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An orifice plate is designed to supply a fixed mass-flow of oxygen to

the test motor.

m Specifications

Thetestchambedesignpressurds 500 psia,the O, inlet supplypressuranustbe sufficientto causesonicflow in the

orifice. Therequiredmassflow is specifiedas35 cubicfeet/minutemeasurect 15 psia.

First changeunitsandgathersomedata.
For O, theratio of specificheats(y ) is 1.40

Tablel givessomepropertiesof variousgasesatroomtemperatur@ndpressure.

Gas Symbol Mol_ecular y = % GasConstant Specific  Heats Viscosity
Weight Rl gx) o lgr] olgrl #l5g]
Air 2897 140 287 1000 716 1.8x107°
Argon Ar 39.94 1.67 208 519 310 2.3x107°
CarborDioxide  CO» 44.01 1.29 189 850 657 1.5x107°
CarbonMonoxide CO 28.01 1.40 297 1040 741 1.8x107°
Helium He 4.00 1.67 2080 5230 3140 2.0x107°
Hydrogen Ho 2.02 141 4120 14300 10200 9.1x107°
Methane CHgy 16.04 1.32 519 2230 1690 1.1x10°°
Nitrogen No 28.02 1.40 296 1040 741 1.7x10°°
Oxygen 0y 32.00 1.40 260 913 653 2.0x107°
WaterVapor H,O 18.02 1.33 461 1860 1400 1.1x107°
Table 1

Using the table, the densityof oxygenat room temperatureand pressurg NTP, T=293.15K, p=101325Pa) canbe

foundfrom theidealgaslaw

p=pRT

For oxygenatroomtemperature

@
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p 101325Pa kg
p == == 3 == 1.32939— (2
RT 260 k9K 293.15K m3

Assumingthat the specificationof 15 psiais meantto approximatenormalatmospherigressureThe specifiedmass
flow rateis then

ft3 s ft kg
35—_/(60—,)/(3.2808—)x1.32939_3 = 21.96g/s @)
min min m m

Thegivenpressuren Sl unitsis ( referencd2] )

Pa
500psiax 6894.76—— == 3.447MPa 4)
psia

m Background

Sincewe will fabricatethe orifice ourselveghe designmustbe easyto make.Perhapghe easiesplateto makeis the
sharpedgedconcentricorifice. This consistsof a round,flat, platewith a single straightsidedand un-chamferechole
drilled throughthe center.

A schematiof theflow throughthe proposedyeometryis shownin figure 1
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Orifice Plate

Inlet Vena Outlet
(1) Contracta (2) (3)

Figure 1

In the figure, station (2) indicatesthe position wherethe main flow attainsminimum area, minimum pressureand
maximumyvelocity. This positionis known asthe venacontractaBriefly, referringto the figure, the flow entersfrom
the left, and passestation(1) wherethe pressureandtemperatureanbe approximatedas uniform acrossthe pipe. As
the flow nearsthe orifice the streamlines convergeandthe flow velocity increasesvhile the pressuredecrease€Once
the flow haspassedhe orifice platethe streamlines continueto contractfor a shortdistancedueto the radially inward
momentumimpartedto the flow asit entersthe plate.This contractionis particularlypronouncedor athin plate.For a
very thick plate the flow throughthe plate approximateslow thougha narrow pipe and the venacontractaoccurs
almostexactlyattheendof the plate.

Oncetheflow leavesthe plateit formsa jet thatexpandsnto the pipe.In thelimit of a pipe diameterthatis very much
larger than the orifice diameter,the conditionsapproximatethoseof a jet flowing into an infinite reservoirand the
pressuragecoveryis zero.For typical flows througha smallorifice the pressureecoveryis quitelow.

The ideabehindthe orifice asa meteringdeviceis to establisha fixed pressuradrop betweenstations(1) and(3), for
fixed inlet conditionsand pressuredrop, the massflow throughthe orifice canbe establishedTo makethis work as
well aspossibletheflow rateshouldvary slowly with respecto the pressureaifference Theflow ratecanbe calculated
asthe productof the flow velocity timesthe flow areaat any positionalongthe flow. The greatesivelocity of flow
occursat station(2) in thefigure, thevenacontractawheretheflow is narrowest.

If the pressuredrop acrossthe orifice is setappropriatelythe velocity at station(2) will just reachthe local speedof
soundat that position.If the pressurdaifferenceis slightly increasedrom this point, the velocity at (2) will notincrease
(theflow is choked).If the plateis thin comparedo the orifice diameterunderjustsonicconditions thevenacontracta
will occurfairly far downstreanfrom the endof the plateandits areawill be substantiallysmallerthanthe areaof the
orifice. If the pressureat station(3) is furtherreducedpastthe justsonicvalue,the venacontracteof the thin platewill
move upstreamandits diameterwill increaseslightly, thereforethe flow ratewill alsoincreaseslightly. This undesir
ablevariationcanbe minimizedby makingthe orifice platethicker, which movesthe venacontractacloserto the end
of the plate.Onthe otherhand,if the plateis very thick, the orifice cavity behavedike a narrowpipe, thenthefrictional
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pipe lossesaccountfor a significant part of the pressuredrop in the orifice, which makesthe flow rate to
pressuralifferencerelationshipmore complex, also a thick orifice will dissipatemore power. Thereis thereforean
optimal rangeof orifice diameterto plate thicknessratio which providesthe most nearly constantflow rate versus
pressuralifference.Thisis ideais developednorefully below.

Mathematical Description

Assumethe flow is cylindrically symmetricaboutthe centerlineof the pipe. Define cylindrical coordinatesLet z bethe
coordinatealongthe pipe axis, increasingo theright, the origin beingat the midpointof the orifice plate.Let theradial
distancefrom the centerlinebe r andthe angleaboutthe centerline be §. All parameter®f interestare constantwith
respectto 6 by symmetry.Let the pipe diameterbe capital D, while the orifice diameteris lowercased. The plate
thicknesds givenby t. An incompletetableof symbolsappeardelow.

Description Symbol Units

Area A m?
SonicVelocity a m/s
DischargeCoefficient ~ Cy dimensionless
Orifice Diameter d m
PipelnsideDiameter D 39.94
MachNumber M dimensionless
Pressure p Pa

MassFlow Rate q kg/s

Orifice PlateThickness t m
Temperature T K

Velocity Along PipeAxis u m/s
DistanceAlong PipeAxis z m

Ratioof SpecificHeats vy dimensionless
AngleaboutPipeAxis 0 radians
MassDensity P kg /m3
Stressn theplate o Pa

Table 2
Again referto figure 1, assumehatthe contractionof the flow from station(1) to (2) is isentropic furtherassumehat
the flow is of a compressiblg@erfectgas,andthatthe gravitationalpotentialenergyis negligible.Undertheseassump
tions, thetotal (stagnationenthalpyis a constanof theflow. Computingthis at station(1) gives

-1
Ti=Ty (1+ 72 Mlz) ®

WhereT1, andM1 indicatethelocal temperatureandMachnumberat station(1).

Sincewe assumehatthe Mach numberat station(2) is equalto one,thetemperaturat (2) canbefoundin termsof the
conditionsat station(1).

-1
T, ::Tt/(1+ yz Mzz):

T1(1+ y; Mlz)/(1+ y;l)::2T1(1+ 7;1 |v|12)/(y+1)

(6)
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Becausehe flow is isentropicandthe gasis perfect,a simplerelationshipholdsbetweernthe pressureandtemperature
at anytwo points.

@)
Fromthis, the pressuret station(2) is foundto be

Y
y-1 2\ 7= Y
1+75-M [ [2+(7—1)'V|12]7‘1 ®)
1

P2 =p1|2T) ————— =p
v+1

The masdflow ratecanbe computedat station(2), wherethevelocity is knownto besonic.

q=A2a p2 ©)

The chief difficulty remainingis thatthe areaof the venacontractaA» is not known. Fromthework in referencd1] it
canbeassumedhattheareaA, differsfrom theactualareaof theorifice A, by aknownconstanfactor,namely

Cqg=A2/A (10)
The constaniCy is known asthe coefficientof dischargeAccordingto [1] the valueof Cy rangesfrom about0.81to
0.86 with a meanof about0.84.For the dischargecoefficientto maintainits specificationthe orifice plateaspectatio
(t/d) mustbe approximatelyin the rangebetweenl and7, andthe pressureatio shouldbe sufficientto makethe flow

sonicat station(2). It's probablytrue that pressureatiosmuchgreaterthatthe sonicratio canalsointroduceerrors,but
no datais in hand.

Usingthedischargecoefficient,the massflow rateis givenas

[ o+. P2 / Y
=Cq A& =C4q A RTy —— =C4A _— (11)
q d 2 P d Y 2 RT, d RT, P2

In termsof conditionsat station(1)

Y

::C A _— ==
q=Cq RT, P2
2+ (y—1)M? T (1+7)
+(y-1DM7 | -1+r y(d+y
CdApl > (12)
1+y R2+(y-DM{)Ty
1

v+
2+ (y-1)M%)2y2
_cdap; |2 ( v-9 1)
RT4 1+y

The pressureatio requiredfor sonicflow canbefoundfrom equation(8)
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2\ L
P2 __[2+()/—1)|V|1 )7—1 (13
P1 y+1
AssumingM1 is small,andoxygenastheworkingfluid gives
Y

2 \3=1
p—zz( )7 1 ) 51.4=0528 (14
pp \y+1

Soif po is equalto 500psia,p; mustbegreateithan947 psiafor sonicflow.

m Design

The massflow is specified,use equation(12) to find the orifice area.The assumptionsnadeare listed in the table
below.

Description Symbol Assumedvalue
DischargeCoefficient Cgy 0.84+0.03
PipelnsideDiameter D largecomparedo orifice diameter
MachNumber(1) Mq smallcomparedo unity
Pressurstation(1) p1 1000psia = 6894760Pa
MassFlow Rate q 21.96g/s
Orifice PlateThickness t betweerl and7 orifice diameters
Temperaturél) T 293.15K
Ratioof SpecificHeats y 1.4(07)
Table 3
(2+<v 1>M2) L);f;y
1+

Cdpl ,

= 1.52878<10°°% m? (15)

Cd P1 , RZII']_

The orifice diameteris thereforel.395mm = 0.0549in.

The rangeof acceptablerifice platethicknesss 0.055- 0.384in. In particularthis includes1/8", 3/16" and1/4" plate.
1/8" plateprovidesanaspectatio of about2.3, whichis nearthe geometriccenterof the range.For safetyit is desirable
thatthe orifice platebe ableto supportthe full line pressurein this case1000psia.Assumea 3/4" insidediameterpipe,

thelargestlikely to be encountereth this apparatus,
Find the deflectionof a simply supporteglatewith uniform pressurdoad (SeeEN175notes referencd3] )

For a simply supporteddisk, the tensileyield stressof a ductile materialshouldbe greaterthanp D2 /(4 tz). Assume
the maximumdiameteiis 3/4" thenthe strengthrequirements
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p; D2 625531 \
42 12
HereN indicatesNewtons

For brassthetensileyield is about137 MPa (variesthis is a low value),for mild steel(alloy 1020)it's 206 MPa (easily
doublethis for strongsteel),andfor aluminum6061-T6it is about213MPa.

Picking 200 MPafor soft steelor hardaluminum,andstickingwith 137 MPafor brassandapplyinga safetyfactor of
3, the safethicknesseare0.145"for brassand0.121"for soft steel/hardaluminum.Eitheroneof thesechoicesgivesa
fairly goodaspectratio for the orifice.

(16)

g >

B Summary

This designshouldbe successfulFactorsnot accountedor includevelocity at the inlet (M1 assumedk< 1), lossesin
the plumbing system,andvariationin inlet temperaturgdgasarrivesafter expansiorfrom a high pressurecylinder, so
may be lower thanroom temperature)The neareststandarddrill to the specifiedsizeis a #54 with probableoversize
the hole will be ~0.0565in. The orifice will operatebestwith a somecleardistanceup anddown stream.deally more
than 2 pipe diametersup and 3 pipe diametersdown streamminimally 1 diametereachway. Keepingthe pipe largein
comparisorto theorifice is advisable 1/2" seemsgeasonablel/4" at minimum.

m References

1 Critical Flowme_te_rin?
' TheCharacteristice
Ward—-SmithA.J.

Int. Journalof HeatandFluid Flow, v.1,#3,1979

2. Summaryof CommonPressuréJnits

PortlandStateAerospacesocietyv.1.00 _ )
http://twiki.psas.pdx.edu/pub/PSA S/Rocket Science/PressureUnits.pdf

3 EN175:AdvancedViechanicsof Solids
' SummaryNoteson Bendingof Thin CircularPlates
LBF, Nov. 12,2002 _
http://www.engin.brown.edu/courses/EN175/LectBlides/plates.pdf

Cylindrical Nozzleswith SharpUpstreanEdges



