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THE MEASUREMENT OF THE VELOCITY OF ANOMALOUS
FLUIDS IN LAMINAR FLOW.

INTRODUCTION

The theoretical investigation of the flow of anémalous
fluids 1s complex. . To simplify the treatment an ideal |
equation of state is postulated and the appropriate equations

- of motion obtained. These can then be solved in some simple
cases (Reiner,(l) Scott—Blairsz) and dﬁboyd(s))provided some
a priori assumption has beén made as to the nattire' of the flow,;
e.g., the flow of a visco-elastic liquid through a straight
tube of circular section the stress distribution can be found
if it is assumed that the motion* is rectilinear.

The theoreticgl solution will, of course, involve a stress
and rate of strain distribution; it is important, therefore,
as was recognised by Lawrence(4) and has been again emphasised _
by Eirich(5) to measurekhe velocity distributlion when studying
the flow of anomalous fluids. It was felt desirable,
thérefore, to develop an accurate method of fluid velocity
measurement so %hat the velocity distribution of an anomalbus
fluid flowing in a circular.pipe could be determined (it was
not until this work was completed 'that the paper of Lawrence
was found). ‘

Methods of Velocity Measurement.

Goldstein(s) and Richardson(v) have reviewed the methods
of fluld velocity measurement and they can convenlently be

classified as follows:-

S "fuﬂfﬂ”’@fo
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(1) Hot wire anemometer methods.
(2) Pitot tube methods

(3) Streamer methods*.

(4) Miscellaneous methods.

(1) Hot wire asnemometers have been used for the measurement
of velocity in liquids by Richardson and Tyler(a) but suffer
from the disadvantages that they depend on introducing an
obstruction into the fluid stream and mey affect the fluid:
properties in the vicinity of the wire, thus giving spurioéus
veloclity measurements. In addition the size of the probe 1is a
limiting factor particularly for experiments in straight
circulaf seétion tubes. | _

(2) Pitot tubes. These have been used for the measurement
of fluid velocity distributions in pipes but there are two
disadvantages to be surmounted.

In the first place the kinetic preésure which a piot tube’
measures, K.%./’vz would be very small under these experimental
conditions and would reailre elaborate means of measuring:

P and v are the density and velocity of flow of the fluid

respectively and K a constant which is very nearly equal to
unity (Bramwell et.al.(g)) provided that va/v exceeds
30 (Barker(lo)) where ‘e’ is the radius of the mouth of the pitot

*(Thé term "streamer" is used quite loosely to indicate any
substances, solld, liquid or gaseous, which when borne by the

flowing fluid, will indicate visually by their movement the

nature of the flow).

[ T




tube and v the kinematic.viscosity of the fluid. Secondly the
response time of small.diameter pitot tubes feeding into any.
ordinary pressure measuring device is large owing to the limited
rate of flow through it to the pressure device.

If the maximum head to be fegistefed by the pitot tube
manometer is P cms. water, say, and if the fluld flow is
regulated to reach its maximum value after T seconds, then at any
time t. (< T) the kinetic pressure is P.t cms. At the same time,
if the manometer 1s registering a headT'h' cms, water, then the
net value of the head across the pitot tube is (P.t - h) cms.,
water and the flow rate through the pitot tube toTthe manometer
will be K.(P.t - h) c.c. per sec. K is _t\".'e.g.zaf1 and arises
from the Poigeuille-ﬂageh formula, Q@ = r{.h. /?:g”.lz = rate of
flow of fluid of viscosity through a pipesag ;gdius ‘a' and

length L with a manometric pressure h./> g ‘across the tube.

Hence at any linstant the rate of change of head as recorded by
the manometer will be

dgh _ K.(P.t - h) cms, per sec. cessssscsssssss (1)
T

at "~ A
where A 1s the cross sectional area of the manometer tube.
: Kt '
The integrating factor for this equation is e A and hence
Kt =gj"" K.t
he A AT te VAK'%t Xt .
= _@u A.t.e""A - A2 e A + C seceoe (2)
AT LK K2

end when t = 0 h = O end hence C = '1%{

1
L]

and therefore from equation (2)
. =Kot .
h=Pt - g . (1 - € ﬂ")_ a . Ch. water sesoe (5)

T KT :

let h =hywhen t = T,
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After T seconds the flow becomes steady and the manometer
continues to rise under a head of P - ha The rate of change

at tpe manometer reading is thus similarly

dh - EéP-h;_ CM. DEr SEC. oevsessscsscsccaes (4)
dt A
or,

~1n(P - h) __.1_{; + C coecesssssssscccssssss (5)

At t = O, the head = P - hp cm.
O.. t=A1n - )
K. gH} seéecC. ooooo'o.oooo-. (6)

which will give the time‘ after the end of T seconds before
the manometer will reglster a head to within any chosen l1limits
of P. o

If for example L = 5 cms. and a = 0.0325 cms. (= approx;-
imately 1/20th radius of the flow tube) and T is taken as

10 sec. then, from (3) with & wisnometet diamaetesd of | . om.
h =P é (- _10 (1 - 1 ) cm.
10 5,967 1.8164

= P(1 - 0.736) = .264 P cms.
i.e. only a little over 25% of the correct pressure head is
récorded. From (6) allowing owing to premature reading, the
final recorded pressure a 2% error then, P ~‘h will be

P - 49 P and

50
t = 100 1n ,2Q_L'Z(_5§__)

= 60.38 seconds delay. .
Thies could be reduced by the use of a wider bore pitot

tube though this would give an average velocity over too great
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a range of radili. Other reductions could be made by reducing
'thé bore of the manometer though surface tension affects could
become serious, particularly with open ended manometer tubes.
The above estimate of a typlcal delay takes no éccount of the
reduction of static head which would further compllcate matters.

Further it is not possible to obtain all components of the
fluid velocity if it should happen that the movement is not
parallel to the length of the tube.

(3) The streamer methods. Various methods are applicsable

to reveal detalls of fluid motion and-to ensble such details
to be photogrephed and analysed. The observed or recorded
feature depends upon the meyhod of dbservation and also the
experimental arrangement." Thus a photographic record may show |
stream lines, filament lines or particle paths. A filament
line is the line joining the instanﬁ:aneous positions of all
particles which have passed through a given point in the fluid,
while a particle path is the track of any particle in the
fluid. In steady motion a stream line is at the same time a
filament line and a particle path but this not so in unsteady.
motion. Hence in steady motion filament lines will not yiqid
information regarding the velocities at points in a fluid
unless the fllaments are in some way discontinuous or regularmly
sinuous, so the requirement of 1nstan§§ous velocities dictates
that the streamers be either oscillatory at the source w;th a
known frequency or regularly discontinuous. In the latter

vase the method is essentially that of observing particle paths,
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and the choice between a finite exﬁosure time or a stroboscopic)
type of illumination to enable a photographic record to be
méde'depends upon the particttar experimental arrangement.
Methods relying upon the use'of such streamers require their
injectlion into the fluid in such a way that the motion will not
be disturbed. |

Townend(ll) has used perlodic sparks in air. -Relf(lz)
and Jones, Parren and Lockyer,(ls) used oll droplets suspended
in a fluid and obtained the particle velocity photogrephically
from a known time expesure.

Pichot and_Dupin(14) and Andrade and Tsien(18) uged
suspended particles; the latter using aluminium powder_and
from phbtographs of short exposure (0.008 to 0.005 secs 3
obtained a velocity distribution in a ligquid-liquid jet.

Favre(le)

used the ingenious technique depending on the
injection of a goloured filament (nigrocene dye) ejected from
an oscillating jet. From measurement of peak to pesk dlstances
two dimensional velocity fields were explored. .

Birkhoff and Cagwood(1l7) have used a slightly different
method 1n which a wertical sheet of air bubbles risesim the ,
fluid into which a projectile is fired. From a double flash
photograph, each air bubble gives rise to two images, thus the
velocity of each air bubble can be computed if its velocity
of rise under gravity is known. Henpe they have obtathed thé
velocity field in the neighbourhood of a projectile entering
the fluid. '
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Most of these methods suffer fran disadvantages,
particularly if it is necessary to obtain all velocity_
components accurately, without seriously interfering with the
flow distribution which is to be measured. All suffer the
same disadvantage previously mentioned in that they only
measure the vélocity components in oreparticular’plane.

(4) Miscellaneous methods. The only other two methods
which might have been of value in determining the velocity
distribution in the cross section of a pipe were that of
Kolin(ls) (19) (20) and Alcock and Sadren(zl). The.former
method depends on the introduction of a potential gradient in
the flowing medium as 1t traverses a magneﬁic field pefpendiculaz
to its direction. This, however, involves a probe and does
not give the direction‘of the veloclty measured. Alcock and

Sadron(zl) have shown how a flow bi-refringent liquid can be

used to obtain the velocity when the fluid is flowing past a
solid boundary. The accuracy, hbwever, of the method is not
very great and it is limited to flow distributiqns which hawe
two dimensional symmetry. .

Fromva consideration of all these methods it was decided
to modlfy that of Birkhoff and Cagwood replacing the air bubbles
with oil droplets but still using the double flash technique for
Photography as 1t was felt that this gave the most promise of an
accurate method. Thié decision was, however, not takeﬁ until |

some experimental work had been carried out in attempting to

modify the method of Favre. It is proposed, therefore, to
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describe the latter experimental work next and tb Tollow 1t
with a descriptlion of the final technique employed.
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CHAPTER 1
PRELIMINARY EXPERIMENTS.

1. Dye Streamers.

Having reviewed the>methods of measuring the velocity
distributions in flowing flulds it was decided to adopt the
method of Favre(lﬁ) as a first attempt to measure the velocity
profile of fluids flowing in a glass tube of circular section.

Very briefly the apparatus consisted of a reservoir into
which protruded a flow tube fitted with a flared entry, a
stroboscopic illumination system and a flow gauge. The latter
recorded a measure of the flow rate by means of a rotating drum.
camera and a hot wire'anemometér arrangement which was
attendant upon the air displaced from a large recc_ept,#ch,. by
the £fluid flowing from the flow tube.

In the first instance a dye streamer was used which issued

from a drawn out glass capilI:ary tube fitted with a steel nut
and caused to oscillate by means of an electro-magnet. The

frequency of oscillations was governed by a #ibrating contact

maker which at the same time regulated the rotation of a sector :

disc thus aliowing for stroboscopic observation. The dye used
was nigrocene black. At a distance downstream beyond which
the flow ceased to show any entry-initiated fluctuations, the
arrangement' served to show the nature of the flow, i.e.,
whether it was turbulent or laminar (vieﬁing the streamers as .
a whole rather than the sinuosities), but as means of velocity

measurement these streamers were discarded for the following

reasons.,
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(a) The filaments needed to he very thin in‘order that
they retained their definition and approached a single filament
line as opposed to a conglomeration of filament lines. This
requirement reduced their visibility and made photogrephic
recording very difficult.

(b) The velocity gradients existing in the flow tube were
large in the proximity of the wall of the tube and thus the
relative velocities at neighbouring radil were quite large.

The velocity of flow v at a distance r from the axls of a
Pipe of radius a through which a fluld is flowing under laminar
conditions is given by |

V = K(8% = P2) vevveeecccovossascssssasscnnaa(lel)
where K = P7257.Iu P is the ﬁfessure drop across the tube of
'length L and % the vistosity of the fluid. The difference in
velocity corresponding to two radil rj, rg is.thus |

=K (25 = 78).  (P1972 ) eeveeereececea(1e2)

:

|
|

Considering the wave form of the streamers to be sinusoidal‘

of frequency n cycles per second and L to be the wave length in
the flowing fluid thenAv can also be given by

AV = Lo AL covsceoscossssssscsssassaccssssnes(led)
where AL ig the difference in the peak to peak distances at
the two radii and T is 1/n sec. Thus,

AL = T.K. (7§ = 2B) ceverecnncenncnnccncacaas(led)

From the form of the Reynolds' number, R, = 2.u.a./?/%
the average velocity of flow is u =-Rp.7% /2.a./°'cm. per secC.,

and the mean flow 1is therefore Q =7r.a%,u cc. per sec., which




by the Poiseuille-Hagen equation is
Q=WC Pl a4 ® 6 O OO 06O ¢8O O00 008 00O OPOOSOOGOOOEDLBSDS (1.5)

BO?OL
and thus,
P = Rn'? fOI‘ Watel‘ taking ﬂ= 1 LI ) (1.6)
4.7.14 as

(It was anticipated that any other fluid which might be used-
would have a density very nearly equal to unity).
e*e AL = T.gggv. (r% - r%) cm. per wave length(1l.7) |
For the flow tube ad = 0.244 cm® and if T = Q05 sec.,
ri,rg = 0.5 cm., O.4cm., respectively then for Rp = 2000 and
and with? = 0.01 poise

AL = 0.05 x 2000 x 0.09 cm.
0.244 x 100

" = 0.369 cm. &{per wavellength)

For a circular sectlon tube with a rapidly convergent
flared entry there exists for a distance down the tube known
as the 'inlet length' a central solid cone-shaped plug of .
flowing fluid in which at any sectlon the flow is of uniform
velocity. From the published curves of Schiller et.al.(22>
the flow at a radius of 0.4 cm. for this flow tube, is outsids
the central plug at a vdlue of x/aRn of 0.05 with Rn = 2000,
whence x = 62 ecm., which is the distance downstream from the
entrance to the tube. Thus fran this point onwards the
streamers at the 0.4 cm., raﬁus will suffer diétortions due to
the veloeity gradient. (In fact for the peaks of the |
oscillations at the 0.5 cm. radius, the distortion begins

earlier than at 62cm. from the entry: this fact is neglected
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in this illustration. The actual effect of this is to

increase the distortions further than is shown below). From
here to the dbéervation section of the pipe, 105 cms. downstream
the distortion increases by an amount 0.369 cms. per wave

length travebdse. The distance covered is 43 cms., and taking
the peaks at the inner radius as the datum line at which, over

this distance, uw/um has a value of approximately 1.2, the

velocity of flow is then 1.2.2000.%7 cm/sec. (Using the
equation for Rn). 2.
= 19.2_cm/sec.
At a frequency of 20 c.p.s., this distance contains 20
wave lengths and so 43 cms.y contains

43.20 = 44.8 wave lengths.
19.2

The peaks, then, at the 0.5 cm. radius will thus lag by
an amount 44.8 x 0.369 cms. = 16.5 cms. by the time the observa-
tion section is reached. By this time the streamer is so
dlistorted as to be indistinguishable from a solid'streamér'
0.1 cm. wide. |

It was an advantage to havefthe frequency small in order to
distinguish the form of the streamers, but it was found in vlew
of their thinness that they could not be photographed. No
advantage was to be gained by'reduéiﬁg the amplitude as this
made it harder to distinguish their form and at the same time
the largest amplitudeg precibitated turbulence and threw the

dye off the injecting jets in a spikey fadhon with consequent
blurring.
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(¢) Owing to very slow moving disturbances in the
reservoir and to those set up by the jets vibrating, the
streamers almost invariably moved from the position of injection
so that with a system of several oscillating jets giving
miltiple streamers, rérely did they remain in the same
diametral plane into which they were injected. * They could
therefore only be localised by observing them from two
directions at right angles and even then it was the exception
rather than the rule for the plane of any of the streamers to
be at right angles to eigher of the viewing directions: thelr
form was therefore rarely distinguishable. '

2. Interrupted Dye Streamers.

Having discontinued work on oscillating streamers 1t was

declded to inject the dye in short thpeads using several jets
and to view from two orthogonal dlrections Rormal to the flow
tube.

Two methods of injection were attempted. The first.
employed an electro-magnetic valve to pulse the rubber tubing
féeding the dye to the jets at a regular frequency and so
produced the required interruptions. (The current to the
valve operated - at the same time a sector disc for strdboscopic

viewing.)

¥ Glass Jets were dispensed with for the multiple streamers and
0.006" diamter drawn copper tubing of wall thickness O.002"

was used.
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The second employed a similar principle BB the difference
being in that magnetic pulses were applied to a thin metal
diaphragm which formed one wall of a metal box through which
the dye was fed. (By introducing a sufficient length of jet
tubing at the inflow end of the box the dlaphragm pulses were
transmitted to the jets whicﬁﬁ;::éthe path of least resistance).
Both methods were not very successful because the ends of
the dye pulses 1nevitably téiled off to fine points and their
beginnings were hazy due ﬁo the fact that at relaxation of the
pressure a small amount of water was drawn into the jets and
consequent mixing with the dye solution in the jets took place.
Owing to the many disadvantages which became apparent when

using dye streamers they were abandoned.

Be Pgrticle Streamers.

Several methods have been used in the étudy of fluid
flow which readlly give the fluld velocitles at one and the
same time at several positions in ﬁhe field of view which do not
depend upon dye stréamers. Parficles of aluminium or mica
dlsperseéd in the fluid appear as pin points of light ﬁhen
11luminated in the appropriate direction, but such methods
involve in general a large number of particles in suspension.
They also rely on 'thin sheet' illumination and the fpcussing
of the observing instruments upon a single plane, the number of
particles present belng sufficient to ensure that there will be
several in the viewing plane. As it was desired to observe

the whole of the pipe's cross section and not just a diametral
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plane, too many particles would be visible at one time.using
such suspensions; in any case the relatively large depth of
foéus of the recording camera would not bermit of focussing on
oné plane and the stroboscope which was conétrucfed could not
glve sufficient light, in a narrow enough sheet for a diametral
illumination, to produce a sufficient scatter.from the type of
particles used to render them susceptible to photographic
recording. '

Relf(lz) used llluminated ol]l droplets which consisted of a
mixture of olive oil and nitro-benzene in such proportions as
to make the density equal to that of the water.which he was
dbsérving. - The refractive index was such asto give an
emergent ray of light at right ungles to an incident ray, a
condition of great advantage in elimlnating direct light to
the cemera. Under such conditions, provided the illuminating
sheet of light was sufficiently thin, all the 1lluminated
droplets could be brought to a focus at the same time upon a
photographic plate. | '

In place of nitro-benzene and olive oil a mixture of
carbon tetrachloride and benzene was used with a density equal
to that of the fluid under investigation and the mixture was
injected into the flow tube at the throat of the flared entry
from the previously mentioned 0.006" diambter jets. Since
the mixture had a lower viscosity than the nitro-benzene/olive
oil mixture lower pressures could be used in the jet assembly

to exude the mixture. With the lower viscosity oil, small



droplets were more readily drawn by the fluld from the ends
of the jet. | In view of this it was not necessary to bibrate
the jet in order to break off small dioplets. The pressure

in the jet assembly was adjusted untll droplets were produced
which, when they reached the viewing section, were about one
centimeter apart. The oil was drawn off by the fluid flowing
. past the copper jets giving droplets of regular size and
spacing. With iﬁcreasing fluid flow rate both the size and
spacing of the droplets decreased. For ﬁhe meximum flow rate
for which the flow remained laminar the droplets ha& a minimum
size of about 0.2 mm. The size of the droplets waé measured
with a long focus travelling microscope and was found to be
very regular with any glven set of conditions, but in turbulent
flow a large variation of Bize resulted with a minimum of

gbout O.l1 mm. |

Difficulty was met with, however, in obtaining equal flow

of 0il from all the jets; very small irreguiarities causéd
widely differing ratés of discharge, so that while one jet was

giving droplets of the required size, the dischafge from the
others, when excessive, gave too many drops of widely different
slzes, and when too little, too few drops to be effective,
In the latter case the chances were that there was no certalnty
of a droplet being in the field of view of the recording camera
(a matter of 2.25 cms), and in the former case vitiation of
results ensued owing to the ilmpossibility of deciding whether

two adjacent images of the droplets at the same radius were the







images of the same drop in the light of the dual stroboscopic
flashing or whether one drop had, as 1t were, "caught up" 1ts

nearest neighbour's last image. As with previous streamers,

here again there was migration from the position of injection

- of the droplets due to inttial disturbances, particularly at
low rates of flow, which were attributed to the jet holdef;

At higher flow rates the 8fflux of droplets ﬁrecipitated
turbulence. It was observed that with Regnolds' numbers
somewhat greater than 2000, turbulent flow could be created,
with one jet operative, by increasing the rate'of oll discharge
'and that laminar flow was agaln restored by a further increase
) in o0il discharge. On decreasing the rate the reverse was seen
to apply, turbulence appearing and then dying out. It was
thought that there must be sane critical frequency .of osciil_atia;
set up by the break off of the oll droplets, at one particular
discharge rate, for which the flow ceased to be stable.

Varyiﬁg the fluid flow rate while maintaining a fixed though
excesslve oil discharge rate was observed to produce the same
effect, s was to be expected.

Fig.l.l shows, enlargéd,- the construction of the jet
assembly, Which was made of brass with a cbpper'feed pipe. It
was fixed by means of the feed pipe to a small horizontal
carriage on two sefs of rails at right angles to each other on
the top of the reservolr by which means two-dimensional
horizontal motions of the jets wefe made possible by wortn drives.

The vertical adjustment was made with a rack and pinion. No
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position of the jets could be found which reduéed the.migration'
of the droplets, though very nearly even dischafge was achieved
by scrupulouS'éleaning of'the jets and careful attention to

the jet mouths. It was decided then, to have the droplets
disfributed at rendom in the reservoir and thus 6vercome the
precipitation of turbulence and at the same time eliminate the
difficulties attendant with the use of several jets.

To this end, all but one of the Jjets were removed. Prior
to a Yun the Jjet feed pressure was made.high and the Jjet moved
In a rapid spiral through the reservoir, hence dispersing the
droplets and at the same time ensuring their small size by
forcing their detachment from the jet by the rapid motion and
fluid friction. With this technique there was no need for the
carriage and raile and they were consequently discarded.- It
soon bécame possiblg with practice to distribute the droplets
very similarly on successlve occasions with slmost ideﬁtical
droplet size each time. Only when a sudden change of direction
of the jet was made did the uniformity of the droplet size
alter; at such places there were large droplets. By slightly .
squeezing the Jet mouth with a micrometer screw gauge even
smaller droplets were obtained. A number of measurements
gave the droplet slize to be about 0.1 mm to 0.15 mm.

The droplets having been dispersed, remained in suspension
while the liquid in the reservolr was ellowed to settle down,
though only very little disﬁurbahce had been caused owing to the
.fineness of the jet.
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CHAPTER 2.

THE APPARATUS.

4.~ General.

An apparatus was required which would give by a photo-
graphic record the nature of the flow existing in a circular
. section flow tube at a number of points on the diameter so that
in a time of samnewhat less than a second a complete record of
the velocity profile could be obtained.

A series of 1nyestigations were carried out upon the
necessary components of such an apparatus and finally a
satisfactory apparatus was obtained. The apparatus was then
tested with water and yielded excellent results, Finally
the veloclity profiles at yarious rates of flow were measured
using a visco-¢lastic ammonia soap solution.

An initial survey was made of apparatus which might be
needed and in view of this, preliminary experiments were
carried out on the following items.

1. Types of streamers which would be susceptible to photé--
graphic observation and which would not, to any great extent,
interrupt the nature of the flow through the flow tube and
which could be easily injected into the fluid under observation.

2. Methods of recording the flow pattern which would
record quickly a complete picture of the velocity profile for
the flow. Photographic recording was immediately decided ubon
and this restricted the types of streamers which could be

employed, though it was not apparent, until after g lengthy -
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.series of experiments with streamers and me thods of illuminating
them, that a direct method of photographic observation was not
possible so that eventually a two-dimensional system of
viewing was adopted.

Be Opticel systems which would permit of photographic
recording and a system of mirrors whereby two views of the flow
tube from two directions at right angles could be observed
simultaneously in éuch a way that the two views were super-
imposed and of the same size giving the appearance of a single
section of the flow tube.

4. (a) Stroboscopes which could give variable (though
constant at any one time)'short perliods of intense illuminatibn
with a sharp start and cut off and whose frequency could be
governed by the recording cémera.

(p) Flash tube stroboscopes which could give short
duration light flashes, at a frequency locked to that of the
recording camera and faithfully following any speed variations,
in such a way that two flashes séparated 5y & short time |
interval should occur during the stationary periods of the film.
' This investigation proved to be exceedlngly profitable and
interesting. It involved an examination of a number of types
of flash tubes as regards methods of triggering them to
initiate their discharge and particularly the effect on their
triggering characteristics of the time for which they had been

continuously running, on the voltage applied across the tubes

and on their age and condition.
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Also in connection with the flash tubg\strdboscope, a
series of experiments and a theoretical investigation was
carried out on varieus types of chokes, with pulse sharpening .
spark gaps across them, capable of producing high voltage
pulses by stopping the current flow in them, sufficiently
great to trigger the flhsh tube discharge.

b The electronic circuilt, controlled by the camera,
which would produce the above mentioned high voltage pulses.

6. A flow gmuge which would record the rate of flow
through the flow tube so that theoretical or established
experimental profiles for such a rate of flow could be compared
with the measured profiles..

5. The Final Apparatus.

With the results of the above investigations a final
apparatus was assembied, Plate 2.1 which consisted essentially
of four distinct sections:

(a) The flow tube, reservolr and assoclated streamer

injectors.

(b) The stroboscope, inctuding auxilliary electronic

equipment. |

(c) The optical system.

(d) The flow gauge.

(a) The reservoir, a rectangular section tank 9" x 10" x 18"
was charged with 26 litres of fluid and this served for seveial
short runs as the position of the flow tube entry in the tank

allowed for the outflow of ebout 12 litres before the flow




.

tubg entrance affected the inflow owing to the proximity of thé‘
entry to the fluld surface. The flow tube had an internal.
diameter of 12.5 mm. and was ehosen as a compromisebetween a
large bore tube which wéuld have necessitated the use of larée
quantities of fluld and a small bore tube in which the
velocity gradients would have been excessively high.

The velocity of flow at a distance r from the axis of a
Pipe of radius a in which there exists laminar flow of a
Newtonian fluid is given by Eq. (l.1). Neglecting the
negative sign, the veloclty gradient at the radius r 1s given by

AV = 2 KeP eevevasecorosenscccensasassascosee (2e1)

ar :
and for algebraically similar distances from the axes of two
pipes of different radii (r = c.a) the ratio of the respective
gradients is 2.k1.c.a1/2.k2.c.ag. Thebonstants ki(i = 1,2) me
given by Eq. (1.7). Thus for similar values of the Reynolds'
numbers, Rp, the ratio of the two velocity gradients for the
two pipes under dynamically similar conditions is

(av/ar)y/(av/dr)g = a%/a? cevecrscsscscscscss (2.2)
.°. the smaller the radius of the pipe the greater the
corresponding gradients for sﬁnilar radial positions. As a
result of considerations set out below in the next paragraph, a
relatively large flow tube of internal diameter 12.49 mm. was
used." ﬁven so, the veloclty gradients were prohibltively high,‘
as 1s indlicated in Chapter 2, and denied the use of oscillatig

dye filément types of streamers.
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Originally it was thought that oscillating dye streamers
(16) would be used as fléw indicators with which'the veloclities
could be obtained by the variations in peak to pesk distances
of the sinuosities with radius, their distances however,
became prohibitive with high gradients as was quantitatively
discussed in Chapter 1. It was found that the colouration
broﬁght about by the nigrocene dye streamers prevented further
use of the fluld and so for iow gradients a large radlus flow
tube was indicated while wastage of fluid dictated a smaller
bore tube. The flow tube adopted was the most convenient
size to hand and at R, = 2000 the flow rate per minute was 1.18
litres which was considered to be sufficiently economical as
runs of this length were not anticipated. The flow tube?was
fitted with a detachable flared entry which.was turned from
perspex. In fact dye streamers were abandoned for reasons’
which are set out later but the flow tube was not altered.

The streamers finally adopted consisted of small oil
droplets whose density, by a suitable admixture of constituents,
was made equal to that of ﬁhe fluid and they were obtained
by means of a 0.006 inéh internal diameter drawh copper tubing
jet.

(b) Briefly the operation of the stroboscope was as follews.
A switch, mechanically operated by the recordling cine -camera,
upon closufe, caused a saw=tooth relaxation-oscillator to fire
and thereby control the frequency of oscillation of an

agymmetrical multivibrator; negative goging VOltages from which
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(either from the gfids or anodés) suddenly backed beyond cut «
off two pentodes with inductive anode loading. The resulting
high voltages developed in the loads due to the cessation of
current flow, after sharpening by means of spark gaps, were
employed a8 trigger pulses for two Siemens S.F.6 flash tubes
which were built into a screened 0~4000 volt d.c., power pack.
The normal opérating voltage of the flash tubes was 2000 volts.
Associated with the flash tubes were cylindriéal lenses and
Plane mirrors whereby the 1ight could be focussed and brought
to bear on the observaﬁion section of the flow tube.

(¢) The feature of the optical system was that by means of
two plane mirrors placed symmetrically one on either side of
the flow tube, with a semi—féflectiné mlrror between them the
flow tube could be viewed at one and the same time from two
directions at right angles with the two views superimposed.
This arrangement allowed for the localisation of events in the
flow tube in three dimensions.

(d) The flow gauge which included a recording drum camera
was simple but good in operation and recorded a measure of the
flow rate by a hot wire anemometer principle working on the -
air displaced by the fluid upon entering a large air vessel.
Blectrically, the anemometer circuit was a Wheatstone Bfidge
network.

Operational Procedure.

Prior to a run small oil droplets were dispersed in the

flwid 1n the reservoir and.time allowed for any disturbances
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which had thus been created to die out. This was easily
observed as the oll droplets remained in suspénsion. One end
of the flow tube, the other end of which was fitted with a
removable flared entry protruding into the feservoir, was |
connected by means of rubber tubing, fitted with a stop cock,
to thé air vessel of the flow gauge (section 8, Chapter 3)

and flow was started by opening this valve. The suspended
oil droplets éarried into the flow tube were illuminated at
the observation section with light from the stroboscope,

which had beed réndered slightly.convergent by large
cylindrical lenses, from two directions at right angles with
the aid of auxilliary plane mirfors to give symmetrical
illumination. - At this section the flow tube was surrounded
by the optical system (e’ and here the recording camera was
focussed on to the two superimposéd images of the flow'tube.
The camera, when running, operated the mechenical switch
whenever the film was stationary and thereby governed the
stroboscope as already indicated and two distinct flashes
occurred whose time separation was contrdﬂwdb'by means of the
multivibrator auxilliary to the strdboscope{ The time
interval was equal to the time for which one of the valves of
thé multivibrator was donducting. The triggering pulses for
the flash tubes were derivéd from thg negative grid swings
- (or the sudden falls in anode voltages) of the multivibrator
valves, and the flashing interval, which was the conducting

time of that valve which was conducting for the least time
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during one complete cycle, was easlily varieble through the
grid lesk, which was a varisble resistor, of the other valve.

Knowing the time interval between the two flashes which
occurred during each exposure, fhe velocities of the individual
droplets could be computed from the distances between their
photographed images. As will be described later in the
optical system section, the radial positions of the droplets
could be computed and a velocity profile obtained from a
single exposure as there were in general several droplets in
the observation section at any time. Thus from a run at a
slowly varying flow rate profiles could be obtained at a
number of different Reynolds' numbers. Alternatively, a
constant flow rate could be employed and frames chosen at
random thus yielding a large number of dropiet Qelocities
with a consequent greater variance of radii. This latter
method was preferred and 1t was often possible to follow the
path of a droplet through several consecutive frames which
proved the existence of rectilinear motion and also gave a
check on the reliability of the stroboscopic flashing.

The flow gaﬁge, essenfially a hot wire anemometer,
recorded, through a Wheatstone Bridge and galvanometer, a
continuous megsure of the flow rate throughout the run on a
rotating drum camersa which was driven at a constant speed by a
series-series/parallel twelfth horsepower motor. A

callbration &ielded fhe true flow rate from the recorded
deflection. ‘
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An auxiliiary lantern recorded a straight line datum
trace on the drum camera recording paper: 1its power supply was
switched on at the same time as thaﬁ for the trigger pulse
pentodes.of the stroboscope by means of ganged switches,
hence, in carr&ing out a run the order of events was as foliaws;

1. A photographic record of the pipe alone was taken for
the determination of the centre of the photographed image of
the flow tube.

2. The drum camera was switched on to record a zero
trace for the flow gauge.

3. After a few seconds the flow was started, followed
shortly by

4, The switching on of the recording cine-camera which
quickly settled down, the first few frames suffering no exposura

b. When the camera was steady, the datum galvanometer
lantern and pulse genéfators were switched on,starting the
flash tubes and datum trace on the druﬁ camera paper.

6. Any desirgd variations of flow rate were made by means
of the stop cock while observing the flow whose naturg could
be seen (i.e. daminar or turbulent) as the droplets appeared
as pin points of light.

- on, Power supplies to pulse generators and datum lantern
switched off.

8. 7 terminated the run and the sequence of events was
repeated,generally, in the reverse order. The repeating of

operations 2 and 1 gave a_final gero trace for the flow gauge
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and a second determination of the pipe céhtre thus ascertaining -
whether any relative movement had taken place between the
cameraland the floﬁ tube. |
The speed of the damera was genera}ly constant (though

variatlons did not matter with conétant rate of flow runs), and
any irregularities coﬁld usually be traced to dirt in the
mechanism or to the mechanical switch or to tack of lubrication,
any of which was easily remedied. If the total number o}
frames in a record was counted the appropriate point along
the datum trace of the drum camera record could be easily
obtained for any particular frame and hence the corresponding
flow rate for the frame obtained. | .

. The method of obtalning data from the records and a fuller
account of the individual components of the apparatus, their
construction, operation and calibration where necessary,

follows in the ensuing chapters.
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CHAPTER 3

THE FLOW GAUGE

6. General.

In order to ascertain the performance of the observing
and recording techniques it would be necessary to calibrate
the apparatus by measuting the known flow patterns found
with simple flulids of which water was the obvious choice.
A flow gauge wés thus required which would give the
instantaneous average rate of flow (within reasonsble limits)
of the calibrating water and the experimental fluids.

The length and diameter of the flow tube (Chapter 2) were
120 cms and 1.249 cms respectively and the dbservafion sectimn,
somewhat over 2 cms long was centred 105 cms downstream from
the throat of the flared entry to_the flow tube. With such
geometrical conditions and with a Reynolds number of flow of
2000 the Schiller criterion (22) x/aR wheré X = 105 ecms, and a
= 0.6246 cms has a value of only 0.084 so that the velocity
profiles in geﬂéral could be expected to be other‘than parabolic
(22). In these cases the velocities at any distance from the
axis of the flow tube ccuid only be calculated approximately
from Schiller's theoretical results and not at all from the
usual Poiseuille Hagen formulae Q = KBa? and v = _P (a? -rR).

8n.L 49.L

The established experimental determinations of the velocity
profiles of Schiller and Nikuradze (22) were accepted. Theée
are shown reproduced in a slightly different form with a

theorefical parabola in fig.3.1l for a range of values of
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x/aR from 0.01 to 0.13. At the latter value the curve is
a parabola.

For obvious convenience, experimental results were plotted
dimensionléssly in the form of U/ﬁﬁ against r/a where U was
the measured velocity at the radius r from the axis of the
floﬁ tube of radius"a' and where Um was the mean velocity of
flow. It was only neeessary then to know the rate of flow Qf
fluid Q cc/sec in oBder to determine the mean velocity andA
hence the Reynolds number of flow and consequently to determine
the theoretical, or more correctly, the éxperimentally
established velocity profile for any set of conditions.

Obvious requirements of the flow gauge were that 1t should
be capable of self recording or capasble of continuous
photographic recording of a measure of the flow rate and that
in any case it should have~a rapid resp onse to changes of
flow rate.

In view of the fact that the 'inlet length' for the flow
tube for Reynolds numbers of flow greater than about 2000 was .
greater.than the 105 cms, between inlet and observation section,
it was not permissible to determine the rate of flow by
measuring the pressure gradient along a length of the pipe by
means of pressure tapping pointsvin the flow tube wall and
applying Poiseuille's equation; because, in the inlet 1eﬁgth
there is an accellerating conical plug of flowing fluid and

hence the pressure gradient is greater in this region belng

greatest at the entry (23)(24) and decreasts until it reaches
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a steady value ih. reglons of fully developed flow. Any

such measured pressure gradients would thus give a greater
flow rate than the actual. Should the pressure points be
restricted to two positions astride the observation section
and the flow rates restricted to low vdlues to allow fully
developed flow to be established, the pressﬁre gradient with
water, with this flow tube;at a Reynolds number of 2000 being
about 3.3 dynes per cm® /cm,only about 0.5 mm water head would
be developed over 20 cms of the flow tube. Several gauges
have been designed which could measure quite easily such small
differential pressures. Hindley (25) employed two balanced
inverted bells with their mouths below the liquid levels in
the limbs of a manometer. However the falliné static head
complicates matters and the necessity of wide manometer limbs
involves a delay in response due to the finite time required
for the liguid to flow into the manometer limbs. Mathessen
and Eden(zs) and A.G. Keenamand R.L. MacIntosh(ZV) used
differential bellows,the latter employing a strain sensitive
'wire;thesé were essentially for steady small differential
pressures. Such sensitive gauges in general suffered from
finite delay times for reasons of the flow time of the fluid
into the systems. With visco-elastic fluids the viscosity
depends upon the rate of shear of the fluid (28) so that
pressure gsuge measurements for the determination of the flow
rate only lend themselves to such systems if a knowledge of the

viscosity is known in relation to water from a series of
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determinations of the viscosity from measured flow rates and
pressure gradients. In any event the viscosity during the
flow in the flow tube will vary from the wall where the rate
of shear is greatest to the centre of the tube where it is zero.
Such matters add complications and lncrease errors. -.There
being insufficient length of flow tube beyond the observation
sectlon 1t was not posslble to insert a hot wire anemometer
into the tube which in any case has no steady true zero owing
to local heating of the fluid. Methods therefore of measuring
the flow rate using the actual flow tube were not suitable.
It was decided to employ a method of meaguring the flow rate
‘after the fluid had left the flow tube, in fact to measure
the air 1t displaced upon entering athirty. . litre bottle.

A differential water manometer with narrow limbs operated
b& alr flowing through a tube having two pressure tapping
points responds falrly rapidly to changes of flow rate and
offered a possible means of flow measurement. However in
order that the photographed manometer could be measured up
accurately with at best a 3 to 1 reduction in photography, a
difference in levels of about one centimetre per thousand |
change in Reynolds number was necessary with the vernier
microscope reading to .01 mm. This necessitated a narrow
bore air tube and consequent delay in pressure build up in the
alr reservoir before the steady state was_reached; At the
same time flow variations were not reliably réproduced. Iﬁ

was declded to use an electrical gauge of thé anemometer type.
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J.H. Lanb (29)) used an electrically heated coil with
differential thermocouples up and down stregm which had the '
advantage of being unaffected by zero drift, bt to be capable
of rapid response to varlations of flow rate, the ttermocouples
had necessarily to be of small gauge wire and in consequence
the gauge was'sensitive to large scale eddies in the turbuleht
air stfeam at the lower flow rates. It was neceésary then to
measure the cooling effect upon the heated system over a fair
section of the air tube containing the gauge element in order
to get a more integrated effect and thus be independent of
localised regions of high or low flow rate.

7e Construction of (Gauge.

A simple electrically heated coil was finally decided
upon where change of resistance due to cooling by the air
displaced fram the 15 litre bottle could be measured as the
ﬁnbalance current in a Wheatstone network_and recorded by
means of a rotating drum camera through the agency of a
galvanometer and a deflected light spot. The circuit diagram
of the'Wheatstone network is shown in fig.3.2.

L.V. King(30) showed that the heat loss from an
eléctrically heated wire in an air stream flowing with a
velocity V was given by a relationship of the form

H=A J/V + B where A & B are constants involving the
temperature difference between the heated wire and the air.
This formula applles howgver to a wire whose temperature is

maintained constant by varying the heating current. At
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lower velocitles the form 6f the relationship is

H = c where C & D are constants.’

=10

For the gauge employed the current was not maintained
constant but it was assumed that the graphical relationship
between the unbalance current of the bridge, due to the
change of resistance, and the air flow would be of the form
of a sigmoid curve passing theough the origin, :the abscissee
being the rate of flow. It was further assumed that by
variations of heating current the inflection region could be
made almost iinear over quite a range of alr flow rates and
that thereby except at low rates of flow a sensibly linear
" relationship could be found for the required range of velocities

The filament was made of 0.0l cm dismeter nickel wire in
the shape of a semi-circular coiled coil, silver soldered to
the pinch leads of an electfic light bulb fig. 3.3 (a) mounted
in a side arm of ,a 3 cm bore glass tube fig.3.3(b) one end of
which was open to atmosﬁhere andlthe other end sealed to a
standard B.1l9 cone for ease of assembly to'the_eir lead from
the 16 litre bottle which was a wide bore. rubber tube fitted
with a B.1l9 socket. The lead was kept wiide to prevent delays
due to pressure build up in the reservolr.

For two fluids flowing in pipes of different radii,
Reynolds' No. is inversely proportion to the product of the
radius and the kinematic viscosity. So that in the 3 cem

gauge tube the air might be eRpected to be flowing in a laminar
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condition, but the irregular divergent entry to the gauge tube
undoubtedly caused same large scale turbulence as wlll be seen
later. It was for this reason that a coiled ¢oil was used to
cover a section of the air flow and obtain a more representative
cooling than is obtainable with a single strand. The
unsteadiness in response of a single strand mounted on a
similar pinch is shown in plate 3.1 which was obtained as the
drum camera record for a series of constant rates of flow, the
heating current being 0.4 amp. The coil was made by winding
30 turns of the nickel wire on a 4 B.A. bolt heating the wire
all the time with a tiny gas flame. In this way the coil did
" not spring loose upon release and accurately reproducible
coils could be made.

8. Calibration of Flow Gauge.

For calibration of the gauge a ten litre Mariot Bottle

was used with a variable head of water, the discharge being

fed into a 30 litre air reservoir and the displaced air to
the flow gauge fig. 3.4, and the unbalance current of the
Wheatstone network of which the heated coil formed one arm was
récorded by means of the usual galvanometer and lantern on a
rotating drum camera. The Mariot Bottle was fitted with a
scale and the meniscus was timed over a number of divisions,
each of which represented 202 ccs, dependeht upon the particular
rate of flow being used. To prevent rippling of the water
surface in the bottle the air inlet tube was surrounded(fig. 3. 4)

by a wide bore glass tube so that the disturbances caused by
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the inflowing air were confined to Within this jacket. The
galvanometer lantern and drum camera were switched on for a

few seconds during the time of each callibration flow as near
the middle of the time as could be estimated.

In the first instance the response curves were plotted at
heater currents of 0.1, 0.25, 0.35 and 0.4 amps to ascertain
the validity of the first of the asstmptions indicated above
and the four resulting curves are shown in Fig.3.5, A.B.C.D.
The curves are shown separately as the ordinates bear no
relation to each oﬁher as the bridge components were varied,
while maintaining 16 volts across the bridge, to obtain the
required heating cﬁrrents,.and also the galvanometer series
resistance was altered to ensure a reasonable deflection.

In the case of flow gauges consisting of two wires in
close proximity, one of which is heated relatively to the other,
and which two form two arms of a bridge network, the shape of
the 1nitial region of the response curve is determined largely
by the particular array used; whether the wires are horizontal
or vertical, parallel or at right angles to the mean flow and
whether the hot or cold wire is uppermosg or upstream. In the
horizontal position with the cold wire aboye the hot one with
elther orientation with respect to the mean flow a slow ratebf
flow has little cobling effect but merely removes from the
colder wire the slip stream from the hot, the relative
temperature difference is consequently increased and a negative

deflection is obtained. It was thought that arguments on these
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lines could explain the negative trend of the above curves
which was most noticeable with the curve obtained wiih a 0.4
amp heating current. It was apparent from the calibration
curves that the curves had the estimated shape and that a
) iinear portion could be obtalned particularly wlth currents of
over 0.4 amp.

A further calibration was carried out at 0.4 amp to obtain \
a best fit straight line to the centre section of the curve
but the result fig. 3.6 was very poor, The filament was
~examined and it was found to be collapsed, probably due to
overheating at some time while adjusﬁing the current. A new
similar coil was made and the calibration continued, after
several unrecorded dummy runs to aée the coil, and the result
1s shown in fig. 3.7. There was a certain amount of scatter
and fhe same tendency to have an initial negétive characteristic.
The best fit straight line was calculated for thé points '
between @ = 20 and Q = 70 in the usual manner from the formula
m =XXY where m is the slope of the best straight line and

gxz - - - - ‘ .
X, Yare Q - Q; © - ©; Q and ® being the arithmetic means of

Q and € the flow rates and deflections respectively. The
resulting equation was

O = 0.2138Q = 3¢278 veevvovercrsccscscccssssas(Bel)

To test the valldity or otherwise of this empirical
result a second galvanometer lantern whose circuit included an
on/off switch was arranged to project on to the drum camera

in the same plane as that of the galvanometer deflected beam to







- 38 -

give a datum line. If the second lantern was switched on

for a known length of time during a continually varying flow
rate and if during this time the total flow was measured, then '
the quantity of fluid as computed from the area.under the drum
camera photographic trace should correspond to the actual
collected and measured quantity, provided due allowance is
"made for the negative intercept of the mean line on the
deflection axis. Thus, if the length of the datum trace is

L cm, the area bétween the curve and the zero line A, the time
of flow T seconds, the computed slope and intercept parameters
m and ¢ respectively and the mean ordinate and abseéissa of thé
calibration graph & and @ respectively, then the computation
is carried out from axes with origin (0, - C) and the area A
must be increased by an amount IXc. A steady deflection 6 + ¢
with respect to the new axes for one second i.e. a length on
the datum trace of L/T involves an area % (@ + ¢) and

represents a flow of Q ccs. 80, the.area A + IXc represents

a flow of -
(A + L.c).QT ccs.
(e + ¢).L
= A'" ccs. where A' = (A+Ie) &m=06 4+ c.
m.L Q

9ix such calibrations were carried oﬁt in two groups, two
then four, the heating current being left on overnight
between the two sets. The relevant data is tabulated in
table 3.1 while plate 3.2 a,b,c,d,e,f, shows the actual

records in miniature.
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TABIE 3.1
Cal.No|L cms, Al T m c |A' T jActua %Error:
sq. cm.] (sec) m.L Q
23.5 |279.35 | 36.5 o.2138)5.278]2,051 2,022 + 1.5
28  |356.46 | 35 " v 2,084 (2,022 |+ 3
30,7 |287.75 |51.3| " v 2,240 2,424 | 7.9
36.9 |372.28 |39.5| v 1,770 2,020 } 12.4
11.85 |160.12%(17.6 | ™ w1118 01,018 Foseer |- 8.1
16.55 [243.65%| 20.6 | " v 1,210 1,617 } 12.2% -11.8

It was immediately ohvious from an inspection of the
results of table 3.1 that elther the gauge technique as a
whole was at fault or else the gauge had incurred a major
change in its response to the flow as a result of leaving it
Bwlitched on overnight. To check the correctness of either
of these statements a recalibration of the gasuge was carried
. out under precisely similar conditions as the previous
calibration with constant rates of flow and a second graph -
rate of flow v deflection - obtained. From this graph a new
best fit straight line was obtained in the usual manner and
the result was

e = .189 Q - 2.695

Fig.3.7a shows the result including the best fit straight

line.
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In the light of this new curve, the results c¢,d,e,f, of
table 3.1 were recdculated with m = 1895 & C = -2.695 and

table 3.2 &hows the results obtained with the 0ld ones for

comparison.
TABLE 3.2

Cal.No| A' m' |A'.T ¢' | Actual|%Error|Previous
. im'.L Q % Error

c 269.89|0.1895} 2,379 |2.695 | 2,424 |-1.9 |- 7.9

a 550. 73 " 1,981 " 2,020 [=2 - 12.4
e 153.21 " 1,194 1,213 |-0.8b6% |-~ 8,1
T 234.15 " 1,630 " 1,617 |=3.5% |- 11.8

* These percentage errors are the corrected values.

The results for e and £ (asterisked) could be seen (plate
3.8 e,f) to be a little doubtful owing to the fact that the
drum camera trace had 1¢ft the recording papér due to the
flow rate being too large. The doubtful regions were one
and six centimetres long respectively and though in case tet
the trace left the paper steeply only six square centimetres
were added as a correction, that for 'e' being taken as one
square centimetre. The figures in the appendage to the tabie
are the percentage errors for these two cases with the

correction inecluded.
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It was concluded from the above that the nickel filament
underwent serious aging with prolonged heating, though the
wire at 0.4 amp was not even at dull red heat. It was
nevertheless believed that in princlple the gauge was
satisfactory and therefore Platinum wire of the seme diameter
was obtained to obviate this aging. The heat capacity of
platinum compares favourably with that of nickel, the products
of specific heat and specific gravity being 0,715 and 0.879
respectively, so that heating currents of the same order as
those used for the nickel filament should yield similar results.

9. Platinum Filament Gauge.

Upon the change to platinum, as a first step, a single
sﬁrand filament of 0.005 cm diameter wire was constructed on
the usual pinch and it behaved in a similar erratic fashion
as the single strand nickel gauge (see plate 3.1). Hence a
spiral filament was immediately constructed using the same
numbér of turns and technique as described above. A rapid
check on the shape of the response cufve at a serlies of
constant, though different flow rates, showed that a current
of 0.45 amp, which maintalned the wire at just below red heat,
would be a suitsble value.

It appeared from the results so far thaﬁ the gauge
technique was satisfactory. In order to ensure accuracy and
repeatability of gauge conditioﬁs the Wheatstone network was
amended to incorpofate a permenent potentiometer and a high'

current capacity 10 ohm coil, speclally constructed for the
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purpose, of 18 S.W.G. manganin wire, fig.'&.z(a).
Previously the current had been adjusted by altering Rz which
had been a simple resistance box and Ro had served to ensure
balance while an ammeter had . been included in series with
the anemometer Rq in order to measure the heating current.
A voltmeter had sufficéd to check the overall vdltage across
the bridge. The potentiometer included a standard cell,
1.018 volts at 20° C'{~0.000046 volts per °C) and using a Pohl
commitator fig. 3.2(b) whoée connections were in accordance
with the lettering on the diagrams the switching was easily
accomplished and the potential difference across the 10 ohm
coil, which at balance gave the heating current and that
across the bridge as a whdle could quickly be measured and
adjusted. The overall voltage was fixed at 16 volts and was
regulated by Rg which consisted of a low resistance with a
high resistance in parallel for fine adjustment.. Knowing
the e.m.f. of the standard céll the appropriate valué of R
was simply calculated to give the correct potential across
the fixed 1001.5 ohm resistor for balance against the bridge
voltage or that of the 10 ohm coil.

For balance across the bridge (connections A - F, C ~ D)
the condition is |

E = _1001.5 __x -16 volts
1001.56 + R + Ry

i.e. R = (_.16 x 1001.5 - 1001.5 - Rg ;_ohms
( E

Rg was included (a nominal 4.7 KN carbon resiétor;; valiue
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4615 ohm) becasuse the single plug resistance box R had not
sufficient range. E was taken as its velue at 16°C as the
ambient temperature varied insufficiently fram this to cause
appréciable errors, and the valﬁes on the resistance gox R |
were taken as correct, as repeatability‘was the essential
factor. In this case R was 10,126 ohms. Ry was by-passed When
thé potentlal across the 10 ohm resistor was belng measured
(conmnections A - E; D - B) and here, i1f the current to the

heated wire is equal to C amps then

10C = ( E (R + 1001.5)
( 295515 ) volts
end R = 10.1001%8.C. - 1001l.5 . opm.

B
The values of R for C varying from .3 to .5 amps are tabulated
in Table 3.3.

TABIE 3.3
C (amp) "R (ohms)
0.3 1945
0.35 2436
0.4 2927
0.45 3418
0.5 3909

The values of R were preset'according to the measurement
required and one or two alternate repéat balances were
required as adjustments to the main voltage control resistor

A
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in series with the supply voltage and Rj (which was the main
agency for controlling the heating current) affected the
previous balance (adjusteble through Rg). R; was fixed at
1000 ohms and the galvanometer shunt and series resistors were
set to glve critical damping and reasonable full scale
deflection for maximum flow rate respectively.

When the potentiometer was connected, the bridge resistance
as a whole or the current adjusting arm Rz had its resistance
slightly altered with a consequent slight change in current
values upon disconnecting the potentiometer, but it was not
necessary to make any allowance for this as the prime concern
was rgpeatability and a check on the battery supply not a
knowledge of actual accurate values of.ihe heating current.

" 10. Calibration of Platinum filament Flow Gauge.

Preliminary curves for this platinum coil anemometer
showed the usual shape at 0.3, 0.35, 0.4, Q.45, 0.5 amp

(fig. 3.8 a,b,c,d,e) and are smoothed curves through

experimental points which show a certain amount of scatter.
The anomalies at the low flow rates are still present. The
curves had thé desired characteristics though the response to
steady flow as shown by the drum caméra records was rather
inclined to be erratic in a similar manner to the single
strended filaments. Examination of the coil showed that
while it was still fairly even there were ﬁworegions of rather

more cksely crowded turnse. If local overheating occurred
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here these 'hotspots' would, it was thought, tend to cause

the unsteady response by more than average cooling in the

face of the unsteady air flow. Mounted in this fashion on
the pinch it was quiteliable to damage due to shock while it
was being inserted through the side arm of the gauge tube
fig.3.4. In addition, sagging whether mounted with the coil
concave upwards or downwards would cause overcrowding of the
turns in the centre region of the coil. ~ Hence the design

of the mounting was‘changed in an effort to overcome these
weaknesses. The coil C, fig. 3.9 (plate 3.3) was straight

and under a slight tension. It was sil¥er soldered to two
leads passing tightly'through one of two *Tufz?ol' amuli T3 Tg
spaced on three lengths of 4 B.A. studding two of which served
as current leads. The whole assembly was a sliding fit in the
~open end of the glass gauge tube G of three cm. bore and thirty
cm. long with a Bl9 standard cone at one end.  To reduce the
scale of turbulence in the gauge tube two 70 hesh gauze discs

>

D)Dg were inserted in the gauge tube at the inlet end.

When the gaugé tube'was mounted vertically (inlet end dow)-
the filament being horizontal and pefpendicular to the mean
flow there exlsted zero fluctuations which wefe due to
uninterrupted convection currents frém the wire. When
horizontal with the filament again hérizontal the gauge took
an appreclable time to settle down to a steady zero but this
was not a true_zero owlng to local heating of the surrounds,

convection being effectively nil. Keeping the filament
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horizontal, a position for the gasuge tube was found,
approximately 400 to the vertical, in which there was no
erratic behaviour and no iero drift other things being constant.
It was henceforth used at this inclination anﬁ it was found
thét no discernible difference in behaviour or resgp onse was
rresent after taking down and reassembly. There was a
distinet difference iﬁ the character of the response curves
in the neighbourhood of the origin for the vertical and
horizontal positions of-the filament. Slight changes from
the horizontal had little if any effect. Changes from the
vertical however had, particularly if the filament was sloping
backwards to the flow. This wagprobably due to the fact that
at low rates of flow the upper regions of the coil-came under
the influence of the slip—stfeam of the lower turns and this
counteracted the 8ffect of the actual air cooling: the net
resu1£ was a rise in temperature-with resultant negative
deflection until the cooling due'to the latter exceeded the
heating due to the former. Response curves for the truly
vertical arrangement had a steeper.rise from the origin of
the response curve.(for slip-stream removal reasons) but took
a little longer to settle down to a straight mid-section.
It was obvious frém consideration of the responses for the
filament arrangements that it was an advantage to haye it
'horizontal and henceforth this arrangement was adopted.

With the gauge tube inclined, what convection currents

remained were addltive to the main flow so that the deflections:
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for givén flow rates were increased with the result that
the curve as a ﬁhole was moved towards the origin; a
reduction in length of the low flow rate region of the
response curve was the outcome. A comparison of the curves
of fig. 3.10 a,b,c whth were obtained with the gauge tube
horizontal at 0.3, 0.45 and 0.5 amps, and that of fig.3.1l1
at 0.45 amps with the tube inclinéd at 40° to the vertical
brings out this point.

For the curve of fig.3.11l the best straight line was
computed for the mid-section by the method of least squares,
assuming the values of Q to be known accurately, giving the

line
6 = 0.0@557 Q - 1.129

-A series of quantitative flow calibrations was carriedA
out, in a manner simitar to that employed with other gauges,
over a period of six days; the heating current was not
switched off during this period. The relevant data is
tabulated in Table 3.4.
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TABLE 5.4
bal.No; L A T m c A'.T lActual | %Error
(cms) | (sq.cms) (sec) mL | Q

a |28.55{286.56|32.2 |0.08357|1.129] 3,220} 3,234 | -0.43
b |23.95|224.88|28 " v | 3,154 B -2.5
c |eov.64]|244.87|39.4 L v | 4,155 4,645 +2.8
*i? 15;7 112.66 23.6 " v l1,701] 1,617 | +5.2
ée f16.7 |112.24]20 | * | v li,6a7| ® 0.0
*éf | 9.13|100.82(11.8 " v |1,560] " |-3.5
ég 16.6 |145.04 19.2- " " 2,008| 2,022 40.7

* (with these palrs of calibration runs the individuals of the
pair were carried out in immediate succession on the same
recording paper).

The records of the runs are shown on plate 3.4. In
obtaining the calibration curves the drum camera and bridge
galvanométer lanterns were switched on and off simultaneously

" The low gearing of the motor and an incorporated electrémagnetic
cluteh gave almost instantaneous stop and start. In this
way the records traced for the various flow rates had the |
appearance of an irregularly battlemented line and a large
number of short duration traces could be obtained on one
sheet of recording paper for any calibfation. Thesé tvaces

were easlly separated into chronological order when the drum
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made more than one completed revolution provided the
commencement of the calibration was indicated. This could
be done by having a galvanometer lantern or datum lantern

on without the drum camerghotor and thereby producing an
“intense star at the start of or aboye the initiéi Zero. The
calibration of fig.3.11l was sorted out in this way and plate
3.5 shows the actual record in miniature, the fdaint lines
were drawn on after development for convenien¢e to indicate
at a glance the order of the traces.

A typical 8/Q curve (a sloping letter S) with the computed
stralght line is shown diagramatically in fig.3&l2 and it can
be divided into three regions A,B, and C. For a quantitative
calibration in which the rate of flow is predominantly 1h the
'B' region agreement between computed and actual total flow
can reasonably be expected. In the upper portion '€' a
deflection © corresponds to an actual flow rate Q, but
according to the best straight line to Q' where Q'< Q.

With Q constant for a time 't' seconds the calculated quantity
of flow would be Q't, hence for comparatively large average '
flows computation can be expected to yield low results.
Conversely, in region 'A', computation should yield high total
fiow, while a varying flow eovering the whole region might be
expected to have a measure of automatic compensation. In
general, the results obtained wefe in accordance with this
reasoning.

In all events such drastic changes of flow raté would not
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normally be employed, a fair representation of the actual

flow could then be expected. Using the sequence of operations
as given in the general apparatus chapter a cine record of,
say, 'x' frames would be obtained. For the yth frame from
start, 1f the datum trace of the drum camera record be L cm
long along the drum camera record, the flow rate corresponds

to a point x.L cms along L.
y
1l. The Drum Camera.

The drum camera was constructed with a 6" diameter drum
to take up to 18 cm wlide bromide paper and was driven at
constant though variaﬁle speed by means of a pully drive from
a 1/10 hp series/series-parallel motor fitted with an electro-
- magnetic clutceh.

The 7" length cylindrical lens of focal length approx-
imately 3/4" was made of perspex from a 3/4" diamster perspex
rod by cutting away the centre section of the rod along its
length on a milling machine with a 1/2" side and face cutter
as shown in fig.3;15. Thrée lenses were produced at the
same time. Polishing was accomplished with metal polish and
cotton wool after a préliminary rubbing withVOO wet or dry

emery cloth to remove coarse machine marks.
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CHAPTER 4
THE OPTICAL SYSTEM

12. General.
The optical viewing system was designed in order that

fwo views of the flow tube, from.two directions mutuelly at
| right angles, could be seen simultaneously so that all
.components of velocity of the oil droplets could be computed
from measurements on the images of the droplets as photographed
from these two directioms. The actual arrangement was such
that the two images were parallel to each other, of the same
size and superimposed; they thus appeared as a single image.
A complete three-dimensional picturg of events inside the
flow tube was by these means obtainable. It was of no
consequence that throat-injected streamers migrated from the
position of injection; it was in fact desirable that dispersed
streamers be used and the me thod of obtaining them is indicated
above (Chapter_l, Section 3). From a single frame of the
photographic record, then,.provided that there were several
droplets in the field of view on exposure, information could
be obtained about the flow at several points, each at a
different radius in the cross section of the pipe.

13. Mirror System.

A photograph of the mirror system is shown in plate 4.1
Figs. 4.1, . 4.2 show the system diagramatically in cross section
while in pbsition surrounding the flow tube.

M7 Mg are fully aluminised surface reflecting mirrors
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while Mz is a partially reflecting mirror with approximately
equal reflection and transmission coefficients at 450 incidence.
P is a cross section of the pipe. |

Two images of the pipe can be seen by observation alonga
direction 00!, éay, which appear in cfoss section as P'PY,
The conétruction-lines for the edges of the pipe only are
indicated. | _

In practice the three mirrors are parallel to each

other and to the axis of the pipe in directions perpendicularte
and in the plane of the paper. The movement of Mg while
maintaining these conditions alters the position of the image
P', so that when the position of Mz is such thaf the images
P'p" ére superimposed and when 00' is at 45° to M3 the two
imagTes are two views of the pipe from two directions at right
angles. With a fixed setting of Mj and Mg with the images
superimposed, the geometry of the system readily shows that
the light paths to M3 from equivalent points of the pipe
(hirror images of each other about M5) are of eQual length so
that thé two images are of equal size. This size is constant
and 1s dependent on the positions of P and Mg between Mj and Mg
~prov1ded they are such as to superimpose P' and P", as the
final images are always at.the same distance from M5.

Apparently superimposed images can be obtained when there
is an assymetrical arrangement of Mz (not parellel to M Mg
in the plane of the paper), fig. 4.3. However, variation of

the direction of viewing shows parallax to exist between them;
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the images are also of different sizes. This property in
particular was used When the system was being aligned, as there
exists no parsallax between the images when true alignment is
achieved. ' With M1 and/or Mg partislly blacked out the image
of the pipe shows regions of approximately half intensity

with sharp demareation lines. At these lines relative |
visibility is good and consequently this blacking out greatly

assists in the process of adjustment. .

l4. Construction.

The fléw‘tube passes through A' and A", (Plate 4.1) these
also carry the mirrors My Mg Ha. From considerations of
symmetry of the system as a whole and for conveniencein
machining A' and A" the flow tube was arranged centrally
between My Mg.

The parpially reflecting mirror Mz rests upon two slides
S, one on each end plate, which run in milled slots T and are
held thereon by means of phosphor bronze spring strips B.
Vertical adjustment of M3 is achieved by manipulation of the
spd ng loaded adjusting screws C. Purther spring strips Bgo
maintain the slides in the guiding slots T. D1 Dg D3 aﬁe
three mild steel rods of 0.B.A. .studding passing through the
end plates and bolted tightly in position in accurately reamed
holes thereby holdiﬁg the system rigid, My and Mg being clipped
on to the énd plates by the clips B and being held parallel to
each other. The two end plates were gang milled while pinned

rigidly together through the studding holes. W is a square
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section water jacket of perspex which fits into milled slots
in the end plates and sealed therein by rubber gaskets. The
walls of the jacket were at 45° to the mirrors and one pair
normal to the direction of viewing. Thqﬁacket when full of
water served to reduce the optical distortions inherent with
viewing events iﬁside an unjacketed f£luid filled pipe and
also to eliminate glare arising from the flow tpbe walls.

The subject of the résidual optical distortions is dealt
with later. .

In use the mirror system was inclined sifan angle of 45°
to the horizontal allowing the cine camera to be horizontal
and resulting in greater sim@licity of adjustment of the
stroboscopic illumination, the beams from which were then in
vertical and horizontal planes respectively, fig. 4.3a.

(ABCB is the horizontal plér_xe). ‘To achieve this alignment
the mirror system was supported on a stiff wire framework
(plate 4.1) having a vertical gdjusting screw V which fitted
into a recess in a wooden block Y, in a slot in which rested
the lower of the three 0.B.A. spacing rods. The mirrors
could thus be pivoted about the flow pipe in the rubber
sealing washers Z until the 45° dlignment was attained.

Partially reflecting mirrors were made in a vacuum
evaporation apparatus, which was constructed in a large glass
belljar. A trial and error method was used to dbtain; the

desired 50% reflectivity and this was determined by measuring

the intensity of the light reflected at 450 and that transmitted
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wlth a simple selenium cell photometér. Owlng to thé
simplicity of the vacuum system it was not possibie.to obtain
similar mirrors by evaporating equal amounts of aluminiqm
wire, as repeateble vacuum conditions could not be guaranteed.-
Aluminium was used in preference to silver as such mirrors
were less subject to change wlith age dﬁe to tarnishing and
oxidation. A very thin film of passive oxlide forms on the
aluminium which in&reases its durability without affecting .
the reflecting powers of the mirror.

Good quality glass was used for the mirrors which, before
the deposition process had to be scrupulously.cleaned.
Prolonged washing with a detergent and rinsing, using glass
distilled water throughout, ensured a fair degree of
cleanliness. For the chemically deposited silver films the
glass was not dried.. before immersion in the silvering solution
and mirrors, though difficult to obtain correétly sllvered,
wera achieved tenacious enough to allow gentle dusting with
cotton wool. It was.not long, however, before these mirrors
became useless owing to tarnishing. Glass to be aluminised
was cleaned as abo&e, dried with degreased linen and just
prior to placing in the bell jar beaten and wilped with clean
silk which electrostatically removed any dust etc. A final
cleaning was carried out in the bell jar during evacuation by
bombardment with ions produced by a glow discharge.

15. Principle of Qbservation.

The principle employed in the observation of the streamers









was that of the ultra-microscope, though the droplets were in
fact large enough for direct observation.

The. 1light from the flash tubes Iy Fg flg 4.3a was
rendered slightly convergent by means of large cylindrical
lenses Ly Lg so that it could be concéntrated on to the flow
tube. The two beams were split by inclined mirrors M énd
fhence suffered further reflections from My Mi Mg Méand finally
1lluminated the tube. The beams from Mj Mg were at right
angles to the plane contalning the beams from Mi Mé, this gave
symmetrical vertical and horizontal illumination which was in
fact slightly oblique to the line of viewing hénce prevented
direct reflection of light into the recording camera. Mj Mé
Mo Mé could be rota£ed about three orthogonal axes thus
.facilitating ad justment.

The droplets appeared as pin polnts of light and the
| system viewed them from two directions at right angles to the
incident illumination. Sufficlent light was reflected fromkhej
surfaces of the droplets to produce an image that could bé
photogrqphed, so that a benzene/carbontetrachléride mixture
could be used in place of olive o0il and nitro-benzene.

16. Cylindrical lenses.

The lenses fig.4.4, plate 4.2, were constructed from two
sheets of perspex 2§" x 4" x 1/32", P, Py, clamped between two
rectangular section brass rods By Bg on rubber strips Ry Rg

inlet into the rods. The ends were sealed by shaped end pileces

A and plasticine, the linner space being filled with water.
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For any desired focal length, the pecessary radil of

curvature followed immediately knowing the refractive index

of water and the end pleces were constructed accordingly, in

" this instance of perspex. By and Bg were spaced on two

lengths of 4 B.A.. brass studding which also served the

purpose of varying the perspex curyature and hence focal iength.
Unfortunately the perspex sheets acquired after some

time a curvature greater than that into which they were

originally bent, the sealing pressure on the rubber strips was
thus reduced and leaks ensued. This was, however, anticipated
and as an added precaution plasticine was added to the seals
which adhered rather tenaciously to the perspex and flowed
with it, automatically sealing leaks to a large extent. This
warping was attributéd to two. causes:

(a) an uneven agbsorption of water by the perépex which
.undoubtedly réduced its rigidity and

(p) a slow plastiﬁ or viscous flow.

The deformation was found difficult to remove other thah
by prolonged pressure or the application of a reverse
curvature.

Crazing.on the surface of the perspex due to the water
was largely eliminated by carefully finishing the surfaces with
prolonged polishing using metal poélish and cotton wool.

The lenses were periodically dismantled and the perspex
sheets reversed upén assembly rather than attempting to

flatten them.
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17. Operation of the Optical System.

Fig.4.5 A B.C.D shows schematically the arrangement of
the mirrors of the optical systém gbout the flow tube section;
wherein the cross section of the pipe is divided into four -
" quadrants labelled NiB;S and W. It is assumed that fhe
mirrors have been adjusted for parallelism and that the
direction of viewing is at 45° to the mirrors as indicated by
the arrows. . Thus two imeges of the flow pipe are superpmsed.:
These images are two views from two directions at right angles
to each other.

Consider the droplet No.l in the N quadrant, fig.4.5 A.
The images C' and E' associlated with the droplet are observed
one vertically above the other after the light scaﬁtered from
the droplet has traversed paths for the upper and lower images
respectively of l-ArBGC'and-lD-E, and appear to have come from
C' and B' in the image pipe. The distances C' 0 E'0 of the
Images from the axis of the photographed image of the pipe can
be seen to be the 'x' and 'y' coordinates of the original drop
(except for a scale factor and correciions) with respect to
axes parallel and perpendicular to elther light path and with
a z-axis along the axis of the pipe. From—the measured
values of C'0 and E'O the radisl distance of the droplet, T
.say, from the axis of the flow tube can, after corrections
have been applied, be calculated simply from '

= (C'0? + E'O?)% the subscript dash denoting corrected

values.
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The droplet 2 in the east quadrant can be seen from the
construction lines to have an x &@nd y both on the same side of
the axis of the image pipe. Droplet 3 in the 8 quadrant (C)

- hasg againiimages one on either sideof the axis similar to
droplet 1. Droplet 4 iﬁ the W quadrant (D) results again in
a paif,of images on the same side of the axis but in this case
they ére on the opposite side from that in which the images
assoclated with droplet 2 (B) lie. A dmplet in the plpe on
the same plane as that of the partially aluminised mirror has
equal and coincident x and y images and thus they appear to be

but one image.

Plate 4.3 is an enlarged photograph of superposed images
of the flow tube‘through'which water containing suspended
droplets was flowing. The droplets appear as statlonary dots
since the photograph was taken with stroboscopic 1llumination
consisting of two short light flashes a known time interval
apart. Twenty dot images can be seen which can be segregateal
into five groups of four, each set of four correspondgto one
original droplet and the four images of each set lie on the
corners of different sized rectangles. Knowing the time
interval between the fwo flashes the longitudinal and radial
veiocities can be obtained from the longitudinal measurements
of the rectangles and the radial positions which can be
computed as indicated above. Plate 4.3,a is a regative of
plate 4.3, The droplets are clearly visible but the tube walls

are no longer distinguishable.
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It can be seen that there exibts in some cases a small
amount 6f parallelogram or trapezium distortion associated with

a set of four images. From fig.4.5 A,B,C,D, it is apparent
that the images can be at slightly different distances from

the_recording camera. A plan view containing the direction
of viewing would show that a certain amount of parallax may
exist between the images with respect to the camera. ' The
effect is small and the léngths of the sides of the
parallelograms are effectively the same so that in aialysing
thé photographs the lengths of one side only was measured the
side being chosen which had the best definition;. A differénce
of intensity assisted in fixing exactly; as will be shown
later, in which quadrants the droplets were for the ambiguous
case of the N 8 quadrants.

The existence of any divergence from parallelism between
the pipe centre and the 1ine joining the images is ihdicative
of either the flow being other than laminar or of interference
between nearby droplets. To determine which of these.:causes
resulted in any deformation from true rectangles it was only
necessary to examine the preceding and succeeding frames of
the record for a persistance of the same condition. To
reduce interference between droplets, the number in suspensian
was reduced at the reservoir.

The pardl lelogram distortion can occur in either sense,

i.e. the parallelogram can lean elther way dependént upon

whether the upper or iower images are nearer the camera.



In the case of truly turbulent flow, in order to ensure
that 1t should be possible to differentiate between images of
different droplets, as in this case they lie in general upon
the corners of trapezia, it is necessary to restrict the
interval between the two exposures to a emall value.

Corre3ponding images can thus be distinguished and hence
average components. of velocity u,v,w (axial, radial and

circumferential respectively) of the flow can be com@uted.
Thus from an experiment at either constant or varying flow
rate both temporal and spaclal correlations between each or
all of u,wv,w can be obtained. It was hoped to carry out such>
an investigation though time restriction pre#ented it.

To determine the @atuqhine (the position of the centre of
the flow tube image), the tube was photographed just before a
run- against an illuminated white background which had the
effect of intensifying the definition of the tube walls which
appeared as black lines. The distances of these llnes from
one edge of the negative (the reference edge) were measured, -
and the everage of the two measurements positioned the flow
tube axis. Plate 4.4 is an enlargement of one.such prhotograph
though a large amount of definition has been lost in the
process of reproduction. Thus, 1n determining the co-ordinates
of the iﬁages their positions relative to the reference edge
of-the negative were measured; the differences between these
measurements and the distance of the tube axis from the reference

.edge gage the reqiired x's and y's. - It was essential in order
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to maintain focus and the same scale factor for each frame
of the record that there was no movement of the flow tube
relative to the camera during a run. .To ascertgin whether
or not fhere had been any such movement the determination of
the tube centre was repeated at the end of the record.

18. Residual Corrections for Refraction at the Flow Tube Walls.

The droplets scatter light in all directions and among the
prencil of rays incident upon the camera which together produce
the final image upon the f£ilm, there will be one, which, after
refraction at the two water/glass surfaces, emerges and is
incident normally upon the pérspex water jacket and thence
passes undeviated through to the camera. Another similariray
from the same droplet Will, after undergoing similar refractions
emerge from the ﬁater jacket at 90° to the first ray and in the
same plane, i.e., that of the flow tube cross section containingi
the droplet. From the principal of reversibility of light,
then two rays originating at the camera and in identical
positions to the above two rays would intersect inside the flow
tube in a position which, if if were a light source, would
produce the two postulated rays. Hence it is a sufficient
condition in determining the true pqsitions of the droplets
from the measured co-ordinates that only two such rays need be
considered.

Fig. 4.6 represents a cross section of the pipe and the
construction of a ray, from a droplet at D, which after refract-
ions emerges parallel to the direction of viewing.

The angles at O, P and Q are 900; OA, OB are the



normalsfor the outer and inner surfaces of the pipe
respectiveiy at the points of incidencej X 1s the measured
co-ordinate on the negative, corrected for the scale factor
which is obtained as the ratio of the actual to photographic
external diemeter of the fiow tube. R and r are the outer
and inner radii of the flow tube respectively; © and @
respectively the angles of incidence and refraction at the
outer wgter/glass surface_andﬁfand ©' those for the inmer
surface.

It is convenient to calculate the intercept on the
vertical axis OX made by the line CP' for sny position from
which a droplet could produce the emergent ray EF. This
intercept is called xo, the subscript zero being used to
indicate that value of the real x in the flow tube for which
the droplet has a value of zero for its corresponding y .
co-ordinate. (For this particulaf droplet at D there would
be a similar y, on the horizontal OY axis 1f the emergent ray
perpendicular to EF were considered).

In the triangle OHQ (bQ = z)

XO = Z .
Cosf

and from triahgle 0cQ

z = r.Sin !

. - xo=rOSin g' .-ot.-...o.ooooooo'o..ooo--o-(4.1)»
Cos/3

At the inner surface 8in ©' = M.SinYy where M = A(glass)
Mwater)

o e xo=r_étﬁ_—s|illx_.o...oo.oooooooooo.ooooooo(4.2)

os /A :
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In triangle OEC

r - R = R
Sin g 5in(180 - ¥) SinV¥

... Sin‘*= R.Sin g ......I...I......’.‘l......(4.3)
r
... XO-‘: r. L] R.Sin .................‘........(4.4)
: T.Cosp

and at the outer surface Sin 6 = 5':/‘.311&’
' R

l.e. 8in f ="' _X
: P.R
..c Xo = .R-X.I'
r.F.R.Cos?I
x = x .......D...Q.l......l'......(4.5)
0 ———— [
Cosfd

(i.e. x =-2)

The value off3.

For every x (0€ x §R) there exists a © and a Sin @

=p. 9inf i.e. © = Sin~! (p.9inf) = Sin~l x and working back
: R

from © all the angles ¢ , P and ©' can be determined in terms

of ¥, x,r and R.

Thus,

Yol =Sin"12_11_;_.__g

end from (4.3)

-1 -1
= 9in”! (R.8in@ ) = sin~t (R. x
Y n 20k ) é_.__.”. o ;

il.e. ¥ = Sin™1( x ) |
(A.r)

" and Sin @' = M.8in ¥

L] ) [ 9': Sin-lix
r

_3(46)

Alternatively, using the result of (4.5) i.e. x = z, O'
and ¥ can be simply found. ‘



lx' 0,' ," 0,_?," 0,94" oj'}"
0. 1 7.46.28 | 6.54.29 | 9.12.48 | 8.11.9
0.2 | 15.42.08 | 18.55.10 | 18.40.31 | 16.32.14
0.3 23.57.00 | 21.09.15 | 28.42.23 | 25.16.34
0.4 32.46.12 | 28.45.43 | 39.49.28 | 34.41.57
0.5 | 42.34.43 |36.58.14 | 53.11.00 | 45.21.56
0.53 | 46.49.30 | 39.36.24 | 58.03.30 | 48.57.44
0.57 | 50.28.18 | 45.17.06 | 65.52.00 [ 54.12.55
0.6 54.17.07 | 46.11.50 | ¥3.52.15 |58.38.16
0.6246 | 57.41.30 | 48.42.06 | 90,00,00 | 62.44.09

TABIE 4.2

! oZ"L“ o,-," K Cos/f3 Tan /3 (Igl;.?;ﬂ_ti‘!_e_)_
0.0 0. 00.00 | 0.00.00 | 1.00000 0 0
0.1 1. 16.40 | 0.09.40 | 1.00000 0.00281| 1.26.20
0.2 2.57.04 | 0.21.19 | 0.99999 0.00621| 2.58.25
0.3 4.07.18 | 0.38.06 | 0.99995 0.01105| 4.45.23
0.4 5.56.24 | 1.06.52 | 0.99982 0.01946| 7.03.16
0.5 8.28.14 | 2.12.36 | 0.99926 | 0.03887|10.36.17
0.53 9.21.20 | 2.52.40 | 0.99875 0.0502812.14.00
0.57 | 10.55.48 | 4.27.54 | 0.99696 0.0781015.23.42
0.6  |12.26.25 | 7.08.43 |0.99223 - | 0.12537|19.35.08
0.6246 | 14.02.03 |18.16.27 | 0.94956 0.33021 |32. 18, 30




TABLE 4.5

Xo = X | Xo = X
0.0 0.0 0.0.
0.1 0.1 0.0.
0.2 0.2 0.0
0.3 0.3 0.0
0.4 0.40006 0. 00006
0.5 0.50037 0.00037
0.53 0.53065 0.00065
0.57 0.57173 0.00173
0.6 0. 6047 0.0047
0.6246 | 0.6578 0.0332







Thus,
Sin @' = x, ©' = Sin™t X
r r
and Sin ' = p.SIn¥, Y= Sin—1§ x))
For

Now as OY is parallel to CP
' +P=0+a (anda =¥ - @)

o P=1(0=-0") +& civiriiirecaansccsocccsascenaca(4e?)

Tsbles 4.1 and 4.2 give the values of 6, ¢,¥P, €' and
&, 3, (6 ~9'), Cosff, Tanf respectively. Table 4.3 gives
the values of x/Cosp and xo ~ x for values of x from O to 0.6246
cm which was the estimated internal diameter of the f_low tube. .

It can be seen from table42,\that ©'D> 6 + « i.e. CD' in
fig 4.6 is directed away from the horizontal in actu,él fact
and not as indicated in the figure, sb_that the system
F.E.C.H.D' is slightly divergent. |

It is the exception for a droplet to lie on either of the
axes OX or QY of fig 4.6 and so in very few cases are ‘the
values of x5 the real co-ordinates of the droplet. Consider
the general case of droplets in the W and E quadrant‘s, as
lebelled in fig 4.5, snd with the angular and xo yo notation
of fig 4.6. FPig. 4.7 A is a section of the pipe, drawn as a
single line, containing a droplet in each of the W and E
quadrants. The diagram 1s exaggerated. It should be noted
that the distortions due to refraction in no case cause a
droplet to appear in any quadrant other than the actual one.

This follows from consideration of symmetry, or the princii)le
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of least time; otherwise, the system would be both divergent

and convergent. The true co-ordinates are called X and ¥

W Quadrant

For a droplet in the W quadrant (Fig 4.7A).
X=3X0 + P

Xo + y.Tan Ax

e o X = xo + yo‘Tanﬁx ........"..'........(4. 8)

and by virtue of symmetry,

Y= _Jo+ X0 Ty L .iiiiiiniririiecenecenanse(4.9)
T - Tenfy.Tenf, |

E Quadrant

Similarly for a droplet in the E quadrant (fig 4.7A)
X=Xg-P

= Xo - y.Ten A4

= Xo = Tanf ¢(yo - X.Tanf y)

b ¢ i= xo_:‘yo.g—anﬂx ....l...ll..'.......l...(4.1o)
1l- Tanpx?anﬂy,

and by symmetry

.y- = —-——W———%—yo - xo.Tan/’ e P eeeOesLePROOPEOBOINCOOESIOROETORES 4. l

N Quadrant

For a droplet in the N guadrant (Fig 4.7B)

X

Xo = P
= X, - i.Tanpx
‘= Xo = Tanfe(yo + X.Tanfy)

... £= xo-yoTanﬂx ..'..l...................(4.12)

1 + TanfiyTanfly
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and

<
]

= Yo + Q7

= Yo + Tan/"y.(xo - i-Tanﬂx)

. e i‘ = yo+x°'Tanﬁ~y @9 ® 0090006880000 L0GE 4.15
I "l'—TéIlﬁx.Tani;y ( )

S Quadrant .
' Similarly for a droplet in the S quadrant (Fig.4:7B)

5-{=XQ+P
= Xo + y.Tanfix
= Xo + Tanfl. (v, ~ E.Tanﬂy)

e o J-c = xoji yoianﬁx -oo,o...o..oo--oooooo.oooo(4.l4)
1 + Taqﬂx.Tanyﬂy
and y = yo - Q

Yo - Tan/!y(xo + ¥.Tenf )

e o §= yo-xO.Tazl_[Gl oooo.o-c000000000000.00000(4015)
1+ Taqﬂx.Tanﬂ&

As there is no real difference between x and y these can

be written collectively as:

X = Xo_; Yyo.Tan3 x
1+ Tanpx.fan.ﬁ -

P e 1) |

19 Application of Corrections.

It was lmmaterial which of the co-ordinates was called x
and which y, no hard and fast fule was adhered to except that a
fixed method was uséd in tabulating the'observations. A glance
at the results was then sufficient to locate the position of the

droplet from which the images originated and hemee to assign the
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correction term to be uséd.

Referring t& fig.4.5A, those parts of the image of the
pipe dbove and below the photographic axis have been labelled
X and. Y respectively. ' |

The identification of the relevant quadrants for droplets

having both images on the same side of the flow tube axisis
a simple matter, the X half corresponding to the W quadrant

and the Y half to the east quadrant, and neglecting the slgn
in the denominator of the correction term the numerators teke
respectively the positive and negative sign. '

When the images are situated one on either side of the
centre of the tube image, fig.4.5 A,C, shows that the original
. drops could have been in either the N or 8 quadrant and a
.guess must be made as to which one, unless a differentiation
of intensity of the 1méges exists, when the quadrant can be
identified exactly, as the brighter image wlll correspond- to
etther the reflected or transmitted beam from the semi-
réflecting mirror and a knowledge of whether it is greater or
less than 50% reflecting gives the required information.

Fig 4.8, however, shows that it is immaterial which Quadrant
is guessed. Here the full lines show the construction of

the images for a droplet in the S quadrant and the dotted
lines the position it would have to occupy in the N quadrant
if it were to produce the same two images. The refraction is
greatly exaggerated. It can be seen that the two positions

are mirror lmages of each other about the partially aluminised



mirror and upon tracing back the x co-ordinate in the X section

to both of the quadraﬂts, the negative sign is fe41ired for the
correction in both cases as Xg is greater than X. In just
the same way?}équires the positiva sign in both cases.

Hence an image in the Y region requires.the positive sign
while those in the X region require the negative sign unless
both images occupy the same region and then the signs are
opposite to those just quoted. |

In tabulating observations, images in the Y half were
given the symbol 'x' and those in the X half the symbol 'y'
except when both oécupied the same half when the first one
measured, i.e. the one heﬁrést the Y edge was called x.
During tebulating, the letters Y or X, + or - were written
next to the listed figures. The Y halves were those nearest
to the beginning of.the film record when viewed under the
measuring-microscope, the film running doWnward with regard to
the figures of the mirror system.
| The water Jjacket had here its greatest use as 1t greatly
reduced the value of /3 and Tan/’and inereased Cos /? and so
limited the magnitude of the correction and eased the tedium
of computing even when assisted with a calculating machine..
Below x = 0.4 no correction was needed for x; 1 + Tanp:x.

Tanysy.could always be neglected, since when X = y maximum

values of Tan{‘x Tan{3yoccurred and the greateét possible error
incurred by their neglect was not greater than 0.1% The

correction xo.Tanﬁy,howéver;made itself felt even at small
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values of x as the corfesponding value of yo could be large
with a resulting large Tanfly.

The correction Xo - X to be added to x was obtained from a
graph of x against x5 - x, fig 4.9. Fig 4.10 is the graph of
Tenf x. ageinst x from which Tanf was reed for each measured
co-ordinate to give the multiplier for the corresponding y
and vice versa. The true radial positions now readily follow.

Sample tables of results are included later.
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CHAPTER 5

THE STROBOSCOPE

20. Preliminary Considerations.

In view of the nature of the streamers employéd as a
means whereby the flow velocities in the flow tube could be
ascertéined, namely, small oll droplets and of the need for a
continuous photographic record to be made of them it was
necessary to have a form of stroboscopic illumination such that
the streamers could be in effect '"stopped" during each
exposure of the recording cine camera.

Owing to the flared entry to the flow tube, the range of
Reynolds' numbers of flow over which the flow remained laminar
(with water) was O to about 12,000 (though, by allowing the
reservoir to settle for a long time the flow was observed
quité frequently to be laminar at Reynolds numbers of forty to
fifty thousand); thus the associated maximum flow velocities
varied within a range of about 1:10. To obtain a measure of
the velocities of the droplets and hence the flow pattern,
the distances travelled by them must be measured over a known
time interval.

To obtain the necessary time exposure it was decided to
investigate two methods, the first to give a relatively long
khown exposure time on each frame of the cine record with
steady intense illumination, and the second to give two short

duration flashes of illumination with a known time separation,
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during each exposure, which must be intense enough to produce
a photographic image of the dropiets and at the same time
short enough to produce a point image. In all events a
strdboscope was required which would satisfy the following
conditions:~

(a) It must be. capable of producing either a single flash
of illumination of known length or two very short duration
flashes during each stationary period of the film.

(b) The duration of the single flash or the time interval
between the two flashes 't'? say, should be variable over s
time range of not less thah 1:20 millisecs, in order to cover
_the velocity range. 4

(c) The flash or flashes should be repeéted with constant
A every time the cine film was exposed and stationary, that
is, they should'ﬁe faitnfully governed by the recording camem
even should its speed alter.

2l. Investigation of Stroboscopes.

General.
An intense beam of light of known width repeatedly passing
over the flow tube, or a nuuber of similar béams successively

incident upon the tube, could give the required time exposure

Cow

't'! and hence the exposure time - be altered by variation of
the linear speed gf the beams. Alternatively, beams passing
over the flow tube .at constant speed s==m give variable exposure
time if their widths are varied. Applications of these

principles were employed in the following wayss—
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22. Reed Stroeboscopes.

A sprung reed, carrying a mirror, was maintained electricall;
in oscillation by current pulses generated through the action
of an on/off switch which was in turn controlled by the recordin
cine camera. Light reflected from the mirror gave a beam
whose speed at any instant could bé consldered to be sensibly
constant and whose width was simply altered by obscuring various
amounts of the mirror. The light incident on the mirror was
produced by means of a "Pointolite". The frequency of vibrat-
ion of the reed was maintained at half the camera exposure
freauency by simple gearing of the camera switch and the centre
points of the to and fro swings of the beam were utilised as
light sources thus giving a stroboscopic illumination -frequency
equal to that of the camera exposure frequency. The light
beams were split in two by inclined mirrors and after further
reflections illuminated the flow tube in a manner similar to
that shown in fig. 4.3.

This method necessitated that the reed should have a
constant amplitude of vibration (and therefore frequency) but
this was not properly achieved because of variations of camem
speed and slight irregularities of the switch which caused
varying phase differences between oscillation frequency and
current impulse frequency; conseduentiy accurate synchronisa-~
tion of exposure and illumination was not assured.

Vivbrating reeds carrying knife edges which could be
arranged very simply to gi#e variable widths of apgprture

produced unmoving fixed direction beams. Again, a half
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frequency could be used, or the full camera frequency if the
peak amplitude in one direction was employed as the point of
uncover of the 1ight beam, fig.b.l.a.b. Phase differences
could again occur here but the major difficulty was the
variation of the light beam intensity caused by the change in
agjerture to the maximum as the reed uncovered the illuminated
slot and then the reverse to the zero ap;brture. This
produced the in@leterminacy of the true end points of the line
images of the oil droplets.

Errors in the actual time exposure occurred with such
moving beam illumination in a similar way to that which will
be iﬁdicated in what followe on apperture diéc stroboscoﬁes.

For the reasons indicated above reged stroboscopes proved
unsuitable and were discarded.

23. Apgerture disc stroboscopes.

The aplerture disc was of the usual pattern having a
rotating disc punctured with radiallsiots all at the same
radial distance from the dlsc axis. The ap:erturebdisc was
maintained 1n motion by magretic impulses delivered to the
teeth of a speclally shaped cog wheel which rotated on the
disc spindle on which it had only a friction grip. The
maintaining pulses were derived once again from the switch
which was controlled by the camera. The images of the slots,

illuminated in turn by the "Pointolite", passed over an

inclined mirror (as in fig.4.3) and thence on to the flow tube

after reflection from one small region only of the incl ined
mirrors.
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24. Errors in Exposure Time,
The magnified wedges of light after reflectlions from the

mirrors were rotating in a cirecle of radius R, about 30 cm,

as they passed over the flow tube,:&nd -could be arranged to
pass over the flow tube along a line parallel or perpendicular
to it. In both cases errors of -exposure time were involved
though small in the latter case.

Consider fig.5.2 a,b, in which PP' 1s a section of the
flow tube and A,B,C are three droplets which for convenience
are considered to lie on the same diametral plane at right
angles to O which is the axis of rotation of the wedges of
light XYY'X' rotating with angular velocity »radians per second.
B is conseidered to be at the centre of the flow tube and A and
C equally spaced oﬁ elther si@e of if; the respective

velocities of B, A and G are v,u and u cm.per second.
Case (A)

Thé droplet 'A' is first illuminated by the edge XX' of the
light wedge and finally by the edge YY'. However by virtue
of its linear motion down the tube, it has an angular veloclty
relative to the light wedge of & = u.P for the initial
position shown, so that the net effeczive angular velocity of
the light wedge 18 w = w3,

Throughout the. time for which the dropletvis illuninated
this quantity « is not constant as ¥ decreases as R increases.

Because the perliod of illumination is amall the droplets do

not move more than a few millimetres during this time so that
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the variations in R are only of the order of 1%. ¥ is

Sin—1 r and because it is small it can be written Y=r and
R .
again the variations are of order 1%. The total variations of

w then, are limited to within 2%. 1In the following snalysis

o 1is taken as constant.
Thius, the time of illumination of the droplet at 'A' will

be:
Ta= g .l..Q.'l.l..'.......l........'..(5.1)
L9 s

where @ is the angle of the light wedge. Similarly, at 'C!'
the time will be

Tc= wg-w== .....'.........................(5.2)

For droplets below the tube axis 00', the angular veloclty
of the light wedge 1is effectively increased. The difference
Ty = Te is

= @ Q:zi%%§z> O P ¢ -5

and the percentage difference with respect to Té

100(T el T ) = 2000; ..-....oo'to [
8 - to 200223 % venens (5.4)

When the flow 1s laminar u.¥Y has a maximum value which
R
is readily found by using the equation for the velocity at a

distance 'r' from the axis of a pipe, by differentiation. and

equating to zero. Thus ¢ = ﬁ and u,F =

whence the maximum value occure at r_f.a.
Using the equation of Poiseuille (1.5) and for Reynolds'
number (Ry)% can be written

:: = Rn.7w. (I' - I's)
(2 =a%)

U € )
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As & is very much smaller thanw, which was 2.83 (there
being 40 slots in the sector disc.and the camera frequency
being approximately 18 frames per second), the relative errors
can from (5.4) be written as Error % = 200 = #%. ¢ which from
(5.5) increases 1inearly with Reynolds' number.

The maximum value of Reynolds' number for which the flow
" was fully developed at the observation section was 2100 and
this value yields a relative error pércentage of 0.77%.

Thus for any particular geometrical arrangement the errors
depend only on the Reynolds' nmmber.

When the flow 1s not fully developed, l.e., at low values

of . x _, and for a set value of Rn, the product u.r involved

jmxfﬁgges not follow the same pattern as that for parsabolic
flow. From the curves of fig.3.1l chaptéf 3, it can be seen
that for values of 'r' greater than a/J3%. i.e. r/a greater
then 0.577 all the curves will have a maximum value of u.r.
at some value of 'r' greater fhan a/{% and also that these
maxima will be greater than the maxima for parabolic flow.
Consequently the maximum errors invol_ved in-undeveloped flow
wlll be greater than the errors which would be involved were
the flow parabolic, the lower the value of x/a.Rp , whether
this be due to a low 'x' or a large Rp.. -

At the axis of the flow tube ¥ = O as r = 0 and the
period of illumination is the true value ©/w.
Case (B)

For any droplet illuminatéd by the leading edge of the
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light wedge XX' the period of 11lumination will be
T = ) ...............................(5.6)
« < V/R

where R is the distance of the droplet fram O and V its
velocity. This neglects a small relative radial velocity
along R, due .to the circular motioﬁ of the light wedge, which
depends, as in case 'A' upon ¥ (ON: being perpendicular to the
flow tube), and is small. |

If the périod of 11lumination for an axial droplet B is
taken as the base from which errors are estimated, the

difference in illumination times for this droplet and any

other 'A', say is

Ty - Tg = ©(___1 - 1 )
TR e u/R )
= © R -
2@.% Evv) (—Ra—u) g .......'.......‘(5.7)

and the percentage difference is

100.(Th = Ta) = 100.(RgV = Rpeu) .(w.Rp - v)
Ty T‘W(':ﬂﬂv(w.Rgg u) (_%b_"ﬁ %

1000 R'V-R'u P00 ecsecescsssocas 58
R‘b W o Ra-u % ( )

Thidhas a maximum value for droplets at extreme radil

where u = 0. For the Reynolds' number of 2100, as in case
YA', it is 47.77%, and for the values of r = x a/J3 it is
23.8% and 22.8% respectively. The érror curve is not quite
symmetrical and it was drawn and is shown in fig.5.&8 8Similar

analysis spplies if the ap_erture disc be considered to rotate

in the 0pposite sense. In this casefthe minimum illumination

time occurs at the axis of the pipe. A treatment somewhat
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similar to the @ ove has been given by A. Fage and J.H.Preston
(5m)for'their fluid motion microscope.

Only this simple analysis is included as there existed
greater disadvantages of the system which led to its failure,
these were:- ) | ‘

1. The difficulty in arranging good definition of the
slot images, which coupled with the scatter of light in the
water jacket of the flow tube, resulted in the ends of the
line images of the droplets being indeterminate.

2. Two difficulties were met witﬁ in disc stroboscopes
similar to those in reed stroboscopes, namely, the synchronisa-
tion of the i1llumination with the exposure of the film and
secondly, variations in camera speed were ﬁot failthfully
followed by the apferture disc owing to its relatively large
inertia. While the synchronisation difficulty could be
overcome and slow speed variations of the camera followed,
sudden speed changes, caused by variations in the camera
voltage supply due to local changes of loading on the mains
supply in the lsboratory, resulted in large phase discrepancies
between the arrival with respect to time of a magnetic driving
pulse and the correct time of arrival of a tooth of the cog
wheel in the neighbourhood of the pole of the eléctro-magnet.
The toothed inertia wheel became out of step with the magnetic
pulses which drove it and hence the rotation of the aperture

dlsc céased.

Because of these troubles a variable width slot apﬁbrture'
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disc was not constructed and work on this type of stroboscope
was suépended. An investigation was then carried out on the

possibility of using the double exposure method without using

mechanical means.

.25. Flashffube Stréboscope.

High intensity light-flashés capable ofvproducing photo~
graphlc images of the droplet streamers by scattered light
could be produced by the use of inert gas dischérge tubes,
which,‘dependént upon the design and associated circuit
elements have discharge times from asbout one to 1500 micro-
seconds(az)(ss). A suitable tube within this range could
effectively "stop" the droplet motion. An investigation of
various types of flash tubes and their modes of'applicatioh_
was carried out and is discussed later in sections 14 and 15.

The published literature.on strohoscopes was fraught with
applications of triggered and untriggered flash tubes for
photographic purposes which in general relied upon certain
basic principles of circuitry(55)(54), (Section 35), and it
was upon these principles that a flash tube stroboscope was
deslgned though certain new techniques were applied because of
the need for two flash tubes working slightly out of phase
with respect to each other. To obtain the two ekposures on
each frame of the cine record it was cmsidered necessary to
have two flash tubes, rathér than a single tube with a
variable flashing frequency for the following reasons:-

(i) A single flash tube operating contimud(ly " i
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with the required interval between flashes would be very
wasteful because the majority of the flashes would not be
utilised, i.e., when the cine film was not exposed. At the

same time to comply with the maximum rating the intensity per.

flash would be low and the usful life of the tube would be
greatly reduced.

(i1) Owing to the relatively large exposure time of the
film (about 1/50 second) more than two images of the droplets
could beé produced on each frame of the record with a single
constantly operating tube. This would result in confusion
in sorting out the related images. This confusion would be
greatly snhanced 1if there happened to be droplets flowing in _
the same stream line and near together. In this case the.
images of one could %®atch up" those of the-other.

These latter two considerations could be overcome by
employing & double flash from a single tube during each.

exposure period. However:

(iii) About twice the light intensity would be availsble
per flash with two tubes than would be produced with a single
tube if the tubes were worked at fuii rating.

(iv) High rates of flow required flashing intervals of
less than 10 milli-seconds which is the lowest that could be.
produced with full=wave rectification of 50 cycle A/C and a
single flash tube. . |

These facts led to the desirability of two flash tubes
working at the camera controlled frequeﬁcy with one delayed

relatively to the other.
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With two flash tubes two voltage pulses were reaquired

" which could be suddenly applied to the flash tubes either as
trigger pulses of the order of 5 - 10 Kv or as supply voltages
greater than the hold off voltage of the tubes i.e., of the
ordér of 3 Kv. The circuit which immediately suggested '
itself for the production of a double voltage pulse was the
asymmetric multivibrator. Sudden voltage changes occur at
the grids and anodes of the valves of a gultivibrator and it
is a simple matter to arrange any required repetition
frequency. Further, the amount of asymmetry introduces a
variable time interval between the sudden voltage changes
occurring at the grids or anodes and in addition the
multivibrator is comparatively simple to synchraﬁise with

the cine camera. These voltage pulses could then be fed to
the control grids of two inductively loaded pentode valves
which would fhereby be suddenly backed off beyond cut¥off,
resulting in the production of high voltage oscillatory pulées
at the anodes. It was hoped that thése pulses, sharpened by
means of spark gaps, would trigger the flash tubes. A
circuit based upon these principles was constructeéd and a
block diagram is shown in fig.5.3.

The switch was operated by the canera and closed every
time the cine film was stationary. '~ It consisted of a spring
contact closed by a rotating cam on a shaft passing through
the camera casing and ddrivenvby the canera mechanism at a

rotational speed equal to the exposure frequency of the camera.
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In view of its simplicity a positive instantaneous closure

was not assured and hence it was not used directly to produce
a trigger pulse to control the multivibrator; its direct use
resulted in one or other of the multivibrator valves having an
uncertain aption and consequently one of the pulse generating
valves was 1lneffectively cut off.

Reich(35), Terman(56), Chance(57) give several ways of
triggering a multivibrator into controlled oscillation and
the method used here which offset the disadvantages of the
switch was to introduce a thyratron relaxation oscillgtor
between the switch and the multivibrator and to adapt the
sharp negative going saw tooth oscillations to éct as
triggering puilses.

26. The Oscillator.

The thyratron oscillator fig 5.4 functioned in the usual
manner, the closing of the switch S shorted out R4 which
constituted part of the blasing resistor and with this reduced
blas the valve fired, in this way -uncertainties in the switch
did not matter as the grid ceased to have any control once the
valve was canducting and relteble firing was assured.

In determingng the values of Ry, Rg, Rz, R4 certain
conditions had to be fulfilled nemely:-

(1) The time constant of the charging circuit CqRj (R5,34
could be neglected in comparison with Rj) to be such thét C1
be charged to a voltage between successive closures of the

swltch greater than the fiiring voltage of the thyratron as
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determined by the biasing voltage developed across the earthy
side of Rg.

(i1) The bias voltage across Rzand Ry to be great enough
" to ensure that mno firing occurred before Ry was shorted.

(1ii) The bias voltage across Rz alone when Rgq shorted
to be sufficient to prevent the thyratron from firing more
than once while the switch was closed.

In terms of the circuit elementséf the oscillator, if Vg,

is the supply voltage, 'i' the current in Rg, Rz, Rg: Tp the
period between successive switch closures, Tg the time for
which the switch remained closed and M the slope of the grid
voltage/firing voltage characteristic whose intercept on the
grid voltage axis is V, then the conditions pertinent to i,
ii, iii are :- -1y

Voe (1l = e€CT°RT ) > M (1Rz + V) covevnccensesss(5.9)

Ve (1 - ec%lq— )  F(i.(Rg + Rg) # V) ceeeeees(5.10)

Voo (1 - ea%%i )  PLBg +# V) cevvvraneaanaes(5.11)
and with these conditions satisfied, the osclllator frequency
was controlled by the camera and by feeding its output through
condenser coupling to one grid of the multivibrator its

frequency was likewise controlled.

27. The Multivibrator.

The voltage wave form at A fig. 5.4 is shown in plate 5.1
and this was fed through Cg to the grid of Vi of the multi-

vibrator fig. 5.5. The functions of Cz were twofold, firstly
it was a blocking condenser to prevent point A and hence the



grid-of V1 from being et a fixed positive potential due to

the direct line to eafth of the oscillator H.T, supply through
R; fig. 5.4 and Ry fig. 5.5 and secondly with the multivibrator
grid lesk it differentiated the wave form of plate 5.1 so tha
the voltage trigger which locked the multivibrator was of the
form shown in plate 5.%2. Cz.R] was small and V7 mal ntained
its normal grid working voltage while firing, i.e. effectively
earth.

The naturel frequency of the multivibrator, which under
normal opefating conditions was less than that of the oscillator
and camera, was controllsble through Rg (O» Ry) and Co(>> Cqp).
Plete 5.3 shows the grid wave forms of V; and Vo T was
controlled by the recording camera éhd faithfully followed slow
of sudden speed changes while t was variable by adjustment of Ry
end was sensibly constant for a fixed value of Rp over a wide
range of values of Rg. The t range was gbout 30 millbeeonds
at maximum Ry to O.1 millisecends below which the negative
grid swings had dropped to such a value as to be incap&ble'of
completely cutting off the pulse generator valves. Variations
in t at any fixed set'of conditions were estimated by méans of
a cathode ray oscilloscope to be not more than 2 or 3 micro-
seconds and thus quité negligible for the normal wvalues of f
employed.

28. The Pulse Generator.

The grid wave forms of V7 Vg were fed by condenser
resistance coupling to the control grids of two P.T.15 pentodk
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pulse generators fig 5.6 with inductive anbde loads L. These
negative going voltages of V3 Vo were large enough to completely
and suddenly cut off the pentodes and in so doing the magnetic
fields associated with‘the inductive loads collapsed and
produced high voltage exponentially decaying oscillations at

the anodes. These pulées were readily sharpened by the use

. of spdrk gaps across the loads (or to earth from the anodes)

and they then formed effective triggers for the flash tubes.

The higher the anode current prior to cut off the greater
was the resultant voltage: the more readlly available high |
power valves were 807's (tefrodes) and P.T.15's (pentodes)
and both were t ried. The P.T.15's proved more acceptable,
being able to withstand higher inter-electrode voltages
wlthout flash-over occurring and resultant softening, and were
in consequence adopted in favour of the 807's.

In a later section the types of chokes whicﬁ were tried e&s
anode loads for the P.T.15's are discussed, snd it was
apparent that in certain caées the load time can%tanfs would
be too large to allow a sufficient bulld up of current, during
the interval 't! in the load of the valve fed direct from the
grid of Vg of the multivibrator (plate 5.3). The condenser
resistance coupling of small time constant was therefore
included and it converted the controlling input waveform from
the normal multivibrator wave form to that showh in plate 5.4
a,b. 'a' and 'b' of the latter plafe were effectively the |

' th
same, the difference being due to the grid current inhﬁentode
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in 'v! and_thus the pulse generator control grids were then
normally at earth potential and the valves fully conducting.
The coupling also assisted in isolating the multivlibrator from
the pentodes as regards feed back of a positive pulse at cut;
off, Diagramatically the effect of this feed back is shown
in fig. 5.7a, the full line representing the correct operating
wave form condition with cut-off at A and the dotted line

the state of affalrs upon the occurrence of feed back. The
feed back was caused by the voltage change upon sparking across
the spark gap of the inductive load and it occurred at a time
corresponding to B in the diagram. When this occurred valve
Vo rec onducted agaln and V7 ceased to conduct and thus at B
when V] refired there could occur in the pulse generator a
secand cut off and a further feed back provided 4t was
sufficient time for a rebuild up of anode current. B'could
then be repeated as B" and so on giving an uncontrolled
condition. At the same time the effeqt was felt in the
thyratron oscillator, the potential at A, fig. 5.4, being
reduced by the occurrence of feed back so that the governing
equations of the circuit were violated and closure of the
switch d4id not necessarily produce a master controlling

pulse for the multivibrator. The oscillator output waveform
was in fact amended to that shown in fig. 5.7B, so that at X
when the switch closed the potential at the thyratron anode

could be insufficient to fire against the biasing voitage.

The feed back was not very pronounced in V; owing to the large
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glope of recovery liﬁe of the grid wave form. The sharpened
voltage pulses developed at the anodes of the pentodes were
used to trigger the Siemens' S.F.6 flash tubes¥* and were
~applied direct to a-spirgl of wire wrapped round the glass
envelope of the tubes.

29. PFlash Tube Supply Voltage.

A full account of the work carried out on the flash tubes
. With a view to ascertaining some of their properties, optimum
operating voltages and mode of triggering is given later; itﬁs
sufficient herefo say that the operating Voltage wag of order
2000 volts.

Two D.C. supplies  variable from O to 4000 volts were made
by half wave rectification of the fwo halves of a centre '
tapped 4000 volt tranéfofmer. The circuit diagram ié shown
in fig. 5.8.

The value of the time constant C.R. had to be such that
the voltage could risé to the operating voltage of the flash
tubes between flashes (about 1/20 second) and at the same time
the wattage rating of the tubes 15 -~ 20 watts under stroboscopic
conditions, limited the value of C to 1/2 Mf. One hundred
watt 25,000 ohm ceramic embedded wire wound resistors were to
hand, their ohmic %alue was suitable and they were ﬁsed, thus

giving the C.R time of 0.0125 second. There exists a minimum

* We are indebted to Messrs. 'Siemens Lamp Supplies Ltd.' who

kindly provided us wity modified S.F,.6 flash tubes. These

were Xenon filled and contained a specially activated electrode.
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value of R to prevent sudden application of the voltage to
the flash tubes after diséharge which could cause spontaneous
discharge and also to prevent a continuous conduction through
the flash tﬁbe which could occur if the charging of the
storage condenser was rapid enough fo maintain current flow
in the flash tubes.

S8ince the rectifier heaters were at H.T. potentiai, a
special fllament transformer was wound to withstand the high
voltage between primary and secondary. It was constructed
on a perspex fofmer and had two secondary windings of four
volts; the step down ratio was 3:1 and it was built into the
poﬁer pack and supplied from a twel&e volt galvanometer
lentern supply. Plate 5.5 is a photograph of thé power pack
without the main trénsformer suppiy. The flash tubes Tp To
were mounted oﬁ a perspex sheet P and screened frdn eagh oﬁher
by the earthed tin sheet S which seryed to prevent the
flashing of one tube from initiating the discharge in the
other. This effect was thought to be due to pptical or
ultraviolet excitation and perhaps also electrostatic strains
though it was hot investigated further since the inclusion of
the screen obyiated the trouble. The condensers C1 Co
resistors R Ry and heater transformer H can also be seen.
The whole was mounted upon a hinged base B the angle of tilt
of which could be adjusted by méans of the screw W to gife
.the 45° inclination to the horizontal of the ﬁubes in which

position they were used as previously pointed out. Cz Cyg
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were additional 1/2 P ¢ condensersmounted externally to the
power pack which could be connected in series or parallel with
Cq Cg to reduce or increase the flash intensity 1f necessary.
As an additional capacity they were only used with old tubes,
which had become blackened with cathode deposition, when the
apparatus was being aligned.

30, Pulse Generating Chokes.

As inductive loads for the pulse generators there were
available:~

(a) The secondary windings of high voltage transformers.

(b7) and (bg) Secondary windings of large and small |
Rhumgkorff'coils respectively with partial iron cores.

(e¢) Smoothing chokes.

(d,) and (dy) Stack wound and layer wound air or partial
iron cored coils. .

It was.desired to investigate these types to find suitable
coils rather than turn to pulse transformers of which none were
immediately available and which would have required severe
modifications to the design decided upon, requiring as the&
do a high current density primary pulse as from for example a
triggertron or power thyratron.

The coils d; dg were quite unsuitable for the purposé as
‘their inductances were very low but they were examined for
conpleteness aake. Rhuni_ korff coils used required normally
a large primary current to produce a large secondary pulse and

so only the secondary windings were employed.

v
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- The varilous colls were tested_successively by connecting
them individually as anode load éo the pentode whose gfid-was
fed from the grid of Ve of the multivibrator and the wave forms
produced by thevcoils were displayed on a double beam cathﬁde—
ray tube which had for its time base trigger the grid wave farm
of valve V7 of the multivibratqr. The rapid decay of the
oscillatory voltages produced at the pentode anodes at cut off
required that the total time of X - sweep should be small in
order to spread the wave forms, so that the asymmetry of the
multivibrator had correspondingly to be increased to ensure
that the pulses should be displayed, i;e., 't' (plate 5.3) was
made considerably less than the period of sweep.

It was possible to pick up the wave forms for display on
the 6.R.0. in two ways, either by means of a direct connection
to a potential divider connected between pentode anode and
earth or, Dy merely suépending a lead from the C.R.0. near the
coils which then acted as an aerial. Onec disadvantage of the

latter method was that no indiéation of the actual or relative
values of the high voltages produced could be obtained. There
were other disadvantages which are discussed iater.

Plate 5.5 2,b1, bg, ¢, d7, 4 , shows the oscillatory wave
forms generated by fhe four types of coils, the supply voltages
for the pulse generators being 250v. The magnitudeséf the
respective voltage peaks and the time scale are indicated.

The wave forms depicted were the same Whéther direct or aerial

Ppick up was used provided the potential divider was large enough
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not to cause a more rgpid decay of the oscillations by bleeding .
energy to earth and at the same time forming a resistance path
to earth so that there was not a current break effectively to
zero at cut-off. In this respect the aerial pick up gave a
check as to whether or not the potential divider was large
enough. |

The eff'ect upon the osclllatory wave forms of daping the
osclillations by the introduction of a spark gap across the
coils or to earth from the anode can be seen from plates 5.7,
5.8, 5.9 (a.b.c) which apply respectively to the high voltage
transformer secondary winding, the Rhum korff coil and the 20
henry chokes. The supply voltagé was again 250 volts and the
three plates for each apply to a large, medium and small gap
regpectively. The coils d; and dg were tested only with a
500 volt supply and the voltage peaks were not large enough to
dlow for a range of spark gap sizes. Plates for these two
coils are not shown as with such a small spark gap reproducible
wave forms could not be produced; the que forms were similar
to that of plate 5.8a allowing for the lateral discontinuity
of the horizontal axis (plate 5.6 d; dg). |

Further to the reharks already made about the aerial
method of pick_up for displgy ing the voltage wave forms,
plate 5.10 (a.bec) and 5.11 (a.b) show the traces displayed
on the C.R.0. using the small Rhunikorff coil,and high voltage
transformer respectively with aerial pick up. For the

Rhun_korff coil there was the usual three spark gap sizes
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(approximately 5,3 and 2 millimetres) and a large and medium
gap for the transformer coil. The direct pick up connection
for the two cases showed wave forms similar to those of plates
5.8 (a.b.c) 5.7 (a.b). A distinct difference can be seen

in the two methods of pick up, though displaying the two
methods simultaneously usiné both beams of the C.R.0. showed
that either method indicated the same point for the occurrence
of the park on the wave forms. Further disadvantages in the
use of the aerial method of pick up are now immediétely
apparent. The true relative voltages at the pentode anodes
are not shown due to the fact that the input coﬁdenser to the
C.R.0., amplifier has one side floating and large magnetically
induced voltages indicate a large though false negative
voltagé occurring immédiately afﬂer the passage of the spark.
What was estimated to be the exponential decay of this voltage
is well shown on plate 5.11(a) and to sgfiuch less extent on the

three parts of plate 5.10. Plate 8.11 (b) is just discernible
as a tenfold spark. The high frequency oscillation on the

. return trace from the negative kick was also due to the C.R.O.

coupled with the aerial lead which had a certain amount of self

inductance and capacity to earth via its mesh screening.
These oscillations made the wage forms difficult to decipher
and Were absent in the instances where direct pick up was used.

Purther discussion of the above photographs is delayed

until sections 33 and 54;

3l. Analysis of Coil Behaviour.

Glasoe and Lebacqz(ss) quote the result
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V’-'—'.I.\/i. Sin L ...-.-oonooo-.----o-oo-..ono.(5012)
Cc ,[L;C

for the voltage appearing across tﬁe condenser C of the
'inductive kicker®, fig. 5.9. at a time 't' seconds after the
switeh 8 is opened. This is an approximation to the complete
solution of the differential equation which governs the flow

of charge in the circult after bresking the switch and is
operative in the case when the inductance L has a negligibly

small resistancé, i.e. the damping term of the governing
equation is neglected. If C is taken as the distributed
capacitance of the inductive anode load of the pentode pulser
and E the steady state potential across the inductance L then
the figure can be taken as the equivalent circuit dlagram of
the pulse genérator.

The equation to be solved applicable to the circuit is:-

dai :
V-L ﬁ-Ri=0 .'.‘......-!...I...........(s.ls)

9 +L.d2 +R.dq‘ = L R BE BN BN BN BN BN BN BN BN BN BN NN NN BN RN BN B BN BN A ) [
or 3 a'f% It 0 cet (5.14)

inittal

and must satisfy the;benndaay conditions which are:-
i=I=Eatt=0andq=Q=CEatt=20

R
The general solution is -
- bt '
qQ=¢6 (A.Cos &t + B.S9in a&t) (5 15)

wheré A and B are constants to be determined and 2b = I md

‘ [ o 1
XK= a? - b2 where a8 = IT.
initial

Evaluating the constants by use of thexbeﬁaéaﬂy conditions,

the complete solution becomes: -

-Rt = ';
= CBe 2L (Cos/l - _13_ ; Sin [l - R -h es (5ol
41.2 /1 - Lc Rc J
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'I‘hd.s/equation can more conveniently be written in the form:-

: ) 2 17 ‘ |
q = CEea-Izl:l glﬁ(%[—'——;!pz,‘ E 2Gos 8%0 4%‘3) 1/2.1: - ﬂ 3

IC aL®
-Rt
= Eegr . COB (“-t—/’) Qo.o-ooonccooouol-.(5.17)
R. 1l - )1/2
Ic Z18) | |
(R -
whereﬂ t 1 §I‘ %c .................‘Ill...(5.18)
1 - RS )1/2
c ZL®

In thié form it can readily be seen that:-
(a) The magnitude of the voltage maxima are directly
_ proportional to the steady state voltége across the ihductance.
(b) The period of oscillation is given by:-
ZYAX '

1L-R
IC 412

- 1/s P € 1 1<)

(¢) In the absence of the daping term the amplitude of

sustal ned oscillations is:-

___353:73?2 /s N € 79 10D
ro.(Tc ZL%)

¢d) The rate of damping is increased with increasing R and
decreases with increasing L.

The effect of introducing an iron core into a normally air
cored colil is twofdld; there results an Iincreéase in both the
inductance and the eddy current losses. Plate‘5.32 shows the
increased damping caused by introducing a partial iron core
into toil d4g (1ayer wound) and there would appear also to be
a slight increase in-period.

The theoretical first voltage maximum #s ‘given by eq. (5¥17)
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upon substituting the principal value of («t - ) obtained by
équating to zero the first derivativebf q with respect to time.

Thus, as q = CV

: Rt Rt
V= _E 2_13 e 2L Cos (at =p) - e 2L Sin(at -A) 3=e..(5.21
RC« 2L
WhiCh yields tan G’t -p) = -~ R -.oo.o-oo..oo'ooooo-.o..(5.22
' 2L
0.' COS(at -ﬂ) = 21‘“ ';".,_.oooool.............o-0(5.25)-
(41%«+ R? 3
o Vo= E .o B oL

max- REx" (Z.32a2 +R9)/2 cevrviennnnenena(5.24)
and as e"g—% is very nearly unity for the first maximum

V=E F which is the approximation given at the beginning

of tﬁe gection.

Using a C.R.0. the inductance and capacitance of the
Rhum”korff coil were found by measuring the ringing periods
with ‘and without an additional parallel capaciltance.

In eq.(5.19) neglecting R%/41° in comparison with 1/LC,
wifh c! ~as the Valué of the additional capacitance, the two
periods of oscillation T' and T" are given by

T2 = 4nR.IC and T"2 = 4n2 L(C + C') .....(5.25),(5.26)

from which

Q - T'2C' and L - T||2_ - T'z ...o----o;..(5.27),(5.28)
TS ~ T'2 4=2C"

end if T = 2T', then C = C' and L = 3T'2. The values of C
3 anCT

and I, calculated in this way were:-
C = 147.4 /f and L = 23.6 henry, which upon substitution

into the equation V = g'f%' give V = 9.8 kvy,, and compares

i
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favourably with the value of 10 ~ 11 kv measured with a C.R.O.
and a potential divider.

32. Mefhanism of the Spark Gap.

The mechanism whereby the flash tube discharge is.
initiated is the distortion of the eledtrostatic field between
the flash tube electrodes, by the application of a suddeﬁ high
voltage triggering pulse (in the case of triggered flash tubes),
to such an extent that “any free electrors in the contained gas
become accelerated sufficiently to start an electron avalanche

whereupon the main discharge takes place. The normal

unsparked pulses had little effect in general in triggering

the discharge, as is shewn later, in other words the rate of
rise of voltage as given by ed. .1 had not ordinarfly a
sufficiently great accelerating effect ﬁpon such electrons.

The irreéularly spaced discharges which d4id occur when regularly
spaced unsparked pulses were applied no doubt occurred qulte
statistically and were dependent upon the availabllity and
distfibution of elecfrons. In these respects it was difficﬂit '
'to see why a reduction of voltage brought about by the passage
of a spark across the spark gap could bring about the incipient
stages of the avalanche. | _

It was ﬁhbught at fifst that the discharge in the flash
tubes could be ihitiated Dby a differentiating effect of the
spark gap upon the high oséillatory voltage. The lead to the
triggering electrode has a certain amount of capacitance to

earth and a large leakage resistance to earth or H.T., fig 5.10,
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a differentiating action could occur, and thus augment the
sharpness and magnitude of the sudden voltage change upon the
passage of a gpark. .However, the magnitude of a pulse
transmitted by such a condenser resistance network is less
than that of the input pulse and thus, unless the triggering
electrode be effectively locked to earth by virtue of this
leakage fesistance then the effect of the stray elements is
mere}y to alter the rate of change of voltage and not to.
reduce the triggering electrode to a negative potential which
could start an electron avalanche. The potential of the |
triggering electrode throughout a serles of sparks and that
of the anode side of the spark gap were observed-by means of
direct connections to the Y-plates of a double beam C.R.O.,
to reduce unwanted effects of the C.R.0. amplifier, and the
initial voltage rise of the pulse coil acted as beam trigger.
The spark gap was made small so that a fifty/L sec time base

sweep could be used, and while in conseguence of maximum °

brilliance the background intensity was so great as to vitiate ‘
photography, it was noted as was expécted that at no time was
there any indications of a voltage negative with respect to
earth on the triggering electrode and also that the voltage
fluctuations as shewn by both beams were, as far as could be
seen, precisely the same. -

The period during the passage of a spark was now further
investigated. If a very high fregquency oscillation occurrei

at A, fig. 5.9 upon the passage of a spark across the gap, then,
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though the first quarter cycle would merely have the effect
of reducing the potential of A to a point near earth (i.e H.T)
relative to the potential across the flash tube and have no
effect upon it, the next half cycle would very rapidly raise
the potential of A, and hence the triggering electrode to
something in the region of twice that across the gap just
prior to sparking and Jjust such a voltage rise would have the
desired triggering effect. Using the same C.R.0. displaying
technique as before but with a 50/“-sec X-sweep and again full
brilliance a very highly damped high frequency oscillation
was just discernible though it was not found possible to
photograph it. A very small spark gap was used, and
diagramatically the trace was as indicated in fig.5.11l. BC
represents the initial drawn out rise in voltage of the anode,
and the start of the decay CD appeared to be exponential. \'
was about twice Vo and 5 was about the supply voltage to the
pulse generators. The portion DE was ldentifiable as similar
to the end sectiqns"of previously shewn photographs of sparked
pulses. This high frequency oscillation appeared to have a
frequency of about 10 megacycles/sec. or more. The Rhun_korff
coll was used throughout this experiment.

. The leads fran the choke to the spark gap enclose a certain
area dnd hence have a limited inductance and a certain amount

~of ohmic resistance so that the high frequency oscillation was

considered due to the L.C.R.. of the spark gap circuit, where,

the capacitance was the distribuﬁed capacitance of the choke;
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the equivalent circuit was therefore that of gig 5.12. The
spark gap acted as a switch which closed upon the passage of
a spark. The analysis of the circuit is similar to that |
given previously, the difference lying in the initial
.conditions which are here v =Vo, i =Ioat t = 0. Assuming
the capacitance of the gap to be zero, i.e., negligible in
comparison to the capacitaﬁce of the choke and hence
unaffecting the initial conditions (q = @ = (C+c)V), and to
consiét of only & small resistance (that of a conducting gap)
the solution with similar notation is:-

v = Ve~bt(Cosat + DIINat ) ceeecacccccorvescncess(5.29)
The value of b = R is very large, the inductance of the
connecting ioop %ging very small while R is relatively large,
consisting of the sum of the léad resistance (small) and the
resigtance of the omnducting gap which can be according %o
Morecroft (Bg)as high as + ohm, hence, as. observed the
damping was very great, the period very small and so norﬁally

this oscillation was qiite unnoticable.

33. Multiple Sparking and Spark Gap Conduction.

It can be seen fran the plaﬁ:es showing the effecf on the
pulse shape of varying the spark gap size that the length CD,
fig 5.11l. of the voltage wave form increased as the spark gap
size decreased, though the initial drop remained very sharp
being the exponential discharge of the capacitance of the
choke through the conducting gapil The effect wasbhewn to be
variable at a fixed gep sizé by blowing a stream of alr across

O '
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the gap which reduced the length CD and conversely, smoke or
the presence of a radio-active material lncreased it. At the
same time the maximum amplitude of the final burst of
osclllations was seen to decréase with increase of this
'quiescent" state. It was thus concluded that a current flow
was maintained across the gap for a time whose variations about
a mean, for a particulér gap size, were thought to be quite
rgndom, then,-éenduction céased whereupon, to a smaller degree,
the whole process was repeated as for the original steady
current cut off, hence the continued oscillations DE, fig.&11.
An explanation was herein found for the phenomenon'of multiple
sparking which was very obvious with the high voltaée
transformer, particularly With the large gap slzes. ~ The mean
freg Qgth in air at atmospheric pressure being very small
(21:;;) there was little iikeiihood of persistent residual
ionisation in a large gap and only a small part of the available
energy of collapse of the coils’magnetic-field was dissipated
by the passage of a spark and the second effective current
break was sufficient to produce a further high voltage-
oscillation which only in the casebof extremes of gap sizes was
insufficient tg cause the passage of a second épafk; The
process could then be repeated several times.

This brief investigation of the phonomenon associated with
the spark gap was carried out in the course of the work and the

conclusions reached were in agreement with the work of

J.P. Molnar(40) on Townsend discharges in argon fbllowing that of
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R.W.Engstrom and W.S. Huxford(41), which showed the existence
of 'metastables in the interelectrode interspacé. —There
appears, howevér; to-be_no published wofk concerning the .
existéhcé of a cOntiﬁued conduction with spark gaps in air at

atmospheric pressure.

34. Choice of Inductive Load.

The smoothing chokes 'c! were.immediately discarded
because they céuld not withstand the high voltages for any
length of time before breakdownaf the insulation occurred.
Breakdown either across the interelectrode space of the
pentodes or in the coil insulation was manifest by discontindit-~
ies in the voltage wave forms of the same type as were
produced by the passage of a spark, though in general smaller
in nature.

Large almost cfitica;”damping was seen to occur with the-
high voltage transformer coil (resistance 8000 ohm) though the
available energy was‘large and thé dissipation of this energy
was by no means ébmpleted by the passage of a single spark
across the gap. In virtue of this, multiple sparking
occurred, as shewn above, at all but the largest and smallest
of gap sizes and wiih the latter the reéulting pulse was
insufficient to trigger the flash tubes. A single spark
could be produced with this coil but only with difficulty and

constant adjustment to the gap and even then the position at

which the spark occurred on the voltage rise showed considerable

variation (see particularly the single spark of plate 5.11 a
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usingfaerial pick up). It will be shown later that the flash
tube dischérge occurred ideally verj shortly afger the sudden
drop in voltage assoclated with the spark. . The multiple ‘
sparking was apt to occur with both the transformer coils and
the RhumTkorff coils with large gaps with both of the pentode
supply voltages of 500v and é50v‘particu1ar1y at the former,
and it'will be - apparent ﬁnder‘the discussion on flash tubes,
that was highly undesirable. It could be eliminatedby the
use of coils with not too high an inductance, the stored energy
being thus 1imitéd and_largely dissipated by the passage of a
singie spark'across the gap, and having an appreciable energy
dissipation due to eddy current losses in the core, and ohmic
1ésses. In these respects the RhumTkorff colls were best
suited for the purpose, provided the supply voltage was
limited to 250 v, and were in consequence adopted as-a final
choice of inductive load for the pentode pulsers.

From the polnt of view of knowing when the flash tubes
fireq it was highly desirable that the discharge took place at:
the time of sparkihg. It was necessary then to ensure that
the spark occurred at the same point of the voltage pulse curve
to within negligibly small 1imits. The statistical lag in
the dlscharge across a spark gap supplied with the theoretiqél
break dowh voltage can be of the order of % second €§E§§ but
this uncertainty can be reduced to a very small amount if the
applied voltage is increased from below the breaskdown voltage

to a value 1n excess of it. If the rate of rise is rapid
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enough and the same on successive occasions then the spark
will occur at effectively the same point on the voltage curve.
~ The maximum pulse voltage that could be produced by the
Rhun_korff coils was very much in emcess of that necessary to
trigger the flash tubes, so the spark gaps were set to fire
early in the first quafter cycle of the high voltage
oscillations, but at ﬁhe same time late enough to be capable
of producihg a sufficiently high triggering pulse. Set in
this position a C.R.0. showed that the sparks took place across
the gap to within a few micro-seconds of the same position on
the voltage curve. Two similar Rhun(korff coils were
_available and they showed almost identical responses to currant
cut~off,

A distinct delay existed between the arrival of the
multivibratér cut-off pulse at the contfol grid of the pentode
pulser and the occurrence of a spark, due to the oscillatory
frequency of the anode load, transit time etc., but the delay
incurred was, however,the same for both pulse generators and
so0 the interval between the two flash tube triggering pulses

could be taken as the conducting time 't' of the valve Vg
of the multivibrator. |

35, The Flash Tubes.

A f£lash discharge tube in general consists of a straight
or spiral tube of hard glass or quartz into the ends of which
are sealed electrodes, the tube beiné filled with a rare gas

at high or low pressure. Bssential to the operation of such
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tubes is a high current densify during the discharge and this
is obtained by discharging through the tube a condenser
charged to a relatively high potential. A single flash of
light of luminous energy that is a function of the charge on
the con@enser and condenser voltage is thus produced upon
discharge. Such tubes, by suitable design and filling, may be
used to gi;e single light flashes or as a stroboscopic source
at rates well over 1000 flashes a second. | |

The instantaneous wattage dissipated is of a high order
and can be calculated from the formula . CV°. 10~ 0= energy in

e R
joules (watt-seconds), where C is the condenser capacity in
micro~farads and V 1ls the voltagé to which the condenser is
charged. The average power in watts can be obtained by
dividing thié quantity by the time of discharge in seconds.
The whole of the energy is not dissipated per flash, a residual
voltage of order 100 volts remaining on the condenser after
the discharge has passed, also, there afe ohmic losses but-
these can be méde negligiblé by caréful circuit_design.

The important characteristics of the tubes are the rate of -
~rise of light intensity, its duration and nature. These are |
determined by the capacity of the condenser and‘the potential
to which it is charged, by the inductance and resistance of
the circuit and by the gas used and the pressure to which the
tube is filled. The duration of the flash increases

proportionafely with the capacity of the condenser but little

with the voltage so for a given energy a high voltage and small
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capacity gives a shorter more intense flash. Low pressure
filling increases the flash duration as also does the

resistance and inductance of the circuit. Thus, spiral

flash tubes hage a longer flash duration than straight tubes
while 1éads to the flash tubes should be madefto enclose as

small a loop as possible. Arpon filling gives a spectrum rich
in the blue violet and 1s thus phétographically very sultable
while Xenon and Krypton approximate better to sunlight(sz)(5@ .
(The spectrum is a continuum with a super-posed spark spectrum)s

Impurities and high pressure make the initiaﬁion of. the
discharge more difficult and hydrogen increasesthe breakdown

voltage and at the same time éffects the triggering of the
tube in an adverse manner. For stroboscopic flashing rapid
defionisation is assisted by the proximity of the tube Walls,
resulting in tubes with narrow conducting channels, 4l one or
inside a main outer glass tube. B disadvantage to the narrow
conducting channei is the tendeey for the discharge to take
pPlace along the tube walls with possible local overheating
with subsequent crazing and liberation of gases which mar the
triggering characteristics of the tube and increase the
breakdown voltage.

Basically the triggering mechanisms for the flash tubes
fall into two groups.

1. Tubes fed with a potential supply below the hold off
voltage which rely, for discharge initiation, upon the

application of a triggering pulse to a third electrode near
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very small; both types hoWever can be given good triggering
characteristics by the use of activated cathodes. The nature
and shape of the.electrodes has very little effect upon the
operation of the tubes except that a pointed trigger electrode
may cause erratic behaviour(sz)(zs).

Ageing of the tubes became apparent by an inc?ease in
their erratic behaviour, control becoming difficult, no doubt
due to the liberation of gas from the crazed tube walls, and
by a black deposit on the walls of the tube near the cathode
which greatly reduced the light intensity.

The blackening was due to metallic sputtering from the
dathode under the extreme pulverisation it received during
discharge. Lapdrte(44) eliminated this blaékening by the use
of bent tubes or an internal shield; with the tubes used here
it was reduced to a minimum by connecting the tubes with the
cathode as that electvode nearest the seal to the outer wall
of the inner narrow channel, when the blackening was restricted
to the region near the cathode and did not spread over the
outer glass envelope.

36, Flash Tube Triggering.

Having assemﬁled the stroboscope it was very soon obvious
by watching the camere controlled switch in the light from the
flash tubes that the time interval between the two flashes
was not constant. |

Using a cathode ray oscillograph it was soon established

that the interval between the negative going grid swings Qf the
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multivibrator were sensibly constant and so it was necessary
to carry out an inﬁestigation into the discharge and triggering
of the flash tubes with a view to determining the cause and
megnitude of these variations and a means of eliminating them

A double beam cathode-ra& tube was employed so that the
flash tube triggering pulse and a response from a vacuum
photo-cell to the light flashes coﬁld be viewed simultaneouélj;
The time base was triggered by the first of the two cut off
voltages from the multivibrator and the time interval between
the grid swings reduced so that a 5 or 1.5 milli-second time
base sweep could be used. The width of the photo-cell
response on the upper beam of the C.R.0. was not indicative
of the response time of the flash tube but was a function of
the résistance of the photo-cell circuit and input capacitance
of the C.R.O; amplifier. The leading édgé of the trace was
an indication of ﬁhe initiation of the discharge.

A triggering electrode for a flash tube is shewn in
perspective in fig 5.145

At a later étage there became available three other types
of flash tubes, S.F.2, S9.F.3, and a special activated cathode
tube which is here called tube 'A',. and these with an S.F.6.
are shewn in plate 5.13.% These tubes were tésted also to
determine if they could be sbstituted for the 8.F.6's and

whether any of their fegtures could be incorporated with

* We were indebted to Messrs. Siemens Temp Suppliés Ltd., who

put these flash tubes at our disposal.






- 111 -

advantage in a modified S.F.6. Inside the pearl envelopes
of tubes S.F.2 and S.F.3 the assembly was similar to that of
tube 'A'.

Plate 5.14(a)'sﬁows a time exposure of the two C.R.O.
traces with a five milli-second time base sweep. The upper
trace was the photo-cell regponse to the S.F.6.flash tube
which was operated at 2100 volts; the pentode pulsér supply
was 250 volts and the anode load used was a Rhum_korff coil.
The lower traée was the trigger pulse.' Plate 5.14 b,c, shows
similar results with a flash tube supply of 2400 volts and 2760
volts respectively. The triggering response was much better
at the higher voltages but there was the decided disadvamntage
thatitube was overloaded. The order of voltage at the spark
gap on firing was 7000 volts.

It was not possible to‘take time exposuresbdf the photo—bell
response'and triggering pulse when the transformer coil was
being used as pulse coll owing to the large scattef in the
position of the sparking point and the multiple sparking.

With a pulser supply of 250 volts and a supply to the flash
tubes of 2100 volts, single exposures were taken of the two
C.R.0. beams of which three are shewn in plate 5.15 a,b,c.

The spark gap was adjusted to its maximum to give generally
single sparks. A delay of about .15 milli-second between
sparking and flash tube discharge is shewn in 'a', a double
spark in 'b' and a 'quiescent' state of about one milli-second

is shewn in 'a' and 'c'. These two times were by no means the
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maximum which were encountereéd when using the transformer coil
pulser, |

The pulser supply voltage was now increased to 500 volts
in order to increase the triggering voltage (the flash tube
supply remaining at 2100 volts). Multiple sparking was
immediately detectable by ear and samne results obtained by
photography of the traces are shewn in plate 5.16 a,b,c, for
large, medium and small spark gaps respectively, (approxﬂmately
7,6 and 2 mm). The voltage at sparking was estimated to be
about 12 - 14 kv for the largest gap. The traces are a good
example of multiple sparking and in ‘c¢' can be éeen a quiescant
state of more than two milli-seconds. The discharge of the
flash tube on all of these three occurred correctly tdpon the
passage of the spark; in contrast, plate 5.17 a,b, obtained
under similar conditions with the transformer coil and as
few multiple sparks as possible, shews a dight delay in ‘'a'
but flashing between the second and third pulses in 'b'. A
delgy could be detected by the fortuitous interference between
the tWo beams of the C.R.0., as could be seen on inspection of
the photographed traces. With a 500 volt eupply to the
pulser and with the Rhum:korff coil and transformer coil, in
the absence of a spark gap, the triggering responses were as
shewn in plate 5.18 a,b respectively. These‘plates were
typical but do not.shew the maximum delays which were obtained
under such conditions.

Changing the trigger electrode to the form of intimately
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wound turns of wire round the flash tube over about two thirds
-of its length between electrodes, produced a better triggerimg
respdnse as is indiﬁated in plate 5.19 which was obtained in
a similar manner to the plates above, with a sparking potential
of about 7000 volts, 2100 volts on the flash tube supply
condensers and a 250 volt supply to the pulser and a RhumTkorff
coil. Deléys still existed but very much reduced when
compared with the responses of plate 5.14+ a,b,c.

The examlination so far indicated that better triggering
on thé whole was obtained by the use of higher voltage
triggering pulses and higher supply voltages to the flash
tubes, neglecting'the obvious improvement by the altéred
trigger electrode. Both of these remedies however suffered
from distinct disadvantages. The highef the triggering -
pulses the greater was the tendency for feed back to occur
- to the multivibrator and oscillator, (section 28), and over-
running the flash tubes.was occasioned by their increased
operating voltages. Added to this there were no two balanced
tubes, and whereas the operation of one was temporarily
improved by the increased voltage the other suffered adversely,
-tending to become self-triggering with the overheating, in all
events both tubes soon reached this state.

The photographs clearly shewed that the delays were qﬁite

random and in some cases as high as 2 milli-seconds and more.

With the best triggering responses dbtalned there still

existed delays which could be as hlgh as «93 milli-seconds, and
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though aiite small when compared with flashing intervals of

25 milli—secogds or so, constituted gpprecible uncertainties
with the smallér flashing intervals of two or three milli-
seconds for a flow at a Reynolds' number of 6000 or so. When
known profiles were being measured actual velocities could not
be deduced if the flashing intervals were erratic, though it
was possible to find a multiplying factor for the measured
velocities from each frame of the cine~film record so that

the results formed a smooth curve. This process could not
obviously be applied to the case of unknown profiles when
anomalies were being sought. It was then essential to
obtainc. tubes with reliable triggering characteristics to

within negligible limits. Even with the increased voltage
trigger pulses delays still existed and there was no certahty

that the dischakge would occur upon the passage of the first
spark of a multiple spark.

Tubes S.F.2, 8.F.3 and tube 'A' were now avallable for
testing. The triggering electro@es of 8.F.2 and S.F.3 had

the form of a conducting strip interwoven round the turns of
the spiral conducting glass channel while tube 'A' was
triggered by applyihg the trigger pulse to a piece of gauze
round the central portion of the spiral tube which conpained
the activated cathode.

8.F.2 was found rather difficult to trigger with this
type of pulse when opefated at 2100 volts, and reauired the

largest pulse obtainable using a RhunCkorff coil with a 250 wolt
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supply to do so, with consequent uncertainty in the position
of the spark. It was found that the tube became more easily
triggered after operating the tube for a little while until it
became heated. A simple triggertron pulser was set up which
~gave 7 kv or 14‘kv pulses and while the triggering was improved
slightly by this means, the delays were not removed completely.
It was not considered worth while carrying on with the
triggertron pulser as it did not. accomplish any great improve-
ment, as was soon shewn by a few tests, and in any caseﬁt
would have necessitated a large measure of rebuilding and
amending of the equipment. With the supply arrangements etc.
the same as for the-S,F.G tests above (250,2100 volts), two
typical photographs obtained in the usual manner are shewn in
plate 5.20 a,b with a large and medium spark gap. The time
base sweep was five milli-seconds and the delays in firing

can be seen to be about .1 -.l5 milliseconds.

In a precisely similar manner the three plates 5.21 a,b,c,
were obtained with tube S.F.3 and the Rhumlkorff coil for
three different sizes of spark gap.*

Tube 'A' gave excellent reéponse to_triggering at voltages

well below the optimum operating voltage of 2000 volts with

* Little was done with tubes S.F.2 and S.F.3 as there appeared
to be no bettér triggering response with them and further,

their size and shape,-considering the form of the apparatus,
made them hardly suitable for substitutes for the straight type

S.F.6 tube without severe modificétions being carried out.
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delays barely discernible. So easily was the tube triggered
that the discharge occurred well down the voltage rise to the

sparking potential of the spark gap, and moreover, though the
tube fired on the rise of the voltage curve, it fired at the

same point on each occasion to within a few micro-seconds.

By reducing the size of the gap drastically the sparking point
could be reduced to below this critical point and then the

flash tube became correctly triggered. In this triggering
condition the only variatlions were in the jitter of the
multivibrator and in the fluctuations of the sparking point

of the gap which, as far és could be made out by means of the
C.R.0. were only of the order of two or three micro-seconds;
Plate 5.22 is a time exposure obtained in the usual manner
though the conditions were somewhat altered. A resistance
was connected in series with the pulser coll to redudée the
steady state current and hence the magnitude of the Pulse and
the gap was reduced to + millimeter so that the trigger was of
the order of 1000 - 1500 volté. The time base sweep was §. ..
milliseconds and three or four exposuresd occurfed. The plate
shews that the triggering characteristics were excellent and
for 21l practical purposes there was no triggering delay.

The obvious step now was to obtain S.F.6 tubes With
activated cathodes. These were received through the kind
co~operation of Siemens' Lamp Supplies Ltd., and their
tfiggering response was of the highest order. Plate 5.23

shews a quintuple time exposure with-a fifty micro-second time
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base sweep and 2000 volts on the flash tube. The sweep was
triggered by the actual triggering bulse which was of order
1000 #olts. The only variations can be seen to lie in the
position of the triggering spark.

In éonseqhence of these investigations activafed cathode

tubes were obtained for the s troboscope.
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CHAPTER 6.

PROFILE DETERMINATION

37. Experimental.

In carrying out the profile determinations set out below,
the general procedure, as indicated in the previogs chapters,
was carried out.

Prom the investigations of the flashing delays of the
flash tubes it was apparent that the flashing intervals could
be repeated to within a few microseconds by using activated
cathode flash tubes, and that the major errors met with would
result from the human element, defects and limitations of the
recording caemera and measuring travelling microscope. It
waé unfortunate, however, that almost immediate upon the
completion of the.work on the stroboscobe, there came gbout
the failure of all save one of the activated cathode tubes.
During the subsequent profile'determinations therefore, the
interval between the flashing of the two tubes underwent random
fluctuations which were reduced however to a certain extent by ‘
. operating the tubes at a voltage a few hundred volté in- excess
of the rated operating voltage. #

Variations of the flashing interval were manifest by
observing the camera controlled switch during the course of a
run and 2lso by examining under a microscope the spacing
* These experimental activated cathode flash tubes were
provided quickly for this work by Siemens Lamp Supplies Ltd.,
and the failure occurred due to insufficienf ennealing of the

glass envelope. Such failures could not be expected to occur in
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normal production tubes.

between dual images of the same droplet on consecutive frames.
Following the same droplets from frame to frame of the cine
camera record, where possible, provided a means of aecertaining
the magnitudes of the interval variations- and thus, multiplying
factors could be obtained for the resmits from successive
frames (neglecting other séurces of error), so that they could
be made to lie upon a common profile curve where such existed.
This procedure however needed careful handling if only those
droplets with low valﬁes of U/Up could be followed. With the
combination of human errors, limiting accuracy of the vernier
and the engraving of its scale, and definitionof the imageé,
errors of a few hundredths of a milli-meter could occur and
these represented, for very slow moving droplets near the tube
wall and for cases of low flow rates, some 10-20% perhaps of the
measured droplet spacing. In such instances as these it was
preferable to plot the results as obtained and by inspection and
trial.aﬁd error choose factors untlil such time as it was

. estimated the best. curve had been achieved.

Fortuitously the flared entry to the flow pipe, which was
made of perspex, was of a good shape and very large ReynoldsNo's
could be obtained with water, the flow rémaining rectilinear.

As indicated by a dye streamer, Reyndlds No's as high as 50,000
or more were obfainable with the flow still laminar. Such.high
Rynolds No's were not attainable when there were dispersed oil

droplets born by the water, though turbulence even so did not
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set in until unusually high valuegbf the Reynolds No's were
reached.

The following table gives the values of the flow rate and
Reynolds No's. for the profiles determined and also the

conditions under which they were obtained.

Tap water. Flared|Tap water. Flared | Ammonia Soap.
entry. entry removed. | Flared entry.
ke | W | e | | nm
0.076 2,200 0.106 1560 4.0
0.062 2,700| 0.089 1880 8.26
0.039 4,300 11.3
| 13.5
17.0
19.0 -

The three normal profiles which were determined using
water (lst and énd columns of table) showed, by comparison with
-the experimental results of Schiller and Nikuradze(zz)' that the
method and technique were satisfactory. The profiles obtained
are shown in figs. 6.1; 6.2; 6.3. °

The fiow conditions existing at the entrance to a pipe
depend upon the nature of the entrance to the pipe, and the
experimental profile curves of Schiller and Nikuradze were
obtained with the tube fitted with a flared entry. Without the

flare there is effectively a reduced throst area(45) and it was

considered worth while determining the shape of»the velocity
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profile for water in the flow tube with the flared entry
removed. The maximum obtainable Reynolds No. for laminar
flow was now very much reduced and agreed with the accepted

values obtained by many experimentérs, Reynolds(46), Stanton

and Panne1(47), Barnes and Coker(48), Ruckes(49), and was
very nearly 2000. Columns 3 and 4 of the table give the

conditions of the experiments and figs. 6.4 and 6.5 show the
profiles obtained. For comparison the theoretical velocity
profiles (parabolic for such low values of x / aRp) and also
the particulsr profiles from Schiller and Nikuradze's results
which appear best to fit the experimental plotted points are
also shown. The values of x/aRn for thése curves are those in
column 5 of the table.

The last column of the table gives the values of the Prates
of flow at which the velocity profiles were measured for an
ammonia soap solution. The soap was prepared in distilled
ﬁatér by mixing knowh strength solutions of ammonia and an
olelc acid suspension. -The final strength 6f the soap
solution was 80 gms oleate in 35 litres of solution. In the
first instance a solution of sodium oleate and potassium
chloride was prepared as the visco-elastic medium but had to
be discarded owing to the fact that it was opaque. This was
thought to be due to the impurity of'the oleic acid, which wss
used nevertheless as no other was immediately available, and
both the sodium and ammonia soaps produced by its use showed

the characteristic thread pulling and oscillatory properties of
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visco-elastic solutions, (88)... An sbsolute measure of the
viscosity of the solution could not be obtained as its value
depended upon the rate of shear. The flow times, relative

to that of water, in two caplllary tube viscometers of
different bore are shown piotted in fig.6.6 for the sodium

soap with various KCl concentrations. The narrower the bore
the greater was the apparent viscosiﬁy, and ultimately for
tubes of bore comparable with that of the flow tube the viscelty
appeared very little different from that of water. The curves
were very similar to those of Van der Jong. Because of the
doubt as to the value of the viscosity, rates of flow only

are given in the tsble and not Reynolds' numbers.

The ammonia soap solution could be kept guite clear by
maintaining a slight excess of ammonia and appeared to be quite
unaffected by the presence of-small quantities of benzine and
carbontetrachloride and could thus be re-used several times.
The solution was eventually discarded upon the appearance ofa
blue opalescence due to the chemical attack of the amménia on
the metal of the reservoir and resultant opacity. Though
the olelc acid was impure no special brecautions'had to be
observed in meking the soap, and a simple capillary tube
viscometer showed the viscosity of the various samples to be
very nearly identical.

On the assumption that the kinematic viscosity of the soap
was the same as that for water the maximum value of the

Reynolds' number which was obtainable was, while maintaining
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rectilinear motion, a little under 2000. Figs 6.7 ~ 6.12a
show the plots of the velocity profileé obtained; the dotted
curves are theoretical Poisewille parabolas.

38. Discussion of pbofiles obtained.

The -three profiles obtained using tap water showed good
agreement with Schiller and Nikuradze's experimental results
and indicated that the technique was satisfactory and that
multiplying factors could be obtained successfully for the
results from different frames of any particular run.

There were no theoretical or practical grounds for
endeévouriné to fit to the profiles obtained using tap water
and the flow tube without a flared entry, curves correspondinmg
to values of x/aRp different from the actual experimental
values. From the two results obtained it appeared possible
to assign values of x/aRp to the curves much lower than the
actuai values, though it was not possible to deduce any
empirical or theoretical relationship between the x/aRn
values owing to the fact that reétrictions imposed by the time
available prevented other such profiles from being determined-

In general the curves obtainéd for the ammonia soap
solution showed agreement with the theoretically deduced
parabolip veloclity profiléé (1)(5) for visco-elastic fludds.
At the maximum flow rate of 19 ccs pér second, however, there is
an apparent anomalzy in the regions near the flow tube walls.

For this reason the curve is plotted in two ways. In fig.6.12

the points with large values of r/a are ignored in the‘fitting
of the curve to the parabola, while in fig.12a all the points
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are plotted about the parabola in a masiner in which it was
estimated that the curve through the points would correspond
to a flow rate equal to that for the parabola through U/Um =2.
When the points at the higher values of r/a are ignored the
curve approximates very well to a parabola. Thoﬁgh the points
at high r/a were obtained from successive frames of the record
it is thought very probable that the oil droplet was in fact
an abnormally large one, very near to or actually in contact
with the wall. In either case a value of U/Um would result,
which would be lower than the theoretical value for a
parabolic profile. _In the same wey, other abnormally low

values of U/Um at large values of r/a, it was believed, would

also be due to unusually 1afge drops; a few such points can
be seen in the various plots;

That the 'wall' effect was to be felt more upon oil
droplets borne by fhe soap solu%ion was only to be expected.
In such cases, high rates of shear would be developed in the
very small interspace between the droplet and the wall,
particularly if the drop happened to be large, and heee the
local value of the viscosity would be greater than the normal
value and thus produce an increased drag upon the droplet.

The profiles obtained seemed to indicate quite definitely
that the parabolic law, as predictéd by theoretical considera—
tions, held for visco-elastic fluids, The figures, 6.13 -
6.18a, show the results of figﬁres 6.7 - 6.12a plotted in the

form U/Um. v. (r/a)% respectively.
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39. Limitations of Technique.

The accuracy of the electronic side of the apparatus has
been discussed above and was shewn to be certainly as good as
. 1%. |

A critical factor in the technique was the size of the oil
droplets. Obviously if they are lérge then the general flow
pattern will be altered and the velocity of the droplets as
measured will not be an indication of fluid velocity
corresponding to the position of the droplet centre. The oil
droplets produced by the .006 in.diambter jets were consldered
to be small enough to give a representative picture of the
flow pattern, and the profiles obtained using water confirmed
this. There was a danger of producing occasionally large
drops however, as pointed out earlier and such did appargntly
occur and great care had to be exercised in ppoducing and
dispersing the droplets in order to keep their number down to
a minimum, a steady regular movement of.the jet was easential.
BEven so a few large drops were produced and in order to effect
theré removal, the benzine—cafbon tetrachloride mixture was a
fraction more or less dense than the fluid so that the larger
droplets sank or rose to the surface of the liquid. Methods
are now available for the production of very small fluid
droplets, notably Walton and Prewett(50), though these smail _
drqplets could not be used with the present apparatus without
improvements being made upon the focuésing of the stroboscopic

light and itsintensity in order to make photographic recofding
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possible and also, at the same time, the background scattering
due to slightly irregular flow tube walls and water jacket
would have to be eliminated by careful polishing, cleanliness
ahd-choiee of flow tube.

With buoyant drops in a flow field with.a velocity gradignt
in the direction of the drops diameter, there exists a.velmcitj
difference between the flow of the fluid at extremes of the
diameter athwart the mean flow_diréction. A dynamic pressure
difference(51) then exists across the diameter and the drop
thus experiences a force tending to mowye 1t into the region of
higher velocity of flow. This is particularly so for the
'1argér size droplets where an appreciable veloqity diffefence
can egist across the drops and hence also a relatively large B
pressure difference. The tendency is thereforé to bring
about a state of congestion in the centre.regions of the pibe
and a deweth of droplets near the walls. This occurred
' frequently in the earlier experimenﬁs when a large number of
results were vitiated as a technique for producing the droplets
had not been developed and a too largé and indecipherable
number of drqplet imégeé appeared in the centre regions of the
photographic record. The radial movement could be discerned
often quite clearly. Nevertheless,‘thé profiles which were
measute@ show a preponderence of droplets in the regions of low
r/a thdugh small drops were employed. This migration to the
centre was thought to be dué to the earlier stages of flow in

the entrance of the flow tube'where large veldcity gradients
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exist in the refions outside the'central plug of undeveloped |
flow.

The two~directional stroboscopic lighting made for a more
accurate localisation of the droplet'but again the accuracy
~ of the localisation depended upon the size of the droplet,
being greater the smaller the droplet.

One of the greatest sources of error in the recording of
the droplet images was inherent in the quality of the |
photographic equipment and the vernier of the travelling
microscope used to examine the records. A long focus 1l6mm.-
camera was adapted by means of simple lenses to focus at
about 4 or 5 inches and consequently the focussing of the

droplet images was not very sharp nor were the images of the

individual frame edges. A further difficulty, was the
determination of the size and positioning of the flow tube
‘image relative to the frame edges, due to the poor focussing.
For the 6 runs using the soap solution with identical camera
positioning, the flow tube image sizes were as follows:-.
0.536 0.538 0.538
0.534 0.538 0.538
Similar magnitudé errors céuld arise in the positioning of.
the tube centre relative to the datum frame Wéll. With correct
values of U/Uﬁ, these errors would not materially alter the
shape of a profile ﬁurﬁe, though in measuring small values of

U/Um such errors could amount to up to20% or so of the vdal ue«

Of'U/Uﬁ As already pointed out, this fact needed conslidering

when the curve fitting was being carried out.
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SUMMARY

The velocity distributions existing ¥n anomalous flulds,
flowing in pipeé of circular cross section, has been determined
thepretically by several investigators to be parabolic, provided
that the motion 1s rectilinear.

It was decided to construct an apparatus with which
velocity distributions for any type of transparent fluid flowing-
in a pipe of circular section could be measured accurately.

The apparatus was such as to yileld a three dimensional view
of the fluld at the observation section of the pipe. Thus all
components of velocity could be measured.

The actual flow velocities were measured by a streamer
method which was an adaptlon of the methods of Relf and Birkhoff
and Cagwood. Small oil droplets dispersed in the fluld, whose
density was equal to that of the fluid under investigation,
were llluminated stroboscopically and viewed from two directions
mutually at right angles using the prihciple of the ultra-
mieroscope. _

The stroboscopic illumination consisted of a double
repetitive flash; the short time interval between the dual
flashes was controllable and the overall repetitive frequency
was governed by the recording cine camera. By measurements
of the droplet images a complete three-dimensional picture of
the flow at the observation section of the flow tube could be
obtained. |
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The opticél system whereby the orthogonal viewing was
acthieved consisted of two plane mirrors parallel to and on
either side of the flow tube with a semi-aluminised mirror
" between and parallel to them. The geometry and optics of the
system readily showed that the lmages of the plpe as seen by
observation at 45° to the semi- aluminised mirror were, ﬁhen
the system was correctly adjusted fo symmetry. and parallelism,.
of equal size and superimposed.

The strdbosdope comprised.an asyEmmetrical multivibrgtor,
frequency controlled by means of the recording cine camera
through the agency of a thyratron relaxation oecillator, whose

rapidl& going negative grid voltages backed beyond cut-off two
inductivély loaded pentodes. High voltage oscillatory puises
were thus produced at the valve anodes, due to the collqpse
of the loads' magnetic fields, and after pulse sharpening with
spark gaps these pulses initiated the discharges in two Siemens
S.F.6 flash tubes.

Theoretical and practical conslderations were given to the
choice of inductive loads for the pentode pulsers and various
types of_Siemens' flash tubes were investigated as regards
their triggering characteristics and delay in flashing after
triggering.

The very near instan%%ous mean flow of the fluld through
the flow tube was measured using a hot wire anemometer technique,

the working substance being air displaced from a thirty litre
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bottle by the fluld issuing from the flow tube. A constant
or varying flow rate could thus be used.

A series of profiles was obtained using water at known
flow rates and the results showed that the technique was sdund.
Profiles were then obtained for watéer and the flow tube .
without its flared entry. Pinally a series was obtained with

a visco-elastic ammonia soap solution.
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RESULTS TABLE FOR FIG. 6.8

Q = 8.25 cc/sec. = 6.73 cm/sBec. At = 2 m. sec
Scale factor = 2.7 —— ‘
Vernier reading for frame edge'— 10,981; 10982; 10.982: 10.982; 10.981\
" " pipe Wi 11.038; 11.038; 11.038
9 u " "oao 44,5725 11.572; 11.572; 11.572; 11.572

Centre of pipe i.ma_g = 53!.;,/2 + 0,054 cm from reference edge of frame.

= 0.3234 cm.

Vernier reading Image

for datum edge = 11.004 | distances 'Unsealeq Sealed

drop | Vernier readings from x's & y's x's & y's X, - 5
No | for droplet images| edge x s X Yy o
1 [11.200 | 11.200 Y 0.1960 |0.1274 = 0.3532 0.3523 0.3512
2 |11.255 | 11.255 Y . 0.,2510 o.o72u + 0.2003 10,2003 0.2017
1 |11.300 @ 11.300 Y i 0.2960 | 0.0247 0.0758 0.0758
3 M1.3L41 | 11341 X | 043370 0.0136 + 0.0376 10,0376 0.0377

' 3 111.360 | 11.360 X | 0.3560 + 0.0326 0.0902 ! 0.0902

. 2 [11.409 ! 11.409 X - 0.4050 - 0.0816n 0.2258 0.2258

L L4 |11.440 | 11.440 X 0.360 |0.1126 0.3115 0.3115 0.3154

b4 111.452 | 11.452 X O.4uB0 | 4 0.1246 0.3U4k48 0.3448

. Vernier reading i

ifor datum edge = 9. 589 :

{1 94795 | 94795 Y 0,206 | 0.117L4| + 04325 0.328; 0.3271

| 2 | 9.838 | 9.838 Y 0.2k 0.07WL| + 0,207 0.207" 0.2084

1 3 | 9e942 | 9.952 X 0.353 [0.0296! +  {0.0819 0.082 0.0831

Poq 9.972 ! 9.972. X . 0.383 | = 0.0596 0.165 55706165

2 | 9,979 i 9.979 X | 0.390 | -  |0.0766 0,212 0.212

I 3 1104122 | 10.122 X - 0.533 + 0. 2096 0.5789 0.582

Vernier reading for ! % '

datum edge = 10.8325 ' : i ,
1 {11,008 | 11.008 Y  0.1755 |0.1749| +  '0.4093 0.4094 0.4096
2 11,027 | 11,027 Y  0.1945 | 0.1289! + 0.3567 '043567 o.§527
3 114129 | 11.129 Y. 042965 |0,0269; + 0.07hk4 10. 0Ty 0.0748
1 |11.159 | 11.159 X 0.3265 - 10,0031 0.0086| 0.0086
L |{11.165 | 11.165 X 0.3325 | 0.0091' + 0.0252 | . 1040252 | 0.0252
L {11.169 | 11,169 X 0.3365 + 0.0131 | '0.0362 0.0362|
2 (11.204 | 11.204 X 0.3715 - 0.0481 ‘0.1332 [0.1332
3 [11.246 | 11.246 X 0.4135 - 0.0901 | ‘042493 0.2493

| Vernier Reading for

|datum edge = 11.3742 : :

Bachdandit N S N . D
1 |11.562 | 11.562 Y ! 041918 |0.1316] + [0.369 ‘04369 0.3711
2 [11.567 | 11.567 Y| 0.1968 |0.1266| + |0.3502 '0.3502 | 0.354
3 [11.646 | 11.646 ¥ P 0e2758 | 0.0476{ 4+ 01317 :0e1317 0.1326
L |11.699 | 11.699 X: 0,3288 |0.0054 0. 01495 o.o1u95 00495
L 11,701 | 11,701 X! 0.3308 + 0.0074t 0.0205 ‘0.0205
1 |11.741 | 11741 X . 0.3708 | = o.ou7u, 01312 ‘01312
3 |11.782 | 11,782 . X . O0.4118 . - 10,088 10 24145 - -0 28445
2 [11.788 | 11.788 X ; 0.4178 | - {0 09u4' l0.261!4 02612

j ! Z :
Vernier reading for | i '

datum edge = 11.301 | ] : ! :

1 [11.497 | 11.497 Y 0.196 loa2u7! - o, 3523. 063523 ' 043475

3 111.502 | 11.502 Y i 0,201 0.1224i = 043387 | 03387 0.3357
1 11511 | 11.511 Y 0.210 - 10,1134 | 0.3138 . 0.3138
3 |[11.54L4 | 11.544 Y 0.243 - 0.0804 062225 . 0.2225 |
L |11.546 | 11.546 Y 0.245 0.,0784! - 0.,2169! 02169 0.2161
5 |11.550 | 11.550 Y 0.249 0.07UkL! + 0.2058 ‘092058 . 10+ 2070
L |41.581 | 11.581 Y ' 0.280 0.043L4| - 0. 1201 '0e1201 ! 01194
6 [11.618 | 11.618 Y ! 0,317 0.0064! + 0.0177 100177 - 10,1780
7 |11.630 | 11.630 X 0.329 + 0., 0056 0.0155 ; 0.0155
7 [(11.639 | 11.639 X 0.338 + 0.01L46 0.040l | 00404 |
2 |11.650 | 11.650 X 0.349 - 0.0256 0.0708 | 0.0708 |
6 [11.691 | 11.691 X 0.390 - 0.0666 0.1843 ! 0e 1843
5 [11.693 | 11. 693 X 0.392 - 0.0688 0.1898 1041898

!
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r2

<

0.12902
0.09104
040753

0.,0903 |
0.224d4

0. 221u2
-0 3u92

0.00958

f0.08779
‘0035’4)4-2
O.1643 .
- 062106 !

- 065895 |

|
0.16784
_ 0.06754
00086 !
' 0.00195
0.0362 | -

0.1319
0.2487 1

0.15462
0.19188
0.07688 |
: 040006l |
'0+0205
041300
.0+2435
-042580

0.21673
0.12603
1016115
0. 3089
002201
O. 06095
0.07842 |

0.03392 |
10,0552 {0,00190
10,0406 .

0.0702
0.1833
0.1886

Z !

' .
. i (cm/seec) — :
2 L U/ ym=. ?.éﬁﬁi’ ? drop . U H/Um Plotted.f
a e) ' 2[ -~ ] image , velo- U — points
- ,8pacing _clty u/u
0.5751 ;0. 3308* 152385 | 0.055 @ 6.915 1.027 N.206 [1.314
0.497310.2473 1.4LO5L . 0,056 " T7.0L  1.0L46 {143L43i1.338
0.1568 o.ozus 1.9508 | 0.081 110418 1.515 [1.288|1.937
o.753 0.5670  0.866 . 0.033 'Le 15  0.6168 [1.405 10,7885
E : Mean =1.279 .
| .
0.5852 .0.3426. 13151 | 0.052 6.5u 0.972 1.217 [1.167
0.47L5 0.2252" * 145497 . 0,070 . 8.8 1,308 1.1851.57
09530 0.9082. 0.1836 ' 0,007 ' 0.88 0.13081.403[0.157
. Mean =1.201
|
00656 0.4303 1.1393 = 0.049 6.16  0.91550 .24k |1.143
0.612 0.3745 1.2509 0¢050 6429 0.93451.33811.168
O 16l 0.173L  1.6532 0,070 8.8  1.308 4.238 [1.634
0.0706 '0,0050; 1.99 | 0,086 .10.81  1.607 N .26k 2,007
: ' Mean =1.2L49 |
o] |
B | |
. ! i
10,63 10.3969 % 1.2062 0.053 6,665 0.99031.218 1.313
0.701 o.u91u 1,0172 0.041 5.155 0.76601.328 1.014
! Mean =1.325
|
o.7u5 0.5550 0.8899 0,036 L.53 0.673 1.323 '0.853
0.568 043226 1.3548 0,052 = 6.54 06972 11393 1.251
o.6u3 0s4135. 141731 0.050 6.29 .0.93451.255 1.203
lo.3955 0.156u 1.6871 0.069 | 8.685 1.29 1.308 1,66
10,4485 0.2012°  1.5977 0,065 . 84175 [1.215 1,315 14564
0.29146 0.0868| 148265 0,078 © 9.805 |1.458 1.252:1.876 |
|o.0697 o.oous 1.9900 0,084 10.56 1.570 N.268 2,02.
. . %Mean = 1.57;

|
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