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FOREWORD 

(This Foreword is not part of ASME/ANSI  MFC-7M-1987.) 

This Standard was prepared by Subcommittee 2, Working Group 5 ,  of the American So- 
ciety of Mechanical Engineers Committee on Measurement of Fluid Flow  in Closed Con- 
duits. The Committee is indebted to the many engineers who contributed to this work. 

This Standard is intended to assist the public with the use  of critical flow  nozzles. Critical 
flow nozzles are especially suited to flow calibration work and precise  flow control applica- 
tions. They provide a  stable flow  of a compressible fluid through  a closed conduit,  the  rate 
of which may be determined with a high degree of accuracy. The Committee has attempted 
to blend the best available technical information with common practice to develop this 
Standard. It is as complete a specification as the Committee determined appropriate. Some 
latitude  and variation on the  application of the Standard  to critical flow venturi nozzles is 
allowed. However, neither these liberties nor this Standard is intended to replace proper 
judgment in the application of critical flow venturi nozzles. 

This Standard was approved by the American National  Standards  Institute (ANSI) 
on February 27, 1987. 
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ASME/ANSI  MFC-7M-1987 

MEASUREMENT  OF  GAS  FLOW BY MEANS  OF  CRITICAL  FLOW  VENTURI  NOZZLES 

1 SCOPE AND FIELD  OF APPLICATION 

This  Standard  applies  only to  the steady  flow of 
single-phase  gases and deals  with devices for which  di- 
rect calibration  experiments  have been made,  suffic- 
ient  in  number  and  quantity  to  enable  inherent 
systems of  applications to be  based on their  results and 
coefficients to be given with  certain  predictable  limits 
of uncertainty.  The critical  flow  venturi  nozzles  dealt 
with can  only  be used  within  limits that  are specified, 
for  example nozzle throat  to inlet  diameter  ratio  and 
Reynolds  number. 

This  Standard specifies the  geometry  and  method of 
use  (installation  and  operating  conditions)  of critical 
flow  venturi nozzles inserted  in a system to determine 
the mass  flow rate of the  gas  flowing  through  the sys- 
tem.  It  also gives necessary information  for  calculat- 
ing the  flow  rate  and  its  associated  uncertainty. 

This  Standard  applies  only  to  venturi nozzles in 
which the flow is critical.  Critical  flow  exists  when the 
mass  flow rate  through  the  venturi nozzle is the maxi- 
mum possible for  the existing upstream  conditions.  At 
critical  flow or  choked  conditions,  the  average  gas 
velocity at  the nozzle throat closely approximates  the 
local  sonic  velocity. 

Information is given in  this  Standard  for cases in 
which: 

(a) the pipeline upstream of the  venturi nozzle is of 
circular  cross  section; or 

(b) it  can  be  assumed  that  there is a large  space  up- 
stream  of  the  venturi nozzle. 

The  venturi nozzles specified  in  this Standard  are 
called  primary devices. Other  instruments  for  the 
measurement  are  known  as secondary devices. This 
Standard covers primary devices; secondary devices 
will be  mentioned  only  occasionally. 

2 SYMBOLS AND DEFINITIONS 
2.1 Symbols 

The  symbols used in this  Standard  are listed  in 
Table 1. 

2.2 Definitions 

2.2.1 Pressure Measurement 
wall pressure tap - hole  drilled  in the wall of a con- 
duit,  the  inside edge of which is flush  with  the inside 
surface of the  conduit 
static pressure of a gas - the  actual  pressure of the 
flowing  gas,  which can  be  measured by  connecting a 
pressure  gauge to a wall pressure  tap.  Only  the  value 
of  the  absolute  static  pressure  is  used  in  this 
Standard. 
stagnation pressure of a gas - pressure that would 
exist in  the  gas if the flowing  gas stream were brought 
to  rest  by an isentropic  process.  Only  the  value  of  the 
absolute  stagnation  pressure is used  in  this Standard. 

2.2.2 Temperature Measurement 
static temperature of a gas - actual  temperature of 
the flowing  gas.  Only the value of  the  absolute  static 
temperature is used  in  this Standard. 
stagnation temperature of a gas - temperature  that 
would exist in the  gas if the flowing  gas stream were 
brought  to rest  by an  adiabatic process.  Only the value 
of  the  absolute  stagnation  temperature is used in  this 
Standard. 

2.2.3 Critical Flow Nozzles 
venturi nozzle - a  convergent  divergent  restriction  in- 
serted  in  a  system  intended for  the  measurement  of 
flow  rate 
throat - the  minimum  diameter section of the  venturi 
nozzle 
critical venturi nozzle - a venturi  nozzle  for  which  the 
nozzle  geometrical  configuration  and  conditions of 
use are  such  that  the  flow  rate is critical 

2.2.4 Flow 
mass flow rate - the mass of  gas per  unit  time  passing 
through  the  venturi nozzle. In this  Standard,  flow  rate 
is always the  steady-state  or  equilibrium  mass  flow 
rate. 
throat Reynolds  number - In this  Standard  the noz- 
zle throat  Reynolds  number is calculated from  the gas 
velocity,  density at  the nozzle throat,  and gas  viscosity 
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ASME/ANSI MFC-7M-1987 

TABLE 1 SYMBOLS 

MEASUREMENT OF GAS FLOW BY MEANS OF 
CRITICAL FLOW  VENTURI  NOZZLES 

Dimensions SI (Metric) US (Customary) 
Symbol  Description [Note (111 Unit Unit 

A*  

A2 

B 

c 

CRi 

C *; 

D 

d 

e 

h 

M 

Ma 

Pl 

p2 

PO 

P* 

P*; 

Qm 

9m; 

Area of  venturi nozzle throat 

Area of  venturi nozzle exit 

Bias 

Coefficient  of discharge 

Critical flow  function  for one- 
dimensional isentropic flow  of  a 
real gas 

(Critical  flow  function  for one- 
dimensional isentropic flow of a 
perfect gas 

Real gas critical  flow  coefficient  for 
one-dimensional real gas flow 

Diameter of  upstream  conduit 

Diameter of  venturi nozzle throat 

Relative uncertainty 

Specific  enthalpy  of  the gas 

Molecular mass 

Mach number 

Absolute  static pressure of  the gas 
at  the nozzle inlet 

Absolute  static pressure of  the gas 
at nozzle exit 

Absolute  stagnation pressure of  the 
gas at nozzle inlet 

Absolute  static pressure of  the gas 
at nozzle throat 

Absolute  static pressure of the gas 
at nozzle throat  for one- 
dimensional isentropic flow  of  a 
perfect gas 

Ratio of nozzle exit  static pressure 
to  stagnation pressure for one- 
dimensional isentropic flow of a 
perfect gas 

Mass flow rate 

Mass flow rate  for one-dimensional 
isentropic flow 

L 2  

L2 

Dimensionless 

Dimensionless 

Dimensionless 

Dimensionless 

L 

L 

Dimensionless 

L2 T-’ 

M 

Dimensionless 

ML-’T-’  

M L - ’ T - ~  

ML- T - ~  

ML-’ T - ~  

ML-’T-= 

Dimensionless 

M T -  

M T - ’  

m2 

m2 

. . .  

m 

m 

J/kg 

kg/kgmole 

Pa 

Pa 

Pa 

Pa 

Pa 

in.’ 

in.’ 

. . .  

in. 

in. 

BTU/lbm 

Ibm/lbm-mole 

Ibf/in.* 

Ibf/in.’ 

Ibf/in.’ 

Ibf/in.’ 

Ibf/in.* 

Ibm/sec 

Ibm/sec 

2 
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MEASUREMENT  OF GAS FLOW BY MEANS OF 
CRITICAL FLOW VENTURI NOZZLES ASMElANSl  MFC-7M-1987 

TABLE 1 SYMBOLS  (CONT’D) 

Dimensions SI (Metric) US (Customary) 
Symbol  Description [Note (1 11 Unit  Unit 

L 2 T - 2 e - ’  J BTU 
R Universal gas constant  kg-mole-K Ibm-mole-OR 

Red Nozzle throat Reynolds number Dimensionless 

‘C Radius of  curvature  of nozzle inlet L 

r* Critical pressure ratio P*/Po 

S Specific  entropy  of  the gas 

Dimensionless 

L2T-2e- ’  

T* Absolute  static  temperature  at e 
nozzle throat 

t s  5 Two-tailed  Student‘s t . .  

uRSS, . . .  
u95 Uncertainty  at  the 95% confidence 

level 

UADD. . . .  
u99 Uncertainty  at  the 99Y0 confidence 

level 

TO Absolute  stagnation  temperature  of e 

V* Throat sonic flow  velocity LT -’ 
V Average  fluid  velocity LT -’ 

the gas 

Z Compressibility  factor Dimensionless 

ZO Compressibility  factor  at To and Po Dimensionless 

CY Temperature probe constant Dimensionless 

P The ratio  of d/D Dimensionless 

Y Ratio  of  specific  heats Dimensionless 

m 

. . .  

. . .  

K 

x Isentropic  exponent Dimensionless 

P* Dynamic  viscosity of the gas at ML-’ T - ’  Pass 
nozzle throat 

PO Dynamic  viscosity  of  the gas at ML-‘  7-’ 
stagnation  conditions 

eo Gas density  at  stagnation  condi- ML- 
tions  at nozzle inlet 

e*  Gas density  at nozzle throat ML- 

0 Standard  deviation . . .  

Pa-s 

k g ~ m - ~  

kg.m-3 

. . .  

in. 

BTUllbm-OR 

O R  

. . .  

. . .  

. . .  

O R  

ft/sec 

ft/sec 

Ibm/ft-sec 

Ibm/ft-sec 

Ibm/ft3 

Ibm/ft3 

. . .  
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ASME/ANSI MFC-7M-1987 
MEASUREMENT OF GAS FLOW BY MEANS OF 

CRITICAL FLOW  VENTURI  NOZZLES 

TABLE 1 SYMBOLS (CONT'D) 

Symbol Description 
Dimensions SI (Metric)  US (Customary) 
[Note (111 Unit Unit 

Superscript 

* Value at  the nozzle throat  at  critical 
flow 

Subscripts 

0 

1 

2 

a 

d 

I 

i 

m 

Stagnation  property 

Nozzle inlet 

Nozzle exit 

Upstream  static  condition 

Nozzle throat 

Isentropic 

Any  location 

Mass 

Critical flow 

NOTE: 
(1  1 Fundamental dimensions: M = mass; L = length; T = time; 0 = temperature. 

at nozzle inlet stagnation  condition.  The characteristic 
dimension is taken as the  throat diameter at working 
conditions. Nozzle throat Reynolds number can be de- 
termined from: 

isentropic exponent X - the thermodynamic  state 
property defined by 

wherep  and e are  the  absolute  static pressure and den- 
sity, respectively; v is the local speed  of sound; and s 
refers to constant  entropy. 

For  a perfect gas (see Note),this exponent X is the 
same as the  ratio of specific heats y and is equal to Y3 
for monatomic gases, 75 for  diatomic gases and Y7 for 
triatomic gases, etc. 

NOTE: In real gases, the forces exerted between molecules,  as well 
as the volume  occupied  by the molecules,  have a significant effect 
on gas  behavior. In a perfect gas, intermolecular forces and the vol- 
ume  occupied by the molecules are neglected. 

discharge coefficient - the dimensionless ratio of the 
actual flow rate to the ideal flow rate  that would  be ob- 
tained with one-dimensional isentropic flow for  the 
same upstream stagnation conditions. This coefficient 
corrects for viscous and flow field curvature effects. 
For  the nozzle  design and installation conditions spec- 
ified in this Standard, it is a  function of the throat 
Reynolds number only. 
critical flow - the maximum flow rate  for  a particular 
venturi nozzle that can exist for  the given upstream 
conditions. When critical flow exists, the throat veloc- 
ity is equal to the local value of the speed  of sound 
(acoustic velocity), the velocity at which small pres- 
sure disturbances propagate. 
isentropic perfect gas  critical flow function - a di- 
mensionless function  that characterizes the thermody- 
namic  flow  properties  along  an  isentropic  and 
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MEASUREMENT OF GAS FLOW BY MEANS OF 
CRITICAL FLOW VENTURI NOZZLES ASME/ANSI  MFC-7M-1987 

one-dimensional path between inlet and  throat.  It is a 
function of the  nature of the gas and of stagnation 
conditions. 

(Y + 1 ) 4 Y  - 1) . 
c,; = J Y(*) 

isentropic real  gas critical flow function - a dimen- 
sionless function  that characterizes  the  thermody- 
namic flow properties of a real gas along an isentropic 
one-dimensional path between the nozzle inlet and 
throat.  It is a  function of the nature of the real gas and 
of the  stagnation conditions. The  function is the isen- 
tropic perfect gas critical flow function divided by the 
square  root of the compressibility factor  for  the real 
gas. 

CRi = c*j/fi  

real  gas critical flow coefficient - a flow coefficient 
defined by the  equation shown below 

The real gas critical flow coefficient is often estimated 
by the isentropic real gas critical flow function.  A 
method of computing CR is presented in Appendix E 
along with some references for a selection of fluids. 
Appendix D presents a discussion of the various criti- 
cal flow functions and coefficients. 
criticalpressure ratio - the  ratio of the absolute static 
pressure at the nozzle throat to the absolute stagnation 
pressure for which gas mass flow through  the nozzle is 
a maximum 
chokingpressureratio - the  ratio of the absolute noz- 
zle  exit static pressure to the  absolute nozzle upstream 
pressure at which the flow becomes critical 
Mach number - the  ratio of the fluid velocity to the 
velocity of sound in the fluid at the same temperature 
and pressure 

3 BASIC EQUATIONS 

3.1 State Equation 

The behavior of a real gas can be described by: 

p / e  = (R/M)TZ 

3.2 Flow Rate in Ideal Conditions 

Ideal critical flow rates require three main condi- 

(a) the flow is one-dimensional; 
(b)  the flow is isentropic; and 
(e)' the gas is perfect ( Z  = 1 and x = y). 
Under these conditions,  the value of critical flow 

tions: 

rate is 

where 

3.3 Flow Rate in Real  Conditions 

For the critical flow  of real gases the foregoing for- 
mulae become 

A*CC,P, 

or 

In practice sometimes CR is estimated by CRi. How- 
ever, it should be noted that CRi and G i  are not equal 
to CR because the gas is not perfect and C is  less than 
unity since the flow is not one-dimensional and  a 
boundary layer exists due to viscous effects. 

4 APPLICATIONS FOR WHICH THE METHOD IS 
SUITABLE 

Each application should be evaluated to determine 
whether a critical fl0.w venturi nozzle or some other 
device is more suitable. An important consideration is 
that  the flow through the venturi nozzle  is indepen- 
dent of the downstream pressure within the pressure 

5 

C
opyrighted m

aterial licensed to S
tanford U

niversity by T
hom

son S
cientific (w

w
w

.techstreet.com
), dow

nloaded on O
ct-05-2010 by S

tanford U
niversity U

ser. N
o further reproduction or distribution is perm

itted. U
ncontrolled w

hen printed.



ASME/ANSI MFC-7M-1987 

range for which the venturi nozzle can be used for crit- 
ical flow measurement. The following are some other 
considerations. 

(a) For critical flow nozzles, the  only measure- 
ments required are  the pressure and  temperature or 
density upstream of the critical venturi nozzle, as  the 
throat  conditions  can be calculated from thermody- 
namic considerations. Care must be taken when  using 
an equation of state at  or near the dew point of the gas. 
However, no evidence has been presented that would 
indicate that the  correct  operation of the critical flow 
nozzle is affected.  Furthermore, studies have shown 
that  condensation  rates in the.presence of favorable 
pressure gradients and rapidly falling temperatures 
are much slower than  the transit time of the fluid from 
the nozzle entrance to the nozzle throat.  Therefore, 
the critical flow nozzle will operate correctly and yield 
the  correct  flow, provided that  the calculation for  the 
speed of sound  and density at  the  throat is correct. 

(b) The velocity in the critical venturi nozzle throat 
is the maximum possible for the given upstream stag- 
nation  conditions;  therefore,  the sensitivity to instal- 
lation  effects is minimized, except for swirl, which 
must not exist in the inlet part of the venturi nozzle. 

(c) When  comparing  sonic  venturi nozzles with 
subsonic pressure difference meters, it can be noted 
that in the case of the critical nozzle, the flow is di- 
rectly proportional to the nozzle upstream stagnation 
pressure and  not,  as in the case of the subsonic meter, 
to the  square  root  of  a measured differential pressure. 
(6) The maximum flow range that can be obtained 

for a given critical venturi nozzle is generally limited to 
the range of inlet pressures that  are available above  the 
inlet pressure at which the flow becomes critical. 

(e) The most common applications of critical flow 
venturi nozzles have been for  test, calibration of other 
meters, and flow control applications. 

5 STANDARD  CRITICAL FLOW  VENTURI 
NOZZLES 

5.1 General  Requirements 
5.1 .I The venturi nozzle shall be inspected to deter- 

mine conformance to this Standard. 

5.1.2 The venturi nozzle shall be manufactured 
from material suitable  for  the intended application. 
The following are some considerations. 

(a) The material should be capable of  being fin- 
ished to the required condition. Some materials are 

MEASUREMENT  OF GAS FLOW BY MEANS OF 
CRITICAL FLOW  VENTURI  NOZZLES 

unsuitable because of pits, voids, and  other  nonhomo- 
geneities. 

(b) The material, together with any  surface  treat- 
ment used, shall not be subject to corrosion in the in- 
tended service. 

(c) The material should be dimensionally stable 
and should have known and repeatable thermal ex- 
pansion characteristics (if it is to  be used at a tempera- 
ture  other than  that  at which the  throat diameter has 
been measured), so that  appropriate  throat diameter 
correction can be made. 
5.1.3 The  throat  and toroidal inlet up to the conical 

divergent  section of the  venturi nozzle shall  be 
smoothly  finished so that  the  arithmetic  average 
roughness height does not exceed 15 x 10-6d. 

5.1.4 The  throat  and  toroidal inlet up to the conical 
divergent section shall be free  from dirt, films, or 
other  contamination. 

5.1.5 The  form of the conical divergent portion of 
the venturi nozzle shall be controlled such that  any 
steps, discontinuities, irregularities, and lack of con- 
centricity shall not exceed 1% of the local diameter. 
The  arithmetic average roughness of the conical diver- 
gent section shall not exceed lOP4d. 

5.2 Standard  Venturi  Nozzles 
Two different designs are possible for  standard ven- 

turi nozzles. 

5.2.1 Toroidal  Throat  Venturi  Nozzle 
5.2.1 .I The venturi nozzle shall  conform to 

Fig. 1. 

5.2.1.2 For purposes of locating other elements 
of the venturi nozzle critical flow metering system, the 
inlet plane of the venturi nozzle shall be defined as that 
plane perpendicular to the axis  of symmetry which in- 
tersects the inlet at a diameter equal to 2.5d f 0.M. 

5.2.1.8The convergent part of the venturi noz- 
zle (inlet) shall be a portion of a  torus  that shall extend 
through  the minimum area section (throat)  and shall 
be tangent to the divergent section. The  contour of the 
inlet upstream of a diameter equal to 2.5d is not speci- 
fied, except that  the  surface  at each axial location shall 
have a diameter equal to  or greater than  the extension 
of the  toroidal  contour. 

5.2.1.4 The inlet toroidal  surface of the venturi 
nozzle beginning at a diameter of 2.5d-perpendicular 
to the axis of symmetry (see Fig. 1) and extending to 
the  point of tangency shall not deviate from  the  shape 
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Inlet plane 

0.9D - l . l D  1 d min. 

\ 

Tangent to divergent cone 
2.5 deg. - 6 deg. 

2.5d * O.ld 1.- 

In  this  region  the  arithmetic 
.8d - 2.2d average roughness of the 

surface shall not exceed 
‘c = 

1 0 - ~ d .  
Inlet surface shall lie 

outside  this  contour. 

NOTE: 
(1)  In  this  region  the  surface shall not exceed 15 x 1 0 - 6 d  arithmetic average roughness and the  contour shall not 

deviate  from  toroidal  form by more  than  0.001 d. 

FIG. 1 TOROIDAL  THROAT  VENTURI  NOZZLE 

of a torus by more  than f 0.001d. The  radius of curva- 
ture  of  this  toroidal  surface in the  plane  of symmetry 
shall  be 1.8d to 2.2d. 

5.2.1.5 The divergent portion  of  the  venturi noz- 
zle downstream of the  point of tangency  with  the  torus 
shall form a frustum  of a cone  with a half-angle of 2.5 
deg. to  6 deg. The  length  of  the  conical section  shall 
not be less than  the  throat  diameter. 

5.2.2 Cylindrical Throat Venturi Nozzle 
5.2.2.1 The  venturi nozzle  shall conform  to 

Fig. 2. 

5.2.2.2 The inlet  plane is defined  as  that plane 
tangent to  the inlet contour of the  venturi nozzle and 
perpendicular to  the nozzle  center line. 

5.2.2.3 The  convergent  part of the  venturi noz- 
zle (inlet)  shall  be a quarter  of a torus  tangent to  the in- 
let plane  and  to  the cylindrical throat.  The  length  and 
the  diameter of the cylindrical throat shall  be  equal to  
the  radius  of  curvature  of  the  convergent  part of the 
nozzle. 

5.2.2.4 The inlet toroidal  surface  of  the  venturi 
nozzle shall not deviate from  the  shape of a torus by 
more than k0.001d. 

5.2.2.5 The  throat  diameter shall  be the  mean of 
at least four  diameters  measured  at  approximately 
equal  angles to each  other at  the exit plane  of  the cylin- 
drical  throat.  Any  diameter  within  the  cylindrical 
throat shall not  differ  from  the  mean  diameter by 
more  than 0.001d. The  throat  diameter so determined 
shall  be used in all flow computations. 

The  length of the  throat shall not deviate from  the 
throat  diameter by more  than 0.05d. 

The  transition between the  convergent  section  and 
the  throat shall be inspected visually and no defect 
should  be  observed.  When a defect of transition is ob- 
served,  it  must  be  checked that  the local  radius  of  cur- 
vature  in a  plane  in which the axis  of  symmetry lies is 
never lower than 0.5d all  along  the inlet surface (con- 
vergent  section and cylindrical throat).  The whole  in- 
let  surface  must  be  properly  polished so that  the 
arithmetic  average  roughness  height  does  not exceed 
15 x 10-6d. 

The  transition between the cylindrical throat  and 
the conical  divergent  section  shall  also  be  visually  in- 
spected and no defect  shall  be  observed. 

5.2.2.6 The divergent  section of the  venturi noz- 
zle shall  be  a frustum of a cone  with  a  half-angle  of 3.5 
f 0.5 deg. The length of the divergent  section  shall 
not be less than  the  throat  diameter. 
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Inlet plane 

MEASUREMENT OF GAS FLOW BY MEANS OF 
CRITICAL FLOW VENTURI NOZZLES 

I 3 deg. - 4 deg. 

1 
I 

d [Note  (1 11 
I , [Note (2)l 

Transition region, see para. 5.2.2.5. 

NOTES: , 
(1) In this region the arithmetic average surface roughness  shall not exceed 15 x 10-6d, and the contour shall not deviate 

(2)  In the conical divergent section arithmetic average of the relative roughness  shall not exceed 1 O-4d. 
from toroidal and cylindrical form by more than 0.001d. 

FIG. 2 CYLINDRICAL THROAT VENTURI NOZZLE 

6 INSTALLATION REQUIREMENTS 

6.1 General 

This  Standard covers installation when either: 
(a) the pipeline upstream of the nozzle  is  of circular 

cross section; or 
(b) it can be assumed that  there is a large space up- 

stream of the  venturi nozzle. 
For case (a), the primary device shall be installed in 

a system meeting the requirements of para. 6.2. For 
case (b),  the primary device shall be installed in a sys- 
tem meeting the requirements of para. 6.3. In  both 
cases  swirl must not exist upstream of the venturi noz- 
zle. Where a pipeline exists upstream of the nozzle, 
swirl-free conditions  can be ensured by installing a 
flow straightener of the design shown in Fig. 3 at a dis- 
tance > 5 0  upstream of the nozzle  inlet plane. 

6.2 Upstream Pipeline 

of the inlet conduit shall be a minimum of 4d. It 
should be noted that  the use of 0 ratios larger than 
0.25 increases the effect of upstream  disturbances, 
and  moreover, makes corrections necessary to the 
measured pressure and  temperature (see para. 7.5). 

6.3 Large  Upstream  Space 

It can be assumed that  there is a large space up- 
stream of the  primary device if there is no wall  closer 
than 5d to the axis  of the primary device or  to the inlet 
plane of the primary device (as  defined in paras. 
5.2.1.2 or 5.2.2.2). 

6.4 Downstream Requirements 

No requirements are imposed on the  outlet  conduit 
except that it shall not restrict the flow so as to prevent 
critical flow in the venturi nozzle. 

The  primary device may be installed in a straight cir- 
cular conduit which shall be concentric within 0.020 
with the center line of the venturi nozzle. The inlet 6.5.1 When a circular conduit is used upstream of 
conduit  up to 3 0  upstream of the venturi nozzle shall the primary device, the upstream static pressure shall 
not deviate from circularity by more  than 0.010 and preferably be measured at wall pressure taps located 
shall have an arithmetic average roughness height 0.9D-1.1D from the inlet plane of the venturi nozzle 
which shall not exceed 10-4D. In  order to meet the co- (see Fig. 1). The pressure tap may be located upstream 
efficient specifications of this Standard the diameter or downstream of this position, provided it has been 
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MEASUREMENT OF GAS  FLOW BY MEANS OF 
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Nozzle inlet 
plane 

e 1.80 - 2 . 2 D d  

1 ' 1  L>lDl w-O.9D- 1.1D 

1 qu [Note (1 ) I  I I I I 

I 
1 

Vane thickness to be adequate +L 2 5D-4 

to  prevent  buckling @ (pressure measurement) 

@ (temperature measurement) 

NOTE: 
(1) Surface roughness shall not exceed 10-4D. 

FIG. 3 INSTALLATION REQUIREMENTS FOR AN  UPSTREAM 
PIPEWORK CONFIGURATION 

demonstrated  that  the measured pressure can be  used 
to reliably give the nozzle inlet stagnation pressure. 

6.5.2 When it can be assumed that there is a large 
space upstream of the primary device, the upstream 
pressure tap shall preferably be located in a wall per- 
pendicular to the inlet face of the primary device and 
within a distance of 10d f Id from  that plane. The 
pressure may be located upstream or downstream of 
this position, provided it has been demonstrated  that 
the pressure measured can be used to reliably give the 
nozzle inlet stagnation pressure. 

6.5.3 For  the pressure taps mentioned in para. 
6.5.1, and preferably in paras. 6.5.2 and 6.5.4, the 
center line of the pressure tap shall meet the center line 
of the  primary device and be at right angles to it. At 
the point of the breakthrough  the hole shall be circu- 
lar.  The edges shall be free from  burrs  and be square 
or lightly rounded to a radius not exceeding 0.1 diame- 
ter of the pressure tap.  Conformity of the pressure 
taps, with the two foregoing descriptions, is to be 
judged by  visual inspection. When an upstream pipe- 
line is used, the diameters of pressure taps shall be less 
than O.O5D, and preferably 1.3 f 0.3 mm (0.05 f 
0.02 in.). The pressure tap shall be cylindrical for  a 
minimum length of two tap diameters (see  Fig. 4). 

6.5.4 The downstream pressure will be measured to 
ensure that critical flow is maintained. The pressure 
must be measured by a conduit wall tap located within 
0.5 conduit diameters of the exit plane of the nozzle to 
utilize the critical pressure ratios specified in para. 7.5. 

0.050 max. 
1.3 k0.3 mm preferred 

Flush, burr-free and square or lightly  rounded to a radius not 
exceeding 0.1 diameters of  the pressure tap 

FIG. 4 DETAIL OF PRESSURE TAP 

The  tap may be located at another  location, provided 
it can be shown that critical flow has been achieved. 
Locating the tap  farther downstream will place the 
pressure measurement in the pressure recovery region 
of the  conduit. This will cause an increased down- 
stream pressure reading. An increased downstream 
pressure reading will have the effect of decreasing the 
measured pressure differential. In  order to obtain  the 
specified pressure drop,  an  operator will then be 
forced to increase the total pressure drop  through  the 
nozzle, even though  this is not required to ensure criti- 
cal flow. At sufficiently long distances away from the 
nozzle exit, pipe losses will reduce the pressure and 
thus  the measured pressure differential.  This reduc- 
tion could be large enough to indicate critical flow 
without it actually existing. Therefore, locating the 
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pressure measurement outside the 0.5 conduit diame- 
ter requires detailed information  about the piping sys- 
tem that  cannot be specified in this  Standard  or 
accounted  for in a general form of pressure drop equa- 
tion  as is presented in para. 7.5. 

6.5.5 In some applications, the outlet pressure can 
be determined without a pressure tap.  For example, 
the venturi nozzle  may discharge directly into the at- 
mosphere or other region of known pressure. In these 
applications,  the  outlet pressure need not be mea- 
sured. 

6.6 Drain  Holes 

The  conduit may be provided with drain holes for 
the removal of condensate or other foreign substances 
that may collect in some applications. There must be 
no flow through these drain holes  while the flow mea- 
surement is in progress. If drain holes are required, 
they shall be located upstream of the nozzle upstream 
pressure tap.  The diameter of the  drain holes should 
be smaller than 0.060. The axial distance from the 
drain hole to the plane of the upstream pressure tap 
shall be greater  than 1 0  and  the hole shall be located in 
a  different plane from  that of the pressure tap. 

6.7 Temperature Measurement 

The inlet temperature shall be measured by one or  
more sensors located upstream of the venturi nozzle. 
When an upstream pipeline is used, the recommended 
location is 2 0  upstream of the venturi nozzle. The 
diameter of the sensing element shall not be larger 
than 0.040 and  the element shall not be aligned with a 
pressure tap in the flow direction. The sensor may  be 
located still farther  upstream, provided it has been 
demonstrated  that  the measured temperature can be 
used to reliably give the nozzle inlet stagnation tem- 
perature.  Particular care must be  exercised in the se- 
lection of the temperature sensor if the stagnation 
temperature of the flowing gas differs from the pipe- 
line wall by more than 5 K. In these cases, the sensor 
selected must be appropriately insensitive to radiation 
error. 

6.8 Density Measurement 

For some applications, it may  be desirable to di- 
rectly measure the density at nozzle inlet, for instance, 
when the molecular mass of the gas is not known with 
a sufficient accuracy. 

MEASUREMENT OF GAS  FLOW BY MEANS OF 
CRITICAL FLOW VENTURI NOZZLES 

When a densitometer is used, it shall be installed up- 
stream of the nozzle and of the upstream pressure and 
temperature  taps. To undertake correct measurement 
of inlet density, particular attention shall be given to 
the following points. 

(a) The  installation of the densitometer shall not 
disturb  the pressure and  temperature measurements. 

(b) When the densitometer is located outside of the 
main  upstream pipe, checks shall be carried out  to en- 
sure that  the gas in the device is the same as the gas 
flowing in the main conduit. 

(c) Pressure and  temperature  conditions at the den- 
sitometer should be as close as possible to the nozzle 
inlet conditions to avoid corrections. If necessary, the 
inlet density shall be computed from the measured 
density using the  equation of state. I f j  is the subscript 
relative to  the densitometer: 

7 CALCULATION METHODS 

7.1 Method of Mass Flow Rate  Computation 

The  actual mass flow rate shall be computed  from 
the following equations: 

qm = A*cc,P,,/ ,i- 

or 

7.2 Discharge Coefficient 

7.2.1 The discharge coefficient depends largely on 
the  shape of the venturi nozzle, and it shall be noted 
that,  at small values  of throat diameters, the nozzle  ge- 
ometry is  very difficult to control  and measure. 

7.2.2 The discharge coefficient for the venturi noz- 
zle may be obtained  from  the following equation: 

C = a - bRe,-" 
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The coefficients  are given  in the  following  table  for 
each  type of  venturi nozzle. 

Toroidal Throat 
lo5 c Red < lo7 

a = 0.9935 
b = 1.525 
n = 0.5 

Cylindrical 
3.5 x lo5 < Red < 2.5 X lo6 

a = 0.9887 
b = n = O  

2.5 x lo6 c Red < 2 x lo7 

a = l  
b = 0.2165 
n = 0.2 

Most  temperature  measurements  for  fluid  flow  are 
made by  inserting a probe  into  the  flow line. It is as- 
sumed that  the  probe will yield the  temperature TI in 
the  equation  in  para. 7.4.  However,  the  temperature 
will be a function  of  the  probe  design,  the  fluid  prop- 
erties,  the  flow field at  the  probe,  and  the wall  temper- 
ature (see para. 6.7). The  indicated  temperature of the 
probe will be  somewhere  between  the  actual  flowing 
temperature T, and  the  stagnation  temperature To. In 
most  cases  this  effect will be  small,  considering  the  re- 
strictions  given 'on the  ratio  of  the  upstream pipe 
diameter and  the nozzle throat  diameter. 

Inlet  stagnation  temperature  may  be  determined 
from 

TO 

TI 2 
- = 1 + -  x - 1  Ma12a 

NOTE: 01 is a  constant for a given temperature  probe. 01 may have 
any value from 0 to 1 with most probes used in this application hav- 
ing a value of 0.25. 

7 .2 .3The uncertainty at   a95% confidence level for 7*5 Permissible Downstream Pressure 

the  discharge  coefficients  obtained  from  para.  7.2.2  For  venturi nozzles operating  at  throat  Reynolds 
for  both  types  of nozzles is +0.5%. numbers  greater  than 2 x los, and with  cones  longer 

dix A.  sure is determined  from  the  relationship 
A table of  discharge  coefficients is given in  Appen-  than ld, the  maximum permissible downstream pres- 

7.2.4 For  maximum  accuracy,  the  discharge  coeffi- 
cients may  be  obtained  experimentally. - r e  + r* 1 

and 
7.3 Computation  of  Real Gas Critical Flow  Coeffi- 

cient 

The value of C, used to calculate  gas  mass  flow  rate 
may  be  computed using any  method of demonstrable 
accuracy. The value of C, may be determined from 
the  relationship 

c, = d v *  IroT, /Po 

= P*V*/ JX 

The value of (P2/P0)i is determined  from  the isen- 
tropic  ideal gas  relationships as a function of area  ra- 
tio  of  the divergent  section.  Values of (P2/P0)max may 
be  found  from  Fig. 5 .  Higher  back  pressure  ratios 
than  shown  can  be used,  provided  it  can  be  verified 
that  the  flow is critical. The  pressure  ratio P2/P0 is not 
significantly  affected  by  extending the  cone  length 
such  that  the exit area is greater than  four  times  the 
throat  area,  i.e.,  beyond seven  diameters  for a cone 

7.4 Conversion of  Measured Pressure and Tern- half-angle  of deg. 
perature to Stagnation Conditions 

Inlet  stagnation  pressure  may  be  determined  from 
the  relationship 8 UNCERTAINTIES IN THE MEASUREMENT OF 

FLOW RATE 

Uncertainty  calculations  shall  be  performed  in 
accordance  with  ANSI/ASME  MFC-2M-1983, 

1 1  
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CRITICAL  FLOW  VENTURI  NOZZLES 

0.95 

0.9 

0.5 I I I 

For  Reynolds numbers greater than 2 x 1 O5 

1 .o 2.0 3.0 4.0 5.0 

Divergent cone area ratio A21A 

FIG. 5 MAXIMUM PERMISSIBLE  BACK  PRESSURE RATIO 
FOR CRITICAL FLOW VENTURI NOZZLES 

Measurement Uncertainty for Fluid Flow in Closed 
Conduits. 

For  the  purpose of this Standard, as in ANSI/ 
ASME MFC-2M-1983, the  uncertainty interval is de- 
fined as an estimate of the  error  band, centered about 
the measurement within which the  true value must fall 
with  high probability. 

The Uncertainty U can be expressed in absolute or 
relative terms.  The  uncertainty interval is centered 
about  the results of the flow measurement and is de- 
fined as qm * U. The uncertainty U may be either 

or 

The bias B is an estimate of the upper limit of the  true 
bias error,  and  the precision u is the sample standard 
deviation. 

The statistical parameter, tS5, is defined and tabled 
in ANSI/ASME MFC-2M-1983. When u is based on a 
large sample, greater than 30, fS5 is set equal to 2.0. 

NOTE:  For a comprehensive  presentation of bias, precision,  and 
uncertainty,  see ANSIIASME MFC-2M-1983. This  Standard also 
includes  several flow measurement  uncertainty  examples. 
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APPENDIX  A 
VENTURI NOZZLE DISCHARGE COEFFICIENTS 

(This Appendix contains supplementary information for the convenience of the reader. 
It is not a part of ASMElANSi MFC-7M-1987.) 

The discharge coefficients given in this Standard  are 
based on experimental data. Two venturi designs are 
given  with their appropriate discharge coefficients, as 
shown tabulated in Tables A1 and A2. Experimental 
determination of the discharge coefficient for a ven- 
turi nozzle that is manufactured in strict accordance 
with this Standard is not necessary, provided that one 
is certain that  the specifications are followed, and is 
satisfied with the stated uncertainty limits. If one 
wishes  less uncertainty in the flow measurement then 
flow calibration is recommended. Depending on the 
intended operating flow rate range of the venturi noz- 
zle a calibration laboratory should be able to provide 
discharge coefficients to  an uncertainty of about f 
0.25%. 

Discharge coefficients for  the  toroidal  throat nozzle 
design  may be determined by theoretical calculation. 
The coefficients so obtained agree well with experi- 
mental data. Because of the relative ease of calcula- 
tion of the theoretical coefficient and its agreement 
with experimental data, some investigators favor this 
design over the cylindrical throat design. Typical 
equations for  the theoretical discharge coefficient of 
the  toroidal  throat nozzle are given  below, and a com- 
parison to  the values recommended in this  Standard is 
presented in Table A3. 

EQUATIONS FOR CALCULATING A  THEORETI- 
CAL DISCHARGE COEFFICIENT FOR A TOROIDAL 
THROAT NOZZLE 

(a) Assumed laminar flow at  the  throat (see Refer- 
ence  [2] in Appendix B). 

cd = 0.99844 - 3.032 

TABLE A I  TOROIDAL THROAT VENTURI 
NOZZLE DISCHARGE COEFFICIENT 

~~~ ~~ ~~ 

Reynolds Number Discharge 
Red Coefficient 

1 x lo5 
2 
3 
5 

7 

2 
3 

1 x los 

5 
7 
1 X lo7 

0.9887 
0.9901 
0.9907 
0.9913 

0.9917 
0.9920 
0.9924 
0.9926 

0.9928 
0.9929 
0.9930 

TABLE A 2  CYLINDRICAL THROAT VENTURI 
NOZZLE DISCHARGE COEFFICIENT 

Reynolds Number Discharge 
Red Coefficient 

3.5 x lo5 0.9887 

2 x lo6 0.9887 
5 0.9887 

3 0.9890 

5 0.9901 
7 0.9907 

2 0.9925 
1 x lo7 0.9914 

(b) Assumed turbulent flow at  the  throat (see  Ref- 
erence [2] in Appendix B). 

cd = 0.99844 - 0.06927 
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TABLE A 3  COMPARISON OF THEORETICAL AND EXPERIMENTAL DISCHARGE 
COEFFICIENTS FOR THE  TOROIDAL  THROAT  NOZZLE 

Theoretical Theoretical Percent Percent 
Throat Laminar  Turbulent Diff.  Diff. 

Reynolds Standard Flow Flow Laminar Turbulent 
Number Coefficient ' Coefficient Coefficient Flow Flow 

I x lo5 
2 
3 
4 

0.9887 
0.9901 
0.9907 
0.991 1 

0.9889 
0.9917 
0.9929 
0.9937 

0.991  5 
0.9924 
0.9929 
0.9932 

0.02 
0.16 
0.22 
0.26 

0.29 
0.23 
0.22 
0.21 

0.9913 
0.991  5 
0.991  7 
0.9918 

0.9942 
0.9945 
0.9948 
0.9951 

0.9934 
0.9936 
0.9936 
0.9939 

0.28 
0.30 
0.32 
0.33 

0.21 
0.21 
0.21 
0.21 

9 
1 x lo6 

0.9919 
0.9919 
0.9924 
0.9926 

0.9952 
0.9954 
0.9963 
0.9967 

0.9940 
0.9941 
0.9946 
0.9949 

0.34 
0.35 
0.39 
0.41 

0.21 
0.21 
0.22 
0.23 

2 
3 

0.9927 
0.9928 
0.9929 
0.9929 

0.9969 
0.9971 
0.9972 
0.9973 

0.9951 
0.9953 
0.9954 
0.9955 

0.42 
0.43 
0.44 
0.44 

0.24 
0.25 
0.25 
0.26 

8 
9 
1 x 10' 

0.9929 
0.9930 
0.9930 

0.9974 
0.9974 
0.9975 

0.9956 
0.9956 
0.9957 

0.44 
0.45 
0.45 

0.26 
0.27 
0.27 
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APPENDIX B 
REFERENCES  FROM WHICH STANDARD  CRITICAL  FLOW  VENTURI  NOZZLE 

DISCHARGE  COEFFICIENTS  WERE  OBTAINED 

(This  Appendix  contains  supplementary  information for the  convenience of the  reader. 
It is not  a  part of ASME/ANSI MFC-7M-1987.) 

B1 TOROIDAL THROAT NOZZLES 

[l]  Brain, T. J.  S., and  L. M. MacDonald,  “Evaluation of the 
Performance of Small-Scale Critical Flow Venturi Using the  NEL 
Gravimetric  Gas Flow Standard Test Facility,” Fluid Flow Mea- 
surement in the Mid 19703, HMSO,  Edinburgh, 1977:  103-125. 

[2] Brain, T. J. S., and  J. Reid, “Primary  Calibration of Criti- 
cal Flow Venturis in High-pressure  Gas,” Flow Measurement of 
Fluids, H. H. Dijstelbergen and  E. A.  Spencer,  eds,  North  Holland 
Publishing Co.,  Amsterdam, 1978: 54-64. 

[3] Smith,  R.  E.,  and  R. J .  Matz, “A Theoretical  Method of 
Determining Discharge Coefficients  for Venturis Operating at Crit- 
ical Flow Conditions,” Journal of Basic Engineering, 84(4) (1962): 

[4] Arnberg, B. T.,  C.  L.  Britton,  and W. F. Seidl, “Discharge 
Coefficient  Correlations  for  Circular  Arc  Venturi Flowmeters at 
Critical (Sonic) Flow,”  Paper  No.  73-WA/FM-8,  American Society 
of Mechanical Engineers, New York, 1973. 

[5] Brain, T. J .  S., and  J. Reid, “An  Investigation of the Dis- 
charge  Coefficient  Characteristics  and  Manufacturing Specifica- 
tion of Toroidal Inlet Critical Flow Venturi Nozzles Proposed  as 
Standard IS0 Flowmeters,”  Paper C1 of the  International  Confer- 
ence on Advances in Flow Measurement, University of Warwick, 
BHRA Fluid Engineering,  Cranfield,  Bedford, 1981. 

[6] Spencer, E.  A.,  E.  Eujen,  H.  H.  Dijstelbergen,  and G. 
Peignelin, “ Intercomparison  Campaign  on  High-pressure  Gas 

434-446. 

Flow Test Facilities,”  EEC  Document  No.  EUR 6662, ECSC-EEC- 
EAEC, Brussels, Luxembourg, 1980. 

B2 CYLINDRICAL THROAT NOZZLES 

[l]  Greiner,  P.,  “Discharge  Coefficients of Cylindrical Noz- 
zles Used in  Sonic  Conditions,”  Paper No. 1.2  NEL Fluid Mechan- 
ics Silver Jubilee  Conference,  National Engineering Laboratory, 
East Kilbride, Glasgow, November 1979. 

[2] Peignelin,  G.,  and A. Benzoni, “Utilisation des Tuykres 
Venturi  Fonctionnant en Regime d’Ecoulement  Sonique  Comme 
Etalons  de Ddbit de  Gaz Sous Pression,”  Note  from  Gaz  de  France, 
No. 67842, 1967. 

[3] Peignelin,  G.,  and P .  Greiner,  “Etude du Coefficient de 
Dicharge des Tuyires Fonctio,pnant en Regime d’Ecoulement  Soni- 
que  au  Col  Utilisies  Comme  Etalon  Pour le Mesurage de Ddbit de 
Gaz Sous Pression,”  Paper  presented  at  the  Association Tech- 
niques de  Gaz  de  France  Congress, 1978. 

[4] Greiner,  P.,  “Etude  Statistique  du  Coefficient  de 
Dkcharge des Tuyires  a  Col  Cylindrique  Fonctionnant en Regime 
Sonique,”  Note  from  Gaz  de  France, No. 81474, August 1981. 

[SI Spencer, E.  A.,  E.  Eujen,  H.  H.  Dijstelbergen,  and  G. 
Peignelin,  “Intercomparison  Campaign on High-pressure  Gas 
Flow Test Facilities,”  EEC  Document  No.  EUR 6662, ECSC-EEC- 
EAEC, Brussels, Luxembourg, 1980. 
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APPENDIX C 
EXAMPLE FLOW CALCULATION 

(This Appendix contains supplementary information  for  the  convenience  of  the reader. 
It is  not  a  part  of  ASME/ANSI  MFC-7M-1987.) 

C1 THE  FLOW  RATE  CALCULATION 

This Appendix presents an example of how  flow through a critical flow  nozzle is com- 
puted. The nozzle is  a toroidal throat design and is installed in  a circular conduit as  shown  in 
Fig. C1. 

Nozzle throat diameter = 1 in. (2.54  cm) 
Conduit diameter = 4 in. (1  0.16 cm) 
Measured pressure ( P I )  = 145 Ib/in.’ (1  MPa) 
Measured temperature ( T I )  = 77OF (25OC) 
Fluid = Methane, M = 16.043  Ibmllbm-mole  (kglkg-mole) 
Gas constant (R)  = 1.98586 BTU/lbm-mole-OR 

= 8314.41  J/kgmole.K 

The  throat Reynolds number Red = - 49, 
UdFO 

FIG. C1 SECTIONAL  VIEW OF THE  NOZZLE AND PIPE 
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From  para. 7.1 the  flow  equation is 

The  equation  for  the discharge  coefficient Cis given in  para. 7.2.2. Using this  expression 
for  Cand  that  for  the Reynolds number  at  the nozzle throat  the flow rate  may  be expressed 
as follows: 

- 1.525 ()-'/'I CR PO 
4- 

This  equation  may be  solved by first  assuming that  the Reynolds number is infinite  and 

For  an infinite  Reynolds number 
then  iterating  the  solution using the calculated  flow. 

4, = - (0.9935) (C,) 
ad * PO 
4 m 

(0.9935) (C,) - -  (145) & - 
4 4 (1.98586)  (459.67 + 77)  (778.2)/16.043 

- - ~ ( 2 . 5 4 ) ~  (0.9935) (C,) 1 x 106 
4 (100)2 4 (8314.41)  (273.15 + 25)/16.043 

where the  factor g ,  is included for consistency  of  units.' 
Using the value of CR obtained  from  the  tables in  Appendix E (CR = 0.6754): 

q, = 1.9064 lbm/sec 

4 ,  = 0.8649 kg/s 

'The numerical value of g, is 32.174 lbm-ft/lbf-sec2. 

18 

C
opyrighted m

aterial licensed to S
tanford U

niversity by T
hom

son S
cientific (w

w
w

.techstreet.com
), dow

nloaded on O
ct-05-2010 by S

tanford U
niversity U

ser. N
o further reproduction or distribution is perm

itted. U
ncontrolled w

hen printed.



Substituting th i s  value into  the expression for  the  Reynolds  number [using 2.1 X 

10- ft2 7 lbf-sec (1.005 X lo-’ Pa-s)  for  the viscosity] 

Red = 
(4) (1.9064) (12) 

(32.174) (T) (1) (2.1 X lo-’) 
= 4.31 X lo6 

- - (4) (0.8649) (100) = 4.31 X lo6 
(T) (2.54) (1.005 X 

q, = 1.9188  [0.9935 - 1.525 (4.31 X lo6) - ‘ / 2 ]  

= 1.9049 lbm/sec 

q, = (0.8706) = [0.9935 - 1.525 (4.31 X lo6) - ‘ I 2 1  

= 0.8643 kg/s 

Another  iteration  would  do little to change  the  answer. 

C2 THE EFFECT OF PERFECT GAS CONSUMPTION 

It is interesting to  find  the  difference  in  the  calculated  flow if it  were  assumed that  the 
flow  was that  of a perfect  gas.  The  perfect  gas critical  flow function is 

where y = 1.321 

C*i = 0.6710 
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Using Cei in place of C, in  the flow rate equation 

(Us) 

q, = 1.8925 lbm/sec 

q, = 0.8587 kg/s 

The percentage difference is 

(Us) 

C3 EFFECT OF TEMPERATURE AND PRESSURE CORRECTIONS ON  THE  MEA- 
SURED PRESSURE AND TEMPERATURE 

The  equation  in para. 7.4 can be used to correct the measured pressure and temperature 

Equations from para. 7.4 
to stagnation conditions. 

P o = P 1  ( 1 + -  x - 1 Ma,2> - 1) 
2 

T o = T 1  ( 1 + -  x - Ma:), with a! = I 
2 

The flow in the conduit is 

Solving  for the velocity 
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For the calculation of the plenum Mach number, assume that the gas is a perfect gas. 
The density at the plenum 

(Us) 

PI = (145)  (144) (16.043) e =  ( R / M )  TI (1.98586) (536.67) (778.2) 

= 0.40398 lbm/ft3 

PI = (1 x lo6) (16.043) 
e = ( R / M )  T ,  (8314.41) (273.15 + 25) 

= 6.472 kg/m3 

The minimum area of the plenum 

At = - Ird, where D must  be  at  least 4 X d 
4 

The maximum velocity in the plenum 

(Us) 

v, = (1.9049) = 54.04 ft/sec 
(0.4039) (0.08727) 

(0.8643) 
(6.472) (0.008107) 

v, = = 16.47 m/s 
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The speed of sound at plenum conditions 

v;F = 4 H =gc R TI = J (1.321) (96.33) (32.174) (536.67) 

= 1482.3 ft/sec 

VT = (1.321) (273.15 + 25) (8314.41) (16.043) 

= 45 1.79 m/s 

The Mach number at the plenum 

(Us) 

Ma, = 54.04/1482.3 = 0.03646 

Mal = 16.47/451.79 = 0.03646 

The corrected pressure 

1.321 ~ ~~~~ 

Po = P,  [ 1 +- 0*321 (0.03646)2] o.321 
2 

= P ,  (1.000878) 

Po = (145) (1.000878) = 145.127 Ibf/im2 

Po = ( 1  x lo6) (1.000878) = 1.000878 x lo6 MPa 
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The corrected temperature 
To = T, [ 1 + y ( 0 . 0 3 6 4 6 ) 2 ]  ; with a = 1 

(Us) 

To = Ti (1.0002134) = 536.784 O R  

(SI) 

To = Ti (1.0002134) = 298.22 K 

Substituting these values into the equation  for the mass flow 

?r (0.6745) [0.9935 - 1.525 (4.31 x lo6) -'I21 (145.127) 4 s  
4 ..,/ (96.33) (536.784) 

4, = 

= 1.9064 lbm/sec 

A (0.6754)  [0.9935 - 1.525 (4.31 x 106)-'/2] (1.000878 x lo6) (2.54)2 

4 (298.22) (8314.41)/(16.043) (loo)* 
4, = 

= 0.8650 kg/s 

which gives a percentage difference of 

%Error = 1.9064 - 1.9046 x = o.lqo 
1.9064 

%Error = 
0.8650 - 0.8641 x = o.lqo 

0.8650 
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APPENDIX  D 
CRITICAL  FLOW  FUNCTIONS 

(This Appendix contains supplementary information for the convenience of the reader. 
It is  not  a  part of ASME/ANSI MFC-7M-1987.) 

D l  GENERAL FLOW EQUATIONS In practice it is difficult to measure the  state of the 
fluid at the throat of the nozzle. To avoid doing this 

Critical flow functions  are derived by reducing the the critical flow function is used. This function is ob- 

The mass flow through  a  conduit is tained by assuming that the flow is isentropic, one- 
dimensional, and that  the fluid is a perfect gas. None 

mass  flow equation  for  a nozzle. 

of these assumptions are  true  for areal fluid. 
qm = A e v  Isentropic, one-dimensional flow requires the en- 

tropy to be equal at the nozzle throat and plenum. 
These assumptions also allow one to set the change in 
enthalpy equal to one-half of the average fluid veloc- 
ity squared. These conditions are expressed mathe- 
matically below. 

where 
V = average velocity 
e = average density 

A = cross-sectional area 

For a critical flow venturi nozzle the average veloc- 
ity is the speed of sound of the fluid at local condi- 
tions.  Thus the mass flow may be written as shown in 
Eq. (D2). 

so - s*  = 0 

V** 
- = (h,  - h*) 

2 

02 PERFECT GAS CRITICAL FLOW FUNCTION 
In  addition,  for  a perfect gas the compressibility 

The sonic velocity  of a fluid is defined for a perfect factor is 1, and the specific heats and isentropic expo- 
gas by Eq. (D3). nent are all constants. Thus  for  a perfect gas one can 

write the following equations: 
v* =4x")T* 0 3 )  

This velocity is the speed at which a pressure wave 
will move through  the  fluid. In  the general case, the p* =(L) X / ( X  - 1) X / ( X  - 1) 
speed of sound is a  function of the frequency of the Po x f l  
pressure wave. At very  high frequencies this speed is 
reduced because of the ability of the molecules to 
transfer energy. However, at low frequencies the 
speed is the same as the compression rate of the fluid. =(z) - e* = eo(-+) 

turi nozzle, Eqs. (D2) and (D3) are combined to yield 
Eq. (D4). 

- P* = P o ( l )  X + l  

I / ( X  - 1) ] / ( x  - 1) 

In order to calculate the flow for  a critical flow  ven- eo x + l  

qm = A*@* x ( R I M )  T* 
T* 2 
To ~ + l  - T* = TO(&) 

- 
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Substituting these expressions into  Eq. (D4)  yields 
qm = A * eo [x(&)( 1 ( ~ 9 )  

x + I)/(x - 1 1/2 

Eq. (DS). 

and by replacing eo with PO 
Z (R / M )  TO 

c*i = [(L)( 1’” x + l)/(x - 1) 

x + l  

This leads to the  definition of the isentropic real gas 
critical flow function shown below. 

Equation (D5) is usable on a perfect gas with  isen- It should be noted that isentropic expansion rela- 
tropic, one-dimensional flow. tions used to translate  the  equations  from  the nozzle 

throat  conditions to the  upstream plenum assume that 

D3 REAL GAS  CRITICAL  FLOW  FUNCTION the gas is a perfect gas. However, both  the  equation of 
state  and  the expression for  the sonic velocity have as- 

It is often desired to write the flow equations in a sumed that the gas is a real gas. Despite this inconsis- 
form  that allows for real gas effects. In  a real gas the tency,  Eq. (D9) may be used in  some cases with 
ratio of the specific heats is not constant  and  the isen- acceptable error. 
tropic exponent x is defined by Eq. (D6). 

x = - (  p e a p  a&? ) s 
It is still assumed that  the sonic velocity may be de- 

scribed by an adiabatic compression of the fluid which 
is assumed to be isentropic. Thus  the acoustic velocity 
is defined by Eq. (D7). 

Combining Eqs. (D6) and (D7) leads to Eq. (D8), 
the  definition of the sonic velocity in terms of ( x ,  P, 
e ) .  

By utilizing the  equation of state 

P = Z<e, T )  e ( R / M )  T 

the sonic velocity may be written as 

V* = J x Z ( R / M )  T 

where Z = f ( e ,  7‘) 

This definition of the sonic velocity may now be 
substituted into  Eq. (D5) with the following results: 

D4 REAL GAS  CRITICAL  FLOW  COEFFICIENT 

To extend the range of application  and to improve 
the accuracy of the computed flow the critical flow 
function presented thus  far can be replaced with a fac- 
tor called the critical flow coefficient. This coefficient 
may be thought of as a factor in the flow rate equation 
which accounts for the real gas effects of fluid. The 
coefficient still assumes that  the flow is isentropic and 
one-dimensional. 

The isentropic critical flow coefficient is defined by 
Eq. (D10). 

The value of this factor is obtained by integrating 
thermodynamic functions  for  the  entropy  and en- 
thalpy of the fluid from  the plenum to the nozzle 
throat conditions  along  constant  temperature  and 
constant density paths. These integrations are per- 
formed until the  entropy at  both points is equal and 
the change in enthalpy is equal to one-half the sonic 
velocity at  the  throat squared. A further description of 
this procedure, along with suggested references, is 
presented in Appendix E.  The nonisentropic multidi- 
mensional effects of the flow field are accounted for 
by the discharge coefficient. 
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APPENDIX E 
THE CRITICAL FLOW  COEFFICIENT 

(This Appendix contains supplementary information  for  the  convenience of the reader. 
It is not a part  of ASME/ANSI MFC-7M-1987.) 

E l  CALCULATION OF THE  CRITICAL  FLOW Equations (E2, 3) and (E4) must be satisfied to deter- 

For  the general case of a real gas, the (thermal) 
equation of state is typically given by an  equation ex- 

COEFFICIENT mine the sonic flow state. 

E l .  1 Governing  Equations 

The critical flow coefficient CR is defined as the  nor- plicit in pressure. 
malized sonic mass flux for inviscid, one-dimensional, Equation of state 
steady, isentropic flow. 

where 
e* = 

Po = 
I/* = 

To = 
R =  
M =  

sonic flow density 
sonic flow  velocity (at  throat) 
stagnation absolute pressure 
stagnation absolute temperature 
universal gas constant 
molecular mass 

The  equation of state, combined with the ideal-gas 
heat capacity function c$ (T) ,  provides a complete 
thermodynamic description of the gas. 

E l  .2 Calculation  Procedure 

The calculation procedure to find the sonic flow 
Critical or choked flow occurs when the flow  veloc- 

ity Vat the throat of a nozzle or venturi reaches the lo- 
cal soundspeed ( V  = V*). Euler’s equation of motion 
under these conditions relates the drop in enthalpy h 
to the local soundspeed. 
Euler’s equation 

state is outlined below. 
(a) Calculate the  stagnation properties Po, eo, To, 

h,, so, and x0. 
(b) Estimate the sonic flow state ( e* ,  T*)  using 

suitable approximations.  For example, the polytropic 
model  yields 

T* = T 0 [ 2 / ( ~ 0 +  I)] 

l/(xo- 1) 
The flow Mach number Ma is given as the ratio of e* = eo(T*/To) 

the flow  velocity to the local soundspeed. Hence, 
(c) Calculate s* and correct either T* or e* (or 

Ma = V/V* = 1 for sonic or critical flow (E3) both) to satisfy the isentropic condition (E4). 
(d) Determine the  error in satisfying Euler’s equa- 

tion (E2) or the flow  Mach number (E3).  Use this error 
Since the flow  process  has  been  defined  to be to correct T* or e* (or both). 
isentropic: Error, 
Isentropic condition 

so = s* 
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or 

e = Ma - 1 = [2(h, - h*)]’/2/V* 

Steps 3 and 4 must be repeated until conditions (E2), 
(E3), and (E4) are satisfied to within desired toler- 
ances. 

(e) Once the sonic state has been determined,  then 
Eq. (El) is used to calculate the critical flow coeffi- 
cient C,. 

Additional  information on the calculation proce- 
dure is given in references [32, 33, 341. 

Additional  information on methods of estimating 
critical flow properties based on approximate isentro- 
pic models is  given in reference [35]. 

E2  EQUATIONS OF STATE FOR THE  THERMO- 
DYNAMIC PROPERTIES OF SOME INDUSTRI- 
ALLY IMPORTANT PURE GASES 

Numbers in brackets indicate references listed at the 
end of this Appendix which provide state  equations 
for the gas shown. 

Ammonia [ 1 1  
Argon [2-51 
Butane [8] 
Carbon dioxide [2-51 
Carbon monoxide [3] 
Ethane [8, 1 1 ,  271 
Ethylene [2, 71 
Helium [3] 
Heptane [lo, 111 
Hexane [lo,  1 I] 
Hydrogen (para) [2, 3 ,  211 
Isobutane [ 10, 111 
Isopentane [ lo ,  1 1 1  
Methane [3, 5 ,  22,.26, 291 
Neon [3, 231 
Nitrogen [2-6, 91 
Octane [ 10, 1 1 1  
Oxygen [2-6, 91 
Pentane [IO, 111 
Propane [8, 10, 1 1 ,  281 
Propylene [7, 10, 1 I] 
Refrigerant 1 1  [14, 151 
Refrigerant 12 [14, 251 
Refrigerant 13 [25] 
Refrigerant 14 [14, 251 
Refrigerant 22 [14, 161 
Refrigerant 23 [14, 251 
Refrigerant 114 [14, 19, 251 
Refrigerant 115 [25] 
Refrigerant C-318 [14,  20, 251 
Refrigerant 500 [ 141 
Refrigerant 502 [14, 171 
Refrigerant 503 [14, 181 
Refrigerant 846 [25] 
Water [12, 131 
Additional gases [24] 

E3  EQUATIONS OF STATE FOR THE  THERMO- 
DYNAMIC PROPERTIES OF SOME INDUSTRI- 
ALLY IMPORTANT  GAS  MIXTURES 

Natural Gas Mixtures - corresponding state  equa- 
tion [lo,  1 1 ,  29, 311 

Air [4,  9, 33, 361 

E4 SAMPLE  VALUES OF THE CRITICAL  FLOW 
COEFFICIENTS FOR SOME SELECTED FLUIDS 

The tables provided in this section are intended to 
provide the reader with some general information on 
the magnitude and  variation of the critical flow coeffi- 
cient. These are  not recommended values and no guar- 
antee is provided concerning their accuracy. 
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TABLE E l  TABLE OF FLUIDS FOR VARIOUS  EQUATIONS OF STATE 

Reference Numbers 

Alkanes 
Methane 
Ethane 
Propane 
n-Butane . 
i-Butane 
n-Pentane 
i-Pentane 
neo-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
Pentanes (ave) 
Hexane + (ave) 

Other  Hydrocarbons 
Ethylene 
Propylene 
Isobutylene 

Nonhydrocarbons 
Argon 
Nitrogen 
Oxygen 
Carbon monoxide 
Carbon dioxide 
Water 
Helium 
Parahydrogen 
Hydrogen  sulfide 
Neon 
Fluorine 

Mixtures 
Year published 
No. of constants 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 
X 
- 
- 

X 
X 
X 

X 

X 

X 

X 

X 
- 
X 
X 
- 

- 

- 

Yes 
1940 

8 

X 

X 
X 

X 

X 

X 

X 

X 
X 

X 

X 
- 
- 

X 

X 
- 

- 

X 
- 

- 
X 
- 
- 

X 

X 
- 

- 

Yes 
1973 

1 1  

X 

X 
X 

X 

X 

X 

X 

X 

X 
X 

X 
X 
X 

- 

- 

- 

- 
X 
- 
- 
X 

X 

X 
- 

X 
- 

- 

Yes 
1984 
43 

X 

X 

X 
X 

X 
- 
- 

- 
- 
- 
- 
- 
- 

X 

X 
- 

X 

X 

X 

X 

X 
- 
X 
X 
- 
X 

X 

Some 
1971/5 
20124 

NOTES: 
(1) Series of NBS publications based on  a  modified BWR equation of state.  Most, but  not all, are con- 

tained  in revised publications based on "Fluids Pack" software developed by  McCarty.  Most re- 
cent  version  given  in  reference [2]. 

(2) Bender equation  of  state has been the basis for  the  correlation of pure fluid data (by Bender and 
others).  This  equation  of  state is the  starting  point  for  the GASP software package. 
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