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ABSTRACT

Today turbulent measurement with hot wire anemometer’
is a routine procedure but the conventional equations requilre
a knowledge of the direction of the mean velocity. For flow
over peripheral corrugation&Where the mean veloclty vector is
changing in directlion with radial and axlal positions the
crmventional equations are not valid. Therefore, new equations
were derived. These show that the simple sum and differencing
techniques useful for parallel flow no longer can be applied.

Experiments were made in a corrugated pipe. Thls corru-
gated pipe approximates a sine wave in shape and has the wave-
length, 2.75", the amplitude, 0.437", and the smallest radius,
4,275". Expérimental data shows that the conventional commer-
clal X-wire boundary layer probe'support system interference
to the flow. A speclal type of X-wire was designed and called
"Boundary Layer Probe." Using this probe, the radial velocity
vector can be easily determined albng with the axlal component
from the derived equations. The system of equations ié complex
requiring computer solution of data digitized from analog tape.

Data show that the turbulent intensities in longitudinal
and radial direction across the pipe radius are higher than
those measured from the smooth circular pipe. This is so even
at the centerline., The local relative turbulent intensities
show that a sharp jump occurs around the tip line (line con~-
necting the tips of the peaks) at certain section which seems

to indicate a "separation flow" existing in that reglon.,
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I INTRODUCTION

The purpose of this work was to study turbulent flow in
a rough corrugated pipe to try to understand the mechanism
for increased shear and pressure drop.

In order to do this a constant temperature hot wire*
anemometer was used., But in a system like this techniques
for using hot wire anemometer systems have not been fully
established, This 1s due to the fact that most existing
equations require a knowledge of the direction of the mean
veloclity vector in order to use them, For flow over corru-
gated surface the direction of this velocity 1s an unknown
quantity. As a result it has been necessary to develop new
equations for the mean velocity;.its direction, and the auto
and cross correlations of the velocity fluctuations. The
resulting equations are comblex so it was necessary to develop
new software to solve for the flow quantities of interest.
As part of the work fast fourler transform programs were
developed to pgrmit calculation of spectra and correlation
direcﬁly from the constant temperature hot wire anemometer
signal,

In order to apply the new method to the problem of flow
over peripheral corrugations it was neceésary to design a

probe with a new geometry and test its performance,

#* Hot wire anemometer 1is the general terminology for this
kind of instrument despite the fact that the heated element
used in this work was a quartz cylinder coated with platinum

or tungsten.



The resulting probe and response equations were used to
measure flow over a corrugated surface and the variation in
both the mean flow and in the turbulent quantities were measg-

ured.



II PREVIOUS STUDIES AND ANALYTICAL CONSIDERATION

Previous Studies

Prandtld), Jonegﬁ)and Searsﬂwestablished that for laminar
flow past an infinitely long cylinder oblique to a uniform

--=-yelocity field, the two velocity components in a plane normal
to the axis of the cylinder are independent of the axial com-
ponent. If the cylinder is heated uniformly along its axis,
consideration of the energy equation shows that the rate of
heat loss per unit length depends only on the normal velocity
component. From these facts the cosine law of directional
sensitivity can be established for an infinitely long hot wire
anemometer, and this result is generally assumed to apply to
wires of finite length. The cosine law 1s expressed as:
Ve = Vr-cosp, C(1I-1)

where Ve is the effective cooling velocity of the stream, V;
is the instantaneous velocity, & 1s the angle between the
instantaneous velocity vector and the wire axis, and )%*’3==90<
(see Figure II-1) Schrbauer and Klebanoffowexperimentally
tested the cosine law and concluded that it held for finite
wire for angles of yaw less than 700.

Kronauerensuggested that the deviation from the cosine
law depended on the length-to-diameter ratio of the wire and
1s substantially independent of the Reynolds number, Kronauer

expressed his results in the form:

L
Ve(fg) = Vr-cospB; + 1.2(IVIQ%sin3% (11-2)

where D and L are sensor diameter and length respectively.



67
Champagne and Sleicher  observed that there is-consi-

derable disagreement as to the directional sensitivity of a sen-
sor and to the accuracy of measurements made with wire oblique

to the flow when cosine law cooling is assumed., They, therefore,
made extensively theoretical and experimental research and deri-

ved the following equation,

2 2 2 2 2
Ve = Vy (cosp; + k-sinp,) (II-3)

where the value of k is a constant depending primarily upon the
length-to-diameter ratio (L/D) of the sensor. Equations (II-2)
and (II-3) both indicate that an inclined sensor is sensitive to
the tangential velocity component along the sensor. This sensi-
tivity must be taken into consideration when interpreting data
from an inclined sensor. Champagne and Sleichefqheanwhile de-
rived the equations which included the effects of non-linearity
caused by high intensity turbulence., However, those equations
were applied for one-dimensional flow only where the mean flow
direction is known.

‘If the direction of the mean velocity is not known or if
it varies with position across the flow, the directional sensi-
tivity of the X-wire (wires in the form of X array) changes, and
the conventional equations are not valid. One method of over-
coming this problem would be to use two identical wires and a
traversing mechanism that allows the X array to be rotated about

its center until the output voltage in each wire is equal. The
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rotation can then be measured mechanically and measured velocity
fluctuations can be resolved along the desired coordinates. The
three undesirable features of this method are that it is very
“difficult to make identical wires, that the traversing mechanisnm
can become too complex, and that if the fluctuations are large,
it is impossible to tell practically whether the two output vol-
tage are equal or not.

Bullock and Bremhorsé8’ suggested a method for measur-
ing statistics of the turbulence and the direction of the mean
veloéity vector when changes in the direction take place along
é traverse, In principle the method is sound but in practice it
i1s 1limited. ZError in measuring .wire current in commercially
available hot wilre equipment are such that the calculated angle
for the velocity vector can be expected to be in error by at
least 5 degrees.

3

Mccroskey and Durbin  proposed a new type of two sen-
sor probe to measure flow angle. Thelr system consisted of two
sensor in a "V" ¢onfiguration. Equations were developed for
extracting the direction of the mean velocity when it lies in
the plane of the V. Their work demonstrated that very high pre-
cision in measurement was necessary to interpret the results and
this made it necessary to develop a new high preeision control
circuit. The method thus requires-sgécial circuits and 1is not

useful when the plane in which the mean velocity vector lies is

not known.
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In 1968, Yost carried out extensive measurements of

flow over roughnesses., The baslc equation he used in calcu-
lating the mean velocity is,-
' Ve = V; (sin« )I/k"
wherel k, is a factor which allows the deviation from the sine
iaw and is measured to be 1.1. He, then, linearized the rela-
tion between bridge voltage from anemometer and the effective
cooling veloclty. The equation is,

Eb = C3Ve
With K =45° and V,=V, at centerline,

Cj = V_e/(0.73E )
C; 18 calculated once Ve and V;, be measured. Then for any
unknown velocity vector, there are two equatlions corresponding
to the twe wires, 1i.e.

'\-,z =7,—_(sin0<A)°'909

V—B- _ V_I(sino(a)o‘909
where ,+0;=90 . Dividing —\?;. by Vg glves,

o(A.z are tan(V—A/VEﬂJ
also, V; = —’vi/(sinog)o'9o9
Finally, Vn = V; sin(90" - )

The factor k,which accounts for the deviatlion from sine

law 1s not a constant., It depends on the sensor geometry and

varies with angle of inclination, X. This equation with k,
measured at (=45 can only be used within 0(:45;;100 .



The factor k in equation (II-3) depends on Sensor geometry
and also varies with the angle of inclination., But extensive(&M#v
measurements have been made using equation (II-3) and found
“that the value of k measured at (=60 has a maximum error
for fhe determination of mean velocity between 1 to 3% at
0¢X<¢60°, For a fllm type of sensor which has less end loss
due to the support, the maxmimum error will be improved.

In measurements of turbulence and Reynolds shear stress,
Yost did not include the contribution of radial velocity
compoﬁent. The contribuﬁion of radial velocity to the tur-
bulent quantities may not be negligible especially when radial
veloclty is large.

Aware of these difficulties we derlved new equations using
equation (II-3) and the geometrical relations of the wires
and thelr three independent coordinates. These equations can
be applied in two-dimensional flow without requiring the mean

velocity vector to be known.

FIGURE II-1, VELOCITY COMPONENT DIAGRAM IN ONE DIMENSION,



Analytical Considerations

Define intrinsic coordinates S5, N, T with Es as a unit
vector tangent to the mean streamline, where En and Et coin-
“eide with the principal normal and binormal directlon, res-
pectively, of the mean streamline as shown in Figure II-2,.
let Vs, VI, and V& be the resulting mean velocities and Vs',
Vn', and Vt' be the velocity component fluctuatlons in the

S, N, and T direction, respectlvely.

»“Ne
0>
(6" \
¢ \
U,yp\
\ N
\
\
i Vs + VS (X}\
B
% T‘?////
- . f]
\ ‘qi*qg B
4+
AN [=
\
\

E

FIGURE II-2, VELCCITY COMPONENT DIAGRAM IN THREE DIMENSIONS.
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The magnitude of the instantaneous velocity vector is

(see Figure 11-2)
]
F

— 2 _ 2 _— 2
Vy = ((Vs + Vs') + (o + ') + (V& + Vt')) (

H
H
]
g

- The instantaneous effective cooling velocity 1s gliven by

Vé = V:(cos‘_?p3+ kz'sinz;j) (1I-5)
where k is a constant depend primarily upon the length-to-
diameter ratio of the wire, ﬁ3 is the angle between the ins-
tantaneous velocity vector and the normal to the wire axis.
P3 can be expressed in terms of {, the angle between the
normé.l to the wire and the longitudinal, 5, direction, and the
w}elocity component as follows. Applying the cosine law of
trigonometry (see Pigure II-2) ylelds:

2 2
2 ESino(-coso('tanjaz sind - tan p,
+

2
-sinﬁsz (cosd + + sin;(-tanﬁ‘}

cos By cos By
2
sing Cosp -cosp,
-1 = ) - ) (II-6)
COSB,COSB, 2sin«

The angle B, and B, are defined by \

— — 2 — -2 -— 2 aw
sinB, = (o +- V') ((Vs + Vs') + ('Vn + V') + (Vt + vt')) #
cos B, = ((Vs + vs'S + (V& + Vt‘f)z((\fs— +vs'Y 4+ (T o+ Vn')2+

L
z

(T + v&'3)
— — 2 — 2 L (II-7)
sinf, = (Vb + V&' )((Vs + V') + (V& + Vi')) >

cosp, = (Ve + Vs')((Vs + Vs') + (Vt + V"))

Now consider a situation of two-dimensional flow only, le.
Vt = 0. and assume Vt' £ 0. Set By=0, or tanBy = 1, and

COSﬁ‘}: 1. Substitute into (II-6) and (II-7), we have
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-sinf; = (-sini + cos-tanp,)-cosp;

Wl

—_— —_ 2 —_ 2 -
sin j, = (Vn+vm') ((Vs+Vs') + (Vn+vn'))
_ _ — 2L
cos B, = (Vs+Vs')((Vs+Vs') + (Vn+Vn')) (I1-9)
tan p, = (Wm+Vn')/(Vs+Vs')
Substitute (II-9 into (II1-8) gilves
: (Vn+vm') (Vs+Vs?') ) )
-sin B, = (-sind + cosX — — — (IT-1¢C
s (Vs+Vs') ((Vs+Vs'f + (Vn+Vn'ff%
Squaring ( II-10) gives,
2 2 VS' 2 2 Vn Vl’l' 2 VS'
sin B, = (sind (1+—) + cos& (—+—) - 2sind coso (1+—)
Vs Vs Vs Vs
Vn vn' 1
(=+=—))( — ) (I1-11)
Vs Vs Vs' 5 Vo Vn' ,
(1+—) + (—=+4=—)
Vs Vs Vs
Define R= Vo/Vs ; Yn = W'/Vs ; ¥Ys = Vs'/Us (IT-12)

Then (II-11) becomes,
sin;};%: (sirfo( (1+)’s)2 + coszo( (R+Yn)2 - 2sind-cosX (1+vs)(R+Yn))
#((14Ya) + (Revn}) (I1-13)
The denominator of this equation may be expanded in a power
series to give
((1+v8)" + (Revn))" = 1 - 298 + 375 = (Revn) - 473 + 4Ys(ReVnf
+ 4th. order terms (II-14)
Substituting (II-14) into (II-13) and collecting terms gives ,
sin2ﬁ3 = (-(Reva) + 27s(Revn)) - sin& + sin + ((R+7n) - 275 (R ) cosw
- peind-cosd-((Re¥n) - Ye(Refn) + Yo(Refn) - (Rernf)
(II-15)

-
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(II-16)

Thus 2 2 2 2 2 2 2 2
cosp, + K-sinp, = cosA (1 + k-tanX + (k-1)((tano~1)J, -
2J3~tano())
where 2 2
Ji = (-(R+¥'n) + 2Ys(R+Yn))

'35 = ((ReVn) - Ys(Retn) + Y8(R+¥n) - (Reva) )
From (II-4) we have
)
substituting (II-17) and (II-16) into (II-5) gives

2 2 2
V; = Vs-((1+Ys) + (R+Yn

Ve = Ta-coso ((1+7sf + (ReYa) ) (1 + ¥otade + (K5 =1)

- 2J, - 243 tand) )
Substituting J; and J3 and rearranging,

Ve,

wj

—— (S, + 8, + S,)
Vs -cosX . 2 3

where

S, = 2A)rs + 2A;'n
A, = (14" tanx) - R-tanot (& -1)
2
Ay = (1-X")tanct + R(K +tandl)
2
S, = A3Y:?1 + A4Ys + AgYsTth

A, =1 + X tand

4
A = 2(1-K ) tan

R, Ys and Yh are defined in equation (II-12)

’ 2 2
S, = (14K tane) + 2R(1-k )tand + R (kK +tand)

(II-17)

((3, /cosa)

(I1-18)

(I1-19)

(II-20)
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Similarly for wire #2, we have
2 2 2 2 2
Ve, = Vy (cosy; + k siny;) (II-21)
where r; = 90’ - _)33
Finally we have
Ve

-

2 = (T, + T, + Ty) (11-22)
Vs-cosd

where 2 2 2
T, = (k" +tans) - 2R(1-k”)tan& + R (1+K tand)

T, = 2ByYs + 2B, V1

2
(k2+tan200 + R(k -1)tan«

B' =
2 2
B, = (K -1)tan« + R(1+k ten)
2
T3 = B3fn + B4*(§ + Bg Ystn (I1-23)

By = 1 + Kk tand
= x? 4+ tan
. = 2(K -1)tand

Equations (II-19) and (II-22) provide relationship bet-
ween the instantaneous effective velocity across each wire
(Ve,, Ve,) s the wire orientation, (, the tangent of the
mean veloclty vector, R, the influence coefficient for cooling
along the film, k, and values of the instantaneous fluctua-
ting velocity ratios, Ys, Yn, YsY¥n. DNow it is clear that
if a hot wire anemometer can be used to find these instan-
taneous cooling velocities then by manipulation of the equ-

ations it could be possible to extract information on the

nean velocity, Vs, the vector direction, R, and the corre-
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lation coefficients ¥s , Yn and Ysyn . The use of the hot
wire system 1is discussed in the next .section and development

of the equations for Tinding these quantities is then treated.



ITI HOT WIRE ANEMOMETRY THEORY

A, GENERAL REMARKS:

The hot wire anemometer is an instrument used for mea-~
suring instantaneous velocities in a fluid stream, through
- the stream's instantaneous cooling effect on a very thin,
electrically heated wire filament or film,

The first'major application was in the study of tur-
bulence in alr streams. The use of hot-wire, or hot-film
probes permitted, not only oscilloscope portrayal of tur-
bulent velocity fluctuations but also a numerical investi-
gation of their magnitude. Today turbulence measurement:
with the hot wife anemometer is a routine procedure, and
with special x-wire, x~film or v-wire, v-film arrays lon-
gitudinal and transverse components of turbulence can be
measured separately and the correlation between them can be
investigated. The hot wire anemometer 1is also used in the

measurement of temperature and temperature fluctuations,

B. BASIC PRINCIPLE:

A hot sensor(wire or film) probe has at its working
end a thin wire or film through which an electric heating
current 1s passed. The voltage across the hot wire or hot
fl1lm depends on its electrical resistance, which depends
on its temperature. In turn, its temp;rature depends on

the cooling effect of the air stream, Because the sensor

is small (typically about 0.04" long and 0.0003" diameter
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for wire and 0.04" long and 0.002" diameter for film), the
instrument is able to respond very rapidly to fluctuations in
air velocity. The hot wire itself 1is usually tungsten or
-platinum alloy while a film‘is a quartz rod coated with plati-
num, ‘' soldered or welded at each end to supporting needles,

Two type of electric.circuity , "constant current" and
"econstant temperature", have been used. (see Figure,iII-1)
1. In the constant current system, the heating current is
kept constant and the voltage across the hot wire or hot film
is examined. In such a system the response of the sensor to
a veloclity fluctuation is modified by its own internal heat
capacity, which becomes importanp for fluctuating frequencies
above about fifty cycles per second. Thus special circultry
is necessary to compensate for this "storage" effect of the
wire or film,
2. In the constant temperature type of instrument, a feed-
back circuit maintains the resistance constant and thus the
temperature of the sensor is constant. The energy input to -
the sensor must then go entirely into the air stream. The
internal capacity is no longer of importance, because its tem-
perature is constant, and consequently this energy input is a
measure ol the instantaneous air velocity.

3

C. OPERATING PRINCIPL=:

Consider a long thin wire which 1s heated by an electric
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compensator amplifier oscilloscope

(a)

amplifier
© (- o
. Eb 5
O
o 3
oscilloscope

(b)

FIGURE III-i1. BLOCK DIAGRAYS OF (a) CONSTANT CURRENT METHOD

AND (b) CONSTANT TEMFERATURT METHOD.,
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circuit and cooled by a moving stream of air, the velocity

of which is to be measured. The rate at which heat is tran-

sferred to the alr stream in steady flow has been studied by
€10) 70 (/6)

a numnber of investigators., Although there are various

heat transfer relations for a cylinder in cross flow, the

/4)
recommended relation for alr is that by Collis and Williams.

However, King's equatioﬁ”n is also a good approximation for
hot wire and hot film measurements with long cylinders and is
simpler., We found that it 1s in very good agreement with our
experiment,
The total amount of heat transferred depends on:
1.The flow velocity
2.The difference in temperature between the wire, or film
and the .fluid
3.The physical propertieslof the fluid
4,The dimensions and physical properties of the cylinder
Generally 2 and 4 are known. So 1 or 3 can be measured if
elther one is known or kept constant. The sensor is cooled
by heat conduction, free and forced convectlion, and radiation.
Under usual operating conditions, where wire or film temper-
ature do not exceed BOO°C, the radiation effects are negli-
gibly small., For alr and a wire of 0.005" diameter, Van Der
Hegge Zijneﬁwq) showed that free convection is negligible,
In 1914, an approximate theoretical calculation due to

King‘lw gave,
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where Nu
Pr
Re

Kg
Cp
Cv
Ve

S

D

M
Ts
Te
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S

/.

i
(7. C PrRe )7+ 5 (III-1)

Nusselt number, HfjKg-(Ts-Te)
Prandtl number, UCp/Kg

Reynold number, $VeD/u

Rate of heat transfer to stream per unit length
of sensor

Thermal conductivity of fluid
Specific heat ét constant pressure
Specific heat at constant volume
Effective cooling velocity

Density of fluid

Diameter of sensor

Viscosity of fluid

sensor temperature

Static stream temperature far from sensor

For thermal-eguilibrium conditions, the heat per unit time

transferred to the ambient fluld from a sensor must be equal

to the heat generated per unit time by the electric current

through the sensor, thus We have,

Py = (L& Lo L2 + T (R

where I

Oy

(I11-2)
The sensor heatlng current

The total electric resistance of the sensor

For the purpose of hot wire or hot film anemometer it is

convenient and usual to write this relation in the form
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b4 — -
r :(clszjve >(TS—7é> (I11-3)
where Cy =7Z£(77K8L) |
_ 20 FDy 5 III-4
Cz = WKgM(”CPrfﬂ ( )
Furthermore, equation (III-4) can be written as
2 0,
Eb —— = (C, + C, [Ve)(Ts-Te -
oy 2 JVe)( ) (III-5)
here Eb = Bridge voltage, ILQW+I%Q

Q13 = Electric resistance in serle with

(see Tigure iII-1,(D))

In the practice of hot wire anemometry the factors C
and C are not calculated according to the known functions of
the knovn physical properties of the fluid, but are deter-
mined experimently by calibration. Although in King'goéeri-
vation, the air was assumed to be incompressible and inviscid,
and .the experimental study by Kinguo{ showed fair agreement. .
with ( III-1 ) for low velocities which are not suiltable
for practical applications. The egquation ( III-5 ) 1is exactly
same as glven by Kramerglg)except the expression for C; and C.
differ appreciably. For air and diatomic gases Kramers’(jg)
empilrical relation has proved to be valid in the range
0.01 < Re < 10000. So that if We determine C; and G2z by
experiment other than by known functions as given by equation
( III-% ), then equation ( III-5 ) will be suitable for
practical applications in a gas stream.

In the constant temperature system used in this work,

Ts and {;is kept constant, LY;is a bullt-in constant

electric resistance, Eb is measured experimently. So
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equation ( III-5 ) leads to one unknown, Ve. Any change
in Ve 1s uniquely determined by Eb., Recall from equation
( II-5 )
2 2 2 - 2
Ve = Vz (CeS 35 + k sin Bs)

substituted into equation ( III-5 ), wehave

5 R = (e Nl Kon i ) (BB
An equation such as this exists for each sensor. There are two
sensors used simultaneously, then We have two simultaneous
equations, and there are only two independent variables, Vr
and B;. Theoretlcally, Vy and Bycan be solved. If ¥W¢ let

Eb = Eb + Eb , Ve = Vz + V. , and Bs :::é:fﬁ_;, where ED,

— ——— ’ ’ /7
Vi,mmij% represent time-mean variables, Eb, Vy and Ps

represent fluctuation variables with Eb = 0, Vs = O, and
}%?.: 0, and substituted into equation ( III-6 ) for each
sensor then there are four equatlons and there exists four
unknown variables, V:, VI', E and_,B;. Therefore, by com-
bining one another among them, the turbulent intensity,

turbulent shear stress and other turbulent quantities can

be calculated.



IV EXPERIMENTAL EQUIPMENT

A, Hot Wire Anemometer System

A1l data are obtained with a two~channel, constant tempera-
ture anemometer system manufactured by Thermo-System, Inc. This
constant temperature anemometer is of model 1010A, and has a
frequency response of 0 to 50000 cps. The anemometer produces a
v.ltage signal, Eb, proportional to the effective cooling veloc-
ity, Ve, according to equation (III-5).

There are two types of probes used 1n this experiment., One
is the single film, model 1210 with sensor type 20 manufactured
by Thermo-System Inc. The sensor type 20 has a sensing size
0.002" diameter and 0.04" long, a relative frequency response
40000 cps, and has low end losses. It is a standard film sensor
for air and low velocity water measurement., This single film
was used. to evaluate -the value .of k in equation (II-5). The
value measured was 0.35.

The other is the X-film type with sensor type 20. This
type of probe is speclally designed so that the axes of the
sensor are parallel to vertical plane, and they are pervpendicular
to each other, ie X = 450. All the sensors used were calibrated
in a reference channel, This channel is a 3" diameter commercial
aluminum smooth pipe. Probes were placed at the center position
and a pltot tube inserted to independently measure the velocity

at the center position of this smooth pips.
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B. Reference Channel

This is a commercial, 6061 T6 alloy, Aluminum pipe. The
dimensions of the pipe and the position of hot film probe and
the pitot tube are shown in figure (IV-1). As is well known,
the radial velocities in such a pipe 1s very small if they are
not zero, The calibration curve which has as a criterion Vn=0
ls drawn from measurements in this pipe at the center line po-

sition, The air flow is supplied by a compressor.

Hot film
,probé
pitot
tube
e - 39" , T -<—31 ll>-!
1 8 :
T \
3
3n 21_;" flow —J]

- 32!

FIGURE IV-1., SCHEMATIC DIAGRAM OF REFZRENCE CEANNEL.,
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C. Flow Channel

The flow channel 1s a galvanized corrugated pipe. Figure
IV-2 shows its longitudinal view. Experiments are made at
y/r=1.0 (center), 0.5, 0.25, 0.10, 0,05, 0.0187 of VL2, ML2,
VS,.ML1 respectively. The air flow is supplied by a blower

with a screen gate through which the ambient air passes,

D. Pitot Tube And Micro Manometer

Mean velocltlies used in the callibration curve fit were
obtained with ordinary pitot tube with a 1/8" diameter. All
pressure measurements were obtained with a Herian micro mano-
neter. This manometer had a range of 10" of water and the

pressure difference could be measured to an accuracy of 0,0005".

E. DC Offset
This is electronic equipment used to subtract.a constant
mean voltage with accuracy of i0.06%. This equipment is used

to subtract .a constant mean voltagse from the output of the hot



Cr,r/ez [’7»5‘ _ - N ‘%40\, _ 2 -
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!

flow ;

!
}
|
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FIGUREIV-2. SCHEMATIC DIAGRAM OF FLOW CHANNEL.
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wire anemometer to increase the signal-to-nolse ratio when
recorded on magnetic tape. By this method the accuracy of

turbulence intensity measurements are greatly increased,

¥, Tape Recorder

All data are recorded on ANMPEX instrumentation tape. The
tape recorder 1s ALPEX 1300 which has seven simultaneous chan-
nels and has center carrier frequencies from 1000 to 5700 HZ.
The highest freaquency of the experimental signal is estimated
to be 10000 HZ. The tape speed used is 30 ips with center
carrier frequency at 2700 HZ when recorded. In data processing
the tape speed 1s reduced to 15 ips with center carrier frequ-

ency at 1500 HZ,



V  DEVELOPMENT OF COMPUTATIONAL ALGORITHM

In this chapter Wwe develop the computational algorithm
for the Final Program and the Calibration Program. The Final
Program was used to evaluate R, VS,_;E,.;E, and YsYn. The
Calibration Program was used to calibrate the hot film used
in experiments,

A, The Computational Algorithm For The Final Program:

The right side of equation (II-19) 1s expanded using

the blnomial theorem. Neglecting third order and higher

terms, gives

i

Ve,
—— (8; + S + S3)
Vs-cosd

1 5, S3 1 S
28N+ 2 4 2 - -2 (v-1)
25, 25, 8 5
If W€ decompose Ve into a mean and a fluctuation part, we

have - —
Ve = Ve + Ve' yith Ve' = 0

Take the time-mean of equation ( V-1), gives

—_— -
I L 5 1sz
Ve = Vs-cosd~8f(1 P A .4 (v-2)
25, 8 S -
Equation ( Y-1) minus equation (7-2 ), gives
- J_Sz 1 — 11 z Y
Ve' = Vs-cosS, (-= + — (5, - Dj) - --7432— 5,))
25, 25, 8 S

2 2 2
S; and S, contain terms in Ys, fn,_and Ysrn, and ¥s, Yn,
Ys/n are all of higher order than Ys and Yn, so that

2 . N
(S, - Sj) and (5, - 53) are negligibly small compared to S,.
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Then Y€ have
: s,
Ve' = Vs-cosd S, (——) _
28, (V-3)

Substituted ( 17-20) into ( Vfg) and ( 7_3) for wire #1, gives

2

S 1 —5 A, A, A A A
Ve, = Vs*cosyS, (1 o+ Ys( - -19 + rn(=2 - 2) + sth(- - -._ )
28, 25, 2f 28, s/ (V-4)

A
) a— S -
Ve'! = Vs-cosg- S (S'YS + S,fh) (V-5)

Similarly for equation ( y1-22), We have

L 2 2

: B =z B B B B’
V@z— Vs- cosyT, (1 + Ys(—— U Yn(-— - -g + YSYb(—~ - —))
2T, 2T 2T, 2T, 21 T (yg)
. ;(B B, 2 )
Ve, = Vs*cosd T, (—1Vs8 + —=In 3
: by (V-7)
Now define,
2
-3 A < A A A A
1+ F =1+ vs(t -y 4yn(2- -ég # fs/n(=2 - L2 (V-8)
2s, 28, 28, 28 28, 8
2 2
— Y B B B B
2
1+ Fp= 1 + rs(= - 2) 4 Yn(- - 2) + Ysrn(= - '2.) (V-9)
2T, 2T, 2T, 2T, 21, T,
equations (V-4 ) and (vy- 6) become,
1
'VE:: Vs-cosd-S:(1 + F,) (v-10)

Ve, = Vg'cosd-T%(1 + Fy) (V=11)
If F, and F, are small (the measured values of F, and F, are,
in fact, very small) then it is clear that between these two
equations, once Ve, and Ve, are determined from the hot wire

anenometer, then we have two equations in the two unknowns,

Vs and R.
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Define ., Ve, (1 +F)a 85

_V-e;(1+F,) T,

2 2
(1 + K tank) + 2R(1 - K)tan& + R(K + tan¥)

)
2 2 2 2 -3 2
(K + tan®o¢ ) -~ 2R(1 - kK)tanX + R(1 + ktanx)
/]

o
For an 90° arry set at 45 to the S-direction &X = 45 , then

R = -( ( ) (v-12)

It is then straightforward to evaluate Vs from elther equation
( v-10) or (v-11 ) above, As will be shown below, with a
computational algorithm it is possible to solve the equation
exactly including the terms F, and F, by a system of sequen-
tial solutions once the terms for the correlations included

in F, and F, have been found.

From equations (V-5 ) and (V-7 ), We have

Ve! A A
— ! . = -lYé + —=Yn
Vs-cosx-S5> S, 5,

Ve! B B

I
—2e = — 5 + 210
Vs-coso(»T,2 T, T
or Ve; A' A, ,

— = —Ys + —~In (V-13)
Ve'/(1 + F,) SI Sl

Ve! B B
_ = Ays + 2ra (V-14)
Ve,/(1 + F,) T, T,

4 2
It is now possible to obtain for (s, yn and Ysrn by working
with these equations. But notice that the simple sum and

differencing techniques useful for parallel flow no longer
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can be applied here, Adding or subtracting, equations (V-13)
and (v-14 ) will not produce signal proportional only to Ys
or Yn except for the special case where R = 0. For a general

case, these relationships must be used.

Ve/ Ve,
—_— B, S, - = AT,
Ve, /(1 + F, ) Ve, /(1 + F,)
Ys(t) = (V-15)
A/B, - A,B,
Ve/ Ve,
— B, S, - — AT,
Ve, /(1 + F, ) Ve, /(1 + Fp)
Tn(t) = (V-16)
| -(4,B, - A;B)
and
B,S, 23 2A,B,S, T — T, 27 z
— L ) Ve - (et i )Ve,'Vez’+(___...:ﬁ2_L...)Vez'
2 Ve, /(14F,) Ve,Vez/(1+E)(1£g) Ve, /(1+E)
Ys =
(4,B, - A,B )
| 271 (V—17)
B, S, 23 2A B S, T _— AT —z
:—_—-L—L——)Velv_———l [ B | )Ve,'Vez'+(:::’"““"“)Vez'
Y Ve, /(1+F) Ve, Ve, /(1+F) (1+E) Ve, /(1+E)
Tn = =
(A, By - A,B,)
! 27 (V-18)
(v ) i Ve
B,B e'=-(A B,+A B Ve'Ve]
2\ == e
' Ve, /(1+F) ' 12 Ve, Ve, /(14F) (14E) boe
stn = - -
-(83, - 48
(V-19)
(—LFve
+ A A (—————) Ve
A e, /(14 2

Thus, if the signals ve;(t), and Vgé(t) are available either

in analog or digital form, the above two equations can be
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used to calculate Ys(t), and Yn(t) and from this the calcula-
tions of.7€,';§-and-7§7ﬂ can be found. The calculation must
be sequential since F includes these correlations but the

" calculation can proceed schematively as in Figure ¥-1

and the value of k and ® are known and the value of Ve and

Ve'(t) are obtained from the hot wire anemometer. (see Appen-

dix D)

B. The Computational Algorithm For Calibration Progran

Recall from equation ( I1II-5)

Ko %
Ebhe——————— = (C C )V Ts - Te)
(2, + 33)2 (G + GaJyed(Ts )

where C; and C, are constants determined experimently. {23z
is a built-in constant electric resistance, In the constant
temperature hot wire anemometry system which we used in this
thesis. the resistance - and so the temperature - of the hot
wire is kept constant, ie ﬁgand Ts are constants., Te is
ambient temperature which is a known quantity. Therefore
the signal from the constant temperature anemometer, Eb(t),
is related uniquely to Ve(t), the efﬁective cooling velocity.
Solving equation ( III-5) for Ve for;wire #1, gives

Ve, = As +-déz(EbT) +-déa(EbT) (V-20)



[cosX & k are known]

initialize Fy = F; = 0.

input __
‘Vet & Ve

input Ve's(t)
& Vez(t)

L
-t

\

calculate R(” from EQ.
(v=-12)

: r
calculate S: & A: through
As from EQ,(II-20), T: &
B ?hrough Bs from EQ.(II
=23

- 2 —_— 2
find Véi, VeiVez & Vez by
taking time-mean EQ.(VI-1)

culate correlations 1§,
n, Ys¥n & F;, Fz from EQ.
(v=8), (v-9) & (v-17), (V-
18)3 (V"19)

y 1)
e RY

results [«
if agree

FIGURE V-1,

compare RY

COMPUTER FLOW DIAGRAM FOR FINAL PROGRAM.
(WITHOUT CALIBRATION CONSTANTS)
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2
where As) = (C,/Cz)

9 !
Cz2 (ﬂw+ﬂ3)2(‘l‘s - Te)

-2

sz (V-21)
1 112, ]

sz = —
C; ( 2o+ N3 )*(Ts - Te)?

Ve, can be obtained via linearization by using an analog
linearizer but since data processing in this study was
through a hybrid computer with very zécurate-electroniés, it
was more reliable to record Eb (or rather the fluctuation in
Eb) and use equation ( v-20) to solve for Vey.
Take time-mean of equation (y-8 ), gives

Ve; = s + 0(52(%;?) + Us3 (_I:;.a:) (V-22)
equation (V-8 ) minus ( v-10), gives

2 3 .4 +
Ve, = Ks2(Eb; - EDT) + As3(Eb, - Eb, ) (V-23)

Similarly, for wire #2, we have

Vo = Oft1 + Oft2(EbS) + O(t3 (EbS) (V-24)
Ve, = Ot2(Ebs - Eb,) + Oft3(Ebs - Eby) (V-25)
Combine equations ( V-10), ( v-11) and ( v-22), ( v-24), we

have —_— —3 -z . -
Ve, =0s1 + 0(s2(Eb)) + Rs3(Eby) = Vs -cose S, (1+F, ) (V-26)

Ve, = X1l +0(t2(gi) +0<t3(;3«—’b§) :%‘-cosx-u}["‘(ng) (V-27)
where X and k are known, If the X-array of hot film is placed
at the centerline of a uniform smooth pipe R is zero, thus
S;cosX and TcosX are known., IT the centerline velocity Vs

is measured with an accurate pitot tube for a variety of
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flow rates and the bridge volitages recorded then the coeffici-
ents,(%SJ and o{tj, can be found from a polynomial curve fit

if the values of F, and F; have been evaluated for each veloc-
1ty. These equations clearly showed that the correlation of
the velocity fluctuations (which determined F, and Ez) enter
into the calibration calculation and if neglected can intro-
duce serious error,

The fluctuating velocity 1s related to these coefficlents

by, 2 4 4 - 1A A
Vel‘ = Ksz (Eb, -Eb?) + Xs3(Eb, -Eb, ) = Vs-coso('S,(—lfs+—‘5fn)
. 2 —z 4 4, = T B, B2
Ve, = Kt2 (Eb,-Eb; ) + At3(Ebg-Eb,) = Vs:cosX T, (— fs+-=rn)
. T, T,
(v-29)
These equations ecan now be incorporated along with a polyno-

migl curve fit in a sequential calculations to obtain the
coefficients, dSJ and dtj. This is shown in the Figure V-2

(see Appendix C)
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input a set of data
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2
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calculate Ve,(I), VealZ.
from EQ.(V-23), (V-25)

,
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FIGURE V-2. COMPUTER FLOW DIAGRAM FOR CALIBRATIONI CURVE
PROGRAIL.



vI  DATA PROCESSING SYSTEM

The signal from the constant temperature hot wire anemo-
meter is an analog signal. This analog signal is processed
through a hybrid computer to give digital data, then the
digital computer is used to process these digital data,

_This data processing system consists of these programs:
A, Hybrid digitlizing and time-mean program

B. Calibration program |

c. Final program

The flow chart of this system is as follow:

analog signal for hybrid digit- gives —5 calibration
wire #1 & #2 from izing & time —% Eb; sprogram p— %
reference channel rmean program & Eb; etc

. gives ofs1, sz, ofs3,
- ? At1, £t2, At3

,
analog signal for hybrid digit- gives g final .
wire #1 & #2 from}—»izing & time s % Eb; programp—— %
corrugated pipe ean progranm & Zb; etc

gives _ __ [z __
Vs, Vn,JVs'/Vs,

T — —
2y 5= ' !
andJ;n /Vs, =Vs'Vn

FIGURE VI-1. DATA PROCESSING SYSTEM.



A, Hybrid pigitizing And Time-meon program

Analog data from maénetic tape records.are processed
through a hybrid computer. This equipment consists of a
Hybrid System Inc, S5S-100 analog, a speclally designed
intérface HS-1044 and an IBM 360-44 digital computer.

This program is used to digitize the input analog data
into digital numeric values, and to find its time-mean value,
The time-mean value is calculated according to the formula
N

> f(t,) (VI-1)
i=1

£(t;) =

=

where f(t;) is any function of discrete time t;, N 1s the
total number of discrete time t;.

In order to solve the simultaneous equations ( y_10 ),
and ( V-11), it was necessary to obtain simultaneous values
of Eb; and Eb, . A signle input channel was used to execute
the digitizing function, thus it was necessary to use a
synchronization technique., The synchronize devise is called
the "sample-hold", and functions as follows:

A

PERER RN R
be(t)/ﬁ\\!\!/r;\\\/wﬂ\
R “
I

i

| |
! Yoy
; "

Y

to 12 ﬁ4 te
t1 ts ts

FIGURE VI-2. SYNCHROEIZATION OF DISCRETE TIME SERIES.
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The computer "read" the true signal at any time, say, t;,
simultaneously, Eb, (t;) and Ebz(ta), but the true signals
are digitized alternately. Thus, for example, the values
Eb;(t,) and Eb,(t,) are saﬁpled at time to. At time, to,
Eb,(t,) is digitized, and at time t,, Eb,(t,) is digitized.
At time t,, two new reading are obtained. The effect 1s to
feed into digital storage pairs of corresponding values of
Eb, and Eb, sampled at time intercals 2(1/f) apart, where

T is the sampling frequency.

Every computer has its limitation of capacity. In this
program We used a capacity of 8000 locations for storing the
digitized values for each channel. For two channels W€ have
16000 locations., The maximum fréquency of the turbulence of
interest in this work is less than 8000 cps (cycles per
second)., Recording tape speed of 30 ips (inch per second)
was used which has a frequency response from 0 to 10000 cps.
In reproducing the signal through the hybrid computer, a
tape speed of 15 ips was used because of the limitation of
the digitizing frequency avallable, For the accurate spec-
‘tral representation of the analog signal by the discrete
data, the digitizing frequency should be at least twice the
magximum frequency of interest. For the reason of the econo-
my, the factor is usually chosen as two., If the signal is
processed through the digitizer at thé same speed as record-

ed and if two channels are to be sampled then the required
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digitizing frequency is (2 * 8000)%2 = 32000 cps. In this
work tape playback of 15 ips was used., This 1s one half the
reading speed. Therefore, an effective digitizing frequency
of 16000 cps was used. Because computer capacity is limited
to 8000 locations, the sampling time for each run is limited
to that which will generate 4000 data points at the digitizing
frequency of 16000 cps for each channel. This time length

of 1/4 seconu is not long enough for sufficiently statistical
accuracy of the result. In order to achieve the required
accuracy, 15 separate runs, each of 1/4 second duration,

were taken at the same condition and processed through the
same computational program. It gives the total digitizing
time for each channel 3.75 second. For a high frequency
measurement 3.75 second is quite enough. (see Appendix B)

The analog patch panel chart and the logic patch panel chart

are as follows:

IT .
> A/D | D/G
oT = S/HC
HT
G34
TOQICTP
| Qit|2(3]4

OSCILLOSCOFE—<

The Logic patch panel chart



Tape

recorder

10 10

A
o
X

Y

A

~IC |SH3 SHS | IC

MXO

A

The analog patch panel chart.

FIGUR® VI-3,

TH= LGGIC TATCE PANTL CHART AND THE ANALOG
PATCH PAVEL CHART.

59
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B. Calibration Curve Program

All the sensors used have to be calibrated, and this is
the fundamental procedure tpat all the measurements relied
on. Usually, the calibration procedure assumed the mean
flow direction is known, and the stream velocity is not fluc-
tuating. However, there is always some degrees of fluctuation
existing in the stream. Therefore, in calibrating sensors to
this fluctuating components needs to be considered.

This program is used to evaluate the coefficients of the
_califration curve, Ks1, Xsz2, {s3,0(t1, Xt2, and Kt3, by solving
équations (V-25) and (V-27 ), Thls program consisted of a
polynomial curve fit to fit a set of data, (EbL,VS), where
EbL is obtained from hot wire anemometer output, and Vs from
pitot tube measurement placed in the center position of a
smooth pipe. From the program output, R (R = Vn/Vs) calculated
is really quite small, so that we just let R = 0 in this
calibration curve program. The value of X, the angle between
the normal to the sensor and the longitudinal direction, is a

manufactured constant, which is 450. Also We let

2

. &, AA A
1 +F=1+ rs(- - -g) fﬁ(-— - -—2 + Yhfh(-— - -—;f (v-3)
2s, 28 28, 8
2 2
— B B B B B B B
T+ F=1+ Ya(-t - 2Ly & yn(-2 - --) + {sfh(—- - -Lii (V-32)
2T, 2T 2T, 2T, - 2T, T

The flow chart of this program is listed in Figure (V-2)
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C. Final progran

The purpose of this program is to provide the mean velo-
city and turbulent intensity in the longitudinal and radial
direction and their cross correlation of the velocities, 3@;
VE,' V;'/Vs, ;ET/VS, and Vs'Vn'., This program essentially
is solving the simultaneous eguations of ( V;# ), ( V=G ),

( v-17), (v-12 ), and (v-12 ). The flow chart of this

program 1s as follows:



2 4
input “bt, Ebi1

calculate Vej

-
and Eb2z, =b2

2 2
input Ebi~Ebi1,

A4 4
Eb2~Ebsy

2 3
Eb‘t —Eb‘} » Ebz2-EDb2 SVes from EQ.

~Vez2 from EQ.
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cosdol, k, ost, ols2, O3,
olti, oltz, ft3 are knownl

(v-22), (v-24)

calculate Vef

if agree print
out results, R,

N
initialize (o (0)

Fi = F2 = 0.

N

Y
[calculate R from EQ.(V-12)]

calculate St & A1 through
As from EQ.(II-16), and

Ty & Bi through
By from EQ.(II-19)

(v-23), (v-25)

N

2 2
find Ve/, Ve{Ve;, & Vel by

\

4

(o) ()
compare g , Fj

T2 T2 _
Ys, Tn, Ysfn Vs

FIGURE VI-4,

(;+1) fe+1)

calculate correlations

2 = (5 (N
Ys, YsYn, Yn and F1, F3

from EQ.(V-17), (V-18),

(v-19), & (v-8}, (v-9)

Y

COLPUTER FLOW DIAGRAM FOR FINAL PROGRAM.
(WITH CALIERATION CON3STANTS)

taking time-mean EQ,(VI-1)




VII ERROR ANALYSIS

A, Calibration gignal rrom Bridge voltage To Computer Output

Hot wire A {Adjustable| . |Tape JHybrid | Hz
anemometer DC offset recorder lcomputer
bridge gain Xo gain K gain K2
circuit offset do offset & offset J2

FIGURE VII-1. SIGNAL FLOW DIAGRAM FROM HOT WIRE ANEMOMETER
TO HYBRID COMPUTER.

In processing the analog signal from hot wire anemometer
to the hybrid computer output, the signal is processed
through an adjustable DC offset and tape recorder as in
Figure viI-1 . Each electronic unit has 1ts own gain and
offset value and this must be taken into consideration
during processing the data in order to obtain accurate

results. The following method was used in our data processing.

Let A = Instantaneous Bridge voltage from hot wire
anemoneter
Ko = Gain value of adjustable DC offset

3o = Adjustable DC offset value
d1 = Offset value of tape recorder
d2 = Offset value of hybrid computer
K; = Gain value of tape recorder
K, = Gain value of hybrid computer
H, = Hybrid computer outpui

then K,(A+Jd ) = Output of DC offset

Ko+ Kj (A+d; )+ J, = Output of tape recorder
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and H, = K, (K, K(A+J)+J) +J,= Output of hybrid computer
Our object was to find A, so that
Hy = K (KK (A+dp)+3; )+ 9z
= K3(A+d,) + K4

where Ky = K,Kj Kz 3 Ky = Kz0,+d;
‘ H, - K
A= (--2-0%) -5, (VII-1)
K3

By this way, the signal A can be found in terms of hybrid
computer output and those gain and offset values, Now, We
know ¢ , because this offset is readable directly from the
setting of a precision potehtiometer. We can find K 3 and
K4 Dby putting two known signals H, and H;, of constant am-
plitude onto the tape recorder and observing the output of
the hybrid computer. This 1s as follows:

Let He ,H, = Knowmn input signal to tape recorder

H,, sHp = The corresponding output of H,,H, ,res-
pectively, from hybrid computer

then Hop

(VII-2)
solving (VII-2) and (I1I-3), glves
X Hoo = Hio
3~ H, - H, (VII-4)
—H H, + H H
00 "1 10 0
K+ =

Hy - H (VII-5)
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By this method, the cOfstants K;, K, andJX can be found for
any setting of the tape unit and adjustable offset unit.
With this correction the true signal from the hot wire ane-
mometer can be calculated ignoring the galn and offset in-
troduced from the individual electronic instruments used in

data processing.

B. Thie Tape Recorder Signal-To-Nolse Ratio And DC Offset
Input signals to the tape recorder are amplified or
attenuated so that the maximum or minimum voltage is + 1.414
volts. The signal-to-noise ratio of the recorder at 30 ips
(inch per second) speed is 44 DB or Es/en = 160. Thus the
noise level can be expected to be 0.62% of 1.414 or +0.009
volts. Consider a bridge voltage signal of 1.414 volts
maximum with 5% fluctuation due to turbulence, It is clear
that the nolse ig of the order of 0.6/5 or 12% of the fluc-
tuating signal., With fluctuation of the order of 2.5% of
the mean, the nolse can be over 20%. However, 1f the noise
voltage is eliminated to a maximum of 1.414 volts then the

error .in the fluctuating quantity is of the order of 0,6%.



This procedure was, in fact, followed and errors due to tape
recorder noise can be expected to be less than 1.0%. The DC

offset potentiometer are readable within 0.001 volt.

C. The Sensitivity O0f radial Velocity Determination To The
Measured Value Of Bridge Voltage

Recall from equations (vy-1 ) and ( v-2d,

2 4
Ve, = Xs1 + &sz (Eb, ) + Xs53(EDb;) 2 (VII-12)
_ L 5, , 185
= Vs 0O0SX 5% (1 + — 4+ —2 - - 2 ) (VII-13)
28, 28, 8 s}
2 4
Ve, = o7, + K7z (Eb,) +dr3(Eby) - (VII-14)
— L T T 1 73
= VseeosxenT (1 4 = & 2o o2 2 (VII-15)
27, 2T, 8 T
S 8, 152
let T+ G =1 4 — o — - = = (VII-16)
25, 25, 85
2
T i 1T
4Gy =14 — ¢ =2 - - 2 (VII-17)

Because S, and 53 contaln rsand r”.terms, so it 1is negligible
compared to 5,. As first approximation, we assume 1+G, and

1+G2 are constant.



(VII-1% Qgiviged by (VII-15), gives

i
Ve, 5% (1 + @G,

)

Ve, - Tfﬁ(1 + G,

or Ve'(1 + Gz) ~
ng(1 + G, )

defined Ve,(1 + GQ)
¢ = Ve, (1 + G)

)

2

2

2 2

2 8 (1 + k) +2(1 ~k)R+ (1 + k)R

= )

s 8 ==

with = 45 ,
If R=0 then § = 1. Now

equation, gives

e 2
T, (1 +¥) +2(1 -K)R+ (1 + DR

47

(VII-18)

assume R ¥ O, solving the above

2 F+1 2(1 - k)
R - (=—)( )R
& =1 (1 + k)
2 -

or d+1 1 -k

R = (mmemm) ( 3)
-1 1 +Kk
define §2+ 1T 1 - K
= () (—)
-1 1+ K

(VII-20)
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The sign of R indicated the direction of radial velocity,

we take positive sign in order to simplify the discussion.

1 1 1
R=— + — +

2y  8¢* 16¢°

4 r e e

From experimental measurements, ¢ 1ls usually between 0.8 and

1.3 for k=0.35, so that ¥ is large.

Therefore, 1 1
oy g y?
2 2
We have, o] 1$&-1 1 +k
R =« = = 3
2V 2 F4+ 1 1 -X
1( -2 )(1 + %;
c= =1+
2 F+1 1=K

differentiating ( VII-21 ), gives

1 k d
dR = 2( i 2)( E ¢
1 24 1)

differentiated (VII-18 ), (VII-12 ) and (VII-14
dually, gives

1 + G Ve, dVe, =~ Ve,K dVe
2 | I 2
a3 = ( 2) (

1+ G, Ve

3
dVe, = 2(XszEb, + 20s3Eb, )dEDb,
Ve, = 2(0(t2Eb, + 20%3Eb;)dEDb,
Therefore, We have the following equations:
2 4
Ve, =0s1 +o/s2(Eb,) + As3(EDb,)

Vep, = o(t +o(t2(EbZ) +0(t3(Eb;)

(viz-21)

(VII-22)

) indivi-

(VII-23)

(VII-24)
(VII-25)

- (VII-12)
(VII-14)
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3 —
dve, = 2(«(s:Eb, + 2(s3Eb, )dEb, (VII-24)
Ve, = 2(ot2Eb, + 20{t3ED,)dED, (VII-25)
I = Xf'(1 : Gz) (VII-18)
V921 + G"
Vedee, - Ve,dVez 1 + Gé (VII-23)
ag = ( - ) ( )
Ve, 1+ G,
2 .
Tt g2 (VII-22)
dR = 2( >, ~ 2
1 -X (g% 1)

Consider these calculations;
k =0,35, Ve, = 26.10981 , Ve, = 20.21416 , Eb, = 1.29166 ,
Eb, = 4.21687 , G, = G,=0

substituted into above equations, We have

1 + k2
F = 1.29166 D(e—m) = 2.5584
i1 -k

2Ve,(Ks2EDb, + 20(53EB'?)/Ve§: 1.65743
2Ve, ({t2Eb, + 2o(t3Ebi)/Vej= 1.81317

Therefore
dR = O.46411(1.65743dEb'~ 1.81317dEDb,)

dEb can occur as a result of

A, hot wire anemometer drift

B. error in reading of DC offset

C. goodness of polynomial curve fit
Hot wire anemometer drift is + 0.005 volts in 15 hours or ,
say, 0.003 volts over the period of a complete experiment,

(about 7 hours) The DC offset reading is read from a

digital volt meter which is readable within 0.001 volt.
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The standard deviation of the curve fit is 0.004 volts in
Eb, or Eby,. Therefore, the maximum error is 0.008 voltis.
So, for dEb, <0 , dEb, < O,

dR = 0.46411(~-1.65743 + 1.81317)(0.008)

il

0.000578
for dEb, » O , dEb,< O,
(0.46411)(1,65743) (0.,008)
= 0.01289

dR

Il

Also tan® = R, and at small angle 46 ~ dR. So a dR of
0.000578 ~ 0.01289 radiam or 6 can be resolved to be

de = (0.000578)(3000/2 ) = 0.02760 degree
and de = (0.01289)(300/2 ) = 0.61550 degree

For this calculation,

11 40,35 1.29166 - 1
( ) (

R = ) = 0.16021

21 ~0.35 1,29166 + 1
the percentage error is

drR  0.000578

R 0.16021

and dRr 0.01289

= 8.05%

1

R 0.16021
dR/R = 8.05% is the maximum error with dEb, > 0 and dEb, { O.
Usually, d&b, and d%b, have the same sign. Therefore, the
percentage error is always less than 8.05%. If dEb, and
d¥b, have the same sign, the error in R (ie dR) is decreased

rapidly.
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The total turbulent energy in loangitudinal and radial
direction as calculated by two different methods are listed in
Table VII-1, Method A 1s calculated from the power spectrunm,
and method B 1s calculated directly from the time series of
the velocity.

. AThe power spectrum 1s first calculated from the signal

then the turbulent energy 1s calculated from

_— (2]
2
Vil o= foEi(f)df METHOD A

where E; (f) 1s the auto-power-spectrum in i-direction. The
turbulent energy is calculated by method B from the following

equation, 6o
2, 2
Vi' o= (vi(t)) ft METHOD B
(]

Table VII-1 shows that the measured values, Vs')A, Vs')B,
Vh')A, and Vn')B, are almost same, except for a few points,
This, along with the discussion in chapter VII, gives us the

confidence that the methods used in this work are correct.
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TABRLE VII-1.

CCMPARISCN OF TURBULENT INTENSITIXES BY METHOD A AND METHOD B

Method A 1s by Power Spectrum Measurement.

Method B 1s by Time-Series Measurement.
— % 5 — Y 5
Reygx=2.53%10 Rep, =2+ 53%10
Posi- — Y Devi- -3 . Devi-
tion y/r Vs'), Vs')p ation W', Vn')B ation
1.0 30.1 31.1 3.3% 22,8 23.5 2.89%
0.5 1.1 69.2 3.6 34,0 31.2 8.0
0.25 75.8 79.4 4.9 32.0 53.2 3.7
ML2 0.10 69.6 76.5 9.2 33.5 34,04 2.7
0.05 92.6 74,1 25.0 28.2 29.5 4.7
0.0187 63.5 66.8 5.3 2.7 34.8 6.4
1.0 30.4 30.7 1.2 22.8 23.4 2.5
0.5 57.5 66.7 16,0 29.2 29.1 0.4
0.25 66,4 7.9 17.2 20.3 31.8 5.1
V3 0.10 84,5 80.4 5.5 32.8 32,8 0.0
0.05 81,8 81.6 0.4 39,6 35.8  10.8
0.0187 78.7 82.9 5.4 27.7 27.5 0.9
1.0 20.0 31.7 5.9 23.3 23.5 0.9
0.5 62.4 66,3 6.3 30.4 32.1 5.9
0.25 TT.5 76.9 0.8 31.1 31.8 0.2
ML2 0.10 78.2 81.5 4,2 26.7 26,8 0.0
0.05 63.4 65.0 2.6 25.0 24.7 1.3
0.0187 65.1 56.2 16.0
1.0 30.6 35.7 16.7 235.1 26,9 16,3
0.5 73.5 70.6 41 52.2 32.5 0.8
0.25 75.3 80.8 e 30.6 34,3 12.1
VL2 0.10 T4.0 81.9 10.6 25.3 28,1 11,0
0.05 51.6 55,2 6.9 20.7 21.5 4,1
0.0187 36.6 7.3 1.8 9.4 10.1 7.6
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VIII PROBE CONFIGURATION

The sensor 1tself 1s usually tungsten or platinum alloy
or film (quartz coated with platinum), soldered or welded at
each end to supporting needles. All the work done earlier
- by others attempted to minimize the degree of the interfer-
ence of the flow caused by the wire support. However, there
have been no good criterion to judge the results,.

At first, we used the probe manufactured by Thermo-sys-
tem Inc, for zommercial use in cross flow., This is a film
probe with dimensions 0,002" diameter and 0.04" long. The
constant value of k measured was 0.35 and {is 45°i 1i (see
Appendix I) This probe was-placed in a rectangular channel.

The probe configuration and the dimensions of this rectangular

- channel are shown in Figure VIII-1 and VIII-2.

Ul

O.j;\ ] 125" —> 0.125"
— iJA J . l W

sensor\\\\d; /
N T T
top view 0.5" g
5 ) i flow

R
sensor:::ﬁi;“)x flow
front view

end view:

FIGURE VIII-1. SCHEMATIC DIAGRAM OF X-FILM PROBE IN CROSS FLOW.
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The probe was positioned as shown ln Figure VIII - 2
and measurements made at the centreline (y/r = 1.0) and at
various posltions between the centerline and the lower wall.,
" The measured mean and fluctuating quantities are tabulated
in Table VIII-1, The transverse velocities across th smooth
channel diameter should, of course, be zero. But the calcula-
ted transverse yelocities in Table VIII-1 showed signi-
ficant non-zero values, except those measured at the center-
line'position. This result raised some questions as to the
possibility of wire support interference.

This same probe was than placed at the axis of a smooth
circular pipe but this time with the alignment as shown in
Figure VIII-3 and Pigure VIII-4,

2"

FIGURE VIII-2. SCHEMATIC DIAGRA! OF RECTANGULAR CHANNEL
AND PROBZ POSITION.



At centerline (y/r

TARLE VIII-1.

(Cross Flow)

1.0)
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pitot tube == -z
velocity Vs 1 n ALng'/Vs , ngﬂ/Vs , =Vs'Vn'
62.30 62,70 -0.,170 5,02 % 3,00 % ~0.011
56,18 55.65 0.245 3.00 3,16 -0.126
49,12 49,14 0.048 3.02 3.22 -0.073
41,25 41,44 0.000 3.01 3. 31 -0.086
34,38 34,61 -0.223 3.08 3.43 -0.071
24,49 24 44 0.000 5.20 3.60 -0.064
20,62 20.61 0.122 3,28 %.68 -0,048
11.97 12.02 ~0,021 J5.51 3,84 -0.036
Y/r Vs n UVSZ'/W‘, Vrf'/Vs -Vs'vn'
1.0 62,70 -0.176 3.02 % 5.08 ,% -0:5;;"
0.75 63.22 2.190 3.64 3.37 -1.189
0.50 60.88 2.654 4,88 3.97 -2.918
0.125 53.35 3.757 6.42 4,49 -4,400
0.025 52.06 3.822 6.48 4,48 4,733
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0.125"
' — k—o0.125" ] L_0.125"
sensor/ 5t ?
X ow “T~*~* '
0.5" o.5"
end view | _Mk |
sensor//////T T
top view front view

FIGURE VIII-3, SCHEMATIC DIAGRAM OF X-FIIM PROBE IN END FLOW.

7
-
16
3 | hot film
2;” 3" flow — srobe
|, — 32' —_ >

FIGURE VIII-4., SCHEMATIC DIAGRAM OF REFERENCE CHANNEL

AND PRCBE POSITION.
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In such an orientation the possibility of wire supprot inter-
ference 1s decreased for a .probe of this design. The measur-
ed quantities obtained in tpe experiment are tabulated in
-Table VIII-2. These results are also plotted in.Figure VIII-T7,
VIII-8, & .VIII-9 which compare the Laufer”étgaia, the end
1.ow data and the Boundary Layer Probe data. From the Table
VIII-2 it is now seen that Vn is gquite small at all radial
positions across the plpe. The longitudinal turbulent inten-
sities are slightly higher than those of Laufer'émgata, and
the radial ones are lower than those of Laufer'é“%ata. This
could because the probe used by Laufer in his experiment was
the one we used at the very begining and with the same
arrangement. Thils increase in longitudinal energy and decr-
ease 1n radial energy is reasonable because the interference
of the wire support is reduced to some extent, This reduct-
ion of interference prevents the.longitudinal turbulence ener-
gy from becoming radial turbulence energy by the interference
of the wire support. The Reynolds shear stress agree well
with the linear relationship. The result thus clearly sugg-
est that wire support interference takes place with this
configuration with some arrangement in flow.
From the knowledge obtained in these experiments a spe-
clal probe was designed. This probe_is such that its wires
are parallel to each other and lie in a vertical plane with

all wire support downstream of the wire, Its three views
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TABLE VIII-2,

. g T S

(End Flow)

AT centerline (y/r = 1.0)
pitot tube . — -

—_— 2 2

velocity Vs Vn Vs'/Vs vn'/Vs ~Vs'yn!'
45 .44 45,39 -0,054 3,29 9% 2.52 % -0,052
42,99 42,86 -0.026 3,32 2.53 -0.049
41,03 41,15 0.065 3,29 2.54 -0.040
39.07 39.11 0.069 3.32 2.55 -0.051
37.24 37.17 0.036 .31 2.58 -0.043
34081 34089 ”0.023 3031 2.58 -0.046
32.82 32.79 -0.017 3.34 2.59 -0.046
20 .41 30, 34 -0.023 3.29 2.61 -0,052
28.03 28,06 -0.003 3,35 2.73 -0.,063
25-34 25- 37 ""00030 3036 2065 "00027
23-31 25.21 0.026 3039 2079 -0.041
19.42 19.51 0,003 3.33 2,69 -0.014
17.08 17.05 0.008 3.39 2.81 ~0,032
y/r Vs 7 vs' /Vs Va'/Vs  -Vs'va'
1.0 37,17 0.036 3.31 % 2.58 % -0,043
0.8 35.77 ~-0,08 4,05 2.72 -0.534
0.6 33.81 ~-0.13 5.18 3.17 -0.985
0.5 32,60 -0.12 5.60 3430 -1,142
O-Ll' 31032 “0011 5-99 3045 -1-298
0.3 29,64 -0.09 6.52 %.60 -1.511
0.2 27.69 -0.09 6.78 3,63 -1,541
0.128 25,30 -0.07 7.00 3,64 -1.506
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are shown in figure VIII-5.

’ |
0.125"—> — L—- — KO,125" — —0,125"
. . | 0.521
1
T fr
1 1
>
sensor” ——*£——» sensor __iﬁ_
end Tflow front view top
view ' flow view

FIGURE VTII-S. SCHEMATIC DIAGRAM OF BOUNDARY LAYER PROBE.

Comparing the probes in Figures VIII-3 & VIII=5 it 1s seen
that the big difference between them is the mounting confi-~
guration of the support. Also the minor difference between
them is that the probe of Figure VIII-3 is a: straight- one,
but FigureVIII-5 is a curved one. We called this special
designed probe the "Boundary Layer Probe", This probe was
placed in the same smooth circular pipe as shown in 1igure

VIII-60

A
W

]

1

film probe

flow

3
3" 2_"

=

32!

FIGURE VIII-6, SCHEMATIC DIAGRAM OF REFERENCE CHANNEL AND PROBE
POSITION,
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The measured gquantities obtained in the experiment were tabula-
ted in Table VIII-3 and also plotted in Figures VIII-7, VIII-8,
and VIII-9. Agaln, the calculated Vn's are very small at all
‘radial positions across the pipre. The longitudinal and radial
turbulent intensities have similar values to those in end flow.
Reynolds shear stress agrees well with the linear relatlionship.
The results found in end flow and boundary layer probe
flow experiments assures us that the wire support really causes
some Interference in flow and data of other investigations
whicﬂ used the type of probe (including Laufer) are open to

some question,
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TABLE VIII-3.

(Boundary Layer Probe Flow)

At centerline (y/r = 1.0)

pitot tube . - —5 —7 -
velocity Vs Vn Vs'/Vs Vn'/Vs ~-Vs'vn'
56.25 56,28 0.024 3.52 % 2.92 % -0.348
53,83 53.87 ~-0,022 3.50 2.91 -0.270
50,60 50.66 -0.048 3.48 2.95 -0.257
47,81 47,82 -0.016 3.51 2.96 -0.257
44,75 44,73 -0.067 2.51 3.00 -0.240
40,92 40.89 -0,002 3.50 3.04 -0.184
37.65 37.63 0.049 3,47 3.00 -0.147
33,88 33,91 0.038 3.52 3.03 -0.130
29.85 29.99 0.049 3.59 3.10 ~-0,118
25.72 25.55 -0.048 3.60 3.15 -0.081
21.32 21,29 -0.025 3.59 3.14 -0.055
15.44 15.50 0.008 3,65 3.16 ~0.,026

S — = —2.

y/r Vs Vn Vs'/Vs Vn'/Vs -Vs'vn'
1.0 36,17 0.021 3.50 % 3.01 % -0.135
0.9 3%6.06 0,006 3.57 3.04 -0.158
0.8 35.62 0.021 4,04 3.17 ~0.414
0.7 34,81 -0.004 4,62 3,38 -0.681
0.6 33.89 -0,015 5.11 3.59 -0.871
0.5 32,75 0.028 5.59 3.83 -1.081
0.4 31.55 0.008 6.08 4,00 -1.250
0.3 30,20 0.017 6.42 4,14 -1.387
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IX ©PRESENTATION OF DATA

The experiments were made in the corrugated pipe (see
Figure IV-2). Data were taken at y/r = 1.0, 0.5, 0.25, 0.10,
0.05 and 0,0187 where r 1s the radius and y is the distance
from wall.. The calibration curve was made in the reference
channel (see Figure IV-1),.

A, Distribution of Mean Veloclties

Mean velocity measurements and all the other turbulent
quantities were carried out at y/r = 1.0, 0.5, 0.25, 0.10,
0.05, 0,0187 at different sections designated as VS, ML1, ML2,
VL2, as shown in Figure IV-2, Because the corrugated pipe is
not a pipe of wniform diameter equal values of y/r at different
sections does not mean the equal position from centerline. Due
to the non-uniform diameter of the corrugated pipe, the Reynold
nunber is defined as:

D-Vso

Repyax = By
where D is the diameter of the pipe measured at VS section,
ie.8.550", and Vso is the longitudinal velocity at the center-
line measured at VS section. For Vso = 25.40 ft/sec, Rey,y =
1.15 % 102, and for Vso = 56.22 ft/sec, Reyax = 2.53%105. These
are the two Reynold numbers used in this work.
1. Distribution of longitudinal velocity, Vs

Longitudinal velocity data are tabulated in Table IX-1
and Table IX-2. They are also plotted in Figure IX-1 and Figure

IX-2. The diagrams show no difference in Vs for all the sec-

tions from y/r = 1.0 to y/r = 0.5 but closer to the wall there
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TABLE IX-1

ReI"IaX:1 ol 5'3? 10 5

Posi- . _ —- -2

tion y/r Vs Vi Vs ,/VSj,m/ vn'/Vs, , -Vs'Vn'
1.0 25.74 0.21 9.52% 7.96% 0.05
0.5 20.53 0.06 18.19 11.24 3,38
0.25 18.28 0.46 19.92 12.20 2.88

MIA 0.10 14.89 0.92 24,38 14,16 3.51
0.05 13.14 1.49 26,36 14,46 3,41
0.0187 9.07 0.93 23.52 17.36 2.28
1.0 25.40 0.29 9.09 7.88 0.06
0.5 21.81 0.23 15.58 10.35 2.70
0.25 18,68 0.26 19.94 12,14 3.08

VS 0.10 16.37 0.04 23.51 12.79 2.65
0.05 15.56 -0.12 22,82 13.76 2.03
0.0187 15,51 -0,42 21,61 12.35 0.63
1.0 25.27 0.29 9.39 7.93 -0.21
0.5 21.79 0.35 15.98 10.31 2.82
0.25 17.37 0.06 21.59 12.68 3.25

ML2 0.10 14.10 -0.16 24,13 15.02 2,10
0.05 11.62 -0.35 24 .40 13.73 0.753
0.0187 10.32 ~0.54 23.07 12.97 -0.84
1.0 25.33 0.30 9.20 8.01 ~-0.02
0.5 20,94 0.29 17.56 10.89 5.23
0.25 17.50 0.46 21.15 12,70 3.28

VL2 0.10 12,31 1.09 26.54 15.19 3.00
0.05 8.86 0,60 22.64 15.82 1.51
0.0187 8.06 -0.00 16,23 10.34 -0.25
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67

TABLE IX-2.

ReMaX:Q . 53% 1 05

Posi- _ - —_— -3

tion y/r Vs Vn vs'/Vs,_, [Vn'/Vs, ,-VsTVn'
1.0 55.79 0.88 10.00% 8.68% -2.05
0.5 47,22 0.95 17.62 11.82 18,42
0.25 40,66 1.71 21.92 14,16 20,67

ML1 0.10 3%.98 3.81 25.74 17.26 20.92
0.05 20.58 5.14 28.15 17.77 21,43
0.0187 21.47 5.18 38,07 27.49 31,17
1.0 56,22 0.82 9.86 8.60 -0.06
0.5 47,26 0.57 17.28 11.42 15.75
0.25 41,03 0.51 21,51 13.75 20,47

Vs 0.10 39,17 0.45 22,89 14,61 18,18
0.05 3777 0.02 23.91 15.83 14,94
0.0187 39.87 -0.35 22,84 13.14 4,96
1.0 57.20 0.75 9.85 8.48 0.01
0.5 46, 24 0.53 17.61 12,26 17.45
0.25 41,24 0.61 21.26 13,67 18.72

ML2 0.10 33.17 -2.08 27.21 15.60 14,71
0.05 28.02 -3,67 28.77 17.73 6.16
0.0187 24.37 -4,59 30,76 17.52 ~-5,87
1.0 56.94 0.82 10.49 9.11 3,20
0.5 46.19 0.74 18.19 12.34 17.84
0.25 37.78 0.56 23.79 15,49 23.08

VL2  0.10 30.93 1.83 29.26 17.13 18.74
0.05 18.76 2.37 39.59 24,73 15.77
0.0187 15.27 0.32 39.99 20.83 0.76
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are difference. At ReMaX:1.15*1O5 the curves show less
deviation. However, at Regax:2.53*105 there 1s a sharp
decrease in the region of y/r=0.0 to y/r=0.1. If we draw the
line connecting the tips of the peak then the sharp change
ianE'occurs near this line. This would suggest that the
flow 1s suddenly trapped beneath this line by the valley.
The longitudinal velocity is higher in wall region (from
y/r=0.0 to y/r=0.2) at the VS section than at other sections.
This 1s due to the fact that V3 section has the small cross-
sectional area, Also, notice that between y/r=0.05 and y/r=
0.0, there appears a peak in the velocity for the VS section.
This could be due to a local jet flow in this wall region.
Such a Jjet could exist because the flow at ML2 section is
forced to pass the smaller area of VS section then open to a
larger area of the L1 section.
2. Distribution of radial velocity,Vn

The sign of radial veloclty indicates the direction of
the velocity vector., For the region below the centerline,
the positive sign means the veloclty vector is toward the wall
and the negative sign means toward the center.

The radial velocity data are tabulated in-Table IX-1
and Table IX-2. They are also plotted;in Figure IX-3 and
Figure IX-4.

At Reymax=1.15%10°, Vn is zero from y/r=1.0 down to y/r=

0.3 independent of the sections chosen. For ML2 and VS,
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Vn is zero even down to the wall, but for KL1 and VL2, they

5

show higher values. At Rey,,=2.53%10” the observation for Vn

ax

is the same. However, Vn is not zero for all sections at y/r=
1.0 but has a value of about 0.6 ft/sec, we think that this
is due to the fact that the corrugated pilpe is not perfectly
symmetric, We wlll artificlally adjust the zero line upward
to give a radial velocity at centerline which is zero. From
y/r=1.0 to y/r=0.25 Vn is zero for all sections. For ML1
and VL2, Vn has a positive sign, this means that the velocity
vectof is flowing toward the wall. For ML2 and VS, Vn has a
negative sign which means the flow 1s going up toward the
center., This 1s reasonable because the fluid should follow
the curve of the wall boundary. When fluid passes the VS
point, its direction should diverge from the wall slope and
change direction toward the wall passing the VL2 point.

Smoke trace experiments showed that there really exists
a degree of secondary motion as described above, But such
observations are only qualitative. Therefore, the measurement

of radial velocity is important.



T4

B. Distribution Of Vs' And Vn'

Three relative turbulent intensities were calculated, one
relative to the centerline longitudinal mean veloclty at each
'section, one relative to the local mean velocity, and one
relative to the friction velocity, V¥, for ReMaX:1.15*105 and

5

Re =2.53%107, Turbulent intensitiés relative to centerline

Max
axial velocity for radial and longitudinal direction are tabu-

lated in Table IX-3 and IX-4 and are also plotted in Figure
IX-5, IX-6, IX-7, and IX-8, where they are compared to the

Laufer's daég? Those data show that all the turbulent intensi-
ties measured in the corrugated pipe are much higher than those
measured in smooth pipe. The second relative turbulent inten-
gity data are also tabulated in Table IX~3 and Table IX-4, and
are also plotted in Figure IX-9, IX-10, IX-11, and IX-12.

These relative turbulent intensities give information about

the local turbulence because they provide an indication of the
ratio of the kinetic energy of turbulence and the kinetic
energy of mean motion, Between y/r=1.0 to y/r=0.25 these

two local turbulent intensities, longitudinal and radial local
turbulenf intensities, show almost no difference for all sec-
tions. We think the dispersion from one another at y/r=0.5

in Figure IX~10 could be due to exper}mental error. At Reygpy=
1.15*105 the curves increase smoothlj along the pipe radius,
then have a tendency to increase rapidly near the wall, As

velocity increases, at ReMax:2.53*105, there is the same

behavior as at low velocity but a sharp increase exists at
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TABLE IX-J

yion y/r JUs'/ Vs, o JUs VA Jm'/Vs, ¢ 0" /VS ey
1.0 9.52% 9.52% 7.96% 7.96%
0.5 18.19 14,51 11,24 8.97
0.25 19.96 14,16 12.20 8.66
ML1 0.10 24,38 14,10 14,16 8.19
0.05 26.3%6 13,46 14,46 7.38
0.0187 23,52 8.29 17.36 6.12
1.0 9.09 9.09 7.88 7.88
0.5 15.58 13,38 10.35 8.89
0.25 19.94 14,67 12,14 8,93
V£ 0.10 23,31 15.02 12.79 8,24
0.05 22,82 13.98 13.76 8.43
0.0187 21.61 13.20 12,35 754
1.0 9.39 9.39 T.93 T.93
0.5 15.98 13.78 10. 31 8.89
0.25 21.59 14,84 12,68 8.72
ML2 0.10 24,13 13,46 13.02 7.27
0.05 24,40 11,22 13.73 6.31
0.0187 23.07 9.42 12,97 5.30
1.0 9.20 9.20 8.01 8.01
0.5 17.56 14,52 10.89 9,00
0.25 21.15 14,61 12.70 8.77
VL2 0.10 26.54 12,90 15.19 7.38
0.05 22,64 7.92 15.82 5.53
0.0187 16.23 5.16 10,34 3,29
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TABLE IX-4

Posi- T2 ., — 2 2
t_m y/r Vs'/Vi“1 ve' /s b, Vn’/V%&d /Vh'/Vs“nk,
1.0 10.00% 10.00% 8,.68% 8.68%
0.5 17.62 14,91 11.82 10.00
0.25 21,92 15.98 14,16 10.32
MLA1 0.10 25.74 15.68 17.26 10.51
0.05 28.15 15.43 17.77 9.74
0.0187 38.07 14,65 27.49 10.58
1.0 9.86 9.86 8.60 8,60
0.5 17.28 14,53 11,42 9.60
0.25 21.51 15.70 13.75 10.03
Vs 0.10 22.89 15.95 14,61 10.18
0.05 23.91 16.06 15.83 10,64
0.0187 22.84 16.20 13.14 9.32
1.0 9.85 9.85 8,48 8.48
0.5 17.61 14,24 12.26 9.91
0.25 21,26 15.33 13.67 9.86
ML2 0.10 27.21 15.78 15. 60 9.05
0.05 28.77 14,09 17.77 8.69
0.0187 30.76 13,11 17.52 747
1.0 10.49 10.49 9,11 9,11
0.5 18.19 14,76 12,34 10.01
0.25 25.79 15.79 15.49 10.28
VL2 0.10 29,26 15.89 17.13 9.31
0.05 39.59 13,04 24,73 8.15
0.0187 39.99 10.72 20.83 5.59
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y/r=0.05 for ML1 section and at y/r=0.1 for VL2 section,
This shary increase in local relative turbulent intensity
occurs around the tip 1inel(the line connecting the tips

- of the peaks). This will be discussed latter in section F.

Another relative turbulent intensity calculated is

oue-based on the friction velocity, V*, for. Repgx=2.53%10°,
This friction velocity, V¥, calculated was based on the
total average shear stress which is discussed in section C.
This relative turbulent intensity data are plotted in Figure

(19)
IX-13 and IX-14. They are compared to the Laufer's data.
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Turbulent Shear Stress Distribution

The measured turbulent shear stress data are tabulated

in Table IX-1 and Table IX-2, and are also plotted in Figure

- 1X-15 and Figure IX-16. From y/r=1.0 to y/r=0.5 the distribu-

tions colncide with each other for all sections of the roughness.

‘L.oser to the wall there is significant influence of sectlon

location.

The ML1 curve has a very peculiar behavior, This

observation along with the trend of VE,-ﬁﬁ,JVé/Vglocal and

‘Vﬁ'/vgiocal curves suggests a particular type of fluld motion

and this will be discussed latter,

is,

(20)

For a smooth circular pipe, the total shear stress equation

T =

AP D

Sy QR p (IX-1)

AL 4

where AP/AL is pressure drop along longitudinal, S, direction,

and D is pipe diameter, But one asks,"is there a similar equa-

tion which exists for corrugated pipe?"

The force acting on the control volume is given by the

flux of momentum summed over the entire control volume surface

and the rate of change of the momentum within the volume,

1 o a Vs p
——-J[ Vsj’V&-cosoQ dAS+=-~ ~-=-=-=-dV = Fsr-Fsp-Fsd
gC AS d.e c

where

FPsr

Fsp

v &
the external force iﬁ longitudinal, S, direc-

tion acting on the solid boundary of the volume

the pressure force in S-direction
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Fsd = the shear stress caused by viscosity

ole = angle between Vr and S-direction

As = surface area normal to the S-direction

V = control volume
At éteady state, gé-zo, and the control surfaces taken within
the fluid or at its boundary, Fsr=0,

therefore,

1 —_
—— ﬁVSf Vi cos Ke dAs =~Fsp-Fsd
&c As

If the condition is chosen at same cross-sectional area, we have,

1 —
---\/jVSf.VI'COSO(e dAs = O
e As
therefore,

Fsp = =-Fsd
Shear stress is tangentlal to curve surface at every point so
that the shear stress at S-direction 1is

Ts =T * cosXy
where 04 1s the angle between the tangent to the wall boundary
and the longitudinal, S, direction. The total drag force of
length AL in S-directilon is,

Crotar = L"zc-cosoql-e Tras
where r=f(s) and (Li-Lp)=wave length or its multiple.

Define an average total shear stress of length AL(=Li-L,)
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Where r:(ro+r1)/2 and Ty is the radius at VL2 section, ry is the

radius at VS section (see Figure IX-17).

=
-~

FIGURE IX-17. SHEAR STRESS COMPONENT DIAGRAM.

The pressure force, Fsp, at the corresponding area with radius r is,
Fsp = (-aPp) (o T2)
therefore,
(-AD)(TT?) = 27 F(A LT

or,

——

. AP T
T =) (IX-2)
This equation is very similar to equation (IX-1).

The wall shear stress is different along a wave length because
the velocity profile at every cross-sectlon at every polint 1s
different. The average pressure drop measured at ReMaX=2°53*1O5
is 0.00670 inH,0/in which gives 7?:0.0783(1bf/ft2) or V#2=34,1
(£t/sec)2. Commecting V*2:34.1(ft/sec)2i at y/r=0.0 and V%2=0.0 at

v/r=1.0 gives a stralght line which represents the average total
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shear stress curve. Observe that from y/r=1.0 to y/r=0.5
measured values of turbulent shear stress coincide with this
line but closer to the wall the turbulent shear is signifi- _
“ cantly lower, For a smooth circular pipe wit?Lthe diameter o)
QFj'and with the empirical equation, f:O.O46Ré5 and V%:VEJ§75-
vhere £ is the friction factor and V 1s bulk average velocity,
and for VL2 section with Vy=42 ft/sec, we have V*2:4.O7.
Connecting V224,07 at y/r=0.0 and V#220.0 at y/r:i.o repre-
sents the total shear sitress curve for a smooth plpe then it

l1s seen that the shear stress from smooth circular pipe is

much less than that from the corrugated pipe.

IT we let,
total turbulent laminar ond”
= U + U + U
where _tgnd is the shear stress caused by secondary flow,

then the difference between curve A and curve C is caused by
corrugations (see Figure IX-10). From y/r=1.0 to y/r=0.5
~curve A and curve B almost coincide, this means that far from
the wall the particular slope of the wall has no effect., This
is completely reasonable since the core region "sees" an
average of the local behavior and that connected from upstream
locations., From y/r=0.5 to y/r=0.0 the difference between
laminar

curve 4 and curve B is —= and ‘424, However, since

_C;aminar is very small, we can regard this difference as due
to _T?nd only.
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D, Energy Spectrum leasurement

The hot wire signal were nrocessed through a hybrid digi-
tizing and power spectrum progran. (see Appendix E) These auto-
power-spectrun measured at Reﬁax:2.53*105 are plotted in Figure
IX-20 through IX-31 and are éresented—as normalized values,

Fj (k,), where Fi(kw):Ei(kw)/\;z7 in i-direction, k, is the local
wave.aumber defined as 2 T/VSs1pea1s and T is the frequency.

In Figure IX-18, we compare the lonéitudinal centerline
data made at the VS section to the Laufer's daté{ﬁ We see that
both sets of data have the same -5/3 power of the wavenuuber,
kw’ over a considerable range. But the Laufer's curve is lower
than the VS one. This means that there 1s less longitudinal
turbulent energy in Laufer's data. This 1s because the smooth
circular pipe generates less longitudinal turbulent energy
then does the corrugated pipe. If we plot this same data in
dimensionless form as in Figure IX-19, we notice that when
frequency approaches zero, the value (VE-ES(f)/§§T-j&f):4.O
agrees very satisfactorily with experimental data obtained from
extrapolation of the measured ES(f) curve.

Figure IX-20 through IX-25 show that the spectrum is
indépendent of position along the wall In the center region

from y/r=1.0 to y/r=0.25. Thus Eg(ky) is the same for all

four sections. However, the spectrum does depend on position,y/r.

The energy spectrum measurements have g bandwith of 32 cps and
a record length of 3,75 sec which glves 240 degree of freedon.
Thus there is a 90% confidence of the true value within 8.70 and

(27)
11,3,
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Vs'=-spectra, y/r=0.0187
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Vn'-spectra, y/r=0.5
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K. Scale And liicroscale Measurements

We assume that thié field is stationary. There then
exists a constant time average value of the contributions
of all the frequencies,

Let Eg(f)df be the contribution to Vé' of the frequeﬁcies
between f and f+df; the distribution function Eg(f) then has

to satisfy the condition,

(] ——
JEg(0yae = vd (1x-3)
[
or,
o0
Jr(e)ar = 1
¢ -
where F{f) = E5(£)/Vs'.

/7
The power spectrum ST(w) of a process Vs(t) is the

Fourier Transform of its autocorrelation,

st(w) :ﬁ{?v)e‘jwvd'c (IxX-4)

-0

where R(T)=¢Vs'(t+ )Vs'(t)>, < > 1s the expectation notation,

and from the fourie's inversion formula it follows that,

co

1 .
R(T) = --- /s*(w) ed¥%aw (IX-5)
271 J o
with T =0, the above becomes,
1 o
- J[é+(w)da): R(0) = LVs'(t)Vvs'(t)> (I1X-6)
277 4,

(23)
If the Ergodicity of the autocorrelation exists then

T
1
LVs' (8+T)Vs' (£)) = ;L_;lorfgg—/\rs'(tm)-vs'(t)dt (IX-7)
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T

o LVs'()Vs' (t)>= lim-l—]Vs'(t)Vs'(t)dt (Ix-8)
T2 2T o
=Vs"
finally, L
[03+(f)df = v:' with w= 27¢ (IX-9)

Since the process Vs'(t) is real, then R(T) and 8¥(w) are real
and even,so that
o0 2
Js(yar = vs' (1x-10)
[~]

where S(f)=28™(f) for 0« f<o0, otherwise zero. The physically

measured quantity is S(f) other than S*(f) because negative

€24)
frequencies are just imaginary ones., (IX-3 ) and (IX~-10) are

identical if we let Eg(f)=S(f).

€257
If Taylor's hypothesis applies, then we have,

o2 27 °f
R(7) =/F§(f)-cos(-—]%:f)df | (1x-11)
() S

for homogeneous turbulence where x 1s the coordinate distance,
and (z6)

—,= 2-1im(~mmmm- ) (IX-12)
where A 1is the micro scale,

when x 1s small ,

cos(-==—- 4 PG (IX-13)
Vs Vs ;
, oo ) xzfz
N R(T) = R0 (]""%-2“) a (IX-14)

0o
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0 0 Vs
®  oyxf
- / B(£) (= rmamp-)as (1%-15)
Vs :
(]
_oo 2 A% f
, : B(£) (- ogmg-)af
—— 2.1im Frmmmmm e iR
o0 2
PN X >0 x
oo 2
2 [ K(£)f
= 47z --o=—pdf (IX~16)
o Vs

The longitudinal and radial micro scales are shown in Table
IX-5.
The integral scale of turbulence is defined by
A= [R@)aT (1X-17)
so it 1is easil;’determined. The longitudinal and radial

integral scale are also tabulated in Table IX-5.

(25)
The micro~scale of turbulence calculated by Taylor from

a turbulent-producing grid with a mesh 3%3 in are compared to

our data with a mesh 1%1 in in Table IX-6.
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e e - . e S S

o T Gve Gy N e s 2nd e P

Longitudinal and Radial

Micro-5Scale Integral-Scale
Posl-
tion y/r )\f () )\5 (5t) Ag@E) Ag i)
1.0 0.0137 0.00884 0.189 0.0589
0.5 0.0186 0.00935 0.590 0.146
0.25 0.0168 0.00807 0.570 0.170
ML1 0.10 0.0121 0.00649 0.267 0.137
0.05 0.0108 0.00525 0.244 0.0993
0.0187 0.0071 0.00417 0.164 0.0570
1.0 0.0143 0.01000 0.191 0.0619
0.5 0.0171 0.00904 0.385 0.0638
0.25 0.0161 0.00807 0.495 0.150
Vs 0.10 0.0145 0.00677 0.418 0.0905
0.05 0.0121 0,00631 0.333 0.0700
0.0187 0.0108 0.00495 0.374% 0.0381
1.0 0.0142 0.00911 0.186 0.0591
0.5 0.0177 0.00906 0.600 0.143
0.25 0.0174 0.00820 0.525 0,155
ML2 0.10 0.0127 0.00573 0.312 0.0413
0.05 0.0097 0.00497 0.190 0.0333
0.0187 0.00894 0.0919
1.0 0.0135 0.00940 0.195 0.0600 -
0.5 0.0173 0.00893 0.592 0.140
0.25 0.0147 0.00720 0.575 0.163
V1.2 0.10 0.0120 0.00557 0.204 0.0528
0.05 0.00752  0.00420 0.0915 0.0334
0.0187 0.00681 0.00310 0,0502 0.0221

S vt gt e B e WA S My S P B L RER PG M BAS An mm e Rt Bae BET 66 S miy BN ey P e RS fem G e AR was SR eee BoR G v gu S BT P B et b e el g A (8 s Bet g S S MRS ma
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TARLE IX-0,

data source scction Vs (ft/sec) JLﬁ (£t)
15.0 0.0282
Taylor 20.0 0,0206
35.0 0.0164
—————————— 21.47 0.00407
30 .58 0.00525
Chen ML 33,98 0.00649
40,66 0.00807
Chen V3 3777 0.00631
- 23,02 0.00497
Chen L2 23,17 0.00573
41,24 0.00820
15.2 0.00310
Chen VL2 18.76 0.00420
20.93 0.00557

37.78 0.00720

s s et et St BS pymt B Mt W mep e e Gm v G T Gn S Bme S St Ml PSS e Amm Ams GuS DEw Rem B Gam e B At e e PES Ger Sus Wet g B A e Pem N W e M G P
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F. Separation Flow Around ML1 Point

The local pressure along the corrugations as measured at
the wall 1s plotted in Figure  IX-32. This diagram suggeéts
tﬁat there is a éossible separation flow around ML1 section.
The corfugate pipe approximates a sine wave in shape, the

equation is (see Figure IX-33),

0.437 ° 8
¥ = (e ) sin(---x)
11
differentiated,
0.4327 87 87
7' = (=—-- —-=) cos(=-=x)
2 11 11
at x=11/8,
0.437 81
y' = ("5")('{?_) cos(7T) = -0.499

However, from data at y/r=0.0187 for Rey, =2.53%10° at ML

section, we have

Vo 5.18
= = mm—ee = 0,241
Vs 21.47

Notice that Vn in this case is toward the wall .

Witk .
Vn
arc tan|--| = G and arc tanly" = G,
Vs
- we have (see Figure IX-34), i
6; £ 6, because ™ 0.241 £ 0.499

This would suggest that there exists some separation flow in
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FIGURE IX-33. SCHEMATIC DIAGRAM OF CORRUGATION.

flow

FIGURE IX-34, DIRECTION OF SHEAR STRESS VECTOR
AT x=11/8,
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the region very close to the wall such that the momentum

displacement distance 1s pushed upward.

Also, if we make a close look at the data for ML1 section,

" we have the follow diagrams (Figure IX-35)

—_— = .
]Vg' ! :E
el \ === E?
AN \ \
~ ' \
0i06 y/r ! 0.06 y/r 0.06 y/r
FIGURY IX-35, TURBULENT QUANTITIZS RELATIVE TO LOCAL VELOCITY FOR ML1.

We know that at the region below y/r=0.05, there must exist'
some strong interaction between the fluld particles, because
all these three curves have the unusually sharp change.

When we examine the Vs curves at the ML1 and ML2 sections,
these two are almost identical, for the Vn curves, they have g
small difference., But the Vs'Vn' curves have guite different
characteristics, so we could say that there must exist "
separation flow" in ML1 section., The sudden. Jump can be
regarded as the "thickness of the separation flow region",
and the starting deviation point from ML2 curve as "its
effective region". Also, in the separation region, the
molecular momentum transfer becomes Small and the inertia
effect overcomes viscous effect, so.ihe viscous shear stress
is suppressed. The difference between curves A and D in

FPigure IX-16 at y/r=0.0187 is really quite small.
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G. Flow Pattern

The corrugated pipe is not a plpe of uniform diameter
80 that equal y/r does not mean the equal position from
centerline., Therefore, the velocity lines in Figure IX-1 and
IX-2 do not tell the relative position of equal velocity at
any section, and do not show the flow patteran. Equal velocity
lines are plotted in Figure IX-36 for Vs=40, 38, 35, 30, and
25 ft/sec for ReMaX:2.53*105. These five lines show that the
equal velocity line is pushed upward near the region of tip
line (line connecting the tips of the peaks) then it seems to
be pushed backward toward the wall when it is closer to the
wall at ML2 section. It is unforiunate that there is no data
available below y/r=0.0187. Otherwise it may show the parti-
cular flow pattern at the wall region between VL2 and ML2
section because the data at turbulent shear stress Table IX-2
shows a negative -Vs'Vn' value at y/r=0.0187 at ML2 section
for both Reynoid number. Also, the pressure distribution
along a wave length in.Figure IX-32 suggests that there may
exist a separation flow at the ML2 section. The negative value
of -Vs'Vn' and the pressure distribution data seems to indicate
a reverse flow existing at thls region.

The flow pattern at VS section is'apparantly shown by the
equal velocity lines that the velocity is almost uniform at the
region between y/r=0.25 and y/r=0.05. Between y/r=0.05 and

¥/r=0.0 there exists a local jet which is shown in Figure IX-2
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and discussed in section A.

The flow pattern between VS and ML1 section is shown 1in
Figure IX-36. From the discussion in section F we think that
‘there is a separation flow around the tip line, below this line
there is a strong eddy flow region.

The flow direction is shown in Figure IX-37.
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FIGURE IX-36. EQUAL VELOCITY LINES AND FLOW PATTERN
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FIGURE IX-37. ©SCHEMATIC DIAGRAM OF FLOW DIRECTION

0z

— = .{Do f'?" = | ' e22 :p,;(.. 4 ) |
577?1'“/ |

' , ot
o B N S (N R

» “ I . .
477 o L 275 N V274 =034 | ¢
7% oo 4 46070 : —~ Y=o S

(XA



X APPENDIX 105

A, The Measurement Of k Value
Recall from equation (II-3),

2 2 2 2 | 2
Ve = Vi (cospz + k-sing;)

where Ve

Effective cooling velocity

Vr = Instantaneous velocity

k = Constant depended primarily on length-to-diam-
eter ratio of the sensor

90 - o, of is the anfle between the instantane-~

1

P3

ous veloclity vector and the sensor axis

Solve for k, we have,

2 2
Ve/Vy - cosp
K = e e (x-1)
sinB;

ED(mmmS29 o) = (G4 + C2 [ie) (Ts -Te)
(Qu + 23)
where £, = The total electric resistance of the sensor

Q3= Electric resistance in serie with £w
Ts = BSensor temperature
Te = Static stream temperature far from sensor

Ci1 and Cp = Experimental constants

Let 2,

therefore, 2

ng-z ———————————— (x-2)
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Substitute equation (x-2) into (X-1), gives

K = e (x-3)

(Hotice that Ve = Vr with pBy= 0) Therefore, if ka, C; , B; &
Eb(0), Eb(B;) are known, then k can be measured.

The experiment was carried out as follows:
Placed the single sensor (wire or film) at the cinter line
position of the rectangular channel as shown in figure x-1,
Rotate the sinsor in the horizontal plane and change the flow
rate then we will obtaln a series of values of Eb vs B;. Feed

these values into equation (x-3) we get the value of k.

1

< -2t e

/ sensor

S

&

L % e < FLOW___

28"

}‘/ — 40! iﬁf_- 7/

figure x-1,

FIGURE X~1, BSCHEIATIC DIAGRAM OF RECTANGULAR CHANNEL AND
FPROBZ POSITION,
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THE MEASUREMENT OF K VALUE

DIMENSION A(20),EBG(20),E8B(20),VEDVO(20),FK(2C)
FORMAT (8F10.4)

FORMAT (3X,'EBO(IL)?Y)

FORMAT (3X,*EB(I)?*)

FORMAT (3X,*VE/VEQ')

FORMAT (3X,'SK')

Al = 2.418%2.418

M =73

N =11

All) = SIN{(2.0%3.1416/9.0)
A{2) = 1.C/SQRT{2.0)

A{3) = COS{2.0%3,1416/9,0)

READ (5,100) (eBO(I),I=1,N)

DO 98 K=1,M

READ (5,100) (EB (I),I=1,N)

WRITE (6,200)

WRITE(6,100) (EBO(I),I=1,N)

WRITE (6,205)

WRITE(6,100) (EB (I)yl=1,N)

DO 1C I=1,N

VEDVO(I) = ((EB(I)**2-A1)}/(EBO(I)*¥2-A)1)})%%2
WRITE (6,210)

WRITE(6,100) (VEDVO(I),I=1,N)

DO 20 I=11N

FK{I) = SCRT{1.0+(VEDVO(I)*%2-1.0}/A(K)%*%*2)
WRITE (64215)

WRITE(6,100) (FK(I),I=1,N)

WRITE(6,5105)

FORMAT (//)

CONTIMNUE

END

1ed

16705
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AN IV G LEVEL 19 Appendix B. DATE = 73114 12705/
c (KCON .EQ. 1), FIND FRDV & RGDF AND USING "SEPARATION SECTION #1"
C (KCON .EQ. 2}, FIND MEAN VALUE OF EMI (I=1,12) AND USING "SEPARAT
c ON SECTION #2"
C GRDV IS GROUND VALUE HYBRID OUTPUT
C RANG IS RANGE VALUE HYBRID OUTPUT
c GCAL AND RCAL ARE CALIBRATOR QUTPUT
c
c

DIMENSION X(08000),Y(08C00),RTSAVE(61)

REAL*8 CCWAD(2), RCBAD(4)y FSAVE(S4)

REAL%X8 XSUM2,YSUM2,X2SY29y XSUM4,YSUM4,X2S5Y49X4SY29XSUMbE,YSUMG,

. X4SY4 9 XSUM8 ,YSUMB,EML, EM2, EM3, EM4, EMS5,EM6,EMTy EM8,EMI,

. EMIO,EMYIY,EML2, TEMPXy TEMPY, VMEANX  VMEANY

INTEGER*2 LOCAD(16002)

EQUIVALENCE (Xx{1), LOCAD(2))
100 FORMAT (15)
105 FORMAT (/10X,'NN =',15)
166 FORMAT (215,2F10.4)
110 FORMAT (5F10.5)
115 FORMAT (4F10.5,F15.5)
200 FORMAT (*TYPE NO. OF SAMPLES-I5 FORMAT?')
205 FORMAT (/10X,10F10.5)

LOCAD(1)=1

WRITE (15,200)

READ {15,100) N

READ (5,106) MM,KCON,AMP1,AMP2

WRITE(64106) MM,KCON,AMP1l,AMP2

READ (5,4110) XDC,YDC,VMEANXyVMEANY,YR

WRITE{6,110) XDC,YDC,VMEANX,VMEANY, YR

READ (5,110) GRDVX,RANGX,GRDVY,RANGY, TIMER

WRITE(64115) GRDVX,RANGX ¢sGRDVY,RANGY,TIMER

READ (5,110) AX,8X.CX, GCALX,RCALX

WRITE(6,110) AX4BX,CX, GCALX,RCALX
a READ (5,110) AY,BY,CY, GCALY,RCALY
WRITE(69110) AY,BY,CY, GCALY,RCALY

W

TKX = (RANGX~-GRDVX)/{RCALX~GCALX)
TKY = (RANGY~-GRDVY)/(RCALY~-GCALY)
TLX = (GRDVX®RCALX-RANGX*GCALX)/(RCALX-GCALX)
TLY = (GRDVY*RCALY—-RANGY*GCALY)/(RCALY-GCALY)

WRITE(69110) TKX,TLXyTKY,TLY,YR
K2N = 2%N

CALL READAD (CCWAD,K2N,3,L0CAD)
CALL FRCBSU (RCBAD,28,CCWAD)
M=N
El
E2
Ell
E12
E22
Els4
E24
EM1
EM2
EM4

0
0

TV IV LS N W N VT T Y W
e o & & 8 o » e OO

QOOOOOOO
QOO O0OOOCOO

[ T O T N T 2 [ I 1
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20

10

14

17

12

30

11

19 MAIN DATE = 73114

EMS
EM6
EM7
EM8
EM9
EM10
EMIL
EM12
NN = 1

CONT INUE

WRITE (6,105) NN

CALL FRTIO (RCBAD,IRET)
CALL FCHECK (RCBAD,IRET,1)
FAMPl= 819.1%AMP1

FAMP2 = 819.1%AMP2

DO 10 I=1,N

It w W u

o OO

J=N-1+1
Y(J)} ==-LOCAD(2*J+1)/FAMP2
X(J) =— LOCAD(2%J)/FAMPL

WRITE (65205) (X{J)2Y{J)sJ=1,5)

IF (KCON .EQ. 1) GO TO 30

DO 14 I=1,N

X{I) (X{I)=-TLX)/TKX

Yo (Y{I)=-TLY)/TKY

kkkkkkkgkk SEPARATION SECTION #1 Aok ok ok ook ¥k
DO 17 I=1,N

X({1) (XDC-X(I))

Y(I) {(YyDdCc-Y(1))

IF (KCON .EQ. 2) GO TO 30

DO 12 I=1yN

X(1) AX+BXEX (I ) AX () +CXEX (1) %k4-VMEANX
Y(I) = AY#BYXY(L)%Y(I)+CY*Y(I)*%4—VMEANY
IF (KCON .EQ. 3) GO 7O 33

CONTINUE

INPUT SIGNAL IS FROM BRIDGE VOLTAGE QUTPUT

XSUM = 0.0

YSUM = 0.0

XSUMX = 0.0

YSUMY = 0.0

DO 11 I=1,.N

XSUM = XSUM + X(I)
XSUMX = XSUMX+X({I)*X(I)
YSUMY = YSUMY+Y(I)*Y(I)

YSUM = YSUM + YI(I)

XMEAN XSUM/FLOAT(N)
XMEANX = XSUMX/FLOAT(N)
YMEAN = YSUM/FLOAT(N)
YMEANY = YSUMY/FLOAT(N)
WRITE(65235) XMEAN,XMEANX, YMEAN, YMEANY
El = E1 + XMEAN

El4 = EL&4+XMEANX

E2 = E2 + YMEAN

E24 = E24+YMEANY

IF (KCON .NE. 3 ) GO TD 32

i

126

12705/
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RAN IV G LEVEL 19 MAIN DATE = 73114 12705/
33 CONTINUE
XYSUM = (0.0
XXSUM = 0.0
YYSUM = 0.0
DO 15 [=1,N i
XYSUM = XYSUM + X{(I1)*Y{I])
XXSUM = XXSUM + X(T1)%X{I)
15 YYSUM = YYSUM + Y({I)*Y(I)
XYMEAN = XYSUM/FLOAT(N)
XXMEAN = XXSUM/FLOAT(N)
YYMEAN = YYSUM/FLOAT(N)
WRITE (6,240} XXMEAN,YYMEAN, XYMEAN
E1ll = E1L+XXMEAN
E12 = E12+XYMEAN
E22 = E22+YYMEAN

32 CONT INUE
IF (NN .EQ. MM) GD TO 31
NN = NN+1
GO 70O 20
31 WRITE (645245) ElsEl4yE2,E24
El1 = E1/FLOAT(NN)
El14 = E14/FLOAT(NN)
E24 = E24/FLOAT(NN)
E2 = E2/FLOAT{NN)
WRITE (6,245) E14E14,E2,E24
WRITE (64250) El114E22,E12

El1l = E11/FLOAT(NN)
£E22 = E22/FLOAT(NN)
El2 = E12/FLOAT(NN)

WRITE (6,250) E11,E22,E12
235 FORMAT (/10X,4F10.5)
240 FORMAT (/3(10X,F10.5)) )
245 FORMAT (/10X 'ELl=*yF10e545Xy'E14=%,F10+5,5X,'E2=?,F10.5,5X,'E24="

VONOVMIPUWN=OLONOUVMPDPUWNFROOOIOC N D WN =00~

- gFlOoS)

0 250 FORMAT (/10X,'ELlL{XX)=',F10.545Xs*E22(YY)=?,F10.5,5X, E12{XY)=1,F
+10.5)

1 sTop

2 END
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AN IV G LEVEL 19 MAIN DATE = 73113 18743/
C
C sdokkkkkkkk SEPARATION SECTION #2 #¥#kskxsik

DO 17 I=11N
X(1) {XDC—X{1) ) %x2

17 Y{I) (YDC-Y(I))**2
30 CONTINUE
XSUM2 = 0.0
YSUM2 = 0.0
X25Y2 = 0.0
XSUM4 = 0.0
YSUM4 = 0.0
X2SY4 = 0.0
X4SY2 = 0.0
XSUM6 = 0.0
YSUM6 = 0.0
X4SY4 = 0.0
XSuM8 = 0.0
YSUM8 = 0.0
DO 18 I=1,4N
TEMPX = X(1)
TEMPY = YI(I)
XSUM2 = XSUM2+TEMPX
YSUM2 = YSUM2+TEMPY
X25Y2 = X2SY2+TEMPX*TEMPY
XSUM4 = XSUM4+TEMPX*%%2
YSUM4 = YSUM4H+TEMPY*%2
X2SY4 = X2SY4+TEMPXETEMPY#%2
X4S5Y2 = X4SY2+TEMPY*TEMPX*%*2
XSUM6 = XSUM6+TEMPX%%3
YSUM6 = YSUMG4+TEMPY**3
X4SY4 = X4SY4L+TEMPX*%2 % TEMPYX**2
XSUM8 = XSUMB+TEMPX*¥4
YSUM8 = YSUMB+TEMPY**4
18 CONTINUE
XSUM2 = XSUM2 / FLOAT{N)
YSUM2 = YSUM2 / FLOATI(N)
X2SY2 = X2SY2 / FLOAT(N)
XSUM4 = XSUM4 / FLOAT(N)
YSUM4 = YSUM4 / FLOAT(N)
X2SY4 = X2SY4 / FLOAT(N)
X4SY2 = X4SY2 / FLOAT(N)
XSUM6 = XSUM6 / FLOATI(N)
YSUM6 = YSUM6 / FLOAT(N)
X4SY4 = X4SY4 / FLOAT(N)
XSUM8 = XSUM8 / FLOAT(N)
YSUMS8 YSUM8 / FLOATI(N)

WRITE(é 255) XSUM2,YSUM2,X2SY23XSUM4&4, YSUML 9 X25Y 4y X45Y29 XSUMb,

N YSUM6,X4SY4 4 XSUMB, YSUMB
EM1 = EM1 + XSUM2
EM2 = EM2 + YSUM2
EM3 = EM3 + X2SY2
EM4 = EM4 + XSUM4
EM5 = EM5 + YSUM4
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255

249

19

EM6 = EM6 +
EM7 = EMT +
EMB = EMB8 +
EM9 = EM9 +
EM10 = EM10
EM11 = EMI11
EM12 = EM12
IF (NN .EQ.
NN = NN+1

GO TO 20

CONTINUE

EM1 = EM1 /
EM2 = EM2 /
EM3 = EM3 /
EM4 = EM4 /
EM5 = EM5 /
EM6 = EM6 /
EM7 = EM7 /
EM8 = EM8 /
EMQ = EM9 /
EM10 = EM1O
EM11l = EM11
EM12 = EM12

WRITE(64255)

WRITE

STOP
END

(74249)

MAIN

X25Y4

X45Y2

XSUM6

YSUM6

+ X4SY4

+ XSUMS8

+ YSUMS8

MM) GO TO 31

FLOAT(NN)
FLCAT(NN)
FLOAT(NN)
FLOAT(NN)
FLOAT(NN)
FLOAT(NN)
FLOAT(NN)
FLOAT (NN)
FLOAT{NN)
/ FLOAT(NN)
/ FLOAT(NN)
/ FLOAT({NN)

DATE

73113

129

18743,

EM1,EM2,EM3,EM4,EM5,EMs, EM7 ,EMB3,EM9, EML10,EMLL,EML12
FORMAT (/710X 2{F1l2e744X)43(F12.6,4X)/({10X,4(F12.594X)33{F1l2.3)))

EM1,EM2,EM3yEM4»EMS s EM64EMT,EMB,EMI,EM10,EM11,EML2
FORMAT (2F10.593F10.493F10434/91F10.3,43F10.2)
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98

100
105
111
205
214

215

216

220
260
265

2790

2715

276
277
278
2179
280
281
282
283
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CALIBRATION CURVE PROGRAM

IF X AND Y INPUT REVERSE,SOLUTION STILL SAME INDIVIDALLY

X1 = EBl%x%2 MEAN

Yl = EB1#%*%4 MEAN

Z1 = VELOCITY FROM PITOT TUBE

ZX = VELOCITY AFTER CORRECTION

REAL*8 X1I{15)X2(15),Y1(15),Y2(15),F1(15),F2(15),FCS(15),

FCTU15),ZX(15),ZY(15),FXSUM2(15),FYSUM2(15),FX25Y2(15),
FXSUM4(15) ,FYSUM4(15),FX25Y4(15),FX4SY2(15),FXSUM6(15),
FYSUMG6(15) yFXSUMB({15) 4FYSUMB(15) ,FX4SY4(15) ,21(15),
Z2(15) 4+ ASQGURX(3,3),ASQURY(3,3),B8CO0LMX{3),BC0OLMY(3) ,
AXyBXyCXyAY BY,CY 4 XSUM2,YSUM2,X25Y2,XSUM4%&, YSUM4,
X2SY4,X4SY2 4 XSUM6,YSUMb, X4SY4 4 XSUM8B,YSUMS
FORMAT(F10.5)
FORMAT(8F10.5)
FORMAT (10X,8F13.5)
FORMAT(//)
FORMAT({/10X,*COEFFICIENTS =',6F12.5)
FORMAT (/10X,*C1l="9F10.595Xs?'C2=",F10.595Xy"AEL1=*yF10.5,5X,*AE22
o rF10.595Xy YAEL2 =',F10.5)
FORMAT(/ 10X A1l=1,F10e545X,"A2="3F10e595X, 'A3=",F10.5,5X,'A4=",F1
e535X9*A5=",F10.5,5X,'S1=?,F10.5)
FDRMAT(/lJX,'Bl",FlO 595X "B2="3F10.595Xy'B3=",F10.545X,'B4=1,F1
535X 'B5=1,F10.595X,'T1=",F10.5)
FORMAT(/IOX:‘AFRSZ"yFlO 595X "AFRN2=',F10.5,5X, YAFRSN=',F10. 5)
FORMAT{/10XsF1GeayS5X,y ' %%%?,5X,3F13.4)
FORMAT (/10Xy'FCS ="3F10.595Xs'F1 ='",F10.5,5X,'FCT =',F10.5,5X,
YF2 =*,F10.5)
FORMAT {(/10Xy'FCS1=?yF10.545X,'FCS3="yF10.595X3*FCT1=",F10.5,5X,
. 'FCT3=*4yF10.5)
FORMAT(2X 3 " XSUM2 1 34X,y PYSUM2" 34X 9 " X25Y 2% 14X, " XSUM4? , 4X, ' YSUM4Y ,4X,
. TX2SY4Y 34X " X4SY2Y 34X gV XSUMET 34X T"YSUMEY,4X 9 Y X4SY4L 4,
*XSUMBT 44X, TYSUMBY)
FORMAT(ZX"EBl**Z')
FORMAT(2X,'EB2%%2")
FORMAT(2X,*EB1%%x4?)
FORMAT(2X,'EB2%%41)
FORMAT(2X,'US1")
FORMAT(2X,%'uS2?')
FORMAT(2X, "US1I*SQRT((1.0+SK*SK)}/2.0)*(1.0+F1)?")
FORMAT(2X,'US2%SQRT((1.0+SK*SK)/2.0)*({1.0+F2)")

N = 14
KCHEN = 1
SK = 0.35

READ (5,98) TEMPF

WRITE(6,98) TEMPF

READ (51100) (Zl(l),[=11N)

READ (5,100) (Z2{(1),1=1,4N)

DO 11 I=1,N

Z1(I) = 2.90239404% DSQRT(ZL(II*TEMPF)
Z12(1) = 2.90239404% DSQRT(Z2(I)*TEMPF)
WRITE(6,275)
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4 DO 14 T=1,N

5 READ (5,255) FXSUM2(T)4FYSUM2(IL),FX2SY2(1)FXSUMG(L),FYSUM4(T),
. FX2SYAL 1)y FX4SY2(I),FXSUMOIT)yFYSUMGIT) yFX4SY4(T1),
. FXSUMB(I),FYSUMB(I)

6 14 WRITE(65250) FXSUM2(I1),FYSUM2(I),FX2SY2(1),FXSUM4(I),FYSUM&(I),
. FX2SY&4(1) s FX4SY2(1) s FXSUMOLI)yFYSUMEI1)4FX4SY4(T),
. FXSUMB(I),FYSUMB(T)

250 FURMAT (2F9.5,3F9.3,7F9.0)
255 FORMAT(8F10.5)
DO 13 1=1,N

X1{I) = FXSUM2(1)
X2(I) = FYSUM2(I)
YL(I) = FXSuM4(I)
13 Y2(1) = FYSUM4L(T)

WRITE(6,276)
WRITE(64105) (X1(I),I=1,4N)
WRITE(6,277)
WRITE(65,105) (X2(I)yI=1,4N)
WRITE(6,278)
WRITE((},IOS) (Yl([),l-‘-l'N)
WRITE(64,279)
WRITE(6,105) (Y2({I)sI=1,yN)
WRITE(6,280)
WRITE(6,105) {(Z1(I),I=1,N)
WRITE(6,281)
WRITE(645105) (Z22(I)41=1,4N)
DO 12 I=1,N
F1(I) = 0.0
12 F2{(I) = 0.0
3 CONTINUE
DO 15 [=1,N
ZX{1) L1CI)*SQRT((1.04#SK%SK)/2.0)%(1.04F1(1))
15 Zy(1) Z2(1)*SQRT{(1.O+SK*SK)/2.0)%(1.0+F2(1))
WRITE(6,111) ’
WRITE(6,282)
WRITE(645105) (ZX(I),I=1,N)
WRITE(6,283)
WRITE(6,105) (ZY(1I),1=1,N)
C GENERATE MATRIX
DO 28 I=1,3
DO 28 J=1,3
BCOLMX(I) =
BCOLMY(I) =
ASQURX(I44)
28 ASQURY (I,4)
ASQURX(1,1)
DO 30 I=1,N
ASQURX(1,2)
ASQURX(1,3)
ASQURX(2,2)
ASQURX(2,3)
30 ASQURX(3,3)
ASQURX(2,41)
ASQURX({3,1)

TNV Wl WINPT AN W N BV WIN OO O N NS WO~ 0O Q0O

o o

i hOoo
20000

ASQURX{1,2)+X1(1)
ASQURX(143)4Y1(I)
ASQURX(242)+X1(1)%X1(1)
ASQURX(2,3)+#X1(1)%YL(I)
ASQURX(3,3)+YLII)%*YL(I)
ASQURX(1,2)

ASQURX(1,3)

PN e W WA N W W W RNV T W W WA

LI T [ O T T I 1
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ASQURX(3,2)
DO 31 I=1,N
BCOLMX{1)
BCOLMX(2)

31 BCOLMX(3)
DO 33 I=1,3

33 WRITE(65260) BCOLMX(I),{ASQURX(Isd)ed=1,3)
WRITE(6,111)
CALL SIMQ(ASQURX,BCOLMX,s3,0)
ASQURY(Ll,1) = N
DO 34 I=1,4N
ASQURY(1,2)
ASQURY(1,3)
ASQURY(242)
ASQURY{2,3)

34 ASQURY(3,3)
ASQURY(2,1)
ASQURY({3,1)
ASQURY(3,2)
DO 35 I=1,N
BCOLMY(1)
BECOLMY(2])

35 BCOLMY(3)
DO 36 [=1,3

36 WRITE(6,260) BCOLMY{I){ASQURY{(I,J}»J=1,3)
CALL SIMG({ASQURY,BCOLMY,3,0)

ASQURX(2,3)

i

BCOLMX(L)+ZX(1)
BCOLMX(2)+ZX(I)*X1{1)
BCOLMX(3)+ZX{I)*Y1(I)

ASQURY(1,2)+X2(1)
ASQURY(1,3)+Y2(])
ASQURY (2,2)+X2(1)%X2(1)
ASQURY (2,3)+X2(1)*Y2(1)
ASQURY(3,3)+Y2(1)*Y2(1)
ASQURY(1,2)

ASQURY(1,3)

ASQURY(2,3)

Won oW

BCOLMY(1)+ZY(I)
BCULMY(2)+ZY({I)*X2(1)
BCOLMY(3)+ZY(I)*Y2(1)

AX = BCOLMX(1)
BX = BCOLMX(2)
CX = BCOLMX(3)
AY = BCOLMY{1)
BY = BCOLMY(2)

cYy BCOLMY(3)

WRITE(b 205) AX,BX,CX,AY,BY,CY
IF (KCHEN .EQ. 4) GO TO 654
WRITE(65111)

DO 17 I=1,N

VMDD WNRFROOONTRNPLPONF OO DPWNPFROOINCONHNNHF OO0 NONPITNNFAFO O ~NON W

XSUM2 = FXSUM2(I)
YSUM2 = FYSUM2(I)
X2S8Y2 = Fx2Sv2(I)
XSUM4 = FXSUM4(T)
YSUM4 = FYSUM4(I)
X2SY4 = FX2SY&(I)
X4SY2 = FX&4SY2(I)
XSUM6 = FXSUM6I(I)
YSUM6 = FYSUMGI(I)
X4SY4 = FX4SY4({I)
XSUM8 = FXSUM8(I)
YSUM8 = FXSUMSI(I)
YSUM8 = FYSUMSBI(I)
Al = 1.0+SK*SK

A2 = 1.0-SK*SK

A3 = Al

A4 = Al

AS = 2.0%A2
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37
38
39
AT
41
42
43
A
45
46

47

17

17

61

OO NWIN TN NI NN SRR VTV G UT T U Y U VT VW VT VT W VTV U U VT St
WN = O X NOWVMPUWNM-OOONOGH W N FOVONOWPHWN~=OO

19

Bl
B2
B3
B4
B5
S1
T1
C1
C2
AE1

[ L L I T N T VR | I

AEZ22
AE12
X422
Y422
X624
Y624
X844
Y844
X222
X424
X242
X444

33
MAIN OATE = 73087 16733/

Al

-A2

Al

Al

~A5

Al

Al
SQRT(S1*2.0)/721(1)
SQRT(T1%2,.,0)/722(1)

[} i

I T TN | S S TS { I 1 [ 1}

BX*BX¥* ( XSUM4~XSUM2%XSUM2) + 2,0%BX*CX*(XSUM6-XSUM2*XSUM4)
+ CXHCX%([XSUMB8-XSUM4&XXSUM4)

BY&®BY* (YSUM4-YSUM2*YSUM2) + 2.0%BY*CY*(YSUM6-YSUM2*YSUM4)
+ CYXCY#(YSUMB—YSUM&4*YSUM4)

BX¥BY*{X2SY2-XSUM2*%YSUM2) + BX*CY%*(X2SY4—-XSUM2*YSUM4) +
CX#BYxR{X4SY2-XSUM4*YSUM2) + CX%CY*(X4SY4-XSUM4&XYSUM4)
XSUM4~XSUM2%XSUM2

YSUM4-YSUM2*YSUM2

XSUM6-XSUM2%XSUM4

YSUM6—YSUM2*YSUM4

XSUMB8~XSUM4*XSUM4

YSUMB8-YSUM4X*YSUM4

X2SY2-XSUM2*YSUM2

X2SY4-XSUM2*YSUM4

X4SY2=-XSUM4*YSUM2

X4 SY4—-XSUM&RYSUMS

WRITE(65100)X422,X6244X844,Y422,Y624,Y8449X2229X424+X242 X444

WRITE
AFRS2

AFRNZ2

AFRSN

FCS1
FCS2
FCS3

FCS(I

FCT1
FCT2
FCT3

[T TR LI T I

FCT(I)
WRITE (6,265) FCS(I),FL{I) FCT(I),F2(1)

WRITE

(6,214) Cl4C2yAEL11+AE22,AEL12
((B2%C1)%%2%AE11-2.%B2%A2%C1*C2%AEL2 +(A2%(C2) *%2%AE22)/
(A1*B2—-A2%B1l) *%*2
((B1*CLl)*%2%AE11-2.*%B1*A1*C1*C2%AEL2 +(AL1*(C2) *%2%AE22)/
(AL%B2-A2%B1 ) *%2
—((B1*B2%C1%*C1*AE1l) — (A1*B2+A2%B1l)*C1l*C2%AE12 + (Al%*
A2%C2%C2%AE22)) / (AL*BZ2-A2%B1)*%*2

(A4/S1-(AL1/S1)*x2)%AFRS2

(A3/S1-(A2/51)%%2)*AFRN2

(A5/51-2.0%A1*A2/S1%%2)*AFRSN

= 0.5%¥({FCS1+FCS2+FCS3)

(B4/T1-(B1/T1)*%2)%AFRS2

(B3/T1-(B2/T1)%%2)*AFRN2

(B5/T1-2.0%B1*B2/T1**2)*%AFRSN

= 0.5%(FCT1+FCT2+FCT3)

(6,220) AFRS2,AFRN2,AFRSN

WRITE(6,111)

CONTINUE

DO 77 I=1,N
IF(DABS(FCS(I)~F1(I))eGT.0.0001.0R.DABS(FCT(I)-F2(I)).GT..0001)

CONTINUE

GU TO 61

WRITE {(6,215) Al,A2,A3,A4,A5,S1
WRITE (6,216) B1,B2,B3,84,85,T1
WRITE (64270) FCS1,FCS3,FCT1,FCT3
GO 17O 91

00 23 I=1,N
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23

654
91
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= FCSHI)
= FCT(I)
GO TO 3
CONTINU

ST0OP

END

€

DATE

73087

134

16/33,



135,

FRAN IV G LEVEL 19 Appendix D. DATE = 73086 16/084
C FINAL PROGRAM _
c El REPRESENT ——/ QR THE POSITIVE ANGLE IS LESS THAN 99 DEGREE
C IMM CONTROLS SETS OF SK
C IND CONTROLS SETS OF DATA
C
C
)1 DIMENSION FEL(60),FE2(60), FXSUM2(50),FYSUM2(60) ,FX2SY2(60),
. FXSUM&4(60) , FYSUMG(60) ,FX2SY4{60) yFALSY2(60),FXSUMB(6D),
. FYSUMG(60),F XSUMB(6C) yFYSUMB(6) yFX4SY4 (6C)
02 REAL*8 E1yE2,F14F2,FCT UNyTINTSyTINTNyTSHEAR,TF,

XSUM2, YSUM2 4 X2S5Y 2, XSUM4A , YSUMS 3 X2SY4 3 X4SY2 3 XSUME,YSUMb,
X4SY4,XSUM3,YSUM8B,AZK,ACO,ACE,ACP1,ACP2,SK,R1,R2,S51,T1,
QS,QST,C1,C2,AEL11,AC22,AE12,A1,A2,A3,A4,A5,81,82,33,84,
B5,AFRS2,AFRN2yAFRSN,FCS1,FCS2,FCS3,FCS,FCT1,FCT2,FCT3

3 103 FORMAT (F10.5)

4 104 FORMAT (413)

5 105 FORMAT (6F10.5)

6 210 FORMAT (/10X,'QS5S=*yF10.5,10X,'QS5T=*,£10.5)

7 214 FORMAT (/10X,'El=",F1l0e545Xy'E2=",F10.5,5Xy"AE11=",F1C.5,5X,y *AE22
o! 1F1C.545X,YAEL12 =%,F10.5)

8 215 FORMATU/10Xy'Al="3F1l0e5,5X3 A2=",F1lC.a595Xs"A3=",F10e5,5Xs A4=1,F]
. e535X3"A5="1,F1l0e5945Xy'S1=",F13.5) "

9 216 FORMAT(/10X,'B1l="3F10.595X9'B2=",F10.5+,5X,'83=%,F10.5,5X,'B4=7,F]1
. «e595Xy'B5=1,F10.s545X,'T1=",F10.5)

0 217 FORMAT (/10X,'C1l=*,F10.545X,'C2=",F10.5) :

1 220 FORMAT(/1CXs"AFRS2=",3F1045)5X,"AFRN2="yF10.5,5X, *AFRSN=1,F10.5)

2 225 FORMAT (///7 )

3 227 FORMAT(/10Xs'US="3FLl0e5,5Xs "UN=",F1Ce5,5X, "TINTS=',F1Gua595X, *TINT
e=1,F10.5,5X, " TSHEAR='",F10.5)

4 245 FORMAT (/10X, *IMAGINARY RUOT?)

5 249 FORMAT (2F9.5,3F9.3,7F9.0)

6 250 FORMAT (/10X,'SK = ', F10.5)

7 251 FORMAT (/10X,8F10.5)

8 255 FORMAT (/10X:'(R1=",F10.5,')',9X,'R2=",F10.5)

9 256 FORMAT(8F10.5)

0 260 FORMAT (/10X *RI=1,F10.5,10X,'(R2=",F10.5,")")

1 265 FORMAT (/10X 'FCT1='yF10.5,5X,'"FCT2=",F1Ce595X*FCT3=",F1C+5+95X,
. YFCT='3,F10.595X4'F2=*,F10.5)

2 270 FORMAT (/10X "FCS1=*,F10.5,5X,'FCS2=",F10.5,5X,'FCS3=",F10.5,5X,
. 'FCS="3F1l0.545X,'F1="',F10.5)

3 274 FORMAT (/10X,*AEK =',F10.595X,'AC0O ='4F10.5,5X,YACE =',F10.5,5X,
. YACPL='",F10.5,5X,*ACP2=7,F10.5)

4 275 FORMAT(2X, "XSUM2% 44X, *YSUM21 34X, TX2SY2",4X, ' XSUM4',4X,'YSUM4E? ,4X,
. TX25Y4Y 44X " X4SY2 1 34X, " XSUMO Y 44X, 'YSUMEY 44X, " X4SY4 Y 34X,
. TXSUMBY 4 X, YSUMBY)

5 READ (5,104) N,y IND, IMM,NN

6 WRITE (6,104) N, IND, IMM,HN

1 READ (5,105) AX,BX,CX,AY,BY,CY

8 WRITE(64105) AX,BX,CXsAY,BY,CY

9 READ(5,103) SK

0 WRITE(64275)

1 0O 10 I=1,N

2 READ (5,256) FXSUM2(I),FYSUM2{I),FX2SY2(1),FXSUMLG(T),FYSUr4(T),

. FX25Y4(T)FX4SY2(I),FXSUMOLTL),FYSUMA(L),FX45Y4(1),
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N FXSUMB(T),FYSUMBI(T)

3 WRITE(6+249) FXSUM2(I),FYSUMZ2(I),FX2SY2(I),FXSUM4(L),FYSUM&L(]),
C FX2SY4(I)yFXaSY2({1)FASUMO(T),FYSUMG(IT),FX45Y4(1),

. FXSuUM3(I),FYSUMSBIT)
10 CONTINUE
1 CONTINUE
MM = 1
4 CONTINUE
XSum2
YSUMZ2
X23Y2
XSUM4
YSUM4
X25Y4
X45Y2
XSUMé
YSUM6
X4SY4
XSuMs8
YSUMS8
£l
E2
A3
A4
A5
B3
B4
B5
2 F1
F2
Agl

FXSUM2(NN)

FYSUM2 (NN)

FX2SYZ2(NN)

FXSUM4G (NN)

FYSUM4 {NN)

FX2SY4(NN)

FX4SY2(NN)

FXSUMB(NN)

FYSUM6 (NN)

FX4SY4{NN)

FXSUMB(NN)

FYSUMB (NN)

AX+B X¥XSUM2 +CXEXSUM4
AY+BYXYSUMZ2 +CYRYSUM4
1.0 + SK*SK

1.0 + SK*SK
2.0%(1.,0-SK%SK)

1.0 + SK*SK

1.0 + SK#*SK

*(SK¥SK~1.0)

[ L O | T N T N | N Y | S { B ||

Lt NG W59 Ut VT Wt W IV LN W O V4O P U N UYL S

Lo | T LT T T { O N T T N 11

2.
0.
0.

OO Oo

X¥BX% {XSUM4—XSUM2%xXSUM2) + 2.0%BX*CX*(XSUM6=XSUM2%XSUM4)
. + CX*CX#(XSUMB—XSUM4XXSUM4E)

AE22 BY*BY* (YSUM4-YSUM2%YSUM2) + 2.0%BY*CY*(YSUME-YSUMZXYSUM4)

. + CY*CY®*({YSUMB-YSUM4&XYSUM4)

AEL12 BX¥BY* (X2SY2—-ASUM2%¥YSUM2) + BX*CYX({X2SY4-XSUM2%YSUNM4) +

. CX*BY¥*(X4SY2-XSUM4®XYSUM2) + CX*CY*(X45Y4~-XSUMLXYSUMG)
3 CONTINUE

AEK ((E1 )/ (E2 }) % ((14+4F2)/(1.+F1))

ACO (AEK*AEK+1.0)/(AEK*AEK~1.0)

ACE {1.0-SK#*SK)/(1.0+SK*SK)

ACP1 = ACE*ACQO

ACP2 = ACPl*ACP1

IF { ACP2~1.0 ) 20,25,25
20 WRITE (6,245)

GO TO 61
25 R1 = ACPl+DSQRT({ACP2-1.)

R2 = ACP1-DSQRT(ACP2-1.)

IF (ACO .LE. 0.0 ) GO TO 30

WRITE (6,255) R1,R2

R1I = R2

GO TO 31
30 WRITE (6,260) R1,R2

GO TO 31
31 ST = (1.0+SK%SK)+2.,0%(1.C-SK*SK)*R1+(1.0+SK*SK)*R1*R1

N

NN L0 N U U W B W

Ld N WA T T W ST
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Tl = (1 O0+#SK¥SK)=2.0%(1e0-SK*SK)*¥R1+(1.0+5K*SK)*R1*R]
TF=1.0
QS = E1/(TF* DSQRT(S1/2.0)%(1.0+F1))
QST= E2/(TF* DSQRT(TL/2.0)}*(1.0+F2))
Cl =DSQRT(2.0%S1) / (TF* QS)
C2 =DSQRT(2.0%T1) / (TF* QST)
Al = (1.0#SK%SK)—=(SK*SK-1.0)*R]
A2 = (1.0-SK*SK}+(1.0+SK*SK)*R1
Bl = (1.0+4SK®SK)+(SK*¥SK-1.0)%*R1
B2 = (SK%SK—=1.,0)+{1.0+SK*S5K)*R1
AFRS?2 = ((B2#CL)%%2%AEL1-2.%B2%A2%C1*C2%AC12 +(A2%C2)**x2%AE22)/
. (A1%B2-A2%B1)%*%2
AFRN2 = ((Bl%*C1l)%%2%AE11-2.%B1%A1*CI*C2%AEL2 +(AL*C2)*%2%AL22)/
. (AL®*B2-A2%BL1) **2
AFRSN = —((BL1l*B2*C1*C1%*AEL11l) — (A1*B2+A2%B1)*C1*C2%AE12 + (Al=
. A2%C2%C2%AE22)) / (AL*B2-A2%3]1)*x%
FCS1 = (A4/S1-(A1/S1)*%2)%AFRS2
FCS2 = (A3/S1-(A2/S1)%*2)%AFRN2
FCS3 = (A5/S1-2.0%AL1%A2/S1%%2)*AFRSN

FCS = 0.5%{FCS1 + FCS2 + FCS3)

FCT1 = (B4/T1-(B1/T1)*%2)%AFRS2
FCT2 = (B3/T1-(B2/T1)**2)*AFRN2
FCT3 = (B5/T1-2.0%81%B2/T1%%2)*AFRSN

FCT = 0.5%(FCT1 + FCT2 + FCT3)

IF(DABS{FCS-F1) .LE.0.000C1.AND.DABS(FCT-F2) +LE.O.

F1 = FCS
F2 = FCT -
GO TO 3
UN = QS*R1

TINTS =DSQRT(AFRS2)

TINTN =DSQRT{AFRN2)

TSHEAR = AFRSN*QS*QS

WRITE (6,4250) SK

"WRITE (6,274) AEK,ACO,ACE,ACP1,ACP2
WRITE (6,210) QS,QST

WRITE (6,214) El,E2,AEL1,AE22,AEL2
WRITE (6,215) Al,A2,A3,A4,A5,5l1
WRITE (6,216) B1,B2+83+B4,85,T1
WRITE (6,217) Cl1l,C2

WRITE (6,4270) FCS1,FCS2,FCS3,FCS,F1
WRITE (64265) FCTL1,FCT2,FCT3,FCT,4F2
WRITE (6,220) AFRS2,AFRN2,AFRSN
WRITE(64227) QS UN,TINTS,TINTN,TSHEAR
IF (MM ,EQ. IMM) GO TO 65

MM = MM+1

GO TO 4

IF (NN .EQe. IND) GO TO 70

NN = NN+1

WRITE (6,225)

GO 101

sTQP

END
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C
c
c

201

202
205
206
207

209
210
220
226
240

246
248
250

252
254
4G0
401

402
403

1s

AUTC P

DIMENS
EQUIVA
EQLIVA
FORMAT
o/ /5% 40
<OMATN
.LEC PO
+<EXPERI
«5Xy ' TA
FORMAT
FORMAT
FORMAT
FORMAT
«RV/)
FCRMAT
FORMAT
FORMAT
FORNMAT
FORMAT
NGTH S
FORMAT
FORNMAT
FORMAT

FGRNAT

FORMAT
FORMAT
FORMAT
FCRNMAT
FORMAT

KKK =

CCNTIN
READ (
WRITE(
MM = M
READ
WRITE(
RMSV =
FREQY

NN = O
NX(1)

NO
M2
M3
N2
MD2 =

N
N
M
M
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Appendix E CATE = 72147 1573570

OWER SPECTRUM

10N X{08194),DATA(2,4037),RCOR(4098),FR{4098),iNX(1),S5(280)
LENCE (X{(1),DATA(L,1))
LENCE (FR(1),RCCOR{1))

(//5X,'"TIMERY 321Xy "'="43F84.0,//5Xy '"FREQUENCY ', 17X,'=",F10.6,
NO. CF ITERATION',10Xs'=',14, //5X, 'FREQUENCY AVERAGE D
=4 ,14,//5Xs "MEAN—-SQUARE VALUE® ,9X,'=",F8.4,//5X,"TCTAL SAMP
INTES =%,18,//5X, "EXPERIMENT POSITION ',6X,'=",13,//5X,"?
MENT CATE',10X,'=',13//5X,"REYNOLD NUNMBER'"412X,'=',F8.C//
PE SPEELC',15X,'=",13)

( 10E11.3/(10E11.3))

{1H1)

(//75X, Y"FREQUENCY (CYCLES/SEC.)'/)

(//75X, *NORMALIZED AUTO CORRELATION WITH TIME DELAY = 1/TIME

(//5X,*AUTO CORRELATICN WITH TIME DELAY = 1/TIMER'/)

(I5,F1C«54F10.5,F10.5)

(1X)

(5Xs16,10X,1E11.3)

(775X, *INTEGREL TIME SCALE ' ,5X,'=*4E13.5,10X, "INTERGRAL LE
CALEY;5X,'=',E13.5,3%X, ' (FT) ")

(//5X,*1NORMALIZED WAVENUMBER POWER SPECTRUM *,3X,'"(FT)*)

(/775X *FREQUENCY WITH WAVENUMBER (1/FT)*)

{(//5X,"WICRO SCALE CR DESSIPATION SCALE =¥ 4,E13.5493X%,
Y(FT) ')

(//5X,*VEAN SQUARE VALUE FROM TURBULENT INTENSITY =1,
F10.5)

(//5X, '"PHYSICAL NORMALIZED ONE_SIDE PCWER SPECTRUM',3X,
'*(SEC)") )

{45F8.4)

(13,164F8.0,13,F8.0,13)

(13,16,F8.0,13,F8.0,13,14F10.5)
(13,16,F8.0,13,F8.0,13,6F10.5/(10F10.5))

3

UE

1,402) MMy N , TIMER, KCOND ,REY,ISPEED,AX,BX,CX,AY,BY,CY,
R1,R2,Q1,G2,XDC,YDC4UEMX,,UEMY

6+403) MMy, N, TIMER, KCCND ,REY,ISPEED,AX,BX,CX,AY,BY,CY,
R1,R2,Q1,Q2,XDC,YDCyUEMX,UEMY

M=1

5+210) ML, DATE 5 US TINSTS

6+210) MD, DATE ,US HTINSTS

(TINSTS*US) *%*2
= TIMER / FLCAT(N)

= N

* MM
/2

2+1

2
{N+2)/2
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AN TV G LEVEL 19 MAIN DATE = 72147 15/35/0
) MO4 = N/ (2%MD)

) DO 3C I=1,VMD2

| 30 RCCR(I) = 0.0

) 00 31 I=1,M04

3 31 S(I) = 0.0

+
>
5
/
3
?
0

20 CONTINUE
10UT1 = 256
D0 33 1=1,N2,256
DO 351 J=1,.6
351 READ (1,220)
33 I0LTl = 256 + I0UTL
10UT2 256
DO 35 I=1,N2,256
REAC (1,400) (Xx({J),Jd=1,10UT2)
35 [guT?2 256 + I10UTZ2 ’
I0UT1 4352
DO 37 I = 4097,N,256
DO 381 J=1,6
381 READ (1,220)
37 [OUT1 = 256+ICUT1
[CUT2 = 4352
DO 38 1=4097,N,256
READ (144C0) (X{J),J=1,I0UT2)
38 ICUT2 = 25€&6+I0UT2
WRITE (6,202) (X{(1),1I=4090,4096)
CALL FOURZ2 (X 4NX,1,-1,0)
DO 44 I=1,MD2
44 RCCR(I)=RCOR(I)+(DATA(Ll,I)*CATA(1,1)+CATA(2,1)%DATA(2,1))/FLCAT(N)
DO 64 J=1,M04
SAVE = C.0
DO 61 I=1,MD
1J=1+(J-1)%MD
61 SAVE = SAVE + DATA(l,1J)%DATA(L,IJ)+DATA(2,1J)%CATA(2,1J)
64 S{JYy = S{Jd) + SAVE ’
NN = NN + 1
IF (NN JLT.MM) G0 TQ 20
FMSU = 0.0
DO 51 I=2,M2
51 FMSU = FMSU + RCOR(I)
FMSU = (2.%FMSU+RCOR(1)+RCCR(NMD2))/FLCAT (MM%EN)
WRITE(6,4205)
WRITE(6,201) TIMER, FREQY, MM, MD, FMSU,NO,PCSITN,DATE,REY,ISPEED
WRITE (64,252) RMSV
Do 21 I=1,MD2
DATA{(L1,1) RCOR(IY/FLOAT(MM)
21 DATA(2,1) 0.0
CALL FQOUR2 (X, NXy 1,41,-1)
DO 5% I=1,MD2
55 FR{I) = FLCAT(I-1)/TIMER
DO 22 I=1,MD2
22 X(I) = X{I)/(FLOAT(N)*(1.-FREQY*FR(I)))
WRITE (6,209)
WRITE(6,202) (Xx(I),I=1,31)
X0F1 = X(})

o
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62
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80

12

73

19 MAIN DATE = 72147

DO 25 I=1,MD2

X(I) = X(I)/X0OF1

WRITE (6,207)

WRITE (6,2C2) (X(I),I=1,301)
TINTER = 0.0

LG 27 I=1,MD2

IF (X(I) .LT. C.00001 ) GC TG 28
TINTER = TINTER + X{I)

WRITE (64226) I LX(I)

TINTER = TINTER * 1.0 / TIMER
TLENGT = TINTER * US

WRITE (6&,240) TINTER »TLENGT

DO 62 I=1,M04

S{I) = S{I)/{FLOAT(VMD®NO)*TINMERXFMSU) *2.0
WRITE (6,254)

WRITE (6,202) ( S(I1),I=1,M04)
DO 63 I=1,M0D4

FR{I) = (FLOAT({(I-1)%MD) + FLCAT{(MD)/2.)%*FREQY
WRITE(6,206)

WRITE (6,202) (FR{I),1=1,MC4)
TMICRG = C.0

DO 80 I=1,MD4

140
15/35/1

TMICRO = TMICRC+S({I}*FR({I)*FR(I)
TMICRG = TMICRO*FLOAT(MD)*FREQY*4.0%3.,1416%3.1416/(US*US)
TMICRO = SQRT(1.C/TMICRO)

WRITE (6,250) TMICRO

DO 72 I=1,M04

S{I) = US *S(I) / 6.2832
WRITE (6,246)

WRITE (67202) (S(I),I=11ND4)
DO 73 [=1,M04

FR(I) = 6£.2832 % FR{1) / US
WRITE (6,248)

WRITE (6,2C2) (FR{I),I=1,MC4)
IF (KCOND +LT. KKK ) GO TO 1
ENC



10.

1.

12,

13,

14,

15,

XI BIBLIOGRAPHY

Prandtl, L. Ministry of Aircraft Production VGlkenrode,
Rept. and Trans. No.b64, 1946.

Jones,R.T. NACA Tech, Note, No.1402, 1947,
Sears,W.R. J.Aero. Sci. 15,49, 19483,

Schubauer,G.B, & Klebanoff,P.S. NFACA Adv, Conf., Rept,
Wo.5K27, Wartime Report W-86, 1946,

Kronauer, R.E. Pratt and Whitney Res. Rept. No.137, 1953,

Champagne, F.H., Sleicher,C.H., & Wehrmann,O0.H. '"Turbu-
lence measurements with inclined hot wires," J. Fluid
Jech., vol.28, pt.1,pp. 153-175, 1967.

Chamvagne,F,H. & S8leicher,C.H. "Turbulence measurements
with inclined hot wire," J. Fluid Mech., vol.28,pt.2,
pp. 177-182, 1967.

Bullock,K.J. & Bremhorst,K. "Hot-wire anemometer measure-
ments in flow where direction of mean velocity change
during a traverse," IEEE Transaction on Instrumenta-
tion & measurement, vol,.,IM-18, No3, 1969,

Mccroskey,W.J. & Durbin,E.J. "Flow angle and shzar stress
measurements using heated films and wires,'" ASME paper
Fo.71-HA/FE-17, 1971,

King,L.V. "On the convection of hear from small cylinders
in a stream of fluid," Phil. Trans. Roy. Soc. (London),
2144, 373, 1914,

Kovasznay,L.S. & Tormarck,S.I. "Heat loss of hot-wire in
supersonic flow," Bumblebee Rep. No.127, Johns Hop-
kins, 1950,

Lowell,H.H. "Design and application of hot wire anemome-
ter," NACA TN2117, 1950.

Spangenburg,W.G. "Heat loss characteristics of hot wire
anemometers," NACA, TN3381, 1955,

Collins,D.C, & Williams,M.d. "Two-dimensional convection
from heated wires at low Reynolds number," J, Fluid
Mechanics, vol.6,1959,

Morkovin,il.V. "Fluctuations and hot wire anemometry in
compressible flows," Agardagraph 24, 1956,



16.

17.

18,

19,

20,

21,

22,

23.

24,

25,

26.

27.

.28,

29.

142

Hinze,J.O. "Turbulence, An Introduction To Its Mechanism
And Theory," pp. 75-380, Mcgraw-Hill Co., New York,
1959. : :

Van der Hegge Zijnen,B.G, Appl. Sci. Research 64,129,
1956, S

Kramers,H. Physica, 12, 61, 1946,

Laufer,dJ. "The Structure Of Turbulence In Fully Deve-
loped Pipe Flow," Report 1174, National Advisory
Committee For Aeronautics, 1954.

Bennett,C.0., & Myers,J.E. "Momentum, Heat, And Mass
Transfer," pp. 62, Mcgraw-Hill co., New York, 1962.

Bennett,C.0,, & Myers,J.E. "Momentum, Heat, And lass
Transfer," pp. 137-138, Mcgraw-Hill., New York, 1962,

Hinze,J.0. "Turbulence, An Introduction To Its Mechanism
And Theory," pp. 60-061, Mcgraw-Hill Co., New york,
1959.

Athanasios Papoulis, "Probgbility., Random Variables,
And Stochastic Processges," pp. 329, Mcgraw-Hill Co.,
New york, 1965,

Bendat,J.S., & Plersol,A.G. "Megsurement And Analysis
Qf Random Data," pp. 82, John Wiley & Sons., 1966,

Taylor,G.I. "The Spectrum Of Turbulence," Proc, Roy. Soc.
London, 1574,537, 1936.

Taylor,G.I. "The Spectrum Of Turbulence," Proc. Roy. Soc.
London, 151A,421, 1935. '

Schiesser,W,E. - "Statistical Uncertainty Of Power Spectral
Estimates,” TM 711-C-1 Weston-Boonshaft And Fuchs,
Weston Instruments, Inc, : N

Yost,A.M. . "An Investigation Of Turbulent Flow Over A

?gégngular Roughness," M,S. Thesis, Univ. Of Houston,

Jorgensen,F.E, "Directional Sensitivity Of Wire And

Fiber-film Probes--An Experimental Study," DISA
Information NO. 11, 1971,



NOMENCLATURE 143

A Instantaneous bridge voltage from hot wire anemometer
A (14k tanx) = R-tan#& (k ~-1)
2 2 2
Ao (1-kx )tanx + R(k +tane )
. 2
Ag (K + tan'e)
2 2
Ay (1+k-tanot )
As 2(1-X )tan
As Surface area normal to S-directlion
2
B, (K+tan'® ) + R(X -1)tanc
2 2
B2 (k" -1)tanx + R(1+k"-tan «)
' 2 2
Bs (14+k tanox)
' 2
By (kK +tan)
2
Bs 2(k -1)tand

C;y C2,03 Calibratlion constant

Cp, Cv Specific heat at constant pressure, and volume respec-
tively
D Diameter
Eb Bridge voltage
Es(f) Power‘spectrum in S~-direction
2 2
F g(—i-—-A—'z) + E(-ﬁ‘i-ff:) + stn(-ﬁs-- A'iz
2s, 25, 28, 2s; 25, 8,
2 2
Fs ?.Zf(.i-_.g) + ?3(_]-32--3-1-) + rsfn(ff- i B:
2T, 2T, 2T, 27T, | 2T, T,
Fsd Shear stress caused by viscésity in S-direction
Fsp Pressure force in S-direction

Fsr External force in S-direction acting on the solid



Fo(K,)

Nu
Pr

Po

144

boundary of the volume

Normalized power spectrum in S-direction

Frequency
P 4
R R
2s, =2s, 838/
2
T, T, 1T,

——— f mmm = e=m———

27, 2T, 8 T,

Rate of heat transfer to stream per unit length of
sensor

Known input signal to tape recorder

Corresponding output of H,, H,respectively from
hybrid computer

Hybrid compputer output

Sensor heating current

Constant depending on sensor

Thermal conductivity

Galn value of adjustable DC offset, tape recorder,
and Hybrid computer, respectively

Local wave number, 27 £/Vsy,.a1

Length

Nusselt number, H/(7Kg(Ts-Te))

Prandtl number, #Cp/Kg

Pressure

Atmosphere pressure

Vn/Vs



R(T)
Re

ReMax

145

Auto correlation
Reynold number,hPVenéu

Reynold number defined at V5 section

-Radius
Vs'/Vs

Vn'/Vs

Coordinates in longitudinal, radial, and binormal
direction, respectively

(141 tans ) + 2R(1-K")tank + R (K +tan'w)

24,7s + 24,7n

AsYR + AYS + Asvern

S(w), st(w) ©Power spectrum in mathematical notatlon

Y

T2
I3
Te
Ts

(" stan’) - 2R(1-K")tan + R (14K tand )
2B5 + 2B,rn

Byt + BJs  + B.Ys7h

Ambient air temperature

Sensor temperature

Instantaneous velocity

Mean velocity in i-direction
Fluctuating velocity in i-direction
Effective cooling velocity |

Mean effective cooling veloclty
Fluctuating effective cool;hg velocity
Volume

Bulk average velocity

Distance from wall



Ps3

P4
]

Jo, 31, 02

146
/

Friction velocity, (-Caéf yZ

Calibration coefficlients

Angle between V; and S-direction

direction

" ‘Angle between tangent to the wall boundary and S-

Angle between the mormal to the sensor and the S-

direction in three-dimenslonal plane

Angle between V;
Angle between V¢
Angle between Vs
Angle between Vg

plane

2 2 .k
and (Vs + Vt )~ vector
and the normal to the sensor
]
and (Vs® + V’t'z)s vector

and the sensor axis in one-dimensional

Offset value of adjustable DC offset, tape recorder,

and hybrid computer, respectively

Total electric resistance of sensor

Electric resistance in serie with sensor

Shear stress

Sheaf stress at wall

(5,/7,)*

(Ve, (14G3) )/ (Veo(14G;))
(E241) (1-7)/( B2-1) (14K)

Micro scale of turbulence

Integral scale of turbulence

Expectation notation

Density
Viscosity
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