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CALIBRATION OF FLOW NOZZLES USI1 G WATER 

WITH EXTR.A..POLATION TO STEAM 

Introduction and Summary 

Thi s report presents th e results of calibration tests performed 

on t wo steam flow nozzles at the Engineering Research Center of 

Colorado State University in accordance with Westinghouse Electric 

Corporation Purchase Order 56-IC-46472-G dated April 22, 1969. The 

aim of t he calibration was to relate the steam flow rate through the 

nozzles to the difference in pressure sensed at the nozzle taps. The 

calibration was performed ,vi th water in place of steam and the results 

of the calibration were corrected for steam analytically. The 

primary results for water are presented in Table II as a set of data 

r elating discharge coefficient to Reynold's number. 

The Reynold's numbers for the t ests with water are lower than 

those that will be experienced with steam. Figure 4 shows the 

empirical curve determined for the extrapolation of the data to the 

higher Reynold's numbers . The calibration data for the two nozzles 

were so close that one curve fits both sets. 

The relationship between pressure differeilce and steam flow . 

given in Table III and Figure 5 were obtained from t he empirical 

curve of Figure 4 with analytically determined corrections for the 

thermal properties of steam. 

The · calibration of Nozzle l was performed May 8, 1969 and the 

calibration of Nozzle 2 was done on May 17, 1969. The calibration 

data was collect ed by Mike Wittington , and the data reduction was done 

by Ikram Ul-1-iaque , both graduate students in Engineering. 
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Theoretical Consider ations 

The basic differential equation for the flow of a compressib l e 

fluid i n a pipe of varying cr oss section (as for example a flow 

nozzl e) . with negligib l e heat lost to the pipe wa lls, is 

2 
Jdu + d(pv) + d(~) = 0 (1) 

2g 

where: u is the interna l energy 

p is the absolute pressure 

V is the specific volume 

V is th e mean velocity across the pipe 

g is th e acceleration of gravity and 

J is th e conversion from mechani ca l energy to heat . 

The t erms of Equation 1 r epresent ch anges in interna l energy, flow 

work and kin etic energy in th 2.t order. The middle t erm of Equat ion 1 

can be divided into t wo parts to give 

2 
Jd d d de~) 0 U + p V + V p + 2g = 

The first t wo t erms of Equation 2 appear in th e definition of 

entropy s 

JTds = Jdu + pdv 

(2) 

(3) 

The t wo t erms on the 1eft in Equation 3 are consider ed t herma l t erms 

and the two t erms on th e r ight are considered mechanical t erms . 

Friction al ways causes a loss of energy from th e mechanica l terms 

to the th erma l t erms . There is no process in a flow -conduit that 

can cause energy t o flow in th e r everse direction. 
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For frictionl ess flow, Equation 2 becomes 

2 
d d(y_) = O V p + 2g ( 4) 

Under conditions of incompressibility vis constant and Equation 4 

can be integrated to give 

(S) 

Equation S can be expressed in terms of the fl01v rate F, the cross 

sectional areas A1 and A2 , and a calibration coefficient Kin the 

form 

(6) 

Under ideal conditions, the coefficient K would be unity but 

in practice it is somewhat less. The major cause for this difference 

is the boundary layer which has the effect of making the noz zle seem 

smaller than it is (displacement thickness). Since the boundary 

layer thickness is less with higher flows , the coefficient character

istically approaches unity as .the flow is increased. The boundary 

layer thickness can be shown to be a function of the Reynold's 

number R · defined by 
e 

VD 
\) 

(7) 

where D is the pipe diameter and v is the kinematic viscosity . 

It foll •::iws that K is basica lly a function of R • 
e 

The primary 

calibration using wat er obtained relat ed va lues of K and R • 
e 
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As long as t he expansion of steam is not great the boundary layer 

thickness is not materially affect ed and the K - R 
e 

rela tionship 

obtained for water will be app licable to steam as we ll. Once the 

ideal f l ow r ate pressure di fference r elati onship i s obtained for 

steam the coeffici ent K can be appli ed. 

To obtain t he pressure difference for steam, Equat ion 4 mus t 

be integ=ated with t he constraint that t he entropy of the steam be 

~onstant . Integration of t he l eft hand t erm. cannot be performed 

unless the p-v r elati onship is kn o1m . However th e mean value 

t heorem for integra ls states that there is a constant k between 

zero and 1 such that 

v2 v2 
1 2 

z:g- - 2g (9) 

where flv is th e change, in specific volume . Then to get an expression 

parallel to Equation 6 we can write Equation 9 as 

F = - ----------- (10) 

- / _ (v+6v)2 
Al A2 

If 6v is sma ll enough the assumption can be made that v varies 

linearly with p meaning that k = 0.5. If flv is too l arge the 

no zz le can be treated in steps with each step having a sma ll enough 

change in area that the assumption of l ineari t y i s good. 

To solve Equat ion 10, t he follo l'l ing steps can be performed·: 

Step 1. Set K = 1 

Step 2. Compute v corresponding to p1 and th e percent 

dryness x1 from steam tabl es 

Step 3. Set ~v = 0 
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Step 4. Compute P2 

Step 5. Comput e th e percent dryness x2 for zero entropy 

change f rom steam tables. 

Step 6. Compute tw for P2 and x2 

Step 7. Repeat steps 4 through 6 to convergence 

Step 8. Correct F for coefficient K. 

Description of Nozzles 

The geome try of the noz zles are shown in Figure 1. The nozzles 

when received had identical mark ings: 

1s. o. #3395-1 

i Mil - S2319 4A C/S 

HT #213060 

To distinguish between them th ey were stamped 1 and 2 on the outside 

I 

face of the pressure manifo ld. ~licrometer r eading of ~1e throat diam-

I 
eter averaged 4.516 inches at room t emperature (about 20°C) for both 

nozzles. The upstream pipe and t ap was furnished by CSU and th e 

diameter at the t ap was measured as 6 . 081 inches . Under 1000 psia 

and 544°F it is estimated that th e di ~1eter would expand by 0.34 

percent which would mean an increase in flmv rate of 0.68 percent. 

This expansion was a llo\'Jed for in the computations . 

Description of th e Test Facility 

· Th e tests were performed at the m.:iin flow calibration facilities 

of the Enginccrine Research Center whi ch arc shown diagramma tically in 
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Figure 2. The no zzles were insta ll ed i n the 12-inch line as shown 

in Figure 3. 

To find the flow rate, water from the no zz l e is diverted into 

volumetri c tanks for a specified period of time measured and 

controll ed by a puls e counter oper a ting off th e AC power line . Th e 

volume of water collect ed in the tank is measured by a precision hook 

gauge . The water temper a ture is measured on s amp l es collected from 

the flo ·1 diverter. The pres sure difference was measured by two 

separat e sys t ems s et up especia lly for these test s (Mercury manometers 

usually used were not a llowed under the specifications). For high 

flows, a set of three differenti a l manometers each 12 f ee t long with 

acetyl ene t e trabromide (S.G. 2.95) as th e indicating flu id were pro

vided. These wer e conne cted to th e no zz l e t aps in seri es with each 

other . The tubes had l arge bores (9/1 6- inch) for accurat e meniscus 

formati on. · For low flows, an invert ed air-water manometer was us ed 

. for , l arger manometer defl ections . 

I The propos a l for this study stat ed that open wel l hook _guages 

would be used.for low flows but ci1ese proved to be impract ical. The 

air-water manometer is no t quit e as accurate as the open well system 

was predicted t o be and , as a r esult, th e data for the lowes t flows 

show the most scatter . 

Description of t he Test Procedure 

Each of the flow no zz l es were calibrated for 15 di s charges , 

adhering as c l ose as possible to th e quantities outlined in the 

pre-calibration data of Tab l e I. Th e only difference was th e 
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Table I. Pre-calibration Data for Calibration of Nestinghouse Steam Flow Nozzles 

Run No. 1 2 3 4 5 . 6 7 8 9 10 11 12 13 14 15 

Flow rate 
(gpm) 450 675 900 1125 1350 1575 1800 2025 2250 2475 2700 2925 3150 3375 3600 

Run time 
(min) 10.0 7.0 5.0 4.0 3.5 3.0 2.5 2.5 2.0 2.0 1.75 1.75 1.5 1.5 1.5 

Sample 
(gals) 4500 4725 4500 4500 4725 4725 4500 5062 4500 4950 4725 5120 4725 5060 5400 

Volume error 
per rdg. (gals) 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Number of 
readings 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Percent volume \ 

error .09 .08 .08 .09 .08 .08 .09 .08 .09 .08 .08 .08 .08 .08 .07 

Percent time 
error . 0 0 .00 .oo .01 .01 .02 .03 .03 .04 .04 .05 .05 .06 .06 .06 

(Ac curacy of 60 cps) 

Manomet.er system I Hook gauges 1 manometer . 2 manometers 3 man. 

Total Man . 
Def. (ft) 0.87 2.0 3.5 5.5 4.0 5.5 7. 2 · 9.1 11.2 14.1 16.9 19;0 22.1 .25. 2 28.8 

Error per 
rdg. (ft ) .001 .001 .001 .001 .005 .005 .005 .005 .005 .005 .005 .005 .005 .005 .005 

Number of 
readings (ft) 2 2 2 2 2 2 2 2 2 4 4 4 4 6 6 

Percent pres-
sure error .22 .10 .06 .04 .25 .20 .14 .11 .09 .14 .12 .10 .09 .12 .10 
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substitution of an inverted air-\'/ater manometer for the hook guage 
. . 

arra_ngement indicated for Runs 1 through 4. The r eading error for 

this man:)meter nominally would be . 005 feet, as for the others·, but 

the long r n time for these runs allm1•ed repeated readings for 

higher accuracy. 

The step-by-step procedure adopted was as follows: 

Step 1. With the pumps operating and with water recirculating 

through the nozzle but bypass ing the volume tric tank, th e valves 

were adjusted to obtain the desired flow rate as indicated by the 

precalcul ated manome t er deflections of Table I. 

Step 2. Th e following data was recorded: 

a. the temperature of flowing water 

b. the temperature of aiD 

c. the temperatur e of water bled from manome t er lines 

d. the l evel of \'later in the volume tric tanks 

e. the manomet er l evels. 

For some runs the manometer lines were bled to check for air 

accumulation and the manometers were short circuited to check the 

null balance. 

Step 3. The timer was started which automatically diverts t}:le 

flow into the volumetric tanks , 

St ep 4 . Manometer l evels were measured repeatedly during th e run 

to get as many readings as time allowed. 

Step 5. Th e timer was stopped which automatically diverts th e 

flow to the sump . 

Step 6. Step 2 was repea t ed . 
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Step 7. The volumetric tanks were emptied by pumpi_ng into the 

sump and pre liminary cal culations were made to catch gross errors . 

Severa l r uns were r epeat ed on the bas is t hat ther e were gross errors 

but only those for \vhich th e source of th e error could be identified . 

Evaluation of Systemati c Errors 

The calibration equipment has been designed to minimize or 

correct for most causes of systemat ic error. Th e sources of possible 

systemati c error are : 

1. calibration of th e vol umetric tank 

2. vari ations i n th e 60 cycl e AC curr ent fo r the timer 

"3. non-uniformity of the flow _diverting process 

4. variations of th e densi ty and viscosity of th e flowing \-l at er 

5. variation of t he specific we i gh t of th e fl uid in t he manomet er 

and t he connect ing l ines 

6. inaccuracy of the manome t er sca l es 

7. meniscus effects 

8 . local vari at ion of the acceleration of gravity 

9. bouyancy of t he flu ids due to loca l barometri c pressure 

10 . tank leakage and evaporation. 

The evaluation and treatment of th ese error sources we r e as follows: 

1 . Volume tric t ank ca lib ration The t anks have b een ca l ibrated 

periodically by filling t hem with water in 240 pound increments 

weigh ed on a specia l scale ca libra t ed by weights checked by th e 

National Burehu of Standards in Boulder, Colorado . The depth volw e _ 

re l ationship is known accurate to at least ±2 gallons over the 

6000 ga llon r ange . 
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2. Timer variations The accuracy of the timer depends on the 

accuracy of the 60 cycle A.C. power supply. The power supply has been 

checked periodically against th e gov ernmen t time signal from Station WWV 

in Fort Collins. The average error experienced has varied from 

.09 percent for a period of 1 minute to .0003 percent for 10 minutes. 

3 . Diversion process The · time r equired to complete the divers ion 

from th e sump to the volumetric tank, or vice-versa, is less than t wo 

seconds . The equipment is designed so that the amount of flow diverted 

vari es linear ly with time during that interval .· If it is perfectly 

linear, there is no error introduced by th e diversion process. How

ever, there is no way to evaluate this possible source of error except 

•to .see if there is a systematic error associated with sampling time 

and none has been detected. 

4 . Density and viscosity of the flo wing water The density and 

viscosi ty of water was det ermined from th e water t emperature using 

standard t ab l es* . Temperatures \vere r ead with a precision thermometer 

to 0.5° F. This permitted density to be computed to . 02 percent and 
I 

viscosi ty to ~bout 1,0 percent. This accuracy for viscosity is 

acceptab le since the discharge coeffic ient was found to vary about 

.01 pe~cent for a one percent change in viscosity. Incidently , th e 

mass density is the import an t property of the flowing fluid rather 

than the specific weight as f ar as the flow no zz le is concerned . 

5. Specific weight of manometer fluid The specific weight of 

the manometer fluid was determined from t emper:i ture r eadings of th e 

* Meyer, C.A. , ~!cClintock, R. 13 . , Siverstri, G.J. and Spencer, R.G. JR., 
Thermodynamic and Transport Properti es of Steam, AS~IE Research Committee 
on th e Properties of Steam. AS~lE , Un ited Engineering Center, New York, 
1967. 
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s urrounding air . The r e l ationship of th e specific weight of the 

acetylene tetrabromide to t empera ture was evaluated from pycnometer 

determinations . 

6. Manometers scales The manometer scales ,-,ere standard stee l 

measuring tapes accurate to at l east . 002 feet over ten f eet . 

7. Meniscus effects The capillarity associat ed with the 

meniscus is ideal ly balanced out in a di fferentia l manometer . Never

t he less , large t ub e di ameters (9/16-lnch) were used and the tubes were 

t horoughly cleaned and fill ed with fresh manometer fluid. 

8 . Acceleration of gravity Th e variation of g over th e 

United St~tes is 0.2 percent . In Colorado the value differs about 

2 .04 percent from a value of 980.0 cm/sec : 

9. Bouyancy of air The bouyancy of the at mosphere affects 

the specific weight of ivater by about 0 . 13 percent. The difference 

in thi s bouyancy at Fort Coll ins (Elev 5000) and at sea level is 

about .0 2 percent . 

10. Tank leakage and evaporation The amounts of water lost due 

to tank l eakag~ and evaporation are comp let e ly negligible. 

Evaluation of Random Errors 

Random errors are those that cause scatter of the data. They 

arise mainly from the determination of the volume of th e sample and 

the deflection of the manometer. 

Th e volume of wat er collec t ed in t he vo l ume tric tanks is 

determined by meas urin g th e height of th e wat er surface with a hook 

guagc before and aft er th e run . Th e hook ·guagc has a vernier which 
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reads t o 0.001 feet, equiva l ent to about 0.8 ga llons of t ank 

capacity. However , it is di fficul t to repeat r eadings to this accuracy 

and ±2 gallons is a reasonabl e estimat e of th e maximum r andom error 

for each measurement. Tab le I gives f or each run the r esulting percen t 

error in volume expected fr om each of t he two measur ements r equi r ed. 

Th e manomet er deflection is determined by measur ing th e elevat ion 

of th e top of both menis cuses r e lative t o the t ape sca le. Th e tapes 

are gradua t ed in hundredths of a foot and r eadings are estimated to 

thousandths of a foot. However , fluctuation of the meniscus level and 

errors of para ll ax make .0 05 f ee t a r easonab le maximum error for 

manometer readings. The l ast r ow of Table I shows th e expected 
. 

percent error i n pressure f or this order of accuracy. These figures 

are r easonab l e except for th e first four run6 which are based o"n hook 

guages readable to .0 01 i nch . Without hook guages , the percen t 

pressure error can be expected to be about five times the v2.lue 

given. It should be remembered t hat th e square root of pressure is 

only one half as much as fo r pressure itself . Furthermore, the 

manometer 4eflections r ecorded were th e average of a number of 
. 

readings for these first runs , which should i mp rove the accuracy . 

Results for Wat er 

The va lue of K and R obt ained for th e 15 runs for each fl ow 
e 

nozzl e are given in Tab l e II. The va l ues are also shown plotted in 

Figure 4. The scatter of the data is emphasized by th e large scale 

chosen for K. Th e data for th e t wo no zz l es were so close th at one 

curve could be fi ttecl t o both sets . Th e curve chosen was th e exponc1:tial 
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curve discussed earlier . The coeffici ents A and B were chos en 

to produce a l east squares fit. With A = 0. 35 and B = 0 .45, 

the data of Nozzle 1 fitt ed wi th a root-mean-square error of 

0.34 percent and Nozzle 2 with an error of 0.32 percent . 

Table II 

Discharge Co effici ents and Reynold's Numbers for the Flow Nozzles 

Nozzl e 1 Nozzle 2 

K R K R 
e e 

.9681 1.94(10
5

) .9778 2.51(10
5

) 
.9686 3.33 .9656 3.64 
.9761 4.38 .9746 4.86 
. 9.712 5.41 .9736 6.15 
.9670 6.37 .9742 7.28 
.9740 7.37 .9770 8.47 
.9696 8.11 .9770 9. 79 
.9700 9.08 .9761 11. 23 
.9736 9.91 .9773 12.42 
.9770 11. 83 .9788 14.08 
.9809 13.10 .9802 15.83 
.9788 14.06 .9816 16.95 
.9810 15.03 .9831 18 .10 
.9778 15.99 .9824 19.15 
.9801 16. 89 .9818 19.97 

~ 
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Results for Steam 

Pressure differences and flow rates are related i n Table III for 

dry saturated steam . Th e t ab le covers f l ow rates from 30,000 to 

300,000 pounds of steam per hour , with pipe l ine pressures varying 

from 500 to 1000 psia. The pressure differ ence va lues were determinc.d 

by computer using the step-by-step procedur e outlined earl i er . 

Pressur e differences assuming incompressibility arc shown in brackets 

in Tab l e III for comparison. The steam properti es including viscosity 

were obtained from t ab l es in th e ASME publicat1on r eferr ed to earl ier . 

Key values of Tab l e III arc plo_tted in Figure 5 to provide a more 

convenient form for use . 

Of course, th e s t eam in t he pipe line may not be in a dry 

saturation condition. Tabl e IV sh0\•1 s1 for comparison , pres sure dif

fer ences for steam ,-1h ich is 99 percent dry . 

.. 
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