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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
data reduction. Nondimensionalized velocities from both radial
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
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 fincreases, with axial and swirl velocities peaking strongly
at the outer edges of the swirler exit and significant non-zero
radial velocities present. Higher-order jdealized profiles gave
improved correspondence with moderate tu high swirl cases, but none
of the idealjzations studied could approximate the measured pro-
files satisfactorily. For strong swirl, the central recirculation
zone extended upstream of the exit plane, and nonaxisynmetry was
found in all swirl cases investigated.
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NOMENCLATURE

English Symbols

c blade chord width

d swirler exit diameter

D test section diameter

F velocity ratio w,/u, for case I

G axial flux of momentum; velocity ratio wmo/uo for case II
HiI,J Wmc/”mo for cases III -V

p time~-mean pressure, N/m2 = Pa

S blade spacing or pitcﬁ

S swirl number = Ge/(Gxd/Z)

Uy VW axial, radial and tangential components of velocity
Xar,0 axial, radial, azimuthal cylindrical polar coordinates
z hub-to-swirler diameter ratio dh/d

Greek Symbols

B yaw angle of probe = tan” (W/u)

§ pitch angle of probe = tan™! [v/(u2 + w2)1/2]

8 azimuth angle

P density

o pitch - to - chord ratio

) swirl vane angle = *cem'1 (win/“in)’ assuming perfect vanes
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inlet conditions, upstream of swirler
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axial direction

tangential direction
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Superscripts
alternate form, neglecting pressure variation;
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CHAPTER 1
INTRODUCTION
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
probiem.

As part of an onp-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,
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 (sida-Wa]] angle o = 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
flowfield 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.
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Research is progressing in several avreas related to the flow facil-
ity investigation just described. Computer simulation techniques are
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
jts performance at different vane angle settings. In the earlier predic-
tions, the veloc¢ity boundary conditions at the inlet to the model com-
bustor were approximated by idealized flat profiles for axial and swirl
velocity, with radial velocity assumed to be zero. However, recent
measurements taken closer to the swirler exit show that the profiles
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 achjeved via
sti11 (5) and movie (6) photography of neutrally buoyant helium-filled
soap bubbles and smoke produced by an injector and a smoke wire. Time-
mean velocities have been measured with a five-hole pitot probe at Tow
(5) and high (7) swirl strengths. Tc 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
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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, the swirler can have
a strong influence on the neasurements or predictions made downstream. i1
Better definition of the swirler's performance characteristiss is needed.
In the present study, the main objective has heen 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.
A range of swirl-blade angles ¢ from O to 70 deg. is considered. Speci-
fic objectives include:
1. Investigate the flow turning effectiveness of flat blades in
annular axial vane swirlers at various blade angles, ¢. ;
2. Investigate the degree of nonaxisymmetry introduced by vane-
type swirlers, i
3. Establish correlations between the blade angle ¢ and the velo-
city profiles and degree of swirl actually produced.
4. Evaluate the applicability of idealized velocity profiles used {

recently in flowfield prediction codes, and specify more rea-

Tistic idealized profiles for future use. ,
6, Provide swirler exit data usable as inlet conditions in predic-
tion codes being used to establish, evaluate, and improve

turbulence nmodels.




1.4 Qutlir: 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 investigatijons being high-
lighted.

Chapter II describes rathematical 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
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
from radial and azimuthal traverses, respectively, noting the presence
of nonaxisymmetry, recirculation, and strong velocity gradients at the
swirler exit plane. A third section describes the results of a check
on sensitivity of the measurements to calibration errors, The last
section of Chapter IV compares the swirl numbers calcuiated from mea-
sured profiles and from the idealizations of Chapter II to judge the
usefuiness of the idealized profiles.

Chapter V presents conclusions drawn from the above results and
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 forvreduction of five-
hole pitot probe data js in Appendix C, and a 1isting of the program

with sample input is in Appendix D.
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CHAPTER T1

IDEALIZED PROFILE DERIVATIONS
2.1 Idealized Velocity Profiles

A1l 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 generators (13, 14). These, however, have
been shown to be guite unrra1istic (3, 12, 15) and to lead to consider-
able errors in computer siwulations (4). Although the best approach for
numerical simulations is to use experimentally measured profiles if they
are avai1ab1e, idealized profiles are very useful in theoretical work.

If more realistic profile «ssumptions can be developed which are still
mathematically tractable, more useful analytical résu]ts may be derived.
Better 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 Tinear and parabolic profiles of
axial velocity are more appropriate for moderate and high swirl cases,
and that the swirl velocity also approaches a parabolic profile at high
swirl strengths, with most of the flow leaving near the outer boundary

of the swirler. Several combinations of linear and parabolic idealized

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 nondimensiopal parameter used to characterize i

the degree of swirl generated by a swirler. It is defined as follows i
(13): 6 k
6, (d/2) (1) {4

where the axial flux of angular momentum Ge is given by

GB = é de { [ouw + pu'w'] re dr (2)

and the axial flux of axial momentum Gx is given by

2m d/2 —

6, =, do - [owf sl (p-p)Irdr (3) :
X ¢« y ©

and d/2 is the swirler exit radius (4). These equations are obtained ) :
from appropriate manipulation of the axial and azimuthal momentum equa-
tions, respectively. In free jet flows these two expressions are :;
invariant with respect to downstream location. In the axial momentum

expression, the preséure term (p - pw) is given from radial integration

of the radial momentum equation (16) by

(p - =" sz’l dr - v‘2

P - P, 12 [ow® 2] p (4)

If the pressure term is omitted from the axial momentum, the dypamic {
I

axial momentum flux Gx is obtained:

) 2r - d/2 2 T3 _
G, = é de ! [ou® + pu'“]r dr‘ (5)
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This Jeads to an alternate definition of swirl number (17):

&

T3 e v iy

6,(d/2) (6)

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

By assuming axisymmetric flow and neglecting turbulent stresses

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

duce to
d/2 o ;
Gy =21 [huw]r® dr (7)
d/2 9
6, =2r 7 [ou®+ (p - p)Irdr | (8)
and
(P - o) = /" [ow? Ldr (9)
d/?2 ;

When the expressions for axial and swir] ye]ocity for case I (see Figure

1) are substituted into Equation (7), one obtains
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Gy = %wpunwo (d/2)3 (10)

Substitution of w(r) = into Equation (9) and integrating produces

Y,

(b - pg) = oW [In(r) - In(d/2)] (1)

After substituting Equation (11) into Equation (8) and integrating, the
expression becomes

2

_ S A )
6, = mou’ (d/2)% [1 - 5-(35) ] (12)

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

the velocity ratio F = w /u the swirl number S can be expressed thus:

§ = bl (13)
1 - F2/2

The alternate swirl number S' follows from finding the dynamic axial

flux of axial momentum:
G; = wnu (d/2)? (14)
Using this in Equation (6) leads to the simple expression,

S' = 2F/3 (15)

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

cases are found to be as follaws:
For case II with u(r) = uo; wir) =w (372), and defining G as

wmo/uo'

- .. 6/2 | (16)
S s
1 -G /4
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For case III with u(r) = Yo (352), w(r) = wmo(&}é), and defining

H as w,/uno

s = Ti'?-—%m (18)
and

S'= 4H/5 (19)

2
For case IV with u(r) = “mo(d§2)’ wir) = who(a§2) , and defining
as wmo/umo:
- )

Ry (20)
and

St =1 (21)

i I i = ~-r—-. = .
Finally, for case V with u(r) = u o (g7z) » Wlr) = w (d/z) ,

and defining J as wmo/umoi

_ o Ay/7
S = oy Maas 22
1 -237/3 (22)
and
S' =43/7 (23)

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 I -
P o n/(38)  [4/(38) 12 4 8
2
F = 35'/2
Case II -
o = z20(8) + [2/($)1% + 16
2
6 = 28
Case 111 -
4 o z8/(55) + [8/(55)1% + 8
4,
H = 55'/4
Case IV -
[ o =4/(35) * [4/(35)1 +16/3
2
1=
Case V -
L oBz8) + [6/(79)1% + 6
?
3= 7576

10




n

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 swirl number is 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 are generally similar in shape, somé observa-
tions can be macde. The curves for cases II and IV are the upper and
Tower extremes for both the S and S' relations, with the curves for
cases I, III, and V falling in between. This may be anticipated since
the w profile is of highar order than the u profile for case II (that
is, linear versus constant) and the opposite is true for case IV
(1inear 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
the swirl strength increases from 0 to 70 deg., corresponding profiles
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.
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CHAPTER II1
EXPERIMENTAL EQUIPMENT AND PROCEDURE
3.1 Combustor Flowfield Facility

The installation on which all tests were performed is a low-speed
wind tunne! designed and built at Oklahoma State University. It pro-
duces uniform ¥low of relatively low turbulence intensity, with contin-
uously adjustable flow ratz, 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 iintake consists of a rounded entrance containing fixed inlet
guide vanes, surrounded by a coarse-mesh screen box covered with foam
rubber panels to filter the incoming ambient air. The blower is a six-
bladed propeller-type fan, driven by a 5 h.p. U.S. Varidrive motor which
can be continuousiy varied from 1600 to 3100 rpm.

Air from the blower is expanded into the stilling chamber and passes
through several fine mesh screens to help remove the turbulence gener-
ated by the blower. The turbulence level is further reduced by passage
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
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
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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 profiie, 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 1 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 inlat reference velocity, Ui

3.2 Swirler

The swirler used in this study is annular with hub and housing dia-
meters of 3.75 and 15.0 cm respectively, giving a hub-to-swirler dia-
meter ratio z of 0.25. The hub has a streamlined parabolic nose facing
upstream and a blunt base (corner radius approximately 2 mm) facing down-
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-
matics of the swirler are shown in Figures 3 through 5.

The ten vanes or blades are attached to shafts which pass through
the housing wall and allow individual adjustmenf of each b]éde‘s angle,
The standard vanes are wedge-shaped for nearly-constant pitch-to-chord
ratio o 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 0.5 and 0.75 of the standard width may be
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installed to study the evfect of increased pitch-to-chord ratio on turn-
ing effectiveness, nonaxjsymmetry, 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 principies may be found in Reference 5. A schematic of the
probe tip 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 msunted 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 (1-10) and creates confined-jet conditions downstream of the
swirler. The presence of the *est section tube has negl:xible 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
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
~to the swirler, thereby allowing azimuthal traverses to be performed,

Tubing from the probe's five pressure taps is routed through selec-
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tor valves so that pressure differences between any two of the probe's
five holes may be measured by a differential pressure transducer (Type
590 Barocel Pressure Sensor by Datametrics Inc,, + 10 torr range). The
resuiting pressure difference values are then read dirvectly from a digi-
tal voltmeter with selectable averaging time-constant (Model 1076 True

RMS Voltmeter by TSI, Inc.).

3.4 Calibration, Measurenment, and

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.
The probe tip is placed in the uniform parallel flow of the jet potential
core and adjusted to zero yaw angle. The probe is then rotated about
its pitch axis and values of (pN - ps), (pC - pw), and (pC - patm) pres-
sure differences are measured at different values of pitch angle §.

Velocity measurements 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 (pE ~ pw). The value of yaw angle B is then
read from the rotary vernier on the traverse mechanism. Finally, values

) are

of the pressure differences (pN - Pg)s (pC - py)» and (pC = Patn

measured,

The raw pressure data are reduced by a computer program to yield
nondimensionalized values of the u, v, and w velocity components, as
well as the static pressure at each Tocation. The reduction program

also performs numerical integration on the radial traverses to obtain
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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 }*eduction proce~
dure are given in Appendix C, the description of changes made to the
reduction code, while more general descriptions of the original code
are found in references (19) and (20). A listing of the code with

sample input and output is given in Appendix D.



CHAPTER 1V

EXPERIMENTAL RESULTS

]

Velocity profiles from both radial and azimuthal traverses for each
of the flowfields investigated are now presented and discussed.

Table II gives a summary of the operating conditions used during the
studies. With nonswirling conditions, the low fan speed delivers rela-
tively high axial velocity and corresponding Reynolds number. At pro-
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
stations were actually measured since the hub blocked the inner three
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 = Q positibn in line
with the shaft of one of the swirl vanes. A diagram showing the tra-
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

17
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is the expansion station, separated from the swirler in practice (5-10)
with one of 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 centerlipe to twice the exit
radius (r/D = 0.5 where D is the test section diameter used in associated
studies). A1l velocities shown are normalized with respect to the
swirler inlet uniform axial velocity, deduced independently from the
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.

The nonswirling case shown in Fig. 9 has a nearly-flat éxia] velo-
city profile, as expected for the plain nozzle opening without the
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

struts. Here again the axial profile is quite flat, with just a slight
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increase toward the hub., However, the velocity has increased by nearly
25 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 entive annulus, overriding the tendency to anticipate the ex-
pansion corner, The swirl velocity is, as gxpected, negligible,

The 38-degree blade-angle case in Figure 11 shows remnants of the
flat inlet profile over 2 small portion of the radius near the outside
edge in both the axial and swirl profiles. The presence of the hub now
constrains the three innermost points to zero, and the region between the
hub and the Tlat portion in the axial and swirl profiles is approximately
Tinear, The maximum axial velocity is 1.5 times the inlet axial velocity
because the flow area is decreased by the hub and also because centri-
fugal effects have shifted the profile outward. The radial velocity has
an dirregular profile with a maximum value of one-half the inlet axial
velocity,

In the ¢ = 45 degree case of Figure 12 the flat segments are no
Tonger present and both axial and swirl profiles vary from zero at the
hub to a waximum at or near the rim of tha swirler in an almost linear
fashion. The similar shape and wmagnitude 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 /D
= 0.7 similar to that in the axial and swirl profiles; this is probably
due to the central rvecirculation zone downstream beginiing to slow down
the flow upstream of it.

Prqfi]es ensuing from the case of ¢ = 60 degrees, see Figure 13,
all have a sharply peaked shape, with most of the flow leaving near the

outer boundary. The radial component is considerably stronger, with a
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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 (¢ = 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 times 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
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 occurying at the exit of the swirler under high-swirl
conditions. The swirl velocity profile remains positive but shows av

step corresponding to the outer boundary of the recirculation zone.
4.2 Velocity Profiles from Azimuthal Traverses

An indication of the azimuthal or @-variation of axial, radial,
and swirl velocities is now given for the same vane angle settings used
in the radial traverses. The measurements were taken at a constant
radial position of r/D = 0.179, 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-
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sentative of the main region of the flow. In addition, azimuthal tra-
verse measurements were taken 0.709 D 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.
Radial profiles at this location for all degrees of swirl are already
available (3).

Measurements in each case spar an angle of 48 degrees, somewhat more
than the 36 degrees between successive blades. Data are tabulated in
numerical form in Tables IX through XVI, 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
position, except for those in or near recirculation zones where the w
velocity component is dominant. These variations can be attributed to
several causes, among them being blade stall from using flat blades at
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 © = 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 profi]e, al-
though the precise accuracy of these measurements is uncertain because
of the velocity gradients across the width of the probe. The decreaséd
u-velocity at the left side of the profile is caused by the presence of
an upstream strut supporting the hub, 10cated at o = +24 degrees. The

radial velocity is uniformly negative indicating inflow over most of
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the range, which agrees well with the results of the radial traverse
shewn earlier in Figure 10, 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 middie 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 appareﬁt 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
that the blade pitch/chord ratio of 0.68is 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
region and varies the most of the three components, It is also quite
large even at this low degree of swirl,

In the case of ¢ = 45 degrees, Figure 17 illustrates that the 36-
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-
est variation with azimﬁtha] position.

For the 60-degree swirl case of Figure 18 variations with azimuthal
position are again evident in all profiles. The variation is less than
in the cases seen heretofore,: possibly because the main flow has shifted
further outward under centrifugal effects and the measurement position
is in a region of reduced velocity.

This effectvis even more notable in the ¢ = 70 degrees profiles

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



23

the main exiting flow, but on the edge of the central recirculation
zone. The axial velocity here is effectively zero, although consider-
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 fairly 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
degrees a traverse was made at the next outward radial station at r/D

= 0,204, When the velocity profiles shown in Figure 20 are compaved
with those in the previous figure, the effects of extreme velocity gra-
dients in the radial direction may be perceived. The accuracy of the
radial velocity and pitch angle measurements may be suspect in the pre-
sence of high radial velocity gradients, but the major features of the
flow can still be assessed. In a radial distance of only 7.6 mm, 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 variation with blade spacing is again present in
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-
stream of the Tocation of measurements just discussed. Both radial
Tocations, »/D = 0.179 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

trom further upstream in Figures 19 and 20, respectively. It appears
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from both sets of profiles that the recirculation zone has narrowed
somewhat with the additional length before the expansion corner. At

the inner radial position (r/D = 0.179) of Figure 21, the axial velo-
city is no longer zero. It is now positive, indicating 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-
velocity zone has moved further imward, The azimuthal variation is

aqain 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
procedure to these variations. The case of swirl vane angle ¢ = 70
degrees was used, at x/D = -0.109 and r/D = 0,179. The most recent
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
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
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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 XVIII shows

a quite uniform increase of less than five percent over all the values.
This indicates a relatively predictable, Jow 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 in 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
C and D. Since actual w§11 static pressure measurements were unavail-
able, the reference pressure P_ 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 Drdducing strong swirl. Also shown
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in Table XX is the ratio w /u_ - 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 first, 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 woluo = 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 ¢. The results for
the four swirl vane angles used are shown in the left half of Table XXI.
It is immediately apparent that the negative S values for ¢ = 60 and
70 degrees are based on values of F greater than the asymptotic value,
and are physica]ly unrealistic. The S values for ¢ = 38 and 45 degrees
are considerably higher than the measured values, while the S"va1ues
start close to the measured ones but diverge rapidly at high vane
angles. This confirms the unsuitability of the Case I idealization
for modeling f]at-b]adedyswir]er performance.

The other comparison was done using the "most appropriate" idea-
1ized case, as judged by visual comparison of the profi1é 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
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
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and S' values were then determired using Equations (13) and (15), (18)
and (19), and (22) and (23)., Results are shown in the right-hand side
of Table XXI. Again we see considerable discrepancies between the actual
and idealized values for both S and S'. Although use of Cases III and

V gives a much better match for the higher swirl vane angles, the newer
idealized profiles are stiil 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,



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 valyes of the ratio of maximum swirl velocity to maximum axial ve-
Tocity at différent swirl numbers are tabulated for each case.‘ Measure
ments of actual swirler exit velocity profiles were made for swirl vane
angles ¢ = 0, 38, 45, 60, and 70 degrees using a five-hole pitot probe
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
swirler blade angle increases. At Tow 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
Tinear profiles of u and w with radius are found, with strong v velo-
city. At stronger swir] ¢ = 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,
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the profiles are extremely spiked with flow reversal, The central re-
girculation zone extends upstream 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 effectivenerss of the flat blades was generally
adequate for all vane angles tested, However, the large variations of
flow angles and velocities with radius made meaningful comparisons with
two~dimensional cascade data impossible. Nonaxisymmetry 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 recommended.
This should include relating the ratios at maximum profile velocities
to effectivavvane ang1es to allow prediction of swirler output for a
given vane angle setting;

Fina11y; it is suggested that an uncertainty analysis be done on
the five-hole pitot technique to estimate the effects of turbulence
intensity and velocity gradients on the accuracy of measurement re-
sults.
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TABLE I

RATIOS OF MAXIMUM SWIRL AND AXIAL VELOCITIES F-J
OF IDEALTZED PROFILE CASES I - V, FOR COMMON
VALUES OF SWIRL NUMBERS S AND S'

S F S! F
0.10 0.148 0.10 0.150
0.25 0.352 0.25 0.375
0.50 0.610 0.50 0.750
0.75 0.782 0.75 1.125
1.00 0.897 1.00 1.500
1.50 1.038 1.50 2.250
2.00 1.120 2.00 3.000

o 1.414 o w

\

(a} case I - Flat axial and swirl profiles,
F = wo/u0
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TABLE T {Continued)

S 6 5 6
0,10 0,198 0,10 0.200
0.25 0,472 0.25 0,500
0.50 0,828 0.50 1,000
0.75  1.070 075 1,500
.00 2.23 .00 2.000
150 LA 1.50  3.000
2,00 1.5 2,00 4.000

2,000

(b) Case I - Flat axial and linear swirl profiles,
Q= wﬂ/unm
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TABLE I (Continued)

s H 5! 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 o w

(c) Case III - Linear axial and swirl profiles,

H = me/umO
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TABLE [ (Continued)

S I S! I
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
1.00 0.667 1.00 1.000
1.50 0.793 1.50 1.500
2.00 0.869 2.00 2.000

o 1.155 o0 %

(d) Case IV - Parabolic axial and linear swirl

profiles, I =w_/u

mo mo
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TABLE I (Continued)

ORI PRGE 19
gF POOR QUALITY

S J S 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
1.50 0.972 1,50 2.625
2.00 1.029 2.00 3.500

. 1,225 " o
(e) Case V - Parabolic axial and swirl profiles,

Jd =W u
ITIO/ mo
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TABLE 11

SUMMARY OF OPERATING CONDITIONS %
¢ (degrees) FS (rpm) Uin (m/s) Rey X 1070 %
: : : i
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 ?
* Abbreviations used are: I
¢  Swirl vane angle %
FS  Fan speed i
Ui Spatial-mean swirler exit axial velocity, deduced from ;
independent upstream measurement, excluding presence of |
the hub and swirler |

Red Swirler-exit Reynolds number based on Uin and swirler

| diameter

Fh
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TABLE XVII

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

Percent Difference

K v (deg.) u/uipn v/uin W/uin

1 -24.0 1.91 -8.22 1.91
2 -18.0 0.80  -10.23 0.80 ;
3 ~12.0 0.27  -11.43 0.27 %
4 -6.0 0.92  -10.01 0.92 1
5 0.0 2.15 -7.89 2.15 f
6 6.0 1.87 -7.27 2.87 %
7 12.0 2.55  -7.51 2.55 J
18.0 2.29 -7.73 2.29 ;
9 24.0 1.93 -8.17 1.93 ;
§
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TABLE XVIII

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

Percent Difference

K 9 (deg.) u/ujy v/ug, w/ug,
1 -24.0 4,86 4,86 4,86
2 -18.9 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
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TABLE X1X

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

Percent Difference

K 0 (deg.) u/ujp v/uipn w/usp
1 -24.0 6.87 -3.75 6.87
2 -18.0 5.72 -5.85 5.72
3 -12.0 5.15 -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




ORIGINAL PAGE [§
OF POOR QUALITY

TABLE XX

SWIRL NUMBERS S AND S' FROM RADIAL TRAVERSES

1.066

¢ St ¥mo/Umo
38 0.567 0.559 0.801
45 0.765 0.718 0.876
60 0.850 0,759 0.937
70 0.883 0.750 0.887
TABLE XXI
THEORETICAL SWIRL NUMBERS
BY TWO METHODS
6 Ideal Case I Most Appropriate Case
S St Case S s!
38 0.750 0.521 I 0.786 0.534
45 1.333 0.667 111 1.137 0.584
60  -2.309 1,155 v 1.291  0.625
70 -0.660 1.832 ) 0.591
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(a) Case I - Flat Axial and Swirl Profiles

d/2 [ d/2

(b) Case II -~ Flat Axial and Linear Swirl Profiles
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(c) Case Iil - Linear Axial and Swirl Profiles

Figure 1. Idealized Axial and Tangential Velocity Profile Cases
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Figure 1 (continued)
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Case V - Payibolic Axial and Swirl Profiles

Case IV - Parabolic Axjal and Linear Swir] Profiles
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Figure 2. Variation of Velocity Ratios F

Through J (Cases I Through V,
respectively) with S and S'
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Figure 6. Swirl Vanes
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Figure 7. Five-Hole Pitot Probe With Angles and
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Figure 8, Measurement Locations - Radial and Azimuthal Traverses
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Figure 9. Normalized Velocity Profiles From Radial
Traverse, ¢ = 0 deg., (No Swirler)
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Figure 10, Normalized Velocity Profiles From Radial
Traverse, ¢ = 0 deg. (Swirler Installed)
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Figure 11. Normalized Velocity Profiles From Radial
Traverse, ¢ = 38 deg.
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Figure 12. Normalized Velocity Profiles From Radial
Traverse, ¢ = 45 deg,
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Figure 14, Normalized Velocity Profiles From Radial
Traverse, ¢ = 70 deg.
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Figure 15, Normalized Velocity Profiles
: From Azimuthal Traverse, ¢
= 0 deg. at r/D = 0,179
(Swirler Installed)
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Figure 17. Normalized Velocity Profiles
From Azimuthal Traverse, ¢
= 45 deg, at r/D = 0,179
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Figure 18. Normalized Velocfty Profiles
From Azimuthal Traverse, ¢
= 60 deg, at r/D = 0.179

76



Oikialiviil. PAGE S
OF POOR QUALITY

u /l.lil.I

V/l.lin

W/Uin

Figure 19. Normalized Velocity Profiles
from Azimuthal Traverse, ¢
= 70 deg. at r/D = 0.179

AR % TATPTMEA R




78
ORIGINAL PAGE IS
OF POOR QUALITY

2._{*ﬂ\XA//r*

1 -

u /’l]ir]

\I/Ui'1

W/Um1 Mﬁm\\«//ﬁd

6

Figure 20. Normalized Velocity Profiles
From Azimuthal Traverseé, ¢
= 70 deg. at r/D = 0.204
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Figure 21. Normalized Velocity Profiles

From Azimuthal Traverse, ¢

= 70 deg. at r/D = 0.179
Measured 0.109 D Down=-
streamn of Swirler Exit
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Figure 22, Normalized Velocity Profiles
From Azimuthal Traverse, ¢
= 70 deg. at r/D = 0,204
Measured 0.109 D Down-
stream of Swirler Exit
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DESCRIPTION OF REVISIONS TO COMPUTER PROGRAM
FOR FIVE-HOLE PITOT DATE REDUCTION
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APPENDIX C

The data reduction program used for this project is a modification
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 sdbroutines. 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,
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
swirl nuimbers for radial traverses, and computing averages of the out-
put quantities over successive one-blade tycles for azimuthal traversés.

Finally, the primary output values are written into an unformatted

S

e o ey S e e

e e T

e sty

AR

A

rrser
S

TR > e N

TREEREIEE T



83

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 program:
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 Modifications

The code's new capabilities include calculation of static pressure
at each location and reduction of either radial or azimuthal traverse
data. For radial traverses, the c¢ode valculates axial flux of axial
momentum (with and without static pressure contribution) and swirl
numbers S and S'. For azimuthal traverses, it calculates averages of
the output values u, v, w, and p - p_. In addition, substantial changes
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

and understand,

Static Pressure Caiculation

‘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
Pi = Pst * K49

whevre Pst is the local static»pressure, K is an empirical coefficient

which is a function of pitch angle &, q is the local dynamic pressure
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2
%oV , and the subscript i stands for any of the ports N, S, E, W, or C.
Rearranging this and subtracting atmospheris pressure from both sides,

we obtain for the central pressure port

Pot = Pan = (Pg = Pagn) = Ked (c.1)

We now introduce the velocity coefficient,
ol

Ve = ey =
pc’pw) (pC-pWT'

which is already used in the code to determine total velocity magnitude.
In accordance with standard practice, it is assumed that the velocity

coefficients under calibration and measurement conditions are identical
at a given pitch angle 61, regardiess of differences in fluid velocity.

That is, VC6 VCG or

],ca] ].meas

‘ 9cal . Ineas
(Pe - pw)51,ca1 (pe pﬁ751.meas

This rearranges to

q
(i . -
Imeas (T; - Pls  1Ca1 P Pu)al,meas (€.2)
i o .

Now, from Equation (C.1), taken at 6] under calibration conditions:

- (Pe = Pagr)
. Pe = Pst ) C atm Gl,cal ,
KC "N = 3
6],Ca1 q Sl,cal cal

since the static pressure equals atmospheric pressure in the free jet

used for calibration. Substituting this and Equation (C.2) into
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Equation (C.1j), we get QUALITY

(pst - patm)meas - (pc - patm)Gl.meas -

(pc - patm)s ,cal q
. 1 . - CB] (p - p )
9cal (G pw’61.ca1 C "W'8,,meas

The calibration dynamic pressure canceis, and the remaining calibration
pressures may be combined to form a dimensionless static pressure coef-
ficient,

- (pc = patm)

SPC
‘ Pc = Py

which is determined as a function of § from calibration ata. This leads
to the final expression for the gage static pressure at a location where

the pitch angle is 6]:

(pst B patm)61.meas - (pc - patm)(S].meas B SPCS] (pc - pw)dl.meas'

This last expression is used directly 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.

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

Radial and Azimuthal Capability

The reduction of both radial and azimuthal traverses was implement-
ed by the addition of an integer flag in the input data to 1nqicate
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

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

C-oL
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traverses to be reduced in a single run must be of the same type -

either all radial or all azimuthal.

Data for both traverse types is treated identically through é
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
ITI, 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

When reducing data from radial traverses, the code autoiatically
performs a simple numerical integration procedure to find approximate
values of mass flow rate and the momentum fluxes Gys Gy and Gx'.
These values are then used to calculate the swirl numbers S and S' as

defined in Chapter II.

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 e1ements in a more straight-forward manner,
and the central disk element has been added for completeness (lines ;

3830 through 3880 of Appendix D).

gy
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I the absence of true static pressure taps in the vim of the
swirler, the reference prassuve p has been approximated by the measured
static pressure at the measurenent location nearest the wall of the
swirler.  This may introduce an ervor, 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 integranion routine. Since the data is expected to be cyclic with
a pariod of one blade width, averaging is performed over successive
one~hlade cycles. These successive averages may then be compared to
check deviation from cyclic behavior or averaged again to get a single
veprasentative value for each of the major output quantities.

The code is set up to handle traverses having six points over the
width of one blade; for example, six-degree increments for a ten-bladed
swirler. For other spacings the value of NREP (1ine 4470 of the code)
mist be changed.

Since the refevence pressure p, for each vane angle setting is
taken from a radial traverse at the exit plane, the valua of p, nust be
supplied by the user for azimuthal vuns. This allows calculation of
the pressure difference p - p, from axinuthal traverses for comparisecn
with the values obtained from vadial traverses. For thbse users not,
concernad with static pressure weasurements, the supplied reference

pressure PREF may be amitted or set equal to atmospheric prassure,

Miscellaneous Modifications

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

/”
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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 rediices the memory
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.
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APPENDIX D

LISTING OF FIVE~HOLE PITOT DATA REDUCTION
PROGRAM WITH SAMPLE INPUT DATA
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00010
00090
00100
00110
0G10
001350
00140
DOLYLO
GQLA0
DOLIG
Q80
U010
00200
00210
DOL20
IVIER 4]
0nO240
QOREHO
Q02460
QNOD?70Q
O0LH0

000
CRARRKK AR KA KA ARAK KN KK KNRK KR KRRER KRR RERK KK KKK NKRAKR IR KA KKK AR HK KKK K

00300
00310
00320
Q0330
QOIA0
00340
DOTLO
00370
HOXBY
HOIP0
Q0400
00410
DOA20
004730
Q0440
00450
0DO4H0
00479
H0q89
0NO490
D05GO
QOO
QONDO
QOO
00540
QOO0
Q0L&0
Q070
005RO
00LT0
00600
00a LD
D620
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A COMPUTER FROGRAM FOR DATA REDUCTION OF FIVE-HOLE FITOT
MEASUREMENTS IN TURRULENT, SWIRLINGy RECIRCULATING FLOW
IN COMBUSTOR GEOMETRIES

VERSION OF MARCHy 1983 - ’

MODIFICATIONS INCLUDE COMBINED RADIAL AND AZIMUTHAL CAPA-

BILITYy REDUCTION OF STATIC PRESHURE DATAy AND CALCULATION
OF MOMENTUM FLUXES ANL SWIRL NUMBERS FOR RADTAL -PROFILES.

BASER ON A FROGRAM EY: I L. RHODE (FHD THESLS), 08Uy 1981)

Ge Fo SANDER

MECHANICAL AN AEROSFACE ENGINEERING .
OKLAHOMA STOTE UNLVERSITY

STILLUATER, ON 74078

(o MAJOR FORTRAN VARIABRLES IN MAIN FROGRAM (LISTED IN ORDER

o

OF FIRST DCCURRENCE IN THE FROGRAM)Y S
TWRITE ~ LOGICAL FLAG FOR WRITING INTO OUTFUT DATASET (UNFORMATTED)

NIAGNS - FLAG FOR DIAGNOSTIC QUTRUT .

T = MAX NO. OF TRAVERSES ALLOWEDG DEIMENSION VALUE IN SUBROUTEINES

WT = MAX NO., OF POINTS ALLOWED PER TRAVERSEF alLBD DIMENSTION UALLE

HEDM ETC, = All. VARIARLES STARTING WITH "HED* ARE ALFHANUMERTIC ARRAYS
FOR QUTFUT JHEADTINGS

MEAk = NG« OF COLTERATLON TIATA FOINTS

CETTOH = CALTBRATION PLTCH CORFF. == (PN-PS)/ (FO-FW)

GHELTA = CAL, PLITOH ANGLE -~ STANDARD RANGE -58 TO 58 DEG,

CUELCF .« QAL VELOULITY GOEFF, - (0ALe UYN, FRESS. )/ (RG~FW)

CRETER = GAL, YTATIC FREGSURE CORFF, == (PC-PA)/(PC-FW)
HEGTDLyHEITD? ~ USFR HEALLNGS TO TUENTIFY THE RUN BEING RELUCED
ALFHA - = INLET STREWALL EXPANS [ON ANGLE

BHT = SWTRL UANE ANGLE SETTING

IEINCH ~ INLET NOZZLE OR SWIRLER DIAMETER, DSMALL, IN INGHES
NLINGH = TEST SECTTON DTAMETER, DLARGE, INCHES :
KRAITR = INTEGER FLAG FOR TRAVERSE TYPE -= 1 FOR RAUIALy O FOR AZIN,
NETATN - NO. OF TRAVERSES TO BE REDUCES

MAXJET = MAX NO. OF FOTNTS IN ANY OF THE TRAVERGES REING REDUCED
KLNCHE = AXTAL POSITION OF EACH TRAVERSE, INCHES

NIRTA = N0 OF UATAPOINTS IN EAGH TRAVERSE

RUMPRY — INLET DYNAMIC PRESSURE (UPSTREAM DF SWIRLER)s TORK

FREF = REF, FRESS, USED TO CALEC, FITFF FOR SWIRL NUMBERy TORK
FAMSPI = FAN SFEENy REM

TELOW = TEMFERATURE OF ALK IN TEST SECTIONs DEG. CELSIUS

POTM = ATHOSEHERTE PRESSURE, TORR

REOFF = BETH ZERO-NFESET FOR YAW ANGLE READINGS
RINCHE =~ KADLAL . FOS. OF DATAFOINTy INCHES (THETA FOR AZTH. TRAVERSES)
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Olah? o CHEDFANC?) s HEDTEFL O X HEOPATO) y HERRHOC) s HEDVIS (2 Y o HE DEAL €9 .
01.2a(¢ : : : .
VRSN COMMUN . .
0189 tiCﬁLIB#ﬁPlTUH(?&\oﬁhrhtnt?&)fCUklﬁF!vﬁ)iﬂPSTﬁF(ﬂﬁ)
i
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ORIONVAL PAGE 18
OF POOR QUALITY

£ b e A, 5T,

Q190 F7MEASUR/RBETA (S, 24) » RENMPE (1 24) o RPCMIMW By 24 RECHPACH £ 29 )y
01300 ¥ NUATACE) P MAXJPT y RINPRE (1)

01310 * FANSPIED) y TRLOWLEY » PATH ) » BZOFF (B

01320 EZGEOM/ZXCE) pRCDA) p XNDULE Y y RNDE4) s RYPBCR4) yDYNI(24) y
01330 ¢ SNGC24) P NSTATN XINCHS (8 s RINCHE (240

01340 E/CALC/VTOTAL CHy 24 s UCE 24 r V(B 240y WIHY 28T P24
013590 b UTBTAR (B 24) yUBTARCBy 24y VSTAR (B 24) r WBTARLD » 1) o FETARCGy 24D »
01340 ¥ PICHOF (81224) yVELCE CHy 240 y DELTAB» 24) s BETA Oy 24D »
Q1370 4 ANGHOMCE) Y UNEAMIB Y s HABS C) v MABFLOCE ) v LUINCH Yy

01380 * FROIFF(Br24) PETOF (B 243 y AXMOMB) » AXMONP (8) 5

01390 ¥ BPRIMECE) y8(8) y REDINCE) yFREF (&) pRHO(B)Y s VIBGOHD Yy
01400 + USTAVE (B, 24) yVETAVG(B324) p WSTAVE Dy 24) y PIFAVE By 24)
01410 $/QUTPUT/STORE(G) L '

014320 &

01430 REAL MAGSyMABFLO

01449 LOGICAL TWRITE,DIAGNS

01450 C

044460 Cr-=GET I[WRITE=,TRUE, FOR WRITING SOLN. ON OISK S8TORAGE
0}253 g SET DIAGNS=, TRUE. TO ACTIVATE DIAGNOSTIC WRITE STATFMENTS |
014

01490 TWRITE= . TRUE,

01500 DIAGNS= FALEE

01510 IT=8 .

01520 JT=24

Q1530 ©

01540 C---REAIN CHARACTER DATA FOR HEADINGS USEL RY. BUBROUTINES
QLG50 & WRITE AND PRINT (ALSO CALIEBRATION HEADING)

01560 C

01570 READCGy2085) HEDM HEDUMNy HERU» HELV s HEDW y

QLEEO 4 HEDVTyHEDUSTy HEDVET s HEDWS T p MEDEET y HELDDEL » METIRET »
Q1590 * HEDNMS y HEDCMY s HEDCMA y MEDMME » HEDMIV s HEDMIF » HEXIAM )
01400 i HEDAX y HEDOXF y HELIGER ¢ HEDS » HEDF » HEDFOF » HEDIRET

01610 4 HEDFAN P HEDTFL » HEDFRAT » HFORHO » HETW 5y

01620 A HETWUS Ay HEDVEAy HEDWSA s HE TP DA HEDCAL

01630 200 FORMAT (PA4)

01640

QLAHG0 (lumwmmmmmeme INTTIALYZE VARTARLES TN ZERD

01460 €

014670 Cakl, INIT )
014680 C :

01690 (rommmmmm=READN FIVE~HOLE PITOT CALIBRATION HATA

Q1700 C

01710 NCAL=2H

01720 Y, DO 10 TwisNCAL

01730 REATNCE 2103 GRITRHCIY yCOELTACL Y yCUELCF (XY s CRBTOF (T
Q1740 10 CONTINUE

01730 210 FORMAT(AF10,8)

01760 LFCOTAGNGY WRITECAY400) (CPITCHCT) ¢ ImlyD5)

01770 IFCOIAGNS Y WRITEC(A»400) (CHELTACLY » D=l 5)

01780 IFCOTAGNS) WRITECSHy400) (OVELCF L)y D2l s 28)

01790 IFC(DTAGNS) WRITE(Hr400) (RPSTCF L) » Taly2%)

8}3?8 c A00 - FORMATC/Z// v AXv L3 (FByA»1X) # /v SXp L2(F8.4))

01820 Cm--REAL USER HEADINGG, GEOMETRIO ANI, CONTROL. FARAMETERS AFRFLYING
01830 (- TR ENTIRE REDUGCTION RUN

aig4a0 ¢

01850 READCGy215) HEDIXL yHEDINZ

01840 215 FORMAT(18AA) ,

01870 READ(G 2160 ALFHASFHIy DGINCGH DL INCH

01BB0 214 FORMATCAFLOLED

Q1890 REALCE»217) KRALTRy NSTATNy MAXJET

QLP00 217 FORMAT(3I10)

Q1710 ©

01920 Cm-=REAN EXFERIMENT FARAMETERS SPECIFIC TO EACH TRAVERSE, THEN

019430
019240

G ACTUAL MEASUREMENT IATA TN TRAVERSE
o
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0i2ho I 50 I-1yNSINTN,

Q1260 READCEH-230) KINUHSCIY pNDATACLY s REUNFIGTCE Y v PRET ¢ 1

QU420 READC I 2La) FANSEFHCI » TRLOWCI S FATHO L) pBIOFF R T)

DI SPTH-NIATACD ’

Q120 I 20 Jade il

Q00 READ Gy 200 RINHCHG D) o REBETALT v D) o RENME S0y D e REGMPWA Ly 0) y
QA0 I RIYGHPALT 7 )

020 20 GONTINUE

02) 30 30 CONTENUE

0200

DALY Do mmenww=GONYERT X775 ANIL RS FROM INGHE: 100 MEYERS
au&n (G

0070 REMALL=NBINCHEO 025473, 0
Q08B0 ' RLARGE = 0L INCHYO QZUA4/240
QLOY0 D0 38 T+LyNETATN

02100 XY =X INCHECTI RO 00134
DL L0 JPTHSNINTACT)

O30 NO 32 Jdmlydkrs

O30 ROSY=RINCHS ¢J %0 . 0254

Q140 32 CONTINUE
02100 d5 CONTINUE

Q2160 220 FORMAT (10,0 .
Q270 N30 FORMATCLFTO S LE10y 2100 4)

Q280 TFADTIAGNEY WRTTECOr4703 ANUATALLY » Lo 0 s NSTATND

OR1IR0 LOANTAGNE)Y WRITECH 440 (XCD) y Iy NETATND

0260 TECNTAGNE)Y WRITFCAvEDDY TR v duly JP1G) .

QR3O DO X7 T eNBTATH

QN TECOEAGNS) WRITE{G» GO0 (HIETACT» )y J=1y AR T

DII0 TECDTAGHS) WRTTE CAHOO)Y (RENMPSST vy s s s di T4)

Q240 TECOTAGNSY WRITECHT00 (FEOMPY Ty s Ly dPt T

QR0 TECHIAGNSY WRITECGAeLOOY (BPOMPAS Ty 1y e Jod v JP1H

Q240 37 CONTIHUE

QR0 ATD FORMATC/9A0Y s L (PB4 21X

anrao 470 FORMAT(Z//2930X5 1 0TH LX)

QUNYO OO0 FORMATC/Z/78 20X LOCER, 4) ¥

Q3300 L

02810 CHARTER 3 -4 4 4 1 IATAREDUCTION % 1 1t 1 1 1

QA0 0 é
DREB0 LrmoemmmemmCALG PIOHOE ANDC INTERPOF ATE Folt DEL P PROM . f
QWA [ roresmmswmemeieme PITOT CALIBRATION ClORVE j
OR3GO © ; !
N340 TREn=0 ;
0B 20 O 50 =l s NETATN 3
QLEI0 Y JPTE=NIATACT) :
02490 IO 40 JwieJiTs :
0200 TECCRFOMPU LT v ) s Qo000 ANDN CRPNMPE Ty JY L ERL Q0 B0 T0 38 é
QUALE PICHEF CTo Yo RENMFG Ty ) ZCRPOMPWC Ty J2bL ) ;
YRS RIS TFCOPLCHER (v D W BT 205440, QR (PIOHEE CTr 3 3 LT =3, 7690 GO 1O 34

QUAEY TECTIEN SEQ 0 DELTACL y L3 =8PLINECCPITOM

EEET I COELTAy NCAL y PTCHGE (L)) C
OR4L0 TECTITN bBTs OV TELTALT v Y8R COFLTCH COELTA y :
02440 I NOAL P TUHGE (T e d ) i
0AEG LnEne1 :
SRETE GO T a0 . ;
ARZ AV 3R CONTINUE ;
0RO DELTACT » ) <00

VRIVa RV WRTTE S B50) Ty

QRER0 B FORMATOI0Xy P FICHUF I8 OUT OF KANGE OF AL TBRATIUN AT T -

ORLE0 o pLEy Y ANU it 13 ;
00440 40 CONTINUE ‘
00 50 CONTINUE ;
ORL40 [ |

02570 Lmmremewmmem INTERFOLATE FOR VELGF ANID PSTCF FROM PITOT. CALIBRATION TIATA
oonng

a2 po Fulieo i

Q00 D 80 IT=LyNSTATN
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02610 JITE NBATACE) &
02620 no 70 JeleJETH
D60 TFLCRPOMPHCT 2 JY v EQV 00 s ANIL CRENMES Oy Do FIL 00 03 B T o2
024640 IFCCARSCBILTACT Y)Y LG, S8B.0) G0 TU 65
0naNH0 TFCIDID b6, 0) VELCFCT /)= SPLING L CI0L The
0R4&0 i CUFLEFyNUAL hDELTACT pu))
09460 TFCIDIN 67, 0) VELCF(T vl 8E CODELTASGVELEE »
024600 * NCAL P IELTACT 1))

02440 TFOIIIN JER, 0) RFETEF(Tr D)) =SFLINE (CIFLT Ay :
2700 4 CPETCFyNCAL s DELTAL Ty ) i
0710 IFCTDIN 6T, 0) PSTCR (T r e8P (BREL TAvCPRIUEY 4
03780 ¥ NEAL ¢+ DELTACLy J) ) , it
REK U HED T !
007240 By 1O 76 .
02740 b4 CONTINUE :
U740 VELCE (e 20,0 ;
0070 FSICKCI ) =0,0 1
ORI WRITECAY 820 Tyl ;
0LIP0 - B0 FORNATC20Xy "DLLTA I8 OUT OF RANGE OF CALIRIATION 1wty :
02800 ¥ AT Tm’y T3y AND yml91%) t
02010 20 CONTINUE 4
02BR0 8O LONMTINUE . 4
0LBEO : .
0aRA0 I 8% T=1aNSTATN .
0RB50 IFCNTABNS) WRLITI C4v%i00) (RPICHEECT )Y s 3Ly JRTH) p
02840 TFOIVEAGNS )Y WRTTE (e id0) (DFLTACT»Jiy J Lo dPID) :
QB0 TRCOIAGNEY WRITECALO0) ANELOE Ty Y v Loudb 14y 3
oLBNo IFCUTABNS Y URIIE CA$L00) (FBTOFLT vy rdssl s JFTE) i
QRO 85 GONTINUE . 1
0URO0 U jE
ORYIO LiwammmrresPAL G MABNITUIE OF TOTAL MEAN VELOCTTY VECTOR: :
ORYRO (ooremmrmsoirm Uy Uy & W COMFONENTSs AOND BTATIC FREGSURE 3
02930 [
02940 T3, 14109 /
owv 0 0O L0 Tel s NETATH 3

VALY RHOCEY=FATHOL 4 CLE3 330 /1286, D8R CTRFLUMNE L4 78, 180 )
QY70 JPTS=NIATACL) X
QRPBY N 9O Jed v JBTS 3
Y90 HETATT ) y=880, FRZOFF (L3 -RBETAL Ly ) : i
03000 TECORFOMEWCTy ) By Oy 0O s AND G C BFNPIFS e Trd) e 0 0L 053 YRETAT Ty 120040
03010 VTOTAL CLy ) s BURT CARG (2 OZRHU LT RUEL TS o f o YRRETM b w10 2183 ,%0 ) ¢
Q500 ULy D =UTOTAL CLy Y % GUSCIEL TALLe b L4180, 00 X i
0F0F0 .k COSCRETALT 1P L/ 160 00 #
03040 . VL D3=VT0TAL C Dy e % STHLUELIACT » D REL/150.0) H
0FOB0 WLV RUTOTALL Ly b S COBCTELTAL L2 DSPL/100,0) & i
03060 o SINCBETACL v JIYRET 7180, 0) !
03070 BTy J Y5 CRPUMPACT 2 =BG Y0F CT v JOKFOMF UL 7. 0 VK1 A%, 353 :
O3B0 90 CONTUMUE N i
0ROYO  L00 BUNTINUE : ;
0%100 TEORTAGNGY WRTTECES00 LV TOTAL € Lo dd waded » P TEH g
03110 FFEILEAGNSG T WRITE CAr GO0 LU vy e bl w BT 4
()3120 FFCUTIAGNS : WRTTE A0 Y CUCT o v hy Vi I
QA0 TECNTAGNS: WRETE Cav o CUeT s v | 1o di 14
08140 PECIEAGNSY U VE T A DOV Fa ) ooty JETH :
08150 ¢ :
0RLA0 CHAFTER 2 2 % 9 2 2 AL ARy colCulaliopg 2 9 2 2 72
03170 © g
QR1EG  Qurmmmmmiom s MONILMEMSTONALT 27 LENBTHR ANIE UELOCT T TRS
OZIH0 ¢
05200 0o 450 IsLyMETATN

03210 YHITCT ) w2 (1) 7002 0AIRLARGE)
03520 JETSNDATA (D)
OBDIY CPLNS T 7o CHORT OO Q70 CE I RIOME TS CT YR L5 350 3 {6 vBLD 71 938 Kad

0F:140 MASELDCT Y B URRHOCEH) VTN YRRSHAL L
OFRE0 N0 140 1y TS
0aD 40 VIBTERCT v oV TOTAL €T vy ZUTNC 1D
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DN S RIS R 8K X

08270 USTARCL ) Ulr D) UINCD)

05O USTARCT v ) - VE Ly 3 ZUINCD)

QIP0 WETARCT v JY WE v DAUINCDDY

05300 PRTARCIy ) FOLy ) ACRONDRECEI ¥ 183,580

03810 140 CONTIMUE

04320 150 CONFINUF

QB350 TECOTAGNG) WRITECAr400) CUTACEYy | ~1eNGTATHD
03540 TECHIABNS) WRITECHrA50) (MASFLOCL )y Ly NSTATM)
03350 o 160 JelyMAXJRT

Q3360 RNINCD SR D) 2 (2 OXRLARGE )

OB570 IF(RRANTRVER. 0) RNDGH ERINEHE (1)

OBIHO TFCRRADTIRVERL Q) RO SRINCHS (L))

03390 180 CONTLIUE

V3400

03410 IF CKRANTR.EQGO) GO TD 139

03420 ©

03430 0w wFOR RANTAL PROFILES: NUMERICAL INTEGRATION TO CALE., bty
03440 G FLOW AND MOMENTUM FLUXES FOR BUIRL NUMBER

03450 [

03460 ¢ FOR PROFILES AT AND UPSTREAM OF EXFANSLON GCORNERy REhab:
03470 ¢ 18 USED IN EXFRESSTUNS FOR DYNF AND UMEANS UOWNBTREAM Ui
03480 £ EXPANSIONy RLARGE I8 USED,

03490 0 .

03500 00 130 To1yNSYATN

OBL10 JPTE=NDATACL)

Q3520 JPTEM L PTG .

03530 PREF (L) P (T 7 JPTEY

O340 OYFS(LY=0,0

0350 .
0860 TFCXINEHECIY BT 600 GO TO 107

OFG70 DYNF CJFTE) 52 0k CREMALL-R CGIPTE) )

03580 GO TO 108

OFLPO 107 DYNFCJIPTE) 524 0% (KL ARGE =R (JFTH) )

03600 108 CONTINUE

NE610

036220 N0 130 JelsJPTEML

03630 DYNE I Yesf b L) o € f )

03640 HYFS L) =IYNE DD

03650 110 CONTINUE

03660 N0 L1E JEly JPTS

OBEZO BNS €D 50 4 Gk COYNE () FIIYFS ) )

VE6H0 PULFFCE vy )wf (5r ) =FREF L)

0860 11 CONTINUE

03700 €

03710 Coe-INNER 3 CHUE) VALUES OF FDIFF ARE SET 10 ZERO FOR SWiii sl
03700 € EXIT-PLANE FROFILESS  FOR DONNSTREAM FROFTLES aBTUAL AL UES
DA7I0 G ARE USED

03740 € .

03750 TFOXTNCHECTY , 075w, 08Y G0 T) 114

WEZ6H0 FOIFFCLy LY=0,

OET70 FOIFFLTr2) 204

OATHO FOLFF (T 3) w0,

AEFZFO 1LH GONTINUE

038H0 L )

G310 IFCNTAGNG) WRLTICA 5000 cIYNE L) vl o B T4
GIBDO TR CITAGMSY WL TF .y 003 (M8 3y ) Ly 753
BRICKT) AREAT =T 1Y GHEC] 2§

046340 ARSUMARE A

OB FLOW-RHDCT YU T s 1 nREA L

056460 WMOM=WCEy LY ARG 24 +FLOW

QIH70 UMON ATCT 71 ) #FLOW
OFBEO UMOME = CRHOE LY M T s D SRR ¢ p 1) Y¥ARE AL
03890 TFCTABNE Y WIRTTECA» 2050 ARFAT - ARGUM y 1 O« baiOMy L0 o L0
NEHO WO 100 2Ty

05910 ARE A2 KPR (RGNS €

DEPPO

ARGUM AREUMHAREN S




Q4930
Q3240
Q39400
PIPa0
03720
Q3280
D37R0)
04000
040310
QAN Y
QAL A0
Uagap
GA050
BEIERAY
0440
04010
QAP0
04100
04110
0N120
04130
Q4140
04150
PALA0
0VALZ70
04180
04190
04200
04210
(1T eat]d]
047250
04290
Q4250
04260
QA270
QADH0
Q4290
Q4500
04310
04320
04850
04340
REKWTH
04340
04340
0431
Q520
04400
GA410
Q44300
HERERTY;
Q4440
04450
4440
[R5 B !
Q4480
LRI
G409
0944 (.\
04\‘!

OAlit)
04110
041'1”‘
QABAQ
Q47570
04580
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i

FLOW BLOWERHES T YSUC Ly d Y SARE A

UMOMUMOM ERRHO S DY UL T 200 K9 %AKE ALl

UMONE =UHUONPF CRHOC DY RUE L s DD RFHEPITRF CT o 0) ) ARE A
WMOM SO RHODCTYRCL v JY KW T e YRR CE R0l D.

IFCDIAGNG) WRITECH 20400 AREASe ARGUM v FL (W o WM ol i1 s toess 1o

130 CONTINUE
MABS (T <FLOW
t

IFAXINCHBLLY 6T 0,00 GO T1:1 13

UMEANCT Y sMARBLT «AXRHOCD % DRRGMML LR )

G0 TO 13

UMEANC L) “MASHCT Y ZCRHUS DY $ TRRL ARGBE %D »
CONTINUE

ANGMOMCT ) <WMON
AXHOMCT) UMON
AXMOMP (T ) sLIbONP

T
S
O

[

IF(OTAGNE) WRITEZAy3050) UMEAMCL) yMASHCT) pANGMOMCL S oiivar

7 ¥ AXMOMPCT)

e

2030 FORMATCAZ2aX P AREAJ s 5Xr "ARGUM v 5x v FLOW "y &sX ¢ " WMDY » 5.0
q 'UNUM'vﬂxv'Uﬂﬂﬂf‘//’ CrfE 10030

2000 FORMATLY “+ab 10,33

2050 FORMAT /14Xy “UNFAN® 15Xy * Hh&J rONy TANGMON Y v AXy “AXM "«

- 1l HXr "AXMOMP S 211X 80100 3D

BERIMP (L) =ANGHUMCT Y 2 CAXMOME 1 YRREMALL Y
LI =ANGHOHTL ) # (AXMOMP T Y RREMAT 1)

130 CONTINUE .
HADIABNEY WRITECHv450) (UMEANCT Y » TL e NSTATNDY
TECDIAGNG) WRITE (o450 (MASSCL) s Il yNSTAIN)
TFCOTAGNS) WRITEZA»450Y (ANSMOMCIY y T 1o N3 TATMD
TFCDINGNS) WRITECA» 450 (AXHOMOT Yo Dol y NS TATM)
IFCDIAGNSY WRITECHyAT0Y (AXMOME (LY T Lo NETATHY
TFCDYAGNS )Y WRITE CAyah0) (BERIMECIY o Ly MURIATN
TF(DIAGNE)Y WRITE(S»450) (SCIY e ToLeNSTATM

135 CONTINUE

™

IF(KRADTRLER L) 6D TO 180

k]

r

£ VALUES OF PREF(I).
¢
DO 178 I=LyNBETATN
JETHeNDATACTL)
ng 1727 JulyJrrs
FROIFFCLy =R Lo ) =PREFCIIRLIZN 33
177 CONTINUE
178 CONTINUE

UemmUALL e AVERADE WALUES FOIE AZTNUTHAL TRAVERGES « NRER 18 o0
{ FOLINTS IN REPEATING OYCLE ALROHS ONE R ﬁm 9 NAVL I8 [re it
H AVERAGES ROSHIVLE CONTAININGG MREP CCONSUDUTIVE POINTS,

NIPF [y
n opeo Lol sy NSTATN
MAVE - NIATAC § Y MEFCE
NO- 125 Kot s NWE
NAVENI R ENRET 1
UsaM: 0,
VaELUM=0,
WHtH=0,
F&UM=0,
L'U 174 JooK e NAUENT
18UM=USUMH S TARCT o )
‘)SJUN VHUMBEITARCT »0)

Ceo=BFOR AZIMUTHAL TRAVERSES!  CALL: PRIFF20R-PREFY USING ©e 1y

il

96

——
oS

SRR

R R
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GALYO ol WHUMBWHTOIRC Ly 13
OAE0Y POSUM FUSUNEPRLEE (1)
04510 1724 CONTINUE

Oaa0 HSInVﬁ(Ivh) UsUM- Mt b
NEFRIY iTﬂUH&I:h R TIRE
da440 WSTAVGL L) - UBUMAHKL R
QAHL0 ' Pnlhvb‘lyk) UM NEBPE

QAGLAD 14 CONTTNUE

A6 20 Lud DONTINUE

Qau80

Q4690 ¢ —CALCULATE VISCUSEITY AND INLFT REYNGI DS NUMLER CROTH Tiate d 1.0
DA700 G

DALY Le= =VIHGOBITY FORMULA FROM LAN & v08KAMy ALRPLANE 8RO Mewyit

GAZ20 ' FERFOKMANCEr P4y

Q4780 (0

04740 00 162 Iol NSTATN

042550 DENOM-TFLOWSII D25, A0E110.0 4

0A2460 VISCOSITIo ] o ADHE - Q)RS TPLOWCT 2 2223, 1) k¥ o 5D PO
04270 REDTNEL sUINCI) X2 ARBMALLRRHOC T ) 7VIGHC0URCT)

04700 163 CONTINUE

04790 1 , ,

04R00 CHAFTER 3 3 3 3 8 OUTPUT 3 3 3 8 3 3% 4
04810

0Af20 IFCNUT JURITE)Y 60 10 1AL

QALLI0 WRITECTT) XINUHS

QAHA4A0 URLTECLL) RINCHE s
04Ld WRITECLL) UBTAR

GAHEN URITECLLY USBTAR

0ags0 WRITECLL) WHTAR .
GABHD WRITECI1Y BE'TA

Q4890 WRITECLLY DELTA

04900 WRITECLLY FDIFPF

04910 WRITECLLY UIN

04920 MRITECLL) PREF

030 0
mawa 0 1AS COMTINUE

RETRTY WRITF(S9331)

VAP EHO WRITECSr 315 HEDINL s HEDT LRy HEDE O

04970 WRITE CAv32) ALFHA

04900 WRITECAY 3303 FHI . )
AP0 WRITE Ay 3307 RSNALL

BEOOD WRITE (A %40) RLARGE

5010 C UALL WRITECT v sNSTATNy Ly [T o Ty KINGHS » RINCHS » b ANSET B 00
05020 s CALL WRITECLy Ly NETAINy T FT# T e X THECHS s B INCHS  TRLOWy HI k1
0L G0 DAL WRITFCLy Lo MAETATHy Ly LT v ITe oAl HE s RTNEHS o BT My HETATY
05340 PALL WRITE CLy Lo NS ARy v 1 v Yo X LRECHS o R INCHS » RO v HE T 110
RLL! CALL WRTTECLy Ly NS TATM Ly 1Y vy XIHOHE s RTNDHS TS0 v by utkj e
AYTTAD CALL WELTE S s L e NSTATN Ly 1Y v JT o XTHOHE « WINCHS o NP RS o 8 15178
SO ED) COLL HRTTF T el o NsITATNy Ly LTy JT e Xelen BT s HE DI T 0T

15 CALL MR b €l Ly b TATHy be T 1o T o X ety MAGFL s HE T tE 3

HYHYY CAlL WEITESL s 1o MSTATHy U Ty Te Xo Ko REIFTN ¢ HE T 1)

OnT oo ¢

U RR IFCRRABTRLERLO) 60 TO 170

051 PALL WELTTE (1o 1M TATNy o LT T X plea MASS y HE 11p7)

DRIRAT CALL WRTIECL e Uyt VATH e T T r T e £ By UME Al HE T

Ot 40 CALL METTECLy D eMGTATMy Ly TV o 0T Xo b0 s ONGHOM s 1IF TIAwt)

Q5T CALL WHILECT « Lo MSTATMe Ly [T 0T ¢ Ko b v AX NNy HE D 2b)

051 b CALL WHITECLe LyNSTATNe T o LTw T oo boe AXMUNT HEUAY 1

05170 GALL WRITEFCT oI sBOETATM T2 IT» IT e Xl a8y HENE)

05100 COLL WRITECLy s NETATNs Lo TT v JT o X o koo SPRIME s HENEFR)

DhiYO 6
00,100 (A0 CONTINUE

[AIFRANY GALL FRINTCLy Lo NSTATN«MAY B Te YT e JTy X Rr Uy HEDLD
134,730 CALL PRINTOLs LoV ite it Dy DT T o Xy Ry U HETILD
Oy k0 Eabh PRI O e oSV N 0 Ty v e Wl o bl o BB 1D
IR CAL L PRINTOT s LeHO T TN eMAY. 0 T 3T ITeX ey by METIF Y
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0L800
oLB1o
[ TR
0L R0
onLB4a0
LUNTINT
0Lls0
oL /0
oLnBo
OLHYO
0L200

CRIGINAL PAGE S
OF POOR QUALITY

CALL PRINTCLo LoNSTATNsMAX I Yol T ToXoRe D L vA sl BDEL )

CALL PRINTCLoLoNSTAINsMAX I TelTodToXofo b TAoHEDRET Y

CALL PRINTAC o 1 oNSTAINsMAX IFTo I To T o XeReVIUTAL o HEDVT)

CALL PRINTCLs L oNSTATNeMAX I TolTo T o XNIs KND o S TAK s MHE DI
CALL PRINTCLe LoNSTATNGMAX I To LT o JT o XNUs KNI VS T AR s HELVUST)
CALL PRINTCIoLeNSTATNsMAX P T o 1T o dT o XNDs KND o WS TAK o HE WS T)
CALL PRINTCLo T oNSTATNeMAX I To i To T o XNDoRNDoFSTARyHE ST
CALL PRINTCLp i o NSTATNeMAYX N To T Tl o XNUsRMDsFDLIEE o HE D 1)

ce CALL PRINTCLs LoNSTATNsMAXIFT o LT o JT o XN KNI VISTAReHEDV T

IF(KRADTR.EQ 1) GJ 10 1722

CALL FPRINTCLo L oNSTATNeMAX I Tol To 0T o XINCHS o RINCHS s USTAVG e HE THINA Y
CALL PRINTCLp 1 o NSTATNeMAX I 1o IT o T o XINCHS » RINCHS o US T AV HE LUV SA)
CALL PRINTCL o D oNSTATNeMAX I Tol T 0 o XINCHS o RINCHS s WS 1 VG o HE 1Y)
CALL PRINTCL o LoNSTATNeMAX I 1ol To JT o XINCHS o RINCHS o I AV G HIE D DA

172 CONTINUE
CALL PRINTCLo Lo NSTATNsMAXIFT o TP JTo XINCHS o RINCHSE » KENHES o HE DM
CALL FRINTCLs LoNSTATNsMAXIETo TT o T o XINCHS » KINCHS o RPCHE W ME THEMWD
CALL PRINTCLy LoNSTATNsMAXIET o LT o JT o XINCHS s RINCHS » KECHE A HE BERAD
LIoP .

u
Crvesneses FORMAT STATEMENTS
C .

11 FORMATCIHL»T37 "AXISYMMETRIC ISOTHERMAL » GY COMBUSTOR FLOW TELD
S MEASUREMENTS "o/ /0 153 "USING A FIVL-HOLE FITOT PROBL )
J1D FORMATC//TI0vtHAA/T10 LBAA//TI0»7A4)
320 FUORMATC(/T10y "FXPANSLION ANGLE(DEG,) = 9 T50,1FF13.3)
S20 FORMATC(/ZT100 "SRIKL VANE ANGLEC(DEG.) =79 15001PE13,3)
335 FORMAT (/T102 7INLET RADIUS(M) ="+ TUOY1FPELS.3)
SA40 FORMATC(/T10s "COMBUSTOR RADIUS(M) = "2 TH0»IFEL13.3)
END
C
SUBKOUTINE INTT
R AR R R A R R R R R R R R R R R R R R R R R R R R R R R R R
C
COMMON .
F/MEASUR/REETACH24) s KENMFS (9 24) « KPFCHPW (B 24) s RFCMPACH 240
W NDATACE) y MAX IFT o RONFRE(H) »
1 FANSPDOEY » THLOWCR) s PATH(E) K/ OFF (8)
B/7GLOM/XCE) pKC2A) o XNDCEHD) s RNUC2A) s UYFS(24) s NYNF (24) »
] GENSC(24) s NSTATN XINCHEC(B) s RINLHE (24)
ECALC/VTOYTAL (B 24 o UCBy 24) s V(B 2 s W8y 4) o P (e 24)
" VISTAR(B» 2 s USTARCH 20 v USTAR (B2 24) s WSTAR By 24) s PSTOK (8 240
t FICHCF Oy 24 sVELCF(Be 2y DELTACBs24) v HETA(B 9 24) ¢
v ANGMOM (B ) y UMEANCEH)Y s MASHCED) s MASFLOE ) s UINCE) » -
Il PDIFF (R, 2) o FETCF ¢ 240 v AXMOMCE) v AXHOMF (1) »
L} SPRIMEC(S) » SO yREDINCE) W PREF (B) o RHOC(B) s VISCOS () »
] USTAVG(E»24) »VGTAVGIBYy 2A) s WETAVG (B 74) s FLEAVGCE 24D
C
REAL MASSyMASTLO
C
DO 20 I=1+NSTAIN
MASFLOCT) 0,0
MASSE(1)=0,0
ANGMOMC(T) “0,0
AXMOMCT) =0,0
AXMOMFCT) 0,0
SPRIMECT) 0,0
6C1)0.0
UMEANCT) 20,0
UINCT) 20,0
DO 10 J-1eMAXIHT
VIOTALCTv 1) 0,0
UCIeJ)=0.0
VI ) 20,0



- —

oLV
QLYL0
LY 30
Oh740
QL9250
049460
aHw /o
oLvRo
L9990
Q4000
046010
046020
D60350
26040
Q6050
V6060
QK070
GHOHO
AHOT0
06100
06110
Qh6120
06130
06140
06100
Q46140
0¢170
06180
06190
06200
06210
Q6220
06250
06240
Q62200
V6260
D& 70
06280
QH2%0
06300
06310
06320
06350
06540
Q6350
06360
Q63570
06380
06490
06400
06410
06420
V64350
Q6440
06450
DHAL0
06470
Q6410
OAAY D
046500
046510
D6LI0
046530
046540
Q6550
06940

10
20

C

(AR R R R R R R R e R R R R R

C
C
C
¢
C
C
C
(8
C
C
C
C
e

onon

10

Coe=-

B

ORIGIVAL PAGE 1S
OF POOR QUALITY

Wele )00
POl )0,
VISTARCTI» ) 0.0
USTARCT» 20,0
VSTAKC(Ls. 1) 70,0
WSTARCL ) 0.0
FPSTARCYI ¢ 1Y 0.0
FOIFFC(Te ) 0.0
REETACL.1) 0,0
BETACLe 1) 0,0
KENMESCLe Y 0,0
RFCMFW (T 0) 0,0
RFCMPACT s Y0, 0
FICHCFC I +) 0,0
VELCF(1+0) 0,0
FSTCH(L» )2 0,0
DELTACT» ) =0.,0
USTAVG(T+.0) 0,0
VSTAVGC(T » ) 0.0
WSTAVGC(Ly D=0, 0
FOFAVGCT Yy J)=0,0
CONT INUE

CONTINUE

KE TURN

END

FUNCTION SFPLINECXs Xy Ny x1)

CUBIC SPLINE CURVE FITTING IN 2 DIMENSIONQL DATA Lol
INFUT VALUES 3

Xr FX DATA ARRAYS ONE DIMENGTONAL » X IN INCREAS NG
N NUMBER OF DATA POINTS 1IN X+¢ MAX 26

X1 FOINT OF INTERESTy WHEKE FOX1) IS 10 BE b UMD

KRETURN VALUE

SPFLINE OR S = | (X1)

THIS ROUTINEL ACTIVATES ROUTINE ABUILUs Hy AND Gality

FOR INTERFOLATION OF A LARGE NUMEER OF DATA FOLHTSe [ HNCT
SPLINE MAY HE CALLED ONLY ONCE » AND SURSEQUENT CAll Ay
ENTRY FOINT SF,

R R

DIMENSION XC1)s FXC1)y A(26027)

crmm e e =CONSTRUCT SFLINE MATRIX

NI N+l
Do 10 I=1s N

nog 10 J=1s NI

ACTr )0,

MI-N-1
DO 20 1I=2s Ml

CALL ABUILD(Xy FX» a9 Ne 1D
ACLe1) sH(Xe )
AT e 2) =HIXe L) =H Xy ?)
ACLe3) H(Xe1)
M2=N-2
ACNIMD) HOX ML)
ACNIML) “=HIX M2 -HixeMI)
ACNeN) H{XeM)

emmFIND SECOND DERIVATIVES

CALL GAUSS Ay Ne N1
EMTRY SP(Xe FXe Ne X1

~==FIND F(X1)

99
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itekalieadi U

e e

Qanh 70
06LE20
V6L70
V6600
064610
D640
D645 30
Q6640
Qaslo
DhHH0
V6670
OH480
QbHAYO
D6 700
06710
D6720
06730
06740
06700
N6E760
04770
06780
067720
06800
06810
26820
06030
06840
068450
D4960
06870
068680
D6L20
04900
Ja910
O6920
D6930
06940
Q4940
04960
V6970
Q6980
Q6990
Q7000
07010
07020
07030
07040
Q70450
07040
aO206/0
az2o80
D7090
Q7100
07110
02120
07140
07140
07150
072160
07170
07180
07190
a7200
072210
02220

e T T S TR AR S

ORIGINAL PAGE 15 120

DO a0 [ Ly M)
I1=1+1
IFCXT +EQ. X(1)) GO 1O %0
IFEXT JLTe X0 JAND. X1 .G
LFCXT 61, YC1Y JAND, X1 .1
40 COMTIMNUE
IFeX1 JEQ. X(NY) GO T 60
WHEITECHY 42 X1
a2 FORMATC" X1="9 G14.79 " OQUYT OF INTERFULATION Ealiat » o L (R TR
¥:0°)
SP=0,
SFPLINE-O,
STOF

) 60 10 a4y

(11
1)) GO 10 41

T,
e T

a4l COMT INUE
T1=141
HI*H(X»1)
HX=X(I1)=X1
HX2=X1-X(I)
FXT=HXAE3/HI~H1¥HX
FX1=FX1%ACI»N1)
STO=HX2XKI/HI - HIRKHXD?
FX1=(FX148TOXACLLINL) D /6,
SPLINE«CFXCI)RHX4FEX (LI RHX2) /HT4F X1
SP=8PLINE
RETURN

g0

0 CONTINUE
SPLINE=FX(])
SFaSFLINE
RETURN

40 CONTINUE
SPLINE=FX(N)

SP=SFL TNE
RE TURN
NI
¢
FUNCTTON H(Xy 1) :
CHR RN KO OON KK RO R OON KRR AR it e
c CALCULATE DELTA X WHICH IS USUALLY CALLED H.

CAMAR RN AN AR NOR KRR O A8 H KO AOOKH KR AR OR KKK KW R K 0 0 b e oy bk
" DIMENSION X(1)

I1=141

H=XC(11)~X(I)

RETURN

END
C

SUBROUTINE ARULILTICKe Fo fie Ny 1)
S S N R LAl
¢ CONSTRUCT  SPLINE MATRIX FOR FINDING 2N BERTUAT UE

AN A IROR RN ROKOKE ¥ R OR K KR JOKOK KO KOKR KOh ok Rk kb b v e b
DIMENSTON XC(1)y F(1)9 A(DAE27)
IMi=]X~1
[1=1+41
N1 =N+1
ST0=H(Xy 1)
HIM1=H(Xy IML)
ACTyIMLY-HIML
ACTrI) =2 (HIMLHLTO)
ACL»I1) =510
ACTYNL) =€ (FCTIY - ST Z8T0 = (FCI)=FCIMID Y ZHIML Y%A,
RE TURN
END




T

0728

ORIGINAL PAGE 13
OF POOR QUALITY

- - -

SUBROUTINE GALSS (A Ke M)

101

L L e L
072050 ¢
LR R L A L L R R L R R R

07270
072m0
02w
O/ 500
07%10
0230
07510
07540
oy.‘:l\)
07380
07370
Q70
(AR LAY
07400
07410
QA0
0480
07440
o74h0
074460
07470
07480
07avo
07500
07510
07020
07530
Q75H40
07550
075460
0’570
07580
0O7Lu%0
07600
07610
07620
07630
07640
076450
0746460
072470
07680
078690
07700
07210
02720
0’730
Q7740
07750
02760
Qr770
07780
02 2%0
07800
. Q710
0’8o
Qa0
0o/840
oano
O/H60
o’pso
oOrane

8

10

GAUSS - JOKDAN ELIMINATION

DEMENSTON AClae )
IR B
Ni=N-1
DO 3 L1 NI
Lisl 41
DO 3 1+1e N
CONST ACTel ) 7ACL oL
PO 3 Jcbe M
ACTe DY ATy D-CONSTEA Lo )
O & I-1s NI
11=1+1
DO &6 L-o11e ML
CONST ACToL Y AL ol Y
DO & Je1s M
ACTe D) AL 1) CONSTEAL Y D)
Do 10 11 N
ACTeM) ACT oMY AT D)
ACTe 1) o1,
KETURN F
END

SUBROUTINE FRINTCISTART o S TAnc oNTeNJo TT o 0T Xe Yo FHIT s HE A

I R R A

C

C

100

120
101

110
1
o
113
14

DIMENSTON FHICIT I o XCTT) YOI s HEADC(Y)
COMMON Z0UTHUT, STORE (D)
[SKNIF1
JENTR L
WRITE (& 1IOYHEAD
ISTACISTART =10
CONT INUE
ISTA=1ISTA+10
TENDSISTAYY
IFAONTALTOITENIDD) LENDENT
WRITECGA» 111X (Lo ISTA TENDY (SNLED
WRITECOW LT IXCID) o LIS TARTENDS ISKIP)
WRITECS L)
DO 101 JU-OSTART NI USKNTE
JEISTARTAN -0
DO 170 I=1ISTALIEND
APHLIC(T .
TFCABRSCAY s LT Lot =20 A0,0
STORECTI)~A
WRITECA LI e YC D (STORECD) o 1 ISTA IEND e TSNP
IFCTENDLLTONDYGO 10O 100

KE TURN
FORMATCLHO 1 Z7COHE =) o 7X o PAA "X L 7(2H %))
FORMATCIHO» LUMH I = pi2e911 1)
FORMAT(BHO Y)

FORMATCL320H T Hode IXo 1OCIXeb 10,3
FORMAT CLAH X « oFB.49H11.4)
END

SUBROUTING WRITECISTART s ISTARToNToNIs LT o 1o Xo Yo B HIT o HEATD

R R Y

«

COMMON Z0UTHDT . STORE (1)

DIMENSTON PHIECTTY o XCTTY oY CIT) o HEADCY)
ISKNIF -1

JENTH 1

WRITE (AL LOYHEAD

1STA“1ISTART- 12

o S i T




&

Q "Hvo
O 'y
Q710
O/v 20
AR T3
Q/vq0
D90
QYoo
A/
Q50
OD/vYva
AL BTN )
QO
OO0
ORa A0
QUoa0
Qo0
OHOA0
GG /0
JHON

for the reduction code.

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

Q0010 /760, THIFOO0T DI DSN - "1'12686ANAOR2IN.DATA 2 DISP=0LD

120
10

110
Ly
113
114

- e ORIGINAL PAGE 1S
OF POOR QUALITY

CONTINUE
IGTA=ISTAHLY
TEND=ISTA4 L]
IFONT LT TENDY T M
WRITECSe 111D Chol It he LEND IS0 01
WRITECSo L1A) (NI vl TSI T Mliw E5F 19D
BO 101 000 JSTAKT M de d5k 1F
JOISTARTEN - )
DO 120 1oasine i M
AbHLOD)
IFCARS(A) s LT L =200 A 0.0
STORECL)Y 0
WRITFCA» 113 (CTORECT r ol [STA2 I NDISE LI
IFCTENDGL ToNLGO 10 Lo
KE TUKN
FORMATCIHO o 1 7COHY Yo X s Ay "l /0 H-4) )
FORMAT CIHO ot | vlZ911Y1)
FORMATC /12X 11O 1), 8
FORMAT (1 51 ( FB. 1 eF 1L 9)
END

The following 1isting is of a dataset containing the input data

Q0020 /7/7L0.HYSIN DD %
COMPUTED MASS FLOW FATE (RG/Z5)

00030
Q0040
00050
Q0040
00070
00080
Q0090
00100
00110
001220
00130
00140
OLN0
Q0140
00170
00180
QO L?0
00200
Q0210
00220
00230
00240
002450
00260
00270
002280
00290
Q0300
00310
00320

COMPUTED MEAN AXIAL VELOCITY (M, 5)

U VELOCTITY (M/8)
V VELOCITY (M’S)
W VELOCTITY (M/8)

TOTAL VELOCITY MAGNITUDE (M/8)

DIMENSIONLESS U VELOCTTY
DIMENSTONLESS U upLnectiry
DIMENSTIONLESS W VveLaciry

DIMENSIONLESS STATIC PRESS. F/RINIRS

FROBE FITCH ANGLE CDEG.)
FRUBE YAW ANGLE (DEG.)

FINORTH) = F(SOUTHY  (VOLTS)
P(CENTER) - PC(WEST) (VOL1S)
FCCENTER) - P(ATM.) (VOLTS)

MEAS. INLET MASS 1 0W RATE (KG/S)

MEAS. INLET AXIAL VELUCITY (M/75)

MEAS .
AXTAL
AXIAL
AX 1Al

SWIKL NO. S-PRIME (NEGL. FST)
SWIRL NO. S (INCL. FST)

S1ATIC PRESSURE » GAGE (N/SQ. M)

STAT.

INLET DYNAMIC FPRESS. (TORK)
FLUX OF ANGULAK MOMENTUM (N-M)
FLUX OF AXIAL MOM. (NEGL. PST)
FLUX OF AXIAL MOM. (INCL. PST)

FRESS,: DIFF e P=FREF (N/SQ.M)
INLET REYNOLUS NUMBEK
FAN SFEED (RP'M)

REF. FLOW TEMF. (DEG CELSTUS)
ATHOSFHERTC FRESSURE (TORR)

DENSITY (KG/CU. M)

102

The two datasets are submitted together as a



00330
00340
00350
00340
00370
00380
00490
00400
00410
00420
004 %0
00440
00450
00440
N0470
Q04n0
004Av0
00500
00510
G20
00530
00440
00LLO
00LAD
Q0L 70
00480
00L90
004600
00&10
00620
00430
00440
00650
00460
00670
00410
00470
00700
00710
00720
00730
00740
00750
00760
00770
00/80
00790

IGINAL PAGE IS

OR
OF POOR QUALITY

ABS, (LAM.) VISCOSITY (KG/M-8)

AVERAGES OF NONDIM, U-VELODCITY
AVERAGES OF NONDIM. V=VELOCITY
AVERAGES OF NONDIM, W-VELOCTTY
AVERAGES OF STATIC FPRESS. DIFFERENCE
CALTERATION NOo 19 == 10710782 (GFS)
2.544 ~UH,0 1.661 ~0.878
2.2383 =05.0 1,452 ~0.602
1.914 ~50.0 1..89 =0.250
1.608 ~45.0 1.15%0 0.023
|o~‘ﬁ:’l -40.0 1009‘ 0.2‘8
1,155 ~35.0 1.053 0.43%0
0.966 ~-50.0 1,024 0.57%
0.801 =25.0 0.990 0.709
0.663 ~20.,0 0,934 0.788
0.0387 “15.0 0.712 0.835
0.412 -I0.0 0.906 0.!873
0.270 =%9.0 0.917 0.708
0.110 0.0 0.912 0.91%
’0.0‘.nO Sao 009‘0 s 00906
=0.209 10.0 0,946 0.0880
~0.346 lqu 00977 00956
“Q.476 20.0 1.017 0.823
0664 25,0 1.091 0.759
-0.896 J0.0 1.196 0.664
1,157 2040 1,036 04496
~1.487 40.0 1.300 0.278
~1.86Y 45.0 1.897 0.000
~2+319 50,0 1.541 ~0.340
“3.068 f.!}.O 1'89? = 00823
~3.7469 NI 24300 ~1.:,246
AZ. TRAV. AT K 201 FOR PHL-70s EXIT FLANE (NO KLOCK)
MEAS. 14/721/82 B Gs SANDERS  DATAFILE NAME “NAZORIIN’
90.0 70,0 WY 38 11.75
0 1 9
=1.201 ) 0.10% -
2800, JH.0 74144
~24.0 2721 0,106 0.1%6 -+ 307
~18.0 270.6 0.143 0.170 ~e 307
~12.0 266.4 0.126 0.164 =+ 305
=6.0 68,9 0.116 0.136 ~+310
0.0 :’6“.4 0,120 00112 “0313
6.0 268.,0 0.131 0.099 ~+ 316
1.0 266.4 0.144 0.119 -e 323
18,0 Q67,2 0.150 0.134 -~ 326
24,0 26903 00141 00‘40. ’0326
/7

103

Output generated by the reduction code using the example data given

above appears on the following pages.
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-NUadNDS

AZ TRAV AT Re2 + FOR PHI~TO,
1/21/82 BY G SANDER .

MEAS

ORIGINAL PAGE IS
OF POOR QUALITY

USING A FIVE HOLE PITOY PROBE

EXIT PLANE (NO BLOCK)
DATAFILE NAME “NATOR2IN'

CALIRRATION NO 19 - 10/10/82 (GFS)

FXPANSION ANGLE(DEG )
SWIRL VANE ANGLE(DEG ) -
INLET RADIUS(M) =
COMBUSTOR RADIUS(M) «

L L R L L

(B 1
X = ' 2810

2 ROOE 0D

L R I R )

1
| S 1 2810
3 AOOE O

0.9 0.0 0. 0.0 000 000,

1
X - 1 2810
7 4148402

L R L R I

!
e 1 2810
1 1076200

L T I L I I

§ - 1
Ko 1 2810

1 RORE 05

R N R

i » 1
X - -1 2810
1 OS0F -01

f - 1
X v 0 0325
S 6R2E+00

S0 .00 0000,

1
X » 0 0328

1 124€-01
L L I I L I I
1 1
X+ -0 0328
4 999€+04
D R R L L
- '
X + -0 0328
v
0000 -0 61BE-O1
0000 -0 236€+00
0000 -0 279E+00
0000 0. 138€+00
0000 0 125€+00
0000 -0 987F-O1
0000 -0 159E+00
0000 0 .60IE-O1
0000 0 196£+00

8 CO0ELO)

1T 000K 00

T oNANE 02

1 A92E-00
FAN SPEED (Rim) NN Y
REP FLOW TEMP . (DEG CELSIUS) “a0.0.
ATMOSPHERIC PRESSURE (TORR) B
DENSITY (KG/CU. M) *Bubnb.
ABS  (LAM ) VISCOSITY (KG/M-%) Lo et
MEAS  INLET DYNAMIC PRESS  (TORR) s0slst
MEAS  INLET AXIAL VELOCITY (M/S) e e
MEAS  INLET MASS FLOW RATE (KG/S) ctebata
INLET REYNOLDS NUMBER e
U VELOCITY (M/S) sBiBad

AXTSYMMEIRIC ISOTHENMAL . GT COMBUSTOR FLOWFIELD MEASUREMENTS

B

L

104
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T Gy e

PR E A

N -

eNLesrDNDOC

-

ABIUDCONUES

-
AZNDODNT A

N -

gaaassae: --

00600 c000C

\
0 032%

J06E 00
120
3308 400
N0
ELLLE
29588 400
293200
2888 L0
1208 0

CEEEEE I

1
0 032%

2000 CO8000

HOGE L0
AR2E 00
4400
A06E L0
446800
SieEc0
STIE00
ST16E 00
LELLET L

DT O Y Y Y Y Y R Y

EEEEEEE IR

-

LLLS

=

EEEEEE

28
EE

CEE

200C0CSS0

0000

A\l
0 0328

So0oSCcCeCeoC

861402
S16E402
AR08 402
AS9E 02
491802
5348402
S6TE402
S6 02
829402

'
-0 092%

02
K02
J66E 02
390F 02
1296402
2676402
239€402
2626402
09F 402

0. 0:0.0.0.0.0.0.9

1
0 002%

907E4+02
028€402
236E+02
220F +02
9161402
9116402
9161 +02
A94E+02
R79€+02

R L e L

CEEEEEEEE I

1
0 032%

oS000COoCO

S916+01
SACC 00
8536 +01
S10€+01
S0
STSEO!
62484010
6426400
6236401

ORIGINAL PAGE 1S
OF POOR QUALITY

vV oVELOCTTY (/%)

¥OVELOCHTY (M/S)

STATIC PRESSURE . GAGE (N/SQ W)

PRORE C LTCM ANGLE (DFG )

PROME AW ANGLE (DEG )

TOTAL VIELOCITY MAGNITUDE (M/5)

v —
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LEE B D D R
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L R L
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OR!GINAL PAGE I8 106
OF POOR QUALITY

o —

- B 00 000000 0-02000-0.8:0.0 DIMENS IO ESS U vELODCETY 0000 0:0u0.0-0-0.0.0

.-
2

SHERIEEE

SfmiiRiE—ER A

LA I I L I I I R NN I I I I ||'~“||m's‘ v V'l“"' LI I I I I I D I I I
g s '
L B 0 1080
i J .
9 24 0000 O SIBEL00
8 18 0000 O STSE400
7 12 0000 -0 SBOE+00
66 0000 O S66F400
5 0 0000 0 S076400
16 0000 0 454400
112 0000 0 44%€400
i 2 1R 0000 0 SOIE00
4 24 0000 0 S64E400
.0 0 0.0 . 0. 0.0:0.0.9:-0.0-0.0.0%.0 “'”mlm.‘s - "lx"' DR I R I N I I I IR R
1 - '
* 0 1080
o ¥
9 24 0000 O 890€+00
B 18 OG00 O BA9E 400
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