
CONTROL DEWAR VENTURI CALIBRATION 

EXPLANATION FOR TOSHIBA 


DO Engineering Note: 3823.000-EN-462 

January 24, 1997 


Andrew Kuwazaki 

PPD-ETI DO Upgrade Group 


Approved By 



A. Kuwazaki 1123/97 

-


This document is intended to explain the calibration data for the venturi, FE-3253­

H, which is installed in the control dewar. Further, this document will help explain how 

to use the venturi to make mass flow measurements during typical operating conditions. 

The purpose of the calibration data enclosed from the Colorado Engineering Experiment 

Station Inc. is to experimentally show that the venturi follows the flow equation below 

which is also enclosed as Eq. 7-36 on page ISS, from the Applied Fluid Dynamics 

Handbook: 

The calibration data serves to show that the Subsonic Venturi, Serial Number 611980-18, 

produces results predicted by the compressible subsonic flow mass flow rate equation 

above and to experimentally determine the discharge coefficient C. Colorado 

Engineering Experiment Station Inc. ran tests at 15 independent differential pressures to 

conclude that use of this venturi will perform according to the mass flow rate equation 

above. 

In order to verify the results from the Colorado Engineering Experiment Station 

Inc. we have provided you with a step-by-step procedure using the values they have 

chosen. 

The values chosen correspond to L = I on the Colorado Engineering Experiment 

Station Inc. data sheet. Using Eq. 7-36 we will calculate the mass flow rate. The 

coefficient of discharge. C or Cd, for a machined venturi is nominally 0.995 as seen in 

Table 7-7, number 2. The throat diameter, d, is 0.136 inches and the inlet diameter, D, is 

0.5 inches. The density is given as 10.11 pound mass per cubic foot. And the measured 

pressure differential is 932.490 psid. Plugging these values into Eq. 7-36 gives: 

I I 

m=.995 1r(.l36in.)2[ ~. 4]2[2(10.lllb7)(932.49.lb2)]2y. [1] 
4 1- (.1 36tn.l .stn.) ft tn. 



2 A. Kuwazaki 1123/97 

We will use gc to relate the force, lb, and the mass, Ibm together. Then we can arrive at 

the proper units of pound mass per second (Ibmls) for the mass flow rate. 

lbm- ft / S2 

gc = 32.2 lb [2] 

We will also convert feet to inches. 

Therefore, the mass flow rate is: 

. ( lbm)m = .94111-- Y [3] 
s 

In order to finish solving for the mass flow rate, we must determine the Expansion 

Factor Y. Y can be calculated from Eq. 7-29 which is provided in the following pages or 

for gases with a specific heat ratio of 1.4, Table 7-3, Expansion Coefficients for Nozzles, 

page 137 in Applied Fluid Dynamics Handbook can be used. We need three pieces of 

information to use Table 7-3. First notice that the ratio of the specific heats for air is 1.4 

as given by the Colorado Engineering Experiment Station Inc. Therefore, we will use the 

bottom half of Table 7-3 corresponding to an Expansion Factor Y for the ratio 1.4. 

Secondly, the ratio of the throat diameter to the inlet diameter(dlD) is: 

diD = (.136/.5) = .272. [4] 

Since the actual ratio, .272 is closest to the given ratio .3 on the left-hand column of Table 

7-3, we will use the ratio .3. Thirdly, the Pressure Ratio is the ratio of the static pressure 

at the nozzle throat to the static pressure upstream of the nozzle and is calculated as 

follows: 

P2 = (2002.4-932.4) == 1070 
[5J

PI 2002.4 2002.4 =.534 

Since the actual ratio of .534 is closest to the given ratio of .55 in Table 7-3, we will use 

.55. Knowing these values we can read off Table 7-3 the appropriate Expansion Factor, 

Y=.7193. 

Now that we have chosen the correct Expansion Factor we can continue to solve 

for the mass flow rate. Using Eq. 3 above, the mass flow rate(1bmlsec) becomes, 

. ( Ibm) ( Ibm)m= .94111-- Y= .94111-- (.7193) = 6.769E 001. [6] 
s s 
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The value given by the Colorado Engineering Experiment Station Inc. for the 

same conditions above is 6.9090E-001 pound mass per second. Differences in the 

calculated value to the actual value can be compensated by adjusting the value of the 

discharge coefficient C. C is defined as the ratio of the actual flow rate to the measured 

flow rate. In our case C was found to be (6.909/6.769)=1.02, which is more or less the 

value listed in the discharge coefficient column provided by the calibration data. 

We will now go through an example using the properties of Helium which are 

similar to those expected during operating conditions. Once again we will use Eq. 7-36. 

These calculations will be done in SI units. 

First we will state the given information. The coefficient of discharge, t, will be 

approximately 1. The throat diameter in meters is 3.4544E-3 (.136 inches). The inlet 

diameter is 1.27E-2 m (.5 inches). In order to determine the density of helium will use 

the ThermophysicaI Properties of Helium which is also enclosed. A typical operating 

pressure will be 0.120 MPa. The helium will typically be subcooled to a temperature of 

about 4.3 Kelvin. Since 4.3 K does not have its own entry we must interpolate between 

the temperatures 4.2 and 4.407 Kelvin. Upon interpolating, the density at 4.3 Kelvin is 

123.9 kilograms per cubic meter. 

At the typical conditions during a flow test, the pressure differential is 

approximately 0.43 inches of water. The conversation factor from English to SI units is 1 

in. of water equals 248.8 Newton per square meter. A Newton per square meter is also 

known as a PascaL Therefore, the differential pressure in SI units is: 

248.8N/m
2 J N [7]dp =.43 in. H20 ( 1 in. H 0 = 106.984 m2 

2 

Now we can insert values into the variable in Eq. 7-36. 

. 7r(3.4544E - 3)2 [ 1 l~[ ( kg )( N )l~m = 1.00 ( )4 2 123.9- 106.984- Y
4 1 - 3.4544E - 3/ 1.27E - 2 m 3 m 2 

Equation 8 

http:6.909/6.769)=1.02
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-
 Noting in Eq. 8 that a Newton is equal to a kilogram-meter per square second, we can 

simplify the equation above to: 

~=(1530E 3 k:)y=(1530 ~)y [9] 

The mass flow rate is not complete until we determine the Expansion Factor Y. 

However, unlike the previous example, we must calculate Y with Eg. 7-29 on page 136 in 

the Applied Fluid Dynamics Handbook. 

In order to solve for the Expansion Factor Y, we must know the ratio of the throat 

static pressure to the inlet static pressure. This ratio is noted as Irl. If the inlet static 

pressure is 0.12 MPa and the pressure differential is 1.070E-4 MPa, as calculated in Eq. 

7, then the throat static pressure must be 0.1199 MPa. Therefore the ratio is as follows: 

P2 .1199
r=-=--=.999 [10]

PI .120 

We must now refer back to the Thermophysical Properties Table for Helium to 

determine the ratio of the specific heats. Interpolating once again for a temperature of 4.3 

Kelvin, the specific heat at constant pressure IS 5.523 Joules per gram-Kelvin, and the 

specific heat at constant pressure is 2.157 Joules per gram-Kelvin. And the ratio is: 

5523~K 
g-

Y = J = 2.157 [11 ] 
2560­

g- K 

Now using Eq. 7-29 above, we can solve for the Expansion Factor: 

(2.157-1)/ J ]2
1 

2/ 2.157 \ 1-.999' /2.157 1- (3.4544E - 3/ 1.27E - 2)4
Y - 99972157 - --­

- [ . (2.157-1)[ 1-.999 1-(3.4544E-3/1.27E-2)\999)7z.l57 
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By solving this equation, the Expansion Factor Y =.999 or approximately 1. Therefore, 

we can continue to solve for the mass flow rate by inserting Y =1 into Eq. 9. 

~=(1530: Jy =(1530:)en =:=1530: [12] 
We hope that with these two examples you will better understand the calibration 

data given by Colorado Engineering Experiment Station Inc. as well as better understand 

how to obtain measurements from the venturi installed in the control dewar. 
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Certificate of Hydrotest 

C.T. Takahashi & Co. P.O. CTA-5041. 

. 
Item: Il.P Venturi Plowmeter 
Fox Part No.: 6U9SD-18 
Installation Drawing No.: 614024 
Customer's Designation: FE 32S3-H 
Customer's Drawing No.: 3KNU4719 

This certifies that the above referenced venturi flowm.eter has been 
hydrostatically tested to 225 psig. No J.e8kage or deformation was noted. 

Tested by.95!<k.~~LL 
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COLORADOENGDmEmNG 
E::'rPEBIMENT STATION INC. 

" 

CERTIFICATE OF CALIBRATION 

This calibration is trac;:eable to the 

, NATIONAL INSTITUTE OF' STANDARDS AND TECHNOLOGY 

Serial Number; 611980-18 
I 

For: Fox V~ve Development Cmp. ordci-: LSPl2.-1g..9SA 

Data }Tile: 96FXVOOl Disc: 0196-039 Dare: 291anuary 1996 

The uncertainty in indicated flowratc is csD.mab:d.to be +1- t/.$" "ofrc:ad1ng CD 95" confidence. 

The calibration identified by the above CEESI data file was performed using standa.n1s 
thai an: ttacc:able to the Na.ticmal Institute of Standalds and Technology. , ' 

This calibration was pcrfonned in accordance wirh the CUIl1:nt revision of 
PROC-lO and MIL-STD 4S662A. 

This Calibration is: r.KJ As Found t1J As Left 

Calibmlion ~rmcd~~Ji-e' 

~c~·. 
Steve Caldwell 

' 

Vice President 

Rc-calibratian is n::commended to be no marc than I)... months from the date of this Ccrr:ificatc 

M221,36 KE 0020JOB NO. 
'DWG NO. 	 3ltN,'4719P001 

1C177AC1000/' 

.l.~ 
V. 8 1 H S 0:1 = l!~~ Pl £ i ~ ~4d 
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calibration o~ a Subsonic Ventur~ 
Seria~ NwDbar: 611980-18 
For: Pox Va1va Dava10pmant Corp. Order: LSF12-19-95A 
Data F~1e: 96FXV001 Disc: 0196-039 Date: 29 January 1996 

I 
i 

I J 
l z: 0'- L 0·0 /~ l' : II L -.£ 0 - 'i 0 - 96/ ( .lGt.t)-Zll'LOOSSl'O-L!!OI V9lHSQ1·~S6lC1LS{ 

Xnlet diameter: .5 inches T.hroat diameter: .136 Lnches 
Test qaa: Am standard density- .074915 l.bm/cu-rt 

at standard conditions or 529.69 de9.R, and 14.696 psia 
Cd: Coefficient or Discharge . 
Fl.ow: Hass f10wrat. i.n pounds par ••cond. 
D~~r: Diffarentia1 pressure ~ paid 
Rey No: Throat Reyno1ds JlUJIIbar 
Press: Zn1et static pressure in paia 
Temp: Inlet temperature .in degrees Rankine 
Density: Inlet density ~ pounds mass per cubic foot 
Ratio of specific heats: 1.4 

Di.:rf . Densi.ty Cd Rey No 

6.308E+006 
• 6 E 

3 439.340 10.1100 1.0033 
4 369.340 10.1000 1.0032 
5 437.550 10.1100 1.0032 
6 319.720 10.1100 1.0011 

~ 7 274.080 10.1000 0.9975 
8 211.780 10.1000 1.0006 
9 165.550 10.0900 0.9961 

10 215.570 10.1000 ·0.9998 
11 188.920 10.1000 0.9989 
12 147.980 10.0900 0.9944 
13 123.920 10.0900 .0.9929 
14 101.160 1.0.0800 0.9877 
1S 1.25.020 1.0.0800 0.9919 

Averaqe va1ues ror above results: 
Press: 2002.4 psia Density: 10.099 ll:ma/cu-ft
Temp: 534.84 Ceq R Viscosity: .000001.0261. l.bm/J.nch-sec
compressibility factor: 1.0007 

5. 194E+006 
4.876£+006 
5. 190E+006 
4.604£+006 
4.308E+006 
3.870E+006 
3.451E+006 
3.896E+006 
3. 673E+006 
3.274E+006 
3.010E+006 
2.721E+006 
3.018E+006 

Temp Press 

2002.400 
0 . 

534.5 2002.400 
534.6 2002.400 
534_2 2002.400 
534.4 2002.400 
534.6 2002.400 
534.8 2002.400 
535.1 2002.400 
534.9 2002..400 
534.9 2002 ..400 
535.1 2002.400 
535.4 2002.400 
535.7 2002.400 
535.6 2002.400 

F10w 

5.6900E-001 
5.3422E-001 
5. 6833E-001. 
S.0431E-001. 
4.7199E-001 
4.2414E-001 
3.7841£-001. 
4.2705E-OC1 
4. 0264E-·~C1 
3.590:'E-Q01 
3.3020E-001 
2.9863£-001 
3.3115E-001. 

http:Densi.ty
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Fig. 7·16. Feil's vane system installed in a two-dimensional diffuser. 

fJ. is here measured in radians. 28. is the sum of the 
diffuser included angle and a correction angle which is 
dependent only on the diffuser area ratio: 

28. = 28 + 2.l8. (7-62) 

where .llJ in degrees is given below: 

AlA. 5.0 

.l8 (deg) 7,5 

The number of vanes is chosen so that 

where n is the number of vanes. The spacing between 
vanes is a = WI/(n + I) (Fig. 7-16). The length of the 
vanes L, is chosen as either 0.6 times the length of the 
diffuser side L or such that each diffusing passage 
operates at the line ofappreciable stail as indicated in Fig. 
7-7 for a two-dimensional diffuser. whichever is shorter. 

While the rules presented in the previous two para­
graphs were developed for two-dimensional diffusers. it is 
reasonable to believe. in the absence ofcontrary published 
data. that they can be applied directly to conical and 
annular diffusers. 

Curved Wall Diffusers. Curved wall diffusers can be of 
two classes: (I) diffusers whose axis is straight but whose 
walls are curved in a bell or a trumpet shape. or (2) 
diffusers whose axis is curved so that the diffuser is the 
sum of a bend and a straight axis diffuser. Tests by 
Carlson et al. (Ref. 7-28) indicate that there is little 
advantage in utilizing a trumpet or bell wall shape over a 
straight wall in a straight axis. two-dimensional diffuser; 
moreover. the straight wall design is far easier to 
construct. 

The losses in a curved axis diffuser (a diffusing bend) 
eXceed those in a comparable straight axis diffuser. The 

pressure recovery is lower. and the bending of the flow 
results in an exit maldistribution with higher flow veloc­
ities on the outside of the bend. However, a curved axis 
diffuser can be more efficient than the combination of a 
straight axis diffuser and a bend (Ref. 7-48). Considerable 
data on curved axis diffusers is pre,sented in Refs. 7-29. 
7-48. 7-57, and 7-58. 

7.6. VENTURI TUBES 

Venturi tubes are the union of a nozzle and a diffuser, as 
shown in Fig. 7-17. The purpose of a venturi tube is to 
create a region of low static pressure at the venturi throat 
which can be used to draw in a second fluid. as in a venturi 
carburetor. or to generate a pressure differential between 
the throat static pressure and the static pressure in the 
contiguous pipe line. as in a venturi flowmeter. 

The mass flow rate through a venturi tube can be 
predicted by the same formulas for nozzles that are 
developed in Section 7.2. For incompressible flow. the 
mass flow rate is [Eq. (7-33)] 

~pressible subsonic flow. the mass flow rate iZrE0 

~ ~ 

Trd

2 
[ I ]112 

m =C"'"4 t.- (d/D)4 [2PI(pl ­ P2)]ll2y. 

C is the dIscharge coefficient. i.e., the ratio of the actual 
flow rate to the ideal flow rate for a given static pressure 
differential. PI is static pressure at the upstream tap where 
the diameter is D. and Pl is the static pressure at the throat 
where the diameter is d. P is density and PI is the density at 
the upstream tap (see discussion at end of Section 7.2.3). 
y is the expansion coefficient [Eq. (7-29), Table 7-3]. 
Consistent sets of units are given in Table 3-1. 

_.DAa I 
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Since Pl decreases with decreasing flow area of the 
venturi throat, the pressure differential PI - Pl is max­
imized by decreasing the throat area. The discharge 
coefficient C is the ratio of the actual flow through the 
venturi to the one-dimensional ideal flow rate for a gi\';,:n 
pressure differential PI - Pl (Section 7.3). C is neariy 
always between 0.995 and 0.985 for most continuous 
venturi tubes, as shown in Table 7-7. For the ASME 
modified nozzle venturi. the ASME nozzle dischar ~e 
coefficients are used [Fig. 7-17(b), Ref. 7-10]. 

In constructing venturi tubes, considerable precision 
must be used in machining the throat section so that the 
resultant flowmeter will conform to the discharge coef­

ficients ofTable 7-7. The American Society of Mechanical 
Engineers (AS ME) recommends that the throat section 
be polished to a mean surface roughness no greater than 
5 x 10-6 d. where d is the throat diameter (Ref. 7-10). The 
static pressure taps should be drilled perpendicular to the 
nozzle axis with openings into the flow that are sharp and 
free of burrs. The diameter of the static pressure taps 
should not exceed approximately 1/10 the throat diam-: 
Cler. T,?lerances and installation details for the ASME 
Herschel venturi tube and other flowmeters are given in 
Ref. 7-10. ISO recommendations are given in Ref. 7-18. 

The principal advantage of the venturi flowmeter over 
the square-edged orifice plate (Section 6.5.3) or the flow 

Table 7-7. Discharge Coefficients for Venturi Tube Flowmeters. 

Notation: 0 =diameter of contiguous pipe; d = throat diameter of venturi; U = average flow velocity 


through contiguous pipe; Ud =average velocity through throat; JI = kinematic viscosity. 

1 inch = 25.4 mm. See Fig. 7-18. (Refs. 7-10, 7-59 through 7-62.) 


-


C (a)
Venturi Tube Parameter Range Discharge Coefficient. 

1. 	ASME Herschel. 

rough cast entrance 
 0.984 :t 0.7% 

cone 


100 mm ~ D ~ 800 mm 

0.3 ~ dID ~ 0.75 

2 x 105 S UO/v S 2 x 10c 

~ ,.,......,r -... -.., ,. 
~ 

( ASME Herschel. 0.995 :t 1.0% 

machined entrance 


50 	mm ~ D < 250 mm 

0.4 ~ dID S 0.75cone ]62x 	105 ~ UO/v < 10
J) 

-c. -
0.985:t 1.5% 


rough-welded sheet 

3. 	ASME Herschel. 200 mm .:::; D S 1200 mm 

0.4 S dID S 0.70metal entrance 62x 	105 S UDIv S 2 x 10cone 

4.734. 	ASME flow nozzle 50 	 mm < D < 400 mm 
0.9961 -	 :t 0.7%

with attached 10° (Udd/v) 1/20.37 ~ dID ~ 0.76diffuser 5 	 6
10 < Udd/v < 5x 10(See Section 

7.3. 2) 

5. 	 ISA circular arc 105 
< U d/v .:::; 107 1.5250.9935 ­

(Udd/v) 1/2 
d 

6. 	Universal Venturi 4 x 104 
< UDIv < 2 x 106 0.9797 :t 0.75%Tube (U.V.T.) 

(a)Eqs. 7-31.7-33. 7-36. 

.. .. ~.... 
..."" - ~''''-·';,t • 1" ~ ~ - "":~;"'''' ". .~:.. -~ •..-.~ • 
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nozzle (Section 7.3.2) is that the diffuser section minimizes 
the total pressure loss. For example. the loss in total 
pressure for flow through the meter can be expressed as a 
fraction ofthe differential static pressure between the inlet 
and the throat for these ASME meters (Ref. 7-10): 

Overall Pressure Loss = (PI - pJ ). 
Differential Pressure PI - Pl 

ASME 
FLOWMETER 0.2 

Throot Diom(,l('r/ Pip(' Diom('t('r. til D 

I 0.70.3 • 0.4 0.5 0.6 0.8 

Square-edged 
orifice 

Long-radius 
nozzle 

Venturi tube 
IS° oUllet 

Venturi lube 
7' oUllel 

0.93 

0.95 

0.30 

0.15 

0.89 

0.85 

0.25 

0.13 

0.82 

0.75 

0.20 

0.12 

0.74 

0.65 

0.17 

0.11 

0.63 

0.53 

0.13 

0.11 

0.53 

0.42 

0.11 

0.11 

0.38 

0.29 

0.12 

0.12 

.1" •• Ih~ UI»IrClim MaliC pre..ure. p, •• lhclhroalSlauc pre>"..e. and p. l> Iheslal'c 
prenure al a pOlnl well downstream. 

The superior performance of the venturi tube com­
pensates for its length and higher fabrication costs when 
used in low-loss systems. The ISO circular arc venturi 
tube will have a greater overall loss than the ASME 
venturi tube owing to the sudden expansion four throat 
diameters downstream of the nozzle throat. as shown in 
Fig. 7-17(c). The Universal Venturi Tube. shown in Fig. 
7-18. has a low loss. comparable to that of the ASME 
venturi tube with a 7% outlet. and it has the added benefit 
of being nearly 40% shorter. 

7.7. EXAMPLES 

7.7.1. Nozzle Example 

A test of a water jet propulsion system is shown in Fig. 
7-19. A pump discharges through a flexible bellows into a 

t 


INLET TAP THRDATTAP 

~ 
~...-J~!f~ 1 

d 0 

-_.J;':'"TI: 1~ I 
-I I--l t-- DIFFUSER---; 

INLET THROAT 

Fig. 7-111. Universal Venturi Tube (Refs. 7-61. 7-621. 

right angle section of pipe. which in turn discharges 
through a nozzle into a reservoir ..The thrust of the jet is 
measured by a force gauge. In order to optimize the 
design. it is desired to pick the nozzle opening diameter d 
which produces the maximum thrust given the following 
pump characteristics at a constant pump rotation speed: 

ni~har,l:!: prcssure 
aom'o: inlo:tllO' Pal 

Discharl1c \'olume 

1m '/~ccl 


2.S 2.0 1.5 1.0 0.5 

n.12 I 0.15 0.20 0.22 0.23 

This decrease in volume flow with increasing discharge 
pressure is typical of turbine pumps. The units of frame I 
of Table 3-1 will be used in this example. 

The decrease in fluid static pressure between sections I 
and 2 in Fig. 7-20 is due to the frictional losses of the 
!>lraight pipe section and the bend. Using Chapter 6. Eqs. 
(t--6) and (6-15). the difference in static pressure between I 
and 2 is 

Fig. 7-19. Test of a water Jet propulsion system. 
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Equations (7-27) and (7-28) are identical to the corre­
sponding equations for incompressible flow [Eqs. (7-4) 
and (7-5)] except that the density is referenced to section I 
and the expansion factor Y has been introduced into Eq. 
(7-28) and the factor r-I/'I'Y into Eq. (7-27). The expansion 
factor Y is a function of the static pressure ratio and the 
ratio of specific heats (Ref. 7-10, p. 52), 

Values ofY are presented in Table 7-3. If the nozzle areas 
are circular, which is the most common case, the area ratio 
(Az/ AI)z may be replaced by (dz/d,)\ wheredzanddl are 
the diameters corresponding to the areas A2 and A,. 

The upstream density PI must be known to apply Eq. 
(7-28) in computing the flow rate. P' can be determined 
from an overall flow model, but it is more commonly 
computed using the perfect gas law and the measured 
static pressure PI and the static temperature TI. Both PI 
and TI must be measured. Ordinarily, a thermometer or 
thermocouple insened into the upstream flow will mea­
sure the stagnation temperature (actually the recovery 
temperature, which is very nearly the isentropic stagna­
tion temperature) rather than the static temperature. The 
static temperature will be within 2% of the stagnation 
temperature for air at Mach numbers less than M = 0.3. 
For Mach numbers in excess of M, = 0.3, the static 
temperature can be computed from a measurement ofthe 
sta-nation temperature as follows: (1) measure the stag­
nation temperature at I, and estimate the flow velocity U I 
and speed ofsound CI; (2) calculate the static temperature 
at I using MI = U,/CI and Eq. (7-15); (3) compute PI 
using the perfect gas law and the measured value ofPI and 
the value of TI computed in step 2, PI = p,/(RTI); (4) 
calculate the mass flow rate from Eq. (7-28), the flow 
velocity UI = mf(PIAI), and the speed of sound CI = 
(-yRT,)1J2; and (5) iterate, returning to step 2, until the 
procedure converges and the desired accuracy is obtained. 
Ordinarily, only one or two iterations are required. 

The maximum flow through a nozzle occurs, as has 
been shown by Eqs. (7-20) and (7-21), when the velocity in 
the throat ofthe nozzle is sonic. If the area ofthe throat is 
A2, the static pressure at the throat is Pl, and the static 
pressure and flow area at some upstream point are PI and 
A .. then the following equation relates the flow area ratio 
to the static pressure ratio which just produces sonic 
velocity at the throat (Ref. 7-10, p. 68): 

pz ) (1-'1')1 Y + -y - I ( A2 ) 2 ( P2 ) Z 'I' = -y + I. (7-30)( PI 2 AI PI 2 

Solutions for this critical pressure ratio are given in Table 
7-4. Pressure ratios Pl/PI above the critical pressure ratio 
yield subsonic flow. Pressure ratios lower than the 
critical ratio, as obtained for example by lowering the 
outlet pressure, will establish shock waves in the exit 
stream from the nozzle throat. 

Equation (7-28) will overpredict the mass flow through 
a real nozzle because frictional tosses associated with the 
boundary layer will reduce the actual flow velocity from 
the theoretical ideal. However, if the nozzle is smoothly 
rounded (not just an abrupt contraction as shown in Fig. 
6-16) and the throat Reynolds number is in excess of 10', 
then Eqs. (7-4), (1-5), and (7-28) are often accurate to 
within 93 to 990/0. Design data on frictional losses in real 
nozzle designs are presented in the following section. 

7.3. NOZZLE DISCHARGE COEFFICIENT 

Definition. The actual flow rate through a nozzle 
seldom, if ever, equals the theoretical flow rate. Dissipa­
tion due to viscous friction and blockage of flow area by 
the boundary layer tend to reduce the flow rate below the 
theoretical ideal. A discharge coefficient, denoted by the 
symbol C, is introduced to correct the isentropic, one­
dimensional theoretical flow rate: 

Actual Mass Rate of FlowC = .-..:;...:..;;.;..;;.....-.--.;.......---- (7-31)

Theoretical Mass Rate of Flow 

The mass flow through a nozzle with a discharge coef­
ficient of C = I conforms exactly to the theoretical 
model. 

The discharge coefficient is generally a function of the 
nozzle geometry, Reynolds number, and, for compres­
sible flow. Mach number: 

C = F(nozzle geometry. UD/v, U/c). (7-32) 

U is typically the inlet velocity, D is the inlet diameter, and 
c is the speed ofsound. Values ofthe discharge coefficient 
for a number of nozzles are given in Table 7-5. 

Using Eq. (7-5), the mass flow through an incom­
pressible fluid through a nozzle is expressed in terms of 
the static pressures PI and P2 associated with the flow 
areas AI and Az and the discharge coefficient C. 



Table 7-3. Expansion ':;oefflclents tor Nozzles. 
Notation: d = nozzle throat lameter;-o - p • ,- essure upstream of nozzle; 

P2 =static pressure at nozzle throat; y = ratio of specific heat at constant pressure to that at 
"..... constant volume. [Eq. (7-29); Ref. 7-10, p. 224.] 

Expansion Factor Y for y - 1.3 

Pressure Ratio, P2/P, 

dID .095 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 

0.2 
.3 
.4 

0.9707 
.9705 
.9698 

0.9407 
.9402 
.9390 

0.9099 
.9092 
.9074 

0.8781 
.8773 
.8750 

0.8454 
.8445 
.8417 

0.8117 
.8106 
.8075 

0.7768 
.7756 
.7722 

0.7406 
.7393 
.7357 

0.7030 
.7016 
.6978 

0.50 
.55 
.60 

.9683 

.9671 

.9654 

.9362 

.9338 

.9305 

.9031. 

.9001 

.8954 

.8700 

.8658 

.8599 

.8358 

.8309 

.8240 

.8008 

.7952 

.7876 

.7648 

.7588 

.7505 

.7278 

.7214 

.7126 

.6896 

.6829 

.6738 

0.65 
.70 
.725 

.9629 

.9594 

.9570 

.9259 

.9193 

.9150 

.8889 

.8798 

.8739 

.8519 

.8406 

.8333 

.8146 

.8016 

.7933 

.7771 

.7627 

.7535 

.7392 

.7237 

.7139 

.7007 

.6844 

.6742 

.6614 

.6447 

.6343 

0.75 
.775 
.80 

.9542 

.9507 

.9462 

.9098 

.9034 

.8955 

.8667 

.8580 

.8473 

'.8246 
.8141 
.8013 

.7833 

.7714 

.7570 

.7426 

.7297 

.7141 

.7023 

.6886 

.6723 

.6622 

.648'­

.6313 

.6221 

.6077 

.5908 

0.82 
.84 
.86 

.9418 

.9362 

.9292 

.8876 

.8779 

.8658 

.8368 

.8241 

.8084 

.7888 

.7739 

.7557 

.7431 

.7266 

.7067 

.6992 

.6817 

.6608 

.6568 

.6387 

.6172 

.6155 

.5971 

.5756 

.5750 

.5567 

.5353 

~pansion Factor Y for y - 1.4~ 
~ Pressure Ratio, P2/P, ) 

dID 

0 
0.50 

.55 

.60 

0.65 
.70 
.725 

0.75 
.775 
.80 

0.82 
.84 
.86 

-0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 

0.9728 0.9448 0.9160 0.8863 0.8556 0.8238 0.7908 0.7565 
.9726 .9444 .9154 .8855 .8546 .8227 .7896 .7552 
.9719 .9432 .9137 .8833 .8520 .8198 .7864 .7517 ~ 
.9706 .9405 .9099 .8785 .8464 .8133 .7793 .7441 .7076 
.9694 .9383 .9067 .8745 .8416 .8080 .7734 .7378 .7010 
.9678 .9352 .9023 .8690 .8351 .8006 .7653 .7292 .6920 

.9655 .9309 .8962 .8613 .8261 .7905 .7543 .7175 .6798 

.9622 .9247 .8876 .8506 .8136 .7765 .7392 .7016 .6633 

.9600 .9207 .8819 .8436 .8056 .7676 .7297 .6915 .6530 

.9573 .9158 .8751 .8353 .7960 .7571 .7184 .6797 .6409 

.9540 .9097 • 8669 .8252 .7845 .7445 .7050 . .6657 .6266 

.9498 .9022 .8566 .8128 .7705 .7292 .6889 .6491 .6097 

.9457 .8947 .8466 .8009 .7570 .7147 .6736 .6334 .5939 

.9405 .8856 .8344 .7864 .7409 .6975 .6557 .6152 .5755 

.9338 .8740 .8194 .7688 .7215 .6769 .6344 .5936 .5541 

• _ • ~ ~..r _ ~_ ~ ~ _ ~ , ... ~ • • ~ _'" _ • _ ~ - -, 
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