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Ir TR DUCTION 

Since the dvent of nuc:le r energy as means or 
producing elec 7 r1c power, many developments have been made to 

produce this power ·ore economically so that it may be 

competitive with fossil fuel pl ts . Among the ajor develop-

ments of this program bas been the design of a boiling water 

nuclear reacto~ with integral nucl ar superheating . In this 

arrangement a aonvertional boiling water reactor is used with 

1t central portion usually serving as a superhe t region, 

thus forming a two-pass system . 

Two of the main probleu encountered in the design ot 
superheat nuclear reactor are ste ttcnrryunder" and w ter 

0 carryover 0 in the system. "C rryunder" 1s that steam wl,ich 

is entrained in the boilin water and recirculated through 

the boiler region . This condition is undesirable because 1t 

can cause excessive void formation in the core. Th problem 

ha been satisfactorily solvvd through the development of 

vortex steam separators for use in the reflector re ion, but 

work is being done to improve this method . 

Little :r·esearch h s been done to solve effectively the 

problem or water droplet "carryover" in the stoam la ving the 

boiler region . The reduction of "carryover" is needed to 

el1m1n te the erosion of the sup rheater structure and fuel 

elements due to th~ impinge~ent or high velocity water 
droplets and to prevent the 1ntroduct1on of corrosive materials 
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to the high temperature region. Jne solution currently being 

utilized consists or st inless steel esh, located above the 

boilin interface, which tr s water droplets. The efficiency 

of this mesh, however, is dependent upon the size ot water 

droplets introduced to it. It has been noted by Grencta and 

Wilson (18) that the water droplet entrainment is reduced it 

smaller bubbles are presented. to the boiler interface. A 

ethod for r duc1n the lnrge bubbles which originate in the 

core would be to install perforated plates . 

The problem investigated in tt is thesis is tl at of the 

effect of a perforated plate o the flow of bubbles . For 

t his study air bubble have b en used to s1 ulate sta 

bubble 1n the boiler. The effects vhich e corsidered are 

bubbl break up, pressure drop , coefficient or discharge, void 

fraction and changes in void fraction and flow regimes due to 

the pre ence of perforated pl te . 
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LITEHATUHE HEVIEW 

Tne literature on bu.bble flow in liquids, as well as 

formation o:f bubbles at an orifice, was tound to be extensivE.:t. 

However, no investigation treated the problem of bubbles flow-

ing through a perforated plate directly. The review presented 

here has been divided into two sections which deal in turn with 

single bubbles formed at single holes and the problem or bubble 

flow through a multiple hole plate. 

Single Bubble Phenomena 

R. s. Brown (1) studied the problem or bubbling trom 

perforated plt;_ite trays equipped with dow.ne.0111ers tor use 1n 

distillation apparatus . He presents an empirical formula for 

tho prediction of tbe bUbbla frequency f'rorn a perforated plate 

based on the diameter and area of the hole, thickness of the 

plate, and volume ot the cbamber beneath the plate. It was 

pointed out that e theory ot bubble flow 1s all but ir11possible 

to develop due to the· difticul ty in solving the complex 

equat1ons 1rlvol·ved. Brown also round that es the orifice 

diameter was reduced tbe bubble .frequency increased and that 

an increase in Cb.amber volume increased the t'requency of bubble 

formation. He did not find e.n appreciable effect on pressure 

fluctuations due to L'1 increase of liqu1d head above the plate. 

A qualitative study or bubl:>ling trom the tip of a 

submerged glass tube was made by Datta, Napier and llew1tt (2) . 

Tbey noted that bubbles tormed at orifices up to o.04 cm. in 
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di eter nre subst ntially spherical and upon release from 

the plate momentarily exce d the ter 1nal velocity . ~or 

orifices between 0 . 04 to o.4 cr..i . 1n di eter , the bubbles 

'Were s}herical at release but b came ellip oi al with t e maJor 

ax1s in th horizontal plar e . They also found ther w s no 

typical bubble size for given orifice nd tb t hydrostatic 

head had vary 11 ttle influence upon r te of for ation and 

bubble size . 

Davidson (3) studied extensively the problem of bubbling 

from sub erged orifice. le developed a theory tor st t i c 

as well s ynam1c bubbling fro n or1f1ce a RP.Ults wer e 

pr sente in two for which wer th frequency an bubble 

volume plotted e.gainst the tlow rate. Tbe purpose of these 

types or plot w to show the "constant f r equency" phenoi:uenon 

at high tlow rates 1n which bubble volume increases directly 

as the flo"1 rate, while the volume curve gives a better 

d scripti n of bubbling at low ow rates . 

In continuation of work lready mentioned , Davidson and 

Amick (4) tuaied the frequency or bubbles f r om per r rated 

plate . They noted t e etfect or tho v<llume ot the e1 ber 

below the orifice upon bubble frequency . An empir i c al equat ion 

for the naximum f r quency of bubble for mation , nm (bubbles/ sec. ), 

based on flow r~te, q (ft.3/sec . ), and hole radius , r (ft . ) , 

w s found to be 

(l) 



Much work ''1t1 the rise of 'bubbles in liqu.ids was done by 

Hab rman and Morton (7) and Rosenberg (13) . They round that 

the velocity ot rise, bubble shape, path and general kinetic 

behavior depend upon bubble size (volume), pressure gradient, 

density and viscosity ot the medium and , to a lesser extent , 

on tb.e su:rtace tension. Rosenber g developed an ernpirical 

formula for wall oorrect1on to find the terminal velocity, 

U (ft./sec.), ot a single bubble as well as a formula tor the 

rate or rise of' a spherical cap bubble based on the radius of 

curvature ot the nose, R (ft , ), and the gravitational constant, 
2 g (ft . /sec . ) , 

(2) 

Haberman and Morton carried the same studies further by using 

various liquids to find the effects or viscosity, density, and 

surface tension. 
A linear correlat·ion between the pressure drop across a 

perforated plate and the square ot the velocity of the gas 

pas.sing through it was found by Hunt (9) . 

Peebles and Garber (ll) studied the twotion ot gas bubbles 

in a liquid a.nd. found that the shape or a bubble is dependent 

upon the Reynolds number . They also developed a oor.relation 

for :flattened ellipsoidal bubbles as well as an equation to 

predict the terminal veloo1ty of mushroom type bubbles which 

have a Reynolds number greater than 1500. 
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Uno and Kintner (15) inv ct1gated the retarding er ect 

of a wall on buuble t erminal velocity and derived a rel tion-

ship to correct this eff ct . To make the wall rrect 
negligible, the minimum diameter ot tube hould be ten times 

the equivalent dia~eter or the lar@est bubble which will be 

studied . 

The acknowledged founders of a theoretical basi for 

bubble forma t ion are Van Krevelen and .loftijger (16) . lhey 

recognized two type or bubbling which are single and cta1n. 

By dimensional analysis they were able to conclude tt1at 

bubble size is indepe dent ot flow ra t e . 

Multipl Bubble Phenomena 

A study of ir- wa.ter flow in 1 . 025 inch di eter pipe 

was made by Govier , Radford and Dunn {6) . T ... ey developed 

their studies ~row th assumption that two- phas flow is not 

a si .ply described phenoJena -with efinite lat.inar , tran it1on 

and turbulent flow regions nor does it maintain a constant 

compos t1o lon its p th. Using their own dat and that or 
other re earchers they were able to divide the types of tlow 

into regiues . They found that for a pressure drop of bout 

0 . 2 feet or water per root of travel there w s a transition 

from bubble to slu .flow in an ir- water system. 'fh1a 

transition ex:i t 1n the first flow regime at low flow rates . 

Hughes qt M• (8) made a study of bubbles for· ed at a 

tube inserted in a plate . 'Jlhey perforJLed their investigations 
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in the regions of low flow rate, intermediate flow rate where 

bubble size is dependent upon the flow rate and in the high 

flow region where bubble break up is rando • It was also 

found th~t s chamber volume increased ttte bubble size 

increased. 

Leibson et 11. (10) fow d aisc iarge QOefficients for 

circular submerged orifices based n the flow of an ideal gas . 

They also did an extensive qualitative study of bubble flow 

from. low to very high Reynold number • At Reynolds numbers 

greater than 10,000 the larger bubbles were found to shatter 

about 3 to 1t- inches above the orifice. 

Two- phase flow phenomena in a rectangular duct was 

investigated by Petrick (12). The object or his work was to 

determine flow distribution or air water systems after abrupt 

charges in flow area . He found that flow became annular with 

the air forming an annulus around a mo.re det se center core . 

Sterman (l4) pr sented a dimensional ev lu.ation of 

steam-w ter phenomena. lie found that for a given distance 

above a perforated plate used ln his studies, the void fraction 

rewained constant . Viscosity was not found to be a variable 

which affect the void rre.etion in a perceptible manner . 

Using dimensional analysis he developed the correlation 

tormula for the void rr ction 
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0 . 17 0 . 25 

a = ( p ) K g • 
Pr-Pg 

wl ere (l. = steam volume fraction 
vs :: superf1c1 1 st velocity 
O' - surface tension of the liquid -
Pt = density of 1'lu1d 
Pg = density of team 
d = vessel di et er 
g = ace ler tion due to r avity 

Using data of other 1nvest1.o.~ors, c upled with his own, he 

found that K was l . 07 when "au became o.l+ for a ste ,j-w ter 

mixture . 

a 

erschoor (17) injected a stream of bubbles into colunm 

nd studied their flow. He developed a forroula for the 

averag bubble velocity as a function of void rract o ... , 

ver e ga velocity and vessel area. 

In still another study by ·11so , Grenda and P tterson 

(19) , t e exponential of t e first and second ter s becax. e 

0 . 32 and 0 . 19 re pectively. T ese values were eho n since 

the resultant empiric l equation seemed to fit their data best . 

However, this qu ticn did not agr well with t e data of a 

pr viou inv st1 atlon. 
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Utiliz ng the method developed by St r r::an in the 

correlatio of ste - wat er t , ilson , Grend d Patter on 

(20) found that their data were best correlat d by the 

equ tion 

n.17 0 . 1 

d vs / /2 ( Pg ) g(pt-Pg5 (gj a. :: K ~ Pr-Pg d g{pr-P ) 
(4) 

wher th terms are th same s those defined previously. It 

sho ld be noted th t the second ter exponential b b en 

lowered fro 0 . 2; to O. l due to added data gathered over a 

wider range of vess l diameter • In this study it was found 

that a break occurred when the t 1rd term equ lled 2 . hen 

th1 ter was l SS than 2, K equalled o.68 and " II became o . 62. 

For v lue larger t han 2, K w s 0 . 88 while " 0 equall d O. l+O . 
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OBJECTIVES Of' 'l'HE I N1J t£f,'I'IGATION 

The further developm,ent of boiling water· nuclear reactors, 

especially those v1tb nuclear supeirheating, is dependent upon 

the design ol" effective means or lim.1 ting steam "ca.rryunder 0 

and water droplet uoar:ryovern to increase thermodynamic 

eff1cienc1es as well as to increase the life of s'Uperheater 

components. Design ot better mechanical stew.11 dryers 

x1ecessitates a greater .knowledge of two-phase .flow pllenom.ena 

and tn.e effect which a pertorated plate bas on the break up 

ot 'bubbles, so that smaller bubbles may be produced which will 

minimize water droplet generation at the boiling interface. 

It is the purpose or this 1ttvestigation to stUdy bubble 

break up on a 0 miorosoopio 0 and nmaorosoopie 11 basis . The 

0 m1oroscop1c 11 study will be concerned with a qualitative 

analysis or the passing of n g1ngle bubble through a single 

hole .. The nmaeroscop1c 0 study will be conducted with a 

multiple hole plate and muon b1ghe:r flow rates. Points wb1cb 

will be investigated include the effect of the various sized 

perforated plates on the typEis of flow formed, bubble 

distribution and s1z$, and void :t;raetion at the center or the 

column. The investigation will also encompass the detel'minat1.on 

of tne ooeffie1ents or discb.erge or the plates as well as the 

pressure drop . Results obta1ned '4111 then be eor:t·elated witb 

tb.e equation d.eveloped by Ste:rman {14) with the modifications 

found by Wilson. 1.t M• {20) to a.eternr1ne how these result& 
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compare with steam water systems . Ir a correlation does in 

fact exist then these result.a should be applicable to such 

systems. 
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EXPERIMENTAL APP!!' TUS AND PI OCEDL'I ES 

The experimental apparatus used in this study w s 

dasigned with two purposes in mind . The first was tliat it 

be used to gener te s i ngle bubbles of more or less unifor 

size for the :lnvest1ga.tion of the action of a single bubble 

as it p saed through a circular submerged orifice . oecondly , 

1 t should be easily adaptable to the higher flow r tes 

employed in the study of bubble flow through a perforated 

plate . 

A schematic diagram of the apparatus used is shovn in 

Figure 1 ., This d1agram shows all of the components used 1n 

the single bubble and hole studies as well as tor the multiple 

hole tests . 

A r otary compressor (A) supplied air to the system at 

approximately 100 psig . The initial flow was oontrolled by a 

314 inch valve at (B) which perz itted the air to flow to a 

pressure r ducer . Ashcraft pressure gages were placed at (C) 

and (E) to measure the pressure before and after the pressure 

reducer . A 2 1noh valve placed at (F) controlled the :flow ot 
1r entering the air cleaners . Also included was a bypass 

line and valve (G) which was usec to clean the system before 

and after each run . Two Fulflo air filters were used at (H) 

to rer..ove dirt and oil from the air before 1 t entered the flow 

meter (J) . A Heise pressure gage with a range of 150 psig . 1n 
0 . 2; psi • subdivisions was used to obtain a more accurat e 



igure 1 . Flow diagram of apparatus 

A. Coopressor 
B. Corepressor valve 
c. Cot::pressor r educer 
D. Pressure reducer 
E. Reduced pressure gage 
F. Flow control valve 
G. Reducer bypass valve 
H. Air :filters 
I . Po tentiooeter and ther::ocouple 
J . Mer1am laminar flo-w element 
K. Inclined l:lanometer 
L. Fine control valve 
M. Inlet ma.r,1fold 
N. Thermometer 
o. Manometers 
P. Drain 
Q. 16 mm movie eamera 
R. Air inlet pressure 
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determination of the pressure before entering the test region. 

A Merriam Laminar Flow Meter , type w, with its acco panying 

inclined manometer was used to measure the ount of air 

flowing to the test section. The temperature of the air was 

measured by a thermocouple and potenti0meter place at (I). 

To provide a fine control of air flow into the test 

section a needle valve was placed at (L). This valve was 

primarily used during the single-hole tests and was left open 

for the multiple- hole experiments. 

The air was introduced into a sheet metal manifold 

through a 3/4 inch pipe. As the air flowed upward it first 

encountered an entrance plate placed 6 inches below the test 

plate . The purpose of this entrance plate in the case of the 

single-hole study was to guide the bubble 1nto the orifice of 

the test plate . For the multiple-nole plate, an inlet plate 

with sixteen 3/4 inch diameter hole on l inch centers served 

to d.istribute the bubbles entering the test plate. A 

thermometer ( ) was placed in the water to detertnine 1 ts 

temperature . For measuring the pressure drop across the test 

plate, manometer taps were located 3 inches below and above the 

plate. The void fraction measurement was determined by a 

third manometer tap placed 15 inches above the second tap . The 

air was then vented to the atmosphere at the open top of the 

column after passing the test section . 
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1rhe dr in valve located at the bottom of the inlet 

marifol· served two purposes . The primary purpose was to 

drain th column of water :fter e ch run. Secondly, it was 

also used in adjusting the height of the two phase interface 

in the multiple hole t ests . 

The en ral dime s1ons or the apparatus e shown in 

1"'1gure 2. The inlet u.anifold was constructed of 0 . 20 inch 

steel sheet met l with 1/4 inch welded fl nge . T e test 

column itself w s built frou 53 inch tube or acrylic plastic 

with an outsi e diameter of 6 . 0 inches and an inside diameter 

or 5. 75 inches . The locations of the manometer taps with 

respect to the te .. t plate and inlet plate are also shown. 

Perhap the rost difficult design proble encountered 

was t hat of developin a single bubble generating system. 

Ori inally the app ratus w s signed witlout thf! inlet plate. 

Despite the faet th-t the 3/4 inch pipe could generate a single 

bubble 1t was found th t after traveling approximately 13 
inches the z1g-z g l1ne of rise caused the bubble to ncounter 

the test pl te well off center . This was corrected by 

mounting the t est plate on metal rods 6 inches above n inlet 

plate consisting of a 1 inch hole drilled 1n a 1/8 inch plate . 

The purpose of tt is plate was to "guide" the bubble into the 

center of the t~st plate. 

T 1s method proved unsuccessful because its sharp corners 

c used tlle bubble to break up somewhat in its passage through 
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the plate when it would hit off eer ter .. 1fo eliu:inate the 

entrance o! two or more bubbles a l inch length of l inch I .D. 

t ubing was brazed to the U.."lderside of tt1e inlet plate . T.he 

air eollec.ted underneath the plate was then bled off through 

a valve (not s hown in Figure 2) . Thie method succeeded 1n 

introducing only one bubble to the test plate but produeed a 

'.ttide range of bubble sizes wh1ch was unsatisfactory. 

The final modification made to the inlet plate was to 

per:ui t the volume under tho plate up to the 1 1neh tube 

extension to till completely with air . Thus , when an incoming 

bubble hit orr center the bubble would. slid.a off this cushion 

due to surface tension eff ecte and the 'bubbles formed were ot 
a uniform size and only one was generally produced . 

The test plates tor the single hole test were constructed 

or 0 . 035 inch galvanized steel of 5 .. 3/4 inches diameter . 

Plates v.e:re Ulade with 314, l/2, 1/4, and 1/8 inch diameter 

holes drilled in the aenter . Preliminary tests showed that 

these flat plates collected bubble fragments underneath and 

these interfered with other 1no.oming bubbles . This was 

corrected by making the plates conical with the apex 1n the 

oentar or the plate. The heig.ht of the cone thus formed was 

1/4 inch with a base of e.pproxi1natel1 5-3/4 1ncbes . 

Test plates for the multiple hole tests were constructed 

or the same 0.035 inch galvanized steel sheet with a 5- 3/2+ inch 

diameter. gaoh plate consisted or 16 holes drilled on l inch 
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centers 1.n a squore array . Th.is arrangement prov.ided for 

only one variable in the test plate , which was the hole 

diameters and, thus , the total area drilled out . •rtuii!se plat es 

were not conically formed due to the high flow rate and a.mount 

ot holes involved .• 

For the study of single bubbles passing through a singl e 

hole a high. speed camera was used . The camera. used vas an 

Arr i.flex 16 mm u.ot1on picture camera w1th a turret lens . For 

these pictures a close- up lens was used vit b the lens set a t 

.fll a.t a distar1ee or 2. 2; feet . Ligttting was provided by 

three lights . One , equipped with a diffuser , was placed 

d.1rectly behind the apparatus opposite the camer a to provide 

a wh1te background fo·r the bubbles and o~use thern to be 

outlined in black so that they could 'be seen more easil y . This 

system was used by Haberman and Morton (7) and Rosenberg (13) 

in their study of single bubbles . The other two lights wer e 

used to fill in shado'4s and to illuminate the stop watch used 

to provide a time scale . The camera was operated at a 

maximum speed ot appr oximately 50 frames per second . A 

photograph of the apparatus , including lighting and camer a 

arrangem.ent 1s shown in Figure j . 

The water used in this experiment was tap water provided 

by t he Cit y of Greendale , Wisoonslr1 , to the Greendale Laborat or y 

of the Allis- Chalmers Manufacturing Compa.ny. An analysis or 

the water is provided in Table l , where all values are in par ts 
par million (PPM) . 



Figure 2. Cross section and dimensions or apparatus 
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Figure 3. Photograph or t est column 
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Table l . Water analysis 
---------------~----_...----~--.-.-------Constituent 

Total Hardness (Caco3 ) 
Calcium (C.a) 
Magnesium (Mg) 
npu Alkalinity (C~co3 ) 

Total Alkalinity •1}1P' (Caco3) 
Sulfate Hardness (Caco3) 
Chloride (Cl) 
Sulfate Cso4> 
!i1trate (No3) 
Silica (5102 ) 
Iron ( Fe2o3) 
Bicarbonate (Hco3) 
Sodium (Na) 
Total Dissolved Solids 
pU 

Procedure tor Single Hole rests 

Amount 
PPM 
166 
;1 
9 
0 

211+ 
0 

12 
21+5 

0 
s.5 
0 . 1 

261 
11+8 
602 

1.1 

Since these tests involved tbe use of a high speed motion 

picture camera, 1t wa.s d.ec1dad to run it continuously vhile 

the bubbles we.re allowed to flow throttgh the test plate. This 

eliminated the speed variations accompanying constantly 

starting and stopping the camera s1nee the film speed, eoupled 

with the stop we.tch, provided the time scale tor each event 

recorded . 

After mounting the test plate, the apparatus was filled 

with water ,and the be1ght adjusted so that it was 3 .feet above 
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the fl or 2 fe .t above the test plate . l xt th bypass 

valve was opened nd the 1r cleaners blown out . After the 

a1r filt rs were cl aned, t h fine contr ol valve wa opened 

and air was p rmitted to tlow through th column to fill t e 

volume bene th the inlet plate and to saturate the w ter to 

minimize the absorption of ir during the ctual tes t. 

Next , the bubble ge ernting frequorcy was adju ted 1n 

the following manner. The compre sor valve to t pressure 

reducer was opened and t he r educer was adjusted w ile t he 

co rse contf'ol v l ve was open to allow the pulsing of' the 

reducer' s: ball check valve to die out . The tinG contr ol valve 

was then adjusted to giv th pr nper bubble irequency. When 

the proper frequency was tta1ned the system was allowed to 

run r or ~proxim,tely one half hour to further insure th air 
saturation or the wat er as well s the st bilit y of the 

frequency. 

After th syste ha been allowed to tabi ize the 

temperature of the air and w ter were recor ded , as well as the 

pressure before and ·1fter the r duoer plus t he height of w t er 

above the test plat e . When this was done e lights wer 

turned on and th stop watch and camera started . e ount of 

film taken of each test was 100 feet, which included bout 

sixty vents r ecorded . After th f Jlrninc was cou;pleted the 

air pr s ures and temperature and the w t er t mperature were 

again recorded to mak. sure ther ,., were no gr ·at ch n es during 

the run . 
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Wh n e ch test was co .. pl ted the colur: was drained t d 

reniovcd from the IHar if old 1d t e next test plate in talled . 

he tanHold, and its t nd, rem n d stationary, s ell s 

the camera posltim~ , during al test so tl at t ti in an.d 

sca11, filt:u ad at th eornpletlon of all runs could e 

ap ied to each test . This t st u.ov1e provi ed th' sea e for 

m surinr. bubble siz and v loc1ty. 

ult1ple Jol Test Procedure 

Th te t proc dure for the ultiple hole study wa not 

as compl1cat d as th t for the si gle hole invest1gati n since 

it w s not necessary to aint in a constant bubble r quenc.y 

but only constant flow rate. 

hen the t st pl te was in t lled in the column it w s 

tilled n arly to the top so t t the uanometers could be 

adju ted. This portion or the rr.ultiple hole t .. st was 1111 ortant 

bee use it is necessary that 11 line of the manometer .ystem 

be co. pletely filled wlth vate.r so th·t accur~te pressure 

re dings could b obtained. The line~ wer filled with \iater 

from the t st column. 

After the mano i er were djusted the air flow vas 

turned on. Air wa per rr.1tted to flow through the test w t r 

for approximately ten 111 utes to satura.te it with air d to 

to t the manometers . The 1r flow was then set to correspond 

with tb fir t reading needed and the bubbl1 interf ce was 

djusted by eye to b pprox1m te y 2 feet abov th test 1 te. 
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'the condition we.s then allowed to run for about 2 minutes and 

readings taken . Those readings recorded were the inclined 

manometer reading to determine the flow rate through the i'lov 

meter,. air tempe:rature , a1r pressure,. water temperature and 

the two r.Hil'H)meter readings . The flow rate was then adjusted 

for the next des tred reading and the procedure repeated until 

it was no longer possible to keep the water f"rom splashing 

out of the column or the volume beneat h the test plate became 

voided . 
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RESULTS 

Single Hole Tes t 

Difficulty was e: count red in accurately evaluating the 

motion pictures taken of stngle bubble flow bee us of poor 

re olution of the vi ver . De pite this difficulty it w 

pos lble t:> make a qu litat1ve study of the phenomen· of 

bubbl flow through pl·tes containing holes of 314, 1/2, l/l+ 

nd 1/8 inche in diameter . 

The Slape Of the bubbles enterin the test pl te rollo-w d 

the escriptior given by Il berman and Morton (7) and Rose berg 

(13) . The bubble wer herica.lly capped or llipsoidal in 

st pe and rose with side to side motion. Although the bubbles 

appar ntly kept their generlll h pe during their rise, the 

... otion pictures shove th t th ir urf ace was eformed and the 

bubble sh p chang ·d continually dur1n the ri e or th bubble. 

The termin 1 velocity or the incoming bubble a.gr ed r ther 

well w1 th the results or \T berma and orton (7) for th rise 

of air bubbl s in t p water . It 1 felt t hat the sp c1n ~r 

the bubbles w s su.ffic1 nt to minimize dr g effects duri the 

test bee u e of the constancy of the velocity found for b bbles 

of th sam dimensions . 

Since it wtts not pos ible to reproduce the p1ctur taken 

of sirgle b bbl flow, the description following vill be 

illustrated by s.owin the ispL cement of ach bubble a a 

f unc tion or t ime . The d.ista.noe plotted in each cas is the 
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distance from th bottom of th picture fr e to th top of 

the bubble . The deformed surface ~ ntioned earlier accounts 

for the not-qu1.te-linoar re.Lt tionship . In ach case a 

particular event is pr sented which r presents the most con· on 

occurrence for the hole diameter under cons1uer tion . 

Durin the study of bubble flow through a pl te containing 

314 inch hole , 66 individual event were recorded . An event 

.. e n~ the history ct single bubble from the time it comes 

into the field or v1 ion to the tirue 1t le ves the fie d . 

Bubble diameters were en .rally in the range of 0 .70 to 0 . 85 

inches whil bubble heights varied f r o 0 . 20 to 0 . 30 1nche • 

The tr v r$e of single bubble of 0. 85 inches lr diameter 1s 

how 1n Pigure 4 . Pertinent ata are how on the :acing page 

o the ,; r ph and include. film speed , event, and inco .... in and 

outgoing bubble dimensions and velocities. Since the bubble 

diameter w s approximRtely the same as th t of the hole , the 

bubbles readily p ssed through the holes . In most cases the 

bubble was round to contract 1n diameter and to elo g.ate . 

Bubble break up was noted in only two ovents when the bubble 

encountered the plate well off center . 

i ~ure 5 show the traverse of a single bubble through 

hol or 1/2 inch d lam ter . 'ther e were 67 even ts r ecorded in 

t is tudy . In this c se the graph represents what appears to 

b only one bubble fter passim? through the hole . This was 

not true. howev r. During the filming of these events it was 



Figure l+ . Single bubble traverse or a 3/l+ inch bole 
Film speed 0 . 0202 see./frame . 
Event No. l+ 

Incoming 
Bubble diameter 0 .. 85' in. 
Bubble he ight 0. 25 in . 
Velocity 0 . 825 ft . /s.ec . 

outgoing 
Bubble diameter o. 75 in . 
Bubble he i ght 0 .• 30 1ri. 
Velocity 0.784 ft . /sec. 

F.igure ' · Single bubble travtlrse or a l/2 inch hole 
Film speed 0 .0203 sec . / f rame. 
Event lfo .. ll+ 

Incom.1ng 
l~ubble diameter o.a; in . 
Bubble height 0 . 25 in. 
Velocity 0 . 82 ft . /see . 

Outgoing 
Bubble diameter 0 .. 75 in . 
Bubble height 0 . 30 in. 
Velocity . 0 . 8.36 ft . /s.ea . 
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noted that a small sn t ellite bubble was formed as the inco 1ng 

bubble pas ed through the pl te .and this bubble stayed very 

c lose t o t hem in bubbl • This small satellit. bubble vas 

no t vis1bl in the motion p1oture". The small satellite then 

became ntrained 1n the wake o:f the ain bubble and rose at 

t he · ame velocity with 1t. 

The 1/4 inch hole t est slowed a pronounced br ak up of 

th bubble . During the f1ln.1ng of bubble flow through t h is 

diamet r hole 44 events were recordeO . It may be seen fro 

the d ta presented on th p fac1 Figure 6 t hat t h 

inco .ing bubble br ok into two almost equ l bubbles . The 

break1n up of the bubble int o two nearly equal bubbles w s 

noted in 29 events, or 65 . 9~ or the total events r ecorded . 

Both bubbles, upon leaving the plate, momen t arily xcaed the 

terminal velocity associated with the bubble. The phenomenon 

was noted by Datta et al . (2) but they coul not offer an 

explanation. In viewing the f ilms t l 1s momentary xceeding of 

the terminal velocity is due to t he shape or t he bubble upon 

l e ving t he plat e . Since the coefficient of dr g is dependent 

on the frontal ar ea of an ob j ect, t his was the most logical 

place to l ook . Upon leaving t he pl t e the bubble 1s first 

longated and t hen spherical in shape be ore ass 1ng it 

ellip oidal shape . Before suming this ellipsoidal shape it 

assu.1 two shapes wl ich would h ve smaller co _ff1C1·ent of 

drag . Since the bouyant force remains the s me the bubble 



Figure 6 . Bingle bubble traver se of l/4 inch hole 
F111!l speed 0 .0202 ec./frame • 
..;vent No . 6 

Incoming 
Bub bl d 1ameter 
Bubble height 
Velocity 

Outgoing 
Bubble No . 1 

Diameter 
Heignt 
l/eloci,ty 

Pubble No . 2 
Diameter 
!\eight 
Velocity 

0.85 in . 
0 . 20 in. 
o.825 rt./sec. 

0 . 45 in. 
0.20 in . 
0.825 rt./s c. 

o.40 in . 
0 . 20 in . 

.825 ft . /sec . 

Figure ?. Single bubble traverse ot a 1/8 inch hole 
Pilm speed 0. 0204 sec . /1rru,,1e. 
Event No . 8 

Incoming 
Bubble diameter 
Bubble he1ght 
Velocity 

Outgoing 
:1ubble die.meter 
Bubble height 
Velocity 

0.75 in. 
0.25 1n. 
o.871+ rt./sec . 

o. 75 in. 
0 . 2~ in. 
o . 614 ft ./sec . 
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passes throu h a "sories" of terminal velocities which e 

associ ted with its shape. The f1nal terminal v loc1ty is 

dependent upon the st bl sh pe of the bubble . Thus the 

exceeding of the stable t rminal v loc1ty is due to the 

elongated d spherical shapes or the bubble . 'rhe spacing 

bet~een the emission of the two ~ubbles was round to vary 

between o.4 to 0 . 6 seconds . During t 1s time the second 

bubble would travel along the bottom of the plate until it 

ea .e gain t o the bole . The retention or this second bubble 

was voided by th conical shape of the t st pl te. 

The 1/8 1nch lole w s very interesting in that the bubbles 

~ere stop ed bee use of the sm 1 hole diameter . This was due 

to th surface tension force around the edge of the hole 

exceed1 the bouyant force or the bubbl • In 41 or the 47 

vents recorded the incoming bubble vas stopped. The stopped. 

bubble did iot go t hr ough the hole until the bubble following 

it entered the ch mber formed by the inlet pl t e nd the test 

plate. As stown in Figure 7 upon passing through th pl te the 

terminal velocity was ain exceeded for th same reasons 

explained earlier . In this case, ·Owever, the bubble did not 

go throug until it was 1nit1 ted by a push from w ter 

displac d by the succ eding bubble. .Again, as in the case or 
the l/2 inch tole , th outgoing bubble is shown as only being 

one . Actually , 1 t 1!6 composed of three or four small bubbles 

which wer formed as t he bubble "streamed0 through the hole . 
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The di e sions shown for the outgoing bubble is for the group 

as a whole . This roup has s aller terminal velocity than 

the 1ncom1n bubble thus indicating the smaller size or its 

component bubbles . 

ultiple Hole Test 

In neral, th flow p ttern seen in e ch test was fowid 

to be the me . Small bits or colored paper w re placed 1n 

the column so that th flow p tt .. rn could be seen. It w s 

noted that t e :flow of air staye in the center of the column 

while a thin lay r or downward oving wnt .r exi:lted a.long the 

Walls of the tube. t higher flow r tes the flov Vas 

charnctarized by great turbulence and churning in th centr 1 

region or the cylind r ca.used by the appearance of large 

bubbles formed by th coal seance of s .aller bubbles after 

l ving th test plate. The l rge bubbles at ti es brok so 

violently at the interface th t water was expelled fro. the 

tube. When this occurred the test was terminated since it 

would be 1mposs1bl to taintain th interface level nt the 

ame h 1 ht. 

Due to ho ability of the a1r to hold up the air-water 

column on the upper si e or the t:')st plate, the chamber formed 

by t he 11 lP.t plate and test pl t e had ten .. ency t o become 

voided or water. Thi tendency incre sed as the di eter ot 
the hol ! w s deer sed, so that th ch ri!ber became completely 

voided a.t th~ hi hest flow rate recorded during the l/li- inch 
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hole tes. t . In referenc,e to Figure 3 1 t will be noted that a 

half vo.1ding of this volume would axpose the manometer tap. 

Because of the turbulence and instability associated with 

bubbling, one finds that bubbling does not occur from all 

holes at the s.ame time. This happened during all tests, but 

it was not possible at the time to estimate the total number 
of' effective holes at a giv·em time . Based on observations at 

'the time ot the test. it is suspected that appro.ximately one-

half to three-quarters of the total number of holes pass air 

at any glven instant. 

The calculation of the coefficient of discharge through 

the plates was made by assuming incompressible flow and tben 

oompress1ble flow of the air through the test pl ates. All, 

original data tor t his portion will be found i.r1 Appendix B. 

Calculation or the coefficient of discharge, c0 , for 

1ncompre.ss1ble flow was based on the eq_uation 

where c0 = the ooeftie1ent of discharge 
Q = actual £lov rate, CFS 

( 5) 

a0 = total area of holes, tt . 2 
g = gravitational constant, 32.17 rt . /sec . 2 
h = pressure dl"op across plate, f t . u 0 

~"'2' 



1gure 8. Coeff 1c1 nt of discharg versus flow r te 
bas d on 1ncompress1hle tlov 
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With ttis equat ion the graph shown 1n F1:?ure 8 was f ound . 

In a ch case a l ine r r el ationship exists between the 

coefficient of d'isch g end the air flow rate . Since the 

flui d involved 1s compressible, the coetf1cients w r e found 

t o exceed unity tor 1/2, 1/4 and 1/8 inch holes. This is due 

to t he fact t h•t energy losses due to expansion are not 

considered. 

or t he calculation ot the coefficient or d1sch rge b ed 

on compress ible flow, the following equ tion given by 

where 

g 

= ooetficient of discharge 
= mas f l ov r te of ir, lb .ml eo . 
= t ot 1 area of hol es , rt. 2 
= absolut.e pressure upstr am fro, or1!'1oe, 

lb . t/ft . 2 
= gravitational constant , 32. 17 tt . /sec . 2 

K = ratio of cons ant pr essure to constant 
volume specific heats or ir 

= molecular weight of air, lb. /lb. mole 
T1 = ~bsolute temper ture of air upstream , 0R 
R = gas constant 

(6) 

A log 1t hmic plot ot the coe:f'f1c1ent of d.1scl arge utilizing 

t hi equati ~n is shown 1n F1 ure 9. Again linear plot were 



Figure 9. Coefficient of discharge versus flow rate 
based on compressable flow 
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obtained and, in th1s en e, the upward displ cement or aeb 

lin is an 1nd1e tion of he incr a e in slop • on 

rectangul~r plot, th hole b e e m ller. Th values 

here, how ver, do not <P'C <1 unity b c au a an allowance h s 

been med for en rgy lo due to exp n 1on. Although the 

preseure ratio befor · and fter th te t pl te 1n this .,tudy 

wa ne unity, it shoul d be not d th t th linearity will 

1sappoar the cr1t1cnl pres ure rates for air 1 appro ched. 

The v u of th~ co ffic 1en ts o.r discharge ar pr ob bly 

lower than the true va ues because the area of flow in each 

c se wn considered to be t h . re of all 16 hole • A was 

mentione earlier th flow ctu lly occurred through less 
t han ll f the hole in th plate. 

If the liquid in the manomet ,;r is water and th .anometer 

rluid has specific r vity of 2.95, th void fr ct1on, a , 1s 

found by using the equ t 1on 

(7) 

where (1 = void fraction 
density f 1r, 3 Yg = lb./ft . 

3 Yt = density of vater, lb./ft . 
z2 = distance betw en m omet r taps, ft . 
h = pres ure drop, ft . }" 0 

2 

The d r1vat1on of t i s equ tion i given in Appen 1x A. In 
Figure 10 t be void fraction is plott d es a f unotion Of the 



• Figure 10. Void fraction versus air velocity through the o.r1.f'ieee 
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app rent air velocity through the plate, in order to spread 

out the curves so that they can b een mor easily . It will 

be noted th t there appears to be. a transition when the void 

traction is between O.l to 0 .2. More will be said about this 

in the discussion of the following results. 

Govier et §1. (6) experimented with air-water systems 

and found a tran ition zone from bubble to slug flow when the 

unit pressure drop wa approximately 0 .2 rt. c/ft. 'h t 
2 

happens 1 that at low g s flow r tes the ga is dispersed a 

u1scr te bubbles which increase 1n number and size as the flow 

1s increased . When the tlow r t bas r eached a certain point 

the bubbles begin to coalesce 1nto larger "bullet shaped 11 

bubbles. Tbes lugs tnen grow in diamet er and length. This 

is .precisely the type of flow tlat was observed 1n t1e 

experiments . 

The unit pre sure dr op is plotted as a function of the air 

flow r te in Figure 11. It is asily seen that efinite 

transition does exist in the r egion or 0.2 rt.H 0/rt . unit 
2 

pres ure drop for t he 3/4 inch holes and exists ov r the air 

flow rate range 3.0 to 8 .0 CFM . This plot shows the effect 

which a p rforated plate has upon t he flow above it. It can 

b seen from th figure that the hol size is r duced , the 

range of the transition is shorter and beg1ns at a lower unit 

pressure drop. There is a steady reduction tor pl te with 

314, 1/2 and 1/4 1noh holes but a deviation for the plate with 
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1/8 inch holes . At low flo~ r tes the unit pressure drop is 

reater for the 1/8 inch holes . This ay be due to a 

concentration or bubble 1n th center of the column. The 

transition begins at a lower flow rate but then ends before 

that of the 1/4 inch holes. 

The shape of each of thes curves 1s characteriz d by 

thr e regions . The first is the bubble flow region, the 

second the transition region .nd the third is the lug flow 

region. T e slop of the curv in the lug flow region is 

less than that for the bubble region, thus 1nd1c ting that 

the unit pressure drop (and vo1d fr ction) do s not increase 

s r st w n th flow r te 1ncre ses . This occurs b cause ot 
the coalescence of the m ller bubbles into larger bubbles . 

Figure 12 is a plot of th di ensionless equ tion 

developed by Sterm n (14) and codified by 1lson et al; . (19) 

which vas 1ven earlier s ~quation 4. Surface tension 

v lu s were c leul ted by use or a formula iven by G bill 

( 5'). Th values for the 3/4, 1/2 and l/l+ inch plate were 

found to parallel e ch other so that th exponential "a" was 

round to be 0 . 708, while the constant , K, was found to be 

l.?25, 1 . 4 an l . 145 for the 3/lt, 1/2 and 1/4 inch holes 

resp ctively. For the l/8 inch pl te 1ta 11 quals 0 . 398 while 

is 1 . 135. lilson (19) roun , for the ran e under 

consideration, that ''a" equals o . 62 and K equals 0 . 68. The 

K factor in ach c~ e i a rneasure of the change in the slope 



Figure 12. Dimensional plot of data according to the 
equ tion by Wilson 
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on a rect ngular plot . Although the expon ntial 11 a" co p es 

favorably with 1lson for the 3/4, 1/2 and 1/4 inch holed 

plates the factor K is n;uch higher. Tb1s may be attributable 

to the differences between a two- pha e one co ponent syste , 

uch stea:m- w t r, and a two- phase two co ponent sy9te , 

such as air- water . The change in the value of tta0 and 

s oci ted with the l/8 inch plate 1 most likely due to the 

chang in !low regime noted arlier. The chang in th value 

of K for the 3/4, 1/2 end 1/4 inch holed plat ls pos"'.ibly due 

to th transition occur 1n at lower unit pre sure dr ops which 

als' affects the 1d fraction . 
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DI"'CUS.:>lm' AND c o. CLUS r0 m 

The results of th 1 l - hole, ingle- bubble study 

ug est ti at ther e 1 relatLmshlp between hole di meter 

ud bubbl r k up . ince only bubbles 1n the i-ange of 

0 .70 to 0.85 inches in 1 .. eter were used• it ay be eoi eluded 

that the amount of br ak up is due to the d1f erence in the 

di eters or the hol and lnCOi:.ing bubble. A the hole size 

wa reduced the incoming bubble wa br oken up into maller 

and sm ll r segments . hen the surface tension fore a.round 

the dge Of the mla XC eded that Of bouyancy, thE> bubble 

wa topped, as 1n the ea e of the 1/8 inch hole . The number 

Of' bubble increased to a L1ax:imum Of about four for the 1/8 

1 ch pl te . Thus the number or bubbles w s incre sed d 

their size decreReed . 

The coeff1c1ent or discharg for both corupressibl and 

incompressible flow Vere :found to be linear functions Of the 

air !low rate. In each case the intercept was zer o thu 

giving a co !f1c1ent of d1 charge of zero for no flow rate. 

The coefficients were found to increase with incr e 1ng flow 

rate and decreasing hole size, wh~ch would be expected as the 

actual flow r te approached the ide l flow rate . 

Th void fraction in the column above the tes t plate 

v 1 s as the type of flow 1s varied . A transition was found 

vhich could be described a b in a change from bubble flow 

to slug flow. This w verifi.d by oompnr 1ng the unit pressure 
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drop in the column t the r sult or another 1nvest1g tor 

who foun the sam transition. The transition occur t 

approxi ately 0 . 2 ft . 0/rt . unit pressure drop wtiich 
2 

corresponas to a void fr ction or bout 0 . 14. The range of 

flow rat over which the tr 1s.1tion occur is r educed as the 

hole size of the test plate is r duced . There is also a 

slight lowering of the unit pre suro drop at which the 

tran 1t1on be ins a the hole size is deer ased . 

Co pari on of th air-wat.r ystem with the st - water 
system was favorable in t hat the expone1tial 11a 1 , given in 

:qunt1on 4, w s found to agre w1th that found by ilson et al . 
{19) (20) and .: t er man (11+) so tbat th.ere was gree ent on 

this point . However, the constant, K, v s quite different 

and it is po sibl th t th1s is du to the d1ff'erence in the 

surface tension and ga and liquid densities between two- phase 

on component syste1 and two- phase two co ponent systems . 

The deviation or th 1/8 inch holed pl ·lt cannot be re dily 

expl ined unless it is due to the f et that the smaller 

bubbles produced t the lower flow rates cause a much higher 

void fraction to be me sured in the center or the column. 

Th possibility that there was an extreme atnount of experi ental 

error at these low flow rat s can be disco• ted so what by the 

fact t . at the results of th coetf'1o1ents or disch g were 

good and the manometers used to deter1111ne the pressure drop 

acrosn the plate and in the oolumn were coupled in the same 



y te as shown in l'igure 1. 

From these :r st lt 1t my then b{~ concluded th t 

pertorated pl.at s do have an rrect on bubble flow in a 

column. They hav def1nit err ct upon the type of flow 

present in th ~ column in so far the tr nsition trom bubble 

flow to slug low is concerned. The results of the single-

hole, single-bubble tudy suggest that as the hol s become 

sm ller the bubble .formed are smaller, which would cause 

smaller bubble to be pr sent at the 'interface, thus producing 

le n carryover as explained. by Wilson and Grenda (18). The 

corup. 1son or air-water to steam-water sy tems is good but 

tber ppear to b an inherent difference between one and 

two component syste because of d1ff erences in surf ace 

t ns1on, ga den 1ty and 11qu1d densities . 
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SU"GESTF ... D TOPIC pr ·UIT·;;:;R INV TIG TI N • 

The r esults or this study suggest fUrther experiments 

w ich may b , done to dd to the knowledge of bubble flow 

throu h perforated plat • 

Further studies on the- flow of sin l bubbles through 

an orifice hould be conduct d, no only to provide further 

experimen al lnfor ation, but to possibly develop a theory 

or bubble break up similar to that round for static and 

dyn 1c bubble tormati n at an or1t1ce . 

In the ar a of the effect of a p rforated pl t e on bubble 

flow any more point can be 1nvest1g ted . Th wall effect 

sho1·ld be studi d, lthough ther did not seem to be 

significant effect between the results or Govi. r et al. (6) 
a d this xperir.lent a f r as the correlation between unit 

pressure drop and the bubble to slug £low transition 1s 

concerned . Studies or hole shap nd array may b con uoted 

as well . The mo t import nt 1nve t1gat1on would be to se 

if these, or simi lar, r. ults can be round 1n team- w ter 

systems operat1ng at the hi her pressures found in boiling 

nuclear re ctors . '!'he transition noted by rl1lson §1( (!l . (19) 

(20) su gests that thi ~1gbt be so. 
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. PE fDIX A 

uer1vation ot Equat ion 7 

Referring to Figure 13, one may erive the void fraction 

f or z . .jula in the f ollowing manner 

but 

h1Yt = hrw + h2YL - hyL + h1Yv - h2Yv 

h(yL-yH) 
y ::yL+-v z2 

vb.ere 
a = void f r action 

h(y,. -yM) 
y + . 1" 

L z2 :: a.y g + y L ... ayL 

(1 = h(y L-yM) 
- z2CYt-Yg) 

Yt = 62.4 lb./ft.3 
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then 

where = void fraction 
h = pressure rop , tt .n 0 

2 
z2 = distance between manom t er taps, ft . 



Figure l). Nomenclature for void fraction formula 
derivation 
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z,-h, 

L Z1 n, 
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AI PE .• DI X B 

Data for .'1ult i ple Hole Tests 

Tabl 2. 16 - 3/4 inch holes 

Run Inclinometer Q 1r ir Water h p 
. TO • Reading (CFl ) Tem). ress . Tet ~ · (in . ) (in. ) 

(in . ) (Op (ps1g) (Op 

l 0 . 05 0. 1+3 10 1. 6 64 0.3 0 . 32 

2 0 . 10 o.86 70 1 .10 61+ 0. 55 o.l+O 

3 0 . 15 1. 29 70 1 . 50 61-t. 0.75 o. ;5 
4 0 . 20 l . 72 70 l . 6; 64 0. 95 0 . 10 
; 0 . 2; 2 . 1; 70 l . ?O 64 l . 10 o.ao 
6 0 . 30 2. 58 ?O l . ?O 61+ 1. 25 0 . 90 

7 0.3; 3.05 10 l . 75 64 1 . 30 l .OO 

8 o.4o 3. 44 70 l .?5 64 l . 30 1. 05 

9 0 . 60 ; .1; 70 2. 20 61+ 1.40 1 . 25 

10 0 .80 6. 88 70 2.ao 6l+ 1 . 50 l .40 
11 1. 00 8. 56 70 4 . 20 64 1.85 1. 5, 



Table 3. 16 - 1/2 inch oles 

lnclino eter Q Air i r · t r h pa 
o. ding (CF ) Tem~ . Press . Tem~ . (in . ) (in . ) 

{in. ) co (ps1g) (OF 

1 0 . 05 0 . 1+3 72 1. 7 63 0 . 10 o.4, 
2 0 . 10 o.86 72 1. 7 63 o.4o 0 . 55 

3 0 .15 1 . 29 72 l . ? 63 0 . 60 0 . 70 

4 0 . 20 l.72 72 l .? 63 o. 75' 0.85 
5 0. 25 2. 15 ?2 1. 7 63 0 .90 1 . 00 

6 .30 2. ;a ?2 1.7 63 l . 05 i .o; 
7 0.3; 3.0; 72 l .7 6 1 . 20 1 .1, 

8 o.40 3 . 4l+ 72 l . 75 63 1 . 10 1 . 25 

9 0 . 50 4. 35 72 2. 00 63 1 . 15 1 . 40 

10 0 . 60 ; .15 72 2. 20 63 1 . 20 1. 55 
11 o.eo 6. 88 72 2. 90 63 1 . 60 l . 70 

a Zero setting = 0. 2 in. 
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Table I+. 16 - 1/ 4 inch holes 

Run Incl1no e t er Q Air 1r at r ha Pb 
No . Reading (CFM) Temp . Press . Tem~ . (1n . ) (in . ) 

(in. ) (OF) (ps1g) co 

l 0 .05 o.43 72 1. 7 64 0 . 1 0 .35 
2 0 . 10 o.86 ?2 1.7 64 0 .35 0 . 60 

3 0 . 1; l.29 72 1. 7 64 0 . 60 0 . 85 

4 0 . 20 1 . 72 72 1.7 64 0 . 10 0 . 90 

' 0 . 2; 2 . 15 72 i .7 64 o.so l . 05 

6 0 . 30 2. ;8 ?2 l .? 64 0 . 90 1.15 
7 0 .35 3.0; 72 1. 7 64 1 . 00 l . 25 

8 o.4 3. 41+ 72 1. 7 64 l . 10 i.30 

9 0 . 50 l+. 35 72 1.8 64 l . 30 1. 35 
10 0 . 60 5.15 72 2. 2 64 1.40 1 . 50 

a Zero setting = -0.1 in. 
b Zero ett1ng = O. l in. 
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T 'ble 5. 16 - 1/8 1nch holes 

Run Inclinometer Q Air 1r W ter h Pa 
no . Heading (C <M) Temp . Press . T8m~. (in . ) (in . ) 

(in . ) (Op) {ps1g) ( p 

l o.o; o.43 72 l.7 62 0 . 60 0 . 25 

2 0 .10 o. 86 72 l .? 62 0 . 75 o.45 
3 0 . 15 .1.29 72 1.7 62 0 . 90 1 . 00 

4 0 . 20 1 . 72 72 1. 7 62 l . 00 1 . 05 

5 0 . 25 2 . 15 72 1.7 62 1 . 05 1 . 10 

6 0 . 30 2. 58 72 1. 75 62 1 . 10 1 . 15 

1 0.35 .05' ?2 1 . 80 62 1 . 15 1 . 20 

8 o.4o 3. 44 72 1.80 62 1.20 l.20 

9 o.;o 4.35 ?2 2.0 62 1.3 0.90 

10 0.60 ;.15 72 2.2 62 1.50 0.75 

Zero et tin = 0.1 1 .• 
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