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'Subjec'bz Labora‘*ory :lnvestigati‘m of orificxa deaigns in connech e
SR 'ition wWith les prevention, by ‘the air *system for ,Grand Coulee
Da.m, Columb:.a Basin Projact, F.aahington. " ,
K PRELIMINAR'I TES'I‘S 4 SR
; e Int.ruduct.ion. Tha i‘ormation of "ice d.n frorxt. of the
;'trashracks and drum ga'bas of Grand‘.cuuiee Dam is both detrimental tc
.':_'I;good operat.ion and dangarous t.o }the atructura. times, the a:l.r o
_temnerature at. the da.m site has bean know, tn ndru':‘ to -28 F. a.nd

' remain at that laval for a perlod of aeven.l daya. s The problem‘ con—j o --ff? .' o

. :fronting the dasigners was to minta.in fraa of Lce. :bhe reservo‘

& ‘:face imedively adjacani‘: to the upstream_;'ace of tha dame ‘fany |
'i";msthods of accompliahin thls result were s‘hudied but. discarded in S
"favor of the air-lift syatem becuuse of its simplic ty. In tha a.u'-

_,lift a,fﬂtem compreasad a.ir ia “Ioreed into tha ,raservoir Is.t & depth

o _-at wh ch t.he vm.ter t.emperat.um :Ls relatj-vslb' hi@‘: and

and mlxino ac’olon of the rialng air inducea the uward ﬂow of wam C
. «';.‘m;ter which aithar melts the' ice or. prevants its formatlon. | | ‘

_ The propoaed J.oua.t:.on of the air-lift ’ice Drevant.ion or da-
L 1c:lng unita for t.he Grand Coulee Dam d_s ma in figur*e l.. . 7 :

| \i"‘;.fshovm alao in 'that ‘fi@l"rﬂ, proﬁrision is made to introduce air a‘b
ftme dlfferent alevations in i’ront of the. trashracks and at t.,,oj_,___

‘.aepara.te lsvels in front ‘of the d.rum gates. This faature allowu ot

| :a:Lr tc be introduced at a nepth aqual to or greater t.han 10 feet "

v
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(which ‘has been found to be uhe mlnlmum denth for best resulta),

: regardles= of the reservoir. elevatlonﬁ. f .. | |
In ‘the d951~n of the de-xcing units, mnny pronlsﬁs arose
“which could not be accnrately answered w1thout the ald of labora—1
‘_Jtory 1nvestlpation.m The problem of aetermlning the best smze,
_shape, and direction of dlscharae of the orifﬁce was one- of these.
Also, the quastion arose concerning whether or not the cooling due
'fto exnanslon of- the air through the oriflce would cause 1ce to
 fonn.1n the orlfice.r The laboratory 1nvestigatlon waa d*vided 1nto
i:two parts: “1rst a Dreximinany cursory examlnatlon of several S
.LO“lflCe deélgns, and second a detalled research concernlng the ’-z?
»coollng effect due to equnsion.v ﬂ :@?  '1&_; 3; i ['§n“;-‘4?

. R ﬁnﬂaratus.: In the prellminary tests the equinmsnt T
‘con51sted of a glass—s*ded tank,‘near the botnom of which was locatedjfi
the orlflce to e tested. The oriflce was ccnnected with the hlgh- .ft”‘

\ preusure alr llne and A throttlinp valve was placed in the 11ne to
: .control the: pressure.- By means of two nercury U-tubes the alrullneyntV;F“
't-fpressure at the Drlflce and tne statlc water vreasurefat_the orifice gj;fj‘;:-J
 elevation ‘were “easurnd.‘ The d;fference between Lhese two observed |
préssures gav» the d*fferentﬂal oressure across the oriflce. Figure
‘: 2-A shows a tvnwcal set-up vﬂth the oriflce placed to dlscharge
‘horizor‘tally mld tovmrd the obsez'ver. . i
5. Procedure._ In the ewwerlmenté én.or1£¢ces A, B ‘and
C, the tests were purely vzsual. The lou patterns at three pounds

per‘square_lnch dmfferen 131 presqure fcr horlzontal discharﬂe of
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Typicel Test Imstallation

TYPICAL SEY-UP AND HORIZONTAL-DISCHARGE FLOW PXITERES AT 3 IB. PER 5. IN. DIFFERENTIAL FRESSURE




‘g1 € IV SNHELIVE WOTd FOMVHOSIA-TyoLluda

(o1 ‘b 10"0 WeI¥) 3 SOTIHQ . “3e 90T0°0° TSIV} € MII0 *G (*u% -b# 390070 WaLV) ¥ 93WITD ¥




—_— . — ST T EEde0i 091

L m..:E.Nn mur.:to nz< mu>tbu J9HV¥HISIO - Umammwtm
R mhzm:__tutxu ONID4-30 33102 ONVED _

o .. e HONI. .a:c:&n tm& nnt:@& u! a &o tm.-uaﬁtcn >zevtnm<4 mmttw;« Qtw tuz. .mtuﬁam &3d:
o EQNNOd n-.‘ 40 30/4140 WO aviH tmhtt utq._.m mmwemaq to nunqn mm&mbu wth:bm.o - JUNSsIud .<
. . : Jn. uﬂnu .anﬁn n‘xo_.—_a.zoo rsua.—cw .wn m»:z.! lu& 8_4 uucu uo 1324 21en0 z_ uwx!..uw.o .
. SRR | o L L) R ‘9 & : [ 2N R R N PR
nﬁ-ﬂhnhntz;o.‘ ‘p, . .‘,‘ ..‘.. .. _ o.

R0 S0 0F
- O01020 ] 8190 20 130N

e
~

-

. ‘ . :
. WONI BNVNOS W3< SONNGd NI 2MNESAUd TWILNAYD 410




orificee i and B are shown in flgures 2—A and —B. The flow patterna f T
w1th d1°charge vertically downward and.at three pounds ner square
lnch differen 1&1 pressure for oriflces A B, and G are shcwn 1n ;;«'

flgure 3, and the r'c-zmaral detalls of these oriflces are shown in

\

flgure 4-B._ From these tasts 1t was determlned that dlscharge |
_dlrected vertically downward gave tha best flow pattern, the cri~ g
‘terion being the largest cross-sectional area of the r151ng alr

current and the flneness of leiSlOﬂ of alr hubbles., It wa" observed#f

w‘.‘ "v: f

“further that an oriflce of type c (flgure 4_5) gave a be,uer pattern i
than type B; whch ‘had the same cross-sect¢onal araa.-  ‘":
After thesa 1nitial tas»s, a gas meter af the displacemsnt

'type was installed in order to obtaln the dlscharge characterlstics

of -the varlous orifAces., Orlfice D (flgure 4—3) was installed and

. its flow pattorn wasg found to be good but 1ts dlscharge waw too 1ow |
'(flgure 4—A) to astablish 8 strong upward water current.ﬁ Drlfice F
1& ‘7 was- then tested and found to give a. good flow pattern and also a ;;ﬂ‘”'

good c1rculat10n -af water. The oriflces thus far tested had only

f.one hole. The muxtiple-hole nozzles were tnen examlnede ThlS group*n ‘- 3

embraces: orifices Fis H’ I: and 3. (flgure 4-3)., Nozzle H dld not:ywj*“'

' give a bet er flow p&ttern +han F, and +he wate; urre t establlshed;

was 1nferlor to that of F.‘ Nozzles Fl, I, apd J allfgave excellent )
 flow pat terns and 1nduced strong water currents bwt the”dlschargt‘ofﬁ“

o each was 50 high that an exceaslve smze of air compressor would havefﬁ"«'

“been required with any one of these three nozzlea.. These thr noz—'ﬁ

”ales had tha further dlsadvantage Qf having holes of smaller dlamater']”



| fwthan orifice F, which fact greatly increased the pnssibility‘oftf'i

the holes nccom:.\.n;r plugged or i‘ouled ‘by foreign matter. v

Preliminarv conclusions. From thesa preliminary 'f_;;3:*:"

'tests tha following conclusionl ﬂere drawn'f“f"

‘(a) The dlrectlon of dlscharge vertically downward gave a;c{ ?hg';:?.

sunerior flow pattern.

® An orifice with an 13—‘19&?66 tapered exit 5:1milar t.o S

d*the F: (flgure 4-B] gave the beat flcw pattern of'allqslngle—hole {Lr_ s

. ltynes tested. . A ‘ o .

| (cﬂ A discharge ol_two ubic feet cf free air per minute at a
"Ldlfferentlal pressure of two pounds ner squﬂre.inch is aufficient’
;to EBtabllBh B strong upwar f ater currenu._ ThlB valueﬁfor

-,charge also is connatlbLe with practical llmlts of the compressor :

ﬂlalzeﬁrequlred for the Grand Coulee air de—icing Systam._c;f&;‘c‘i'

PR

L DEI‘AILED mvz:sncmxon

Equlnment and procedure. For‘thase teste a special

itank Rt constructed and ecuicped.w1th inqtruments especlally :
-adaptabln for the - 1nvestigation. The tank was madc 12 feet deep

lﬁso 4hat at least 10 feet of static water head«could be imposed on

_*the or_fice. Ins;de the;tank about 54 feet of?S 4— nch copper pipe ;ffV“

 were placed 1n 30115 and at the end o which was located the orifice

to be tested. In one 31qe of the Lan?~ nd.at the elevatlon of the_”i;lgi

'orificc a plezometer openinr and & resxatance thermometer bulb were“'

»r..a .

‘located. Ths functlon of the ﬁlezometer\opening wﬂs to measure thefy” 2

statiélwater'prescure at, the or_flce elevation, th ﬂnurpose af the f-f'°""
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:resisﬁaneeﬁthermbmetef-bulb'whs te“dEﬂeﬁﬁine:tﬁeﬁtempefatere.df,fee'eﬁ
ﬂwater at that level Located in’ the ‘s21e 51de of- the tanx at two—_efﬁ 
: foot 1ntervels vc“thally abova the thermometer bulb at the orlflcef
 1eve1 were five obher thcrnometer bulbs, the purpose of which Was -
.;uO determlne the teﬁnerature pradlent durlny testlng. These details
fawe shown 1n flgure S—A.. The re51stance thermnmeters were connected4h
'e!thrOugh a selector sw1tch to a whe1 stone brldge and th=f eﬁlstancaf; o
_balance was ;1d1cated bv a very een51t1ve light~beam galvanometer.‘in V
i;The terner ture o; the air’ oefere enterlnp the copper c01ls was\J”}M

5measured by re51starce thermometer No. 9 “and. the air temperature

nefoxe expansion through the orlflee. by Lhermonete* bulb Ho. B. ;»feff‘

wIn the flrst exwerlments, another reeluttnce thermoweter bulb aboui}~i*

11/4 1nch in dlametpr and '3 inches lonp was:qo placed that it would :
';be dlrectlv in thn dlscnarglrg alr snreem.‘ It was found, however,fﬁ~f

.that due to the OSClllatan of the alr Jet, thls thermometer bulb
'ﬁwas not . contlnuouslj surrounded\by awr alone, so the bulb was re—
~£p*aced bf a thermocounle Whlch, 1t was hoeed coeld be placed near“

eenough to the orlflce that i% wnuld ee constantly 1n theflssuing alr

"‘_.stream. ”he thermocouple was connected tnrough 2 selector sw1tch

e!to the gelvanometer and enouph teulstance 1ntroduced inxthe,circuxt
e}such that one div1eion on’ the galvanometer ecele was arﬁrox1mately -
equlvalent to one degree dllference 1n temnerature between the hot

%';and cold junctiong of the thermocnuple.A The temnerature ‘of tne "hot" :
‘ tfjunction 01 the tnermocouple was known slnce 1t was plaeed 1n & :

vacuum bottle filled ATl th a- mdxture or crached ica and water. The
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cold jun&tion‘wés locatedJimﬁgﬁiatei&sbblow,the.orifice. ‘Bgﬁéuéa-,:.
of the oscillation of ﬁhéiaif ﬁet andr;he‘vibrétioﬁ*of thé”£hermo;‘"
counls, it was felt that the indlcaued temﬂeratures were - unreliable.
and for that reascn are -nat 1ncluded in 'this report. Insulating
nateria] was nlaceﬁ ‘between thr innar and outer tank walls, separated
by 2— by 6-inch sLuddlnu. The" botbom of the tank ‘was inauluted and
the top was equinpeu w“th ‘a ClO?F-flttinF, remnvable cover, ulso
insulated. The air pressure Rt controlmod hy a sgsten nf thrae oy
valves (firure B—A) 80 arrangﬂd ‘that. v1riatlons in tha supnlyhlinm
pressure would produce the leaat chanpe 4in pressure at the orifice.“
The humlditv of the air from the suuply line Was increased by passing
the air th*ouph che humidlfier, which COnalﬁth of two atomlzera
which sprayad-watnr on uwo.norous baffles. Hecharlcally entrained

‘water was removed by a system of th“ee SOlld ba¢flee (figure B-A)

From the humldifier the air passed throuph the air rotameter, a: de-_-

vice for measuring rate of flow. The-air‘rotameter (figure B-B)
consists of an: accurately'machlned glass tuoe tapered to increase 1n -
bore from bottom to top A spinninp«mstal*rotorbfloatsfin‘the-air
atrean and its position, ‘Tead on & Scdle on the glass tube, 1ndicatea.
the amount of air flowings (The correctﬁon for pressure and tempera-
ture will be subsequently dlscussed‘)l Just above the rotamater,
Bourdon tyne pressure gage was located. For more a“curate &ir pres— '
sure msasurenents a. mercury manometer was used. For visual observa-“
tlon and photopranhic recordlng, two 9—1/1- by 9—1/4—inch glass

~w1rdons Vere 10uated on: Oﬂp031te .sides of the tank at the oriflce

:_level.'
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.Before stxrting a teet, ice waa put 1n the waber of the -
.V.tank. The usuel charge of 1ce waa about 1,200 pounde, introduced
 in-emall pleces of approximately 285 pounds each After alloning
:_ the water ‘to ‘be cooled, the test was started. The initiel temperaa
}ture gradient ‘as indicated by thermometer bulbo Noeﬂol to 8 Inclu- HT
“sive (figure 5-n;,xwas recorded, and fipures S—B and -c ehow +ypica1
.temnerature gradient curvea. “The statlc wntar head on the orifice
vas recorded and ‘then. the air turned on. Weter end air temperatures,
air pressure, and the qnentity of air dlecharged were obaervsd._ The .
di:ferantial presaure acrose the orifice nae progreaeively anreaeed
;by 1ncrements of abcut one pound per aquare inch until the orifice
‘;froze or until the prcesure limit of the apparatus wae attained.A_to v
6. Orifice with 16° taper, 1/8-inch dlameter (¥ ¢

preliminary teste indicated that ormfice F had the moet deeirable
fproperties of all othere tested. In the new set-up a cheok calibra~
?tion was mnde on thie orifice, and the preesure—dlacharge curve .

.plotted (figure 7). Teete ‘on the cooling effect due to expanaion

" .of the. air indicated that the oriflce would freene aolidhy, Iorming

a cone of 1ce in the tapered exit uhen the air temperature before i ?;j;if?

‘aexpansion Was . 52 58° F._and ‘the - differential preeaure wes 5.405

pounds per aquare 1nch.. The rasulta of freezlng teuts on all orificeagf?
 .are shown in table I ‘ | : "’ -
L Oriflce with 18° taper, §/52—inch diameter (Tl)- A; ofx"

5”foan alternative deeign, orzf;ce Ti was huilm. It 48 the eems in every

"'odetail as oriflce F except that 4its - initiﬂl diemeter ll 5/32 of an




TABLL I

OBSERVED CONDI?IONS UNDER vmcn ORIFIGE FROZE
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orifice

: lb.per sq-in.

Before -
entering -
cooling coilal
(bulb No, 9)

Air—line temperutura,deg.F.

(xilb :No.. 8|

Before,f
expansion

o water J‘~a
aurrounding
. orifice -
(bulb No. e)

‘B 405_:
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" inch instead of 1/e inch, which makea its area roup'hly ha.lf th.at
¢ of oriflce ‘Fe The calibretion curve for thie orifice is- ehewn in _{f

- figure 7. T!mperature teste Were made but the range of air tem- Sl

’ff“f'” perature before expaneion was too high to cause freezing._ The
;highest differential pressure during the teet wne 17 54 pounde per f“‘ -

‘aquere inch, and the ‘alr temperature before expaneion wee 55 39 F._,;

:No further temperature teets were made on this orifice hecause it
ﬁwae decided to try ‘an - orifice of the short—tube type. f--i : :
B. Orifice of- ehort-tube type, 1/8~inch diameter (TE).‘

; ThlB orifice wasg built -and tested because it was believed it wnuld

“have a 1eseer tendency to cause plugging due to iee formatian than ;i

an orifice having a tapered exit such as for Tl The general dimen—~

'sions and calibration curve ‘are shown in. figure 7» The reeults af %

the temperature investigation are ehown in: table I, and fram these

data a "critical freezinp curve" wae determined ror thie orifice by

1plotting air temperature beiore expansxon againet differential pres- ‘

.teure. This curve 1e showm in figure 8—n.f ‘The . curve passes through

Thue, it

‘Ithe points ﬁhich 1ie furthermmet to the left and upwarde.

A.dividee the temperature-preeeure plane into two regions: one region ﬁi

iﬁlying upward and to the left of the eurve, in which no combination of

| ~?initial alr temperature and differentiel preesure will cause freezing;

ithe other region lying downward and to +he right of the curve, in ﬂ]f‘

if;which-all cembinations of 1nitial temperature and preseure reeult in

bviidice formation in.the orifice.\ Flgure 9 ehowe orifice Tz during R

Lfreezing when the initiel air temperature wag 52 57 F. and*the dif-‘
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Unobstructed Flow Before
Tae Btartad Forming

D. .Defleated end Restricted ¥iew
Ica Pormmtion . - -Due to Ioe Foromtien

L]

* ¥LOW CONDITIONS DURING FREEZING OF ORIFICE ™ o+ DIFFERENTIAL
FRESSURE 19,25 IB. PER SQ. IN, INITIAL TEMPERATURE 32.37° F.




A

c.

orifice Frozen, Ioe
Cons Pavely Tialble

grifice Frosan, Ioe D. Orifice Frozen, Large Dense Cone . _ .
Oons 1s LATger Reaulting from Longer Run B ; R

ICE CONES ON ORIFICE "F,". DIFFERENTIAL PRESSURE
19.25 LB. PER 8Q. IN. INTTIAL ATR TEMPERATURE 82.37° F..




| ., ‘10 are shuwn i‘our ice cones “wh:.ch xwere i‘armed.below orific'ei
'under t.he above condltions 07 ' p essure and temperature. Thuy vary
-Lin 3129 dua, in part tc the 1ength of tima thﬁ formation prochvs
;’was allowed to take place, and,yln part due to the wmy in which~»
ice fo:nmxion firat atarted._f‘ S g e
Dm.f:.ce of short-tube type, ..u/52-inch diametsr ('1’5). . -

.Qrﬂiice Ty is.a short tube simllar to Ta, having its lengt.n e ] - .

’,,"‘fto three’ diame‘oers (figurs 7). Its area, however, 15 approad.mat.e,ly

| ;half that oi‘ Tz. ‘ The calibration cur've for uhis orif:,ce is shom o

- in flgure 7 and its i‘reez:mg charact.eristics"ﬁshown in 't.a.ble I..‘,
‘_‘At this point in the test program it wal dacidedv to adop‘t orifice' \

' '-so no further temperature 1nvast3.ge.tions w_ e conduc'bed on TS-

Air—line test.s. : In the air-lift de-ic..ng system fur ': 7

- '-““,"the *Grand uculee Dam the proposed dasign :anorporates risera oi'

R .about 60 feet. in height from tha compresaor 'ho the top units (figure

' _'fl) During the periods when the compresaor :Ls not being operat.ed, ‘: Gl

o ‘*vlwat.er will fill tnese risars. . The qnestion arose concem:lng whahherf;-f_;-" '

;or not. the water could be blown‘out of the verbi.cal nsers by t.he >  -;»'{

! ﬁ:ﬁa:Lr from the compressors.” Thi problem was alao investigated in

iy ,the laboratory.-

pyrex glass t.ubing were, ‘:j'oined together m’oh shor* rubber uniona. _7[: 5

- By suitable pip.mg the xupper end of the glass tubing wa.s \connect-ed

::to anvrifice whose area was ecuivalen‘t t.o the com‘oined areaa of -

o rour orn_flces of 8. de-ic:i.ng unit. ‘- The 1ower end oi‘ t‘v\e glass riser




A. " Btart of Process; ALT ST " B.. View Showing Weter glipping Pest Alr
- Proasure Very Low - . .- Alr Prassure 10 1b. per sq. in.

CONDITIONS IN VERTICAL AIR LINE WHILE
'WATER IS BEING FORCED OUT BY ATR




cuuld be s'budied visually The glass tube was 'ﬁrst

: ..,],;process, wa'ber was forcm:l ont of t.he nozzle ‘until the first.'

-"; bubble- reached it Then, fora time, th" flow: oi“water thr

e v:ater uid nut. all go out "inf:one continuous stream but that-f"f‘

. that th

-"-f"_‘*air and 1t was felt that the "‘iema.ining wat.er ‘dn.d‘ not. impair opar&-

: t.ion and would u.i.t.unat.ely be evaporated by t.he air.
' -1.1 Dn.acuas:mn of ex':erimenta.l. reaulta.- ‘!he method af.‘

v .




Hhe!‘ﬂ

;measuring the rate of i‘law oi‘ air by{ using 't.he :rctamst.er desemrea
mention in regard to accuracy of maaaurements and the neceasary

correct.ions to convert the diacharge to terms of i'ree air aiff'

gallery conditions.i The rotamﬁter, as previously’dascribad, conu'52ﬁ= B

e

sists of a glass tube tapered frcm a large dlameter at uha top to
a smaller diameter at the bottnm.J The flnw of the fluid to be

‘metered is: from tha bottom to the top of the tube. Etched on the
_  glass tube of the rotamster used 1n this 1nvestigationﬁarb two'

| _-scales-' One, a reference acale graduated ia mlllimeters, the fggM

cother, a callbration scale for air at standard &tmospheric pros—i;~;gl

‘sure and 70° F. Inside the glass tube thera is a: matal rotor Whlch

~ spins- and hangs in the air stream at a definite helght above the  ‘; H“ s

“bottom of. the tube for any partlcular dlsaharge.’ Obviously the

A

*Jforces on- th» rotor 1n I vertlcal dlraction are in equilibrium when ;

the rotor floats at a conatant positlon with respect to the tube,

“f-jtc ‘the alr stream. The drag on the rotor ia 8 Iunction of ita
‘shape, itu progected araa, the aqnare Df“the veloclty of the fluid,z* B

.and the denslty of the fluid (in thi ;case air _ ﬁThuss fJ?kﬁﬂﬁa ~f« 

D‘ = the drag

cn =8 coeff;cient dependent on the shapa of the rotor ‘Q; T

:p"_ = the density of - the fluid

"-"frthat la,’the welght of the rotor just balanaes tha dragwon it due _aﬁ 




A - t.he projected area of the rotur e
V= the vélocity of 't.he i‘luid pasaing the rotor. e e
: ‘Now, consider meter.’:;xg under 'bwo sets of condi‘hions: The fi'rs‘b nt
.-qtanda.rd &'meBphBI'lC pressura (29 92 inchas) and ‘70° F~ the second,
at some new set of valuas m’.‘ pressure zmd tamperat:ure such that | ‘
'the denuzty has changed.? Denota the former hy subscript "1"' the k;}flﬁf«
1atter by aubscrlpt “2" Leh uslassume that thg dnag in the two
 ceses is the sama- in other wurds, that the rotor flosta nt the
"‘same pontmn in ‘the glaaa tube., 'l'hen it fo:].lm that: o
ch = an aince GD :la R fnnction only oi' t.he shape
‘of ‘the rotor Sn TR R T
Al AE since obvimaly the projacted ama of ‘hhe ‘ﬂ g

rotor is the same in both cases

2 " P fe T2

where V © B8 before, the an_r velccity past. the rot.ar

: -Q = the dlscharge, cubjc feet per second S

RS

a = -the a.rea bet.wean uhe rotor e.nd the t.ube v:a].l




“1 = 52 aince the cross—sectlonal 'araa between tha rotor and
tube ‘wall does not, change :L'f.‘ t.he rotor remai.ns in
the same positicm. .

* Therefore,

wberem: ina\‘eisi )
volume
callorat:f_on t.emperat.ure (abaolute)
' 459 4 + 70 529.4

alr-—lme t.empera‘c,tme (angolute}




]‘Pl - calabratlon p*e sure ‘= 29.92 inches nll4.69:
’ pounda per square inch (absolute)

Pa air—line pressure in pounds per square 1nch
(absolute)

""'

Tz

_5

‘.wneré»..

cond1tions_*7
' ,u absolute air-line pressure

Qm abaolute gallery prasaure (14’Cﬂ5 pounds per
square 1nch)

x“a abaolute alr—llne temperatﬁra“-y
| rabsolute gallery tamparature |
e 459 4 . so = 509.4 ,F.
“To determﬁne tne dlscharge by the rotameter, a calnbration curvé Qas
.n constructed 1rcm the reference 33&13 (in milllmatersi and thevdls-i.
'i'cnarge callbratLon scale etched on the gl&ss tube. In ot ot
. -9£uE or1f1ces, the referenﬂe acale only Vs reaa since ﬁ.m§fé>§;eclse
.:-¥;read_ng cculd be obtaznad on thig scale. Frum tkis readxng Ql was
“ostained from the rotameter cal;bratlon curve.  ”hen, haVlng the &ir-

'fline temyerature and nage preSaure, and assumlng the baromatrﬁc presu G




tof oy

- .ksure to be the average la.bor&tory barometr:l.c presaura, Qa vms oom- £r

"_“‘!mted by tho fornmla admloped above. : Qs waa then i‘aund a‘“f' outlinad* | f

el

‘abova,

_ 'I’he accuracy Ot‘ ‘bhe xcal:l.brntions of orit':!.ues F, Tl, '1‘2,
;{'fandyrz, dependa upon 'aeveral i‘actora: The accuracy of the ’rot‘ametsr g
K ca:l.ibration curve, the precisencas of reading athe o eference aoq |
. t.he accuracy .’m reading the air-line pressure egage ’»1 and the. ‘corr ct-—
ness in assuming tha.t the nctual labora.t.nm bametar” waé eqﬁiﬁ'a.lentir?'
| to the average barometric preaaura (2&.72 inchea). The latter ‘"a.s-

qumption 1s probably tha greatest aource ‘zor error and could be u o

K :mueh 88 eight percent. If a.'ll errors ,ware c\mmlative ! tha accu.racy :

-':or the oriﬁce *calibrationa ia st.j_ll probahl J‘. 7
: :ma:r.imm deviation from the true valua. o e L

It ahould *be pointed out t.hat in theae calibmtion 'bests, R

cha:nge in the hack pressure (uater haad) on the or:i.tiea WILJ. change
tha d.‘..fferential prasaure at which critical presmu'e uccurs, mhich,
' .in t.um, w:L].l change slightly tﬁe shape of the ch.acharge 'cmes. 'ro'

-.V'fillustrate how the wat,er head on’ the omfiue (back pr 88\11'01 ﬂff acts |

e ‘the d;.t‘ferential pressure at nhich cr.ltical presaure oocmrs, consider

thﬁ caBB Of OPﬁiCGS F_q Tl, &nd Tg.’: Thal_bac]r Praaam 'undﬁr 'hich -

:theae orificea were teat.ed was 10.54 reat of wata. or 4.57 pounds per

0 _}aquare inch, causj.ng critical presme to ,occur &t. 14.82 pounda per

| »-:aquare inuh a.ifferentia.l preasure.‘ Howevar, had ’r.he hack preaaure :
i:baen, say, 55 .t‘eet of water or 15.17 pounds per aqua.re inch, _‘entical

‘ ;pressure mmld have occurrnd at 24.22 po“nds differantial praaaura. '

"The diffarmt.ial presaura at wh:!.ch critical pressure occu:rs a.fi'ect,a




f fthe orii‘ice calibration curva ..ori.fice diachm'ge plot.ted agasmt

iv::clif,ferentieﬂ. pressure) in athe ’-.éllowing maxmer- : itil ‘oz
_‘.’-\‘zp;relaure 1s- reached, :.ncreasing the air-line pressm b:f _mm"
"-.o.t‘,, say, one po\md par square inch results i‘n increaaing .by .one
| “s;pound the dirfarential E1:~re;s:surea causfmg rlcm. Ahovz oritical pres- | ':'
"‘“sure, however, an increase oi‘ fone pound in ‘the air-lina:‘prassure ‘

'?reault.s in an ...ncrease of on]y 0.4'7 oi‘ a'pouncl in the prea

_:-mq:ansion. Ice fomation :Ln the oni‘ice ia a funct.iun of t ‘east.'

' :of tha tamperature of the Isurrounding water, the inj.tial air L ittt

'.parature “Was choam as fone of the coordinates,oi"-fthe fraezing cma;';

o ‘It will be ‘sesn i‘rom ta.ble 1, in the next. to tha laat 1ine, ,that tha j

-air t.unperature before entering the cocling coilrs (cull_m 4) was _
':nmch h:x.gher than in other tesﬁa, while the tempemt.ure beﬁm expan— 3
m.\aion (column 5} was ,nct unanged appraciahly The langth nf .the pipa ";” -

- i'in 4he. conling coila was 54 feet.. ""hia indicates that. the a.ir xf.em-

perature berore axpanaion w:tll be aensibly t.he same as th&t nf the

” -‘wwowding mad.um, regsrd.leas of ita mitial temparaturao R
The critica:l freezing surve (figure B-A) doea not gi‘vu &11

t,he -data- :Ln regard tu the frsezing oi‘ ori:.ice '1‘2. .While it gim




_.tﬁe cembinatlons af 1nit1al eir tenperaturewend i ferential .
l‘pressure at which freezing atarte, i doee net ineicate tha degree
or seriouenees of ireezing._ In the renge af initial air tempera-
_‘tures up to about 53° F. 1t wae cbeerved that it wes possible to

" have the orifice freeze solidLy at pointe (representing preesure -

"xand temnerature cendltionsl lying on the crlticel freezinp curve.

fPowever, these 1netancee were exceptlone rather than the ueual
freeult, generally ice weuld start to fonn in the ormflce, partially
£111 °it, and’ then be blown eut. In order to obtaln quick freezlng
and ‘ice cenes (such as shown in.figure 10) the dlfferentiallpreew.P 
sure was, 1ncreaeed to 19 Ea pounde per square lnch.- In‘the range -

xof inltiel alr temperauure lying ebcve 33 Fm, freezzng of the

h ornfice was not euch ‘a serlous factor w:thln the differential pres—_ FR

‘Ueure range teeted.' ”he etart of freezlng in the range above 35°
‘;became progressmvely more and more difflcult to detect by observaui:rj
ﬁtlon of the jet as the dlfferentlal pressure necessary to produce |
ffreez;nﬂ lncreaeed untll in the vlcinity of 10 or’ll‘pounds perii‘ -
-fsquare 1nch 1t could only be detected bj the lnetruments. When theitﬁ
.‘ mercury manometer, 1nd1cating the air-iine gege pressure, ehowed an
lcincrease An preesure, and nhen the retameter shewed coneurrently a
fdecrease in. d:.scharge it was. defim.tely establlehed thet rz-eezing
‘had started. In the region or temnerature lying above 33° F. 1t was
observed thaf the duration of the decreased discharge due to 1ce ;-f‘

,formation in the oriflce became sherter ‘as the valuee of - temperature

‘and differential preesure neceeeary +to .cause freez*ng became greater.

=Cleering of ‘the orifice was, nanlfestea by a suddeneincrease_in’diek o




charpe and decrease in diffarentia: preasure;i ‘ T
‘ In attenptlnb to explaln the phenomenon ofrlcexformatian;j'
:in the ofifices, the writer nroposes the rollowing iute“prnﬂf;
A theoretical an&lvsls N&S made for eapansicn of saturated‘air.
.:th:oughroririce'Qé; tﬂLing the actual values of ¢ni+ial and final
;pressure and inltial air tempera ure found 1n test GIG—lO {table I1
‘The exransion was conswdored Mdlabatlg and account was tahen'of the
variationvdf:the "ﬂeCLflc heat of the saturated air w1+h tempera-
‘turé. To QJ.mplii‘y connutations 1t was flrat dssumed that the |

amount of water vapor present was ccnstanb'throughouc expanslon

;ard ecual to that present in_saturated air at the nemperature nefore 4“'

5ax“ansion¢ Thus, the tenperature ‘of the gas mlxture after expan—E Z $
1ulon was obtglned, neglecﬁlnr m01sture condensed:out' ’Account was g!g:
“then taken of the amnunt of water vapor whlch condensed and froze,i;ﬁ?
R p1v1np to thn mlxiure 1ts heat of vaporizatlon and lts heat;or -
,fu31on. Thus, by 2 cut and try procasa, the.flnal temperature of
'%the gaa mlxture was: ontalned, arriving 1t a balance such that: the
;':water vapor necessary 1o saturate_uhe airﬁagithe f¢nal temperanure
}plus the'arnunt that condeﬁseﬁyand roge wust equa¢ed}the origina¢
U‘-anount preaent before exnansion, and uke he%t‘gzveﬁ u5 by the m018»_i_%f77
"_ure wh¢ch condensed and froze Was Just SufflCle;t uO iaasé the
‘-1temperature of the gas . n;xture frcm th"t va&ue fﬂ*uu’ny neglect;ng
condenaatlon and freez1nv to the finwl valae.; Fov tha particulﬂr

;‘Cdse 1nvestigated, ‘the in1t1a1 +emper&tuwe wag 491.?4 degreea

 1.jabsolLte,_the 1n1tia1 preasure, 22 92 ﬁounds per square 1nen, anﬁ




; Jthe final pressure, 16.91 pounds per square inch From thoao data,

"»and by the method just outlined, the final temperature after.oxy'*

{. nansion was found to be approximately 2 54 F,‘ This ana;ysis has

: ‘ta?en no: consideration of heat transrer from the orifice to the -
gas mixture although there muat have bean some. It wzll be remembered‘;"
L-that this set of valuos of presaure and initial temperature consti-.lk
‘;tuted one oomnt on the~critioal freozing curva, ahich maano that
',freealng of the orifice just started under theaercondltions.. Tha

theoretical i‘ina.l temperature of 2 540 F. is far below the freezing

. point and it is difficultlto concoive that the orifice whose tempera—-

ture oannot he greator than that offthe aurrounding water (52 48° F ) ,;““”

‘&icould raise the air tamperature to nuch"a point that freezing iuat "fﬁf"

  8t rts under those oondltions. Another quaation rising from ) study il

oQof the fr9321ng phenamenon *s how frozen moisturo partlolea can '
‘Stlck to the walls of the orifioe whan moving‘ot auch a high velocity, o
fapproximately 525 foet per second or 658 milaa per hour for orlfice‘: -
”Tz at ‘a: differenti&l presaure of B 012 poundalpef‘aquare inch';fA€: ¥: i
o‘soLution which would satlafactorily explain hoﬁh of thess points l‘”;
‘is proposed and referenﬂe willooa‘made to flgurp‘B;B._ The mixturo‘ﬂtf'o
of a;r and water vapor at prosaura Pl expands oE;cugh tha 0“1f*ce
*to pressnre Pa following the approximate streamlinas as shown in bheo

L f;gura.” From ooint a to leﬂt b tha jet contracts, passaa throughr o

i ‘the vena oontracta, and hen axpanda again following the walls of the

g.orifice between points b and Co Tho cold air. oools the wal_s of

of‘;the orifloa betwaeo pointa b dﬂd £ to sone temperature which ia




;higher than that of the air and lower than that of the watar suru_TJ?t
..rounding the nrifice. As the aaturated airfexpands theiteﬁéeraturé
‘-dropa, resulting in moiature baing condenaad out oftthe air. The ﬁ o
freaulting fluid ia than B mixtura of moisturefparticlee and satu-
rated air, the air temperature being below freezing ;?lt is con-;f;
:‘celvable that the particlae of moisture do not freeze instantlym'

tbecause there muat be a heat transfer before thia can take place,:‘?

'fand tharefore, becauae of the high velocity through the orifice, i :t

%could be possible that unfrozan molsture:uartlcles could come in _y .
contact with the walls of the orifice‘betwaen points b and ey It T
wlls be remsmbered from atudiea orlrafriperation that a8 mniat .

: finger will stick instantly to a m@tal surface when that sunface o
is at a" temperature of 15° F. 0T 1ower.- (Thie is known as the; fﬁ
'"st:.ck testin). If the walls of the orii‘ice were. at 15° [

the- m01sture particlea wouldfstick 1nstantly upon coutact and,fraezing
of the orlflce would atart. ThlB hypothasia uould satlsryfbuth the

questlon of low air temperature and that of the high air velocity.,,i

Tt is: of interest o note that for the one po;nt on the critical
freezing curve for which the theoretical.final air temperature was
.computed and found tc ‘be 2. 34 F., the average of thiq final air
tempera+ure and that of the surroundinv water is axactlf 15 F.,‘fttf

:Qwhich is the hlghast uemperatnre at whzch the "stick test" will

Ry extending this reasoning further lt can be explained
‘-wny freezing ws more serlOUﬁ (that is, the orlfice may freeze sclldly)

'when 1t occurs w1th the temperature of the snrrounding water>1n the

ot




B region of 52 to 33 F.‘ “The orificea tested 1n thP 1aburatory |
\ uBre made of wrought iron and lead. The thermal conductivity at FJI
640 F. is 20 1 Tor laad, and 54 9 for wrought?’ on l .For lGG. )

the thermal conductiv1tyl is given =) 1 26.‘ This means. thnt a ifﬁff

Tarke " Handoook, Third Biltion, Seventh Printing, "bables 1 end

: 5, pp. 596~397, McGram—Hnll Coti N. Y.

tamperature gradient Plotted fram the aurrounding watsr, through;f;iﬁ*7vwf

n‘tha matal forming the crifice and to the inside wall can be of 8 -

:yrelatively4flat slope,\bui from.the inside wall thrnugh the iceré;f‘x-“*"

':to ‘the cold air stream the temperature gradiant has a relatively ilj
'very steep slope.‘ Thererora, when.freezing of the orifice starta"lfﬁ
 ‘with the temperature of the aurrounding water in the regiqn of
32°% to 33° F., the temperature of the 1naide wall of uneJQrifice‘yﬁlﬁi?
ean conceivably remain below the melting point the bond between ;«
.: metal and: 1ce remain unbroken,‘and.the freezing proceaa continue  f-
on ‘to- ultimate restrlctiun of air flnw.: Whereas, nith a hipher
temperature of the surrcunding Hatar, the freazing Of the orifice:,_
| }may start, but as the ice deposit incraases in thickness, the L{F.!;v.
“:'temperature of the inside wall Qf the orifice riees until the melt~..

‘f:ing p01nt is reached, the bond batween the ice and metal.*s broknn,

‘Vfrfwthe flow-raatrietlng ice deposit is blown out, and complate freezing

‘:”tfof the orifice i- prevented.

m From ‘bh:x.s ...nvestigation 11: whs. concluded

| '(a) The directlon of dlacharge vertically downnard from the ’

.Oriflce gave a auper Lor flow patternc "




(b) An orifice wmth an lB—degree tapered exit aimilar to
type F gave the best flcw nattern.of all singlemhole types‘!_
tested. ‘The mnltiﬁle-hole typea were at lonce. abandoned becausé.ﬁ
of the high discharge or becauae of danger of becoming plugged
AL the diameter of the holea‘was decreased ao thnt the discharga 
.'would ‘be equivalent to*the sin;lashole ty“e
(e) A disch&rge of twn cubic feet of free air per minute g
at & differantial presaure of two paunds per aquara inch is suf- o
ficient t0 induce a stanB upward water current.'3This value for:»bf“
discharge 45 also compatible w1th practical llmlts‘of cospressor ;’ka
,required ror the Grand Coulee air de—icing system.‘_ifj7iif
| (d) An orifice of the short-tube type (TE) was found to be]ﬁf.
‘sonewhat superior to the type repreaented by orifice Fvaa far aa[if
”‘freeZLng is concerned, ita flnw patte“n was not maierially worse,‘ifzx

and its aischarge characteriatica about the sameh

"thlS orifice was adopted for e 1n,the Grand Coulae de-icing sy;-?ii

t em.
.H'”(‘i When freezing 1n the orifice occurs w1th théiiﬁitiai air'?f.:r?i
temperaturn and surroundinr water Lemnerature in the‘range of 52
to- 55 Fuy’ tha orifice may freeze completely and btop flow.. No .
i_~complete freezing waa observed in the tests,when the tempar&bureélff’
--of ‘the air and surrounding water mere;above 33 F. and the differ-iii
_'ential prassure within the range avail#Ble with the laboratory ap—f{
'éparatus. However, cqmplete 1:uezing 1s probably p0551ble at higherf.“

,diffgrential-prgsaures, .




(£ Preezxng of the orifice ms‘a function or the initial Air g

itemperature, the d;fferential bressure, the typu of oriricafﬁu
'temperature of the surroundlng water, the thickneas or the o?ifice
walls, and the thermal conduct:vity of the materlal of whichbﬁhe
-orlflce is made.- (It is prﬁaupposed that the air uaed hae a high
,anough im.tial hmnidity that mo:.s’c.um w:ll be condanaed out during
"expan51on.)‘ : E i

Where the danger of freezing is imminant, a sharp-edged
'Horiflce ahould be used. I;,‘howeVer, an orifice or the ahorbutube
'type is used because of :Lts superior flow pattern, =_the fraezing b
‘*hazard may be decreased by making,ﬁhe operating differential‘prenwl{
:aure small, the walls of the tube as-thin as posslble and‘éf:a
:materlal cf high thermal conductlvity such as capper. |

(g) Aaboratory tests cn 1~1nch 1n51d@ diameter tubing 1ndi~‘-;

- gated that the watar in the vertleal supply pipes to the oriricem

¢an be blown out with air.‘ The water does nct go out in one con-  :”

rtinuous stream but at flrst as alternate quantities of water and Ff“
, -alr, and finally, as & anray of water and air mixed. Atflo pounds
per square lnch dlfferential pressure the air velocity through the
“tube 13 37 feet per second.l This velocity waa 1nsuf 1c1ent to carry‘
‘;;al; +the water out of Lhe rise That mhich remained hung in thin
 lsheets between the walls and the eir stre&m.f It was thought that
this ramalning water d*d not 1mpalr cperatzon and wou d finally be
elther evaporated bj the air or tafen out as flnely d:viuad particles

‘“in & mschanlcal mixture with the air.
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' the work.of J. E. ‘Warnook, J. W.

 severally performad ‘the praliminary '_iherStigé.tiq
‘o the .anslysis of ‘the preliminary tost resilte




