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CHAPTER I
INTRODUCTION
1.1 The Combustor Flowfield Investigation

Understanding the fluid dynamics of the flow in a gas turbine com-
bustion chamber has been of great concern to designers in recent years.
A gas turbine combustor, shown in Figure 1, Appendix B, must burn fuel
completely, cause little pressure drop, produce gases of nearly uniform
temperature, occupy small volume, and maintain stable combustion over a
wide range of operating conditions. The designer has a formidable prob-
lem in aerothermochemistry, and more thorough and accurate procedures
can help in accomplishing the design objectives more quickly and less
expensively in the near future.

Intensive research is being carried out at Oklahoma State Univer-
sity on the subject of gas turbine flowfield investigations in the
absence of combustion. Figure 2, Appendix B, shows the characteristics
of the simplified flowfield being investigated. Flow enters through a
jet of diameter d into a tube of diameter D, after being expanded
through an angle a. Before entering the tube, the flow may be swirled
by a swirler located upstream of the inlet plane. The flowfield is
presently being investigated using various methods of approach, such as
computer modeling of the flowfield and flow visualization for both swirl

and nonswirl conditions (2, 3).



1.2 Previous Experimental Studies

on Expansion Flows

Several studies on time-mean flowfields of the type just described
have been carried out using various turbulence measuring techniques (4-
11). Unfortunately, most of the techniques used do not give complete and
detailed information about the flow in terms of all its time-mean and
turbulence quantities. There is a strong need to obtain all the turbu-
lence quantities in a complex flowfield using a minimum amount of instru-

mentation and without causing a great deal of interference with the flow.

1.3 The Turbulence Measurement Problem

Turbulence measurement in a complex flowfield has always been a
complicated problem encountered by engineers. In the past, turbulence
phenomena have been discussed by various authors in detail and various
methods of turbulence measurement have been suggested (12-15). One of
the most widely used instruments to obtain turbulence quantities 1is the
hot-wire anemometer. The most common of all hot-wire anemometers is a
single hot-wire. When used at a single orijentation and in a two-
dimensional flow, a single hot-wire can measure the streamwise components
of the time-mean velocity and the root-mean-square velocity fluctuation
at a particular location in the flowfield. A two-wire probe can be used
to determine the time-mean velocities, streamwise and cross stream tur-
bulence intensities, and the cross correlation between the two components
of the velocity fluctuations (16-18). To measure the three velocities
and their corresponding fluctuating components in a three-dimensional

flowfields such as encountered in combustor simulators, there are two



methods that can be employed at a point in the flowfield:

1. A multi-wire probe used with a single orientation.

2. A single-wire probe used with a multi-orientation.

Multi-wire techniques, with three hot-wires mounted on the same base
so that they all 1ie within the same volume of the flowfield, permit the
necessary three sets of readings to be made simultaneously. The require-
ment is to determine all three components simultaneously. The main dis-
advantages of such a technique are:

i. It requires three closely matched anemometer units.
ii. The probes interfere with each other unless they are
carefully placed relative to the time-mean velocity vector.
iii. The spatial resolution is poor because of the large size
of the probe assembly.
iv. Heat can be convected from one wire to another giving
biased readings.
Multi-orientation of a single hot-wire is a novel way to measure the
three components of a velocity vector and their fluctuating components.
A method devised by Dvorak and Syred (19) uses a single normal hot-wire
oriented at three different positions such that the center one is
separated by 45 degrees from the other two. The velocity vector at a
Tocation is related to the three orthogonal components using pitch and
yaw factors as defined by Jorgensen (20). The data are obtained in the
form of mean and root-mean-square voltages at each orientation. However,
the measurements done with a single wire do not supply all the infor-
mation needed to obtain the turbulence quantities. Therefore in addition
to a single wire, Dvorak and Syred used a cross-wire probe to obtain the

covariances between the voltages obtained at adjacent hot-wire



orientations. A cross-wire probe, two wires mounted on the same base
and separated by 45 degrees from each other, poses the same problems as
already discussed for a multi-wire probe. |

King (21) modified the technique developed by Dvorak and Syred.
His method calls for a normal hot-wire to be oriented through six
different positions, each orientation separated by 30 degrees from the
adjacent one. Thus, one measures mean and root-mean-square voltages at
each orientation. The data reduction is done using some assumptions
regarding the statistical nature of turbulence, making it possible to
solve for the three time-mean velocities, the three normal turbulent
stresses, and the three turbulent sheer stresses. Having obtained these
quantities, one can in addition calculate the kinetic energy of turbu-
lence. Various recent studies discuss the turbulence measurement prob-
lem, with emphasis on hot-wire and laser anemometer applications to

swirl flows (22-23).
1.4 The Scope of the Present Study

In the present study, the six-orientation single normal hot-wire
technique is being employed to obtain the turbulence quantities in the
combustor simulation confined jet flowfield. Measurements have been
carried out for nonswirling flow with expansion ang]es'of 90 degrees
(sudden expansion) and 45 degrees (gradual expansion).

Chapter II gives background information on the various components of
the experimental facility and the instruments employed for the hot-wire
measurements.

The response equations using King's approach are given in Chapter

III. Certain deviations from the procedures suggested by King are also



included in this chapter. A thorough uncertainty analysis of the techni-
que is carried out in order to judge the accuracy and the reliability of
the six-orientation hot-wire technique. The salient features of the
analysis are discussed in Chapter IV.

Turbulence quantities obtained, using this hot-wire technique, are
part of Chapter V which discusses the results in detail. Some of the
turbulence quantities are compared with measurements done by Chaturvedi
(5) using cross-wire probe in a corresponding flow situation. Chapter VI
concludes by summarizing the major achievements of the present study and

suggesting some avenues for further research activity.



CHAPTER II
EXPERIMENTAL FACILITY AND INSTRUMENTATION
2.1 Idealized Flowfield

The facility, designed and built at Oklahoma State University, is
a simulation of a typical axisymmetric combustion chamber of a gas
turbine engine shown in Figure 1, Appendix B. The schematic of the test
facility with idealized flowfield is shown in Figure 3, Appendix B.
Ambient air enters the Tow-speed wind tunnel through a rubber foam air
filter. Next the air flows through an axial flow fan driven by a 5 h.p.
varidrive motor. Thus the flow rate can be varied for different test
conditions. Then the flow is gradually expanded through the tunnel
cross-section without separation because numerous fine mesh screens are
encountered by the flow along the way.

Next, the flow goes through a turbulence management section which
has two fine-mesh screens, a 12.7 cm length of packed straws, and five
more fine-mesh screens. When the flow passes through the turbulence sec-
tion, small eddies are formed which dissipate much quicker than the
large eddies. The turbulence management section thus keeps the turbu-
lence level down.

Having left the turbulence management section, the air enters into
a contoured nozzle leading to the test section. This axisymmetric noz-

zle was designed to produce a minimum adverse pressure gradient on the



boundry Tayer to avoid flow unsteadiness associated with local sep-
aration regions. The area ratio of the cross sections of the turbulence
management section to that of the nozzle throat is approximately 22.5.
The diameter, d, of the nozzle throat is approximately 15 cm.

Next, the air enters the test section. The test section is composed
of a swirler (optional), an expansion block, and a long plexiglass tube.
The swirler currently available is a variable vane-angle type device to
impart swirl to the flow entering the test section. The expansion
block, attached after the swirler, is a 30 cm diameter disk of wood. At
present, there are three expansion blocks, and the appropriate choice
gives o = 90, 70, or 45 degrees. The flow is expanded into a plexiglass
tube of diameter, D, of 30 cm, thus giving diameter expansion ratio (D/d)
of 2.

A typical real combustor, shown in Figure 1, Appendix B, is ideal-
ized in the present study, as there are no film cooling holes or dilu-
tion air holes, and the chamber wall df the test section is a constant
diameter pipe. The test section is carefully aligned using a laser beam

so that the test section and wind tunnel centerline are colinear.
2.2 Hot-Wire Instrumentation

Figure 4, Appendix B, shows the cifcuit diagram for a constant
temperature anemometer. The anemometer used for the present study is
DISA type 55M01, CTA standard bridge. A normal hot-wire, type 55P01,
manufactured by DISA, is used to carry out the measurements of time-mean
and root-mean-square voltages. These probes have two prongs set approx-
imately 3 mm apart and carry 5 um diameter wire which is gold plated

near the prongs to reduce end effects and strengthen the wire. The



time-mean voltage is measured with Hickok Digital Systems, Model DP100,
integrating voltmeter and the root-mean-square voltage is measured using
Hewlett Packard, Model 400 HR, voltmeter.

The hot-wire is mounted on the facility with the help of a travers-
ing mechanism shown in Figure 5, Appendix B. It consists of a base that
is modified to be mounted on the plexiglass tube of the text section at
various axial locations. The hot-wire probe is inserted into the tube
through a rotary vernier and the base. The rotary vernier is attached
to a slide which can traverse up to approximately 14.5 ém. Thus it
becomes possible for the probe to be traversed at any location in the
combustor flowfield and rotated through 180 degrees. Figure 6, Appendix

B, shows the test section with the probe mounted on it.
2.3 Calibration Nozzle

The hot-wire is calibrated on a small air jet. The facility con-
sists of a compressed air line, which delivers the desired flow rate
through a small pressure regulator and a Fischer and Porter Model
10A1735A rotameter. The jet housing consists of an effective flow
management section followed by a contoured nozzle with a 3.5 cm diameter
throat.

A rotary table is used to hold the probe while it is being cali-
brated in three different orientations which are discussed in Chapter

ITI.



CHAPTER III
STATISTICAL ANALYSIS PROCEDURE
3.1 Response Equations

The six-orientation hot-wire technique requires a single, straight,
hot-wire to be calibrated for three different probe directions in order
to determine the directional sensitivity of such a probe. The three
directions and the three calibration curves are shown in Figure 7,
Appendix B. Each of the three calibration curves is obtained with zero
velocity in the other two directions. The calibration curves demon-
strate that the hot-wire is most efficiently cooled when the flow is in
the Q direction. Whereas, the wire is‘most inefficiently cooled for the
flow in Q direction. Each of the calibration curves follows a second
order, least square fit, of the form:

E2 = A + BI® + CZ (1)
where A, B, and C are the calibration constants and Z can take a value
of G, Q, and Q for the three calibration curves, respectively.

When the wire is placed in a 3-dimensional flowfield, the effective
cooling velocity experienced by the hot-wire, in terms of the probe
coordinator and pitch and yaw factors (G and K):as defined by Jorgensen

(20) is:

72 = V2 + G202 + K2w2 (2a)
R (20)
u (w, v =0)
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(W,

(v,

= 0)
= 0)

(2c)

~

n
= o< >
[ Y ¥ enlipt

evaluated from the three calibration curves for a constant value of EZ2.
To carry out measurements in the combustor flowfield, the wire is
aligned in the flow in such a way that in the first orientation, the
wire is normal to the flow in the axial direction and the probe coordi-
nates coincide with the coordinates of the experimental facility. Thus
the six equations for the instantaneous cooling velocities at the six

orientations, as given by King (21) are:

2 2 2 2 2 2

Zy=v *+Gu +Kw (3)
2 2 2 2 2 2

Zy, = v +G (ucos 30° + w sin 30°) "+ K"(w cos 30° - u sin 30°) (4)
2 2 2 o . 0.2 2 o ) 0.2

Z3 =v + G (ucos 60" +w sin 60°) + K (w cos 60° - u sin 60°) (5)
2 2 2 2 2 2

Iy =v Gw +Ku (6)
2 2 2 2 2 2

Ig=v +G (w sin 120° + u cos 120°) + K (u sin 120° - w cos 120%)" (7)
2 2 2 2 2 2

26 =v +G (wsin 150° + u cos 1500) + K (u sin 150° - w cos 150°) (8)

Replacing the sines and cosines and expanding the square brackets:

2 2 2 2

Zp=v +Gu +Kw (3a)
2 2 2,23 W2 /3 23 | u V3.

ZZ-V +G(UZ‘+I+UW 7)'*‘]((2'&' 24-UW/Z) (4&)
2 2.

Zy = v + 6 (4 +w 1'+ uw VF) + K (4 + %—- uw %J (5a)
2 2 2

Zy= v + 6w + Ku (6a)
2 2

25 = v + ( o E'_ uw /%) + K (E'+ u %-+ uw )%) (7a)
2 2 2

26 = v o+ ( %- %‘ uw ng + K (w %-+ %-+ uw %& (8a)

Solving simultaneously any three adjacent equations provides expressions
for the instantaneous values of the three velocity components, u, w, and

v, in terms of the equivalent cooling velocities Ql, Zps and 23 for
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example, when the first three equations are chosen). King refers to

these instantaneous velocity components as F1, F2, and F3 as follows:

N)—

- ] 2 _B_Qz z * .
F1 = [ {AO + (RO® + 3 ) } Gzl )| (9)
F2 = {-AO + (AQ% + 33—02)%} * - 1 o ‘. (10)
F3 = co - %Hg * (AO? + 33—02)% (11)
L i

The values of AO, BO, and CO depend on the set of the three equa-
tions chosen and are given in Table 1, Appendix A, for appropriate
equation sets.

However, these equations cannot be directly used because it is im-

possible to obtain Z;, 22,’and Iy at a single instance in time. There
fore Equation 9 through 11 must be expressed in terms of mean and root-

mean-square values. Equation 1 can be written as:

] !

¢(E1.) =1 = “—B + {Bz - 4C (A - Ef)}E ]/ZcJ : (12)

The above equation is in terms of instantaneous velocity Zi and instan-
taneous voltage Ei' In order to obtain an expression for time-mean
velocity as a function of time-mean voltage, a Taylor series expansion

of Equation 12 can be carried out.
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The Taylor series is truncated after second order terms assuming the
higher order terms to be relatively small. Time averaging both sides of

the above equation and employing the fact that E'= 0, yields:

- 32 2

where E'indicates that the function is evaluated for Eg. To obtain
—2

2
Z% =0y the relationship as given by Hinze (13) is:
i
”7}3 = ozi = Expec [Zi?] - (Expec [Z:])® (15)
- ’ 2
<. T727 = & _B_L,o'z,
Since Expec in] 9+ 1/2 \F 2 Es (16)

5
the differential in Equation 16 can be evaluated as:

azcbz : 39 2 — 32¢
) = 2( ) + 2¢ *
= =

QL

Then Equation 16 becomes:
— ) —_ 32
Expec [Z%] = 2 + (BE.)Z . OE.+ ¢ - 5E§-. GE. (18)

Squaring Equation 14 and substituting with Equation 18 into Equation 15

gives:
72 i g2, 802 o2 (172 éf@; g2
i O21. S e UE g2 CE) (19)
i i

Thus Equations 14 and 19 give the mean and variance of individual
cooling velocities in terms of the mean and variance of the appropriate
voltage.

In a 3-dimensional flow, it is usually desired to obtain the mean
and variance for the individual velocity components in axial, azimu-
thal, and radial directions, and also their cross correlations.

The procedure to obtain the mean and variance of the individual
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velocity components is the same as for the effective cooling velocities
except that u, w, and v are functions of three random variables and
there are extra terms in the Taylor expansion to account for the co-
variances of the cooling velocities. Thus the three mean volicities as

given by Dvorak and Syred (19) and King (21) are:

3 a2 3 2
"y 1 3°F1 2 34F1
u = F1(Z,,2~.2,) + T ==~ . 0 + I TIT K 70 (20)
( P Q R ? 1=] dZi Zi i<j OZiO j ZluJ

where time-mean values are to be understood on the right side of this

and subsequent equations.

3 3
= 1 32F2 : 2pp (21)
W= F2(Z5,20,2,) +5 I Sl . g, 24+ p 2F2
PRQTRT T2 40 LT " T2y T g ezt gz
and
3 2 3 2

_ 1 9°F3 2 3°F3
V = F3(ZysZnsln) +5 I S .0, 2+ I . K (22)

ToTeZp) T2 L ag7 - %z TG T

where KZ 7 is the covariance of the cooling velocity fluctuations and
i

is defined as:

1
1 7 - ~c
2.2, ° T/ (Z, - Z;)(Z5 - Zy)dt -
T
0
Also the normal stresses are given as:
3 33 ;.
J— 3fTy2 2 5F1  5F1 13 22\ .,
uz=3 (9)* .0 + L =>—, 55 - z 1o, (20)
i#]
3 532F1 ¢ )
i<J aZiGZj 1ZJ
: 113 3 a%F2
- 3F2y2 2 af2 _a_f_Z_ _ 1 . 3 - r
We=5 (592 .0, 2+LL% 1 2o -
i#J
3 52m2 ¢ -
i<J azidzj ijJ



and

3 33 13 3%
5F3 2 oF3  35F3 LI g
12 = g 2 . Z. + X = .
v 151 (azi) oZ, i T 12 2 52y 07 L,
i#j
S D
L = A . )

3 33 3 .2
—— oF1 oF?2 2 9F1 oF2 1 9°F1
uw = I —=—.,==.g¢ +Il 5. == . K -1y I =5.
i=1 P) j P) j Zi i Z 32J Z1.ZJ 2 ]=1aZi
i#J
33 2 3 2 33 2
3°F1 1 3°F2 3<F2
+ 2 Z —Z—-Z-— . K 5 X Y 2s g 2+ rz K
i<j i<j
3 33 3 a2
u'y':g.a_F_l_a_Fg.'g 2+zz§ﬂ.a_ﬁi.}( _]_Za_il.,
i#j
33 . 3 33
32F1 1 3°F3 32F3
+ L2 K 5 L a5 .0, 2 +3%7% . K
i<j 1<
and finally,
3 a2
33 . 1 3°F2
3 oF2 23F3 _ L CALES
T __BFZ _3_F£ 2 +373Z% K Z Ry
wivlh = I =5— . 37 °z i394 3Zj Z; 2 §=1%%4
i=1 7 1 1 J
i#J
33 . 1 32F3 2 3 K
3%F2 LI AL + 225757, 7.2
L L7357 k7.2 1:]321 Z1 1] 8L J
i<

14

(29)
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3.2 Calculation of Covariances

Dvorak and Syred (12) used a DISA time correlator (55A06) to find
the correlation coefficients between the velocity fluctuations in the
three directions. The method adopted by King (21) is to use the infor-
mation obtained by all six orientations and devise a mathematical pro-
cedure to calculate the covariances.

The covariance matrix as derived by King is:

g L6

where

ZPZQ

i%J PR

ZQZR

and

where
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and
- 17 2%y
n, =1 Poy = 5 2_ * g5 2 (33)
3 P+5 3 21 2 Z
i
Also
_ 52 2 2
_ o5 2 = 2 .2
Py 2, + 3ZQ + 27p (35)
= 2 , 52
and oy = 2L,0 - 2y + T (36)

Matrix (T) is a three by three matrix and is given in Table II.

King discovered that matrix (T) is a singular matrix for all cases
and hence equation 30 cannot be solved. Therefore, to get covariances
one needs extra information. King has made an assumption about the
relationship between the covariances in the form: |
. oty " gt (37)

P™R 02
VA

K

z
Q

Where n is given a numerical value of 0.8.

Also KszQ is obtained from the quadratic equation:

— 2 =
-2Z,"*n z . = —3
2 P =% _ _P T3 3.
G2 | =7 |t %z, | B - 5o 5 TR T T
P Q o P™Q o7

=3 =3 -
+-[H]- R+1 ~ 2H3-ZR+3 ] =0 (38)
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Equation 38 provides the two values for K The covariance is

ZPZQ.
related to the correlation coefficient as:
K
i ZPZQ 59)

Y = 2 g, 243 (39
where -1 <y <1
Therefore, Equation 39 is written in the form:

K =¥ o, 2 2f 2 (40)

yi .
PZQ ZPZQ [ZP ZQ]
The two calculated values of KZ 7 from equation 38 are then substituted
PTQ

in Equation 39, and the two corresponding values of Y, , are calculated.

PTQ
The correlation coefficient which lies within the required range of

+ 1,1s used. For the case when the absolute values of both the correla-

tion coefficients are larger than 1, the covariance is given by

K =0.9 (0,2 .0 2] : ‘ (41)
ZPZQ [ zp zQ
Having calculated K » K can be calculated from the relationship:
z,2Z ZnZ
PTQ Q°R
K = 2.7 .7,.K ¢ Iy.Z) ya (42)
= ARy . - 14,
ZQZR 2.ZQZR . P Q ZPZQ 1°7P+3 3" "P+5
A similar test is applied to ensure that the absolute value of Y, 2 is
QR
less than one otherwise KZ 7 is calculated from the relationship:
Q°R

= 2 2 '?|:
KZQZR 0.9 [O'Q . O‘R] (43)
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KZ ,_ can now be calculated from equation 37. The calculated value of
PR

K K , and K can now be substituted in equations 20 thru 22,

szQ’ zQzR ZPZR
and 24 thru 29 to calculate the mean velocities and Reynold stresses.
It was observed during the present study that King's method is not
self-consistent in calculating the covariances. The correlation co-
efficients were found to have values greater than one and therefore it
was necessary to have a more consistent method to calculate the covari-
ances. Occasionally, King's method assumed that YZPZQ and YZQZR had
values of 0.9 and YZPZR had a value of 0.648. But this was done only
when some of the correlation coefficients were greater than one. The
present method assumes constant values of the correlation coefficients.
King has suggested that if two wires are separated by an angle of 30
degrees, the fluctuating siagnals from the wires at the two locations

would be such that their contribution to the cooling of the wire would be
related by the cosine of the angle between the wires therefore, Y, , =

. pZq
cos 30° = 0.9 and similarly we would get

also YZpZR = n* szzQ * YzQzR = 0.648

Therefore the present method allows the covariances to be calculated

using the following three equations:

K =0.9 |02 .02
“p*q [ “p ZQ}

0.9 {o.2 .02
ZQZR [ ZQ ZR

2 21z 4
0.648 [gz : GZRJ (44)
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CHAPTER 1V
UNCERTAINTY ANALYSIS

An uncertainty analysis is presented here with a view to demon-
strate the reliability of the six-orientation hot-wire technique and its
sensitivity to various input parameters which have major contributions
in the response equations. The analysis is done for both laminar and
turbulent flow cases. The salient results are tabulated in Tables III

and IV of Appendix A.
4.1 Effect of Pitch and Yaw Factors

Pitch and yaw factors (G and K) are used in the response equations
described in Chapter III in order to compensate and account for the
directional sensitivity of the single hot-wire probe. Figure 8, Appen-
dix B, shows the pitch and yaw factors plotted against the hot-wire
mean effective voltage. Both the pitch and yaw factors are functions of
the hot-wire mean effective voltage, but the yaw factor is far more sen-
sitive. A 10 percent increase in the voltage reduces the yaw factor by
56 percent and the pitch factor by 13 percent. The value of the pitch
factor stays very close to one and hence does not have a major contribu-
tion in the response equations. For this reason, it is necessary to
further consider the yaw factor, which is now examined for both laminar

and turbulent flow conditions.
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4.1.1 Laminar Flow

For laminar flow cases, the covariances KZ 7 become zero and drop
7]
out of the response equations. Then Equations 20, 21, and 22 can be

written as:

=|
i
-n
—
—
N

b] _Z-Q’ ZR)
? sz ZR)

|
i
-
N
—~
~

p

F3 (

<|
I
™~

P

Experiments were performed on a calibration nozzle free jet in the po-
tential core where the flow can be idealized as being laminar.

As Table III, Appendix A, shows, the effect of yaw factor on time-
mean axial and swirl velocities is insignificant for the laminar flow

case.

4,.1.2 Turbulent Flow

The variation of yaw factor is studied on the turbulence quantities
such as mean velocities, turbulence. intensities and the shear stress

u'v'. As stated in Table III, all turbulence quantities behave differ-
ently to the variations in the yaw factor. The effect on all the turbu-
lence quantities, except the mean radial velocity, is insignificant. In
the case of mean radial velocity, the term (GZ-KZ) in the denominator of
Equation 9 changes the value of F3 considerably for small changes in the

yaw factor.
4.2 Effect of Correlation Coefficients

Correlation coefficients are used in Equation 40 to calculate the
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covariances between the fluctuations of the cooling velocities experi-
enced by the hot-wire at adjacent orientations. These are then used in
Equations 20 through 29 to calculate various turbulence quantities. A
wide range of correlation coefficients (YZPZQ) between 0.1 to 0.9 are
used to study the behavior of the turbulence quantities. Among all the
turbulence quantities, u'v' was found to be most sensitive to variations
in the correlation coefficient (YZPZQ). In view of the sensitivity of
u'v' to YZPZQ and the assumptions required to estimate YZPZQ’ it is
apparent that this is the major source of the significantly large un-
certainty in the estimate of the turbulent shear stress. This appears
to be an inherent deficiency of the six-orientation single hot-wire
method.

King (21) used a parameter Eta (n) to relate the covariances be-
tween the fluctuations of the effective cooling velocities that are sep-
arated by 30 degrees with the covariance of velocities separated by 60
degrees (see Equation 37). He suggested a numerical value of 0.8 for n.
Table III shows the effect of n on the turbulence quantities to be in-

significant and hence the present study retains this value of 0.8 in all

subsequent deductions.
4.3 Experimental Uncertainty:

Experimental uncertainty was tested for both laminar and turbulent
flow cases. The main reason for these tests was to determine the mean
and variance of the output quantities when obtained from the six possi-
ble choices of three from among the six possible response equations
(Equations 3 through 8 in Chapter III). Another objective of the study

was to judge the extent of errors in output quantities because of errors
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in measurement of mean and root-mean-square voltages.

4.3.1 Laminar Flow

The calibration free jet facility was used to conduct laminar flow
uncertainty experiments. To generate velocities in the axial and azimu-
thal direction with respect to the wire, the wire was offset by 45 de-
grees to the main direction of the flow and placed in the potential core
region, thereby achieving two equal components of axial and swirl velo-
cities. However, upon data reduction, it was observed that the two com-
ponents were not equal. The variation among the two components was
different for each choice of the six combinations of three adjacent
response equations. In general, the variation among the two components
was negligible.

Table III shows the effect of variations in measurements of the
hot-wire mean vo1téges on the turbulence quantities. For laminar flow
case, the mean axial and swirl velocities are extremely sensitive to
errors in measurements of hot-wire mean voltage. This particular test
stresses the need for using precisevvoltmeters. A 10 percent error in
measurement of one of the six mean voltages leads to an error of 9Q
percent in axial velocity deduction for the conditions of this test.

At other flow conditions, similar gross sensitivity may be expected.

Turbulence quantities are calculated using six different combina-
tions of the three mean effective cooling velocities experienced by
the hot-wire at three adjacent orientations. Table IV, Appendix A,
demonstrates good consistency between the six possibilities for mean

axial and swir] velocity determination in Taminar flow conditions.
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4,3.2 Turbulent Flow

As observed for the laminar flow case, errors in mean voltage
measurements are extremely magnified in calculations of turbulence
quantities. Table III shows these Targe variations in the turbulence
quantities.

For turbulent flows, a large scatter is observed among the six
values of turbulence quantities deduced from the six different combina-
tions. To get an estimate of the scatter, the flowfield Tocation x/D =
2.0, r/D = 0.25 for the case of side-wall angle o = 45 degrees was
selected inside the main test facility. At this location in the flow-
field, the turbulence quantities obtained are good representatives of
turbulence Tevel in the combustor flowfield.

Table IV shows that for turbulent flow, all the six combinations
do not reveal all the turbulence quantities. The omitted items
correspond to occasions when the velocity function F3 attains a complex
value via the requirement of the square root of a negative value. Then,
no further progress could be made with that particular set of three
adjacent orientations in such situations.

Table IV also highlights the scatter among the six values of each
turbulent quantity when solved using six different combinations. It is
evident that certain quantities (such as mean radial velocity, the
radial turbulence intensity, and the shear stress u'v') have very large
scatter. This shows a great uncertainty in the use of six-orientation

hot-wire technique in measurement of these quantities.



CHAPTER V
RESULTS

The six-orientation hot-wire technique is employed to measure the
turbulence quantities for nonswirling conditions. The experiments have
been conducted for expansion angles of 90 degrees (sudden expansion) and
45 degrees (gradual expansion). A computer program, listed in Appendix
D, written in Fortran language, is used to process the data on an IBM
370/168 computer. For each Tocation in the flowfield, six combinations
of three adjacent orientations are selected and six values of each of
the nine turbulence quantities are obtained. So, a decision has to be
made about the selection of one of the six values. In nonswirling con-
ditions, the flow is mainly dominated by the axial velocity. When the
hot-wire is parallel to the axial direction; it experiences the least
cooling effect from the axial velocity, whereas the radial and swirl
velocities affect the wire most efficiently. Therefore, a small change
in the v and w velocities will show a significant change in hot-wire
voltage. Hence the set of orientations labeled (3, 4, 5) in Chapter III
(orientation 4 having the hot-wire parallel to the x-direction) is
chosen and used in all subsequent results presented, excebt where noted
otherwise. Nevertheless, there are some quantities, such as V.rms and
u'v', which appear to be better represented by alternative sets of three

adjacent orientations, but the appropriate choice is not known a priori.
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5.1 Mean Velocities

Radial distributions of time-mean axial and radial velocities are
plotted in Figures 9 and 10, Appendix B, respectively. Mean axial
velocities for different axial locations and expansion angles are com-
pared with measurements done with a crossed hot-wire probe by Chaturvedi
(5). A good agreement is found between the two studies.

Because of the inability of the hot-wire to determine the sense of
the flow direction, the presence of the corner recirculation zone was
observed by a sudden increase in the axial velocity closer to the wall.
Mean radial velocity was found to increase at the centerline with an
increase in the axial distance. The mean velocity profiles tend to
get flatter further downstream from the inlet. For o = 45°, mean radial
velocity at the centerline increased from 5 percent of the maximum in-
let mean velocity at x/D = 0.5 to 16 percent of the maximum inlet velo-

city at x/D = 2.0. A similar increase was observed for a = 90°.
5.2 Turbulence Intensities

The six-orientation hot-wire technique enables one to measure the
axial, radial, and azimuthal turbulence intensities at various axial
and radial locations in the confined jet flowfield. The radial distri-
butions of these turbulence intensities are plotted in Figures 11, 12,
and 13 of Appendix B. The axial and radial turbulence intensities are
compared with Chaturvedi's study (5) and reasonable agreement is found
in the case of axial turbulence intensities. However, the two studies
are not in good agreement for radial turbulence intensities. The peak

values measured in the present study are much lower, in certain cases
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being only 50 percent of the preQious]y measured peak va]ues (5). While

solving the six sets of combinations of three adjacent orientations, it

was found that Vlrms/ab has a large scatter. For example at x/D = 2.0,
/

r/D = 0.300, and o = 45°, the mean and the standard deviation of v'Y_mS
Gb, among the six sets of readings, were found to be 0.1447 and 0.0330,
respectively. This large scatter shows that in nonswirling flow this
technique is not a very accurate way of measuring the radial turbulence
intensities. Nevertheless, results shown in Figure 11 have been obtain-

ed with the set of orientations (3, 4, 5) being used.
5.3 Shear Stresses

In nonswirling flow conditions, measurements have been made of the
turbulent shear stress u'v'. The rédia] distribution of GTVTYUOZ at
various axial locations is plotted in Figure 14, Appendix B, and is com-
pared with the earlier study done by Chaturvedi (5). In general, the
two studies are in good agreement, but they do differ in two respects:
the centerline values far downstream and the peak values near the inlet.

Chaturvedi (5) measured u'v' to be zero at the centerline at all
axial locations. However, in the present study, u'v' is found to be non-
zero at the centerline at axial locations greater than x/D = 0.5 for
both side-wall angles a = 45° and o = 90°. A detailed study shows that
the scatter for UTVTYUOZ, when calculated from different sets of adja-
cent orientations, is quite large. The ratio of standard deviation to
the mean is approximately 0.6 and varies with position.

Peak values of u'v' are seen to be in good agreement except close
to the inlet. At x/D = 0.5, Chaturvedi (5) measured peak values

approximately 50 percent higher than in the present study. It must be



27

remembered that there is always difficulty in measuring shear stress
values in thin shear layer regions. In the present study, there is
also the previously-discussed deficiency, see Chapter IV, because of

the assumpitions made about the correlation coefficients Yy 5.0
i7J

These assumptions may be the major source of significantly large un-

certainty in the calculation of turbulent shear stress values.



CHAPTER VI

CLOSURE

6.1 Summary

The six-orientation hot-wire technique is a relatively new method
to measure time-mean values and turbulence quantities in complex three-
dimensional flowfields. Applied in this study to nonreacting nonswirl-
ing axisymmetric flowfields, measurements of time-mean and root-mean-
square voltages at six different orientations contain enough information
to obtain the time-mean velocities, turbulence intensities and shear
stresses. At each location in the flow, there are six different values
of each of the above quantities that can be obtained by using six sets
of measurements of three adjacent orientations. Because of axial velo-
city domination, a particular set of orientations was chosen. Neverthe-
less, the measurement accuracy can be well judged by the scatter of the
values of turbulence quantities among the six different combinations of
sets of three mean effective cooling velocities. The nonswirling
confined jet flow was investigated with this technique. It was found
to be an excellent method to find time-mean velocities. It also gave
good results for turbulence intensities and shear stresses. An uncer-
tainty analysis done on this technique reveals that certain output
parameters such as the axial, radial, and azimuthal turbulence inten-

sities and shear stresses are extremely sensitive to some input
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parameters such as yaw factor and mean voltages.
6.2 Further Work

The multi-orientation single-wire technique is a useful cost-
effective tool for the investigation of complex flowfields. At present,
there is a need to check repeatability under nonswirling condftions
before progressing to the investigation of flows with moderate and
strong swirl. This would lead to further evaluation of reliability and
accuracy of the technique in general flowfields. Thus far, there is an a
priori assumption about the evaluation of covariances, which entails the
use of constant values for the correlation coefficients. Further work
might call for the development of alternative methods to specify the
covariances. Nevertheless, the method has potential for further use in

the experimental evaluation of complex flowfields.



(7)

(8)

REFERENCES

Lefebvre, A. H. (ed.). Gas Turbine Combustor Design Problems.
New York: Hemisphere-McGraw-Hi11l, 1980.

Rhode, D. L., "Predictions and Measurements of Isothermal Flow-
fields in Axisymmetric Combustor Geometries," Ph.D. Thesis,
Oklahoma State University, Stillwater, Oklahoma, 1981.

Rhode, D. L., D. G. Lilley, and D. K. McLaughlin. "On the Predic-
tion of Swirling Flowfields Found in Axisymmetric Combustor
Geometries." Proceedings, ASME Symposium on Fluid Mechanics
gf Combustion Systems. Boulder, Colo., June 22-24, 1981, pp.

57-266.

Krall, K. M., and E. M. Sparrow. "Turbulent Heat Transfer in the
Separated, Reattached, and Redevelopment Regions of a Circu-
lar Tube." Journal of Heat Transfer (Feb., 1966), pp.
131-136.

Chaturvedi, M. C. "Flow Characteristics of Axisymmetric Expan-
sions." Proceedings, Journal of the Hydraulics Division,
-ASCE, Vol. 89, No. HY3 (1963), pp. 61-92.

Phaneuf, J. T., and D. W. Netzer. Flow Characteristics in Solid
Fuel Ramjets. Report No. NPS-57Nt74081. Prepared for the
Naval Weapons Center by the Naval Postgraduate School,
Monterey, California, July, 1974.

Back, L. H., and E. J. Roschke. "Shear Layer Flow Regimes and
Wave Instabilities and Reattachment Lengths Downstream of an
Abrupt Circular Channel Expansion." Journal of Applied
Mechanics (Sept., 1972), pp. 677-681.

Roschke, E. J., and L. H. Back. "The Influence of Upstream Condi-
tions on Flow Reattachment Lengths Downstream of an Abrupt
Circular Channel Expansion." Journal of Biomechanics, Vol. 9
(1976), pp. 481-483.

Ha Minh, H., and P. Chassaing. "Pertubations of Turbulent Pipe
Flow." Proceedings, Symposium on Turbulent Shear Flows.
Pennsylvania State University, April, 1977, pp. 13.9-13.17.

Moon, L. F., and G. Rudinger. "Velocity Distribution in an
Abruptly Expanding Circular Duct." Journal of Fluids Engi-
neering (March, 1977), pp. 226-230.

30



31

Johnson, B. V., and J. C. Bennett. "Velocity and Concentration
Characteristics and Their Cross Correlation for Coxial Jets
in a Confined Sudden Expansion; Part II: Predictions." Pro-
ceedings, ASME Symposium on Fluid Mechanics of Combustion
Systems. Boulder, Colo., June 22-23, 1981, pp. 145-160.

Goldstein, S. (ed.). "Modern Developments in Fluid Dynamics,"
Vol. I and II. New York: Dover Publications, 1965.

Hinze, J. 0. "Turbulence," 2nd Edition. New York: McGraw-Hill,
1975.

Bradshaw, P. An "Introduction to Turbuience and Its Measurement."
New York: Pegamon Press, 1971.

Beer, J. M., and N. A. Chigier. "Combustion Aerodynamics,"
Mew York, Halsted Press Division, John Wiley & Sons, Inc.,
1972.

Syred, M., J. M. Beer, and N. A. Chigier. "Turbulence Measure-
ments in Swirling Recirculating Flows." Proceedings, Salford
Symposium on Internal Flows. London, England: 1Inst. of
Mechanical Engineering, 1971, pp. B27-B36.

Wygnanski, I., and H. Fielder. "Some Measurements in the Self
Preserving Jet." Journal of Fluid Mechanics, Vol. 38, 1969,
p. 577.

Pratte, B. D., and J. R. Keffer. "The Swirling Turbulent Jet."
Journal of Basic Engineering, Vol. 94 (Dec., 1972), pp. 739-
748.

Dvorak, K., and N. Syred, "The Statistical Analysis of Hot Wire
Anemometer Signals in Complex Flow Fields," DISA Conference,
Univ. of Leicester, 1972.

Jorgensen, F. E. "Directional Sensitivity of Wire and Fiber Film
Probes." DISA Information No. 11, Franklin Lakes, NJ, May
1971.

King, C. F. "Some Studies of Vortex Divices - Vortex Amplifier
Performance Behavior," Ph.D. Thesis, Univ. College of Wales,
Cardiff, Wales, 1978.

.- Habib, M. A., and J. H. Whitelaw. "Velocity Characteristics of

Confined Coaxial Jets With and Without Swirl." ASME Paper
79-WA/FE-21. New York, NY, Dec. 2-7, 1979.

Gupta, A. K., and D. G. Lilley. Flowfield Modeling and Diagnos-
tics. Tunbridge Wells, England: Abacus Press, 1982
(in press).



APPENDICES

32



APPENDIX A

TABLES

33



TABLE I
VALUES OF A0, BO, AND CO IN VARIOUS EQUATION SETS

STk Chotes A0 80 o
1, 2,3 (222 - 232) (-22‘2 + 3222-'232) (112- 222* z}z)
2, 3, 4 (222 - 232) (_322+ 3332 . 23“2)‘ (222 _232 N th)
3,4, 5 (332- zz"2+ zg) (332 - 252) (132_ 22 352)
4, 5, 6 (-zs2+ 262) (-23“2 + 3;52_ 162) (Zqz_ z; ' 262)
5, 6, 1 (-252 + 252) (_352 + 3362 _zz‘z) (252 . Zsz* le)
6, 1, 2 (-2;2 + 22‘2 -2.2) (-2.2+ 22) (2,2-2%22)
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- TABLE II

Matrix (T) in Equation 30

2 Z, z

P+3

6 Z, Z

P+4

4 7, 7

Lpys

-2 ZP ZR

3

Zp+3

-4 ZP z

P+4

217 ZR

P+5

4 ZQ ZR

P+3

2 ZQ ZR

P+4

21,1

QR

P+5




TABLE III

EFFECT OF INPUT PARAMETERS ON TURBULENCE QUANTITIES

%

% CHANGES IN TURBULENCE QUANTITIES

PARAMETER|TYPE OF | CHANGE
FLOW IN _ _ .
PARAMETER u w v Urms Wons Vrms u'v
K LAM +10 +0.14 +0.146 -- -~ -~ -~ --
K TURB +10 -0.17 -- -5.96 -0.18 -0.18 +0.53 No
, Change
Y7 7 TURB +10 +0.22 - +2.76 -3.17 -8.15 -0.57 40.28
PQ : A
EH LAM +10 +89.2 +74 .5 -- -- - -- -
ALL E. LAM +10 +65.9 +65.4 - - - - -
i=1,6
n TURB +10 -0.50 - +1.37 +4.64 +7.02 +0.88 -1.34
Ei TURB +10 16.3 -- -- -32.8 - -- +528.3
ALL E} TURB +10 - +72.9 -- +97.2 +54.2 +61.7 +64.8 +118.8
i=1,6
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TABLE IV

SCATTER AMONG THE TURBULENCE QUANTITIES WHEN

SOLVED BY SIX DIFFERENT COMBINATIONS

T85§H%§¥$E TSEE TURBULENCE QUANTITY SOLVED BY SIX COMBINATIONS MEAN Dgg@gg?gg PERCENT
FLOW | 1,2,3 2,3,4 3,4,5 4,5,6 5,6,1 6,1,2 X o a/x
u(m/s) LAM 6.92 6.8566 | 7.1162 | 7.0224 | 6.7273 | 6.9326 | 6.9291| 0.134 1.9
w(m/s) LAM 7.546 - | 7.4879 | 7.4093 | 7.8195 | 7.557 7.4899 | 7.5513] 0.1414 1.9
u/u TURB | 0.3478 | 0.3115 | 0.3343 | 0.3035 | 0.3398 | 0.2382 | 0.3125| 0.0802 | 12.9
v/ug TURB -- 0.1818 | 0.1717 | 0.1795 | 0.560 0.1835 | 0.1545| 0.0552 | 35.7
TNITS TURB | 0.1758 | 0.1781 | 0.1331 | 0.1711 | 0.1680 | 0.2511 | 0.1795| 0.0387 | 21.6
Voo Jug TURB -- 0.0778 | 0.0743 | 0.0783 | 0.0355 - 0.0665{ 0.0207 | 31.1
[GTV77652]a TURB -- 0.136 0.059 0.100 0.0943 -- 0.0973| 0.0315 | 32.4
uvT/u 2 TURB | 0.0185 | 0.0035 | 0.0101 | 0.0036 -- -- 0.0089| 0.0071 | 79.8

LE
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Figure 1.

Typical Axisymmetric Combustion Chamber of a
Gas Turbine Engine
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USER'S GUIDE TO COMPUTER CODE FOR SIX-ORIENTATION
HOT-WIRE DATA REDUCTION TECHMIQUE

A computer code is developed to obtain the turbulence quantities
using the technique discussed in Chapter III. Measurements in a turbu-
lent flowfield contain six mean and six root-mean-square voltages. A
three-directional hot-wire calibration reveals three calibration con-
stants in each direction. The input to the computer code is the mean,
and root-mean-square voltages and also the calibration constants. The
experimental data is then processed by the MAIN subprogram and various
subroutines to get the output in the form of nine turbulence quantities
consisting of the three mean velocities, the three turbulence intensi-
ties, and the three shear stresses. fo facilitate the use of the com-
puter code, the function of each subprogram is discussed here in detail.

1. The MAIN Subprogram

MAIN is the major part of the computer code which accepts the input
in the form of mean aqd root-mean-square voltages and calibration con-
stants and calls various subroutines to solve the equations listed in
chapter III and finally calculates the turbulence quantities.

(8) Calculation of Mean Effective Cooling Velocities and

Variances

Main calculates the six mean effective cooling velocities
using Equation 14. This equation employs the input values
of six mean voltages and calibration constants in u-
direction (see Figure 7, Appendix A). The MAIN then cal-
culates the six values of variances using Equation 19.
Equations 14 and 19 give mean and variance of individual

cooling velocities in terms of the mean and
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variance of the appropriate voltage.

(ii) Calculation of Velocity Functions and Differentials

Having calculated the mean effective cooling velocities
and variances, the MAIN then calls various subroutines
to obtain the necessary information required to calcu-
late velocity functionsusing Equations 9 through 11.

The main then éalcu1ates the first and the second dif-
ferentials of the three velocity functions with respect
to the three selected mean effective cooling velocities.

The differentials are given as:

IQ)

QU
N "nl
. (6%

a__r_[ - BO 3B0 +  F12 3A0 |+ (1)
3Z. 3(G2 - K?)?2 3Z, (G% - K2) aZ.

;

2FT3- 2F1 AQ
(G2 - K?)

F2_ _ BO B0 _ _F2? 9A0 (2)
3Z. 3 (G2- K?)? azi (G%- K2)?% 37

1

[% F23+ 2A0 : —é]
] [aco {7 Co} +1__GZ+ k) fpo 2h0 , BO 380 (3)
azi 3 BZi

[2F33 + 200 F3]
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3%FT  _ 1 — 2A0 3FT | 3FT
azia.z.. 2 T:T3 - AO 'F_‘ - 6F] (G2 _ KZ) _Z_ _Z_
J (GZ - KZ) 9 1- P J
n
. 2F1 oFT |, 3A0_, 3A0 , 3FT{ , _FT? 32A0
2 - K2 Z. 3L, 7. 3L, 2 g2 7. 7.
(62 - k%) Yoz, 8T, aZ; I, - (6% - K?)  3Z; o,
2
N 1 - 380 | 380, g 3°B0 (4)
3(62 - K 57, »Z. 7. 7.
( ) 2 3Z; 9 |
o . S
32F2_ _ 1 e . 22Ao : 32, oF
T, 9T [%73 P05 (2 - k2) | o7, 4
(G K?) L
__2F2 8F2_, A0, 3RO, 3F2 __F2? 32A0
2 _ g2 va va va 2 _ g2
(6% - K*) |8z; 9T, 9T, AT, (6* - K?) 3292,
+ 1 3B0 , 380 , g __9BO (5)
2 _ p2)2 va
3(67 - k)7 [oz; O, 8231,
e _»--F‘?-zcc}-%—@
7,07, [ZF - zco-Fj] 7, oL,
_ fo/3 . aco, 3c0 . aF3 | _aco . ac
+ 2F3 4> - T s - S
1321 T, 9Ty 37, o,
_ 2 2 2
W FT - cob %o (G2 ¥ Kz) {AO . 2RO, 3RO . 3AO
02,025 (6% - K*) | 9Tl 9Z; 9L
380
+#1 [280 . 3BO gy (6)
3 \8Z; ol 87,3



57

(iii) Calculation of Covariances

At this stage, the user has the option, whether to cal-
culate the covariances by using King's (21) method or
by assuming constant values of correlation coefficients.
To get the covariances using King's method, the MAIN

has to call the subroutine COVAR, otherwise MAIN calcu-
lates covariances using Equations 35, 41, and 44,

(iv) Calculation of the Turbulence Quantities

Now the MAIN has all fhe information needed to calculate
the mean velocities using Equations 20 through 22, also
to calculate the turbulence intensities using Equations
24 through 26, and finally to calculate the shear
stresses using Equations 27 through 29. The MAIN then
prints out the normalized values of the turbulence
quantities in the form of nine two by three matrices each
containing the six values of a turbulence quantity cal-
culated using six different combinations.

2. Subroutine CPYF

This subroutine calculates the pitch and yaw factors using the cal-
ibration constants obtained by three-dimensional calibration. The equa-

tions used to calculate these factors are:

g =y (W, u=0)
T (w, v =0)
(=Y (w,u=0)
w (v, G =0)

evaluated at a constant value of E2. wu, v, and w are obtained using
equation 12 for their respective calibration constants. The value of E2

can be adjusted to obtain an interval AE to get appropriate values of
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G, and K.
3. Subroutine FMCV

The task of this subroutine is to find the mean effective cooling
velocity which has minimum value among the six calculated by the MAIN.
FMCV also finds the two mean effective cooling velocities which are
adjacent to the minimum mean effective cooling velocity and returns the
set of the three to be used by MAIN for further data processing.

4, Subroutine SEABC

SEABC recognizes the three selected mean effective cooling veloci-

ties ZP, Z~, and Z , and sets the three appropriate equations for AO,

Q
BO, and CO in terms of Z Q’ and ZR, using Table V. AO, BO, and CO,
are used by MAIN to calculate the three velocity functions given by
Equations 9 through 11.

5. Subroutine CDABC

CDABC calculates the first and second differentials of AO, BO, and
CO with respect to Z Q’ and ZR It is evident from Table V that AO,
BO, and CO are functions of Z Q’ and ZR and so are their first and
second differentials.

6. Subroutine COVAR

This subroutine calculates covariances using a method suggested by
King (21). This method calls for employing Equations 40 through 43.
This subroutine can be called only when one desires to calculate covar-
iances usiné King's method. Otherwise, the covariances are calculated

within MAIN by the procedure already described.
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TABLE V

LIST OF FORTRAN VARIABLES AND THEIR
MEANING IN RESPONSE EQUATIONS

Input Values

EM E
ER E'rms

Mean Effective Cooling Velocities and Variances

AMECV 7
2
VAR oy
Pitch and Yaw Factors
PF
YF

Set of Three Cooling Velocities Chosen

7P Z,

yA Z
Q Q

ZR A

Derivatives of Functions AQ, BO, and CO (Definitions for B and C are
' analogous to those for A

Al 3A0 defined here)

BZP

A2 A0
VA

Q

A3 A0
BZR

A21 3%A0

3L, °

A22 32A0

2

BZQ

A23 32A0

dZy°

R



TABLE V (Continued)

Derivatives of Velocity Functions F1, F2, and F3

DF1P 3FT
CYAS
DF1Q aFT
azQ
DF1R SFT
dZp
D2F1P 3%FT
azP2
D2F1Q 32F1
2
azQ
D2F1R 32FT
2
3Zp
D2F1PQ 3°F1
azpazQ
D2F1QR 3%F1
azQazR
D2F1PR 3%F1
azpazR
Covariances
AKPQ K
zsz
AKQR K
zQzR
AKPR K, 5



TABLE V (Continued)

Qutput Varijables Calculated

UMEAN
WMEAN
VMEAN
UPRMS2
WPRMS?2
VPRMS2
uveB
UWPB
VWPB
UDUMO
WMDUMO
VMDUMO
UPDUMO

WPDUMO
VPDUMO
UVDUMO
UWDUMO

VWDUMO

=1 c

<t
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v
79
3¢
90
100
110
1208
13¢
150
15V
100
170
180
192
200
210
220
230
269
250
260
270
23uv
290
300
310
320
330
340
350
3€0
370
380
390
%00
410
420
430
4490
450
460
470
480
490
00
510
$20
530
L4 0
550
560
379

ANOONNAONOOND A NN AN ANANN N

0¢

1111

904G

1112

1100
1200

REPLAERSTIXRBRXEX IR EIIASRRXEE XARX R TR AL A RN KX XXX FR X FER KEX T KT F W

COMPYUTE® PRQOGRAM TO CALCUWATE TUSTULENCE
QUANTITIFS USING THE EX2ETIMEMNTAL DATA
GBTAINED 0OY S1X CHICNTATICN FCT-aiRz TECHNICUE.

VERSION OF 0OCT.1¢21

FREPARED EY:
SALIM I. JANJUA
SCHCOL OF MECFANICAL AND AE?OSPACE ENGINEZERING
OKLAMOMA STATE UNIVERSITY

*
»
%
*
»
*
*
*
L
*
*
*
*x
*
*
*
STILLWATER CKe 7%.078 *
E S
x
x

R BRI B R R T R B R R

FXET R XXX AR AR RIXX AR AR AT RFIEL RFRXX P ASK XA KR XTI B EXXFTR XX RRKRRE XY X

DIMENSICON EM{12),ER(12),AMECV(12),VAR(12)
DIMENSICN UCUMD{6)UPDUMO(6 )s VVDUMC(6) s VPDUNDI(S)
DIMENSION WMDUZO(C) s WFDUMCE(6) 4UVCUMC{6) +LIWOUMO(6)
*VWODUMG(E)

CATA DIALEITA/12.92,9.87

FEWINC 30

NE=1

IF(NS.EQ.J) GO TC 909

FEAD( 20, %) A,8.+C

FEAD( 23, %) Ai,B81,Q

READ(3n,*) A2,82,C2

WRITE(Ay1111)

FLCOMAT(/ /704X P THE CALIBPATION CCNSTANTS aAREZ: ')
WRITEC(&,2) AeB,C

WRITE(3,%) Al,31,C1

WRITE (5, %) A2,32,C2

READ(20,%, ENU=GGG) XsReTMCWNS

READ(30,y %) (FM( 1)y I=1,6)

READ( 2N4%) (ER(I1)y 1=1,5)

WFITE(S5,1112)

FGONAT(///3sSXe ' THE MEAN ANC 2 .¥.S. VOLTAGES ARE: ')
WRITE(S5,1109) (EM(I), I=1,€)

ARITLC(A41200) (E2(1)e I=14€)

FORMAT(EFG «3)

FCRMAT(EFS.4)

SCD1A=”/0I1A

XDOITA=X/DIA
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580
560
[PYe X 1]
vl
023
o30
cs0
w50
060
070
0E0
90
700
710
720
7390
740
750
759
770
780
790
BUU
310
320
530

340.

850
560
870
880
390

Y00

910
920
S30
540
950
60
v70
S380
9YG0
1090
1010
1020
1030
1040
1050
1060
1070
1080
109¢C
1100
1110
1120
1130
1140

Cm———

UMC1=2{-R+SOPT (¥ %2=-3,00C*(A-SMC*%x2) )} /(D,0%()
UMI=(-8+S50FRT(B222 4 ) *(A-EN(1)%x2)))/(2.2=%C)
LvC=UM0 1 xum~01

(VI VE R R VA
DEU=B/(5.0eE%( 1 )sUML)I4C/(ZN2EM(1) )}
UCLU=U4=DEU

UCDUN=T (1) /70UDEY

uUrNSUNMC=umng

UFOUHM=UPDUMRUIMD UMY

OC 20 I=1.6

ENZ=ENM(TIxE (]

ERZEES(IIXERC(T)

SSCRT(DEx2— (a2 (A-INT)))
PERE=Z((-B+D)/(2%C ) ) =22

CRHE= (2 *EM( 1) /7C)*(1=-(/D))
D2PHE=(1/EM( 1)) *DFHE+ (3 32M2) /Dx% 2

n
O

s———=————<LOCAL NSAN EFFECTIVE CTCLINC VELOCITY IS CALCULATED

AMECV (1) =PHE+0.S*C2PHE*ER2

Crmmrrm e e = = VARIANCZ VAR 1S CALCULATE D =mmmmcm e e e e
C"— _____ - ———— - —— —— ——— — ——— = > . = = . - ——— - ——— . - . - - ——— -
VAR(T )= ((DPHF£&2) % (ER2)) = ( (D .S#D2PFC~T32) %%2)
AMECV(I+E€) =AMECV(])
VAR( 146 )=VAS (1)
WRITE(6,112)
WRITE(S,110) AMECV(I) VAR(1)
110 FOSMAT(/ /¢ 7Xe"AMFCV="3F7 06 45Xy '"VAT =1 F~ .4 )
30 CCNTINUE
c — - —————— - — — - —— - —— ]~ — 2~ ——— — ——
Crmmmmm e —— —-—MAIN CALLS TFE SUBSQUTINS CPYF TO CALCULATE
Cmmmm e THE PITCH AND YAW FACTCRS emmm=——=—m=m ———————
C-——————-———-—-———————-——-— ———————— - —— - - -
CALL CPYF(A+BsCrAl14B1,Cl,A2,82,C2, PF, YF)
C ————————————————— - —————— - - ———— " ——— - - - > — ——— — -
(=== —mm—eee===D [ TCH FACTOF ANC YAW FACTOC s e e e e = -
C ________________________________________________________
WRITE(6,543) PF,YF
543 FCTMATI/ /7 ¢TXs"O1TCH FACICO='1",F7,53,3%,'Yaw FACTUR=',F7.4)
AL=PF*DF -YF 2 YF
C=PF *¥PF+YF &YF
WEITE(S,8484) UMCUMC,LUPDUMM
444 FORMAT(///7sTXs "AXTAL MEAN VEL/ZINLET “TAX VEL=',FS84,4X
*1AX1IAL TURE INTEN=Z‘,F8.4) ’
WRITE(5,»3515) UMC . .
S15 FCRMAT(//4+12X, "MAX INLET VELOCITY=' ,FQ,4)
DC 222 111=1,6
11=111-1
N=50
CALL STOTZ(UCUMQO,wWMDUMI, v NNUM]D ,UPDUND , WEDUMGC, VEDUMO,
HUVDUMGO, URDUMO VWDUMQO,N,111)
(————-—-—————-— ———————— ———— o —————— ——— —— —— . ——— —— B ——
T MAIN CALLS THE SUDRCUTINE FMCV TO FIND THE
Cmmmmmm -=—==THE MINIMUM COOLING VELCCITY AND THE TwC
Crmmmmm e e e ADJACENT ONZIS
C ___________________________ - ————— — ——— ————— —————— - ———
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1150
11e0
1170
118v
1190
1200
i2lo
12290
123¢
kv
1230
et
1e79
l1£8u
1£60
1309
lolvu
1520
1530
1540
1350
1560
1370
1360
1590
1,00
1410
1420
1+30
1440
1450
1460
1470
1-80
1450
1500
1310
1520
1230
1540
1350
1,60
1570
1580
1590
Iv00
1510
1620
1630
lv4do
150
1080
10?70
1689
1690
1700
171¢C

CALL FMCV(AMECVY s NWIP»IQeIRLWIT)

ZE=AMECV (1R}

ZG=AMECVI(TIQ)

ZR=AMECV(IF)

IF(1C.3T.6) 10=1C~5

IF(IFR3T.6) IR=]E-€
(e e e e e e -
Cmmmmmm memm e —— == MAT N CALLS THE SUBTCUTINDWSTARC 1O SET U=
(e e e THE ECQUATIONSG FCOR AC3AC +AND ((—-mm s — —
o e e e e e — e ———

CALL SZABC(ZP,ZG 2R 1P,A2,RC,.CL)

FSGrI((AD*x2)+(HB0%22}/3)

TF(CC LA T.F*O/AL) GO TO 222
Cemm s m e e e s e e e e e e e e e e e = -
(memme—— e — - VELOCITY FUNCTIONS F1,F2sAND FZ A2 CALCULATED----—
e e o e e e e e e e e e e 0 4 " et e o e . > b o B T 2 o

F1=SQRT((1/AL)*( AQ+F )} )

IF((1/7AL)%(~AQ+F),L.LT.J) GO TO 222

F2=SQRT((1/AL)}*x(-AC+F))

FZ=SQRT (CC—-(Q/AL ) 3F)

IF(F2.50.2) GO TC 222
(e e e e e e e e e e, — - ——— — — -
Crmmmm e — - MATN CALLS THE SUBROLTINE CDABC TO CALCULATE
Crmmmem e e = THE FIRST AND ECOND CIFFERENTIALS OF AG.ROG,
Commmmm s~ - AND Cl-m— = r e s e e e e e e e
Cmmmmrrr e e, e e e —

CALL CDABC(DARP,DBF+DCFsD2AF,D2EP,D2C(P,4CAGQ+DOBQsDCGyD2AQ,D2EQ,Y

¥ 2CCs CAR CEBR1DCR +D2ARD2BRWD2CFy2ZP 4 20412FR41IP)
Cr=—m e me - —e—e—~=MAIN CALCUL ATES ThE FI"ST AMND SECGND

C-———~—————=——=——-—-DIFFERENTIALS OF THE VELCCITY FUNCTIONS
Cmm—e—e—me— e —eF],F2,AND F3 WITH FESPECT TC THE
- SELECTED SET OF THE THPEE COJLING VELO

C—_-

e CITIESe——-

X1=F 1% 1
Xe=X1%F1

L X3=BC/(3%AL®AL)

Xa=x1/AL
XS={(2%X2)~(2*F1*xAQ/AL)
Xe==(€ExX1-2%AC/AL)
Y1=F23%F2 .

Y2=Y1 32
Y3=2.s7%Y2+2.%F2%AC/AL
Y4a=Y 1l /AL
YE=-(E*xY1+(2,0%AQ/AL) )
Z1=F2*F3

Zz=Z1%F2
23=22.0%22-2.0%C0O*F3
Zo=—(€.,0%21-2.0=*C0O)
CFIP=(X3*D8D + X2 *DAF )/ X5
DF2P=(X3*DRP-Y4 £DAP)/Y3

OF3P=(DCO%(Z1-CD) +{ (O*0)/ (AL*AL) ) * (AOXCLP+(30%DBP)/3)) /23

DF1C= (X3 *CEBGC+X4 xCAQ)/ XS
DF2Q=(X3«DEC~-Ya*xDAC) /Y3

DF3C=(DCA*(21-CD)+( (0*x0)/7(AL*AL) ) *(ADXDAQ+{BO*DBQ)/3))/2Z3

DF1F=(X2*DRI+Xq ¥DAr )/ X5
DF2FR=(X2*DRR-Y4xDAR) /Y3
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1720
1730
1740
1750
1780
1770
1780
17%0
1500
lule
1520
1530
los 0
1850
1060
1£70
1880
1090
1300
1% 10
1620
1539
1540
1650
160
1470
1380
1590
2000
2010
2u20
2930
2940
2050
2060
2070
2080
2490
2100
2110
2129
2130
21690
2150
2160
2179
218vu
2130
«200
2210
2229
2230
2250
22590
2260
2270
2280

DFIE=(DCR* (21 =CO)+((C2C)/ (ALXAL))*®(A*DAT 4(BD*DBR)I/3)) /23
DZ2FIP=({ XL¥DIMIPEOFIP)+ (2. 03F L/ 2L)® (TAPDL I1P+DAPXCF1IP ) +(DN240
FERXI/ZAL) 4+ (17 (ZHAL®AL ) ) #(DIRP*DID+POX 23D ) ) /X3

DE2F2F=( (Y53 DFD22ROF2D )= (2 +I#F2/AL ) S (LT 2020 A2+DARPDF 2P )=(Y1%D2
LAP /AL )+ (DRF*DUR+ACFCOFP) /(ZeNrALXAL) ) /YT
D2FZP=((Z2tDF3P#NFID) 43 Z¢(NF DN (F+ DCF*NF3P )= (OCH=DCT)+( 21
2=CR)*D2CP+((T*0) /(AL* AL) ) s {LACRDPAF4CASEDAR )+ (LDBP * [P

L4EL 20222 )/} /23

D2F1C=((X6=OF 128371 Q)+(2 e 3871/ /L) (T2 10+LAUROFIQ Y+ (D2AQ
AEXLT /AL + (17 (P ,0% A=Al ) ) (DRGLDEC+I3C2N2G) )/ 2D

CoFeC=( (Y3 TIPS 20) = (T v 82/ AL )R (CF D oo AU+ DAL XLF22 )= (Y 1i=%D
PA/ALY +{CCOxDAN+ACRD2UN) /(B OsALKAL)) /Y™
C2F2C=((Z4#C730=NF3C) +2,0%f I2(DFFNACTTHCCTLDF3Q )= (LLLtDCQ)
¥+ (Z21-CO)=D2COH((C*CH/(AL*AL) ) ¥ ((AD*C2AQ+LASF DA ) +(

D BO*DB2+30*xD2E2¥/2)) /22

D2F1F =( (XL¥DH172DF1 R)+(2 D %K1/ AL)* (CAT*DF 12+DAT %¥DF 1R ) + (D2AR
tEXI/ZAL)+ (1 /(2. 0%ALFAL) )¢ (DERXD ER+BC222EF) )/ X3
DeF2R=((YS*DF2%DF2R)=(2.,02F2/ AL ) *(CF2R*L AR+DAR*DF2R)~-(Y1%xD
*2AC/AL) + (CEPXPCOAR+2C*D22R)/ (3 4 J#ALXAL) /YT

DEF3R=((Za*DF 3C%xDF3R)+2. 0*F 3*x (CF3IQA*DCS+NCF2IFIR)~-(CCR*CCR)
*+ (Z1-CD)*¥D2CR+((C*T )/ (AL*AL) ) * ((AD*D2AT +454¥DAF ) +(
*OER*DB+RC*D22)/2))/23

D2F 1PQ=((XEXDFIP%DF 1Q)+ (2. 0%F 1 /AL) * (DAEXDFIG+DAG*SFL F) + (X1
*3OD2AFC/AL)+ (1/ (3.0 AL %AL ) )X (DEFXLIC+3M¥02R22) )/ XE

DelF 1IGR=((XEXDF1Q*¥DF 1R )+( 2 «0®F 1 /AL ) *x (CAGXDFIF+DARRUF]L Q) +( X1
¥%C240RZALI+(1/7(3.0%AL *AL ) ) *(NBC*OBR+.3C*D2BAR) ) /X3

DCFIPR=( (XO*DF1F#DF 13 )+ (2 0%xF1/7AL) *$(DAPEDFIS+DARYDFIP) +( X1
*¥D2APF/AL )+ (1/( 3.0xAL*AL) )*(DEF*ORFR+QO*C2FPR))I/ XS
D2F2PC=((YS2D2FP%D2FQ )=(2+0%F2/AL) 2 (DF 2F+DAQ+DAPXDF2Q)-( Y1
*2C2APQ/AL)+(1/7(3.N*AL %¥AL) ) *(CECP*DBQ+20*C232Q) )/ Y3
DEF2QR=((YS5*NF2Q%DF 2R )—( 2+ 0*F2/AL ) * (DF20*¥NDAR+DAQ*DF2R) —=(Y1
**C2AQF/7AL)+(1 /(3 .0%AL *AL ) )*(CEQ*DBT +NN*D2:302))/ Y3

D2F2PR=( (YS*DF2P%DF 2R ) =(2 «NXF2/AL) * (OF2P#*NDAR+DAPXDF2R) ~(Y1
*kC2APR/ZAL)+(1/7(3.0%AL *AL ) ) *( DEF*03C+NN*D2BPR) I/ Y3

D2F3FC=( (Z4+DF3P*CF3Q)+2 , I*F4 2 (DF3P*NDCQO4DC2*DF3Q)~(DCP=DCQ)
*+(Z21-CO)*D2CPA+((C*C) /(AL TAL) ) *((A0*D2AFQ+DAP*DAG) +(
*CEP*DEQ+30%*52R°2Q)/3))/23
D2F3QR=((Z4a*DF3IQxDF3R)+2.0xF3*(DF3Q#*DC~+DCQ*DF3R)~(DCQ*DCR)
*+ (Z1-CO ) *D2CARF((O*xC) /(AL XAL) ) x( (AC*¥N2ACF+DAQ*DAR ) +(
*CEQ2DBRT+EN*D2CECA)/23) ) /23
DeF2PR=((ZAXDF3OxDF 3R )+2 . 03F 3% (DF3FsNCR+CCP®=OF 3R )~ (DCP*DCR)
%+ (Z1=-CO) *D2CPR+ ( (0= D) /{ALXAL) ) *((AC*D2AFT+DAF*XDAR) +(
*CO2%xDRZ+AC*D23PR)/3)) /7 Z3

Crmrr e e e e e e — - e ————————— -———— —

Cemmmmm e e e ——==MAIN CALLS THE SUBBCUTINT COVAR TC
Cmmm - ———=~-=-=CALCULATE THE CNVATTANCE 3ETWEEN THE
(mmm e m e e e = == SELECTED COCCLING VILCCITIESe==m———
c __________ ——— —————————— — - ———— - —— ———— — —— . — ——— ——— —— — -

AKPC=0s9*SORTIVAF({IRP)xvAR(]IP+1))

AKQF =043 *SCRT(VAR(IP+1)xv AR(IP+2))

AKPR=02,81*EITAXSCRT (VAR{IP)*VAR(IP+Z))

AKCP=AKPQ

AKIC=AKGCS

AKEP=AKOS
c ________________________ —————————— o —— o — o — B e —— —
[ ————————— MAIN CALCULATES THE AXIAL:ADIAL ,AND
(e e e = TANGENTIAL VYEAN VELOCITIES e=—====—m= =
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2290
2309
2410
23290
2539
2340
2550
2i06U
2579
2289
2590
2-00
2410
2620
2%+30
2440
23450
2+69
2470
2480
2499
2500
zo10
25290
2530
2540
25590
2560
2570
2580
2590
2000
2610
2uv20
2030
2040
2550
26€0
2070
2080
2190
2700
2710
2720
2730
2740
2750
2760
2770
2780
2730
2300
2:10
2c20
2530
2840
2550

(== e o o > s e ———— s — o ——— - ——— - ——— o = -

UMEANZ=FL +) ., 5% (D2F1PSVAR(IP)I+N2FIGC*VA™ ([R+1)+D2F1~*VAR([P+2))
*4D2F 1 PO XAKPQ+D2F ICR*AKIS+D2F | FR*AKER

WHEANSF2 ¢),3#(N2F2323VAT{IF)+02F2Ck¥ VAT { [D+1)4+DLF2R*VAS(IP+2))
t+D2F 2RO AKPC+D2F 2N0I*AKQT+NIFDEN s 08

VMEANZF 340,53 (D2F32xVAR(IP)+D2FZCHVAT{IR+1)+02F SR¥VAR(IP+2))
*+D2F32C* AKDPC+D2F 3N 7« AKLI #D2F 12" x4 21

UPI=DFIPEDF IPAVAT(IP)+U | CaDF 1 S4VAFR(IT4+1)+DF 1 RxCFYREVAS(ID
*+Z2)
UF2=DF1 P*DF | CxAKE=(
*KOF+UFIZ*DF12%AKEE
UFr3=0.3%(D2F1PxVAR
UPL=D2F ] DQ%AKDPO+D 2
UFS=LP3I+ P4
UFRMS2=UPLI+UF2-UPS5%x*2

WF1=DF2P*DF2Px VAR (IP) +CF2Q*DF2CXVAR(IP+1)+DF2R*DF2R*¥VAR(IP
*+2)

WF2=DF2P*DF2Q0%x AKPC+LCF2C*DFZO ¥ AKPS +DF2C*CF 2P*AKQP+0DF2Q%xDF 23%xA
*K QR+ OF2S *xDF2P*AKRP+IF2R%DF2Q% AKRQ

WF3=0.5% (D2FZ2*VAF( IP)4D2F2Q%VAR(IF+1)+D2F2Q%VAR(IP+2))
WPL=D2F2PO*AKP2+D2F20R*AKQ~+D2F2FR *AKPR

WPS=WF3+wP 4

WPRMS2=W21 +WP2 ~%PSx%x2

VP1=DF3P*¥DF324VAR(IF)+DF3 CxDF3C*VAFR(IP+1) +DF3R*DF3RAVAR(IP
4+ 2)

VE2=DF3C *DFION*AKPC+DF 3°*DF ZR* AKP= + DF 2Q%DF 2O¥AKQF+DF3C*DF 3T %A
*K QR+DF2R*DF IPkAKRP+DF 3R¢«DF30*AKRQ

VP2=0 5% (D2F35%VAR( IP)+D2FIQ«VAR(I F+ 1) +D2F37%VAR(IF+2))
VF4=D253CC*AKPQ+D2F3Q0R*AKOR +D2F3PR*AKPR

VFE=VP3+VPa

VFRMS2=VP1 +VP2-VPS%x %2

UVI=DFI P*DF3P*VAR(IP)+CF10%DF3C*VAR(IP+1)+DF IR*¥OF 3R* VAR ( IR
*+2) .
UV2=DF!P*DF30¥AKDC+DFIPtDFEQ#AKpc+DF1G*DF39*AKQ°+DF1O*DF3°*A
*KQR+DFIR*DF 30%A KR P+DF 1 "*DF 30% AXRQ

UVZ=0.S*(D2F IPXVAR( IP)+D2F10*VAR(] F+1)+D2F1R*xVAR(IP+2))
UVA=D2F 1 PQ*AKPQ+D2F 1 QR¥ AK QR+ D2F IPI * AK >

UVSE=0e5% (D2F 3P*VAR(IP)+D2F2IC*VAR(I F+! )+C2F3R®VAR(IP+1))
UVE=D2F 20Q*AKPQ +D2F3QR*AK QF+D 2F 3P * AKDR
UVPEB=UVI+UV2-((UV2+UV 4 ) x(UVS+UVS))
VRI=DF3P*DF2PxVAL (IP) +NE3C*DF2Q*VAF (I P+1) +DF3R%*DF2Fr*xVARI( IP
*¥+2)

VR2=DF3P*xDF2C*x AKPC+DF 3P* DF2F*x AKPR+NDFIC*DF 2P *AKQP +DF30*%DF 22 %A
*K QR4 OFITFDF 2P X AKRP+OF 23%DF2Q% AKRQ 3

VR3I=0.5% (D2F3PXVAS ([P )+D2FIC*VAF ([F4+1)+D2F3I*¥VAR(IP+2))
VW4=D2F IPQ*¥AKPQ+D2F3CRXAK CR+D2F 3P x AKDP

VWS =0.5% (D2F2P*VAR( IP)4D2F2Q%VAR(I P41 ) +CAF2R*VAR(IP+1))
VWO6=D2F2RPO0*xAKPQ+D2F20FR*AK Q=T +D2F2P2 xAK DD

VWPB=VW1+Vu2-( (VWI+VWA)x( VRS+VWE))

Uwl =DF1 PADF2PXVAR(IP)+D 1 CtDF 2C*VAR(ID+1)+DT ] I*DF2R*VA2( IP
*+2) -

Un2=0DF 1P *DF2C%AKNC+DF IP#DF2R* AKPF+DF ! CxDF2F*2 AKQP+DF1 Q* CF2F %A
*KGCF+DFIR*DF 2P *AKTP+DF 1R *0F 20 *¥AKFQ
UR2=0.5%¥(D2F1PX*VAR(IP)+D2F1CaVAS(IP+1)4D2F1IR*VAR(IP+2))
Uwa=D2F 1PQ*AKPQ+D2F 1QR*AKOR+D2F 1PRx AMPR

UWZ=0.5%(D2F2Px VAR ([P )+D2F20*VA-(IP+:)+DPF23xVAR(IP+1))
UwC=D2F2PQ*AKPQ+D2F2CR*AK QR+ D2F2PR* AKFR

IPXAKPE+DF 1 A%0F 1P £ AKQZ+DF 1 Q% DF 1R *A
1Q3VAT (IS4 1) +DPF13%VAI(IFP+2))
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68

URDO=Ur 1 4UN2={(UnT+UrA)*(UNStURE))
LOUMO(L11)=ukEaN/UMC
whkDUMC( I 11)=wMTaAN/UMD
VMDUMC{ T11)=vMZ art/usn

IF{UPF™S2GTe04 )
IF(WPRMS2.GT7 +049)
1F(VESMS24CTWYa)

UVOUNCI T11)=uvp3 /L gz

VWDUMC(IT])=ve

<P 3/U 0% %2

UwDUMCE Tl ) =UuwP 3/ JMCx 32

FCtMAT(

222 CCHTINJE
WRITE(G »113)
WRITE(AH, 114)

117

113
WRITE(S,112)
YFITE(64112)
WRITE(64+1000)
WRITE(S,1000)
WRITE(5,112)
WETTE(S5,112)
WEITE(R,2009)
WRITE{642003)
WRITE(5,112)
WRITE(5,112)
WE1TE (5, 2000)
WFRITE(5+3000Q)
WRITE(5,112)
WRITE(5,112)
WRITE(£43000)
WRITE(S5,4009)

- WRITE(5,112)

WREITE(E,112)

wWRITE(5,5000)

WRITE (5,50n00)

WEITE(H,112)

wWR1TE(5,112)

WFITE(S,£000)

WRITE (5 +5900)

WRITE(S5,112)

WETITE(S5,112)

WREITE (5,7000)

WRITE(6,7000)

WEITE(As112)

WRITE(5,112)

WEITE(5,2009)

wRITE(64+£00))

wRITE(6,112)

WEITE(S,112)

WRITE(S5,112)

WRITE(5,5000)

WRITE(£ 4+9000)

WRITE(S5.,112)

WRITE(6,112)

')

FO0TA
XDOTA
FCEMAT(/ /779 29Xs " AXT AL
FCEMAT(//+29Xs 'RADI AL

DISTANCE
DISTANCE

(UDLA0(T) 1 =1,43)
(UDUMO( T)s I =44€)

(WMOUMO (1) 1214 2)
(s« M2UPT(I),1=6,6)

(VMDUMO(T1),1=1,3)
{(VMDUMO(1),1=4,€)

(UPDUMO( 1) s I=1,3)
(UPDUMO(1) s 1=446)

(WPDULNC (L) o1 =1,43)
(WPDUMO(I)eI=4,€)

(VPDUNMO(IYs1=1,+23)
(VPDUNMC(1),1=4,6)

(UVDUMC (1) » I=1,3)
(UVCUMGC (1)1 =4,€)

(UWDUMC(I)s1=1,3)
(UWDUMC (1) s 1=4,6)

(VWNDUNO(I) s 1=1,43)
(VADUMG(1) e 1=4,€)

UFOUMD(I11)=SQRT(LTMCD )/ M0
wPDLMC(I11)=5
VRIUVI (111 )=SCRT (VT VS?)srUMD

Q5T PEVS2)/UME

X/N=V . F7.2)
R/D=',FS.4)

1000 FOCNAT(/ 27X "UDUNC="yFF 444 5SX,y 'UDUMD=",1FFeds5X, ' UDUMO=',

*F Ge4)



3430 2000 FORRAT(/Z 7% o "wDUMO= ,F3 08 3 SX, " wWDUMUTT ', M Tebe Xy RDUMD =Y,
S+4 0 2 Ca4)

345C 3000 FURMAT(/,7X 3 " VOUMC 2! 3 F2as 05X, "\DULU= . FTaa,0X " VOUNMDSY,
3460 ¥FEC o4 )

367C 4000 I CRMAT(/ +7X o' UTDUNIZY 31 S8 44X, "URYV I W FS .4 ,aX, ' UTOUMDY
5430 *y, Iz, FY,a)

3+90 S5000 FOCTNATI/ +7X 3" wPOCUMI=! , 5T o8 4aX)y "REDUNMTZT . 2G4494X, ' wPDUMD!
3000 Xy =t ,F,.8)

3210 5000 FCRMAT(/ +7X o "VODUMC = 3F 324 48X o "' VPIUNDIT! ,FGe& 44X, "VFOUMC!
33520 Xy 9=V, FR44)

3530 7000 FCRMATI /27X, 'UVDLNC = ,FGS o4 ,4X,,"UVIINT=! ,FSede8X,'UvVOLIIO=?
33540 *y FS et} .
3550 BODJ FCRMAT(/¢7Xs'UnIUNEC="? 4sFG o4 ,4X s 'UNDUNC=',FSe3,4X,y 'UWDUMD=?
3560 %y F2a4q) :

3570 9000 FCPMAT(/ +7Xy"VUOUNC=' 4G o843 AX e '"VHWIOUNDT ' 4FGa494X,"'VaOUMC="
3589 *,FR.4)

3590 GC TO <08

3000 99% STORP

3610 END

3020 €
353u C
3640 C
3uS50 (¢
3ue0 C .
3070 CHRFRTXIIRRRKXR AL ERRRFR XA XL NRL AR E XXX F L IXEXFRAF KK X R E X XE
3080 (==——==—————— THIS SU3ROUTINE SZTS TURBULENT QUANTITIES TO
3090 C(==—m—mw—m——===75T AT THE SBEGINING OF EACH ITERAT ION

3700 CHAXRARILEAEIN XX RXLRKELERFXRXRCHR LRAX RN KIRE KAY KXEXRFFL T XR # XK X% K

371V SURKRCUTINE STQTZ(UDUMC, waMDUMO,, VMOUMC, U2CUMT, s PDUMO,
3729 FVFDUMC, JVOLMC,UWNDUMC+VADUNMTINe 1)

3730 DIMENSION UDUMS(E) ¢ wH4IUMO(E) » VMOUMC( %) +LPDUMOC L ) »wPDUMC(E)
3740 DIMENSICN V2DUHD (6) yUVIIMDO(S ), UWDUNC( S ), VWOUMO( o)
3750 UDUMQO(I)=0.0

3700 wWMNDOUMC(I)=0.0

3770 VNDUMC(TI )=2e2

3780 UPDUMO( 1) =040

3790 wPDUMGC(1)=0.0

3500 VPDUMC(1)=J3.)

3510 UVDUMC(I)=0.0

3220 UwdDUMC(1)=2.0

3030 VWDUMC(I )=0.0

3840 RETURN

3030 END



200 C

Sa7v0

C

o800 C
CHRETEIREIRF B IRT IFEXIXERIAMEXF AR R KRS X S AXXT A RF AT L AR L XN

3c50
3500
SHLY
o»20
©530
3%0
350
22560
3570
3»80
3990
4000
4010
4290
4230
4040
4950
%000
4070
4030
4030
4100
4110
4120
4139
4140
%150
4160
4170
“+180
4190
4200
4210
4220
4230
4250
4250
4260
4270
4280
4290
4390
4310
4520
4330
4340
4550
43 60
4370
4389
4390
4500
4410
4520
329
&40
a500
4a+0U

C
C

e aNalal

OO0

30

a0

50

60

100

THLIS SUSFCUTINE FINDS Tt

COCLING VELOCITY AND THI 7

EEE R R R EEEE SRR EREERERE RS R AR

SUBFCUTINE FMCV(CVeNs IXas 1
DIMENSION CV(S0)

IF(CV(2).LT.CVI(1)) GO TO
IF(CV(3).LT.CV(1)) GC TC
IF(CV(4)eLT.CV{(1)) GO T2

IF(CV(S).LT.CV(1)) GO T2
TF(CV(5)eLTaCV(1)) GC TO
IxX=6

Ty=1

1z2=2

GC TC 100
IF(CV(3).LTWCV(2)) GO T2
TFICV(3).LT.CV(2)) GC TO
IF(CV(3).LT.CV(2)) GO TO
ITF(CVI(O) LT CV(2)) GC TO
IX=1

IY=2

12=3

GG TC 100
IF(CV(4).LTaCV(3)) GO TO
IF(CV(3).LTeCV(3)) GO T3
IF(CV(5).LT«CV(3)) GO TO
I Xx=2

1y=3

12=¢&

GC TO 100
IF(CV(D)eLTeCVI4&)) GO TO
IF(CVI(3) LT CV(a)}) GO TO
1X=3

1Y=4

12=95

GO TO 100 .
IF(CV(6)LT.CV(5)) GO TO
I x=4

1Y=5

12=¢€

GO TO 1390

I1X=5

1Y=6€

1Z2=1

IX=IX+I1

IF(IXeGTH6) IX=IX=5
IF(IYGT ) 1Y=TY=5
IF(12.3T.0) 12=12-¢&
IY=IX+1

12=1X+2

FETUFRN

END

CT1v

m

MINIMUM ME £ EFFS
nC ADJACZ KT TC I

-4 M

TRXXFEZIXERTAEICRL ERE R EX

YolIZsII)

20
33
40
<0
€0

30
40
€0
69

4d
S0
€0

€0
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71

4-70 C
‘.0-ﬁd LB EL AP U v BT R v b e v MR E TS e T re s b AABE v vad vy T B P s en Vat = bk i
++920 C s
420 € Coms1awr;, G € YHUEZ-DIRECTIUNAL CALIURATIOUN
4550 €
:j;:: Elﬁ##iaﬁlﬁ‘trt:tt:ttttt&ixtttt‘#t*tlnt:‘ant*ttl#*t:tvtx‘
4L60 SUSTCTUTINE COYF (AsBsCrAl 3 B13yClyAZyLZ: C2yET,YF
45,7¢C E=3.0 2 C2EFyYF)
4030 1C Wl=ZE1#22-484 ,03C1%(A]-E*%2)
4550 IF(w1 4LT4Y4d) GC T3 22
4000 S=E+02 .05
4210 GC TC 12
4u2 o 29 E=€E=04135
::23 ::;izsi+ba;r(alt’?‘a'O‘C‘*“l‘i“z)))/(2.0::1)
X - - o ~ .
45:5 :l;i:iz SGRT(RZ2**2-0GedxC2* (A2-C722)))/(2.0%C2)
&4L70 Ul=(—-E+SCRT(B%x%x2~-4, $( A=E -
4680 O=U1%u1 (B*%2-3 D *CF(A—E*22)))7(Z2.0%C)
&u50 PF=V/U
4790 YFE=V/Ww
4710 FETUEN
«72¢ END
atal szrrttt:#t:taxxt:zxt#tt—xt:‘:l:x#x:»ttiv»::x‘vxt*tttzmuztzxt
a795¢ C
4709 C TH1S SUGRCUTINE SUTS EQUATICNS F07 AC, EC.ANU co
4770 € DEPERDTNG UPON THT 3E1 OF THE THPEL CCCLING
750 C VELCCITIES CHOSCH.
47990 C
4300 C***t:##xlt*t*tti##ttt#ﬁ'tt‘tt*3*‘*#:#*#2'**##‘**3'*‘#t
4510 C
4320 SUBROULTINE SEABC(AL sA2:A3+KsXsYs2)
4330 1IF(K<EQ.1) GC TO 1%
4040 1F(K.E2.2) GO TC 25
4550 1F(K.EGe3) GO TO 23S
4360 IF(K.EQ.4) GO TO 45
4570 1F(K.EQesS) GC TO €5
45680 IF(K.EG.5) GO TC &5
459¢ 15 X=zA2*¥¥2-A3%*2
4500 -2 0%A1*X2+3,OAA2F K2R3 #02
4910 Z=A1% ¥2—A2%¥24+A3% %2
4520 GC TG 108
4530 23 XTAl ##2-A2%£2
T 4540 2o (A1%%2)+3,0%A26X2-2,02 AZK*2
4950 Z=A1 %2 A2%*¥2+A 3332
4560 GC TC 195
4470 35 X=A1*¥2—2,0FA2¥ X 24A ¥ %2
4380 Y ZAL #%2—A3%%2
‘4590 2=A1#%2- A% ¥ 2 +A 3K %2
5300 GC TC 105
5010 45 X=—(A2%%2)+A3%%2
5220 Z—2 L O*A 12 ¥2+ 3. IKA2¥X2-A3%%2
5030 Z=AI¥R2-A2XK24+AI A2
3040 GC TO 103
5050 €6 X=—(Al*%2)+A2%%x2
5060 == (A1X%2)+3.0%A22%2-2. 0XAT*%2
5070 Z=A1%$2-A2 k%2 +A3%%2
5030 GO TO 10S
5090 E5 Xz=(A1%%2)+2.0%A2%€2-A2%%2
5100 Y=—(Al+%x2) +A3* %2
5110 Z7=A1%22-A2%X2+A3E%D
3120 193 FETUFN
5139 END



5140
5150
5160
51790
5180
5190
0233
5210
3220
Sc¢3v
2240
52590
5259
5270
5289
5290
3300
5310
5320
5330
5340
5350
2360
337¢
53890
5392
5400
53210
54290
5430
5+40
54350
5460
5470
5480
5390
S5S500
3510
5520
530
Sv4v
55590
5560
5570
5280
55990
56000
5010
5020
5030
5040
55650
d5c 60
50790
5080
5090
5700

C

CEFEXIXAFXXE XXX XXERERER KL EIXINX N RXS R FEFARATERREEFE X KT K RE XK

NN AOO

‘THIS SUJFOUTINE CALCULATL S THE FIXR31 aANC SECOND
DIFFERENTIALS OF THZ FUNCTIONS AC,HC,aAND CU wITH
CCESPECT TO THE THREEEL CHOSEN “MEAN ZFFUECTIVE COOLING

VELCCITIES.,.

FLEFTXLAFLRAIEEFEEREIEXLAEIA XL 3T XL AR L X I LN N LTI S IIIFXDIRNKRER XK

SULFCUTIND CC

ACC
AnC

(AL 31,01 ,A21,P21,021 ,42,82.,C2,4A2

*A3:E34,C3,+22343239C23sX Y 4 09K)

IF{K.E2.1) &I
IF(K.EQ.2) GO
IF(KesEC.3) GO
IF(K.ENW3) GO
IF(K.ECs3) GO
IF(K«sEQ.5) GO

16 Al=0,.,0
Bl=—4 %X

1=2% X

AZ21=0.0
B821=—=4.0
C21=2.0
A2=2 J0O%Y
BE2=¢ %Y
C2==2.,0 %Y
A22=2 .40
B22=¢€.0
Cz2=-2.0
A3==2.2%2
BI=—-2.0%Z
C3=2.0kZ
A23=-2.0
B23=-2.,0
C23=2 .0
GO TC 10¢

26 A1=2.0%X
Blz=2.0%X
Cl1=2.,0%X
AZ1=2.0
B21=-2.9
Ccl=240
A2==2 .0*Y
B2=6.0%Y
C2==2.0%Y
A22=-2.0
B22=6.0
C22=-2.0
AZ=0.0
B3==4.,0%2
CZ=2.0%2
A23=0
B23=-4.0
C232=2.,0
GC TC 106

36  Al1=2.0%X

TC
T35

TC.

TO
TO
TO

(2 D LI - VI S
Ct ran

oCcCm

2.8

22,C

22

72



46

Sé

&€

[T N T}

NN
i o

[V ) .
L O .
.
o

NAND>AQT>»ADPrN0T >N D> N W
NN

TR A M) g W r DN N N FY A IO A e e

CT
Bl=—5 o0 ¥X
Cl=2.0%X
AZ1=0e0
821=-4,0
C21=2.)
AZ==2.0%Y
B2=€ «0%Y
C2==2.07*Y
A22=-2.0
Bz2=¢ .0
C22=-2.92
AZ=2.0%xZ
B3=-2,)%Z
C3=2.0%2
A23=2 .0
B23=-2.0
C23=2.0
GC TC 10&
Al==2 0% X
Bl==2.0%X
Cl1=2.C0%X
A21=-2.,0
Bzl1=-2.0
C21=2.,7
AZ=2.C*Y
B2=€ .0%Y
C2==2)%Y
AZ2=2 .0
B22=C <2
C22=-2.0
A3=0.0
B2==4,01%2
C3=2.0%2
Az3=0.0
B23=-4.0
Cz3=2.9
GO TC 10¢%
Al==2.0%X
Cl=-2.,0%X
Cl1=2.,0%X
A21=-2.0
521 ==-2.0
C21=2.)
A2=4.0%xY
B2=0.0
C2==Z2N%Y
AZ2=4,0

73



w370
Lo3d
03 JU
0sJ0
64160
t+20
o430
€440
S+50
040 J
L5190
cole
6220
[N
cL50

ud Y

cuve9
oz oV
SISV
cL 50
62360V
6070
6230
090
6709
o710
BT29
673G
6740
6759
6760
6770
6789
o790
6200
6810
6520
6530
6340
1S
o3 6V
0o 79
6583
6390
6300
65 10
6220
€930
6540
6950
6%00
6%70
69890
0y 90
7000
7910
73290
7930
1940
7050
To00
7979
7049
7u3IN
7i99
7it10
7120

10¢

<
<
C
C
&

15

57

108

107

{8}
";
Q

4]

1
[

#* 3 D .

FVEELN
1o
|
v
.

w
1
N

u NN

B

fe]
DNKN #

|
N

U D r»N T o
m N Ny (s
S W w i
n
.
DL .

ch
TN

PR

END

FEXRFFRETE LR T XR A AEPEBL AR IRXTET I XF LK XXX X IR R I XSRS KRS OB XK T R XN

i

INE CAaL.CULA

LT T 1 PETWEEN T HE
LUZTULATICNS LS

TH NCE
VE GGEST 5 2Y KING.

J (&}

o [ TH
= 1 A

"
m [}

cv
TH

ﬁb

1 5 4
Le NG crc

(4

XTI RIRIRLELF I XXXEA S AXFRL SR REILKCRXE] L 2L L XS FRARR B RY AT R IR Ex ww A&k

SUAROULTINT COVAR(CY 3V s hy [ FyZF 4 2C42F s AKP Gy AKPK 4 AKCFP yAKQR, AKRP
%y AKRG W1 TA)D

DIMENSICOr CV(5)),V(32)

EITA=0.C

DC 1S I=1,¢

Cv{lI+6)=CVv(I)

V(T+€)=VIT)

CINTINIJE

TF{V(IP) .LEDQsD02) GC TC 103

ZETA1=SSQRT(2ZP**2=-2, 03 ZQ%% 2+ 2, 0 1L0&%2)

ZETAZIZSCTT (2 J0%ZF 4222 .,0%2C 52425 %4C)

PI1=CV(IP+3)=ZETAI=-0,55({ 1/CV{1IP+3)-22%*%2/CV(IP+3)%%x3)*v(IF)
fe (G N ¥TCER2/CVI [P+ )%¥TZ42,0/7CVIIRPH 2} XV(IP+HL ) +( -3, 0%ZF =x2
*/CVIIP+32)=%342,)/CV(IF+3) )3V (IR+2))

PI3=CV(IP+8)=ZE TAZ-0.5%({(2.,0/CV{I2+5)=8,0%2P%%2/CV(IF+5) **3
*)RV(IP)+(-2.0/CV{IP45)=2,0*2C**2/Cv(IP+T)*%x3)xV(IP+1 )+ (1/7CV(
*] F+S5)—2R%:2/CV(IP+5)¥*3)%xV(I2+2))

Al==2 ,0%2P*%2%CTITA/V(IP+1)

B1=2€e 0x7P52Q=(ZP*EI TA/(ZO*V(IP+1)) ) *(FIIXCV(IP+3)**¥3-P I3*CV
*x(IP+S)I*x*2)

C1=PI1*xCV(TIFR+3)2%x3-2,3%F[23CV(]IP43) 233

IF{Pi*=2-a,0%A1%*C1.LTC) GC TC S7

AKPOL =(—F1 +SORT(B1%32<%.0%A1%xC 1)) /7(Z.0%A1)

AKPQ2={—-31-SORT(B1*x#%2-4.0*%21%xCl))/(2.2%A1)

FPQ1=AKPQI/SQRT(VIIP)®V(IF+11))

FEQ2=AKDG2/SCRT{V(ID)#V(]IO+1]))

1IF{ABS({RFQ1).GTe1} GO TO 17

GC TCo 27

IF(AEC("‘"?).UT.I) GO TC 37

AKPQ=AKPG2

AKPQ=ATPQ1Y

GC TC a7 .

AKPG=0,9+SQRT(V(IP)=V{IP+1))

AKOK=(2 « OXCV (IP)*CV(IF41)*KPQ+OT 1%xCV( IP+3)%«%x3~-PI3%CV(IT+5)
*x23) /(2.0 CV{[2+1)*CV (L P+2)}) :

FCR=AKNR*SQRT(V(IP+1)*xv{1IP+2))

IF(ALS(PQOR) «GT 1) AKQR=0,.S#SORT(V(IF+ 1) xV(IP+2))

AKPR=EI TAXAKPC¥ AKGR/V{IP+1)

GO TO 1067

AKDGC=0.52SQIT(VIP)» ([P +1))

AKOF =0, C*SORT(V(1P+1)*V(IP+2)?

AKPR=ZEIT ARANPQ®AKQR/V{IP+1)

GO TC 197

ARPC=D.0

AKOCT =0,.,0

AKPR=0.,90

AKQF = AKPQ

AKE C= A< QR

AK ¥ ZAKPR
FETUFEN
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