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| INTRODUCTION

A knowiedgé of the resistance to flow of a body placed
in a stream of fluid is'necessary for‘many problems in
hyiraulies,aeronsutics, and ventilation, A large emount of
experimentaivand theoretical éffort has been expended in-
vegtigating the drag characteristiés of single bodies and
small groups of similar bodies, Only a small amount of in-
complete’data ig available regarding the performance of & -
long series of gimilar obstacles, Thig latter material was
obtained for sir flowing past supporting timber sets in mines,
Since the dimengions of the mine shefts varied at different
sections, the results of the experiments merely indicated
fhe possibilities of obtaining different pressure losses de-
pending on the size, shape, and spacing of the timber sets,
Therefore, more data are needed regarding the drag charscte-

rigtics of long series of obstacles,

OBJECT

The aim of this invegtigation has been to0 supply addi-
tional’experimental data regarding turbulent flow and in
particular, to study the phenomena produced by a relatively
long serieé of similar bodies forming an obstruction to flow,
The problem has been treated exclusively by experimental
meang, since, in the present stage of development in the
hydrodynamic}theory; it is practically impossible to theore-
tically compute with any degree of reliability the characte-
ristics‘of the highly complex turbulent conditions existing

within the experimental apparatus,
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DESCRIPTION OF APPARATUS

“  EURBQLENGE‘TUBE. The experimental equipment consisgted
of the furbulenee tube and'thé measuring devices necessary
to obtain the required reedings, The turbulence tube was
the name adbpted to describe'the working section of the
apperatus, Two 1% inch brass tees, each containing a 6 inch
length of 13 extré heavy brass pipe screwed into one opening
and a plug screwed into the opposite opening, a 3/8 inch
brass rod fastened to the upper plug ani extending through
& hole drilled in the lower plug, with a 36 inch length of
1,333 inch inside diameter brass tubing placed concentric
with the rod between the 6 inch 1engths of pipe congtitute
vthe parts of the turbulence tﬁbe (shown digrarmatieally in
Fig. 1,), When tension is produced in the rod by means of
an external gpring, all components of the apparatus become
fixeé. The detsails of comstruction are as follows: four
piezometer connections, plaéed 90 deg, apart, were drilled
in each 6 inch length of pipe using a No,60 drill: the
ingide diameter of the brass pipe was maile equivalent to the
inner diameter of the intermediate section of brass tubing:
gpecial care wag exerted during the machining operations in
order to eliminate the possibility Qf burs remaining around
the piezometer holes: the upper pipe length was flared at
the inlet in an effort to reduce detrimental entrace condi-
tions:, fm putting the apparatus together, paper gaskets were
used, and.necessary precautions tsken to insure the inside edge
of the gasket being just flush with the inner surfaces of the
pipe secfions and tube. The apparstus was designed for the

easy removal of the intermediste section of brass tubing in



order to be ablé to substitute a glass tube for the purpose
;af'making visual observations. The injectiona tube was pro-
vided as a means of»placing dye or other indicating material
in the flow gtream, This injection tube was dnly‘used in the
apparatus when it waé requiréd, otherwise the tube was elimi-
- nated as it provided an additional source of pogsible trouble
invthe entrance coniitions, A packing gland was included |
at the downstream end in order to make the turbulence tube
completely leak-proof,

CENTRAL ASSEMBLY, The bodies forming the obstructions
to flow were termed digks and the pieces separating the disks
were degignated as gpacers, The digks and spacers were all
drilled to fit the 3/8 inch diameter rod, Thus they could
- be strung on the rod like bealds on a string, forming many
different designs, This inner group of spacers and disks
on the rod was caslled the central assembly, Several different
sizeg of disks ahd gpacers were used to produce different
relations between the obstructions and the enclosing tube,
All disks hed & uniform thickness, as they were malde from 16
gage brass, but there were five different diameters vary-
ing from 0,812 inches to 1,249 inches, Two sizes of spacers
were included, % inch and 2 inch outside diameter, The
length of the spacers was‘% em, except some special ones
which contained set screws and were lbnger. These special
spacers were usged to plaée the central assembly at diffe-
rent positions with respect to the piezometer groups, The
‘diagrams given in Fig, 2 illugtrate the relative sizes of
the diské,‘Spacers, and the tube for some different com-

binations, A large number of distributions were of course
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pessihle, but the wérk was limited to'studying only a given
diaﬁ“and-spgéer inrgny single set-up, Thus, a given disk
would bevcombined with:either one spacér or the other, but
not both, in the same assembly, In addition, the ratio of
spéeers to disks,was éonstant‘througﬁout the assembly for
any one éet-up, except in a few special dases whieh are
carefully designated in the data,

AUXILIARY APPARATUS, The suxiliary apparatus employed
”iﬁeluded'a water meter to determine the rate of flow, a cen-
trifugal pump to prodﬁce the required hesd, a surge tank to
eliminate the pulsations produéed by the meter and pump, and
& pressure gage to ascertain the magnitude of the head drop
for a given length, The water was circulated by the cen-
trifugal pump, while the regular hydraulic laboratory storage
tanks served as & reservoir, Fig, 3 presents a photograph
and & diagramic sketch giving the general arrangement of the
experimentsal eguipment,

EBach group of four piezometefs was connected to a mani-
fold leading to one leg of a U-tube manometer, Thig instru-
ment was constructed of 4 inch inside diameter glass tubing,
and mercury was used as the indicating fluid, with water
filling the éonnections. The differential readings gave the
_drop in presgsure between the piezometerﬂgroups. The scale
congisted of a flexible steel rule graduated in mm, sliding
through one ani connecteﬁ\to the other brass slider, ZEach
glider actéd'as a holier for a glass mirror with s fine line
gscratched on the surface, By this method, the differential
mercury héight coﬁld be read to the nearest 1,0 mm, and egti=-

mated to the nearest 0,2 mm, since the fine scratch provided
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a maﬁhoi=cf eliminéting errors due to parallax, In the glass
.'tube, any;ordinéfy’variation ih}diameter might have‘daused

a changé in the differential mercury height of about 0,1

mm, due to the difference in capillary effects, but this is
less than the best reading aﬁd need not be considered, The

- maximum reaiing of the manometer is about 6 feet of mercury,

- PRELIMINARY TESTS OF APPARATUS

WAiER METER, The water meterrwas a wobble piate,
positive digplacement type of instrument, graduated to read
in pounis, As it was & commercial meter, frequent calibrat-
iong were made throughout its use, 8Since the apperatus was
found water tight when under operation, it was then possible
‘to calibrate the meter by weighing the discharge from the
turbulenee tube, The capacity of the weighing equipment was
300 pounds which was determined to the neasrest quarter pound,
The time required to fill the weighing system was taken with
& stop Watch. Fig, 4 presenfs the results from nine series
of célibrations with temperatures varying from 63 to 92 deg,
fehr, Thus not only is the calibration constant over a
period of time, but ressonable tempeiature changes show no
appreciable'effect upon the rating, (The variation in the
dengity for the temperature limits encountered is only about
10,4 per cent), | |

MANOMETER, A rough test was employed to determine the
difference in the pregsure at any piezometer ag compared with
the group, Iﬁ general, the differences were found to be 1es§
than the veriations in pressure occurring during any one run,

Some damping of the oscillations was accomplished by insert-
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iﬁg seetipns of restricted area in the manomefer connections,
_Sinpé'the pieéémetervholeslwere 80 smail, it was very im-
ﬁorfantithaf no leakérqccur if accurate resuits were to be
obtained; All piezométer and}manométer connections werer
regﬁlarly ingpected for leaks, but none were discbverea dur-
| ing the‘éourse of the experiments, Whén performing experi-
ments, precautionsvwere}taken»to remove all air frém the
preésﬁre measuring system and at the conclusion of each test,
the zerollevel of the manometer was checked, In summing up
the features of the manometer, it Wés found to be a rapid,
easily msnipulsted, and sufficiently accurate instrument,

SURGE TANK, The pregsure ogcillations observed in the
tegting of the piezometers'were mainly due to variations in
flow conditions in the turbulence tube, The surge tank was
equipped with a gage glass and the water level in the glass
was generally very stesdy, The water meter pulsations were
practically eliminated by the surge tank, The variations of
pregsure in fhe turbulence tube might have been due to the
entrahce conditions or a possible pulsating characteristiec
of the flow about the obgtructions, However, in general,
the megnitude of the oscillations was not enough to seriously
effect the feadings.

TURBULENCE TUBE WITH GLASS SECTION, In the preliminary
"work, a glass tube of apprdximately the same dimensions as
the brass tube was used in order to visually observe the flow
| phénomena,'and to obtain approximate data regarding the be-
havior of the water in the turbulence tube, Accurate resultg
could not be expected from this glass tube since measurements
showed it was not circular aend the mean diameter varied throughout

the length, As the head varied directly with the square of the
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veloeity, it was necessary that all dimmeters be constent
‘"within-sméll 1imité;. The glassgtube was satisfactory for
visual'observations ani for pictures; but the résults were of
little absolute value, However, the test results with this
tube were sufficienfly accufate fef comparative purposes,
Fig, 5‘presents the experimental results of all points obtained
at various times during the preliminary work, for a given
arrangement of the central assembly with 13/16 ineh digks and
four 4 inch spacers, Between the runs for this arrangement,
cther distributionslwere invegtigated, ‘thus, the material

of PFig, b indicates the general reproducibility of expéri-
mental data, Thig figure also indicates the relations be-
tween the heal and velocity, thus, the head varies directly
ag the gquare of the velocity, this being the general re-
lationship found throughout the investigation,

In the first runs of the preliminary work considerable
vibration occurred in the central assembly particularly at
high velocities, Three digks were provided with spacing
prongs (spider disk of Fig, 6), thus insuring the concentric
placing of the central assembly with respect to the tube, and
in ajdition eliminating the vibrations, This procedure was
necessary as distorted results were produced when the vib-
rations became severe, Careful centering\of the central assembly
was algo important from the viewpoint of flow resistance, In
the case of sgmooth annular sections, it has been shown mathe-
matically that when the core touches one side, the quantity
of flow for a given head drop was aspproximately two end a .
half tiﬁes greafer than when the core was concentric, Al-

though the calculation only applieid to the viscous flow condi-
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tiéna% there was no'reason to believe:that'nbn-eentering would
not'produce“a Similargeffegtlin the tﬁrbulent»region although
probably'leés in mégnitude. No experimental data was obtained
to determine the results on nonconcentric placing of the central
agsembly,
During therinvestigations with the glass tube, gmall air

bubbles were introduced at the low velocity conditions and

their motions were carefﬁlly observed, Although grave doubts
- existed regarding the indications of the bubbles, due to the
large difference in density with respect to water, a study
of their actions gave some ideas regariing the possibilities
of different types of flow, Fig, 7 gives several sketchesg of
the observations msde upon different arrangements of the central
assembly, Thege were obtained by watching the flow from a
certain angle, where the light was reflected by the bubbles
cauging the eye to gee a stresk which indicated the path of
the air bubble, Closer observation showed that fhe bubbles
414 not travel in one place between the digks, although out-
gide the disks they apparently followed an approximately
axial path, In the gections between the disks, considerable
ogcillatory rotation was taking place around the spacer, (in
addition to the motions inlicated in the sketches), In some
cases &s many as six revolutionsg around the spacer were made
before the bubble wag drawn out of the section. The gide
strip shown in Pig, 6 was used in an effort to determine the
approximaté’magnitude of the effects due to the rotation, the
strip being nothing more than an obstacle to prevent flow
aroundi thé spacer. A comparison of the test results, with

and without the side strips, are given in Fig, 8 for the 15/16
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inch, 15/16 ineh, aﬁd'l?/le inch digks, and % inch spacers,
AithOugh'thg efféct bf the éide strip varied throughout the
different arrangements;’the,variation ﬁas relatively small
and, in the main, the effect of the rotation did not nced to
be considered. , | |

 ENTRANCE CONDITIONS, It was necesgary to investigate
completely two important effects before the true value of the
- experimental work could be agcertained, The first of these
was the disturbance produced by the extremely poor entrance
conditions into the épparatus. The water enters in a sharp
90 deg, turn and the first piezometer group was only about four
pipe dismeters downstream from the entraﬁce. Such conditions
wére bound to have some effect upon the measured head drop,
however it was possible to determine the approximate magnitude
of thig effect, This approximetion was obtained by plscing
smooth concentric cores inside of the external tube and com-
raring the results of the friction factor with thogse found
by the investigators of annulsr flow, Fig, 9 presents the
regults obtained with smooth cores in the turbulence tube,
The log of the head drop and the log of the velocity were used
ag coordinates, ‘(he work of Lonsdale gave the head varying
with the 1,72 power of the velocity, and Lea and Tadros
obtained 1,73, The values obtained in the turbulence tube
were higher, but still deecidedly less than the square, Some
difference was to be expected due to the influence of the
entrance flow, Work in the turbulent flow range with sections
other than circular has iniicated that at a given Reynolds' .
number, uging thé hydraulic radius as the linear dimension, the

friction factor is approximately constant for all gections,
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Fig.'le ahows the results obtained by a group of investigators
7df‘annﬁ1ar;flow‘andbthe,approximation of the frietion factor
with regards to Reynolds' number'ié tﬁus fairly well verified
for this particular section, <the results in the region of
viscous flow have nof been cdnsideréd ag this condition was
- not reaéhed in any of the experimental work with the turbu-
lence tube, tig, 10 gives the material of #ig, 9 in terms of
the friction factor and Reynolds' number in order to obtain a
comparison with Fig, 12, The friction fsctor curve for circular
sections refers to the one given by Professor Daugherty in his
book "Hydraulicg" for the friction factor of smooth round
brass tubes, Thisg curve is an average one for a great number
of experiments, including those of Stanton and Pannell from
which there ig little variation, Fig, 11 was obtained by
congidering the diameter of the annuler section equal to four
timeg the hydraulic radius, and computing the digtance from
the entrance to the first piezometer group on this basis, <he
percentage variastion was taken from the curves of wig, 10,
#ig, 11 demonstrates very clearly the effects of the entrance
conditions due to taking pressure measurements too close to
the point where the water enters the turbulence tube, Al-
though the error is considerable, the smallest pressure
meagsured with the disks and spacers was several times the
value for a smooth core of the gsame diameter ag the digk, and
thus the variation of the friction factor due to the entrance
conditions becomes relatively small and is neglected throughout
this invegtigation, |

POSITION OF CHNTRAL ASSEMBLY., The general method of

locating the central assembly for the preliminary testing of
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the apparatus, i‘nvolve:i placing the first disk at a given
‘distance from the upstream plezometers, This condition for
location produced a variable distance between the last disk
and the downstream piezometers depending upon the ratio of
gspacers to disks in fhe perticular afrangement. In another
set of preliminary experiments with the brass tube, a check
run on & given arrangement of the central assembly was made
by removing‘the last disk, The results showed a head drop per
foot of length essentially identical with the original run
after certsin approximate corrections had been included,
Rather extensive experimental work was conducted applying
these approximate corrections for the end conditions before
the result began to indicaste a possibility of error in the
correction methods, In fact, the form of all curves had been
determined throughout a wide range before any apparent varia-
tion developed which tended to iaise the quecstion of the
veracity of the correction proceiﬁre.

If the preliminary method of correction was satisfac-
tory, it implied that the downstream pressure conditionsg
were similar to the corresponiing phenomenon behind an
orifice plate in a pipe or in the large section when sudden
expansion takes place, An investigation of the downstream
pressure conditiong was meie by shifting the central assembly
for known distances with respect to the piezometers, The
relatiomm obtained in this work sre given in Fig, 13, [he pres-
sure opposite the last disk was arbitrarily taken as zero; thus
the pregsures plotted show the variation between any pogition
down stréam‘and that at the last digk, This curve ig for the

65/64 inch digks with six % inch spacers, +the shadled isolated point s
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represent Gondifibns for the different<arrangements of the same
A‘size'disks'and spaéers, Fig, 13 was included in order to
‘ﬁemonstrafe the dependence of the dowhstream conditions upon
the digstribution in the central assembly, Each point represent-
ed in the figure has.beén obtained for a mean veloecity of 12,3
feet pér second, (All velocities given in this report refer

to the mean veloeity between the disk and the outside tube
unless otherwise gpecified), Any other veloecity would show the
same relationship, since the head drop versus the square of the
velocity curve wasg a straight line in 811 digtributionsitesteéd
for the downstream conditions, The straight line in the
figure repregsents the change in velocity head between the
narrow section at the disk and the larger downstream section,
The other curves give the corresponiing pressure relatiqns for
& sharp elged orifice in a pipe, and for an exanmple of

suddien expansion, with the game area ratio of minimum and
maximum cross seétions. AllAcurves refer to a mean velocity

of 12,5 ft, per sec..in the narrow section, It is resdily
observed that there was little connecti-n between the pheno-
mena, The orifice pressure curve was taken from similar curves
by Hodgson and Johansen, The sudden enlargement data were
obtained from Archer's curves for this type of flow, The
material of PFig, lﬁlhas indicated the only pogition for the
downstream piezometer with respect to the last disk, free

from the effects of the distribution in the central assembly,
was eithefvopposite the last disk or at a distance faer enough
downatrear to eliminate the effects of the pressure oscillations
produced by the asgsembly, $ince the tube was very limited in

length the procedure of placing the last digk opposite the
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dqwnstre&m_pieiomefer was adopted as'standérd.

© HEAD TOST IN END SECTIONS., The method employed still
left thé correctidm to be'applied for the head drop between
the‘upstream piezome#ers eand the first disk, Since the appro-
ximate preséuré drop per unif of length for the spacers was
known, it was then posgible to calculafe the pregsure differ-
ence between the piezometers and the cehter of the first disk
by epplying Bernoulli's theorem and the Equation of Continuity,
values'of'the head drop per unit of length for corresponiing
centfal assembly'arfangements, but varying in éverall lengths
by one disk and its related spscers, showed differences of
only 4 per cent which was well within the limits of accurscy
6f the experimental work, This correlation of values for

‘the head drop was obtained with 65/64 inch disks using %

inech spacers, Three different arrangements of the central
agsembly with this disk and spacer size were uwsged, As this
correlation was obtained by always placing the last disk
oppogite the downstream piezometers, the procedure was fhen

justified for use as the staniard setting,

EXPERIMENTAL RESULTS

NUMERICAL AND GRAPHICAL REPRESENTATION, Table I presents
the numericsl values of the original readings for experimental
runsg with the last disk placed opposité the lower piezomet¢r
group, The fun number is a designation used to indicste the
perticular distribution and how meny times that distribution
had been invesgtigated, The disk and spacer dimensions refer
fo the outside diemeter, The number of spacers provides a
meagure of the distance between succegsive disks, The velo-

eity has been computed directly from the turbulence tube dia-
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metep, disk diaméter, and water meter-reading relations, The
‘gquare of ?he velocity hes been corrected to account for the
calibration values of the water meter, The total head drop
ha@ been corrected for temperature changes only, and does not
include the variatioﬁs introduced by the difference in effec-
tive leﬁgth of the central assembly and the distance betwéen
the piezometer groups, The effective length refers to the
distance between the center—lines of the first and last disks
of the central assembly, The material covered by this table
has been i;$1uded in‘graphical form in Figs, 14 to 22 inclusive,
The coordinates are the total head and the corrected square
of the velocity, It is of particular interest to note that
almost all curves are straight lines, thus the head was
directly proportionsl ;o the scuare of the wvelocity,

Figs, 23 and 24 give the combined results plotted on
different coordinate systems, Fig, 25-—[a} presents a table
indicating the cénnection of the symbols used in Figs, 23,

24, and 27, with the central assembly arrangement, These later
figures all refer to a constant veloeity of 12,5 ft, ber seec,
The discontinuities in the curves represent the range where

the flow changes its general characteristics, Although the
disks were separated by a congiderable distence in gome arrange-
ments as shown in fig, 24, they.always affected each other,
Hence, there are no data available regarding the behavior of
gingle disks,

DIMENSIONAL ANALYSIS, Although Figs, 23 and 24 present
‘the experimental results very effectively, they provide little
correlafion for different sizes of disks and spacers, In the

effort to develop a logical coordinate system which would

include all distributibns'investigated, the method of dimen=-
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sional snalysis was used, Following the method outlined by
Buckingham, the équation

£ gl A mnent ]

was obtained by considering the independent quantities de-

»”
termining the flow conditions as
:4{/ = head drop (feet of water per foot of length),
» /ﬂ

e

il

abgolute vigcosity,

i

density,

it

veloceity,
= acceleration of gravity, and
/) = & linear dimension,
The values of /° represent ratios between quanities of the

same dimensions, Since the experimental resultg of the

invegtigations of the turbulence tube demonstrated that
within certsin limits the head drop was directly proportional
to the square of the velocity, the effect of the first {wo
terms of the function‘can be neglected without introducing

any eppreciable error, Then Eq, [l] is written

s

- Por the purposes of a preliminary investigation, the

ratios /* of Eq, [2;] were assumed to involve only linear

dimensions, If these ratios were independent of the outside

tube diameter; it would have been possible to apply the laws
of Similarity, Upon attempting to apply these principles, it

quickly became gpparent that the phenomena were not independent

~of the tube diameter, and thus it was impossible to have all
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of the /, terms ideﬁtical at the same time with a single size
of cutside,fube. Thefefo&é,'the only possible method}to
check completely the validity of the assumptions regarding
the ratios of Eq. [2] , was to investigate a geometrically
similar turbﬁlence tube, | hd

SMALL TURBULENCE TUBE, A second tube was construeted
gimilar to the original, the ratio of inner diameter being
0,678, By using 0,688 inch diameter digks and % inch spacers,
it wes possible to approximete closely conditions of simila-
rity wifh the large fube, 65/64 inch disks, and £ inch gspacers,
The original data from the sméll apparatus are given in Fig,
25-—[ﬁ] . Congidering the relations required by Xq, [2}
end the Laws of Similitude, the values for the small tube
approximately check those for the originai. Thig correlatioh
ig considered in greater detail with the discussion of Fig, 27,

DEVELOFMENT OF DIMENSIONLESS COORDINATES., Using all
informaetion from the tests, & further investigation of Eq, [g]
was made, The impossibility of deriving the ,» terms frbm a
two dimensional flow analysis quiekly became apparent; there-
fore it was necessary to0 include ratiog involving the dia-
meters, Fig, 27 was obtained by considering the 17/16 inch
digk and 3 inch spacer runs as standard and correcting the
- maximum point of all other sets to coincide with the standard
maximum by means of srbitrary coefficients, In most cases
when the maximum valuesg coincided, the rest of the relations
were very similar when congidered by the coordinates of #ig,
27. An analysis of the arbitrary coefficients showed D
eand C to be coﬁstant for s given gize of spacer and tube,

while R, depenied upon the d ratio, rig, 26 gives the

R
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14
t

relations of R, and % for two iralue"s_‘of —g_s ; accordingly,
the value o(J’:"C is connected with the slope of the line on

the R, and % plane, Eq. [2] - is rewritten in the form

, ‘
A - r* / pa ‘

C R th b Dp - ) [\3]
to express the curve of Fig, 27, which has been plotted for

2
a constant value o:[-"2 ”;7 , a8 determined by the diameter of
7t |

- the originagl turbulence tube a.nd' & velocity of 12,5 feet per

second, If the conditions of Fig, 26 are Substituted in Eq, [5]

' .
the expression becomes

e = I L) BRI O

where c- /[%]
- 18]

Very little can be said regarding the functions f andf
. ' 2

\

since only two points have been determined, At the present
writing, experiments are being conducted to obtain a third
point and the resulting approximate form of the functions,
LIMITS OF DIMENSIONLESS TREATMENT, The experiments have
indicated the limitations of =g, [4] . i‘he validity of the
curve of Fig, 27 has been experimentally demonstrated for the
limits of 0.3'<2LFé < 0.7 , while the minimum value of -’é/o for
~the head drop being directly proportional to the sguare of the
velocity was 0,24, At values of %<O,3, the insgide wall
exerted an appreciable effect as shown in picture #79-A and
the quadrafic law was no longer velid, When 4 . o7

R
sqﬁare law applied, but the effect of the outer wsall became

, the

noticeable, producing a flatter characteristic of the pressure

gradient versus L . When ][ D, L4<0.3, the flow type
. ) : D 2 Dt DD :

2]
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appréiimated the cénditions surrouniing a smooth concentrie
“core, and if Jf [PD:]%; ~aq.9, the flow approached the type
found in the wake behind & single sharp obstruction,

| PHOTOurArHS

INDICATING SUBSTANCES, 'As a méans of explaining the
' breaks‘in the curves of Figs,23, 24, and ?7, the flow was
| invegtigated by photographic methods. The glass tube wasg
uged with various substances injected into the flow to provide
~an indicating medium. Small air,bubbles; potassium permanganate
dye, aluminum—bronze‘flitters,and aluminum-bronze powier were
employed ag the indicating mediums, Transmitted light fur-
nighed by a 1500 watt incandescent globe was used with the
firgt two and reflected light from an arc lamp with the
aluminum-bronze, After & serics of test pictures, the aluminﬁm-
bronze powder was chosen as the standard indicating medium
for meking the investigation,

DISTORTION, Pictures #5 and #35 were included in an
effort to illustrate the effects of distortion due to the
vaerigtion in the indices of refraction for sir, water, and glass,
The digtortion was measured by teking the ratio of a hori-
zontal meagurement given by the projection of the disk from
the spacer gni comparing it with a vertical measurement near
the center of the tube, In picture #5 this ratio is 1,37,
while actual measurements gave & value of 1,11, The dis-
tortion was reduced by surrounding the tube with a box con-
taining plate glass sides and filling the box with water,

The effect of the water bath is shown in picture #35 where the
lefél of the Wafer gurface is in the middle of the photo- -

graph, When the bath wag usged, the distortion ratio became
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‘1 07 thns e Variation of approx1mately 4 per cent still exigted,
‘Investlgation of this ratlo for various distributions gave a
value approxlmately 5'per‘cent low for all arrangements,
A;thbugh gome distbrtions exist in all photographs, they
were taken as being sufficiently correct for the purposes of
| this‘investigation. ‘ A .
Y 'APPARATUS FOR PHOTOGRAPHS, Pig, 28 gives the arrangement
. of the apparatus used in making the photographic studies,
The light produced by the high intensity carbons of the arc
lam§ was brought to a focus on the firgt slit by means of a
circular.lenS*. A cylindrical lens was placed with its focus
at the illuminated slit, This type of leng gave approximately
parallel light in the plane of the figure and diverging light
in the perpendicular plesne, Thus, by changing the position
of the lens system with regpect to the central assembly, the
vertical length of illumination was controlled, The second
and third glits were used as a means of preventing any stray
light striking the glass tube and spoiling the gharpness
of the photograph as well as restriecting ﬁhe thickness of
the illuminated section, The majority of the piectures were
taken with the third slit l/leinch in width although a few
were taken with 1/32 inch width, uhe arc lamp was used gince
- a very intense light source wag necessary -to supply sufficient
illumination to insure the path of the small particles being
recorded on the photographic plate,

AIR BUBBLES., Studies with air bubbles were made as a
megng of checking the vigual observation presented in Fig, 7 .
Pictures #5 end #35 were taken with air as the indicating medium

while #36 end #37 hed a combination of very small air bubbles
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and alumlnnm-bronze powder, In general the photographs show
‘the same type of flow as visually observea for the medium
disks and four % inch spacers using air bubbles as the indieca-
: for.a ‘ B

| ~ DYE, Picturés #17, #19,‘and #21 were-included in order to
" gshow yyéical regults obtained with dye, The time of exposure
fo“r“each picture was approximately 1/1000 seconds, This speed
- was obtained by making use of a digk rot;%ing at about 1475
"R, P, M, and having one 5 deg, sector rémeved, By placing thig
rotating disk betweeh the light source and the camera, it was
possible to use it as an asuxilisry shutter when the camers
shutter wag ad justed to open only once per disk fevolution.

The pictures present different sizes of injection needles,
rates and points of injections., They also clearly indicate
the extremely rapid rate of dye dispersion, even at the low
velocities studied, and therefore, provided very little in-
formation regarding the flow conditions. They plainly illu-
gtrate the difficulties in using dye as an indicator for com-
plicated turbulent flow, Congidering picture #19 in partieular,
the dye shows that there was apparently little or no transfer
of water between the through particles and the particles in the
weke formed by the disk, This‘may have been the true case, yet it
is possible that the rate of dispersion increased so rapidly
upon crosging the boundary of the two types of flow, that the
above results are apparent only and were not the true condi-
tion, Therefore there is a question regarding dye results
without considering rates of injection and detrimental effects
of the injection'needle upon the flow, In general, the pic-

tures using dye as the indicating medium provide less informa-
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tion(than when ¢ther-matérials were employgd'for the purpose;
" . ALUMINUM POWDER, Picture #34 ha_{a aluminum-bronze flitters
ag the indicators. »As.seen,in the phbtographs, the flitters
tended to give a broad, blurred line, whiéh was not degired as
the path of an individual particle was‘then very difficult

- to follow, | | '

The best photographs were taken with aluminum-bronze
powder, which was of the commercisl variety produced for use
ag a paint pigment, Since there is s diffé;ence in the den-
gity of water and aluminum, observations were maie on the rate
of free fall of the particles in water as a means of deter-
mining the effect of the variation in density, In a freshly
made mixture, the particles settle very slowly, but if the
mixture has been gseverely shaken for gome time, the speed of
gsettling will be increased, This behavior can be explained
in the light of Professor Carmichel’s observations with
aluminum powder, vSmall air bubbles eling to the particles,
thus reducing their effective density and decreagsing the
rate of fall, If this is the case, then severe shaking mugt
have gggisted in tearing off the air and leaving a particle
of greater effective density, For the photographic work, all
injection miktures were freshly mixed for each set of pictures,
The rate of free fall was go small, that the aluminum-bronze
| parficles should have followed closely the path of the water,
An ingpection of the photographs of air budbbles and aluminum-
bronze particleS-shows that they'both indicate approximeately
the game type of flow; thus from a qualitative viewpoint, the
conditions were not gensitive to reagsonably smgll dengity

varigtions,

The majority of the pictures were taken at a water
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velocity between four and five feet per seéohd. At this value,
experimental data iniicated the point for the head drop Versus
the squére of the velécity was on the‘strgight line, Some
plctureg were taken at g lower velocity in order to obtain

a clearer photograph; #36 and #40:A refer to the same central
‘ assembly arrangement, but the velocity of the latter is approxi-
mately two and one half times the former, In spite of the
differencé‘in velocity, the photographs show the same type of
flow to exist in both cases, 4 similar reéult is obgerved

in #437A and #80:A Where the velocity of the first was over
three times that of the second, The veloeity with the 20/16
inch disks was approximately nine feet per second, fhig high
velue was used as the velocity in the space vetween the disks
was congiderably less than the computed value, The majority

of the photographg indicated the method of computing velo-
cities was a failr approximation, particularly for the coniition
of relatively few sgpacers per disgk,

'PULSATING FLOW, Comparing pictures #36-A and B, it is
readily observed that the flow downgtream from a disk projection
was not gsteady with respect to time, hence the phenomenon was
of a pulsating type. Staniard speed motion pictures were taken
in an effort to illustrate the transitory nature of the flow,
The forming, the breaking down, and reforming of the whirls
is definitely shown in the series of pictures presented, 1In
the arrangements with the digks relastively close together,
the whirls apparently elongated themselves until they filled
the space between the digks, and then broke up, This action
wés deciiedly different trom the characterigtic flow of whirls

unier free turbulence conditions, 4s the disks were separated

further, the whirls elongated and tended to break away
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from the projection and travel downstream similar to the
Whirls in ifee’turbulénce.” The flow phenomena of the>20/16
inch disks with wide Séparations were different from these
illustrated by motion piectures, Thus, in picfures #92-4A,

and #884A, twé distinet whirl fegions’are shown and at no time
'3id they elongate to interfere with each other, although
varying in position in their own spheres of action, The
motion pietures provided an sdditional check 35 transitory
nature df'the flow past different central assemblies,

TYPES OF FLOW, The photographic studies have shown the
exigtance of at leagt two general types of flow, Fig, 29
presents a sketch showing typical exampies of the types of
fiow at different gtages 1n their development, 1he first of
these is illustrated by pictures #b3-4A, #43~B, and #52-A,

This type involves a surface of discontinuity which approxi-
“mately coineided with the cylindrical surface encloging the
outgide diameter of the digks, Under these conditionsg the
through flow approached the characteristics shown in #Bé;A
for & smooth asnnular space, The second type of flow is illus-
frated by photographs #68-B and #69-5B, In this group the
surface ot discontinuity bent into the space between disks
after each projection; hence the through velocity relations no
~longer approximated the conditions for flow in smooth anflular
spaces, As different types of flow exigted, it is poscible
that & change in friction loss relations might have taken
place, Table II presents the central agsembly arrangements
for the upper limit of the first type and the lower limit for
the gecond as determined from the photographs, These results

furhished an explanation for the bresks in the curveg shown in
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Figs, 23 end 24, A comparison of the table and the figure
showed the break occurred when the type of flow changed;
hence the factors determining the fricfioﬁ depended upon the
tyﬁelof tlow exigting in the gpaces between the digk projectiong,
the 20/16 inch disks were not included in this table because
'pictureé available are not suffieient to allow an analysis,
as the type of flow apparently differs from those discussed,
DISK THICKNESS. Since all disks were,cogstructed from
the game thickness of brass, picture #99-A and #98-B were teken
88 & means of studyihg the probably effects of increasing the
digk width, bEkxperimental data have shown the resistance of
any arrangement of the disks and spacers to be grester than
that of a smooth central core of a d{ameter equal to the
digk diameter, The photographs show only & small veriation
in the velocity distribution along the long surface of the
disk (£ inch spacers in these pictures), and the conditions
with & smooth core, trom an asnalysis of the photographs and
the little experimental data available, the thinner the disk
projection (limited by the thickness required for strength),
the greater will be the friction drop for a given distance
between disk center-lines,
Photograph #79-A gives a picture of the flow when the
heal drop was not proportional to the square of the veloéity.
With this size spacer and disk, the maximum head drop was not
attained even with an arrangement of one digk per gpacer,
A complete analysis of these srrangements was not male as they
proved fo be outsgide the limits of application for the majority

of the work,
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POWNSTREAM GONDITIONS, mhé downstream conditions are shown
.in7picturesf#93 to #97 inclusive; #95; #94, and #95 illustrate
the complei.conditiOns_behinﬁ a singlé digk, +‘he effect of

the disturbance produced by the projection extended downstream
further than the maximum distance between spacers used in the
»central assemb1y arrangements, Hence, the head drop per disk
in the arrangements never reached the value for the head loss
of a siné&é disk.‘ rxperimentally, this is shown in rig, 24

in which the curves never reach a constant value, DPicture
#96~-A presents the flow conditions corrésponding to the curve
for the gix 4 inch spacers and 65/64 inch digks given in Fig,
13, The particles passing the projection bent around the wake
until they almost reached the spacers at the point which roughly'
cdrresponded to the first maximum pogition in Fig, 12, After
this point, a second digturbance took place which approxi-
mates the action behind s single digk, Thug, if the curve of
rig, 13 Were,exteﬁded, it would not form another wave, but
would reach the maximum snd level off similar to the orifice
or suldden expansion curves, Picture #97-A illustrates the
conditions of sudden enlargement when the diameter of the

core is reduced, Although the curve for sudden enlargement

in Pig, 13 applies to & change in circular pipe Jdiameter when
no core ig present, the conditions shown in the photograph
'indicate the pressure relations wouldl be approximately the same
in both casges,

VALUE OF PHOTOGRAPHS, The photographs have provided en
explanation for the discontinuity in the curve of Fig,27
by illustfating the two types of flow involved in the relations,

They have shown the charscterigtics of at least two additional

types existing outside of the limitations of uq, [4] .
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The motion pictureé_have illustrated'the pulsating characterig-
'fiéé of the’whifls fbrmed'in the wake of the disks, 'Although
the picfures have given excellent qualitative results for the
reqﬁirements of this investigation, the limits of the photo-
graphic method have not beenvreached, as Professor Carmichel
‘hag denonstrated the possibility of obtaining excellent

pictures for quantitative purposes,



SUMMARY

The work of this investigation provides: additional
experimental data regarding turbulent flow, with particular
reference to the phenomena agsociated with a long series
of gsimilar bodies forming an‘obstruction to the motion of
water through o circular pipe, The obgtacles were mounted on
a rod concentric with the pipe in such a manner as to
allow,the space between them to be varied, Investigation of
the phénomena followed two geneqrsal methods; quantitative
development of the relations of the pressure gradient to
the mesn velocity and gualitative clasgification of the flow
by photographs-of small sluminum-~bronge particles in the water,
The equation

/75{/[[/?}/ o,,gj fpt/[{/f[j}é

expresgeg the relation between the pressure gradient and the

velocity in terms of the dimensions of the turbulence tube,

The dimensional gymbols refer to the turbulence tube meagure-
ments indicated in Fig, 6, This relationship is valid Within the
limits 03< %<0,7, For f[gz i>a24"che pressure gradient is

2 [ D¢ D,

directly proportional to the square of the velocity, The photo-
graphs show two general types of flow within the range of valid-
ity for the equation, At values °f.f[j] < 0.9 the through
flow approximastes the conditions surroundlgg a smooth core and
when.]glgi]%%'is greater, the through flow tends to follow the
characterisé;c conditions in the wake of a sharp obstruction,
The pulsating nature of the flow is illustrated by standard

gpeed motion pietures,
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- DOWNSTREAM CONDITIONS
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¢ 7a8L.£ @
TNonraesrs | ORIGINAL FReapmes| Ut ocITIES |
Run s SPACER oF SGUARED | 7OTAL EFFECTIVE
NUMBER | Dvamierer \DranmerER|SFPACERS | FLow HEAD | CorrecTED| HEAD LENGTH
. . . 2
srches | 1rches /"5'/” ir| of 2, 1 &7 E‘%ec] {54 tii feet,
7-0 O 8E/2 o850 3 132 4 /6.43 5.8/ 330 6.8 Jos
. : /83.8 252 ] 807 674 /52
2627 66.58 | /5L JIEZ 275
. s : 226.8 LS54 | 896 293 RO, 4 ‘
-7 0.8z o 5o &£ /338 /734 | 5881 237 72 305
/85.2 3388 | &I14 £5.8 sEO
2268 S/ oz g 896 99.3 z2/./
_es 2 sor0 | 988 977 2o.7
2740 74 /3 | /I2.03 | /4S8 30.6
- 28/2 o.50 5 /34 / /663 589 \ 339 6.9 Jos
/EL 2 | g 72 | 8.0 650 /3.7
2367 52 24 10.40 | 085 2/ 5
2520 7L 90 | /239 /55,0 32. 9
- /52 R /6,73 | 6.69 LE0 5.9 304
g a8z e ¢ 2/9.3 3543 963 | $92.7 /2.5
2705 s53.54 | /.88 | A5 22.7
3073 6576 | /329 | /840 288
. i |
|
B, ) 5 3 /56.2 3990 | 745 \ s7a | /6.2 306
17 E ass7 o-50 19/.5 794, | JLAE | /E9F F2.&
2378 /B0 | /3CC | /699 5/7, /5 o
- s352 ~3/9 740 | 536 e A
/5= 0937 oso “ Yool it A Y s
230 /2920 | /K63 60,/ J—:;.3 7
B 12/ 7 Lr /2 772 |7 585 /9.5 L O8
/77 2937 | @@ i 0.9 gggg i a3 | /083 359
2320 292/ /,g ?9 BT 5;.3 50
- P >y 43.97 7 587 /8.7 .03
S M ’ /&fg 75790 o | sl 373
L 7367 | RETE /2.95 | /665 S/ 2
7aBLE [(b).
/VaMEER ClrGINAL /? £AL/NGY VEL COCIT/ES
Aoy Drsr Sracsr or SQUARED Y To7AL | LFFECTIVE]
MurIBER | O1AME TER|IAMETER| SPACERS | S~LOW HEaD CORRECTED| AHEAL | LENGTH|
y y b, 75, A z :
srrches| spches /2 % il o ]/’/7/; £ %ec_ [f %eg] /Z:a zfé’,f_‘ feeot.
57 0937 aso V7 /54.8 20,40 CEHL6 70.5 /6.7 309
16,4 79.¢/ a1 /20, / 32.7
2558 /. 53 /3. .99 /87,0 £6.0
49- 8B /. oL o.50 3 JOE 2 . IS5 6. 74 454 /7.0 3.06
Zra 785..39 9.26 85.8 32.3
LA /IS 2S5 // .30 7.7 48./
20/.0 158.2/ /3./9 /74,0 657
Yz, SO, 88 7 .44 554 z2/.0
so- B /1 0/5 050 < /098 £8.8/ v 50.6 _2o./ 3.07
/53.2 8727 9. 99 99,8 £0./
/96,3 /60,75 /287 /656 66.2
-8 /. O15 £.5¢ 5 /0.6 50.72 7. /5 57.7 20.9 2.99
/523 /00, 32 /0.06 10/ 2 L.
/95,2 /6/.80 12.850 /63.8 66.7
52-C /. ors .50 6 833 27 .35 5,39 29./ /7.3 293
/3.5 50.45 7.36 sS4 2 Z0,8
/35 / 75 .24 8597 E0.5 3/./
159,/ 100, /4 10,37 107.5 /.3
/792 IRE.50 /7, 70 /36.9 SE.3
/99.2 /58 /8 /3 .04 /70.0 65.3
53 S O/5 .50 7 3/ 8 37,74 592 35,/ V-4 oz
) 62.23
/573 934/ /0.27 1055 328.5
/80,5 IEE. 05 V/on-74 /39.5 eI R
; 2oz R /54, 78 /3.25\ 756 83.7
S 2z 250 8 9/.3 239./2 590 348 /2.0 .04
/737.8 6/.22 - B.96 735 25.3
J60.0 9/.33 /022 /086 37.7
/822 7/8.85 12.07 /357 49.4¢
206 O VATAR- 4 VAR /EE.3 62.6




76

TapLe [fc).
\Nemrser | Crrsinvar Reabives LELOCITIES
Aorn Drspe Skacer o B SQUARED BracL ERRECTIVE
NUMBER | LVIMETER AME TER|\SPACERS | Fromw SHEAL CORRECTED| HEAD LENGTH
e ; /b5 /. Crrrs, # 2 A
rches | spches /m, | of 5 S /s oc Ef %ﬂ_} {;l; tgf feet.
55 Laus oS50 - V7 /9.8 3/.00 6.59 #3.4 /2.8 2.92
/406 59.05 915 &E3,7 242
Z2% FE.80 //.23 /26./ 36.6
. 200.& 12070 /3./8 /73.7 49.8
56 -A /.o/5 .50 /E 1028 28.70 6.64 S/ //.8 3.08
1042 S53.90 9./3 83.4 22.2
/69.7 79.80 //.07 122.5 Jz.9
/596./ /06./5 /2,84 /64.9 L3.8
-0 1062 .50 3 97.4 57,02 7. 37 SE. L z2/.0 Jo05
: /36.2 102.87 70,3/ /039 L2242
172.8 /167 4/ /5,08 /63.9 69.0
37-£ /062 .50 £ 97.4 SRS 737 SE. & zz./ . 306
. /3/.6 /0, 56 5.96 96.9 S£E. O
/68.2 /67.82 /2. 73 /60.3 638./ 3
#0-8 L O62 2.50 5 93.3 5360 7 06 A9 zz2./ 307
/28 .5 /O3,.52 9.72 2.3 22,7
/63.3 /68. 00 ’/2.37 VAT evs 69.3
42-8 /062 0.50 & 93.8 52.79 772 45.6 2/.8 J.03
/30.8 10384 890 258 22.8
/65.9 /67 54 /R.55 /557 69/
74 1062 Q50 8 97 0 0.4/ 7.34 S2.0 20.8 I o4
/35.2 98.89 /0.23 /02.3 40.8
/73.0 /63.00 /3./0 | /70.7 67.2
60 /067 o500 /0 /03.3 S0.82 7.72 576 Z/.0 3.09
/3.7 99.854 70.88 /76,0 4.2
/7L S/ /REF. /G /3./9 /T7EE6 6/.5
&/ L 062 a50 /e /7.3 S2.50 E. 47 697 - 27,7 J.07
/2.2 98, .52 YR (30.6 H0.6
/85 3 /FE5. 93 /4 O2 /958 6/.6
7a8Le [@)
. Wensser |Orrcinat. Aeaoines LELOCITIES
V=72 Drsic | SRACER o SPUARED | 7o74L | £rrecrive
YVeormaer | DUamETER| 1aAMETER|\SRACERS | FLow HEAqL CORRECTED| HEAD | - LENGTH
A ; 4.3, crr7s. : ’ z A
- sirches | srrches s 47 | of /;7/; ] f% oc. [f%! c] JZ: " t‘;f; feet.
62 1.082 o.50 /4 /7.6 32.70 - 8.90 77./ Zr.7 3./0
/60,0 G5.6/ Y- N4 IC2 4 H20,7
/59.7 /38 /1 / <+ 36 57.0
73 [ 49 0,650 / 25.8 6/.3/ 583 34,0 25.3
36.0 120.9/ 8.59 73.8 43.8
' 46.3 /TE.20 /0.45 /09.2 70 .9
67 [249 o550 2z 250 5459 5.50 Jo.z 22,5
3574 OB2.26 7.54 6/.4 42.2
2/,8 /38, 74+ 9.28 &86./ S57./
467 /7/. 23 /0.37 /07.5 70.5
68 1249 a.50 3 254 56.64 5.6/ 3.4 23.3 3.06
356 /06.3%5 7.88 62.0 4£3.8
0./ /3700 8.90 792 SE. 4
246 /69.09 9.90 8.0 68.7
69 L4 0.50 & 266 56.7/ 584 32/ Z3.4 3.06
364 /a3, /9 8.06 649 42,5
A5 SO ER 47 B8.9 57.8
46.7 /70,24 /0.37 1075 70./
72 L4 o050 =4 253 T S7.09 S72 Je.7 2l / J.04
7.5 /035 /2 848 7.9 433
H326 /38.7/ 986 972 37/
L79 /1 70.37 /10.87 78.2 70.2
B-19-8| o837 | oz 2 /2.6 /8.95 6.27 39.3 g0 Jos
/652 2094 9.04- 8.7 /6.9 :
/99 .+ 5987 708/ /779.0 247
232 8062 | /265 160.0 J3.2
252.8 /0/.00 /3.83 /9/.3 2.7
B-/3-8 0937 o785 - 3 /37.0 3/.8/ 7.50 S5/ /3.7 Jos
/59.3 6/.3/ /0.37 o7,/ 23.2
292.2 /00.37 /3.25 /76.6 2/ . F
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( 748LE [e).
Nen1BER | ORIGINAL FlraninGS) [l OCITIES
Aon DlsK SLACER o~ SQUARED | 7o74c | EFFeCT/VE]
Worser | Ouamte 7er |Cmamerer SAICERS | [ 2o Heao Commacreo| tmao LENGTH
y : ; 2
rwrches | imches / *55/?7/;1 0;”};} S % e [f% a c] f[i/ 42;: feet
B-/5-8 a0.337 o725 |v 4 /4.8 J/. 62 A<l 559 /2.0 308
. ’9/.9 I8 72 [0.439 703.8 24.2
2852.0 [o0042. /3.68 /58,5 2/ .4
B-24 0257 o7s & /56.2 26,25 8.485 720 0.8 2.98
: Z220.2 3273 /2.0 /453 z2/.8
2635 79.30 /L. 2 2.7
B-49-8 | JLo/5 a.75 3 /089 4358 Zo5| 497 /8.7 306
/53, 4 B9.28 /0.00 /000 F6.8
/939 Zxyis /2. 70 /6/.3 590
B-s0-8 L0185 0.75 + /078 AL/ 6.98 45.7 /8.2 3o5
' /52 3 9z. /¢ /0.07 /0/. % 358.0
: ro2.2 S/ FERE /2.59 /E58.5 59.2
B-5/-8 /S ors o, 75 En SET +£<£, 70 7. A2 S5/ /5.2 Joz
/6/.8 50,54 JO.55 //7.3 372
’799.3 /37 .50 /3.06 /70.6 S6.7
B-53-8B /.0/5 075 7 /R85 7 2230 B./5 66.4 | 183 298
’ /77.6 B3 79 //.60 /34,6 7.0
/2.5 /C3. 35 /3.93 /84 O I3 £
B-35-C Yx7-14 075 3 938 S/.69 770 FE S5 2.3 Z07
282 9.3/ 3.7/ 82/ S0.9
/579 /5200 /195 JHEOT 62.7
B-77-8 /068 O. 75 4 9/ 5 JEZ3 693 6.3 /.6 JoE
/85, & 70/ 38 S5 YA 4/.5
/5BO 16855 /.87 SRE &7.0
B-40-8 VAZ LA o 75 5 RE #4976 703 476 7.5 302
/3.8 2l 9.97 37./ £/.8
/66./ /6/.98 /e .58 /56.7 66.6
B-358 L O6R o785 &S S OB, /.45 8.2/ CS5 4 2/.2 z.98
/96,3 25 /0 /109 /20,6 392
/EBR.E /L 5Z /3,52 /80,0 6/.2
7asLe ).
: NumBeR | ORIGINAL READINGS Y772 OTTIES
Aoy Orsk | Seacer o= SQUARED | 787A4L | LFFECTIVE
VWVinrser | Drameremr|Lanierer|Spacers | Azom HealD CORRECTED| MEALD | LENGTH
- . 2
rirches| iches Z b% s O/C‘,Z; £ %e < | |~ %e CJ {54 i) 7: feel,
B-67 1249 | azs 2 170,28 J.os
IEER
B-¢&5 /229 a75 3 yZ ¥ 58.96 543 Z34 243 3.05
3/.0 2.2/ 6.96 5 4 28.8
37.7 /38532 B2/ 70.7 6.9
. </, 9 /7292 9.35" E7. & 7/./
£-69 S2A4Z5 a 75 & 246 3¢.33 IS4 299 23.2 3.08
333 (OR.E5S 742 Kxa7] 22,4
438 S/ 7AO03F 270 o4/ 7.7
8.6 7432 6.35 403 Fo.6
37.2 SESIE0 &2/ 674 ST
4/.3 /52 90 /4 E34 638
B-70 L] 75 5 252 5%, 30 565 3.9 232 3.0z
342 SO0 3/ 7.64 S 4,3
396 /3L, E.77 76.9 K53
EX ’7/.3/ 388 976 0.5
8-7/ /82 o 75 & A 4 SPEez S L7 29.9 22.<4- 3.08
339 95.87 7.57 575 40.7
403 /38,92 g 00 &0 57/
A5/ /78NS /0. 00 100,0 70.9
B-72 =24 Q78 S 28 4+ A5 /o 6.33 S0/ 2+ 0 2.98
360 /00.58 S4E 7.9 4/, 4
LL G /358,26 G 94 8.5 56.9
0.4 ITE 18 7713 /252 70.9
1 1
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orER L.aMiT OF FIRST JrPE
OISK  PICTURE SPACERS

v 3 73 A 3
£5° 72 8 4
F S22 A 1
% 60 B 3

LOWER LinitT OF SeconNe TrPE

SPACERS
PICTURE — NUMBER  SIZE
36 4 < £
76 A 5 4+
53 8 5 4’
6/ A 4 !

WABLE L Linit7s aF CHARACTERISTIC FLow TrPES,




