V,.0 1.4',2 -0.60.1
00410 l. Y 1 4 -50.0 1 .. HY -0..':10
004:1 0 1.6011 --4:..0 1 . Vol)
00440 l . Ah'I -40.o 1.071 0.'40
00440 1 . 1'.4) -.4!).0 1 . 0`_03 0. 140
004.'{0 0.Yh1, -30.0 1	 .•	 . 1 4 0.'.7',
00460 O.H01 -211.0 O.Y90 0.109
004 /0 0. hA 4 -20.0 O. Y.34 0. IHH
0041!0 0. 1.{.41 -1 L . 0 0.'r l : 0. H3S
004 100 0.41:' -10.0 0.90A 0. ft73
00'000 0.210 -:0.0 O. Y 17 0. YOR
00t)10 0.110 0.0 0.912 0.YI'
01,:020 -0.0:.0 '.0 O.Y40 0.906
00,A0 -0..'Ov 10.0 O. Yoh 0. 1.100
00'•40 -0.346 1'0.0 0.971 0.8 .̀,6
00', :.00 -0.476 70.0 1.017 0.8.13
00'064 --0.60,4 2:,.0 1 . GY l 0. 1'11
00'870 -0. U96 30.0 1 . I Yh 0.1-64
00'410 1	 .	 1'I/ :001.0 1 .:' (h O-AW
00'.'70 - I .4U/ 40.0 1 ..300 0.:170
o0600 -I.1,AY 47x.0 1.JY7 0.000
00610 -2.:3 i Y .:00.0 1 •:041 -0.340
00620 -.4. on 1 G'.. 0 l . 8V. 1 - 0. H: 3
001,130 -3. 16 11 '01,00 :1.300 - 1 .:'46
00640 A/.	 11I.W •	 Al	 k : . 1	 r Ilk	 PHI	 709 U),11 VI AN1	 (NO	 14I OCh )
006'0 Mf	 '.'.;.	 1	 t /21/8:' Ii,	 G.	 SAN1(1 - k: 1.0 1,1FI1-I	 NAPA	 'NA70R: 1N'
00660 YO. 70.0 :A.Y3H 11.7$
000. /o 0 1	 9
00610 -1.201 9	 0.101.. -.27.3
00AY0 :11100. 38.0	 /41.4 0.0
00100 -:'4.0 2 0.156 0. 1 "06 -.307
00710 - IS.J :'/0. 0.143 0.170 -.307
00720 -1:.0 2611.4 0.126 0.1 e4 -.30`.
00130 -6.0 Y 0.116 0.1 46 -.310 
00/40 0.0 2611.4 0.120 0.112 -.313
00/no 6.0 2611.0 0.131 0.(19Y -.316
00760 1: 1 .0 ^hh.A 0.144 0.1111 .323
00710 1U.O :1,1.:' 0.ILo 0.134 -.326
00.;80 24.0 264. 3 0.141 0.140 ' - . 3:!6
00 7 90 //

Output generated by the reduction code using the example data given

above appears on the following pages.
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