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Abstract of the Dissertation
i

UEVELOPMEriT OF A LASER DDPFLER ANEMOMETER i

TECHNIQUE FOR THE MEASUFrtENT

OF TKO-PHASE DISPEP. SED FLCW
,

by
i

Jagannathan Srinivasan
.

Doctor of Philosophy

in

Mechanical Engineering,

State University of New York at Stony Brook

May, 1978

:

A new optical technique using Laser-Doppler Anecocetry is pre-
!

sented for the r,easurement of the local number densities and two- '

dimensional velocity probability densities of a turbulent dilute

two-phase dispersion which has a distribution of particle size and

a predominant direction of flow. This technique establishes that

by a suitable schec,e of discrimination on the signal amplitude,

residence time and frequency of the Doppler signals caused by the

scattered light from individual particles in the probing volunc, the ;

; size distributien of modcrately large partic1cs in a dilute dis- !
'

I

persed flow can be determined. )
|

The newly developed Laser-Doppler Anemoreter (LDA) technique I

was applied to a solid particle-water two-phase flow and a water

i

|

1

iii
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|
droplet-air two-phase flow. Particular emphasis was placed on tur-

|

( bulent two-phase water droplet-air flow inside a vertical rectangular i

;

channel. At each of nine different measuring locations along the'

|

transverse axis (starting at 250u from the channel wall), over
|

20,000 Doppler signals were individually examined.

The particle size and number denisty distributions, and the

axial and lateral velocity distributions of both phases are report-

ed. The analysis reveals some interesting features of two-phase

dispersed f3 w. A film of water on the channel wall was formed due
,

to the deposition of droplets from the flow. The water droplet en-

trainment from the wall film and the subsequent breakup of sore of
|these into the flow are discussed. A discussion of the relationship

between the particle distributions and turbulent flow characteristics
i

is presented.

;

f
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I. INTRODUCTION

Recently there has been a great deal of interest in the study

of two-phase flows involving solid particles or droplets. Although

there are a number of conventional techniques available for single-

phase flow measurements, most of them are inadequate for measurement

of two-phase flows. They fail to distinguish the motion and size of

individual particles or droplets and introduce a local disturbance

to the flow. Some photographic techniques have been used to obtain

the size of the droplets or particles. The majority of these methods

are seriously handicapped by the discontinuous nature of accumulation

of data. Also, the large number of sampics and the size of particles

involved makes anything but an cicctronic counting method very ted-
|

| ieus. In addition to size measurement a simultaneous particle velo-
|

city measurement is of equal interest. Most of these methods cannot

j make such a measurement. l

The laser-Doppler Anemometer (LDA) with its unique properties

has developed into a powerful research tool for the study of singic

phase flows. Its success has encouraged some researchers to extend

the laser-Doppler technique for measurement of two-phase dispersed

flows. The two-phase flow properties of primary interest to bc |

|

|
measured are the particle size, number density and the velocity

distribution of both phases. These properties can only be obtained

by statistical analysis of the characteristics of many individual

particles. The LDA is still met with considerabic problems which

|
|

1
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2

hinder its effectiveness for such measurement. Only under particular

circumstances, some of these problems can be handled relatively cas-

ily.

One problem which creates an ambiguity in the Doppler signal

has been due to the possibic presence in the measuring volume of i

more than one scattering particle at the same time. Ilowever, if the

LDA measuring volume is extremely small and if the dispersed flow
,

is reasonably dilute, this ambiguity can be removed. Consequently i

most measurements of two-phase dispersed flows have been restricted

to some rather over-simplified conditions [1-6].

Another problem causing signal ambiguity sters from the oscill-

atory behavior of signal amplitude as a combined function of scat-

tering angle and particle size in accordance with the Mie scattering

theo ry . Strictly speaking, the Mie scattering theory is applicabic

for observing the scattering from a fixed angle. Any variation in

the angic of observation will shift the scattering pattern. In a

LDA, since the incident beams are focused, the scattering from a;

single particle will result in a range of observation angles. Also,

because of the cocbined effect of the finiteness of the size of the

particle and the finiteness of its displacement through the measur-

ing volume the observation angle will be continuously varying. These

are some of the mest pronounced contributions to an uncertainty in

the scattering angle.

A numerical analysis of the amplitude function from Mie scat-

|
!

|

|

- . -
|
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3 |

!
.

!
i

2

tering theory reveals certain characteristics of the oscillations [21] i

For particles of moderately large sizes, the frequency of these os-

ci11ations is found to increase with increase in si:c, displaying

a damped behavior about the mean. The mean of the amplitude function

also increases monotonically with size in a confined manner. Ilence

for particles of moderately large sizes, the average amplitude can

i be described as a function of particle si:c.
i

flowever, for a large class of problems of practical interest ,
i

such as the interpretations of the zodiacal light and of the light;

|

scattered from Venus'and Mars' atmospheres, the interest is concern-

ed with ranges of particle size rather than certain precise sizes.
;

This amounts to an integration , over these size ranges, of the scat-

tering light intensity from a cloud of particles with a given dis-

tribution of sizes. The numerous maxima and minima shift in position

with the si:e so that, to a large extent the effects of these par-

i ticular maxima and minima are washed out with the integration [7].
.

| I
For the present study, where only one particle at a time is consid- '

1

| cred in the measuring volume, a treatment similar to the above can |
!

'

be made. 11ere the same washing out effect can be assumed to occur

because of the angular variations previously discussed.

In addition, deviation of the actual conditions from those
'

|
assumed to fit the theory would further enhance this effect. More-,

|

| over, though the theoretical computations predict these oscillations,
[

l

j there does not seem to be any experimental verifications, particular-
I
l

'
. . _ _ ._. __ -_ _.
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i
ly for particles above 6p in diameter. Therefore, in dilute dis- |

|

persed flows, if the selected width of the size window is narrow enough ;

the mean amplitude of the signals can be expected to vary monotonic-

ally with the mean size of particles.

' One additional serious problem causing signal ambiguity stems
#

from the inherent non-uniformity of illumination in the optical
,

'

measuring volume [8] . Two examples of efforts which have been made

to by-pass this difficulty are: a) the use of two optical systems-

one for measuring the velocity and the other for particle sizing-

which are focused at the same probing point [9] and b) by using'

two laser beans, each directed toward one photo transistor [10] .

Also, considerable effort has been made using large enough particles

to render ueeful the techniques of geometrical optics [6] and by

making use of an additional property of the signc1 [8,11]. It still

1

remains desirable to devise a scheme by which a central core region4

of the measuring, volume where the illumination is nearly uniform,
!

can be isolated to serve as controlled measuring volume in the flow,
i

| In order to isolate the central core an entirely new methodology

[12] and experimental hardware have been developed. This dissertation

describes the new methodology, the accompanying calibration schemei

and the experimental hardware. Finally, the results of some more

extensive experiments with two-phase dilute dispersed flows are

! presented.

,

- _ _ _ _ _ _ _ _ _ -- ___- _ _ _ _ _ _ _ - _ - ._. . _ _ _ _ _ _ _ _ _ - - - - - - - - - ..- -
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II. THEORY OF THE FR0 POSED SCHEME

LASER DOPPLER ANEMOMETER

Historically LDA grew out of work by Cummins et al, on light

beating spectroscopy in the early ninteen sixties [13,14] and the

principle [15,16,17] has now been well established. In the follow-

ing paragraphs the fundamental concepts of LDA and some pertinent

definitions which relate to this investigation in particular are

outlined.

Laser-Doppler anecometry is a technique which utilizes scatter-

ed light from tracer particulates in a fluid to measure the velocity

of that fluid. In prinicple the laser anemometer is linear, needs

no calibration, and measures velocity independent of fluid properties, j
i

A relatively small measuring volume and inherently fast response
]

| give it the ability to follow rapidly changing velocities in the

fluid. Only light needs to enter the fluid at the measuring point

(causing no disturbance to the flow) . Generally the two basic modes

of operation used are dual beam mode and reference beam mode.

Dual beam mode is the crossing of two laser beams of equal
!

intensity at a point in the fluid to be measured. h'here these
|

beams cross, they interface with each other to form ' fringes'. A

particle moving through the crossing point in the plane of the two

beams then goes through a region of very low light intensity (light

cancelling) to a region of high intensity and back again. A photo

detector is used to pick up the scattered light from the particle. |

l

!

5 .

|

_ -. _ _ . _ _ .- - -.
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|'

The frequency of the signal, so obtained, is proportional to the

yelocity with which the particle is moving across fringes,
.

Reference beam operation is gen'erally described in terms of

Doppler frequency shift of the scattered light and it requires only

one light beam at the measuring point. The scattered light from a4

particle is mixed with a reference beam, to detect the shift in

frequency. The photo-detector responds to the difference in fre-
i

quency which is proportional to the velocity of the particle. In j
! |

this investigation the reference beam mode of operation has been

used. |
|

|In both operations the shape of the measuring volume is ap-

proximately ellipsoidal as shewn in Figure 1. The light intensity

; has a Caussian distribution with maximum occuring at the center of j

|the measuring volume. The three measurable characteristic para- '

,

i

meters of a Doppler signal (Figure 2) are the Doppler signal amp-
i

litude, Doppler frequency and path time. The particle velocity is

I

directly proportional to the Doppler signal frequency.
,

Another important concept in LDA-measurements is that of op-

| tical frequency preshift. Frequency shift by means of Bragg cells I

| 1

( was used early on in the study of diffusion broadened optical spectra
|

| [1], Since then a number of practical methods have been develcped ,

1

| and the use of frequency shift has become a concept of great s i gn -
I

ificance [13 } . An optical frequency shift not only allows the dir-

ection of the flow velocity to be determined, but also improves

the performance of electronic signal processors for reasurement of
,

I
i

i

n

I
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highly fluctuating flow velocity [19).

THE METHODOLOGY
,

l

| For a given optical arrangement, for the relatively simple case

of spherical scattering of a particular material the Doppler, signal
.

|

| amplitude is mainly a function of the scattering particle size, the

i

|
number of scattering particles and their instantaneous location in

the measuring volume. The Gaussian intensity distribution of the

laser beams causes the signal amplitude variation for a singic
l
; scattering particle as shown in Figure 1.

!
i Using a reasonably dilute dispersed flow (i .e. with a low

number density) it can be assumed that there is only one particle

in the measuring volume at a time, llowever, because the measuring

volume of the laser-Doppler arrangement .s so small the number den-

sity allowable actually can be quite large. The maximum number

density (particles per cubic centimeter) allowabic is merely the

number of measuring volumes which would fit in one cubic centimeter.
5

In general, this can be as high as 10 /tc. Thus, in a statistical

5
analysis, if the number density is less than 10 /ce,most probably

there will not be more than one droplet (of size less than measur- ;

ing volume) in the measuring volume at one time. The other deter-

mining factor, the volumetric concentration, will vary with the
l

size of particles in the disperse phase. This conccntration can !

1

be calculated by computing the ratio of one particle volume to the

measuring volume. However, the maximum diameter of the particic |

!

|

|

__. _ . _ _ __ -



. - . - - - -. . .- - - - _ _ _ _ _

|

10

1

is again restricted by the size of the measuring volume. For the

present set up the maximum particle diameter is less than 120p and

a number density of up to 10 /cc can be measured. Thus, the prob-

lem of ambiguity in the signal amplitude due to presence in the

measuring volume of more than one scattering particle at the same

time can be reduced by using sufficiently dilute dispersed flows.

With such a flow the Doppler signal cmplitude is mainly a function |

)
of the scattering particle size and the path length of the particle

1
in the measuring volume. 1

A second necessary assumption is that the predominant direct-

ion of flow coincides with one of the measuring directions of the i

LDA-System. If the flow direction should deviate from the measur-

ing direction by an angle, a, it can be shown that the associated

errors in the results are on the order of a# (where a is in radians).
|

This is an extremely small quantity, (Appendix-1)

From Figure 1 it is seen that the path length of a particle
i

passing through the measuring volume and the incident light inten-

sity distribution along this path are essentially functions of the
|

location of the path in the measuring volume. The particle path

length, t , can be obtained from the product of time duration of

the signal, T, and velocity of the particle v., which is determin- 1

|
ed by the Doppler frequency of the signal itself, L = Tv.. In

v 3

order to suppress the ambiguity of the particle size determination

from a Dcppler signal it is neccessary to consider only the central
|

core of the measuring volume. Ilere the peak incident light inten-
1

- _ - _ _ _ _ _ - . . - _ _ - _ - _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ - _ _ _ _ _ _ . _ - _ _ _ _ _ - _ - -
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,

sity along any particle path length falls within an arbitrarily

small, preselected range. In this new probing volume the signal

amplitude will be a function of particle size only. The effective
,

measuring volume, i.e., the central core, is electronically isolat-

ed by the following discrimination scheme.

SIGNAL AMPLITUDE DISCRIMINATION AND ISOLATED CENTRAL CORE OF
MEASURING YOLUME.

Figure 3 gives a sketch of the dependence on path length t y

of the peak amplitude of signals from particles of a certain size
,

d , as shown by curve (i), with the maximum peak amplitude A locat-
g y

ed along the maximum path length, t , passing through the center of

the measuring volmme. A narrow amplitude discrimination window can

be selected to operate on the signal peak amplitude, AA = (1-6) A ,y

such that (1-6)<<1, where 6 is a constart close to unity. If all

the particles are of exactly the same size d , the allowabic signalsg

are those from particles passing through the central core of the

measuring volume, T <f,<t ' *hU#* T is the limiting path length of
y m v

the central core. However, when the flow contains particles hav-

ing a distribution in size the situation needs some clarification.

In this case the observed signals in the central core region are

determined by the signals from particles of size d and by the sign-i

als from two adjacent particle size ranges, d ,(dsd and d tdtd ,,,y g y
!

d , and d ,, being represented by curves (i') and (i") respectivelyg g

(Figure 3) . The relationship between observed signals and the

contributions from d , d , and d ,, actually varies randomly. How-
g i

1 :
1
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|
)

ever, for an extremely narrow amplitude window, say, for instance,
i

lA = 0,05A , the number density of particles within the affectedg y

size range can be considered statistically stable. Then the signals,
|

so discriminated, should accurately represent those with a peak

amplitude within the amplitude window AA around the mean peakg

amplitude A .g

The path length of a scattering particle through the measuring

volume, L , is as shown in Figure 4 By ignoring all signals whosey

corresponding path length is smaller than a chosen lower limiting

i value T , the dependency of signal ampitiude on the particle posi-
|y

| tion in the measuring volume can essentially be eliminated. This
'

is because the intensity of the incident light in the measuring

volume is distributed approximately in a Caussian manner, so that

if only those particles passing through the central core region of I

the measuring solume (T st s2 ) are considered, the maximum ampli-y y

tude of the Doppler signal envelope will then be dependent only on

the particle size. The maximum path length, L, (the one going

through the geometrical center of the measuring volume) is obtain-

ed empirically by determining the path lengths of many particles
,

through calibration. The lower limiting value of the path length

for the central core, T , is determined by the choice of a window
y

si:e for the amplitude discrimination. The window size is properly

determined from the amplitude range of untreated Doppler signals'

from the particular flow under consideration.

!
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PATH LENGTH AND VELOCITY DIFCRIMINATIONS
,

b

After signal amplitude c'scrimination, a discrimination against4

the path length 1,, is made using the limiting path length II , of the
y

l measuring volume as the lower bound. Only signals within the selected :
I

'
.

amplitude window, discriminated from particles passing through the
!

l central core (Figure 4) will be allowed to go through. Then an

additional discrimination of velocity will produce the desired

statistics of particle si:e and velocity distributions in the dispersed

flow, Unfortunately it is the particle path time and velocity, rather

than the particle path length, which are readily obtainable from

signals, llowever, the product of the particle path time and velocity

can be used for the path length discrimination scheme.

- Since the amplitude of the envelope of a Doppler signal varies

approximately in a Gaussian fashion along a particle path through ;

the measuring volume, the path length determination depends entire-'

ly on the base amplitude level, say A,, at which the measurement
'

is made. It would first seem reasonable to set this base level

j at zero amplitude. Ilowever, in dispersed flow containing particles
Eof sizes which are not negligible compared to the size of the measur-

ing volume, ambiguities on the Doppler signals associated with the ,

: particles entering and Icaving the measuring volume can no longer !

1

be ignored, Because of this point and the inherent noise level of*

the measuring system the base amplitude level for path length or.i

i

j the equivalent path time determination is to be set at a level
! !

which is high enough to be safe yet still low enough for the mod- .
;

| !

l

!
'
,

i

1. - _ -- _ - _ - . . _ -_
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i

r

| crately low amplitude signals to be analy:cd, However, the measur-

ed path length can be converted to equivalent path length at :cro

amplitude (Appendix-2) , As a matter of fact the very low amplitude

signals can be used as tracer signals for the fluid phase in the

dispersed flow.

PARTICLE SIZE, NUMBER DENSITY DISTRIBUTIONS AND VFLOCITY DISTRIBUTIONS

I Based upon the above methodology, the central core of the

measuring volume can be isolateu and used as a new probing volume,

In this central core the signal amplitude will be a function of
I

particle size, This function enn be ex1 imentally determined by
;

t

]
using particles of known diameter and velocity. Then by knowing

: the size and the axial and lateral velocities associated with each

particle tdue number count, n.1,J ,1, over a period of time, t , can.

be obtained with an associated size and velocity range. The number

density, N (number per unit volume and unit size range, with d
i

|

being the average size) can then be determined if the value of the|

projected cross-sectional area, li , of the central core is known,
o

This value of li can again be obtained by using single sized particles
o

as explained in the following section.

It should be noted that each of the quantities d , v and u ,y j
strictly speaking.should refer to a unit range of distribution.

1
For simplicity they will be used to refer 'to the mean values of

their respective unit ranges of distribution. Then for different

particle size ranges, d , the number densities can be obtained.
g

The axial and lateral velocity distributions associated with

_ _ _ _ _ _ _ _ . _ _ _ . _ ._ ____ _ _ _ _ __ _



-- _ _ _ _ _ _ . . . ._ _ _ --_ _ _. . _ . _ _ _ _ _ __ _ _ . _ . ._ _ _ _ _._ _

i

17

cach size range can readily be obtained using the axial and lateral

velocity ranges associated with each si:e range.,

|

CALIBRATION

The calibration of the Doppler signal amplitude against part-,

; icle size has to be obtained experimentally using a precisely uni-

form stream of particles, all having the same size. The particles

j are sent one after another through the center of the measuring

volume, The largest amplitude signals for different sizes can be

obtained and the size can be expressed as a function of the signal

amplitude.

The projected cross-sectional area, s' , of the central core
g

can also be determined by sending the singic size particles in a

singic stream and traversing the measuring volume in two dimensions
,

so that the limiting path length determines the boundary of the

central core cross-sectional area. Once these calibrations are

performed the distribution of the particle size, number density,

axial and lateral velocities can be obtained using the proposed

scheme.

4

HOMOGENEOUS PIIASE VELOCITY
'

As discussed earlier the very low amplitude signals from very

small particles serving as tracers can be used to determine the

I homogeneous phase velocity. Since only the very low anplitude

signals are important here the base amplitude level can be set

very low. The high amplitude signal envelopes are used to elimin-

:
,

e

-g--n- .,. - - --, ,-,+, - - -- .- -- - - n n ~ - - - -
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i

!
+

ate the analog velocity outputs due to large droplets. Thus only

| the velocity outputs due to very small droplets will be obtained

and are sampled for the determinatio'n of honogeneous phase velocity
,

!
distributions.

,
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III. F'EASURE'4ENTS USING T1!E DEVELOPED METHODOLOGY: 1

i TWO-PHASE DISPERSED FLOW. (Solid particles-water)

'

The developed methodology was first tested using a relatively

simple dispersed flow of neutrally buoyant hollow glars spheres, ,

!

| with a distributed size range, suspended in water in a closed-loop |
|

water channel. Only the predoninant velocity corponent was measur- !
!

ed. Since the product of particle path tice and velocity was not

readily obtained, a special schece of combined time and velocity
t

discriminations was developed, instead of a path length discrimin-

ation, to isolate the central core of the measuring volune. Accord-

i ing to the calibration sche =c only particles of one single precisc

size can be allowed in the flow. This is not easily attainable j,

'

j because of the difficulty of obtaining such particles. However,
i

a substitute way had been found in experimenting with dilute dis-

persed flow. The conbined time and velocity discrimination schene

and the alternate way of calibration are elaborated in the following

discussions,

r :
) i

COMBINED TIME AND VELOCITY DISCRIMINATIONS |

!

By setting a lower limit on the time duration t, say Y, using4

i

a time a:scriminatien scheme, and a related lower limit on the )
|Velocity v. , T /i, using velocity discrimination one can retain '

] V
4

signals within the velocity range I /T<v)<I./? which can be pro-y

| duced by particles going through the central core region of the
! measuring volume, T <t <I , as shown by the sketch in Figure 5.y y n

However, this is not to say that these signals represent the signals
d

4

:|
L 19
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i

i

produced by all the particles of the specified size d. (correspond-
1

ing to signals of amplitude A ) which pass through the central core

region, because the signals from those particles which have a veloc-

I ity above the upper limit of the local admissabic velocity range,'

E

[,thatpassthroughthecentralcoreregion,willnot be register-
T

j ed. In order to obtain the correct number count appropriate for

the determination of the velocity probability density distributions

and particle size number densities from the measured number count

so obtained, the following correction scheme is used.

The number count per unit time per unit cross-sectional area
tof flow, per unit velocity range, and unit size range, n

'b,
for

T L

the small velocity range considered (l <v.< *) in the central
I J Y

core region can be considered approximately constant for a statisti-

cally steady flow. Conceptually, the number count for each elemen- '

tary annular region within the central core region and for the

permissible local velocity range and size range,can be first deter-

mined from the product of the number count 6. . the cross-section-1,) ,
al flow area of the elementary annulus, dB , and the size of the'

g ,

local admissible velocity rcnge, (1 /T - L /I)where I <E <E , and
y y y

i sine range, ad , in which d is the mean particle si:e, n. .

i i 1,]g T-
dB,( y -) ad . By summing these number counts over all elemen-v;

i

y
T T

tary annular regions within the central core region,

o 1 I
ad (- 2) dB ,n

9
T T

,

o

!

:
i

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , __ __ __ _ ._ _
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1

,

where li is the projected cross-sectional area of central core and
o

A (B ), a total number count for the entire central core regionI =

! Y v o

including the effect of the local pereissible velocity range can bc

; obtained. On the other hand, however, the appropriate correct number

count for this case would be obtained by considering the maximun
L L

! v n
'

Velocity range (- <v.< ---) to be operational over the entire central|

)T T

( core region instead of the local permissible velocity range, |
E E i

- y
.Ld B (-n ---) . The ratio of the fcreer to the latter cocputed

.

n
g

T T i
i total number counts provides the needed correction factor K to ad- j

just each measured total number count to the corresponding appropri-

1 ate total number count :
_

B
'O

i -t dB ;

K = Actual number count (v y) - o=
Correct number counti

E -1 B
D V o

,

o +

| Once the correction factor K is determined, the actual number count

| divided by K will give the corrected number count. This corrected ,

number count is then divided by the velocity range considered

(1 /i - I /T) and the size range ad and the cross-sectional area
y

of the ' central core region (B ), to give the probability density
g

.

n. 3, which is the number count per unit tire ,per unit cross-sect-2,

ional flow area, per unit velocity range and unit size range, for
,

particles of size d. and velocity v. where v. is now the rean velo-
1 J J

city in the small velocity - Ige considered (i.e. v. =
3

(1,/T + E /T)/2).y
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Let N;
).
= No, of particles of size d. per unit volume, per

1 ).,

unit velocity range and unit si:e range with the

center velocity v.
J- i

r

Then
'

.

n. .=N v. (1)
1,) i , ). )

.

tnI 'I (2)and N. = E N. .=I
1 . 1,) . v.

) J J ,

!

where N. = number density of particles of si:e d .
1

Thus, the number density N. of each particle si:e can be ob-
1

tained if the probability density 5 of each particle si:e and

velocity is known. Before the probability density 5. . can be de- ;
1, ]

termined the value of the cross-sectional area B is required as
0 >

described above. This value of F is determined from calibration
o

4

with a flow of known number density (N ) and a uniform particle

size d. with the same velocity (v.)o as shown in Figure 6. The
I1 ]

value of (n.1,))o, the probablility density for this case, can be.

computed from the known number density (N ) and the measured velo-g

city (v.)o, (d. .)o = (N.)o * (v} ) o .
It should be noted that for

) 1,) 1
I.

1,) ) o simply stands for the nur.ber |this over-simplified case, (n. .

.

count of particles of si:e d having velocity (v ) per unit cross-j
sectional area of flow. By comparing this to the total number count |

|

for the whole central core region, obtained by a scheme of gradually

raising the lower limit on the duration time discrimination, Y, the

value of B can be obtained since B is simply the ratio of this |
o o

total number count to the number count per unit cross-sectional area

|

|
|
i

i
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1

1,])o. Here Y is gradually raised to such aof the central core, (n. .

{critical value, say T , that the number count n starts to decrease
y

; from the previously stable value (n) . This situation corresponds

to the condition T /T = (v)) by which signals from all particlesy y

; passing through the central core region (L <t <t ) are registered,y y

and the bounding path length for the central core, T , is simplyy

I (v)) evaluated with the measured (v))o and the value of T soy

obtained. As Y is finally raised to another critical value, say |,

7 , the number count of signals becomes zero. This situation corre- !m

ponds to the condition R /T, = (v)) , and the maximum path length {

1, (the one passing through the center of the measuring volume) is

simply E (v )g evaluated with the measured velocity (v ) and thej
value of T, so obtained. To facilitate the determination of T jy

and E , the number count n is plotted against (Y)*, as suggested by
,

'

an analysis of the path length through an ellipsoid. For a measur-

ing volume approximately elliptical in shape the plot should be |

l

made up of two approximately straight segments es shown in Figure 1

6. (Appendix-3) .

It is of interest to note that since the number count n and

the path length R for this oversimplified case are proportionaly

! respectively to B and I, the correction factor K, needed for con-

verting the actual number count to corrected number count, can be

readily obtained from (Appendix-3) .
2 2

K = 1 (2T -T T* [ V)
-T

*
(3)3

,

(T -i )m v

I
,

_ _ _ , _ ___ ,- - .n. . . . . . . , . - --



.. . - . - _ _ . . . _ . _ . _ - . . _ . - . --

26

;

INSTRUMENTATION AND EXPERIMENTAL APPARATUS

The operational arrangement of the reference-mode Laser-Dop-

pler Anemometer is shown in the sketch of Figure 7 The oncoming

laser beam from a 15mw He-Ne laser was split into two beams: the

scatter beam which formed an angle of 7.5* with the transverse axis

| in a horizontal plane, and the reference beam. The measuring volume

was approximately ellipsoidal, 250p in diameter and 800u in length.
!

However, a variable aperture used in the receiving optics further |;

|

reduced the effective measuring volume length. The receiving lenses ;

were symmetrical with the sending lenses and the scattering angle

was fixed at 15 degrees. The scattered light received frem a mov-

ing scattering body passing through the scattering volume was mix- |

ed with an unshifted reference beam to generate a heterodyne on the

photomultiplier tube surface, producing the Doppler frequency shift

si gnal .

' The flow apparatus consisted of a precision close-loop water

channel which has a length of 6.10 m and inside dimensions of 457 mm

wide and 305 mm deep. The walls were made of optical grade plate ;

glass. The entire optical system was mounted on top of a heavy

traversing base which was aligned with the water channel. The de-

vice was capable of positioning the optical measuring volume inside

the water channel accurately to within 25u in all three directicns.

The water channel received its water supply from a micronite filter

with a maximum pore size of 3u. Precision neutrally buoyant hollow

|

|

. . _ . _ _ _ _ _ _ - __ _______ __ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ . _
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glass spheres of sizes having a distributed size range of up to
a

35p were added to the channel flow loop to serve as the disperse

; phase. The Doppler signals from the optical anetoretry system were
f

first recorded on a nagnetic tape and later played back at a slower

speea for data processing in the instrumentation system.

Instead of reasuring the amplitude (A ), time duration (T)

and velocity (v ) of each signal, the output of the LDA was filtered

as shown in Figure 8. With the amplitude discrimination set on,

signal amplitude A. and the time discrimination set on the lower I
i 1

|
limit of the signal path duratien time t, only the signals having j

an amplitude within the pre-selected narrow amplitude window in the
:

neighborhood of A. and a duration time T > Y could reach the tracker.
1

i

' The tracker then converted the Doppler frequency of the signals into
I

i

voltage signals proportional to the particle velocities. The out- 1

1
i

; put of the tracter was passed to a velocity diserininator circuit |
1

which passed only those signals with a voltage (corresponding to |
1

the particle velocities) above a certain value (equal to ;[-) . This
T

resulted in signals for which the product v. r = 1, was a value
J \

greater than I , and hence only for those particles passing through

the central core region. The number count cf such signals was ex-

ecuted on an electronic counter to give the ceasured nunber count !
I

of particles of a particular size and a particular velocity as pre-

viously described. By changing the time discrininator lower limit

'vT and the corresponding velocity discriminator lower limit ; , the
i T

|
|

t

|

|

I
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,

f
.

number counts at.different velocities could be obtained for particles

in the same si:e range, Then, by systematically changing the set-
i

ting of' the amplitude discriminator and repeating the aforementioned |
!

time and velocity discrimination schemes, the statistics of the I

complete particle si:e range could be determined. Furthermore, by

analy:ing signals from particles of small enough size the velocity |
P

probability distribution for the fluid phase could also be obtained,

using these small particles as tracers. An instrumentation block |
,

1

diagram is shown in Figure 9.

CALIBRATION

As was mentioned concerning the calibration scheme as shown

in Figure 6, a substitute way was found by experimenting with very j
i

dilute suspension of particles of distributed si:es [21]. |
\

,

\

The optical measuring volume was placed in that portion of the

water channel where a 1minar uniform free stream flew, (v.)o =)

6,43 cm/sec, was establi ~hed as shown in Figure 10. In a preliminary

trial run the amplitude ciscrimination windcw was deliberetely made

very narrow to scan over the whole amplitude range and to obtain

a rough picture of the signal amplitude distribution pattern. Due
i

to the dilution of particles and the very narrow amplitude window j
|

size used the signal amplitude displayed a discrete si:e distribu-

tion at a very few isolated amplitudes. Any of these amplitudes

could be tested for suitability as a substitute for the single si:ed

particles needed for calibratien. One of them, A. = 770~S10 mV
1

_ _ _ _ - _ _ _ _ _ _ - _ _ _ _ - - _ - - _ _ _ _ - _ _ - _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ __. . . . . -

i

! LASER

DOPPLER AftPLIFIER RECDPDER .
FREQUEllCY> =

Ai,'Ef0i:ETLP. FILTER

v

I;ELAY VELCCITY
TPfCKER' ,

LillE DISCRIf11tjATOP

u y

ELECTR0illC PATH TIME AI'PLITUDE

COL'|lTER
' ~ * *

PISCRIMlilATOR
DISCR!filf!ATOR

i

F I O . 9, ll!STRUMENTATION !! LOCI: DiffRAI:

n

_ - _ _ - - _ . . .



_ __ _ _ _ L + ' - - - "

32

x

-

'
_

, A -
,&" h

x

=-

G

'S O'
; J x

ky4a
\) s

5 s~

%mg =
=

. $5 1m
N w -

=_-
/ 1

% b b
,s

,

-g. . , . .

%.t-, 1
. - g

ss
., -- g

O
aw-

- .
-,.

= w; e
;- =

=

3 b Id \
"

_ =

q5 # ._!
^ ; r.4 - %

_

;

. y *b % \
w

- _

= -- j.a
'a- #

;'J-

_

^

--

-}L_ -

l

!

__ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ . - - - _ _ - - _ _ _ _ _ _ - - - - - _ _ - - _ - _ _ _ - - _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -



. _ _ _ _ - - - - - , - - . - . __.- _ _ - -. - - - . . - - - .- -._

>

33,

: was finally adopted and its suitability for this task was demonstrat-
l .} |
j ed in the well behaved calibration curve T shown in Figure 11. I,

The duration time i, based on a tape speed of 15 inches /sec. , was,

a i

twice as large as ?, based on the recording speed of 30 inches /sec., I

and the operational amplitude window si:e !A = 0.05A.. The total
i 1

,

;

I

tape length was 605 ft. The two important quantities characteri:-,

a |

;| ing the central core of the measuring volume for this case were
|

I found to be:

| T = 22Su j
v

'
i = 267p.
m

H .

1 And the correction factor needed to convert the actual number count

to the corrected number count, according to Eqn. (3), has the value:.

a
a .,

! K = 0.536. |
1

The next step was to establish a calibration between the sign-

| al amplitude and particle size from the signal number count and
,

i i

; particle number density by an independent measurement of the water !

1 |
; sample. The accumulative actual signal number count, [n], for sign- I

|

; als in the amplitude range A to A , the maximum amplitude for the
|g

I various signal amplitudes is plotted in Figure 12. The curve gives
:

the limiting value:,

[n] = 1, at A = 1.0Sv.
;

Water samples taken immediately downstream of the measuring
!

,

volume with an isokinetic probe were analy:ed with a Coulter (Model
I

B) counter. The resulting accumulative particle number density

:
)

|

|
:

|
1 i

,

4, ?

4 -. - . . . . _ _ . - - __ . . . _. _ _. -- _,_. . _ . . _ , . . . . - _ _ -.
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count, [G) for particles in the si:e range d to d the maximum,

,

size for the various particle si:es is plotted in Figure 13. The

curve gives the limiting value:

[N] = 1, at d , = 33.4p
By definition, for the uniform f]ow,

n. = K N.(v )o FT = k N.1 1 j o o 1

= actual signal number count of signals of amplitude Awhere n

K = correction factor for signal number count

!

N. = number density of particles of si:e d.
1 1' '

1

(v; ) O = uniform mixture velocity
J|

F = base cross-sectional area of central core of measur-

ing volume,

. = tape recording time'

"

k = K(v.)o E T , a constant
3 o o

Therefere we have the relationship

[n] = k[N]
: between the two accumulative quantities. Furthermore, if we let

A* = A./A and d* = d./d
1 max 1 max

,

the following relations can be established:
.

d{Ln[hil} _ d{in[N]} , d (A*)
d (d*) - d(A*) d(d');

d[N] , InJ k d(A*) _ d{Ln[n]}d{In[N]} _ 1 k 1 d{n]
~ d(A*)

,

d(A*) ~ [N] d(A*)

There fore ,

!
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d{in[N]I _ d{1n [n]} , d (A* )
d (d*) ~ ~ 'd (.A* ) d (d* )

which, after integration, becomes

d*=1 A*=1
{1n[N)} = {1n[n]}

d* A*

Since, at d*=1: N=1 and in[N]=0

and at A*=1: n=1 and En[n]=0

the relationship reduces to:

In[N]| = En[n] |
at d* at A*

which establishes a unique correlation relationship between d* and

A* as shown by computational scheme of Figure 14 The resultant cal-

ibration curve between the normalized particle size d* and signal

amplitude is shown in Figure 15. Results from direct amplitude
i

measurement using particles of five precise size ranges are also

plotted for comparison. The dimensional calibration curve between

particle size and signal amplitude is plotted in Figure 16. Using

this calibration, the resultant particle size and number density

distribution in this laminar uniform free stream flow is plotted

in Figure 17,

Further, in the previous calibrc.ticn run for the determination

of T , A and K as shown in Figure 11, we have
y m

Ti T(n)o = (N )o (v )oi j o o

where (n) = 18, the stabilized number count

(N ) = 26/r.,3, the number density of particles with sizes
f

|

|

|
____. - _ _ _ _ . __ - _-_ -_________-_ _ _ _ ____ __ _ _ _ _ _ _ _ _ _ _ _
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between 10,5p and 12,5 . This corresponds to signal

amplitudes of 770 my and 810 my respectively, through

calibration curves shown in Figures 16 and 17.

(v)) = 6.43 cm/sec, the uniform free stream velocity
T = 484 sec., the tape recording time,
O

and therefore the base cross-sectional area of the measuring volume

central core

4'B = 4.44 x 10 u~
o

MEASUREMEhT IN TURBUL;NT SHEAR FLOW

A measuring point was selected in a turbulent shear flow on

the edge of the wake behind a transverse rectangular body, as chown

in Firure 10,where significant particulate accumulations and sizable

velocity fluctuations are expected. The particle number counting

rate per unit cross-sectional area per unit velocity range and unit

si:e range was obtained using a 325 feet length of tape recorded at

30 inches /sec. for a total of 16 selected mean particle sizes rang-

5 ing from ' .45p to 32.54 A three-dimensional plot of these results

is shown in Figure 18 exposing many int sresting fine structural de-

tails.

After summing up the number density computed from each of the

velocity ranges for the same mean particle size, the particle number

densities per unit si:e range for each of the 16 mean particle sizes

were obtained and ate as shown by the plot of Figure 19. For com-

parison purposes the ratio of the particle number densities for a

... _________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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FIGURE 19. SAf1PLE PARTICLE SIZE At!D f: UMBER
DE:SITY DISTRIBUTION IN A
TURBULEtiT SHEAR FLOW OF A
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neasuring point in a turculent shear flew to the particle nu:ber

density for a reasuring point in the unifor: laminar free stream

flew for each of the 16 selected nominal particle sizes is pictted

in Figure 20. First, it is interesting to note that there is an

crder of ragnitude increase in particulate centent for all particle

sizes in this turbulent shear flow ever the ambient free strea flew

apparently due to the ener:cus accumulation of particulates in the

stagnatien point flow in the upstrea: side of the rectangular trans-

verse body, which is dumped into the neightcring regions downstrea=.

Secondly, the fine structure of this distributien curve seers to

indicate dynamic interactions experienced by particles in a cc plex

flew such as this one. Thirdly, at the staller si:e end this dis-
i

tribution curve drops cif rapidiv, toward a value of unity at a rart-

icle si:e slightly less than 4u. This point is cuite significant in

that the nutber density for the turbulent shear flew retains the sa e

as that of the free streas flew for particles less than lu. The

icplica:icn is then that such particles will closely fcilew the fluid

notion and consec,uently can be used as tracers for fluid phase velc-

city reasurement .

A segeent of tcpe 1 feet long was analy:ed in this light, us

ing an inplitude discririnction schere which blecied cut signals

with a plitudes larger than a selected stall value. Results cf the

fluid phase velocity probability distrib:uien in a turbulent shear

flow are plotted using particles belcw c.Cu and 3.~u respectively

.

.

.
.

. .

.
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a

as tracers for fluid as shown in Figure 21.

A plot of the mean particle velocity as a function of mean

'

particle size in this turbulent two-phase dispersed flow is shown

in Figure 22.

This experiment with solid particles-in-water two-phase dis-

persed flow was performed te develop and verify the methodology.

The alternate way of finding particle si:e and number density of

sampling and using a Coulter counter provided a check on the re-
I

sults. With this done the scheme can be applied to another, less

manageable (complicated) two-phase flow,

i

|
|

|

|
,

i

!

!
I
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IV, APPLICATION OF TifE TECllNIQUC TO
1

DILUTE TWO-PilASE FLOW, (water droplets-air)

:

The deposition of a dispersion from a gas flowing turbulently

over a surface or through a channel is a very complex phenomenoa,

It is important when dealing with technical problems such as the

calculation of the heat transfer rate in a falling film evaporator j

or the prediction of a critical heat flux and burnout during the
;

reflood process of a hypothetical loss of coolant accident in a '

pressurized water nuclear power reactor. There have been very few
|

experiments which are meaningful enough to provide an insight into

Ithis complex phenomenon, Consequently, corresponding theoretical

efforts have been rather slow in coming, To gain a better under-

stnnding of deposition from turbulent flow some information about
t

the local properties of the dispersion is required. It is apparent I

that a probciess measuring device such as the developed optical

technique will best lend itself to this kind of sensitive measure-

ment. It is important to note here that the lateral velocity of the

; partic1'es in a predominantly axial flow is also required, llence

experiments were planned to obtain the local flow properties in a

turbulent flow of a dilute water droplet-in-air, two-phase dispers-

ion upwards through a vertical rectangular channel,

| OPTICAL ARRANGEMENT
|

| The operational arrangement of the laser-Doppler anemometer

51
1

l

I
l

|
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|

used in this part of the investigation was a modified, improved T.S.I,

laser optical system capabic of neasuring two velocity components

simultaneously at a singic location in the flow field, The incoming

laser beam from a 15 my lle-Ne laser was split into thr e beams, one

reference beam and two scattering beams as shown in Figure 23 These

bears were polarized so that the two scattering beams becomr ortho-i

I

gonally polarized to each other and polarized to form a 45* angle

with respect to the polarity of the reference beam. The axial velo-

city was obtained from the reference beam heterodyming with tJhc scat.

| tered light of the axial scattering beam. Similarly, the lateral
I

velocity was obtained from the reference beam and the lateral scat-

tering beam. By separating the collected light by polarity the two

components of collected light are separated into two hcants which

were focused onto two separate photo-detectors. The result is the

simultaneous measurement of two velocity components at a single

measuring point in the flow. This system had been tested and im-

proved to produce high quality signals. The polarization rotators

had been tested and improved by using linear polarizers, giving the |

correct polarity of the three beams. The reference beam was also

optically shifted using a Bragg cell (T.S.I.) . Ilowever two separate

downmix electronics systems were used to independently shift either

|of the axial or lateral Doppler signals. 'Only one crystal controled

oscillator was used for both of the downmixing systems, ensuring

the r v,ui ud synchronization. The entire optical system was mounted

__ -. _ ___. __ - ___ _ _ _ _ _ _ _--__ -________-
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en top of a nilling nachine base equiped with dial indicators, offer-

ing positienal accuracy in three di ensions to within a few nierens,

ELECTRONIC CIRCUITS

The electronic package for this pertion of the work was redesign-

ed to cbtain the signal a:plitude, tire duratien of the signal and

both axial and lateral velocities for each individual Dcppler signal.

This was achieved by first chtaining analog voltages proportional to

these four parare:ers and then digitali:ing ther using an Analog- c-

Digital (A/D) converter in the PDP-15 digital cc:puter. The instru-

centa:icn bicek diagra: is showr. in Figure 24 The signal process-

ing electronics was specially designed to handle a wide variation ir

the signal frecuency (frc: a few K.H: to 3.0 M.H:) which occurred

at rando: intervals.

The Doppler si nals with axial velocity information -ere splits .

into two signals of equal strength using a power splitter. One of

these signals was sent ic a tracker (T.S.I.) fer determinatien Of

axial velocity. The envelope of the Other signal was obtained us-

ing a derodulator and used for detertination of particle si:e. The

derodulater censisted cf a linear half-wave rectifier and a low-

pass filter. A great deal of effort was necessary 10 obtain a one-

te-ene arplitude ratio between signal and the re::ified signal,

because of the non-linear :harseteristic of the diode. This was

achiesed by using a high frequency response 2:plifier and fast

switching diodes, and thus a linear rec-ifier .-hien eculd nandle

_ . .

.

. .
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,

;'

I

frequencies of up to 2.5 M.H: was built.

The Doppler signals with lateral velocity infor ation were pro- ,

cessed through a second tr2cker (T.S.I.) for obtaining analog volt-

ages proportional to frequencies. Thus, there were three analog4

signals; one for the axial velocity, one for the lateral velocity

and a third-the envelope of the axial velocity Doppler signals-for

the determination of size. These three signals were recorded simul- |
1

taneously on three separate channels of an analog tape recorder |

(Honey-well, Model 101) at a tape speed of 120 inches per second.

These signals were later played back at a tape speed of 15 inches

per second into the custom built computer interface electronic cir-

cuits. The Analog-to-Digital (A/D) convertor in the PDP-15 cocputer

needed at least 200 nicro-seconds to digitali:e four analog signals

j and hence the recorded signals were played back at a sicwer speed,

avoiding loss of any valid signals. The functional diagram of the

electronic circuits is as shown in Figure 25. The operational dia-

gram for electronic circuits is as shown in Figure 26.>

The signal envelcpe was passed through a peak detector =odule

which gave an output proportional' to maximum input voltage. This

caxi=um voltage was held constant by setting the peak detector in I

j the ' told" mode . The burst envelepe was also sent into a voltage
'

co:parator. The output of the cc=parator was a rectangular pulse

and its duration was measured using the pulse to gate open a digit-

al counter. The number (count) in the counter at the end of thei

!
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pulse duration was proportional to burst width at the base level set

for the voltage comparator, Hysteresis was introduced using a feed

back circuit in the voltage comparator to avoid any instabilities

at the switching edges which may occur with slow rising signal en-

velope due to the presence of noise.

A control unit was designed using Transistor Transistor Logic
i

CETL) integrated circuits (I.C.) to generate the necessary signal

pulses for the other components of the unit and the interrupt pulse

to the A/D convertor. This interrupt pulse was generated in the cen-

trol unit at the end of burst width.

The control unit also sent control signals to two sample-and-

hold modules connected to axial and lateral velocity analog voltage

si gnals . This was done to assure that these voltages correspond to

the same burst in question. This holding action occurred just as

the comparator level 'c' went low. The control unit generated the

control pulse 'w' with a duration equal to the time required by the

A/D converter to sample the four par, meters. A control pulse 'y'

was also generated to reset the various modules (peak detector,

sample and holds and counter).

| INTERRUPT HANDLER

|
The A/D convertor was a part of PDP-15 computer. The four

parameters were digitali cd one after another when an interrupt

pulse triggered the convertor. The requirements of this pulse were;

it should have a rise time of 100 n.s. or less, its pulse duration

- . _. -- - _ _ _ . _ _ - - -
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|

should be a minimum of 200 n,s, and it should go from a 3v to Ov

to trigger the conversion, These requirements were met by II,P.

function generator Model 3312A and it was triggered by the control

pulse generated from the control unit.

: DATA ANALYSIS

The PDP 15 computer sorted the raw digitali:cd data on a mag-

netic disc. A computer program (Appendix-4) discriminated the sign-

als which have path lengths smaller than the limiting path length.

The data was then processed to determine maximum peak amplitude,

maximum axial velocity, maximum lateral velocity, mini num axial and
,

lateral velocities by scanning through the discriminated data. The

diameter range was determined by chosing 95% of the maximun ampli-
i.

i
i tude ranges. In each range the lower limit was 95% of the upper '

i limit. The range between the maximum and minimum velocity was div-
|
l ided into ten equal subranges. Then the entire data was sorted to

obtain the number of droplets within a particular diameter range

and axial and lateral velocity range. The mean axial and lateral

velocities and the standard deviation on these quantities were also

computed for all the diameter ranges considered.

AIR VELOCITY

The air velocity was determined from signals produced by very

small droplets as described earlier. The discriminated analog volt-

ages were digitalized at equal time intervals and the computer was

-.mm ,yw.~.#... . www sasiq.,w-w+. . - . - . . --. ,_ ___.,_.m-. __.___ . _ _ _ _ . . . _ , . _ _ _ _ . _
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f

d

!

programmed to compute the mean axial and lateral air velocities and

the standard deviations.
.

!

CALIBRATION

The relationship between Doppler signal amplitude and the drop-
!

let size was determined using a commercially availabic Berglund-Liu

r.onodisperse acrosol generator which generated uniform size acrosols

[20). Since any instabilities in the flow would change the diameter.

of droplets generated,the pumping system must supply liquid to the

generator uniformly. The syringe pump which came with the package j

was a positive displacement gear pump. However, this was abandoned
!

and a steadier pneumatic system was fabricated to force ~ water through
!

the orifice at a constant rate. The test area was isolated from
|
!

; ambient air movements to insure that the droplets had the same tra- !

I
g jectory. By varying the water flow rate, the frequency at which
!

water droplets were generated and the orifice size.different uniform-.
;

size droplets were generated. These droplets were sent in a singic
rstream, one after another through the center of the measuring volume,
i

giving.the maximum signal amplitude for each droplet size. The re-

| sultant calibration curve between the droplet diameter and Doppler
i

signal amplitude is shown in Figure 27. The calibration curve ob- |,

| tained in the earlier experimental investigation using a solid part- j
!-

icIc-water system is also shown by the dotted lines for comparison.

The base area, B' , of the central core of the measuring volumeo

|

|

|
!,

| )
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|

and the limiting path length, I,, were also obtained using the pre-,

cise size water droplet generator. The measuring volume was placed

| systematically at different locations in two dimensions with respect
'

to the uniform stream of droplets and the Doppler signal arplitude
j

was obtained for each location. The limiting path length was deter-

mined by noting the signal path length when the signal amplitude was

95'S of the maximum. The boundary of the base area, 5 , was similar-,

<

j ly obtained by joining the locus of points having this limiting path
! length.
,

-

The limiting path length and maximum path length were obtained

using the above procedure and they were found to be 190p and 215p
,

at the base level selected. The base area, E' , was computed to bcg

#equal to 1.837 x 10 p for this particular optical arrangement.,

1'

MEASUREMENTS IN TURBULENT FREE STREAM AIR FLOW AND ADJACENT TO A

|

SOLID SURFACE
,

Experiments were planned using a simple air flow system to gain ,1

confidence in the data analysis and instrumentation. The flow sys-
:i

tem consisted of an atomizer generating water droplets varying from
,

sub-microns to about 90p in diameter. The water droplets were car-
'

ried through a vertical plexiglass pipe 25 mm. in diameter and 1000 mm.
i

in length. A flatplate of dimensions 35 mm. x 600 mm. with a sharp

leading edge was set parallel to the axis of the pipe with its Icad-

ing edge placed 25 mm, above the exit of the pipe. This plate was

so aligned with the laser beams that measurements adjacent to the wall

1

i

_. _ - . - . . - - , . ~ _ - - . . , - _ - . - - - , - - - - , __ - - . . - _ _-- . - -
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j
could be nade,

The reasuring volume was placed 50 cn. fron the leading edge

and 30 nn. away from the solid surface. The Doppler signals were

recorded on over 600 feet of ragnetic tape at a taping speed of 60

inches per second. Measurerent was also tal.cn at 0.25 nn. from the

solid surfacc at the sane clevation. The air and droplet velocities

were restricted by the frequency response of the tape recorder.

The axial velocity Doppler signal was downshifted to natch the fre-

quency response to the electronics and the lateral velocity Doppler

frequency was upshifted to clininate the directional ambiguity.

The signals were analy:ed using the custco built electronic
The datacircuits and the raw data was stored in PDP-15 conputer.

analysis was perforned as described earlier and the droplet counting

rate per unit cross-sectional area, per unit axial velocity range,

per unit lateral velocity range, and the unit size range was obtain-

ed. A total of twenty-two rean droplet dianeters ranging gron 10.62u

to 57.7p was selected. All of the data recorded was analyzed to

obtain the statistics for the size-nunber density distributions and

axial and lateral velocity distributions.

The droplet size and number density distribution for the free

strean turbulent air flow and adjacent to the plate are shown in

Figure 28. Sanple axial velocity distributions for a selected

droplet si:e with lateral velocity are shown in Figure 29 and Figure

I-

.
.

. . . .
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30. The entire results of the data analysis are given in Appendix-5.

The air velocity probability distributions of the turbulent air flow

are shown in Figure 31 and 32. It is clear from Figure 28 that the

presence of the plate changes the turbulent flow field; in particular

the number of smaller droplets increased near the wall . As expect-

ed the axial velocity near the wall was less then the axial velocity

at the free stream measuring point for all droplet si:es.

With the experience derived from this experiment with a tur-

bulent free jet of a dispersion, a more complicated measurement of

flow through a vertical rectangular channel was undertaken.

MEASUREMENTS IN A DILUTE TWO-PHASE DISPERSED FLOW IN A RECTANGULAR
.

1

CHANNEL (water droplets-air system)
|

The flow system was designed to generate a two-phase turbulent

flow of water droplets (ranging from submicrons to 100u in diameter)

in air through a vertical rectangular channel of dimensions 10 mm.

x 25 mm. with measurements to be taken at points along the lateral

axis across its smaller dimension.

The system consisted of a no::le supplying water to be atomi:-

ed by a high velocity annular air jet encircling the no::le. The

droplet generation and turbulent air supply were thus coupled in a

device which resembled an ejector pump. The atomizer was aimed at

the entrance end of the channel and the whole assembly-the atomi:er

and the end of the channel-was enclosed in a plexiglass box to col-

1ect excess water. To better control droplet size the air supplied

:

-

_ . _ _ _ - - - - . - - - - - - - -
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to the atomizer was pre-saturated with water to suppress any possible

evaporation of the droplets. Also, to control the number of droplets
i

and to limit the si:e range entering the test section, a thin per-

forated plate was placed between the atomi:ing device and the en-
,

i trance to the channel. A plate with 18-1.5 mm. diameter holes was

selected as it provided the necessary control. Finally, to prevent

the droplets from falling back into the channel, a jet of air was

aimed at the exiting flow so that it blew the droplets away, and yet

; did not disturb the ficw inside the channel. The test section was
i equiped with two-100 mm. long plate glass observation windows mount-

ed on opposite sides of the rectangular channel near the exit end.
i

An adjustable mounting brace was used so that the test section
1

could be aligned. The glass plates were aligned to be parallel to
,

each other and the entire test section was aligned so that measure-

ments could be made at locations near the wall. The flow arrange-

ment is shown in Figure 33.

The center point of the optical measuring volume was placed at
I

a level of 582 mm. from the channel entrance and measurements were

taken successively at nine different lateral positions across the
4

| channel. The three analog signals were recorded at each measuring

location on over 4000 feet of magnetic tape at a taping speed of

120 inches per second. The tape reenrder had a higher frequency

response and hence measurements could be made at higher velocities.

The recorded signals were played back at 15 inches per second
|

, -. -. - . . - _
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I

through the electronic circuits into PDP-15 digital computer for

i data analysis. Typical data o".tput samples are shown in Tables 1

|
anc 2 and the entire summary of the data analysis is presented in

j Appendi -6. The measured number densities of the different size

droplets at various distances from the wall are shown in Figures 34
:

to 40. The mean axial and lateral velocity distributions and the

standard deviations for droplets at different distances are shown

in Figures 41 to 47. Axial and lateral velocities of the air were

determined using submicren size droplets. Their distribution is

shown in Figure 48.

| It was noted in this particular flow that the droplets formed
.

I a continuous water film on the wall upstream of the observation
!

sect ion . An analysis of the experimental data revealed that very
2

] near the wall (0.25 mm.) there were large droplets (80p to 95p) .
,

] At 0.5 mm. the number of large droplets was less and at 1 mm. the
,

number of smaller droplets increased by at least one order of mag-

|
nitude. When this was atalyzed, taking lateral velocity data into

i

consideration, the following observatione were made: There was ac-
i

tive generation of large droplets from the wall film. These drop-'

le" p into a large number of smaller droplets due to the

,r flow of air. These small droplets were found to movev

.2gher lateral velocities in the away-from-the-wall direction,

and cot.1esce, forming large dreplets at 2 mm. from the wall, and

then brer.kup again into medium-size droplets at 3 mm. from the wall.

|
|

*
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This is shown in Figure 49.

It was observed that the flow in the channel was unsteady due
,

to the droplet entrainment from the wall film. Hence attempts were

made to study the droplet distribution without any wall film. '

MEASUREME.NTS IN A DILUTE DISFERSED FLOW T.HROUGH A VERTICAL RECTANGULAR

CHANNEL WITHOUT LIQUID FIIR ON THE WALL

The flow system was modified to generate a two-phase turbulent

flow of water droplets without any visible water film present on the

wall. In order to achieve this the following changes were made:

The water flow was reduced and the air flow going into the atond:-

ing device was increased. The perforated plate was replaced by a

small rectangular orifice. This flow arrangement is shown in Figure

50. The flow conditions for both experiments are listed for com-

: parision in Table 3.

The measuring volume was placed at a level of 541 mm from the
!

channel entrance and, as before, it was moved along the lateral |
|

axis through nine successive measuring locations. The data accum-

|ulation and analysis were done using the same procedure outlined for
i \

| the previous experiment.

The measured number densities of various si:e droplets at dif-

ferent distances from the wall are shown in Figures 51-59; the

droplet velocity distribution and the corresponding standard devi-

ations are shown in Figures 60 to 68; and the air velocity distrib-

utions at different distances. from the wall are shown in Figure 69.

|

i
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TAILE. 3.

ELOW CONDITIONS

!

| @ WITil LI0Ll]ILEJU1 ON TIE CllANNEL WALL

1

AVERAGE AIR VELOCITY = 5.21 M/SEC

; FLOW REYNOLDS NO. = 3,600

AXIAL PRESSURE GRADIENT = 1.32 nn GF ll 0/M2

TEMPERATURE = 20 C

DROPET SIZE RANGE : UP TO 100 n

DISTANCE FROM Tile ENTRANCE TO Tile

MEASURING EVEL : 582nn

9 ElIll0llT LIQUID FILM ON TIE CllANNEL WALL

| AVERAGE AIR VELOCITY = 9.52 M/SEC

FLOW REYNOLDS NO. = 6,600
,

AXIAL PRESSURE GRADIENT = 1.511 nn 0F ll 0/M!

2

TEMPERATURE = 20 C

DROPET SIZE RANGE : UP TO 100 p

DISTANCE FROM Tile ENTRANCE TO Tl1E

MEASURING EVEL : Sillnn

- - - - - - - - - - - - - - _ - _ - - - - - - _ - - - - - - - - - - -_ L
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MEASURING LOCATION: 0.75MM FROM WALL12 ,.
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12 . MEASURING LOCATION: 1.00MM FROM WALL
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MEASURING LOCATION: 4.00MM FROM WALL
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The data summary for these nine locations is prasented in Appendix-

7. An analysis of the experimental data revealed some interesting

featums of the two-phase dispersed flow. The dropicts were gener-

ally found to lag behind the air flow in the axial direction. "Ihe

amount of this lagging was found to increase with droplet si:c.

Ilowever, in the lateral direction the medium and small si:cd drop-

lets near the wall were generally found to migrate towards the wall.

The response of various sina dropicts for the same turbulent field

i

was different and hence the number densities of the various size :

1

dropicts had different distributions and they had a peak at differ-

ent distances from the wall as shown in Figure 70. Furthermore,

the large size dropicts above 55p were not present at the center of

the channel.
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V. CONCLUSION

A new LDA technique has been developed to study two-phase dilute

dispersed flow. This has been successfully applied to two different

types of two-phase dispersed flows (solid particles-water, water

droplets-air). It is shown that for a reasonably dilute dispersed

flow (having a maximum particle number density of 10 /cc) and part-

icle sizes less than one third of the measuring volume diameter, the

size of the particles can be uniquely determined by analysis of the

Doppler signal . With this development the size-number density for

the dispersed phase can be obtained. Both dispersed phase and homo-

geneous phase velocity distributions have been obtained. The results

of particle si:e-number density distributions obtained using LDA-

measurement technique has been verified by making another indepen-

dent measurement.

The analysis of experimental data on the flows studied reveals

some interesting features of two-phase dispersed flow. It is ap-

parent that this technique can be used to generate experimental data

for the development of a model for predicting the deposition of dis-

persion during turbulent flow of gas through channels or pipes.
!

Such a model is currently being developed [21] and, indeed, some ;

l

agreement with the results has been observed. )

This technique can also be used to provide more information

about local flow properties, giving some new insight in the study

of turbulent flow of dispersions. Simple two-phase turbulent flow

i
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problems where the flow conditions can be simulated and controlled
)more systematically should be studied to gain a better understanding i

e

of the turbulence, migration of the particles, and the particle size

responses to the turbulent eddies.
I
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Appendix-1
,

I

i

ERROP ANA1.YS15 TCR Tile DEVI/. TICS CF T:!E FLCN DIi:ECTICN FTC:: THE
i

):EASUT;ING D1.".ECTION [21].

,

I

The folic..ing is an analysis of the errer introduced if the flew

i

Idirecticn denates frc- the censuring direction by c stal1 engle a,

vhe:c a is in radians.

Z 8
(e

1 4
]ti p.:.m: .t_nn:. c'' p e '

, s.

Y=Y ,' s %o e
c.

.
'

. __- - - , v 3

q ~ ~ // / A:,773 O ' g 'x
l 1'1

hs'

//+;V7 r <. ?. ' ' s.
~ -

~

n ~ ~, .' /// g . p
~

-
.

-
.

.
. .- g. - ),

,

I ,o

FIGLr- ,rc / . S 1 a, . v ,i r; r, c.%( b. , ; . . - , ,,w. - .1 i i n i r,c , n . . - --

.c n or r. . i s t vo cn
|

C0-Oi!DIMTE AX S,
i

i

The tensuring volu.c is censidered to be ellipreidal. Let the
,

i
i

co-ordinate axis be defined as shown in the sketch (Figure 71) . The

equation of the ellipscid is

, , ,
,4 6

X Y ~6 1

;

- - . - + %. -,- = 1 (1)
n' b' b'
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The :-axis is along the measuring direction. The co-ordinates j

of the geometric center of the measuring volume are (0,0,0), Let

the particle path be inclined to the : axis by an angle a cnd con-

tained in the plane y=y,. x,y,: are- the co-ordinates of the point
,

!

where the particle exits from the measuring volume, (x ,y ) are
g g

the co-ordinates of the point of intersection of the particle tra-

jectory and the plane of : =0. (Figure 72).

&
Z E

.=.)
IN THE PLANE OF $

c
Y=Y p' (x >Y >:1)0 1 1

O N
X'

'
a-

'y ,

'x'0

FIGURE 72, CROSS-SECTI0f1 IN THE PLAfiE OF Y=Y ,o

x1= (x + :3 tan c) = x +u1 (for small c) (2)
g 0

Y"Y (3) l
i o

l

substituting equations (2) and (3) in equation (1): ,

!'
t ,* 2

(x + 2x c y+ 0':y) y :{ |
'

'

* 7 + 7 * 'l
'

2
a b b

i
|

:

-. _ _ _ _ - - - - _ _ _ _ - _ - _ _ _ _ -
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, ,

2x a x" y'
(b,+"2

,

r) :I +L$): + ( 5 + r - 1) = 0
~

b' a a' I a' b~
~

!

This reduces to l

I'

*"a 2 o
(17+7)2 +( o)z'7*01 2 1b a a b

Hence

1

, !

2x a 2x a 2 z' 1/2
-C $ -) t {{ $) + 4(l + 25) 5} )v

a' a' b~ a b'~

(4): =

2 (- y + - v) '

b' a'

Let 't' be the actual path length of the particle. The particle

velocity measured is actually the component of particle velocity

component (v') in : - direction and the path time measured corres-

ponds to the total time (t) taken by the particle to pass through

the measuring volume. Hence tv' = 1 cos a (Figure 72). If the

particle path was in the measuring direction the path length would

be 2: Hence the error introduced is (1 cos a - 2:9) .,.

From equation (4),

2 1/92x a 2 :
"

{{ $) + 4 (h + "-:2-) (4) }a' b^ a' b't cos a =

C1v + 7)
a

b a

? 2x" a 1/2-

: o

( ) #

(b ) + 1
a

y (5)=
1/2 '

-

(1.,+ "2 (1.,+"2-) 5) o
b' a" ,b~ a' ;
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9

x' 2

Ci. ) C. )
a

Let c" = and d = 3
,

, a

d r + ".v)
b' a'

Equation (5) reduces to

1/2' 22: (1 + a~c )
I cos a =

1/,, ,

[1 + a~d")
,,

2: (1 + a'e~/2)0=
9 3

(1 + a'd'/2)

224
xad

= 2:o (1 + , .3 )

~o
i

,

= 2: { 1 + a d ( E.) } (6)
o .

g

Hence the error introduced is of the order of a d ( 2-) .

o

Since only the central core of the measuring volume is consid-

ered, (x /:g) will be a very small quantity, of the same order asg

a. So the error introduced is of the order a .

In another extreme case when the particle path is inclined to

the :-axis but contained in the plane x=x,, equation (6) is reduced'

to

Y 2,

L cos a = 2: {1 + a' ( E-) }
o -

9

!

|1 '
|
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1

1 12'

|
.

;

i
'

i
1

since-d = b = 1,
i
; a
i 4
j Still the error introduced will be of the order a , Any other

deviation in particle path direction will result in an error value2

4

! between these two limits,
|

!
:
4

I
,

i
)

'
.

| 4

|

|

1

1

1

i
i
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I
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Appendix-2
l

SIGNAL BURST ifIDTl! CORRECTION [21]

The a=plitude of the envelope of a Doppler Signal varies in a

near Caussian fashion along a particle path length. The =casurements

were made at a base amplitud2 Ay as discussed in Chapter II for the

reasons discussed earlier. The path length or the equivalent path

ti=c can be corrected using the reirtionship between path length

measured and the path length at zero acplitude icvel.

,

a

: -, ;n

A
,

m
!
|

I

| A ;

| v
: ._._

^
A v

r
b v v0 "

_m

____ d. 'N * %

1

FIGURE 73, SIGNAL AMPLITUDE-ENVELOPE
'
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The signal amplitude will asyntotically approach the zero amp-

litude line if a truly Gaussian distribution is present. But with

fixed receiving optics the signal amplitude reaches zero amplitude

in a finite time, llence a Gaussian distribution can be assumed to
1

be true at an artifical amplitu.t level, say -AB (as shown in Fig-

ure 73). The signal amplitude envelope can be expressed as

2

(A + A ) = (A +A) XP (- 2 2)b b cr
b

where c, the forcing variable is less than 1.

The boundary conditions are
|r+r A=0 (1)b,

. r+r A=A (2),; y v

therefore

A (A + A ) f# * (l)b"
e !*2

m b

A /(e !C - 1) (3)A =
b

|

Also from boundary condition (2)
1

2
r

(A + A ) = (A, + Ap exp (- 2 2)y b cr
b

| Thus; .. .

2 +
-r A +A A * /C ~l

l '

(f) = In ( V b) = h *
|.cr * 1+b 2

e !C -1,(,

<

f

4

s
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.

But r =T xy
v v

b*Tb*YI
l

Therefore 1

- .
,,

e /'l

2 ,

* /c'1T
-I

Ch) = In 4,

1*T
b (- I.) +

Ce /c - 1)1m
.. .

Hence if c is determined from experimental values, the time measur-
1

ed at the base amplitude level can be corrected to get the time at'

zero amplitude.

In general
-

,
.

1+ .,

I* ! -IIT
, = In

I(cr )* ( ).g

(e /c -1)
1m

...-

>

Let a = (cT )*

2
e.

(e /'' . 1)l

!

thereforej
.-

3
T I*3In

f[] + 6i m
- .

| ,

(=In II + 0)
'

{ [p) - l} + (1 + S)
.

M
.

- n
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,

.

,

.

= In "y , y ,

- )+1(,
1+3 ,,

2 '(A/A ) ~ lm-='n +1
3

~

. (1 + S) ,

,

Let P = T'

Q = (p^ - 1)
m

Q i

therefore P = - In { g 3) + 1}

Differentiating w. r. t. P

i

1 - dO/dP 1-

X

E " {(l + p-) + 1}Q 1 + ~A

,

i

- 3 h = Q + (1 + f3)1.e.

Q=-ah-(1+S)
i

There is a linear relationship between Q and (dQ/dP). The Q- j

1intercept will be equal to (1 + S), where S = , .

1 )e /E' -1 i

| By observing the time at different a=plitude levels data can
1 be collected and the value of c can be deter =ined statistically. ji

l
This linear relationship was tested (Figure 74) for different j

i

|
amplitude signals and the value of c was found to be 0.573. |

|
4

| Therefore

,
' " '

v 1.05
= In

(0 . 5., a., 2 2 (A /A ) + 0,05
jt V *b -- -

1
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'

1.1 - |

1.0

LEGENDS:
0.9 -

A --A = 0.025 V ;; max

! 08 o--A = 0.050 V- yx

o -- A = 0.100 Vmax

0.7 o --A = 0.110 V2 ._.
MAX'

i

x--A = 0.120 V i
MAX

# 0.6
I w

3 ,

H
<
$ 0.5 _

z

! 0.4
-

?

O:
,

0.3 _

,

i 0.2
,

,

i

0.1 | | | | |
|

!| 0 0.002 0.004 0.006 0.008 0.010

NEGATIVE (dQ/dP)
'

FIGURE 74. SIGNAL BURST WIDTH CORRECTION FACTOR

1

|

|

|
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i / 0.573

b " in
or T 1.05 0.005'+

g)A
_ _

Thus the time (T ) measured at a base level can be correctedy

to a time at the zero a plitude level.

I

I

|

r

i

P

s

i
,

I

j 1

|
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Appendix-3

DETERMINATION OF CORRECTION FACTOR, K,

(ratio of actual number count to correct number count)

AND LIMITING PATH TIME FOR SOLID-PARTICLE-WATER SYSTEM.

The flow used for calibration had a known number density (N )g,g

a uniform particle size, d , and all the particles had the sameg ;,

velocity (v)) . When the lower limit of the duration time discrim-
ination, Y, was gradually raised the number count, n, started to

decrease from a stable value, (n)9, as discussed in Chapter III. In

order to find the relationship between number count and the dura-

tion time, Y, during this gradual decrease the following analysis

of the path length through an ellipsoid was done.

The equation of the ellopsoid is
,

, , ,

k+k+k=1
i a' b~ b~

At :=: (boundary of the projected base area of the central,

v

cote)
2

2 2 :

k+k+4=1 ;a' b~ b'
l, ,
1

X Y
+ ' =1 |

3 ,
- -

: :, ,

a ' (1 - -,Y) b"(1 - ,J)
b~ b~

i

,

'

i

',
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i

|
|

2
:

Area, B , = nab (1 - f )y
b

l
2 1

Differentiating with respect to :y

(B )y 1 na

BC:2) = vab ( 7) =
p 1

b jy
,

B(B ) Y
=-hv),as: = [v ).'.

3, (T )o
y

= B,(v ),(N )Since j y

i}o(*)}o
"~

g 3

Hence there is a linear relationship between the square of

lower li=it of the duration time discrimination and signal number j
|
'count (Figure 75) and this was used to determine the limiting path

| time, (Y ), for the solid-particle system. (Chapter 3) .y

L |
FIGURE 75. SIGNAL

'=

NUMBER COUNT VS.u,-

-

E i SOUARE OF LOWER-
C

31 pe . gy,)3 LIMIT ON DURATION| 1

y I TIME DISCRIMINATION,
E i

ia
n i
S i i
*

1 22 I .:
'm! 'v j

SOUARE OF LOWER LIMIT ONi .

DURATION TIME DISCRIMINATICN.;

l
!
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1

CORRECTION FACTOR, K. (To convert the actual number count to the '

corrected number count)
.

For this calibration run the correction factor ,

B .

1 -I dB
K= (# _)V

L -L B
m v og,

was further simplified as follows: The path length of any traject-

ory of the particle is given by the product of burst time duration,

T, and velocity, v.

3 Hence L = (v. ) ?

I = (v )o Yv j y '

i

E = (v. )o Ia 3 m
r

E -T T -T t

V V =( V). .

t -I t -T
m v m v

B -
6

1 -I
Hence K= (# _#)f

L -L o
O'

|

But B = B(Y)
1

| Number count /sec, 5 = (Base area)(v))9(N )g g

i' 5.=Bxk
j 1

!

| Since (v )O and (N )o were constants, thus4

|

B=

. -
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,

Also, when the lower limit on time discrimination was gradually

raised,

.

N .

O N (See Figure 75)
2 * 7 , -22T2.7

M Y m

For a time, t, secs N = nt and N =nt
O o

, ,

T - T'
B N. = - . _ =
B N -2 , *7
0 o T -T

m y

,

dB 2Edi
=.

B -2 -2
0 (T -T)m V

-

T
-

=

V -

T-T -

2 tdt
"__

B-o T+T_V. K= (_ ) ,

-

-2)T -y (.2
m. .

-T
m y m y

T* - . B+B T-i-

m 0 o

._

T >

, m 2 _ .,

(T - T .T)dt-
=

-2 --2)
y- -

(6 - T ) (T -T
m V m y- -

T
V

P '

-

T
,

.

1 -3 1- ~2 ' m'

(T, - I ,) (Y2,7) , T' yT T ,,
=

2 y
.. -

\ m y T
' o'

Eh(I - E ) - i~V(7 ~ -2
2, ,

-
1

~

-2 -2) U V m y-

('I y) (T -T*T
g,

,

,
2 - - . -

(2T - TT . T)m vm y
K= 7 ,

3(T' - T')
m y
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This correction factor was computed using the experimentally

determined values of 7, and T . Also, as expected, the correctiony

factor was dependent only on the geometry of the measuring volume.

>

|

|

_- __ _ __
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[ APPENDIX - 4

COMPUTER PROGRAM

1

j.I

,

'I

|| i
'!

t

r

> I

I,

i

t 1
,

(
|

|
,
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C THIS ROUTINE IS USED TO TRIGGER THE AN ALOG TO DIGIT AL

CONVERSION ON FOUR CHANNELS AND STORE THE DATA

; DSF: 7313 01
MP SX :701701
; DRB :701312
; DSC :721324
/

/

.DEC
ND A TA :! J 30
0 0U NT:4*NDATA-1

.0CT
/

/

/

/

/

/
; UT 0l J :10 / AUTO If1CREMENT REGS
A JTOl l :l i
; UT012 :12
; UT 013 :13

/

.GLOSL SAMPLE,HVI,VV!, TIME!, AMP 1
/
/

.DE/Ib GTD ATA ,C HAN, ?L
LA4 -C HA N / LOAD T'J0'S C OMPL CF VISU AL C HAN#

/(: ACTU AL CHAT # + 1)
ADSC /STA8T CONV

L JMP L / WAIT FOR CONVE3SION
; red:C HA ;-1/2+13

DAC* AREG
.ENDM

/
i /

| /

i .DE/IN INITA, AUTO,ADDR
CLC /INIT GIVEN AUTO INCREMENT

. tad ADDR / REG 'JITH GIVEN ADDRESS
| DAC* (AUTO
l . E ND M

|
/

.DEFIN NORML, ADDR /USED FOR NORM ALIZING D AT A
LAC * ADDR /AFTE7 SLL SAMPLING

| LRSS 3

| DAC= ADDR
IS: ADDR

| .ENDM
|
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/ {
3 A 1PLE 3 1

CAL 77 /. SETUP FOR PULSE INTERUPTS
16
MPSK /AN UNLIXELY SKIP.(PULSE INT

/ HARDWARE ONLY USES API
A DI NIT l

/
/

/

CAL 57 /. SETUP FOR A-D INTS
16
ADSF
READY

/
/ |

'
/ I NITI ALIZATION
/

/

I NITA A UT 013, HV1 /INIT AUTO REGS
INITA AUToll,VV1
INITA A UT012, TIME 1 1

INITA A UT013, A MP 1 I

/

LAC (- ND AT A
DAC CT

/

LAC APIFL
ISA / TURN ON API

/

/

/ WAIT FOR PULSE INTERUPTS
/

JAIT JMP WAIT
/

1EAJY 3 /COME HERE ON A-D INTS
ADRB /RE AD A-D BUFFER
DSR
ISZ READY / RETURN TO THE ADDR AFTER THE VAIT LOOP )JM?* READY

1

/
/

4DINIT 3 /COME HERE ON PULSE INTS AND INITIATE
/ CONVERSION CN THE 4 C H AN NELS

GTDATA 1

GTDATA 3
i

GTDATA 5
GTDATA 7 '

ISZ CT
JMP NEWDAT /G O GET MORE D ATA
DBK /CLE AR LEVEL 3
CLA / FINISHED S AMPLING. TURN OFF API
ISA
733334

- _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ - - - _ _ -- _ __ _ __ -__ _ _ _ _ _ _ _ - _ - _ _ _.
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\

|

r
/ NOW NORMALIZE ALL IHE DATA
/

|10RM LAC (- ND AT A)
DAC CT
LAC H V!
DAC ADDR1
LAC VV.!
DAC A DD R2
LAC TIMEl
DAC ADDR3
LAC AMP 1
DAC ADDR4

/
LOOP:.

N0itML ADDR1
fl0RML A DD R2

fl0RML ADDR3
fJORML ADDR4
ISZ CT
JMP L OOP

/

/

00 tJE J MP= SAMPLE /DONE! RETURN.
/

/

NEVDAT DBX /CLE AR PRIORITY LEVEL
JMP* ( WA IT

/

/

:T 0
4DDR1 0
A DDR2 3

ADDR3 3

%DDR4 3
SIZE 3

; APIFL 430000
'

.E ND
|

| DOSPIP VSA 1

,

)

:
1

1

I
|

I

--
- -
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: THIS ROUTINE PROCESSES THE R AW D ATA

:
:
: H V, E TC . , ARE DECLARED INTEGERS TO CONSERVE MEM OR Y S P ACE
:
2

S UBROUTINE PRD AT AC HV, VV, TIME, AMP) ,

: 1

I NTEGER HVC2333), VVC2333), TIME (2033), AMP (2333)
I NTEGER C OU NT( 6333 ) , HVC C 3 3 ), VVO(33 ), AMPC C 3 3 )
INTEGER HVM A X, VVM A X, A MP M A X, H VM I N , VVM IN , A MP M I N , HVS I ZE , VVS I ZE |I NTEGER AMSIZE
I NTEGER D IV1, D I V2, D I V3
d E AL VVS HFT, H VS HFT
C OMMON /C 0MCT/C OU f.T
C OMMON / /ND AT A ,DIV1,DIV2, DI V3, NGD AT A, VVSHFT, HVS HFT , VVC ON, TIMAt
COMMON /GN/G AIN

215 FORM AT(8X, ' MAX HORIZ VEL : ', F6.3, ' M/SEC ' , /
1 8X,' MAX VERT VEL : ', F6.5, ' M/SEC ', /) ;

323 FORM AT C SX, ' MIN HOR IZ VEL : ' , 76.3, 'M/SEC',/
1 SX,' MIN VERT VEL : ' , F6.3, ' M/SEC ' , /
2 8X,' MIN AMPLITUDE:',15,1 X//)

121 FORM AT(9 X, ' MAX AMPLITUDE :', I S, /15 X.
1 'C ORRESPOND I NG T IME AND VELOC ITIEL : /2 3 y , ' HORIZ :',
2 76.3, ' M/S EC ' /23 X, ' VERT IC AL : ' , F 6.5, * M/SEC ' /

| 3 23 X, ' TIME : ' I 5//) ;,

22 5 FCRM AT(SX, * HORIZ VEL CL ASS SIZE: ',76.3,1 X/,3X, ' VERT VEL CL ASS
1 SIZE:', F6.3,1 X/,0X,I 5, ' D AT A REJECTED B Y P AT H LE N D ISC R' //)

3!

: NU MSER OF 4-TUPLES OF D AT A PER D AT A SET
0

ND AT A :1333
:
; DIVI IS # OF AMPL CL ASSES
: DIV2 IS # VV CL ASSES
: DI V3 IS # HV CLASSES ;
; !

DIVI:33 :
'DIV2:10

D I V3 : 13 ;

;
; INPUT # OF DATA SETS
:

VRITE(4,11)
R E AD( 4, ) NSE TS j

l 11 FORMAT (* INPUT # OF D AT A SETS (<=l33):') i

,

,

;

__ __ _ - _ - - _ _ _ _ _
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:
JRITE(4,13)
READ (4,)ISKIP>

13 FCRMAT(* # T O BE SKP: * )
CALL SKPCISKIP)
VVS HFT:2.22
HVSHTT:-2.22 '

: INPUT CONVERSION TIME
:

JRITE(4,12)
READ (4,)CNTIME

12 GFCRMAT(* INPUT CONVERSION TIME: ')
:
; SC ALE FACTORS AND GAIN

'JR ITE C 4,216)
216 FORM AT( ' GA IN: ')

R EAD(4, ) GAIN
!!? FORMATC' VVSC ALE: * )
216 FORMATC* HVSC ALE: ')

'JR ITE C 4,217)
READ (4,) VVSC A L
JR ITE C 4,21 E)
R E AD C 4, ) HVSC A L

; -

~JR I TE ( 4,212 )
?!2 FORMAT (* FULL ANALYSIS?')

R E AD(4, ) IFULL

JR ITE C 4,4 3 31 )
4331 .FCRMAT(' PLMIN, ?LM AX: * )

RE AD C 4, ) ?LM IN, ?LM AX
IIM A M? :32 .

;
;
; |

; VEL OC ITY C 0 tdVERS ION F ACT ORS
i ;

i

V'JCO N:1/(3 69.* VVSC AL ),

!
! H V0 0 N:l /(3 69.=H VSC AL )
|

+

t
| ,

DRC O N: 120 20 . /( 1. 33 T=C N T IME)
| DRC133 :DSC O N /133 .

I

)

uER0 CUT T HE COU NT ARRA Y,

DO 403 L:1,32
00 433 J:1,15
DC 430 X:1,15

|
403 C o u t.T( IELT CL , J , K) ) :3

,

d
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L
: LOOX AT ALL D AT SETS FOR MAX AND MIN

DO 410 I:1, NSETS
C A LL DE VRD ( I)
C A LL PLD ISC C HV, VV, TIME, A MP PLMIN, PLM AX)
C ALL ZM AXC HV VV, A MP, HVM AX, VVM A X, A MP M AX, I AM A X)
C ALL ZMINC HV, VV, AMP, HVMIN, VVMIN, AMPMIN)

412 C O NTI NUE !

; ====

3

JRITE(4,4232)
4032 FORMATC* INPUT AMPM AX: ')

READCA,) AMPMAX
: AMP MAX UVERRIDDE N
1i

C ALL D IVIDEC HVM AX, HVMIN, VVM AX, VVMIN, A MPM A X, A MPMIN, HVS IZE,
i VVSIZE, A MS IZE) |

|NGDT:0
'

RE JI t:D 5
CALL SKPCISXIP)
NSDT:3

)
00 422 1:1,NSETS
C ALL DEVRD(I)

'

C ALL PLDISCC HV, VV, TIME, A MP PLM IN, PLM AX)
CALL NRCNT C HV, VV, A MP , HVS IZE, VVS IZE, NB AD , HVC , VVC , AMPC , |

IHVMIN, VVMIN, AMPMIN, A MPM AX) j

NGDT: NGDT+ NGD AT A '|
NSDT: NSD T+ NB AD

42 3 C O NTI NUE
:

!0
I

: WRITE CUT MAX AND MINS
:

1 R I : H VM AX* H VC O N
! R2 : V VM AX* 'NC O N

R3 :H VMI M H VC O N
R 4: V VM I S VVC O N j

JR ITE C 6,215 ) R1,R2 |

VR ITE( 6,22 3 ) R3, R 4, A MPM IN !

R l :H V( I A M AX)* H VC O N j
,

| R2 :VV(I AM AX)* VVC O N |
WR ITE ( 6,221 ) AMPM AX,R 1,R2, TIME ( I AM A X)

;

! O

j I I : t SETS = .D AT A-NGDT

_ _ _ _ _ - _ _ _ - _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ --__- _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ - _ _ - _ - - _ _ .
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s

4RITEC 6,3 03 ) NBDT
535 FORM AT(4 X ,I 6, DATA FALL BELOW THE MIN AMPLITUDE CLASS *)

R I :H VS IZE* H tC O N
R2 :VVSIZE* Vu:0 ff
JR ITE( 6,225 ) R 1, R2 , I I

I!D FORMAT ( 7X,I S, ' ', I5,2 0 X, I S, ' ', I S ,15 X,I S, ' ', I 5,15 X, I 5 )
:
; C HEC K IF A FULL ANALYSIS IS DESIRED

IF (IFULL .EQ. 0) GOTO 3333
:

WRITE (6,930)
JR ITE( 6,901 )

:
; U NIT INFORM ATION
pel FORM AT( ////////60 X, ' D AT A AN AL YS IS ' ///////,

! 45X,' DIAMETER IN MICRONS ' //45 X, ' VEL CC ITY IN METE R S '
1,' ?ER SECO ND' //45 X, ' DROPLET R ATE IN NUMBER /SEC/SQ CM/C M/SEC
2, ' ( M/S EC) /MIC RO N' //45 X, ' NUMBER DE NSITY IN NUMBE R/CC /M IC RO N ' )

4 RITE (6,933)
LI t:ECT:41
'J R I TE( 6,313 )
JRITE(6,331)
JR ITE( 6,3 32 )

:
;
; P AGE THROW TO MAINTAIN MARGINS
3a3 FORM AT( I H1, ////////)
:
313 FORM AT(4 5 X, ' DR OPLET S IZE - VELOC ITY D ISTRIBUTION* ///)
531 FORM AT C 1 H ,7X, ' D I AMETER ',21 X, ' A XI AL VE L . ' ,1 ? X,

I ' LATER AL VEL. ' ,13 X , ' NUMBER ' )
532 FORM AT(13 X, 'R ANGE* ,25 X, 'R ANGE' ,23X, 'R ANGE' ,19X, 'C OU NT' ,

1 13X , ' DR OPLET R ATE ' ////)
DO 153 L:2, DIVI
D O 153 J :2, D I V2
DO 153 K :2, D IV3
II:L-I
I2 :J -l
I3 :K -1

C O U NT C IELI C II , I2, I3 ) )I :
IF (I .EQ. 0);0TO 150

i

I
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h C0 tlVERT INTEGER D AT A T O ACTU AL UNITS
C

S IZE1:DI AMC AMPC(L-1))
S IZE2 :DI AM( AMPC( L))
R3 : V VC C J -1 ) = VVC O N+ VVS HFT
R 4: V VC C J) * VVC 0 t4 VVS HFT
R 5: HVC( K -1 ) * H VC o rkH VS HFT
R 6: HVC C K) * H VC 0 f>H VS HFT
C TC O N:D RC O N/ C HVS I ZE* H V0 0 f4* VVS IZE* WC O N* ( S IZE1 - S IZE2 ) )
R7:I*CTC O N
VRITECS,211) S IZEl , S IZE2 ,9 3, R 4, R 5, R 6, I,R 7

111 FORM AT( 7X,75.2, ' : ', F5 .2,2 2 X, F5.2, * : ' , F5.2.15 X,75.2, ' : ' , FS .2,1!
1 15,15X,E13.3)
LI NECT : L IllEC T- 1
IF CLINECT .GT.?) GOTO 150
LINECT:52
JR ITE( 6, 93 3 )

0 WR ITE ( 6,213 ) AMPC C L- 1 ) , A FL'C C L ), VVC ( J-1 ), VVC C J) , HVC ( K- 1 ) , HVC ( K
: 11
153 C 0 t; tit:UE

GCTO 3020
;
;

| : ?RINT AVER AGE RESULTS
I

JRITE(6,2111)
DO 1502 L:2, DIVI
Do 1502 J :2, D I V2
DC 1502 K :2, D I V3
I r0 0U NT C IELT C L- 1, J -1, K -1 ) ) i

IF (I .EQ. 3) GOT O 152 3
S IZEl :D I AM( AMPC( L- 1 ) ) ,

SIZE 2: DIAM (AMPC(L)) |
S IZE: ( S IZEl +S IZE2 ) /2
R3 :VVC S te ( VVC C J-1 )+ VVC C J) ) /2 + VVS HFT
R S: H VC O M ( HVC( X -l )*H VC C X ) ) /2 + HVS HFT
C TC O N:DRC O N/( HVS IZE* H 40 0 tn VVS IZE= VV0 0 5 ( S IZEl - S IZE2 ) ) |
R 7:I*CT C O N
JR ITE( 6,2113 ) S I LE ,3 3, R 5, R 7

1112 FORMAT ( 77,75.2,15 X, F5 .2,15 X, F3 .2,15 X, E13.3 )
lill FORMAT (lHI)

| 1532 C O NT I NUE

|
1
i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___
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:
C ALCULATE FUM3ER DENSITIES

3

3333 4R ITE( 6,511 )
C0 512 L:2,DIV!
DC OU NT:Z .
P ML V:3 .
? ML V2 :3 .
P MA V: D .
P MA V2 :2 .
DO 523 J :2, D I V2
IC U M:0
Z V V: V VC 0 i)* C VVC ( J) + VVC ( J - 1 ) ) /2 + VVSHFT
DO 530 K :2, D I V3
Z H V: HVC 0 5 ( C HVC( K) +H VC ( K - 1 ) ) /2 )+H VS HFT
P ML V:P ML V+C OU NT( IE LT C L- 1, J -1, K -1 ) ) * Z HV/ZVV
P ML V2 :P MLV2+C O U NT C IELT (L- 1, J -1, K -1 ) ) *Z H V* Z HV/Z V V

53 0 IC U M:IC U FWC O U NT ( IELT C L- 1, J -1, K -1 ) )
DCOU NT:DCOU NT + ( IC U M/Z V V)
P MA V2 :P MA M2 +IC U M

*ZVV
P MA V:P MA V+ IC U M

52 3 C O NT I NUE
S IZE:(D I AMC AMPC C L-1))+ DI AMC AMPCC L ))) /2
SIZERA:DI AM( AMPCC L-1))-DI AM( AMPCC L))
Z N U MD:DC OU NT

* DRCI S O /S IZER A
IF (ZNUMD .EQ. a. ) GOT O 513
Z MLV:DRCl 32*P MLV/(S IZER A* Z NUMD )
ZML V2 :DRC l 20*P MLV2 /C S IZER A

*ZNUMD)
Z M A V:P MA V* DRC 100/ C S IZER A

*ZNUMD)
Z MA 42 :DRC 103*P M AV2 /(S IZER A*INUMD )
SDM AV:S CRT(ZM AM2 -Z M AV*ZM AV)
S D ML V:S Q RT (ZML M2 -Z ML W ZML V)
4R ITE( 6,513 ) S IZE, Z NUMD , L M AV,SD M AV, Z MLV ,S DMLV

513 F ORM AT ( 15 X ,75.2,32 X, E12. 3, 8X, F5 .2,10 X, F5 .2,12 X,75 .2,12 X, F5.2 )
513 C O NTI NUE'

4R ITE( 6,90 0 )
E NDFILE 6

511 FORM AT(I H1, /////////5 0 X, ' DROPLET S IZE D ISTRIBUTION'/////'

i ,15 X , ' ME AN * ,13 X, ' NUMBER ', l l X, ' ME AN ' ,9 X, ' STD DE V' ,13 X,
2 ' ME A N' ,9 X, ' STD DE V' /13 X , ' D I AMETER ' , 7 X, ' DE NS I T V ' , E X,
3 ' A X I AL VEL' ,6X, * A XI AL VEL',6 X, ' LATER AL VEL' ,3 X, ' L ATER AL VEL
4 /13X , ' ( MIC R ONS) ' ,4 X, ' (# /CC /MIC R ON) ' ,5 X, * ( M/SEC ) ' , ? X,
5 ' ( M6 EC ) ' ,9 X, ' ( M/SEC )~ ' , 7X, ' ( M/SEC ) * ///)

512 FORM A T C22 X , F5 .2, ' ' , 75.2,12 X, E13.3,4 0 X, F5.2 )
E ND

DOSPIP V6A

|

|
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: THIS ROUTINE DISCRIMINATES ON THE B ASIS OF P ATH LENGTH
,

S UBR OUTI NE PLD ISC C HV, VV, TIME, A MP, PLMI N, PLM A X) '

0

I NTEGER HV(2003), VVC2300), TIME (2000), AMP (2300)
RE AL RT1,RVI ,PL, PLMIN
I NTEGER D I V1, D I V2, D I V3
C OMMON / /ND ATo , DIVI, DIV2, D IV3, NGD AT A , VVS HFT, HVS HFT, VVC ON, TIM
RT1,RV1, ARE DUMMY VARIABLES TO EASE COMPUTATION-MULTIPLIC ATIO

; 0F LARGE NUMBERS
: |
; THROV OUT B A D D A T A B Y FORC I N G A ZE RO P AT H LE N GT H
C

DC 20 I:1, ND ATA |
'

IF C HVC I) .LT . 3) VV(I) :-l
IF ( VV(I) .LT. 3) VV(I):-l
IF C TIMEC I) .LT. 3) VV( I):-l
I F C A MP ( I) .LT. 3) VVC I) :-l

23 C O NTINUE
J :1 j
NLAR:3 -

DO 13 I:1,NDATA
I F (I .GT. 1000)STOP 5
IF ( VVC I) . LT. a >GOT O 13
IF ( AMP (I) .LT. 14 75 ) GOTO 7
TIME ( I) :163 84- TI ME( I)
R VI:VV(I)* VVCO M VVS HF1
R II :!INE C I) / TIM AMP
R TI :R Tl /(S QRT ( AL OG C 1.35 /( 14 75 ./A MP C I)+ .35 ) ) )* 1.14 6 )
P L:R Vl* R T L,

IF (PL .LE. PLMAX) GOTO 6'

NL A R :NL A R+ 1
VV( I) :- l
GOTO 10

$ IF( PL.GT.PLMIN) GO T O 5
7 VV( I) :-l

GO T O 13
5 J :J+ 1
13 C O NTINUE |

'

0
; GIVE# CF D AT A REJECTED FOR PL TOO L ARGE I

!
; VRITEC4,ll) NLAR

|
11 FORM AT CI H ,I S, ' D ATA MAD ?L 7 00 L ARGE' ) I
;

I R E MEMBER NUM CF GOOD D AT A ( MEETS ? ATH RE QUIREMENT)
j NGD AT A : J- 1

E NDi

00SPIP V6A

>

__ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _
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: THIS ROUTINE DETERMINES THE MAXIMUM VALUES OF HV, VV, AND AMP
SUBROUTINE ZM AXC HV, VV, A MP, HVM AX, VVM A X, A MP M AX,I AM AX)
INTEGER HV(23), VV(20), AMP (20)
I NTEGER HVMAX, VVM AX, A MPMAX

; I NTEGER D IV1, DI M2, D IV3
C OMMON / /ND ATA ,D IV1, D IV2,D IV3, NGD ATA

Do la I:1, NDATA
IF ( VVC I) .LT. 3) GOTO 10
IF( HV( I) .GT. HVMAX) HVM A X:HVC I)
IFC VV(I) .GT.VVM AX) VVM AX:VV(I)
IF C AMPC I) . LE . AMPMAX) GOTO la
A MP M AX :A MP C I)
IAMAX:I

13 C O NTI NUE
E ND

DCSPIP V6A

>

; THIS ROUTINE DETERMINES THE MINIMUM VALUES OF HV,VV, AMP
SUBROUTINE ZMIN( HV, VV, A MP, HVMIN, VVMIN, AMPMIN)
INTEGER HV(23), VVC20) , AMPC23)
INTEGER HVMIN, VVMIN, AMPMIN
INTEGER HVMINI , VVMINI , AMMIN!
INTEGER D IV1, D IV2, DIV3
C OMMON / / ND A T A ,DI V1,D IV2, DIV3, NGD AT A
DATA HVMIN1, VVMINI , A MMIN! /133200,13 J003,130 230/
D 0 19 I:1, ND AT A
IF ( VVC I) .LT. 3) GOTO 13
IF( HVC I) .LT. HVMIN1 ) HVMIN! :HVC I)

; IFC VV(I) .LT. VVMIN! ) VVMIN! : VV(!)
IF( AMP (l) .LT. AMMINI) AMMIN1:A MP C I)

13 C O NTINUE
3

4

: MAINTAIN LOC AL COPIES OF THE MINIMA

HVMIN:HVMINI,

VVMIN:V VM IN I
A M? MI N: A MM INI
E ND

DOSPI? V6A

i
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,

1
I

I
i

|
1

|

; THIS ROUTINE CL ASSIFIES THE D AT A !
, i

e a

'
SUBROUTINE t;RC NT C HV, VV, A MP , MVS IZE, VVS I ZE, t:3 00, HVC , VVC , AMPC ,
1 HVMIN, VVMIN, A MPMIN, AMPM AX)

, .
'

d
,

d h

I teTEGER HVC C2 3) , VVC(2 3) , A M?C(20 ), HVC 13 ), VVC 13 ), AM?( 13 ), i

IC C U NIC E20 2 )
! I NTEGER HVMIN, VVMIN, AMPMIN, HVS IZE, VVSIZE, AMSIZE, AMPM AX j

I NTEGER D IV1.D IV2, DIV3 |
COMMCN /CCMCT/CCU NT
C OMMO N / / ND ATA D IV1, DIV2, DIV3, NGC AT A, VVS HFT, MVS HFT

; H VC ,ETC ., A RE T HE L IM ITS OF E ACH INTERVAL OR CL ASa j

HW(1):HVMIN !

VVC C 1 ) : VVMI N !

A MS C ( 1 ) :A M? M A X |
DO 4 N:2 , D I V! |

I THE J?ER LIMITS FOR EACH INTERV AL ARE GENER ATED 3 Y ADDIN 3
i : SUITABLE NUMBER OF ' S I EE S *

H VC C r.) : H W ( 1 )+ ( !b 1 ) = H VS I EE ,

VVC C t0 : VVC (1 )+ ( th 1 > = VVS ICE :
A MPC C t.) : 2 . 35 = A PPC C N- 1 ) !

A C O NTI NUE
'

fI THE /CLLOVING 00 L OCPS ASSIGN EACH SET OF VALUE5 IN
; A??RCPRIATE SIZE RANGE AND INCREMENT COUNT Bv 1. ,
, ,,

- ;

NU 3:C !
!,

,

I O tLY THE GCCD D AT A (P ATH TEST CRITERION) ARE CONSIDERED. |,
(

b IF a D AT FALLS BEL 3V THE SM ALLEST AM?LITUDE CL .SS, :

! : THE N Nd AD IS IhCREMENTED AND ITS CONTRIBUTION IS IGNORED
IF (IFIR .NE. 2) GOTO 999

, ,
$ d

D I k :D I '.2 +2 !

D I V3 :0 I V3+2
!?iR:1 '

.

THI A30VE NCW POINT 7 0 TFE L AST CLASS ELEMENTS|

4

e

1
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l

:
.

999 DO 99 I:1, ND AT A'

i : C HECK FOR REJECTED DATA
IF ( VVC I) .LT. 2) GOTO 99
DO $1 N:2, D I VI
IF( AMP (I) .GE. A MPCC N)) GO TO 23
I F ( AMP C I) .GT. AMPMAX) GOTO 99 |

51 CONTINUE I4

: FALLING THRU HERE MEANS D ATA IS B AD |
: |

NBAD : taAD + 1 l

'

GOTO 99
O

20 L:N-1 |

DO 52 N:2, D I t2 |
IFC VV(I) .LE.VVCC N)) GO TO 21 1

52 C O NTINUE
21 J : N- 1

DO 53 N:2, D I V3 ;

IF(HVCI) .LE.HVCC N)) GO TO 22
53 C O NTINUE
22 X : N- 1

C OU NT( IELT C L, J , K) ) : COUNT (IELT(L,J,K)) + 1
39 C O NTItJUE

E ND
,

DOSPIP V6A

>

Fu tCT ION DI AMC IAMP)i

COMMON /GN/G AIN'

i D I A M:3 .18 7= I AMP "l' I N -2 6. 0
IF CD I A M .GE , 13. 63 ) RETURN'

| DI AM:3.ll ' = ' AMP /G AIN - 11.11.
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Results of the measurements in turbulent free stream
air flow and adjacent to a solid surface.
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| DAIR GilALYSIS

'Free stream air flow
l
|

| DIAtEIER Ill T11CR0 tis

VELitCI TY lli TE'IERS PER SEC0!1D

bPilPLEI RATC l li til lI 0E R /SE C /SO Ct1/ ( t1/SEC) / (it/S EC ) /t11 CR0ti

littl E'ER IsEllS I TY lli ilU! 0ER.' /CC/t11CR0tf

I'

I
!

I

!

T -

= s

- - _.



150

I

l
, i

(
l

I

dJ
e-
C TY["10@UNDiY YYNYISYYY YYYSTT * T T * f Y " Y '.* * * "

C C C C C C C, C O, O O, C. C C. C. C. C C C C G. C. C C C, O. O, C. C.* C. C C C. C. C. C. O. 7., " O.% ++++++ + + + --++ ++ + -

W W cJ . J w u L.; U U W W L U ' -, .,J 6
W W W W U, W W L J J W i.. L J U U t J W W J u.* ! . " N 7 "" % Q u r i r n .; 7 il ** 7 ~ M *T T 3 7. ~7 ** ; ;; ;.- ; ; .H

A. N O r. C O.* r a ?
7. "" ***

.) O O C.3. O O O CS Cr. c.a. O ? . 2 o C C '* - c .: p e : - - r , s . atq M.
.

. O.n.a.N.N.N.g N. 7.e; ;rg% *,g e . .- .
0 0 C .*e .* a ~f v's :SW

t ,AJ

. - N. . . f a p .. c. . . . . rqM1
. . . . . . . . . . . . . .... . . . .g

W C C C C C C C C C D 2 3 *D C C C C C C C C C C C C C C C C C C C C C C C C C C C C
Ce

|

|
.

i

| mW
I WC
| D --W-WNM-T~~N-N--NN=--AM==~~M=N7N==-M-N==~

C N
!, Du
I Z

{
,

i

l

I
C
> .

C J
CD Lt.J> N N A M N in M i O N O O M N O M A N N O N O A O N O M O M (J O M O M N t* M A M 0 **~

C. C. C. . C. C. =*. M. C. C. C. C. =. C. C. =. C. C. C. C. C. C. C. C.. D. ". C. =. C. C. =. C. . C. C. =. C. . C. M.W
p- .; y

f.f.i
CO CCCCCCCCCCCCCCCCCCCCCCCCCCCCCOCCCCCOCCCOC
%C i i t i i 6 t i i i 4.-

O" D N" D O" N" D N ?"t CN N" 6 | D" D' N" D" N" D D" f 8 C"% G ?"t N" 7 t". |". N' A" C" t a d" s"N ?" ?". N" C"r". A f"n .
~ ** * * ~ ~* ** ~ = ~ * " -*

Ch uJ ~
>= M

C.C.C.G.C.C.C.N.C.C.C.C.C.C.C.C.C.C.C.C.C.C.D.C.C.C.C.C.C.C.C.C.C.G.C.C. .. _. ..>* C . .H .; C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C O C 3 C C ",-

U i 4 a a 6 s a ia a a i i n i a i 4 6 i e i t i i t i r i

O
.J

t

I W
( N

I

H
W
k C M M M C C C O Nt0 W Mre C C C Nit.,*et** C CP. M C C O M M C C C N N Mtate *^ ;

- 7. T. 4. W. Q. Q. Q. N. N. N. *T ** '4 W G. r. N. 'T. *f. w. 'c N *T. G. G. ep 7. ". G. G. Q. t r . *- * * g 4,7 *C .

. . . . .. . . .x .,,,n
- - - . -

A y
.A W

g n ............................n ...............e ..u . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

**''.OM W W W M M M M C C C C W M M M C C tr J f^ M C W M * M Q Q M M f o C O ;- T 'r;a "*T ** .'. -.J C

C cg; O. N. N. N. 7. ". i. i. 64 . . N. N. 'T. '7. **. 4 = c.l N. i. **. Q. N *T. *f. *T N. N. ". *T. *T. Q. i f ^ a f wC
. . . . . .

X C------
G

l

| - ~ --- C C 0 C C C C c . @ d O t ,,*, r.. N r t. r M t6 M t A * *. M - . .

*

a

C. C. C. C, C. C. C 0. C, .4, 'c. J 4. G. 's c ' '. ". ~. ". *'. **. ~. / 0 0 0. 7.= % 6 % i7 . m 7. ', .* . .Ca'
W . . . .

c t N e rr s N r i r t e: e '; f c J O c c c - - - . ?. f. Q G G t;-:T4to---,--.. . *.a. .P- W *;;c. .J ;G tWg C.O. O. C.D. Q.. C C.. O C.C. .:G N r . i . i.. t . * . t. 3 . r. : . t. : . . . ' . . . . ' ..- . .. . . .
. .. .. .. . . . . . . . . . . . . . . . . . .

CC CCCCOCCCC--------OC02C .* J,.*t.*r.'.'.r.r... . n- ^ - -

~ ~ . *r. N. N r.. N. r N u . t . :. C. C. C. 3. C. C. C. ;. J. u 2. w -~~~ C *T B. O..*>r. ..n c. :* ~~ Ca:
. . . . . . . . . . . ,c

CO CC CO CO CC. CO C C C4 C CQ U. C C Q Q C t. t
ts. t. r . ; . t. t. : . t . a J ;, u g ; ; - - - - - .a' * s t i r: * ; *i e'T S o g C g - ~ ~ ~ 'r T Qt.N Nr.t r.r.a - a a ta w g G ; a ; ; ; :.



. __ - _ _ _ _ _ _ _ m m. m _

151 L

i

l

l

.

** 4 0 'T = " *T - 9 ** ** '"* - * *t ** ~ *T - ** = "* - * f. - =* ** p ** ** - ~~ 9 p =* n n c ** *T n ~ ** - - - | . ^

C C C C, C O. C, O. C C, I O, C C C, C C, O C, C C C. C C, C. C C. C, C C C C C. O C.. C C, O, C, D C, C,. ; ; ; ;- ; : : ;.
~++ e e - - + ~v n e - -- - , .

WU9 W ' . :'W. J U W W H. U L .J H. W * . L W Hi W. & , - -W J L W W W L J - '- m e. _ - w.'J

N#3
.H. ~H W W W W W W W W W W WT i ,.. s c t.-
M r^ M ~~ a ,. , o r .+. . i.* y o g N N e r -> N 2;

. . . - . , - . - ,ew ,.suo...... . . t . .s,.
. r r. - % r.:n N r.r. c.cs .r. . m r*,e. ; N , , . . ;- .~ ,

ts. N. . N. N. N. t . .. %. N. **. * . 9. *?. %. t .n r .a N. G. u'.> 4. A. n. N. N c : . N. N. C. %. ~ .s N. e t .m * J. '.0.. e i .a c. **. u'. * ~ .s c. . * .s * . ; ' ^ * . ;''. r.
i

.s
. : : CCCCCCCCCCCCCCCCCCCOCCCCOCCCCOOCCCCCCOCCCO OCCOO . . .

. . . .

!
,

.i

M - n = = = M *= == N N N N - -. - - N N N N N - - - T - =a M G3 ~ ~ - N - M W ~ - M T M a N - - - N - C M Ce

O N La M tsi uS N C el e M N o e t'? O to N O M N O M C ei r M C N A C M N O M f i O M m h O M - O M C 0 O e i *NO
C. C. C. . C. C. Q. N. C. C. . C. C . O. C. . C. C. . C. C. . G. C. C. . N. C. C. N. =. C. C. . . C. . O. C. C. , ** C. . N. ., ,. _.. . . . .

CCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOCC OCO
...e.............i......s......s.....:....... ............i.:............r : 6 i . .

. .
. . . . . . . . . . . . . . . . . . . . . ., . . . .

ea m N c m N o m m N e m N #'t @ N A ?. N O C$ tN O N O N O M af. N ;6 0 @ N O 3 N 0 0 * ,* l O ** f A s % ~ ...,s. <

C.C.C.C.C.C. C. . O.C.O.C.C.C.C.C. O. O.G.G.C.C.C.C.O. .O. .C C. .C.C. C.C.C. C. O. .C.C.C.M.C.O. .C.C.*'. C. . ..

CDCCCCCCCCCCCCCCCCCCCCCCCCTOCOCCCCCCCCCCCCCCCCC. w.OCC
i a a a a i i 6 e 6 e a i 6 i e i e a e a e i i e i a e e s + e

M c C C N N M m C C C es N M 9 M r^ C C C *. N N 'D ' A M M ac C C O N O T t D en ta M O C C C. C t . N r . *r 0 - < * 0 ,

' ** ** 0 ;.4. W. G G. t. N. 7. *7. w. w. G. N. N. O. N. 'T. '". W Q. ';. N. N. N. N. '". *T. *7 *T. a v. 6. N. i .s l J i .a "i. ** ~T. Q. %. 4. G. C e . A. w. O'. r. .
.

1

- -. - - -- - --
h
6

. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
w m M m C C Q w m en V C C t. C % Q t'~ ra r^ C C C C D * 2 2 M t+ M c C O '",'. Q - Q M f n ts 'n v C C : % '". Q '^ *n

i N. 'T. i. 7. w. Q. N. N 7. '". i. G. Q. f . - N. N. ''f. **. . G. Q. Q.. N. N. N. r i ** ~7. "I, Q - - - ( J. N. N. **. *7. *T ". "T '; G W ' . * i a ** 'T.|
.. . . .. .

- - - - - --- -

,

4

,

| '

| |
|

I
I
I

i

I
.

l
.

I

*

M. M M. ro m M M to m t e M M. "'. re -4 g i; w > e. c. 4. g i;,0. c : C. . O. . O. :. g. C C C C C "", C **. 2 . C C CA 0 0 0 0 0 N r . N t . f . N N P. C C C C O C *:.= = - - - I -,.
g ; s is. .,, J .; . ; a ; y ;

. ~
.

. . . .

~
--. .

. . . .. . . . . . . . . . . .

r,cie a . , m - e m e m, - %r 4 i "r ,em.or3mram* - m * mrm*"-.. g p.-*.*t;*7.-e Y'5
O.. f. M. .

'.*4 0 0. . N *". N ** " ".t N N. N ** *" '*N.*""".'*.*.**.*.*.*.*.'~..**.*.*.~..*..**.*.
P' ' '

. . . . . . . . . . ,

. . . . . . . . . .

- . , . ., . ~f..-. - ~ ** - .,I

. ~~ O C O C C ** ".."'. . r*.
? -
------- -- -

T ". *.T - " *? O O e ,
.'c'.*,,,*?..:.".....".i. .

O. . ". 3 . . . . * t t' t'. *.'.i t '.e r'.a # ^ M k * * 'e r^ '. M ir * *<e . v i .'. ..2
. . . . . . .. .. . .* --.... - -

. ,. . . . . . .. . .. . . . . * '* S 4~. * " ? v c # L* O 01* , :r#ri^t* *'' ^- **.

N e. N N N r . . -c. .e. re ** 'a r** *a **
O C O O O O O A A is 6|'* OOs"***~~****~7***7*****************'"***T******~7*"**i'7~**~~

,

6

__ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ __ __ __ _



=- _. ._ - ._ ,

152

v - 7 n - r -- -r w - -- - n O n O O -- -t o -r - a n - O e O - n i. O -r , = r u , , r u e ;- - . - -
C C (

O, O C C.,. C C, C C C C 3, C C ,'*., 3 C C. O C C C C C C C. C. O C C C. C C, C C, f". C C. C. C C C, C O :* . C. ; , ,,+-, ++ e ++ -n -+ v -- + - - e+ -.

f.u i i .J J. L y U W W W .J U U iJ W y .J U W W L W W W U U U L U L,. U , y y J I W L. y ' ' a. ~ ; y 6 .., .. _. _M G O i D C'. t > h a 's ( s m ? . ' 4 8 m '. GO'sGC t: C. C C E . :.27.G O ::G .T Cs0 C <>.* T'...T . . . - :.

N C Q == = C G C L ' J N '? '4 ~ t Q m * : N O 'T % O h m M t * m in C C M t . es. D in M M i n @ t' @ i 'c ~ ,n : - C * ~ ~ --. : -
m. te M. c. Q. to. m. m. to. M. M. Q. to. to. m. . m . N. o. te t . fr if M. M. M. N. r. . to. c. . O.. M. ro te - M. . ro t . * o =. e - < -. . . . . . . . . . . . . . . . . .CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCDCCCCCCCCCC G ::2.

M -= = N N a- ~ ~ -* = = N == = M iD a v CD N = CD = = -- ~ ~ N N M = N O W T a a. *== O -= t9 - N - M Q M = == = M 4.

G

<

1 t
i r

M c N tN u' M M C e% O r f 0 = m N O O N u' M N O C O N O m M O M C O N O M C O N O M O te O N N O M N o e :O# i
== N. N. O. C. . ~. N. N. O. C. D. 'T. C. C. C. r s O. C. =. C. C. N. C. C. C. C. C. C. =. N. C. C. C.. N. C. C. C. . C. . C. N C. C. . N. 3 0 0. .

. .
.

C C C C C C C C C U C C C C C CD C C C C C C C C C C C. C C C C C C C C C C C C C C C C C C C " '* * * ~ ~
.......#.............6......s..e......i......a......e..a......e........a..........a..e....................... . . . .

a a ;

O M C m N O O M c N m N ''t tD O N ao m W O M N M c m c . 'O th N O M G m N O ** *D m N O tu n o, C m e ' ' * " ' ' <" ^ .".
C. =. N. C. C. C. C. ~. N. C. C. C. M. =. C. C. =. C. C. C. C. C. =. =. C. C. =. C. C. C. =. =. C. C. C. =. = . C. D. C. C. C. C. N. C. :. :. : s. ~. 7. 2..

C C C C C C C C @ C C C C C C C C C C CD C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C
.

ie e a a a e i e i a i 6 e a a 6 4 4 e i e i e i a a i 4 a 6

.

.

I

C C O N N N M M M c T c T M M M M C C C N N M Q 'D e ro M M M ?o C C C C o t e= N r t W Q '

Q W Q N. N. N. m. CF m. . N. f'J. N. *T. ~7. '". **. W. Q. W. N. N. @. N. N. N. i. *T. "*. 'T. *T. W. Q. W. 84. 'e. B. N. t . i . m. 7 0.J $' e m M '4 0 0 : O. "". 7. ". ". 4 4 4. 4...
.

-~= e.. --

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...................s . . . . . . . . . . . . . . . . , . . . . . . . .. ..
M M to C C C N ts tw M C C C *.3 'D c C M M M C C ts D e, CD Q T 'A 't.pt; to in M M V= 'J C C C to t. C C 's J '; O P' tr *#*e

T. T. "". W. W. Q. N. N. N. m. =. =. ==. N. N. N. N. *I. *T. "T. W. W. t - ~ ~ N. N. b., a*J. N. ~. "*. i. "Y. 'T. WD. W. G. f. t. - - r 4. N. e , - -* -- -.... . . . . . . . . . . .
I. g. g S. gg g g. M..q. .R., ' g a .R.

4

N P. N t. tw N P. N N r0 C C /D CO CO PC C C C Crj C C (*, O O F i. . Y, 'i O O O @ u'. O @ O w*s O U" O .9 t. * .f. '. t . * . 7
In. ro. tn. in. M. t o M M. M. N. C i. N N r t i'I t' .t f a. & o ; .e f . N. N. f s tn. in in.'' .;. .'. ' t n W t^ V .o. M. M M. i ' tn in A t , .* 0 0 0 : ,* .... . # .. . . . . . . . . . . . . ,

, .

V'' 0 0 0*'.*t O W3 O O eff''e;c:N ^ r e ; e . 6. * 4 r li l e f at (*, (*
0, q'; f ' t 7. *. '". " ."'; m .7, 3 C* *, C M *4 '; + J ' ; _

a t'hI i 4 ;
M.. t.o f o. r6 M.. M.. t6 M.. :.'. ' i M. M a.a t 's M.. M M t.6 :. .. f o rn M M C s e :

s 6* ^s N. . ? : r s t j * r J '..s . 7 4 N. N r r i t .. . . . .. .. .. . . .. .. . . . . . . . . .

C C O C.C O C '| O N t . ? . * . N r . N r . r . r . t . t . r. . .
.. . . . . . . .. .

W G. u; '4. 2. Q. Q. w. 4. to ra te. M. M M. *6 tr ir e m. m o. n ; m r i s' . $;,co co C .3. , *.o. O . O c d e ta
.a nc

* r : r e '; M. 4
,* -.sr

. . . . . . . . . . ..... . N(a?sr ra. .

C C C';' O C' O C* C C O J' u' O O O O O O .,* v' '." 0 V *' . * * *E h * N r..rgr*H =t'. *p*. h rgrar e ; ~. ~r M r ~ * ~ - -
. . . . . . . . . .

M M M M M M t4 M M s4 e' M to to M M t6 Min t^ f o .r, M M -i f i M d a te tri to f 'e t6 t4 '" m ro l A M .^ M M . . v a.
. . . . . . .

:
s at ,

a



. . - . . - . . - . - _ _ _ . ~ . _. . _. , - .~. .. --.

153

n -r o -r t r - = n o o e n n ev. ., o 7 e o o r 7 -r -7 r o c .T r -t , t v c - , . - ~ ., e . .-
^

G C.*D C C, C.* C,. C 3 C, C, C, C C C, C, C .~J. Q+ C C. C +*D C C C C C C. C.e , C C,. C, C, C C. *" C C,r,. : : : :_...C
+ - -+ +-+ +
W W W W W W W W W W .a. W W ! L.; W J J '; t., ; i.! W W W W W W ; i.; t , W W ; : ; t , g i ,| , . . .. _.

ts t . 2 *1 c. ' t . % E . io = m so . r . Q to D eo t . i . 2 1, = O % D,7 7, p - c _ , s % O , i ,p..r . ..: < , . - * ,

t - ;. Q '.n ~ 4 **e ' f .,* '.;.

M. M. ra. t. 'o ro. r- M ie = = '* = M. ra n. N. n. =. t9. to rw N. . N. to to' r. :e to. s. t. M. 'o ro. s 1.c. ro .o . . . 'T - e.-.
DDC- r r. Nt. - O :.*=t.1. w cs N = N :.fs' 7O.: 7, 0 p

. . . . C. c . :. .,;-3T
... . . . . . . . . . .. . .. . . . . . . . .

C C C C C CD C C C C C C C C C C C C3 C C C C C C C C C C C C C C C CD C C C C C C C C C C C a|: CC 0

1

t

I

i

i

= == <D N = = = == == M tT N M = = O. N -= T ro = = @ W *T N == = N a gt CD N = = = m LD m -= = = N 0 == = = N O N r T TN - - r.= . -

i

{
i

f

i

1

,

,

* C m m M O O N 6 Q M N O M 4 D N O ro C N W N O M O M N O O rw 0 M * = O N W re C N mt O f6 M n 'h * p re N .* M

N. C. C. ==. C. C. O. N. =. 0. C. C. =. M. C. C. C. =. N. N.. C. C. =. C. =. O. C. C. C. C. =. M. *!. O. C. C. . N. CV. O. O =. -=. 0. C. C. C.. C. .,

CCCCCC.CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC*

............4....i....t........a............i..s..........a....a..i..........e..s..........a..........i........i.....: i

M w N D t I @ C'. C M RL O N D N tD D N D ro c tn O f ' f N D O. !U W O N D P. *T B O N D io C @ e | D O N LL O N D ? ' * ~..

. !
== = 0. C. C. =. C. N. (\. =. C. C. C. N. . O. C. C. =. N. N. C. C. C. C. G. C. C. =. C. C. C. N. M.. *", O. C. . N. C. C. C. G. C. . C. *. '~. **. *. **.. .

C C C C C C C C C C C C C C C C C C C C C C C C CD C C C C C C C C C C C C C C C C C C C C C CD C C C C CD
| s 4 i e a e a a e t e i a e a a e s a e I e a e a e e i e

a

l

a

.

C tw N N M C W oo ro ro to M m M C C C C C C N N is N M P'* tD @ M M M ro M ro c e C C C C N N N to C O Q % 'C '' m .*
W tw tw N. m. =. N. r J. 'T. *F. **. "I. *T. " Q. v. ' G. W. 4 Q r. r. N. ew m. C. N. N. 'T. **. **. *T. T. ~7. w. G. G. T. G W f. to rO. . N ' ; ' J N 'T. **. -
. . . . .. . ... . .

- - - . - - = - -- - .-.-N - ==

i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
M C CD C f. M C C W tD T Q @ Q M ro M f 4 M M C C Q o r r. C C to tf c T O O M M M ra to M C C C P. fo C ~. C .* J C>

T. Q. Q. @.= 6.. m. =. =. r J. N. r N. N. N. 'T. ~7. *7 7. *". "T. y .J. Q. 9 7. N. =. ==. r J. N. N. N N. r J. "7. * . **.* ** *T. '4 4 4.r f . 3 =. = =. . ' . " . * .i
.!'
!. . . .

g-.=.=..-.=.===-======.=a.=-.=-===~-.-=

,

i

i

!

!

.

|

k r. r . r. k 'T *T *~ n ~ = ** ** * *t ". *T ~ ~T *T ~ ~ ~~ ~ ~~ *'T r i n t e f f t N t a r ? f \ M N !' fn f E N N * . - s ' ' ' s ;- "7 *T. *'t ". ** i. *T **t'*. *""..*.O."..
^'!*

|
O. O. n. 4 0. m. C C*. C O 7 O. C..g ". 7. O. O m. o. 0 6 6 0 7 7. -T ~7. 7 "7 ** *T. ** "T. *T. *.

. . .. . . . . .

| @ Q @ ,4 *g = * P6 P6 tr .^ M a6 - . . a f n tr. g e e .4 re P * .n m r# r.* M - .= = -. -
*

. , , ,

i ..| f 3 t* a f 1 C ) * ' | | ( s .* l f I f ! * J * . * i l' | ,* I f* J '.. ..S f. . . . . .l ''.'.; f , '' t F * - - - = = * ~ * * =, .'. . . .'.J ! i fb ( h t' t ''.l '. .| '. i.a d'.s " ., f
f| ( g l4 N. (. f * f 18

. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .' . . . . . . . . .

** ** ' * * * * * * * * * * * * ~ ~ ~ ~ ~ * * * ~ ~ * * * * * * *
. .

to. r '.s e o Mf o u* 7. p .,*. u . O. O Z r 0 0 Z. . t.*. T d. .i .*. .*, f. .*s 7 7 "7 O. ?f* . . 7. . " 7. * 'T. ." ? * O. % ("
f f la*.f.t'l.F.*.r.8...'.r.*. ,t.; *.t.t.t.r.'. . .:.

-

- * * " * - * * * -

. . . . . . . . . . .. .

* C " m M * '' . -' *^ tre . o M W M M * . . '. t '. + * = ~ - = . ~ =
. . . . . . . .

J rn r . * t N f . t s i : r c' o r s e g r t o. ( t r i t s N N r''s f t % * l t a t: c"i t l c t , I-
m: ; '

o f.Cn e m W Qst*: Q Q Q T*: G w % ';'' :
ef:

*

N f .a N N " . t I N C J N N t s c I N i i t o :

- ._ _ . _ . _ _ - . _ . _ _ _ _ _ ._ _



- . - _ - n__ -. -- . .-

154

vi n n r e o n . n o n n - -t r r -t o -t - r e r -- -r , . e r o n n e t . n r u - r - - .n- - - - . : .-.

C C C C. C, C, C C, C. "+3 C. C ".D C. C. C C. C C *O O C,. O. *0 C. O C C. C. C. C. C, C C, C, C, 3, 0 3 0 0, C C. C. C. C .. * "" *.; ; O.++y + + ++.. . -4 ++ . ..

W W W W L 6 W W W W W W W W ' : a! W J J =. W;; . W l u u 6 y W W L W L W W u .J J L W * .J ;i.
.. ...-=J O 3 A = (* e4 0.0 A ,t r s D ." C 4 0 .** : S t . ** :m : . Y = <=. % r t. t ,. ' T .'A 7. ' A f . . . f J U .0 ~7 . .J f . * . .= = .7 r . ** / - '

t% M ~ CD ** :n t == ,- : . : =: ann. . 9 .rs 'n A u ~ r.:. N .t.rer' t a c* n .s. '

. CD. *T. 0. . fo =. T. 7. '7. C. ra. *7. Q. . CC. C. =. "". C0 7. =.= r^ C. 7 40. C. N. =. "?. N. *f. **. r i O.. C3. CD. == ~. 7. "*. 7 7. . -a 7. . ~ * . d -. . . . . ..

C C C C C C C C C C C C C C C C C C C C ? C C C C C : CD C C C C C C C C C C C C C C C C O r C O O C C

,

I

t'1 N *'* T LO CO M - == = == n = N M N N V = N C N c". N == N N N = C O = = Q == 4 N N i v == = = = T T t% - N O -" .*i=M =N -N == T = N ~ ~d

|
|

C N 'f N W M c N 'f N US M N N O M N M C O N O M C t. 4 m N d f 9 C = O N @ M C Pw el'.o r9 f l M a r! O to T & e *f e.
N, N. M. C. C. =. f%. N. M. C. C. =. N. C. Q. =. C. C. N. C. . C. . N. N. fo C. C. C. =. N. '". C. Q. O. =. ( d. N. C. C.. C. . C. O. C. . =. 0. C. ;. -=..

C C CD C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C CD C C, C C s . .

....1............i.......6.....4......i..s..........a..e...........i..........a..e............e.i. . . . . .

M C Pw CA N O M C P. "*b N O C O N @ O N M Q O N O M O N AD O N O M *T Q O h r M C O N L:* m u* ta m * * ? * o w c * . .*.
= N. N. C. C. C. ''*. FJ.N.C.C.C.N.C.C.C.C.C.=.=.C.C.C. =.N.N.=.C.C.C. .M. .C.C.C. =.N.C.C.C.C.C.=.C.C.1 3t- C.:.D..

. .

*D C C C C C C C C C C C C C C CD C C C C C C C C C C C C C C C C C C C C C C C C C C C C C, C C s , w . C6 t e a p 4 e e a i e 1 i a e s i s a a a s e i

|

|

4

I.
M M M C C 2 C C C N N o.P M m e.a .o w e fe ra M M m m n C C C C Q C r. N N N N N ee M m c C T e q w r6 m e o v
V. ". *T. Q. Q. Q. Q. Q. W. N. N. N. e. .") m. O. N. N. N. *T. ~7 7. *f. T. 't. *T. @. @. Q. Q. W Q f. N. N. ew N. f. m. m. m. =. =. N. N. N. .* . ** "* - - **. . . . . . . . . ..

=---N-..
i. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1. . .

40 to <D M M M M M M C C C C N N e. C C C 4 t; e ,4 G w T M +6 M 9 m rn C C C C C C N r. t. M M C C C C O .; ; .* ; j

N. N. N. V. T. T. *T. 4. *.7. Q. W. Q. Q. N. N. N. = =. =. 0 N. N. N. N. N. N. **. T. i. *7 *7. "I. G. Q. Q. Q. Q. Q. f. t . N. C*s @ ~ = = -~ *N. ' . " . * .. . . . . . . . .
-- .c--

M **. M M M M M f# Po M to te. M M l' M Q Q C .4 g, Q Q t; to O Q G c t.*j C Q Q Q @ Q q Q ty Q T .( C C ?", * - ' .; "" '" -
C. C. C. C. C. C. C. C. ;. C. C. C. C. C. C. C. P. t . t . i . i . I . t t. t . I : . * . e . : . t . t . i . t t. t .. N. t . ? . t ' . ' . ; Q C. ';. . ; ; . ,,. . . . . . . . . . . . . . . . . . . . . . . . . . . .

;

m C.%. m 7 C c :'". %. 7. ..5. O m W.. ''.* 7 O O 4 Q. .r T d c m e T, J. Q T Q c Q .D W c T. @ T Q c *.C - - - ** - - ". . ... . . - . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

N e t N r s m *.,s r * r.u. s . e p e g s t .%. e s e , ^.| M .,. e rn M . * m t . a r .ee m ., s . n.n :s t.r. i.n e t.s s e. M. f. s. M. e.r v. *. ;.; ; ; ; ; , . ; ;r r

*7. ... .. , . c... . ... . C. w. C. Cs.. v. .s..-- . w. ..-

-- --7,;.~,77,77g,
. .. C. . , . . s. .s . s. .. ... t.. . ... . . .

.

.... .
N N N N N N N *4 N N N N r I N N N .= - - - = = = - - - = 7 7 7, e 7 7 7, c . .==---==----.7.e-

. .. . . . . . . . . . . . . . . . .

7777, 7 ry, er. 3.g . .. - .
.

..

--==-=....---

.- ._. . ,_ _ ._ _ . . - - - . _ - - .__ __



m = . m _ _ _ __ . _ . - _ _ . _ . . _ . _

|
|

155
,

NT *T *T O W O 0 tn * 0 0 0 *f M *T ** 0 *f @ O "* 't tn e A @ 'T :.*i c Q to c '* *? *T p O W '/. *f ** ** L*. ,o t +1 = = tr 9* ~ *

C C C : C,D C C, O C C, C C O C C C. C, C, O O .C. G C O. C. *3 O C O, C C C O C C, O, C, C, O. C.> C, O C C C C : ; 0++++ + + + e+-+- + +- +- - - e+ +++---,.--

W W W W '.u u W w W W W W L i u W a.. W L:.; L.J U l W J .; W W . '.a W ! W : 1.:.' W L , W '7' W LJ L.a w W :.u .J
- .

.M -. = Q = 6*.i f . O M f . ** == == Q = + .= C O O ; * t. :.~. J Q t .;; ' . Q C r s -- Q O ;; u , . O G r to t. M :.G ; j - e .-a
N T w t.o C M r . q r s f . C o @ M e e,' M O 'T m O N M C O m q ** Q C -* ** O r .* to ; . G N ts P. c*. *7 O . : .- ;-:
04 '7. 't. =. ==. r J. f3. =. m. :0. f . 7. "I. =. 7. M. N. * f. *T. =. **. O. t . = O. =. ~7. =. =*. t o =. N. *f. 7. 'I. =. N. =. 0. m. m. m. N. ==. **. ~. * . . t * .* -. . . . . . . . . .

| CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCODCCCCCGCCCCCQO:: :
|
I

i

l

N = = M N = m t9 N .m f C = M = N M ** m *7 - N .O ro '7 -= t4 T M M O == -= == T .M Q N N N N W *9 = == = = 44 N = TCD N
ro w N rg .NO. .

{

,

C N O th N O M C) ? N O to C N O N O N O to C m St O M C m m N M M C t. *7 m m N d M C t. N O M *= O O ru e M t2 ?'

N. N. TI. C. C. C. ==. N. O. @. &.. N. N. C. C. C. C. C. ==. N. C. C. G. ==. N. *7. C. O. C. =. N. ( M *T. G. C. C. -*. ^ .A .* J G. O. =. "*. O. m C. C. ==. ==. 0. . . .

C C C C C C C C C C C C C C C C C C C C C C C C C C C *3 C C C C C C C C C C C C C C C C C C C 2. O O O. C
| .....t..i........e..e..........a..e....i......:.6....... .....s..............e..a...............................6 :

M 3 = W <*. N O to Q % N O ao C 'O m N m N to M T m t9 O M = T m N O M C N = Q M N d M C O N O ~ N r . 3 N O 'r =4
A

== N. TT. =. C. C. C. =. =. C. C C. =. N. ==. C. C. C. C. C. =. =. C. C. C. =. v. . C. C. C. a r .I Q '7.. C. G. Q. -=. N. O. G. O. . 4. O. G. O. .",. . .
. . . .

C C C C C C C G C C C C C C C C C C C C C C C C C C C C C Q C C C C C C CI'.IC C C C C O G Q O C C C O O.I a e a a a 6 i e a # 1 i a s 1 i 6 i e i a 6 e s a e

.

|
I

,

b

r

to M ra C C C C C t h. e.fs. tw N M M M @ th c c M ro m M *6 M C C C C C C O C t. N P. N N t. tr M M M C *. Q 'O 'J *^ *r ;
/ s r . ** **

V V. 'T. W. Q. W. V. G. N. P. t. t. tw N. O. O. C' N. tN. N. N. "7. '7. "I. 7. '". ~7. T. C. W. W. W. W. w. W. N. N. i'. N. I . %. C'.s 0 7. O.. N. T 4. . . . .. . . . . .

--.--.----.-.=.---p;o

. . . . . . . . . . . . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. " O O ~ J .*Tt0 0 c Wroto M mfoP'.to M C C C C C '.".it.t. '

W W W M M M M to C C C C C C N r. t% C C C C G.* 4 N (, t 4 aN N *7 *7 ~7 *"" "* *T. 'T. *T. G. W. W. G Q. 'J. t . f .%.C=.=.=.=*..N. N. N. T. '7. 'T. *7 7. W. Q. Q. Q. Q. W. N. to. t. = = = -. . . . . . . . . . . . . . . . . . . .

6gg .e.e.M .r. t - -.4 .e B .m > [ j .W

.

I

C C C C C C ~ C C C D C C C C C C I . T . t F. * l . t . t . t .1. t . N N % t . N N 9 . t . % | . i . ! . * . * . t . t . : . . : - *
w w w h.w.w.2.Q.'.sw Q*a.'s.Q.'.%. s.h.tr.V.D.ir.&.C.A n.*f,.D.D.D.D.C.O.V.:.sf.C.D.C D.L* ;>.* O .* f .* 2 ; . . .:

. . . . .
. . . . . . .

** *1 *1. *? "T *T. *T .'.* = ** ** **. ~.~. ~~' ~a~ .~*. 9. N t's c a r : N. * * J .~.J e g ': r : r : ru r s c a r s c s N e - ...
\r,t. .~ :: ~,zm.. .# *-s. -. . . . _ . -. --. . -- - - --

.. .. .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . - .
--

.g m c w Q e; *g *: p a: ~c.; ; Q Q*: Q C C C : C ,s ,r~-~~-= ~ .~ *.-CC: : : nc:~~ . .
.

*t. k r. t . t. t . ' . t . t . a . t . . . t . k. ' . i . . . '; ; @ r . u. . s . 4. t w *; .; s. u . . . .%. c ;.G.Q.w. y ; ; ;*; ; ; 1; . .

. . . . . . . . . . . . . . . . . . . . . . . . . . , . . . .

W Q T 'i " D @ J '.4 W Q Q Q T '.l Q 'O T i .".*. ** *" " .~~. ** *.* " ." " ." .". *! " "." 9 "* "* *" ** ** .*. "' **. .".*. **. ~- " ~- .~ -. -. - - --- - - . - --. - . . -
,

- - - - - -.- - +-- .,---,.m. , - - -- .r~ - , m. , _ . _ . ,_



i1

e(%.A-

6G55444456d65551566555554;_44
0000000000000O0000000n000n00
+++++4++4 4 6 + + i + 4 4 + 4 * + 1 4 i 4 e 4 +

E E E E E E E E E E. f C E E. E 0 E E E E E r :3' 04C 21 4004?C . -:.L1FC1
1004NIIIII 513 8 N M G 1 0 4 4 6 0 '_N r. i lII

l

2166 11111

12645555121
. . .32.l521201221. S. S. 5 51

. . .

O000n00000000000000000000b00

_

_

5138I11132467521497725531I11
241 493 241

-

-

-
2530741692530746925342530729
0 0 1 2.?.3 4 1 0 0 0 1 2 2 3 5 0 0 0 1 3 0 0 1 2 2 0 4. . . . .

00000000000D0000000000000000
- - - - - - - -
:: : : : : : : : : : : : : : : : : ::: : : : : : : :
9251074369253079692579253O91

_

0001223210001224100020001?.04. . . . .

00060000000000000000000000n0
- - - - - - - - - - - -

-

-

-

-

_

_ 333333300n0D0000777773333300
- 444414 4,6 6 6 0.C.6 6 6 6 7 7 7 7 7 9 9 9 9 9 1 1 _

. . .
_ 1111!111111I11111111111111?2_

_
.-_ : : : : : : : : : : : : : : : : : : : : : : :: : : :

6666666333333333000007777733 -

2222222444414 4 4 4 6 6 6 6 6 7 7./.7 7 9 9 -.

I11I11111111111l18111111111I

_

_

_

_

_

_

22?22222222?222?22222?*.22222_

6 6 6.C. 6 6 6 6 6 6 6 6 6. t.6 6 6 6 6.i. 6 6 6 6 6 5. A 6.
"

0000000000000o041 000081'l 1111111:1111 1111 111l111111 1
) 04006 1

: : : : : : : : : . ; : : : : : : : : . ' . : : . :

77-' ',7 7 7'.7 c 7 7 7 7 ;'777

5 5 5.i 5 5 5 5 5.b.5 5 5 5 5 5 5.'. 7 c .'. . T J% d 5 5. '.
.

.'.7_

'. 5. S. 5. '. ' .
_ . . .

_ 22222222?222222?222f22?*. 2 2 :.
. 11111111I111111 I111I11I1t11 I

||. ;| ll||' |i|i l ' |I||; j|l. I ! 1 : ,



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ - _ _ _ _ _ _ _ _ _ ..

|

|

|
| DROPLET SIZE DISTR 100Tlott

,

|

|

|

i
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| DATR ANALYSIS

Adjacent to a solid surface

DIGtt iLR IN tilCROtlS

VELCCITY IH TETERS PER SECOND

DROPLET RATE Ill HUIEER/SEC/SQ Cit /(t1/SEC)/(ti/SEC)/filCROH

leur10LR DENSITY IH ttUtBER/ /CC/t11CROH
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APPENDIX - 6

Results of the measurements in a rectangular channel

with liquid film on wall.
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DROPLET SIZE" DISTRIBUTION

MEASURING LOCATION: 0.25ana FROM WALL

TEAN liiRBER #EAll STD DEV t EAtt STD DEV
DintETER DEtiSITY AXIAL VEL AXIAL VEL LATERAL VEL LATERAL VEL
(tt!CR0 tis) (e/CC/rllCROH) (tVSEC) (tVSEC) (tVSEC) (tVSEC)

96.52 e.153E 91 4.65 0.00 0.14 0.ed

73.77 f.195cm 'l 4.65 0.00 0.14 0.00

6?.7A C.562E-t- 5.10 0.00 0.46 0.89
c4. e 4 9.190E+90 4.70 0.66 0.22 0.22

59.53 A.206E+00 4.81 0.51 0.2s 0.24

55.?4 0.396E 4'O 5.07 0.54 0.37 0.30

53.37 a . 37ET* P9 5.00 0.73 0.15 3.28
i

37.30 " f E +$6 4.97 0.57 U.25 0.26
!

.I3.65 0.94tE+eo 4.90 0.51 0.26 0 . 2t.
40.15 0.968E100 5.10 0.55 0.22 0.2a
36.87 0.129E+44 4.93 0.50 0.19 0.34
35.68 8.I36E+.1 5.01 0.53 0.20 d.25
30.69 0.188E+0i 4.92 0.49 0.27 u. .i

27.C5 P.2tth +e1 5.17 0.54 0.21 u. 7

25.75 0.250E401 5.02 0.50 0.24 U . i.7

22.58 U . '150E + e l 4.96 0.54 0.26 d.33

?n.34 0.355E+nt 5.17 0.46 0.26 0.21

17.0y 0.3145.1"1 5.17 0.54 0.21 0.23
IS g3 it . 341t: e l 5.10 0.51 0.27 0.27

13. ..I H.396EWI 5.26 0.57 0.27 b.; 9

11.'i7 0.2'i4t it 1 5.26 0. <1i 0.25 0.23
g a ,o s, 0.3 i t : ts?l 5.30 0 . 10 0.29 0. .:7
9,0o t.. F o*f t :1 5.28 U.53 0.25 0.2a

7.33 0. 313t +i 1 5.12 U.49 u.2?. U . tc
7,o- 0.20 lt +:ik 5.22 0.79 0.3d 0.3:

c. , i y O.107ceul 5.30 u.7u u is u.ir

:

MEAN AXIAL AIR ELOGITY : 4.96
STANDARD DEVIATION OF AXIAL AIR ELOCITY : 1.51

'

MEAN LATERAL AIR ELOCITY : -8.11

STANDARD DEVIATION OF LATERAL AIR WLOCITY : 8.92

5
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DROPLET SIZE DISTR 100 TION

Measuring location: 0.50mm from wall

TEnti IIUr1BER tEnti STD DEV lEnti STD DEV
D10tETER DENSITY AXIAL VEL AXIAL VEL LATERAL VEL LATERAL WL
(t11CR0 tis) ( */CC/ tit CROH) (11/SEC) (11/SEC) (ft/SEC) (t1/SEC)

~

73,g3 0.207E-01 5.04 0.19 0.23 0.1273,77 0.364E-01 5.25 0.31 0.20 0.11
68. ;'d 0.679E-01 4.94 0.36 0.16 0.2/
6-1.04 0.I17E400 4.83 0.52 0.I1 0.17
59.53 0.'93E400 4.38 0.75 0.04 0.21
55.2 1 0.224E400 4.87 0.60 0.04 0.16
Sg,g7 S.256E+90 4.82 0.59 0.02 0.17
a7,3a 3.385E+00 4.94 0.52 0.18 0.19
43.63 0.497E400 4.95 0.50 8.15 0.27
,,c,35 0.661E+00 4.93 0.62 0.22 0.23
3g,83 0. 704E +00 4.73 0.41 0.11 0.31
33.68 0.99tE+00 4.93 0.57 0.11 0.21
30.69 0.916E+00 4.00 0.52 0.21 0.20
27.85 0.I18E401 4.98 0.54 6.13 0.24
2S.15 0.140C101 4.76 0.46 0.23 0.25
22.50 0.lb9Ee01 4.89 0.55 0.18 0.24
20.14 0.129Etal 4.08 0.53 0.10 0.21
I;.83 0.136EIOl 5.11 0.59 0.17 0.27
lb.63 it.145E e01 5.03 0.59 0.16 0.32
33,Sa 0.IS4E801 5.00 0.45 O.17 0.27
13,37 0.193E401 4.94 0.61 0.24 0.31
10. 9,; 0,185E401 5.01 0.56 0.12 0.21
9,00 9.21IEiOI 4.75 0.56 0.17 0.27
7,99 0.202E401 4.91 0.77 0.24 0.377,6 ; 0.267E*01 4.50 0.42 8.19 6.17
6.I? 0.47IE+01 4.44 0.33 0.21 0.20

MEAN AXIAL AIR VELOCITY : 4.79
STANDARD DEVIATION OF AXIAL AIR VELOCITY : 1.34
ME AN LATERAL AIR VELOCITY : -0.11

STANDARD DEVIATION OF LATERAL AIR VELOCITY : 8.91

E.
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DROPLET SIZE DISVRIBUTiott

MEASURING LOCATION: 2,00m PROM WALL

TERN HlX0ER t1Enti STD DEV tEnti ' STD DEVD int ETER DENSITY AXIAL VEL AXIAL VEL LATERAL VEL LATERAL VEL(Ill0R0llS) (*/CC411CR0t0 (it/SEC) (r1/SEC) (II/SEC) (tt/SEC)

S6.52 0.665E-01 4.60 0.16 0.09 0.2679.03 0.104E400 4.56 0.30 0.37 .0.3573.77 0.109E+0p 4.64 0.50 0.41 0.2738.7 3 0.102E100 5.17 0.35 0.39 0.5064.04 0.25tE400 4.97 C.41 0.37 0.3759.53 0.250E400 4.66 0.18 0.25 0.3055.24 0.20lE+00 4.59 0,27 0.41 0.25St.l? 8.2tlE400 4.60 0.16 0.36 0.5017.30 0.860E+00 4.75 0.41 0.44 0.3043.63 0.845?400 4.67 0.36 0.36 0.4710.15 0.IIIE401 4.76 0.30 0.31 0.3336.E3 0.969Et00 4.71 0.43 0.43 0.3833. :.0 0.ll2E*01 4.85 0.47 0.26 0.3030. f /t O.133E+01 4.60 0.36 1.34 0.3027.35 0.136EiOI 4.75 0.43 0.39 8.4125.15 0.170E401 4.86 0.56 0.42 0.3322.58 0.?idEiel 4.00 0.52 0.38 0.49.:0.1 1 0.210E+0! 4.87 0.49 0.32 0.3317.03 0.175E401 4.07 0.45 0.33 0.4615.63 0.153E401 4.09 0.57 0.41 0.3113.54 0.106E+0i 5.00 0.59 0.46 0.37II.57 6.222E+01 4.81 0.38 0.32 0.4010 . C'6 0.342E408 4.63 0.36 0.42 0.399.fr0 0. <l24E +01 4.80 0.49 0.44 0.407.99 0.353E401 4.79 0.41 0.46 0.407.02 0. 441E +01 4.68 0.48 0.46 0.406.12 0.f46E+01 4.47 0.22 0.40 0.39

MEAN AXIAL AIR WLOCITY : 4.38
STANDARD DEVIATION OF AXIAL AIR VELOCITY : 0.27
MEAN LATERAL AIR VELOCITY : 0.28
STANDARD DEVIATION OF LATERAL AIR VELOCITY : 6.35

U
-

_ . _ . _ - . _ _ . - _ _ - . . - _ . _ . .



. _ - _ . _ _ _ _ - _ _ . . . - _ _ _ _

DROPLET SI7E DISTRIBUTIOll

( MEASURIllG LOCATION: 3.00mm FROM WALL

i
ff0H Hur0ER PE611 STD DEV tERH STD DEV

DI Af ETER DEt4SITY RXinL 'KL RXIAL VEL LATERAL VEL LATERAL VEL
(11t r R0tlS) ( +/CC/ tit CROH) (It/SEC) (It/SEC) (tt/SEC) (11/SEC)

84.57 0.160E-01 5.22 0.00 0.25 0.00

79.03 0.307E-01 4.53 0.60 0.12 0.11
73.77 0.165E-01 5.62 0.00 0.25 0.00

68.70 0.101E+00 4.83 0. 5'5 0.22 0.18

64.04 0.824E-01 4.97 0.45 0.39 0.39

59.53 0.209E*00 5.15 0.33 0.16 0.11
55.24 0.314E+00 5.41 0.32 0.20 0.20

bl.17 0.349E+00 4.79 0.52 0.09 0.19

47.30 0.539E400 5.13 0.50 0.31 0.34

43.63 0.712E+00 5.02 0.47 0.21 0.24

10.15 0.667EiOG 5.01 0.42 0.20 J.26

36.63 0.925E+00 5.07 0.32 0.16 0.24

33.60 0.123E401 5.17 0.46 0.26 0.34

30.69 0.1600401 5.07 0.48 0.24 a.38
17.05 0.109E*01 5.36 0.57 0.24 0.24

25.15 0.146E+01 4.94 0.51 0.24 0.31

22.58 0.216E+01 5.27 0.39 0.17 0.24

20.1-1 0.176E*01 5.22 0.52 0.26 0.33

17.05 6.156E+0! 5.23 0.43 6.17 0.26

l 's . 6 ' O.182Etal 5.34 0.68 0.19 -0.22

13.31 0.134E+0! 5.21 0.47 0.20 0.20

11.57 0.16|E401 5.37 0.45 0.24 0.30

10. fi6 0.258E*01 5.30 0.46 0.22 0.20

9.60 0.104E+01 5.71 0.73 0.20 D.16
7.99 0.071E+00 5.51 0.60 0.10 0.18

7.03 0.264E400 5.77 1.20 0.23 0.29

6.12 0.522E400 5.11 0.39 0.17 0.23

MEAN AXIAL AIR VELOC ITY : 4 .75
STANDARD DEVIATION OF AXIAL AIR VELOCITY : 0.61
MEAN LATER AL AIR VELOC ITY : -0.28
3TANDARD DEVIATION OF LATERAL AIR VELOCITY : 8.98

|

U
u
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!

DROPLET SIZE DISTRIBUTIDH

MEAStlRING LOCATION: 4.00mm FROM WALL

I Call IIUtt1ER 11Enli STD DEV IEAtt STD DEVDIhrETER DEriSITY AXIAL VEL 4XinL VEL LATERAL VEL LRTERAL VEL.(iller 0lls) (* CC/tilCP0ti) (it/SEC) (t1/SEC) (IVSEC) (It/SEC)
!

l I4 Od 0.382E-01 4.97 0.00 -0.43 0.00;'.3 53 0.429E-01 4.65 0.00 0.01 0.00" 2d 0.794E-01 % 30 0.00 8.IS 0.125 i .1. O.133E100 3.01 0.58 0.42 0.494I 39
43.62 0.2,65EiOB 5.26 0.42 0.42 0.45g, 97E+00 4.97 B.19 0.44 0.48$ C'9 0.506E400 4.60 0.28 0.50 0.42' ' ' - O.642E400 5.08 0.40 0.26 0.4133 62 0.759E400 4.90 0.59 0.29 0.32}0 E?. 0.667E+00 4.96 0.50 0.39 0.38I R't
' O.IllE+0i 5.17 0.47 0.45 0.51
:j2.S)
'SI 8.144E+01 5.34 0.56 0.22 d.30u 0.152E60L 5.32 0.42 0.35 0.3640 I4 0.112Et01 5.26 0.46 0.26 0.33II-93 0.917E+00 4.93 0.47 0.34 0.34I S #- 0.I12E+01 5.49 0.52 0.29 0.33I3 kI 0.792E+00 5.45 0.43 0.21 0.38II SI

. O.139E401 5.60 0.57 0.20 0.29it).t"? 0.131E+01 5.52 0.75 0.36 0.30
1,'

'"'
O .148E + 00 5.65 0.65 0.24 0.32*'

6. 'I ./ 0.542E+?0 5.21 0.67 0.37 0.54'

O.344EiOO 5.74 0.43 0.20 8.12

MEAN AXIAL AIR VELOCITY : 5.00
STANDARD DEVIATION OF AXIAL AIR VELOCITY : 0.69
MEAN L ATERAL AIR VELOCITY : 0.14
STANDARD DEVIATION OF LATERAL AIR VELOCITY : 0 . 73

0
m

_______________________________________________________ _ _ _ - - - _-- ___-
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APPENDIX - 7

Results of the measurements in a rectangular
channel without liquid film on wall.
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DROPLET SIZE DISTRIBUTI0tt

MEASIRING LOCATION: 0.50 sus FROM WALL
.

NAll Ilut1BER ITnti STD DEV NAtt STD DEVDIAKTER DEtiS ITY GXtAL VEL AXIAL WL LATERAL VEL LATERAL VEL
(f11CROt|S) (e/CC/t11CR0ti) (11/SEC) (tt/SEC) (il/SEC) (t1/SEC)

96.76 0.842E-02 8.09 0.65 -0.22 0.18
L90.62 0.365E-02 6.56 0.00 -0.01 8.0004.73 0.686E-02 7.35 0.00 -0.12 0.11

: 79.24 0.360E-02 7.35 0.00 -0.23 0.00
73.96 0.343E-02 8.15 0.00 -0.01 0.00 i55.40 0.173E-01 7.90 0.64 -0.18 0.0951.32 0.142E-01 7.60 0.37 -0.08 0.1047.45 0.147E-01 7.75 1.01 -0.01 0.1743.77 0.313E-01 7.67 0.76 -0.04 ~ 0.1540.28 0.415E-01 0.11 0.56 -0.03 0.28

'

36.96 0.327E-01 8.09 0.65 0.02 0.15 !
33.00 ,

0.579E-81 7.23 2.18 -0.08 0.1730.79 0.757E-01 8.43 0.48 -0.03 0.132 27.95
; 0.100E+00 8.21 0.56 -0.05 0.!!

25.24 0.121E+00 8.52 0.64 -0.07 0.12 .

22.66 0.141E400 8.49 0.54 -0.05 0.1220.22 '

' 0.221E+00 B.42 0.70 -0.06 0.0817.89 Bl20lE400 8.83 0.49 -0.07 0.1715.68 0.247E+00 8.62 0.65 -0.05 0.1413.59 0.356E400 7.13 2.48 0.03 0.2511.60 0.29tE400 7.86 1.97 0.00 0.2110.09 0.587E+00 7.05 1.94 0.01 0.219.03 0.337E400 7.38 2.31 -0.03 0.120.02 0.122E401 7.29 2.22 0.03 0.107.06 0.190E401 7.13 2.29 0.11 0.30
, 6.14 0.318E401 7.87 1.79 0.05 0.22
1

!

; MEAN AXIAL AIR VELOCITY : 8.82
I

STANDARD DEVIATION OF AXIAL AIR VELOCITY : 8.59
MEAN LATERAL AIR VELOCITY : -0.85 .-

S TANDARD DEVIATION OF LATERAL AIR VELOCITY : 8.19
P

M
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DROPLET SITE DISTRIBUT10tt

MEASURING LOCATION: 1.00mm PROM WALL

T E Att HuttER rE4tl STD DEV (EAll STD'DEVD 16t ETER DEt4S ITY HXIAL VEL AXIAL VEL LRTERAL VEL LRTERAL YEL(t110 rot S) (*/CC/t11CROH) (WSEC) (tFSEC) (tVSEC) ( WSEC)

96.76 0.143E-01 7.48 0.03 -0.04 0.1290.62 0.268E-02 8.70 0.00 -0.28 0.0079.24 0.653E-02 7.90 0.00 0.02 0.0073.96 0.135E-01 0.08 0.34 -0.06 0.1360.96 0.146E-01 7.86 0.57 -0.04 0.2664.21 0.177E-01 0.53 0.33 -0.10 0.1559.69 0.242E-01 7.87 0.46 -0.02 0.1155.40 0.270E-01 8.39 0.83 0.11 0.2151.32 0.382E-01 8.29 0.67 -0.15 0.1547.45 0.739E-01 8.00 1.07 -0.03 0.1143.77 0.101E+00 0.53 0.70 -0.04 0.1640.28 0.845E-01 8.25 0.77 -0.10 0.1536.96 0.134E *00 8.03 1.12 -0.05 0.1333.80 0.194E400 B 64 0.58 -0.03 0.1430.79 0.263E400 8.55 0.73 -0.04 0.1627.95 0.317E+00 8.71 0.62 -0.03 0.1425.24 0.209E+00 8.78 0.55 -0.07 0.1522.66 0.458E+00 8.61 1.01 -0.02 0.1426.22 0.549E+00 0.63 0.61 0.00 0.3017.09 0.736E*00 8.80 0.59 -0.02 0.1215. (.0 0.934E400 8.94 0.55 -0.01 0.1413.59 0.11?E601 8.79 U.81 0.00 0.!!11.60 0.08BE+00 8.99 0.78 G.00 0.2210.09 0.192E+01 8.74 1.19 -0.01 0.149.03 0.147E101 8.71 1.41 -0.02 0.160.02 0.180E#01 8.75 1.15 0.01 6.137 . 0e- 0.226EiOI 8.46 1.42 0.01 0.136.1 -1 0.506E+0i 8.45 1.51 0.01 0.18

MEA N A XI4 L A IR VELOC I TY : 9.00'

S TANDARD DEVIATION OF AXIAL AIR VELOCITY : 0.59
ME A N L A TERAL A I R VEL OC ITY : 0.01
STANDARD DEVIATION OF LATERAL AIR UELOCITY : 0.16
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_ _ _ _ _ _ _ . . _ _ _

DRLPLCT SITE DISTRIBUTIUti

HEASYRING IE ATION: 4.00m FROM WALL
.

FERH HulOER t E nti STD DEV TEAN STD DEV

DI AT ETER DENSITY AXIAL VEL AXIAL VEL LATERAL VEL L ATERAL NEL

(tilCRDilS) (eeCC tllCROH) (tVSEC) (fFSEC) (tVSEC) (tVSEC)

96.76 0.107E-01 0.52 0.49 -0.01 0.2S

! S0.62 0.380E-02 7.10 1.14 0.06 0.09

04.70 8.189E-02 7.67 0.00 0.70 0.00

79.24 0.SilE-02 8.94 0.37 -0.01 0.14'

73.96 0.371E-02 8.68 1.15 -0.09 0.09

68.96 0.220E-02 7.67 0.00 0.16 0.00

. 64.21 0.146E-01 0.52 0.49 0.22 0.25

' 59.69 0.255E-01 8.03 0.74 0.17 0.29

I 55.40 0.417E-01 0.98 0.50 0.19 0.41

51.32 0.310E-01 8.72 0.37 0.23 0.28

47.45 0.745E-01 8.79 0.71 0.18 0.36 s

43.77 0.865E-01 9.05 0.90 0.07 0.33

40.28 0.lllE+00 9.21 3.59 0.09 0.26

36.96 0.172E+00 9.33 0.83 0.07 0.31

33.80 0.173E+60 9.27 0.67 0.10 0.28

30.79 0.246E400 9.30 0.65 0.Ii 8.32

27.95 0.305E+00 9.44 0.50 0.06 0.27

25.24 0.351E+00 9.46 0.61 0.08 0.32

22.E6 0.39tE+00 9.32 0.52 0.13 0.27

20.22 0.479Et00 9.46 0.68 0.09 0.30

17.89 0.554E400 9.48 0.44 0.10 0.28

15.68 0.422E400 9.70 0.57 0.17 0.30

13.59 0.247E400 9.85 0.64 0.17 0.29

11.60 0.128E+00 10.25 0.72 0.06 0.23

10.09 0.123E400 10.4J C.92 0.11< 0.42

9.03 0.892E-01 10.71 0.63 0.16 0.27

0.02 0.410E-01 10.c3 1.04 0.20 0.17

7.06 0.199E-01 0 .(11 0.38 0.26 0.09

6.14 0.635E-01 10.23 0.90 -0.09 0.13

MEAN AXIAL AIR VELOCITY : 9.87
0.52

ST ANDARD DEVIATION OF AXIAL AIR VELOCITY :
MEAN LATERAL AIR VELOCITY : 0.21

0.31
STANDARD DEVIATION OF LATERAL AIR VELOCITY :

-

. _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ - _ - _ _ _ _ _ _ - _ _ __ . _ _ _ _ - _ _ _ - _ - _ - - _ _ _ _ _ - _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ - _ _ _ _ _ _ _ _ _ _ _ __

DROPLET SIZE DISTRIBUTlut!

HIIASURING 1.0CATIONI 5.00m FROM NAI.L

TEAtt HUtUER tEell STD DEV I Enti STD DEVL1HIETER DEllSITY GXIRL VEL RXICL VEL LATERAL VEL LATERAL VEL(1110 0 0115 ) (* /CC/111CRON) (tFSEC) (tVSEC) (rl/SEC) (tVSEC)

.40 0.200E-02 10.33 0.00 -0.13 0.08s o . *6 0.320E-02 11.66 0.00 -0.38 0.06
36.79 0.ll5E-01 10.77 0.00 0.03 0.1127.95 0.134E-81 9.73 0.21 -0.05 0.1125.24 0.425E-01 10.80 0.42 -0.08 0.2122.E6 0.134E400 11.16 0.35 0.03 0.3020.22 0.267E+00 11.20 0.52 0.02 0.1917.89 0.401E+00 tt.18 0.49 -0.03 0.2115.00 0.826E+00 11.20 0.59 0.00 0.2713.59 0.ll3E401 11.24 B.53 0.06 0.20
ll.E0 0.175E401 11.29 0.53 0.10 0.32
10.09 0.367E*01 11.29 0.56 0.11 0.30
9.03 0.372E+0! 11.31 0.56 0.12 0.368.02 0.43CE401 11.27 0.59 0.18 0.357.06 0.451E+0! 11.12 0.67 0.24 0.36C.*4 0.816E401 11.20 0.63 0.20 0.36

11EAN AXI AL AIR VELOCITY : 11.36
STANDARD DEVIATION OF AXIAL AIR VELOCITY : 0 .64NEAN LATERAL AIR VELOCITY : 0.36
STANDARD DEVIATION OF LATERAL AIR WLOCITY :0.39

%
t,.

n
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