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. Ted~'ioal LIbrarF 

:UNITED STATES Bureau o'f iReclama%ion 
,DEPARTMb~r OF ".THE INTERIOR ~Denv e ~. i C o 1 o fade  

BUREAU ~,OF "RECLAmaTION i..!. I 

~Branch iof iDesi~n and Cons truct'ion~: i :~I~bom:tcry ~Report,~No.~e8 
i Engineer~g ,and ,Geo10g~c~l :Cont~di ~HY~vaul~£o Labo~a~to~ 
a~l ~Re'seardb i D i v l i s i o n  C o m p i l e d  iby, :T~":G. ~Owsn 

Denver, ~Colorado 
iDecember 12, ~:1939 ,~:~ ~Reviewed ,bY: '~ ,~E. ~ ,Warnock 

.orifice :designs 'in conneo- ,.,. 
~the a i r  'system f o r  ~orand C o u l e e  ' 

Dam, Columbia Basin il~o~eot, ,,Wash±ngton. 

::PRELIMINARY '..TESTS : -~ " : 

I. :Introduction. 'The /forma',~.on ,:of .ice in ~f.ront of~:,the 

~trashraoks~and ,'drum gates of Oran~ Coulee !Dam ~is bo~h",~etrimentel .to - 

• good -operation and dangerous :to ~the ~structure. ~:A~ ~:tims , "tim :sir 

temperature ,at :the dam ~s~te ~has ~been ~known:~o ~rop '.to ,. 28 ~F.~:and 

remaln,~at ithat ~level ,for'a " " . . . . .  " " " " " " ' .... : _ permo ~ ~of : sevex ~! ~da.ys. - ,The ,problem ~con- 

.:frontin~.s '.the .desi'~ners :was :~o maintain :-free, Of~ ice :~the':reservoir sur- 

Jface /immed~,~tely adJacer~ .to-ithe .upstream Jface .of the ~dam~ ~eRny, 

methods of .accomp!ishing this "result were studied .but <discsmded .~n 

• favor ~.of ::the air-l'ift .s~stem :because-of "its ,,simplicity. 'In %he ajar- 'i 

", SubJect s 

i 
~" L .  

i at ~wh!.ch '~the water ~temperature ~is rela~i~L~el y ~igh, and ~the sti, rring 

~and relaxing ~action of the ~rising air ::induces .~he ..u~nward .~ow of ..warm ~ 

~water which e~ther ?melts .the !ice :or pre~ents its formation. ~' " 

,~ The ..proposed location of ;the :alr-1~t ice prevention ~.or .ide- 

;i~ i icing ~units .for the 'Grand Coulee• !Dam is ~shown :!in f.igure 1. ,:As 

shown ~also in %hat fi~:re, proVision is :made to :introduce air at 

three ~different elevations :in front of ~the.~!~sbx.acks .and ~.~at .-.two 

,separate levels in front of the drum~tes, ~This ,featu~elallows 

~ir .  t o  ~be i n t r o d u c e d  a t  a depth  e q u a l  .to o r  g r e a t e r  ,than 10 f e e t  
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(which :has been found to ,be the ,minimum deoth for 'best results), 

regardless of the reservoir,~levation~ 

In  the  d e s i g n  Of ,the d e - i c i n g  tm~2~s., :r~ny., problems •arose 

which; could not be accurately :answered ~without the aid of lab~ra- 

t o w  . i n v e s t i g a t i o n .  The problem of de te rmin ing  t h e  bes t  s i ze ,  

shape, and direction of discharge ~of the orifice was one. of these. 

Also, the question arose concerning whether or not the cooling due 

to expansion of .the air~, through the orifice v~uld cause ice to 

form in the orifice. The laboratory ,investigation was divided into 

two parts : First, a preliminary ,cursory <exmm~nation of several 

~orifice designsj and second, a detailed .research concerning the 

,cooling effect due to expansion, - .~ 

2. A~aratus In the preliminary ~tests 'the equlpmsnt 

consisted of a glass-sided tank, near the bottom of ~hich ~v~s locat-ed 

the orifice to be tested. The orifice ,was ,connected ~@th the high- 

pressure air line and a throttling valve was placed in the line to 

control the'-pressure. ~ By means ~:,of ,two ,mercury ~U-tubes the air-line 
q 

.pressure at the orifice and ~the static ,water pressure .at the orifice 

elevation were N~easurpd. The ,difference between these two obseNed 

pressures gave the differential..p~essure across the orifice. Figure 

2,A shows a tyy)ical set-up v.~th the orifice placed, to discharge 

horizontally ~!d toward the observer. 

S. Procedure,. In %he e~eriments on orifices A, B, and 

C, the tests were purely visual. The flow patterns at three pounds 

per square inch differential pressure for horizontal discharge of 

5 
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orifices .A and, B are shown in figures 2-A and -B. The flow patterns 

with discharge vertically dovmv~rd and at three pounds per square 

inch differential pressure for orifices A, B~ and ~C are shown in .... 

fiEure 5, and the general details of these jorif~ces are shown in 

figure 4-B. From these tests it was determined that discharge 

directed vertically downward gave the bes~ ~ flow pattern, the crl- 

teflon being the largest cross-sectlonal area of .the ~rlsing ai r 

current and the fineness of division of air bubbles. 

further that an off_f ice of type C (figure 4-B) " g a v e  a be~er' ~ / p a t t e r n "  ' 

than type B, which had the same cross-sectional area. . - ~  .' ' - 

After these initial tests, :a ~ gas meter of ithe.~splacmmsnt 

type v,~as installed in order to obtalnthe,discharge Characteristics 

of the various orifices. Oriflce D (figure 4-B) w~s :installed and 

its flow pattern was found to b e  good but its diSCharge was too low 

(figure 4-A) to establish a strong upward water current. Orifice F 

was then tested and fot~id to give a good T!ow pattern and a l s o l  a 

good circt~lation of water. The ~orifices thus far tested had o n l y ~ .  

one hole. ~ " The multiple-hole nozzles were then examined. This group 

embraces orifices Fi, H, I, and J,(£igmu~e 4,B~,). ,- Nozzle H did not 

give a better flow pattern than F, ,and the ~mter current ,established 

was iz~erior to that of F. Nozzles ~, I, and J ~al! gave excelient 

flow patterns and induced strong water Currents but the discharge of - 

each was so hlgh that an excessive::size of air compressor would have 

been required with any one of these three nozzles. These t~ee :noz- 
~- T# 

zles had the further disadvantage of having holes of smaller dial.tot 

~.,Lj 



than orifice iF, which fact ,great!y :±ncr.eased",the poSs~lh~ity ,'of "" 

F 

the holes becoming plugged or fotiled~by :Tore~gn:matter. :~, 

4. pre!Imlnary ~qonclus~ons. From these ~,prel~nary . . :.. 

• tests the .following conclusions ~were -drawn':. -.- 

(a) The ,direction of discharge :,vertically ,downward -ga~e.,a' i 

super!or ,flow pattern. ;:~' 

(b) ~An orifice with an~lB-degr ee ,tapered exit ~similar ,~o . .:,:: 

t~pe F (figure 4-B) gave the ~best ,flow,pattern .of :al~ ,single'hole 

types tested. " - 

(c) A discharge of ~wo ,cublc T, eetiof ~r, ee air,per ~mlnute at':a 

~ifferential pressure of two.~unds per ~square inch is ,sufficient ~_ 

.to establish a strong upward:~ter :current. Tltis vaiue~for,,~.~s" 
- •k i" 

charge also ~is comnatible with ,practic all~mits of the compressor . 

size required for the Grand :Doulee air de-lcing ~:system. 

D L ~ L E D  ~NV~'~TI GA~i~ON 

5. Equipment and procedure., iFor these ~tests ~a special 

, tank  .vras c o n s t r u c t e d  a n d  ecu:t.oped ~witti i n s t r u r a e n t s  , e s p e c i ~ y  

adaptable for the investigation. The ~ank,was ~made ~I21ifeet:deep 

so that at least lO feet :of static,:~,water ~head ~could)~Se )imposed,on . . . . . .  ?, 

the orifice. Inside the ,tank:about 54feet,:of ~/g-inchicoPpe~pip e 

were placed in coils and-at ,the end ,of v~ich ~was locaged the :ori'flce 

. . . .  e and :at ,the elevation of-,the to be tested. In one s~ce of tn.'-hanl: - 

orifice a piezometer opening and ,a resistance ,thermometer bul. b ~were 

located. The function of the piezometerr(opening was to measure-.the . 
z . • 

static water pressure s,t the -orifice . . . . .  clever'ion; ,the~.. ourpose.~ . of the. 

- % 
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resistance thermometer bulb was 50 deterrJine the ~temperature of the 

~water at that level. Located ~n the ~sm.~e side Of t.hc ,tank~at ~- 

foot intervals vertically abow the thermometerbulb 'at the or~Lfice 

level were five obher ithermometer bulbs, the ,purpose ~of .wHich ~,was 

to determine the temoerature .gradient ,during testing, ~,ese details 

are sho~;m in figure ~S-A. ~The-resistance:thermometers~were connected 

through a ,selector switch,to a v~eatstone ibridge ~'and ~the resistance 

balance w~s indicated by a ,very sensitive ~light-beam galvanometer. 

% *% , 

She ,temoerature oi the air before entering the ,copper coils ~wa 

! measured by resistance thermometer No. B, and ithe air ,temperature i 

before e~ansion through the~orifice~,~by,th ermometer bulb ~No. 8. . . . .  /,~ 
1 
• i 

~in the first e~eriment s, another ~resist~ce thermometer ,bulb ~about • ~, 

1/4 Inch In dlameter nd 3 inches lon~ was so placed that it ,would 

be directly in the discharging air stream, lit ,was found, !however, ~-:'~ 

that due to the oscillation of the :air .jet~ this ~thermometer bulb 

was not continuously surrounded ~by air ~alone, !so ~the .bulb ~was ~re- 

it v;as •hoped, could be Placed ~near, ..~ . ' 

' ~ p ~ a c e d  thermocouple :v:hich, 

enough to the orifice ~that i'~, would ; oe .constantly in •the issuing alr ~ 

stream. The thermocouple v.~s ~connected tkrough a selector ~sv~tch 
" ,L " ~ . • £ 

,'~ the ircuit to the galvanometer ~and enough esistance introduced 'in, c ~ ~" 

such that one division on-:the galvanometer scaie a'~s approx/mately ;~ 

equivalent to one degree difference in temperature between ~the hot 

and cold junctions of the thermocouple. The bemperatt~e ~of the ',hot" 

~junction~ I~ the thermocouple 'was known since it ~was placed ~in a 

vacuum bottle filled ~:~th a mixture of ~cracked ice and w~ter° ~he 
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cold Junction was located immediately below the orifice. Because 

of the oscillation of the air jet and the vibration of the ~thermo- 

couple, it ~s felt that the indicated tamperatures were ,unreliable 

and for that reascn are not included in t~is report. °Insulating 

material was placed between the inner and outer tan/, walls, separated 

by 2- by 6-inch s g. ~le bottom of the tank was insulated and 

the top was equipped with a close-fitting, removable cover, also 

insulated. ~e air pressure ~ms control!ed~by a system:of tlwee 

valves (figure 6-A) so arranged that variations !nthe supply-line 

pressure would produce the least change in pressure at the orifice. 

The l-tumidity of the air from the supply llne was increased by passing. 

the air through the humidifier, which consisted of two atomizers 

which sprayed water on two ~porous baffles, chanically entrained 

water was removed by a syste:,, of three solid baffles (figure 6-A~). 

From the humidifier the air passed through the air rotameter, a de- 

vice for measuring rate of flow. The air rotameter (figure 6-B) 

consists of an accurately machined glass tube tapered to increase in 

bore from bottom to top. A spinnin~metal rotor~floats :in the air 

stream and its position, read on a scale on the glass tube, indicates 

the amount of air flowing. (The correction for pressure and tempera- 

ture will be subsequently discussed.~) Just above the rotameter, a 

Bourdon typ.e pressure gage vms located. For more accurate air pres- 

sure measur~nents a mercury manometer ~ms used. 'For :~vlsual observa- ~;~:, ,~,'~ 

tion and photographic :recording, two 9-1/4-by~9-1/4"inch glass 

wlnsow were located on opposite sides of the tank at the orifice 

level. . :~ : ,  
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Before ~st~rtlng a ~teet, lee was ~put '.in the water of the 

tank. The usual charge :of ice,was about i,~00 :pounds, introduced 

in mmall pieces of approximately .25 ~pounds each. ~After ;~owing 

t h e  ~ t e r  to  be c o o l e d ,  t h e  t e s t  was s t a r t e d ,  ..The .i~'d~.tit~L t e m p e r a -  

.ture gradient :as indicated ~by thermomster bulbs ~Nos~ i to 6, :inclu- 

sive ~(figure 5-A), .was recorded, and ifigures 5-B .and ~..~C show '.typical ! 

temnerature, gradient curves. .The static. ~ter head on the ,orifice 'i 

was recorded and then the air turned o n .  :Water and air temperatures, ~)! 

air pressure, and the quantity of air discharged mmre observed. The , ii 
I 

differential pressure across the orifice _was pz~essively increased .:i 

by :increments -of •:about one ~pound per square inch until ~the ~orifice .! 

froze or until 'the pressure limit off,the apparatus w~s attained, i 

. ~, 6. Orifice ~th 18 ° :taper, i/8"inch ~diameter ::(F,)~ The :~ 

p r e l i m i n a r y  . t e s t s  i n d i c a t e d  t h a t  o r i f i c e .  F :ihad ,.the . ~ s t .  d e s i r a b l e  '"~" 

:properties of all others ,tested. In the new set-up-.a check ca]ilbr~- 

tion was made on this orifice, ar~d;the pressure-discharge ;:curve " '~ 

,plotted (figureT). Tests onthe coolingeffect ,due !to,e~slon " i  

• of the air :indicated ~that :the, orifice ,would f~reeze :sol id l~,  .formlng :: 

a cone of ice :in the '..tapered ;exit ~when ~the air,temperature ~,bafore i 

expansion was ;52=58 °. iF, ...and th differential ~pressure ~was ,5~05 ;~:: 
- ' . ~i 

pounds per square inch. The results of ~f~reezing i~tests ..on .a ~I ~orlf±ces ~<' 

.are shown in table I. 

7, Orifice-:~with 18 ° taper, 5/~-inch diameter ~(Tl?) • As 

an alternative .design, oriflce'~ 1 -was built, }It-is .the same in,e~ery ! 

,detailas orlfice.F .~exce .pt :that its initial diameter is 5/52 ,,of a n  - ? i  

. J° 

;~< ?: ~ i~. ~/~;; ~i/iilfl ~ ?~ ~ 
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OBSERVED CONDI'?IONS ~U}~ER ~}{ICH ORIFICE FROZE 

q, 

, . J 

Orifice 

F 

% 

% 

% 

% 

~2 

~z 

T2 

T2 

T2 

T2 

T2 

Differential. Air,line temp~rature(deg.F. Temperature O f  

5.405 72,56 

5,877 72.04 

6.012 74.40 

7.928 i 74;36 
| 

8.05]. 7 4 , 5 5  

9 . 0 1 8  7 4 . 9 4  : 

8.865 7 1 . 6 5  

9.867 ?1;91 

9.589 • 72.52 

9. 507 72~ 94 

• 9 • 507 '16 5.13. 

ill. 022 73.16 

~$2.S8 

52.59 

52 ,54  

52 .54  

52.45 

52.80 

55 ;72 

:55;,71 

5 4 . 5 1  

54;25 

54,29 

54.49 

$2;29 

5 2 . 4 8  

5 2 . 4 9  

• 5 2 . 6 5  

52,.76 

55.64 

55.62 

55;96 

54.15 

5 4 ; i 5  

5 4 , 5 8  

GIC,-4 

GIC-8 

GIC-IO 

GIC, ' l l  

GIC-12 

GIC'12 

"GIC-13 

GTC-15 

GIC- IS  

GIC-15 

GIC-15 

GIC-15 

15 
: : (  i ~ 
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inch instead of 1/8 inch, which makes its area roughly ~half that 

of orifice F. ~The ~cslibration ~curve Tor ~this orifice is shown in 

figure 7. Temperature tests were made but the range of air tem- 

perature before expansion was too high ~to cause freezing. The 

highest diff erential pressure, during the ~t est ~ was I7.SA ~pounds ~per 

square inch, and the air ~temperature before ~iexpansion ~s ~55.'39 ° F. 

No further temperature tests mere made on this orifice •because it 

was decided to try an orifice of the ~short-tube ~type. 

8. Orifice of short-tube type, I/~,inch diameter (Ts). 

This orifice was built and ~tested because it was ~bel/eved it would 

have a lesser tendency to cause plugging due to ice formation than 

an orifice having a tapered exit, such as for T I. The i general dimen- 

sions and calibration curve are ~shown in Tigure 7. ~The ~results ~of 

the temperature investigation are shown in •table I, and Iram these 

data a ,!critical freezing curve', ~was determined for this ~orifice by 

plotting air temperature before expansion ~againsZ differential pres- 

~sure. This curYe is sho~.~ ~in figure 8~A. The curve passes through 

the point s •which lie Turthermost to the left and ~upwards. THUS, it 

divides the temperature,pressure ~plane into t~ regions, one <reglen 

ilyihg upward and to the left of the curve, in which ~no combination ~ of 

iinitial air temperature and dlf£erential ~pressure ~ cause T reezing; 

%he ether ~regionilying down~mrd and to the right of ~the curve, in 
J 

which-all combinations of initialtempe~ature and pressure ~result in 

ice formation in the orifice. Figure ~9 shows orifice %~2 durir~ 

freezing when the initial air temperature was 52.570 F. andli~hc dif- 



! , 

a~ ill UJ. 

, I  

J 

~ ~ ~ " i I • ~ ~ • 

0 

| 

I : I 

~ .  l .... i : !  

~I2Mm~HVL :SUld020 ~OIIDNVLJX] ~ e  :~AVe~D~3J .  idly 

• . • . . . . .  . . . .  . . . . . .  . .  : 

: ~ i~  ¸ i :!~i : :~ : :: : ~: i:: : :?~:i~:': ~i : : i ! : ~ : ~ / / : ! ' i ~ : : / :  
/ i~ . i?~ :  ~ ~ ' / ~ i ' : ~ . , ~ i i / '  ~ ~ i~ i i ~ ,  ' ~ : ~ ' j : ~  . ; ~  ~ : ~ : ~  :~ 

%: ~ .  :~: : ~ , ~ .  i::: "i: i:~:~ ~.~!~ :~:i / , , ~  "~: ' / i~ ~, ~ ,' : '~ • ~ ~-~:'~i~'~ '~' 



• F I G U R E  9 

1. Unobstt-.~od Flow BOfOl~ 
loe  8tAd'ted leorm2=4~ 

B. y~mw ~ L , d  bY 
Z ~  Yor.~S 2 ~  

C. ~et D e f l e o ~  Due t o  
Ioe 7orlmt 20n 

D. l ~ L e o t ~  and b s ~ L " l ~  F l o w  
Due t o  l o e  l e o ~ t J . ~  

FLOW CONDITIONS DURII~ FREEZING OF ORIFICE "T2". DIFFERENTIAL 

PRESSURE 19o25 LB. ~PER SQ. IN. INITIAL ~KPERA."-~ 32~37 ° F. 



A. O~flee Fr~aen, l ee  
cone Ba~el.7 Visible 

B. O~Aflee FA.~en, Ice 0--o 
p~mounoed 

I0 

C. Oz' l f ioe Fx'osen. Ioe 
O ~ e  1B l~z'6er 

ICE C0NES ON ORIFICE "T2". 

19.25 LB. PER 8~. IN. 

D. (n-1~Ace lr~en. X~ ~eale 
BJmLltl~ ~ X~r I~ 

DI~IAL PRESSm~ 

INITIAL AIR T]fPERA~YRE ~2.37 e ~.  



ferent'ial ressure was~lg,25 pounds...,per !square inch. In :fiEure ,'. '~" " i . . .  

Orb/ice T 5 ~s,;a short tube s~ar-to ~2'~ h a n g  Its :len~h .e~. . -",:. "'- 

to .three diameters (figure 1,7~)~ Its .area,-however, is.approxlmat Y 

half that of T2 The.,cal~bratlon curve.~or .~hls orlf~ce., is shown 

in figure 7 and its Treezing characterist±cs shownin table:Ll. 

.At this po±nt in the test program :it vas decided ..to adoptorifice.T2~'.~.. 

so .no further temperature ~nvesSigations:,wereconducted onT~. - "~ 

lO":are shown .four .ice Cones i~ich ,,were 'fo~ed below or~Ice '~ 2 .... ~. -: , :.. :.:: 

under the 'above 'condit~onsr'O'f.'i:!P ~essure .and"tempe~ture. '~e~ vary . ,.: .:~:i 

s~ze~ . free .f:o ce ,, , .  :- i n  

owed t ~akeplace and. ~:; due'to th~~ ~n::~iCh %':. ~ .,.,~',~i 

~ f o ~ t i o n  ice 

9. .O~i~ice :of .sho~b-~ube type,, ,~/52-,inch, d~meteri(.T~.): . .: 

~ "~ -to an :orlfice .whose area was equivalent %0 -%he combined .az~s .of ~ i:.~ 

:: four orifices of :a :de-icJ~g ,unit. T~e lower end of %he glass rlser 

the'Grand .... Cculee, Dam the ~ proposed, deslgn, mncorporat es .risers r' ~ ~ "" ~ ~A , ~. 

.about .60-~eet in ihei~ht TrOm the,compressor-to-the .top ,nnits i~fi~ ~', i::~ 

~I):. :During the  per iods  -when .the compressor : i s  ,not b e i n g  Operated; -:,,: . . . .  

-.or ~not ,the -~ter .could ;be 'blown :out :of ..£he ,vertical ~isers bY the ...-. -i~ii~ 

":" air .from .the ,compressors. ~Thls ~.problem .~s-.:a!so i~vesti:~ted in .. .~',, 

the laboratory. Tb.vee ~5-foot ~len~hs ,,of I-..inch inside .diameter ,.. : .... . ~.-.-.. 

pyrex ~lass :tubing 'we're /Joined ~tOgether ,.with ,,shor~ rubber ~:unions., i 

~.By suitable ~.Piplr~ .'the'Liupper .end ~of the •,glass. ,tubing ~as. connected..~ ~'~'""- ' ": '.!i 
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FIGURE 11 

A. S~ of Proeess. Air 
pressu~ Very Lon 

B. view Showi~ ~tMr ~II~ l~m Air 
Air prss~re I0 lb. ~r s%. in. 

CONDITIONS IN VERTICAL AIR LINE WHILE 

WATER IS BEING FORCED OUT BY AIR 
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. . . .  , . ~  , ! , .~  : - 

• ., : ~, . ~. , •.i ~w 

was ~ connected .to !both ~. air-and ,~water-supp] ' ~:!i'! 

men~ conOltions du~ng ~the-'time ,:of. blowh. _ , :~, 

coul~ be studied ~visu~. ;The, glass ~,tube was .~i~St,;~led "•wi~h ' r " " " 

.colored water, :then the .:air,~was turne~ :on. ' , ..... ' 

rising bubble and ~the ~outside ,of ,the'tube. • At ~th~ ,starZ-,of ~the -. . . , 
:-, 

: p r o c e s s ,  w a t e r  w a s  ~ f o r c e d  o u t - o f  ~ h e  ~ n o ! z z t e  ~ u n t i l  ~,the ~ Z l r s t - : ~ r ~ s ~  ' •  r'~ ~' 

: a m o u n t  o f  , w a t e r  . o ~ - - n - - o - -  : , _ _ c r  i ,_ , -  , :: . : p r o  . . .  , 

until :finally all ~mter ~:d~,scharged ,came iout•:'-in:the :£orm~of :spr,~,~ , 

As '~he ,air pressure :was increased, .~the.~air-.,velocity .in ithe ,t~be 

• ~ i n a r e a s e d .  A t  a b o u t :  i O  : p o u n d s  : g a g e - t h e  . ~ . , v e l o ¢ i t ~ - ~ h r o u ~  h : : ; t h e ; i t u ~ e  

is ~about 5 7  :;feet ~per ;second~based ,.on :~the .~fUll area i:of ,the/EI~~S: ::.:: ~" 

- " • " " " ~  " " n  ~in~the riser'~,colle~s _tube. Under •this .,condition, ..water ,remairii g • " 

'han s" :in ' ~ r  ?stre~~or :': 
i n  .thin sheets : n e x t  ~to :ithe .tube ~•wal~l :and~ ,~ g " -  • ' 

~slips past it, ~as,,ishown in figure:~LI-B.. ',:.. , - .... . . . . -- 
, . • . ~,~ ~ . , : .  ~ : _ 

could be successfully ~bl6wn :out ,of ithe,,~r~ser 

,that ,,,the :~water. did .not :~ go ,,out ,,in i:one ~ continuous ,,stream \but; %hat ' 

t h e  •flow was  the s   rorcea  out : 

air.and it was fe!t ,that rther-rem~ining "water :did not :--Impair,ope~ 

tion and would :ultimately 'be :evaporated ~y-the ,.,alr,~ 

! 

: ! 

,i 

i ~ ;i~:i~ 

ll. Disc~ 
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measuring the rate Of f1'ow ~of: air iby.i-:us~ng .the ~rotameter deserves 

mention ~in regard'"~to ,~accuracy ~of measurements~and :the .necessary . 

corrections ~to convert the discharge ~to:terms offree air~a~'/~"~ ~ J°'~;~ 

gallery condit°ions. ,The :~rotameter,, .,~a s previously,deecriSed, con- ~, ::' 

sists ..of a glass tube ~tapered .~from a ilarge ~:diameter at ~he top to .... 

~a smaller ..~iameter ~at the ibott~. .The ..flow of :,the fluid .to be" ~: 

metered isfromthe boZtomto '..the~top of .the tube. Etchedon !the 

glass tube of "the rotameter used .!in %his :~invesZ~igat"ion ~a~b ,.t~.. 

• scales:" :One, a :~reference-scale~!graduated.:~] ~~ters; the 

other~ a +..calibration .:scale ,for :air .at standard iatmospherlc pres- .- 

s u r e  and. - , -VO ° F. I n s i d e  : t h e  Elass itube ~t~ere : i s  a i m e t ~ l - . ~ t o r  . w h i c h  

spins : and hangs in ~the .air"i stream ~ at' a ~.def~irilte, height above ~he 

bottom of.~the tube ,for any:particular ~ischarge..Obviously %he 
o: 

forces on ithe rotor in ~a ~ver~ical .direction .are in ~equillbrium when 

the rotor floats .at a constant position~v~th !respect .~ho-the tube; 

,that is, ~the weight, of ~the .:rotor ,~ust %alances ~the .drag ,.on "it ,due 

" S to :the ,alr~ tream~ The ;~rag on '.the-,rotor:,;is ,a..function ,of its 

shape, its projected :area, Lthe square )of. ~the ~.velocity:,of~Zhe ?fltUid, 

and the .density ~of %he !fluid ~(in 'this ~case ~air~)~ ~:/Thusl 

w h e r e  

F 
F ~ 

D - , t h e  ~drag ~ 

= •a ~coeffioient dependent on ~ithe shape ~of ~the r.otior " 

P = the density of ":the fluid - " " " 
.° 

4• 

k 

'' 4 



A = the ,projected-area of the ,rotor ' ' : 

V = the velocity iof r the fluid ~passing the rotor, !~~! 

Now, consider metering under t~o sets of conditions: ~ ,The first at ,~., 

standard atmospher±c pressure (:29.92 inches ) and ,700 F; the ~second, ,. ', .... :: 

" at .some new set of values Of ipressure and t :such ~t "r ~ 

the density has changed. Denote ~the former r:b F :~bs~i~ "~ ~e ' /~ 

latter by subscript "2". Let us ,assume tha~t:the drag ~ 'the two~ 

cases is the same; in other words, that the rotor float~ ,at the ~ ~'~- ,/! 

same position in the glass tube. ~hen ,it fo3,1ows that: 

then, 

c~ - c~ since ~IC~ ~±~ a ~ctlon orly ~Of~the ,shape 
o_~ ~ t h e  rotor " ~ • 

A I =A~ ,since obviously the iproJected area,of :the 
rotor is~thesame in ,both cases- 

£12 V2 2 

or 

pl ~ 2 .  ~p~v22 

j- 

but 

V=Q/a • 

where V = as before, the air ,velocity past the ~ro~r ' • 

Q = the discharge, cubic feet per second 

a = the area between the rotor and the~tube waist 

Then3 

P1 •=P2 

~4 



:+ 
, + . 

-"." , '~"+ "Sf 

; }~,, 

o " +  ,, 

but 

~erafore, 

but 

a I = a 2 s~nce ~ i~he ~cross-sect~onal, area :between the rotor and 
~ube ~Ll~l does not ~change i f  the rotor remai~m ,in- 
,the :same position° 

' t 

p = mass !~runit volume 

= m. 
"V" 

../'m'.m ̧j • ;  " r(  -- " 

.rr i;~ '~ 

" t  - 

?+ 

J 

:, .+~i m 

,and 
I 

. o r  

PLY1+ P2v2 @ 

Ta %2, . . . .  

- ; - + ~  

. - + / " + ,  

Assuming ,the ,same mass ineach case: - 

T2 iPl x v I 
' . + i 

+il ~ :i and 

!i ?: 

% 

v~ere nl = mass 

+v = volume 

T 1 = calibration teaperature (absolute) 

= 4 5 9 . 4  +70 = $ 2 9 . 4  

T 2 = air-line temperature (absolute') 

• + .. ; 

. ( 
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,j., 

= 

j . ,  

PI = ,calibration ,pressure = 29.9~ "inches = 14.896~ '. 
pounds per s'quare'inch (absolute) ~ ~ ~ "  

pg = air-llne pressure in ponds per square' z n c h  ~,. 

By substituting the proNr values of,~Tl, ' T a, PI, Pa, and'Ql?in tSe 

above equation, the value ~as found of Q~ which is the discharEe r % o : ,, 

:'in ,cubic eeet oct ,second r~f ,a% 'the ,absolute air-line temperature. :: 

and ~ressure., 'Q~ was then converted to free airat ga!!erK " condi- .! 

tions (~8.65 inches and 5 0 °  F . I )  bY the e~ation: :~ 

where 

,~ .= ~cubic,, feet of ;' free air per-mlnute at .~a!~ lery ' 
,conditions , ° 

P2 =absolute~ air,line pressure ~ "  

P~5 s - a b s o l u t e  ,gallery pressure (14.07~ pounds p e r  l. , ~ !  

s q u a r e  ~ i n c h  , ) , 

T 2 = absolute air-line temperature -- 

T~ = ,absolute ga!leZ~, temperature 

=   59.4 50 = s o 9 . 4  ° F ,  ' . 'k'. 

To determine the discharge by the rotameter, a cal~bration curve ,was ~L.!~ 

constructed from-the -raference .scale <~in :millimeters'} and ~he dis- . . . .  ),. 

charge calibration scale etched .On ghe glass tube. : In calibrating 

the orifices, the reference scale o n l y  v ~ s  read since a morepreclse 

obtained from the rotameter calibration ,curve. Then, having the air- ,i::i,~. i 

line temperature and gage pressure, and assuming the ~ barometric pres- /i)i, 
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sure  t o  be .the average .laboratory. barometric ~preesure,  :Q~ :wan o c ~ -  

puted by t h e  forumla~dev~oPed :above. ~ ~was then  ~ound,ae ,out l ined  

a b o v e .  , -  

The aocuracy  :of, t h e  ~ca lCbra t ions  o f  ~++oz~ices ,F , , ,  ~ 'LT~ , " '~T~ , 
+ 

and T 5 depends upon r+S~ePal .fKC~OP~| ",The aCcuracyi~of',+the ,rotameter 

calibration curve~ :the preciseness :~of ~reading ',the:referenc 

the accuracy in reading the air-line ip~essure ~ge~ej ~d '~he co~rect~ 

ness in assuming that the .actual laboratory ~~er:was equivalent I~ 

to the average :barometric ~pressure ~(24.72 Inches,). i The latter~ia~ 

sumption is probably the greatest source of .,ecror ~end .could !be as 

~uch a s  e i g h t  percent .  ' I f  a l l  exTors  ~we~e c u n m ~ t i v e ,  ~he :,'accuracy 

of  i~her o r i f i c e  i c a l i b r a t t o n e / i s  ::st£~l' i p r o h a ~ y  ';~thin a i ~  percent" 

maximum d e v i a t i o n  from ',the ,true va lue .  

>'7 

I t  should  :~be.~pointed ~out ..that-in , these  c a l i b r a t i o n  . t e s t s ,  ~. i/ 

a change in~he back pressure (water ~head} ,on-the:orifice 'mi~l ~change 

the ~Lifferential pressure at which critical :pr, eseure ~occurs, .,v~ich, : ~/::/:! ~ 

in ~,turn, :will change slightly ~he shape .of .the ,discharge ~Cu~ves. To .... 

illustrate ~how the water ~head ~ on '~the ~or.'~Ice ~af~ects "i 

'ithe di~,ferential pressure ~at w~ich icr~tlcall.pressure oc~re,,,consider ,, 

:these. orifices .were tested ~was i0, 54 ~feet of ,wnter or ,.4,57, ~pound~ :/mr: 
. . . . . .  ¥ 

equate inch~ causing~,~crltical !p~essure-~%o ~occur ~t 14.82 ~po~id ~ per . 

!,+" :square Inch:7~if£erential ~p~ees~re. Hc~ever~ ~had ~the ~back !pressure 

• '*. " ," 

been, say~: 55 feet ,of wa%er ,.or i15.17 rpounds per .square. inch, ,cr£c~Cal 
. J 

:pressure would have ,occurred :at i~4,~ ,Reg,,rids d~ferontial preesur, e, 

The .+differential ',pressure ;at ~which :critical ;pressure occurs, .aff+~cts 
; .~k: 



a ., 

~ r" ~ ~ i~rerent ia l  i, presaure)  in  ~he"~Oliowing manner., ',Until:az~'t~eal , :  

.... ,- '~pressure is reached, increasing:the ,air,line :pressure ;by :~nc~s/~,:'" "~ ' 

r ~. ,~',, / 
: I j 

h~ 

%he ~orifice calibrat~on',mxrve .~:~ice .discharge ~p~ot, te~ ,~ag~L~s~'i. ~ " :' :::"~'~!i 

~pound :the-dlfferent'ial !pressure- .causing ~flow. ~.!~bove "cr£tical i~r.es-' " .... ~ ~- 

sure, .~however, an. increase :of .~one i.pound in ,.the -~.~l:ine ;~pressur.e ' ,~,.: 

.~ts 'in ~ ,Incr~se ,of ~o~ ,:0.~7 :or ,. :~md. : :'±n !~e ~es~• '.~-•. •. . ..':!:~:;•: !!!: 
;.fference causing. 'flow. i,lt :.is ::apparent ~then~-.:that the ?back !Pressure, 

and ::hence %he ,'dlfferential ',pressure ::at ~whlch ,cz~t±Cal ~pressu~e --,~..~ 

occurs will ~f.ect the ,:shape ,of ~the ,discharge ~cu~ve, ": " . . •". :'. i"). ;..72 

'In constz~cting .the crigic~ freezing,;cur~e ~(.f~,~ure :~):~: '""~i 

diff.erential pressure .was •plotted again~ .air, ;.~emperature ~befor~ . ' ' :'~ ,: "~!;~!~. 

expansion. Ice f ormation -in :the orifice :~s ~a-~funct~on~of :at.ilea~ -.: ' " '  :'~ 

%he. differential .pressure .across ~he .orlfice~:-t.he ~a~r ~t~per~ture.. ...... ' ~: -; 

before expansion, and :tenperature.iof :.the surrounding .:,~ter.:; ?.but 2 . ~" ::"iii~ 

-since .the .:air :temperature ,before ,ex~nsion ~:is~ :in :turn, a :func,+~em -. :/ ~" 

~of 'the. ~emperature :,of ithe :surrounded:water..,. . .the ~.'-~ni~al~:~e~ ~ " . !.: :~"~il,. 

perature~was chosen, as ;one of ':~he ~coordinates ~ or. th ~f~reezing cur~e~. 

.,It ~I be ~seen from ~.table I, in :the ~next ;to -%he ~last ~llne~ ~hat-~%he.:/:..~ - ..i:. 

air ~e~erature :before entering .~.the ~'cooling ..coils ~,.(c,~_~m~.41:) :~as : .:..... ,:2 

m~ch :higher than in other tests, .while ~he tempereture be£~,~re ,,eXpa~-.. " :. -:~L 

~eion ,(column:5 ) was :,not .changed.appreciabl~,. The rle~h' •_of i.the pi~e; ~ -. il i. ):~,,. 

in the ,-cooling coils .was. $4 feet. ~ :Thisindicates ~.that the .:air: ~e~- . ~ 

perature before .expansion :~ill~ .be ~:sensib!y ~the same as ,.that ~f :.~the 
• ?:i!:: 

s~rro,~r.dlng medium, :,regardless of ~its .~,~Itial .temperature,. .-/ 

~he ,~tlc~. ~e~.i~ ~ ~ve (~i~e ~A')does .~t ~W ~-~ . ~, 

.the ~data ~in :re~rd ~to ,the •freezing. :of. ,.orifice ~T~. !:Wh~le .it-Ki~es . , ~ ~. 

28 • 
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:i 
the ~combinatlons .of initial air :temperature. and differential :i 

pressure at which freezing ~.sta~s, it does not Indicate?the ,.degree ;:~i,:: ' 

or seriousness of freezing. In 'the ~range~;of initial ~alr tempera- 

tures up to. about $3 ° F. it~iwas observed :that .it ~was possible to :i'!' 

have the .orifice freeze solidly at 'points !~(represen~ing ~pressure ~-~L 

and temoerature conditlons)';l~ing ':on ~..the crit~ic~l T ~ ~i reezing curve. 

However, these instances .were ~:exceptions •.rather"=.than ~the ~usual .: 

result; generally ice ~muld start ~.to form~,in the oriflce," " partially ~ii~ 

fill it, and ~then be blown out. In,order to obtain quick freezing ~iiiii! 

and ice cones (such.•as shown ~in figure~lO) the differentlal ..pres- • . ~ 

sure was increased to'l ,2o~pounds.per square 'inch, ~.~I ~the range 

of initial • air t smpera ~ure i,l~mg ~above ~$5 ° iF~, .Tree zing :of .the ~.~:, 

orifice was not such oa :serious factor within ~the ~differential pres- <~ 

•/i sure ~.range tested. The start of freezing :in the ~range ~above 3~ ° ;F. 

became progressively more and more difficult to ~ detect by:obser~va- i 

tion of the jet as ~the :differential ~ .pressure necessary '~to "produce ~ 

freezing ~increased, until in the .vicinity. of I0 .~or ,ll ~pounds ~per ~ 

• square inch it could only be ~detected !by the ~struments. ~en ~the :~% 

mercury.mmnometer, indicating the ~air.line ga&~ ~p~essure, showed an ~ ~ 

increase 'in-pressure,~ and ~hen ~_the ~tamster showed ,concurrently a i 

decrease ~in. ~scharge, it was .definitely establ~shed that freezing 

had started. In the ~region of. temnerature. . lying ~.above ~3 ° ~F. ,it-was ili 

observed _that the duration of the.decreased discharge ~due to '.ice ~ 

formation in the orifice became shorter ~as the values of temperature. :~ 

and differential pressure necessary !to cause freezing became ~greater. :i 

Cle~ing of the orifice was manifested by a sudden increase in .dis- ~ 
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% 

,~ ... 

t charge and ~ecrease in~diff~erentia~i. ~ pressm~ e. j • ~;~i 

• In at%~pting~to e~l~ . ........ " ~i' 
• • --~ ~ ~ne ,phenomenon ~of iiceJformmt±on 

in the orifices, .the ~writer Proposes ,the/ollowlng~Ite~?~at±Ono ,. ~i 

theoretical analysis ,was :made for eyqoansion sat1~atred z~air , ~ 

throughorifice T2 , ts~clng :the actual • ' ~" *~ .i 
values,~ of. ~'.ni~lal and final: '~:~: 

pressure and initial air ~te~erature found ~in ~:test :GIC'IO .!(;table ~.I~)~ ~ ~' ,i 

~le expansion ~was considered adiabatic and account was itaken~Jof ;the 

variation of ~the specific heat of ~;ti~e/saturated air ,wi~h tempera~ 

~ture. To simp!ify~ computat±ons/it .~vas fimst :as sumed ~tlmt ~ the ii ~i! ~ 

" L..I 
amount .of water vapor Present was constant ',throughoutexpansion 

and equal to that rpresent :in ~saturated air ~:at ~the temperature 5 ~ ~ 

expansion° Thus, . t h e t e m p e r a t u r e  of t h a  gas [m~xture~after ..expan- ~ ~, i':ii 

'sion was obtaine~, neglectinE moisture condensed ~ out. Account 'was .~ 

then taken of ,the ~ amount of ~vater vapor ~,which condensed ~and iT~roze, 

giving t o the ~m~ture .its. heat of ~:~aporlzatiOn and,:~ts ~heat ~of ' 

fusion. ~Thus, iby .a .cut and-~try-p~ocess, ~,the :fin~ t~aperature of " ~ ~' 

-the gas ~ure ~ra s obtained ,a~ivlng ~at ~a ~b~la~Ice?is~ohi~that : ~the / " ~i ~ 

water vapor~necessar7 to saturate.~the air,air,the fLnal~.tem@erature 

Plus ~the ~amount %hat condensed ~and ~i'~ ~ " ' " ~ ~ " ~ ~"~"~ 
. oze jus~ ~equaied ithe~.~rigiual i 

~amount present ~before .exoanslon;. "and the hea.t giv~en.up~ - . ~by .ithe imois, " ~. ~ ii!i 

ture which. :Condensed~and froze was just ~sufficient toe.raise .the ...... 

temperature of the gas mixture f~,om that .~..AI ~..(-i '.r/. " . ~,/ 

i! 
condensation and freezing to the /~na] value. ~For the ~artictOmr ! 

case investigated, the ~n~-t~ai temperature ~S 491°74 degree~ :i 

)absolute, .the initial pressure, 2a.92 pounds ,per square inch, and 
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i"/.! t h e  :final ~ : p r e s s u r e ,  18.91 p o u n d s  ~per  . s q u a r e  i n c h .  

" and by the :method Just <;outlined, the final :gemperature :after ~ex - 

!)i~" pansion ,was ::found to be ;approximately' 2.~4 ° F. ,This analys~s i has 
'// A ~ 

'~' ' taken.no consideration :of iheat transfer :from the ,orifice :to .the. : 

gas mixture although 'there :must :have ~.been some, It ,wi/,l '~be :remembered 

that :t~is set of .values of .pressure ~and initial;tempmrature ~constl- 

tuted one ~point on the ,critical freezing 'curve, ,which :means :th&t. 

" .freezing of 'the .orifice ~.'Jus~ ~a~ted ~un~er %hese ,conditlons, The 

-~ , . .- . . , ' ,o, ~ " ' ' " below .the :f~reezing theoregical "fmnal temperature of 2. ~4 ~F..is far 

.. ~ point and it is dtfficult.!.to conceive that ,.the ..o~ifice ,,whose ;t, empsra- 

• • J. . '; " . . . .  0 

ture cannot ~be greater %han that ,of "the ~surrounding ,water'.(~2~~8 I.FI.;) 

?From 'these ..data, . 

.j>" 

[ 

st~'rts .under .these conditions. ~ 'Another,question ;rising ifrom:a study 

.~of the fr6ezingphenomenon Is how f.rozen moistune: particle~ ~can 

-stick to the ~walls ~of :the orifice when moving ~at -such :a.~high ~veiocit~, .. ~ 

approximately B2 5 f.eet per ~second, or ~.~ 58 :miles -per !hour for ~orff~ce ~ : ~ :i~!.: 

T~ at a ~dif, ferentlal ~:pressure of• ~6,'OIR. ,pounds~'i~per: -square~,. . inch., A ., ~ 

..e in ~th of .these points - ~i!i sol~ion.which would satisfactorily xpla ~ ~ : ' : • 

is proposed and .reference .will ibe made to' ligume. 8-B. ~' The ,mixture: 

.to :pressure !P2 followlng %he appro:dm~te ~streamlines as .shown:in-the ~ - 
• j 

.figure. ~From ~oint ,a :.to point ob-.~the .jet ..contracts, passes ::~through :- 

~the ,vena ,contracta, and ~hen .expands again following%he iwalls of the .~~ 

.orifice .between points b :and c° ' .The Cold ai~r .cools .the ~w~s of 

" e the ..o~rlfxc ,between points b :and ,c..to some tem~rature ~:ich is. 

.- . . 



:~igher ~than ithat of ".the air and lower than that of :the wat4r ~:sur- ~" ?- ~' 

rounding 'the "orifice. As, :the saturated. :air ~expands lhe ':.temperature 

drops, 'resulting in .moisture being ~condensed out ~of ~the :air. ',The 

'~resulting fluid .is .then ~ a mixture ~:of moisture iparticles and ~Satu~ 'I ~ ' 
i 

~rated air, the air temperature being ~:below ifreezlng. .It .±s :con- : . ,/ 

ceivable ~that ~the :particle s of ~moisture ! do. not ;freeze instantly 

'i 
'because there 'mustbe 'a iheat itransfer be£ore ithis can ~take ~place, !~ 

and therefore, because,of the ihigh velocity-through the orifice, i~ 

could !be ~posslble that'.unfrozen:mois~ure:par~ticles could .come iln /! 

contact with the .walls of. .the ~orlfice ~between points ib .and ~c. It i ~ 

v~Ll be remembered from studles : of ',refrigeration that a :moist 

!finger .will stick instantly 'to a metal surface .~when :that .surface ~ 

is at a tamperature ~of 15 ° ~F, or lower. ~(.This is known asthe 

~"stick test, ',.) i.lf" the'walls of ~the ~orlfice were at 115 ° .~F~.~, ithen 

the~. moisture particles wouldjstick instantly upon .contact and freezing 

• ° c of the orifl e .~Duld start. This hyPothesis ~would satisf.yiboth ithe 

":.i 

~question, of low .air ~temperature and that .of ~the high ~alr ~'veloclty. ~ 

It is of-interest ~to note .that for ~the ~one point 'on :the critical 

freezing curve for which the ~theoretical final ,air ~temperature ~was 

computed and if.ound to be 2.54 ° E., the average of :this £inal air ~ 

temperature and tl~t of the ,surrounding water is exactly ,T5' :F., 
? 

which i s  .the h i g h e s t  :temperatt~'e fat  'which ,th~ , , s t i ck  t e s t "  ,.will. 

• c .  

occur, 

By extending this reasoning i further it can be ~explained 

why freezing is .more seriou.s i(~that is, the orifice ,may .freeze sOlidl~) 

when it occurs with the temperature of-the surrotunding ~water in the 

S 
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'region of ,52 ° to :53 ° F. The :orifices tested in ,the laboratory 

were made ~of wrought Iron and lead. .The ~thermal-;conductivity at 

64 ° F. is 20.1for ~lead, and 5~0'9 :for wrought iron. I. For ice 

!the thezmal ,conductivit~ is given ~as ~I~26. This ,means that a ..... 

. _ . . . . . .  ,, , 

!~arks, Handbook, .Third ~tlon, Seventh ;Printlng, ~ables l ,and 
~3, pp. S.9g~39?_, ~McGraw-~'ll co.~ ~N. Y. .... . ,. ~: 

temperature gradient plotted ;from~ithe surrounding ~.water, ~ithrough " , :  

the metal forming the .orifice and :,to ~the inside .wall can be, of ..a 

relatively ~flat slope, but if rein the inside ~wa~l ~through the ice 

to the ..cold .air ;.stream the "~temperature/gradien~ ~has ~a ~relatively 

very~ steep slope. ~Therefore, when i~freezlng of ~the orifice starts 

,with the  ~t,emperature ,.of t h e  isur~ounding ,water, ;~in t h e  :region of 

52 ° to-33 ° ;F., -.the ~temperatur.e of. the .inside .~ii ~e~. ~he ,.orifice 

can conceivably .remain:below .the -melting point, the :~bond between 

metal and ice remain..unbroken, and ~the freezing :process [contlnue 

on to ultimate restriction of, air I l o w ,  Nhereas, ',,wi~bh :a ~higher 

temperature of the surrounding ~water~, ,the freezing ~of ,the/~orifice 

i; 

may start, 'but .as the ice ~deposit increases in :thlckness, :the 

temperature ~of ,the inside :wall of ~he orifice ;rises ~untll ~the ~melt- : 

ing ipeint is reached, the ,bond between the ice and metal:'!s 'broken, 

~the flow-restric~ing ice deposlt ~!is ~blown out, and .complete freezing 

of the orifice is prevented. 

12.. , S . ~  From this investigation it-was ,Concluded 

that. 

(a) The direction of discharge ~erticaliy ,downward from the 

orifice gave a superlor,flow pattern~ 

% 
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(b) Anorifice with an 18-de~ree tapered exit similar to 

type F gave the 'best flow pattern ,of all single-hole tYPeS 

tested. The mmltiple-hole ~Ltypes ~were ~at once ~bandoned because 

of the ~high ~discharge or 'because ,of danger of becoming 'plugged 

if the diameter ~of ithe holes wasdecreased :so ~that .the.~ilscharge 

~.would be :equivalent' to ~the s~n~e~hc!e, :type. ~! 

(c) A dlscha~ge of :two:,cubic feet of free air per .minute :,i 

at a differential pressure of two pounds per square inch is s u f -  '~:I 

ficient to induce•a strong ,upward ~water current, value for ~ 

r 

discharge ie also compatible wi, th practicai l~ts ~of compressor size ,i 

required for the Grand 'Coulee alr .... de-lc~,ng system. . 

(d) An orifice of the short-tube ,type (T2) was found :to be . ~i 

somewhat superior to the ~ype :represented ,by Orif±ce F ;as ~ar as ~! 

freezing is concerned; its :flow pattern :was :not nmterially ,worse, 

and its discharge characteristics :~bout the same. ~Thereforel 

this orifice was adopted •for,use .in .the GrandCoulee de-ic~ sys- 

(e) -~ .When freezing.in the orlfice.occurs .~,~th the initial air 

temperature and surrounding water bamperature ~l the ra~ge~of $2 ° ~ 

to ~S ° F., ,the orifice may freeze compiete ~Y .end ~stoP i'Iow. ~No iii'! 

complete freezing ,was obse~ed in ~the tests when ~the ~t~peratures i~i, I 

of the air and surr0undingwater ~were iabove :S~° F..and .the dlff, er- i-il i 

ential pr~ss~ure withes ,the ~range available iwlth the laboratory ap- -. 

paratuso However, complete Z~eezing is p~obably possibie a~'~igher 

differential pressures, 

,b 
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(f) Freezing ,of ~he orifid~e.-iis - a function of ~he initial aim 

temperature, the differential pressure, the type of oriflce. ,~' ~h~ 

temperature .of the surrounding water, the thickness 

walls, and the ~hermal conductivlty~ of the material 

~orifice is made. 

enough initial 'humidity that moisture will be condensed outduring 

expansion. ) 

~nere the danger of freezing is imminent, a ~ sharp-edged 

orifice should be used. ~£, however, an Orifice of the shorb-tube 

type is used because of its superior flow pattern, the freezin E 

hazard may be decreased ~bylmaklng Lthe ~operating di'ff erentlal ~prg~,i~/• • 

sure sm~ll, the ~mlls of the tube ~as ,~hin as possible and of a 

material ,of high thermal conductivity such ~as copper. . 

(g) Laboratory ~ests on 1-inch inside i~diameter ~tubing indl- 

,(It 'is presupposed that the~ air used has a hlgh ~ ~L~ii 

--! 

c 

cared that the water in the vertical supply pipes to the orifices 

Can be blown out with air° The 'iwa~er doesnot go out ~ in one ~con- 

tinuous stream but, at first, as alternate quantities ~.of ~water ~amd 

i 

air, and finally, as a spray of water and air,mixed. At lO ~ S  ~ 

per square-i~ch differential pressure the air velocitythroug h the .... 

tube is 37 feet per second. This ~velocity w~s ~suffiCient to carr~;~ 

~all the ~water out of the riser. That which ,remained h~g~!in Z~ ~ .~i~i~ ~ 

sheets between the wa~Is and lhe ai/" stream. It ~wae ~hou~ght tha% " ~ 

this remaining water did not impair operation and would-fdma~y b~. 

either evaporated by the air or t~1-en out as finely divided particles 

in a mechanical mixture with the air, • ~i ~ 

JL • 

. • .,4 -~ ~ ~'.'L~.~.~ ~ 



W . o  , the  work o f  J . . E ,  Warnook, -g .  , ' B a ~ .  ~'and A, 'N. J ~ t h  ~:'Lo 

,severally performed ~'the :pralimlnary investigation ~an~ ,difl :mndh 

of the analysis 4of~!the :preliminary :~test ~results. 
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