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BY: T. ~ G:,OV~EN; z DENVER. COLO. !~ 
Tl~s l~perdea l swzth  the  results ofalaborator,Jstud,y.of -va~ous onfices ~ s c h a r ~ n g , , u p w ~ ,  hormon~.a]ly~ ar id  ~ , 

i~orlfices :for,an ~alr . ] |h /deicing System~at °Grand/,Coulee ,downward. ;Sp~d:at- ten£|on~was~devoted ~o;~he ~ '~(,i:~i~ 
D a m .  '~he~.investlgation!inch~ded.~the~testing~of.slngle, phenomenon;:and~rti]es for~de~!gn~s,a Sat~fa~t0ey not=-  ~ ' i  
aud ,multiple-hole~arran~ments~of~.orifices,of~the :short- ;freezing iorifice ~e~e  :proposed. :An ~orifice :.w~s .deyeloped 
tube~it~Pe, ithe diverglng-tube:type;~and ,var ious .comb!ha-:  .,which :~ave ~a:satlsfactory ~balance ~betwee n :flow ~pat tem,  ' /" . .  
tlons .of~both.  :Flow ~pa~erns,were ':studied ~with ithese econon~v~ofoperation,~andnonfreezing~che, mcterlstics. ' :  :~ 

~Contributed~by'the'Hydraulic Division. ,for presentation at the "in :favor.of the.air;lift,system:because~of its~simplicity. :In the~ ': 
4~-Annual  M~l~ng.;Kaasss.CiW, Mo..,June!G-19,~1941,,of ~ z  ,air-lift system :comPressed air ~is ~f0r¢~i :into :the:~reservoir a d - ,  

• .: Amlmo~:Socn~-.or:Mzcajmmar, E a m ~ n s .  . . . .  i jacent to;the~structure at a depthat,whichthe~water,temperature.. : - LNo't~: ~8tatemente and ~,opinlona advanced ~in ;papera are to ~bo- ~ ,. r . . . .  " ' " . . . . .  
,matzo ,nearthst~orresponding~to~maxlmumdenszty. rhesbr- 

..undemtood ,~individuld expl~lion&of ~their~authors and not those:  ring and mixing action Of the rising air induce~the,upwaa~l ~ow of 



relatively warm currents of water which either melt~the ~ice :or 
prevent its: formation. 

A :typical ~plan and :section ~ Of ~the ;propesed ilocation Of 'the 
orifices in!front of~one:trash rackand in front of:enedrumgate 

~? areshowniin~Fig, 1. !Provisionis made to,introduce air:at~three 
different elevations in:front of' the trash racks and attwo separate 
levels iwfront o f  the:drum gates. This feature allows air,to!be 
introduced at .a  depth equal ' to or:greater than 1Oft, which!has 
been,found tobe~the minimum depthffor;best~rcedlts, regardless 

: of thereservoir elevation. 

,LABORATORY TESTS OF ORIFICES 

The problems:of determining the ~best size, shape,-and~diree- 
:tion, of discharge, Of the orifice and ~the, cooling effect, due~to ex- 
pansion Of '.the air: at the  ' orifice : exit'.were stu~lied ~in ~ a~l to  ;.1 
scale model in the hydrauliclaboratory of. the!Bureau of!Reelanm- 
tion atDenver. "The laboratory investigation was divided into two 

, parts ,.(I) A:preliminary examination of,several orifice designs; 
(2). a detailed study: concerning the~ cooling effect due to. expan- 
sion. 
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TRANSACTIONS ,OF T H E  ..A;S.M:E, 

,Fro. 3 ~Pze^c ~ m r ' n ~  ~Dmcmmm¢ ~t.0w :~Px~m~ ~ x~ '3 Psz 

I n  ;the preliminary ,tests, ~tim,equipment ~eonsisted ~of :a !glaae- 
sided:ranis, near:thebottom of whici~was'loeated~the Orifice to:be 
t es ted .  The ~orifice ,was connected ,with a'~high~preesure :air ~line 

at ~the ~ orifice elevation ,weremee~ured ~by ~mereuw ~.U-tubce, ~and 
the difference between ,these ~tw0 db~erved ipre~ures gave ~the 
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: F I G .  2 • OEIFIcE:DETAI~ 

visual. -The general details of,these~orifices~are shown~in ~Fig°:2 ! 
and a typ ica l  fl0 w ipattern ~in ;Fig. :3. ~From ~these ~tes~, it was 
determined ~thatl, dtseharg e ~direeted .vertically downward gave 
the i best !flow ~ pattern ,: the. criterion ~being ithe ~largest, cross-see- :~ 
tionalarea, of~herisingaircurrent-andithe~finene~s of division~f . !ii;i 
the air,bubbles. ~It was ob~ervedlfurther t lmtan orificeof type C i:i~'i 

gave,aibetter !pattern ,than "type B, whieh~had ~the:eame ,crew=, ~ : :i 
~sectional area. 

After these iinitial ~tests,.a :gas meter~oLthe di~laeementitype 
wasirmtalled~to obtain'the discharge characteristics of,the=various 
orifices. The flow~pat~m~of orifice:D was found~to~begood~but 
its disclmrge ~was ~ ~low ,to :establish ~a;strnng ~upward :water 
• current. ,~Orifi~F ~p: oduced~a~good flow pattern,/red,also ~a good 
upward ~icireulation ~of ~water. 'The orifiCeS !thus ifar ~tested !had 
0nly one ~hoie. ~he  imaltiple-hole ~nozzles were ithen~examined. 
This:greup~embraces~orifices:~F~, ;H, l ,~ndJ,~Fig.~2 - ?The flow :~i 
pattern: from;nozzle~H ,wa~ no ~better ~than':F, and~the,,wa~r :cur- : ~  
irent,it, e~tablished iwas ~inferi0r. ~Nozzle~ iF~, ~ ,  and J~all :gave 
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EQUIPMENT ~U~]$D :]~R ".~'~'IT~G~URI~CF~ 

. 
- For ,the detailed jnvestigation:a special .tank ,wes , c o n s t r u ~  

~and ~qu~pp~i,with-irmtrumente. ~he,tanklwas~made~12ft deep ~i~_ 
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'" atrrotameter.',a~device:for~:measuriag:rate:df~flow: 71'he, air re- ~ -  
tsmeter,;~Fig: 5 ,  conSistS';'of: an accu'ra~iy, machingd:'glass~,tUbo, " ' i 

, t~pered to increa~d'irf b0reTrom' bottom' to'top. ,~X spinning metal :' 
rote r floats in: thc :Mr stream: and  its; posit ion;  read'on: ~2, scale' on - 

' the :glass' ti:~be,l indicates ' the amount 0f:~air~ fl0@ing, iJust :/kbove 
the rotameter, a;Bou~0n~type pressure~gage,.was!located., !For., :::, 
more,accurate air-pressure measurements;a' merciitT~ manometer :'~ ~;:~"i~:i 
/WaS Used. ~For ~;isUai, dbservation~ an~d,~ photographic',~corkling~ '~:;!~', 
t w o ! g ' / ,  : X ig ' / , : in . ;  g lass '  windows ,were located .:on opposi te"  ii!:~i 
s|des Of the .tank a t  the orifice'level, " : 

( A )  DZTAILS,: OF,, DE- ICIN; 
" EQUIPMENT 

Fxo.' 4 ! DETAILS oF, Dzmmo: EQUIPMENT ,AND iTTPtCAr/~TzMPER~- 
TUREIGRADIENT CURVES 

• was :reeorkied and:  thew the, air:flow~,wgs s tar ted.  ;Water, and air 
'. temperatures, :~air~ pressure,~'an'd ~ the,: quanti ty Of: a i r  discharged '. ,~: ::~ 
were observed: :~The'differentlM!pressure acmss*.the, orifice',,was 

~progressively~incmased~by~'incremehts 6 f abou t~ l  ipsiiuntil~the' ; C ; . i  
{oi-ific~froze or the~ pressure' limit, Of~the apparatus(~'as at tained.  ':~ :i 
• ~The preliminary'tests;indicated'that~orifice~'F had i the - most : 

'desirablepreperties.  /A check calibration,was made~ on {}iis ori- : 
~ficc~ in!themew~mddel, as.shown on the~pressure~ischarge curve 
plotted; in!Fig.; 6. :~Tests on',the ~ cooling effect due : to  expansion 

- of. the a i r indica tcd  that~the orifice would freeze solidly,! forming i 
: a cone of ice in  the tapered exit when the a i r  temperature:before 
expanSi°n:was 32:88'E:and the ~diffe|'entiallpressure:was~5:4psi" .. i 

so t h a t a t  least' 10 ft of static waterhead could be imposed on the 
orifice. Ins ide  the tank, about;54': ft of  3/,-in.~ copper pipe~was 
placed incoi l s ,a t  the  end of which waslocated,, the orifice: to 'be  i! 
tested. , In  one side Of the t a n k a r d  a t  the elevation 0f the  orifice, ~i~ 

~,a:' piezometer opening and: a~ resistance-thermometcr~i bitlb, were 
located. ~ Located in the  same side of t he  tank ,at::2:ft: intervals ,i 

'~verticall~,abeve ~ the~thermometer,bulb a t  the orifice:level Were i 
:five other thermometerbu!bs to determine the tempera turegra-  : I 
dient during testing. ~,These:details are shown inFig /4 , (A) .  "°The i 
resistance thermometem were connected through ~ selector swite21 i 
to a~Wheatstene Bridge and the resistance balance iwas indicated ~! 
by .a  verysensi t ive :light-beam galvanometer. ~The~-temperature 

, of the air: before entering the Copper coils was'm~amtred~ by r e :  i 
si.~tance ~ thermometer  'No.,  9, ;and~ the :~air ~ temperature ~ before 
expansion ~ through, the / orifice, by :  thermometer * btdb No. ~,8. 
~Attampts were made to measure the temperature of the air stream i! 
! i s su ingf romthe  orifice by, using a small resistance-thermometer 
bu lb :and  also: b y : a t  thermocouple.  !However,~ because, of~ the 

:oscillation of the air:jetiand the vibration of the thermocouple, ~ it 
• was~,thought t h a t  neither the ,  resistance~ thermometer:  nor : the 
thermocouple ~was continuously surrounded~ by a i r  alone: and. 
hence; the  indicatedtemperatures wereunreliable,  : 
~:Insulating material,,was place& betweemthe, inner and outer~'~ 

tank. wails ~,which: were separated by :2 -:X; (}-in:. studding. ~Thd ~:' 
bo t tom of~ the ..tank wasi insulated and: the top,,,was: eqmpped ::ii 
w i th  a close-fitting removable cover, also i insulated. ,:The: a i r  : 
:pressure:was controlled by  a system,of, three valves,~Fig. 5,:-so,, 
arranged that  variations in the~ supply-line ~ pressure i ,would ~ b e  : 
minimized. The  humidity, of t h e  a i r f r 0 m '  thesupply=line~was,  
increased by  passing the,air through the humidif ier ,~nsis t ing of :: i:~: 

~two atomizers which sprayed water o n t w  0 porous'baflies:"i:Me ' ' :  
: chanically entrained water was removed by a System of t hee . so l id  ~-- 
baffles, F ig .  5. iFrom the humidifier, the ,a i r  p ~ s e d  t~ough:the:  
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• r ' A S ' ~ a I I  ' alternative,de , 

; i n ,  ~very ,~ :det ld l . ;  a s ; . o r i f i e e , F , '  e x c e p t ~ t h a t ~ i t s  t n i t i a l . d i a m e t e r ~ i s  

.,l/.~ in.'.' instead:of l /~ ln.,:'Which~ make§~ tts, area~roug~Y~one~half .~ 
,that o f  entice'iV. :The: calibration Curve~for'this"orifice is:shown 
in Tig.I6." GTemperature ~ tests < were~makle: but~ t~e~range:of :air 

:-temperature ~ before'expansion <was ~too i high ~to ~0,~t~e ;freezing 
',Tl~e highest' differential! pressure~ Cludng-the~test'iwas-~17.'547 ps i l  
:and the air temperature~ before expansion was!35'.39JF. -No~fur= 

. . . . . .  h",o a' 
exit. such, as !F' or':Ti; <The gener~il:~imensions, and, calihr~ti.. : 

i freezing cycle; - - . . . .  . . . . . .  "~ . . . . . .  " ~ ' "  

< Orifice ,T~ isa'short; tube ;:'  . . . . . . .  " ' similar, tO;T,,~ ha~Ting: its length equal " 
' to. 3 '  diameters, ~Fig, ~ 6. iIts  area ,  !however, ~is ~appreximately 
one: half that of, T:. ,The calibration,curve for, this orifice is,shown . 

,in!Fig." 6~ .'~At~this point!in' the~test program, fit .was kiecideki~to 
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L: h ~  sin .~.the air temperature before expansionis,'in,turn, a'func- 
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( A )  ~ U n b b s t r u c  ted~f iow ' ( B )  ~ D e f l c e t e d  a n d r e -  ,;16') f L s l  l e ' d e n s e i e e  : 
~ p r i o r  toiee ' . s t r i e t e d  f low d u e  t o  - e0ne, '  ~mple t e ly ,  ' , 
, f o r m a t i o n  i~e  f o r m a t i o n  ~ r e s t  ~ts f low ! ' 

Fzo:8 '~O~Ic~ T~ DmcK~m~o AT 19.25 Ps(D~n-Jsms.,r~xi: l~a~ssvs=; A~ T]~u~xx~s~B~rox~Ex~s~o~ ,  32.37~F 
"" " ' (Thermocouple is seen immediately below orifice.) 

!In One" test, ~' the air: temperature' before~ entering the cooling : ~ the specific ~ heat 0f: the saturated ~ air.with*.temperature, and. of 
:,coils was purposely raised about: 90-deg~ F! higher~ than~in :other ~ _the ~eat 0f vaporization and heat of;!~ion given~ to!.the mixtu .re . 

temperature ~: before, expansion ~ will~ be -sensibly ~the~ same ~a s , and ~ found~,to~ be about 2.34]F. :~This analysis~ h~,.taken~no con- .... . 
that of the surrounding~ medium,, regardless of~, its: initial\tern- sideration of~hent~transfer~frem~ the orifice~to Ithe;gas,mixti~e, 

although there must have been some. ~It will be remembered-that i ~ perature. 
The critical freezing curve, ~ Figll 7(A), does not give all the data this  ~set of values of,~pressure anki initial' temperature constituted 

.in regsrdtolthefreezingi0forifice~T~ ~ ~,Whileit'givesthe~com - ,oneP_o_~t0n~tbecritical.free...zingcur.v.e,\which~.means~th!tt~ifreez:" :~ 
ibinations of, initial air!temperature and differential~pressure:at :ing of the orifice/~ust started under.~thesecond!t]0ns-: T.he:~th.e°:. 
which freezing starts, it'does not indicate the'.'degree, or serious- ~Tetical finM temperature Of2.34'.F~m.far .l~Iow'the'freezmg,poin t ~ i' 

~::. ness 0f"freezing. :In:the,range. of initial,air,temperatures'up ,and it is'dillicult:to-conce|ve'that the orifice~whosc:~mmporature. , 
to, about,33 IF,' it ;was observed that ~ it ~was possible~ to! have , eannot:,be greater:than"that 0f the surrounding,~'~ter (32:48 F) . ', 
:the orifice" freeze solidly at points'~lying onthe critieai;frcezing could raise the air.temperatureto such apoint~,that~freezingi~ust 

~ curve, starts~ un'der these, con~iitions. "Anotl~er~ quest!0n ~ arming~'from: a :o 
, ~ However, these inst~nc~ were exceptions, r.~ther t.han the.usuM study of tbe'f ,roezing phenomenon ~ h__o~v,_fro__z__~t_~_mffistu're=, .... ~particles_. ~.-~u 

differential pressure was increased to' 19.25 p s i .  'A~ solution~w~ch'~wo .ul d ~tisfac~ri lylexpl~,  !b°th iof 'these i ~,i! 
In the range of initial air temperature' lying above 33F ,  freez- ~points is proposed and ~ reference ~wiR be~made t0 !Fig. ~7(B). :The 

ing of the 0rifi~,e was not sucha serious'factor,~ithin the differ- i~mixture of air.:and, water~vaPor at~pres~ure!~Prexpan'ds'th~ugh 
ential-pressure range tested. ~The start 0ffreezing in~the~range ~the olifice.to~pressure~P~ following,tbe approximate~streamlines 

. above 33F~ became progressively more and more/difl~cult to de- as shown in!Fig.'7(B). ~From point a to:point~b thejet  con,.acts, 
itect by Visual observation'oLtbe jet as the differential:pressure ~passes through'thevena~.contracta,~'and~thene~pan.ds.:agavn~fo.l- !i 
necessary t o  produce~ freezing increased, until in:the vicinity ~of ~lowing the  walls of the orifice between pomt~b antic. The cold 
il0orll psi it could only be deteeted by,the instruments- !When air~ceols, the~wallsof:theorifice betweenipoints'b:and,,c~tosome 
the-mercury.manometer, indicating the, air-line/gage pressure, temperature.which islhigher.than:that of~the, air~and~lower~than • 
showed an increase" in pressure, and when the rotameter showed thatvfi the.water surr0tmding:theorifice. /A~'.the Saturated air 
, concurrently a decrease in discharge, it wasdefinitely established ~ expands,:thetem.peratum.drops,, resulting~ in~moisture~being" re- : 
that freezing l~d started. ; ~m0ved from'the airlby condensation. ~ ~.~The resulting fluid is then i I 
~In the region of temperature lying above 33 F, it was observed - ,~a,mixture~-of moisture ~ particles and.saturated: Rir, ~the~air,tem- 

, that the •duration of the.decreased discharge due to ice' formation i perature: being ~, below ~ freezing. :It; is ~ conceivablt,, that~ the: par- 
in'~the orifice" became~shorteras the;values~ of;temperature and ~ticlesof~moisture donot~froeze instant!y:boeause~,there~mustlbe 
differential, pressure; necessary to cause~ freezing' becam e greater. , a ~ heab, transfers:before; freezing ean~ occur,- antl~therefore~becauso 

of the  high velocity~through the Orifice,i it. could~ be • possible~that 
'iClearing of the orifice was manifested by a sudden increase in dis- unfrozen moisture particles could comem contact,,with~ the Walls " 
charge anddecrease in differential pressure. 

of ~ the~: orifice'~ between ~points: b, and,c. It YwiU !be ,remembered 
.Tg]$ogz ADVANC:SD FOR ICE, FORMATION IN ORIFICE ~ from studies of ~ refrigeration ~that: a ,, moist r finger, will. stick in- , 

~Inattempting to explain the phenomenon of. ice 'formation in . stant lyi.to.a:metal surface whenlthat surfa~is  at a: temperature / 
the orifices,' the foUowing interpretstion is offered. Atheoretical ~of15F~or!ower-':Thisisknownasthc'~sticktest." ~If.thewalls* .i 
analysis was. made for expansion Of saturated air through orifice: , of the orificewere at!lS'.F, then the moisture particleswould stick !i. 

~iT~,~taking tbe actuai values of initial ~ud~final pressure~snd instantlY:uPon esntaet,and:freezing,of~the~orifice:.would~,start. 
initial-air temperature found in one: test. '~Tbe. expansion .Was '.:This. hypothesis iWould satis fy~ both. the~guestion,:of'low air.tern- 
considered adiabatic and account was:taken of.the variation of ~-perature and that of the high air_velocity. 

' ~ ' / ~ ~~ '"":~' '~ i:, ~' ' :~! .... ; . i~ ~. ~ , .~ 



6 , T R A N S A C T I O N S i O F ' T H E  ~A.S:M~E: : 

!It! is Of interest~ to note: t h a t / f o r  the one: point  on,the, critical ~ if\the~iiameter dr  tbeh01es were decreased so, that  the discharge 

~:temperaturc of the inside wall of the orifice rises until the melting ~ficiently~high~initial~humidity~ that :moisture ~will',bc ~eondensed . ' ..... ! 
'~, ~: ;,-point is r~ached,~ the: bond between the Ice and metal m::broken, .during ~expanmon. 
"i' ~'' the: flow-restricting ice deposit is removed, and complete freezing Where the danger of freezing is imminent,a sharp-edged orifice ~! 
i ~ . should be used. ~If,:however, an Orifice of, the short-tUbe,type'is ~I 

of the orifice is prevented, used,because of its superiOr flow~ pattern,<the'fmezin~lmzard may , "~ 

CONCLUSXONS be kiecreased~ by, making the operating differential ipreasur~ small, 
: :From this investigation it~was concluded that: the walls of. theltube as thinas possible'and:of a material of~high ~" i 

, (a) The dire'ction of discharge.vertically downwardffrom the ~thermalcon~ductivity/suchas copper. :. 
orifice gave a superior flow pattem. : . .... ' • ~ .... . '>The!hydmulie~laboratorY,.inwhieh:,thesestudieswem,madeis 

(b) A n  orifice ~ith.  an 18-deg ~ tapered~ exit Similar~ to~ type ~'/~ ~directed; h~;/J. ~.'~Warnock, engineer, and,,is h section of ~the,ma- 
" g a v e t h e  best:flOW pattern of.all single-hole:types.tested. ~The ~terials,~testing,:andcentrol.divisioni. supervised ibY~R.:F.~Blanks . t 
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