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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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- INDEX OF PHOTOGRAPHS
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- DOWNSTREAM CONDITIONS

Digtribution
B ) LY
1-20/16" disk 4" spacers
1-17/16" disk "
1-15/16" dick "
65/64" disk 6-3" spacers

65/64" digk (so0lid) £" spacer
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75

¢ 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,




