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LIST OF SYMBOLS

Symbol and meaning U.S. units SI unitst

a Constant in Hall-Yarborough
equation of state

Constant in specific-heat equation ~ Btu/(lb,-mol-°R)  J*/(kg-mol-K)
Constant in gas viscosity equation

as  Acceleration along a stream tube ft/s? m/s?
A Area ft2 m?
A, Annular area between float and ft? m?
tapered wall of a variable-area
flowmeter
A, Deadweight-tester piston area in? mm?
A, Throat area of a critical nozzle ft? m?
A, Effective area of float in a ft2 m?
variable-area flowmeter
A, Pipe area ft? m?
Acc  Accuracy, combined precision and % %
bias errors
(Acc),s Reference-condition accuracy % %
A,.. Plate area in viscosity derivation ft? m?
equation

A Constant in Redlich-Kwong
equation of state
A Constant in Ostwald power-law
equation
A, Constant in liquid viscosity
equation
b Constant in Hall-Yarborough
equation of state
b  Constant in equation for specific
heat at constant pressure
b  Constant in general form of
discharge-coefficient equation
Slope constant in liquid-bulk-
modulus equation
b, Frequency coefficient for pulsating
flow

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}.



Symbol and meaning U.S. units ST unitst
B Second virial coefficient in an
equation of state
B Directional bias error % %
B, Directional bias error, where
subscript var (variable) is denoted
as q, G, G,, Z, etc.
+B  Bias-error range % %
B, Allowable bias error in a
comparison test
+B,, Bias-error range, where subscript
var (variable) is denoted as g, G,,
G, Z, etc.
B. Directional bias error in the
discharge coefficient
B, Magnetic flux density G T
B; Binary mixture term in AGA-8
equation
B Constant in Redlich-Kwong
equation of state
B, Constant in liquid-viscosity
equation
¢ Constant in liquid-density °F)~!
equation
¢ Constant in Hall-Yarborough
equation of state
C, Specific heat at constant pressure Btu/(lb,-mol-°R)  J*/(kg-mol-K)
(C,);  Specific heat at constant pressure Btu/(lb,,-mol-°R)  J*/(kg-mol-K)
for ideal gas
C,mix  Specific heat at constant pressure Btu/(lb,,-mol-°R)  J*/(kg-mol:K)
of a gas mixture
(C,), Specific heat at constant pressure Btu/(lb,,rmol-°R)  J*/(kg-mol-K)
of a perfect gas
C,/C, Ratio of specific heats of a real
gas
(C,/C,); Ratio of specific heats of an ideal
gas
(C,/C,), Ratio of specific heats of a perfect
gas
C, Specific heat of a gas at constant Btu/(lb,,-mol-°R)  J*/(kg-mol-K)
volume
C  Discharge coefficient, true flow
rate divided by theoretical flow
rate
C, Coefficient of contraction
C. Discharge coefficient at infinite

Reynolds number

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F¥.



Symbol and meaning

U.S. units

SI unitst

CDH

tExcept for dimensionless or defined ST unit symbols, as in T, symbols that apply to SI units are shown

Discharge coefficient for a drain
(vent) hole through a primary
element

Discharge coefficient at normal
flowing conditions

Discharge coefficient following a
nonstandard installation condition
Discharge coefficient at R, = 10*
for an eccentric orifice

Discharge coefficient at R, = 10*
for an eccentric orifice

Mean molecular heat of a pure
gas

Mean molecular heat at constant
pressure of a gas mixture
Temperature correction factor in
Hall-Yarborough equation of state
Constant in Hall-Yarborough
equation of state

Bore of differential producer at
flowing conditions d = F,4d, s
Bore of differential producer at
flowing conditions corrected for
both temperature and pressure, d
= Fad FApdmeas

Equivalent bore for a segmental
orifice at flowing conditions
Pressure-tap-hole diameter

Bore of a differential producer
measured at a reference
temperature, usually 68°F (20°C)
Diameter of a thermal well or
other protrusion into a pipe
Target (disk) diameter

Diameter of a drain or vent hole
Differential producers bore at
flowing conditions

Internal pipe diameter at flowing
conditions = F ;.
Diameter of circle containing the
segment of a segmental orifice
Pipe diameter at flowing pressure
and temperature

Bore of differential producer at
flowing conditions Dy = F,;5 06
Pipe diameter (or upstream
venturi inlet diameter) measured
at a reference temperature, usually
68°F (20°C)

in the text with a superscript asterisk, as in F¥.
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Symbol and meaning U.S. units SI unitst

D,, Bore of differential producer at m
flowing conditions D} =
F :szD Itl,meas
e  Enthalpy Btu/lb,, J*/kg
e, Magnetic-flowmeter signal voltage V v
E  Velocity-of-approach factor,
1/V1 - g* PP
E, Modulus of elasticity for the pipe  Iby/in? Pa
material
Eyr Modulus of elasticity for the b/ in? Pa

primary-element material

f  Friction factor in Darcy-Weisbach
equation

f Constant in Hall-Yarborough
equation of state

f; Fanning friction factor

(f).  Ryan-Johnson critical friction

factor for power law fluids

fu. Frequency Hz Hz

(fu)cw  Constant wave frequency Hz Hz

(fu)on  Downstream frequency of sonic Hz Hz
pulses

(fu)up  Upstream frequency of sonic Hz Hz
pulses

Afy, Frequency difference Hz Hz

F  Function used in Newton’s
solution

F'  Derivative of function in Newton’s
solution of a zero root equation
F Thermal-expansion-factor in/(in-°F) mm/(mm-°C)
correction for differential
producers
F,; Thermal expansion factor for the
bore of the primary element
F,,  Thermal expansion factor for the
pipe diameter
F,  Correction for real gas in an
isentropic expansion
F, Specific-gravity factor in gas-
faﬁor eqﬁation): V1/G ¢
F;  Specific-gravity factor in gas
¢ farc):ior eqﬁation)i V1/G, ®
F, Correction for liquid
compressibility, p,/pr
F Supercompressibility factor,
Z,IVZ,

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in FX.



Symbol and meaning U.S. units SI unitst

F,.c-  Supercompressibility factor based
on real gravity G,, VZ,/Z,
F, Bias-error correction factor,
(1 + B/100)™!
Fys.. Bias-error correction factor, where
subscript var (variable) is denoted
as q, G,, G, Z, etc.
F. Bias error correction for a
differential producer
F,  Flow-coefficient Reynolds-number
correction, K/K ¢
F,  Local gravity correction, g,/g, 1b,/1b,, N/kg
F,, Manometer correction factor
F,  Flow-rate correction for pulsating
flow
Fr  Target (disk) force, target Ib, N
flowmeter
F,  Gas-expansion-factor correction,
Y/Yy
Fy, Flowing pressure correction factor

for pipe diameter

F,; Drain-hole (vent-hole) correction
factor

Fy. Elevation correction for gas-filled
leads

Frz Buoyancy correction factor for
force determination

F,s Buoyancy correction factor for
mass determination

Fyc Meter coefficient factor, including
all unmeasured variables

F,, Pressure base correction factor gas
factor equation, 14.73/p,

F,., Pressure base correction in gas
factor equation, 14.69595/p,

Frr Recovery factor for dynamic
pressure

Pressure base correction factor gas
factor equation, 14.73/p,,

Fpp;  Pressure base correction in gas
factor equation, 14.69595/p,

F, Temperature base correction factor
in gas factor equation, 7,/519.67
or Ty,/288.7056

Fr;  Base-temperature correction factor
in gas-factor equation, 7,/518.67
or T,,/288.15

tExcept for dimensionless or defined SI unit symbols, as in Ty, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}.



Symbol and meaning U.S. units SI unitst
F,, Temperature correction factor in
gas factor equation, V519.67/T;,
or V288.7056/T,
F;r Flowing-temperature correction
factor in gas factor equation,
V518.67/T, or V288.15/T,
F;»  Factor correcting static pressure to
total pressure
F,, Factor correcting variable-area-
flowmeter reading from design
conditions to flowing conditions
Fywvay  Factor converting wet-gas volume
to dry-gas volume
Fuwmar, Factor converting wet-gass mass
to dry-gas mass
Fy  Wet-steam or saturated-liquid
quality correction factor
F,xc Pen-arc correction for a radial
planimeter
F,, Net force exerted by a liquid Ibg N
F,,. Net force exerted by a mass 1b; N
F,.. Plate force in viscosity derivation 1b; N
equation
F,, Orifice plate correction for applied
differential
F,,  Correction for pressure to specific
heat at constant pressure
F.rx  Real-gas correction factor to ratio
of specific heats
F,, Viscosity pressure-correction
factor for an oil or gas
g Constant in Hall-Yarborough
equation of state
g. Dimensional conversion constant, 1b,,,-ft/(Ib-s?) kg-m/(N-s?)
32.17405 1b,,-ft/(Ib,-s?) or
1 kg-m/(N-s?)
8w Local gravity at which a device is  ft/s? m/s”
calibrated
g Local gravitational constant ft/s? ms/s?
g, Standard acceleration due to ft/s? m/s?
gravity, 32.17405 ft/s? or
9.806650 m/s?
G Gas (vapor) specific gravity,
Mw.gas/Mw,air
G, Liquid base specific gravity,

TExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

o7 (P)s0.g0

in the text with a superscript asterisk, as in F*.



Symbol and meaning

U.S. units

ST unitst

G,

G,

Gy

(),

(B

(hw)ind

(P o
(hw)min

(hIn

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

Liguid base specific gravity at a
hydrometer temperature other than
60°F (15.6°C)

Flowing specific gravity of a
liquid, p,/(p,)e0.40

Specific gravity of float in a
variable-area flowmeter,

pa/ 62.3663 or p}/999.012
Specific gravity of water vapor,
0.6220

Specific gravity of dry gas in a
gas-water vapor mixture

Specific gravity of a gas mixture,
M, /M,

Specific gravity of a gas mixed

with water vapor

Flowing liquid specific gravity
uncorrected for pressure,

or! (pw)GO.go

real specific gravity of a gas,

Pgas! Pair

Shear modulus of a solid 1b,/in?
Frontal width of an Annubar in
Permanent pressure loss in inches  in
of water

Step height between mating pipe in
Differential pressure in inches of

water at 68°F, 14.696 psia, and

8o = 32.17405 ft/s?

Differential pressure in inches of

water at 60°F, 14.696 psia, in and

8o = 32.17405 ft/s?

Differential produced by gas in
phase in two-phase (or two-
component) flow

Steady-state differential pressure in
in pulsating flow

Indicated differential pressure, in
uncorrected for fluid head in lead

lines

Maximum differential-pressure in
amplitude in pulsating flow

Minimum differential-pressure
amplitude in pulsating flow

Differential pressure at normal in
operating flow rate

in the text with a superscript asterisk, as in F¥.
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Symbol and meaning U.S. units ST unitst
(h,)urv  Upper-range value of differential in
pressure corresponding to upper-
range flow rate
h.  Vortex-element barrier width ft m
H  Manometer reading ft
H, Null hypotheses for test result due
to chance
H, Outside specification set by null
hypotheses
H_  Segmental-orifice segment height in mm
H, Pressure loss in feet of flowing ft
fluid
Hg, Elevation above a datum ft m
H,, Lead-line pressure-tap elevation ft m
above a dry- or wet-type
differential-pressure measuring
device
HP Horsepower 500 ft-1b,/s
i ith data point in a series of points
I, Indicated value of a measurement
1, True value of a measured variable
(I); Percentage difference between % %
indicated value and average of
indicated values
I Average of indicated values
I, Pulsation index
I, Threshold pulsation index
J  Joules: energy, work, quantity of ft-1be/Btu N'm
heat
k  Isentropic exponent for a real gas
k;  Ideal-gas isentropic exponent
(GG,
k,, Perfect-gas isentropic exponent
(G,/C),
ki, ky, k5, . .. Constants
ks Combined constant for a falling-
sphere viscometer
K  Flow coefficient, C/V1 — B* =
EC
K. Flow coefficient at infinite
Reynolds number
K.. Flow coefficient at reference
Reynolds number
K, Flow coefficient at normal
operating Reynolds number
Ksy  Liquid bulk modulus 1b;/in? N/m?

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

in the text with a superscript asterisk, as in F¥.



Symbol and meaning

U.S. units

SI unitst

KBM

K BMO

Krc
KFC,H

Krcar
K.y
Kyr

KF,U
iF W
(KF .u)ca]ib

(KF,v)ﬂow
K

F,uv max
(KF,v)min

KMF.v

(Ktr ) max
(KMF,u)min

KMF.u

KOVKI

K

Pitot

KVA

I

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

Liquid average bulk modulus

Liquid bulk modulus at zero
pressure, zero intercept

Permanent pressure-loss
coefficient for flow conditioners in
inches of water

Permanent pressure-loss
coefficient for flow conditioners,
in feet of flowing fluid
Permanent pressure-loss
coefficient for flow conditioners

Permanent pressure-loss
coefficient for a target flowmeter

Flow coefficient for ultrasonic
flowmeter

K factor for pulse-type flowmeter;
subscript v may be gal, ft3, m3, 1,
etc.

Mean X factor for pulse-type
flowmeter; subscript v may be gal,
ft>, m3, 1, etc.

Laboratory determined K factor
for pulse-type meter; subscript v
may be gal, ft*>, m?, 1, etc.

K factor at flowing conditions

Maximum value of K factor over
designated linear range
Minimum value of K factor over
designated linear range

Meter factor for pulse-type meter;
subscript v may be gal, ft3, m?, 1,
etc.

Maximum value of meter factor
over designated linear range
Minimum value of meter factor
over designated linear range
Mean meter factor for pulse-type
flowmeters; subscript v may be
gal, f’, m’, 1, etc.

Constants in API 2054 liquid-
petroleum equation

Pitot tube coefficient

Flow coefficient for a variable-
area flowmeter

Upstream tap length at a reference
temperature

in the text with a superscript asterisk, as in F*.

1b/in?
Ib,/in?

(in-ft-s?)/1b,,

(Iby-s)/(ft-1b, )

1/in?

pulses/v

pulses/v

pulses/v

pulses/v
pulses/v

pulses/v

v/pulse

v/ pulse
v/pulse

v/pulse

in

N/m?
N/m?

1/m?

pulses/v

pulses/v

pulses/v

pulses/v
pulses/v

pulses/v

v/pulse

v/ pulse
v/pulse

v/pulse



Symbol and meaning U.S. units SI unitst

I, Downstream tap length at a in m
reference temperature

I, Upstream tap length corrected for  in m
flowing temperatures

l,, Downstream tap length corrected in m
for flowing temperature

L Linearity percentage about mean % %
K factor

L Development length for velocity ft m
profile

L, Path length for a sonic pulse in an  ft m

ultrasonic flowmeter
Length of straight pipe following ft m
a step between two pipes
LC Lu-diagram ordinate value for
liquid-compressibility
determination
L, Dimensionless ratio [,/ D, for
upstream tap location
L, Dimensionless ratio l,/D, for
downstream tap location
Mass Ib,, kg
Exponent in specific-heat equation
m  Exponent in Ostwald power-law
fluid equation
Mass of liquid Ib,, kg
M M factor in Reynolds-number
correction factor Fy, with
discharge coefficient C
M, M factor in Reynolds-number
correction factor Fg,, with flow
coefficient K

¥ 3

3

M, Molecular weight Ib,./(Ib,,*mol) kg/(kg-mol)
M, .. Molecular weight of air, 29.96247  1b_/(Ib - mol) kg/(kg-mol)
M, ., Molecular weight of a gas Ib,,,/(Ib,,-mol) kg/(kg-mol)
M, ... Molecular weight of a gas 1b,,/(Ib,,,-mol) kg/(kg-mol)

mixture

MV  Measured variable; pressure,
temperature, flow rate, etc.

(MV), v Lower-range value of measured
variable

(MV)yry  Upper-range value of measured
variable

n  Number of moles

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}.



Symbol and meaning U.S. units ST unitst

n  Exponent in gas viscosity
equation
Exponent in specific heat equation
Exponent in power-law velocity
profile equation
n  Number of data points
n  Coefficient in Pai velocity profile
equation
N Exponent in Goldhammer density
equation
N, Time correction for hours
planimeter, chart hours +
planimetered hours
N, N factor for flowing volume with
specific-gravity determination,
liquids
N, N factor for flowing volume with
density determination, liquids and
gases (vapors)

N,,, N factor for flowing volume in
gas-factor equation
N,,r N factor for flowing volume in

puT equation

Ny N factor for mass flow with a
specific-gravity determination,
liquids

Ny, N factor for mass flow with a
density determination, liquids and
gases (vapors)

Ny, N factor for mass flow, gas-factor
equation

Ny,r N factor for mass flow, puT
equation

Nyc N factor for base volume with
specific-gravity determination;
liquids at 60°F (15.6°C) and
14.696 psia (101.325 kPa)

Ny, N factor for base volume with
density determination, liquids and
gases (vapors)

Ny, N factor for standard (ISO 5024)
gas base volume, gas factor
equation; p, = 14.69595 psia
(p¥ = 101.325kPa), T, =
518.67°R (T, = 288.15 K)

tExcept for dimensionless or defined SI unit symbols, as in Ty, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F'¥.



Symbol and meaning

U.S. units

SI unitst

Nynp)s

NVpT

0 VpT)b

Ps
P

pc,alm

Pu
Pr
Pn
Pry
Pr2
Py
Prs
(Pacs
Ppe
Dpr
Py
14

Py

tExcept for dimensionless or defined SI unit symbols, as in T,, symbols that apply to SI units are shown

N factor for nonstandard base
volume at selected base pressure
and temperature, gas-factor
equation

N factor for standard (ISO 5024)
gas base volume, pvT equation;
Py, = 14.69595 psia (pf =
101.325 kPa), T, = 518.67°R
(T, = 288.15 K)

N factor for nonstandard base
volume at selected base pressure
and temperature, pvT equation
Base absolute pressure for gas
volume

Ciritical absolute pressure of a
substance

Critical pressure, in atmospheres
Pseudocritical absolute pressure,
Hall-Yarborough equation of state
Pressure of dry gas in a wet gas
mixture

Absolute pressure at flowing
conditions

Upstream-tap absolute pressure at
flowing conditions

Upstream pressure before
upstream pressure tap
Downstream-tap absolute pressure
at flowing conditions
Downstream pressure after
pressure recovery

Fully recovered downstream
pressure

Absolute pressure at design
flowing conditions

Gas (vapor) mixture pseudocritical
absolute pressure

Gas (vapor) mixture pseudocritical
reduced pressure ratio, p,/p,,
Reduced absolute pressure of a
gas (vapor), p,/p,

Critical-nozzle throat absolute
pressure

Vapor pressure

in the text with a superscript asterisk, as in F*.

Ib,/in?

Ib,/in?

Ib,/in?
Ib,/in?
Ib,/in?
Ib,/in?
Ib,/in?
1b,/in?
Ib,/in?
1b;/in?
Ib,/in?

b, /in?

Ib/in’

Ib,/in?

kPa

kPa

kPa

kPa

kPa

kPa

kPa

kPa

kPa

kPa



Symbol and meaning U.S. units SI unitst
D.. Absolute pressure of water vapor 1b,/in? kPa
in gas-water vapor mixture
P Saturation pressure corresponding 1b,/in? kPa
to flowing temperature
DPwa  Reduced saturation pressure,
P/ Pe
ps  Barometric pressure 1b,/in? kPa
pc  Gauge pressure, p; — p; Ib;/in? kPa
(Ap*), Differential pressure of gas phase kPa
in two-phase or two-component
flow
(Ap*), Permanent pressure loss kPa
(Ap*)y  Differential pressure at normal kPa
operating conditions
(Ap*)yrv  Upper-range value of differential kPa
pressure corresponding to upper-
range flow rate
P, Absolute pressure at flowing 1b,/ ft? Pa
conditions
Py, Flowing pressure, in pascals Pa
P, Upstream-tap absolute pressure at  lb,/ft? Pa
flowing conditions
P,, Downstream-tap absolute pressure b /ft? Pa
at flowing conditions
P, Upstream-tap absolute pressure at  Ib,/ft? Pa
lead-line evaluation H,,
P, Downstream-tap absolute pressure b/ ft? Pa
at lead-line evaluation H,,
P..r. Saturation pressure corresponding Pa
to flowing temperature, in pascals
P, Vapor pressure Ib,/ ft? Pa
P, Critical-nozzle throat absolute 1b,/ft? Pa
pressure
(P.gguv  Measured-variable planimeter
reading; pressure, temperature,
flow rate, etc.
(P4, Circular-chart inner-radius
planimeter reading
P, Barometric pressure Ib,/ft? Pa
P,  Dynamic pressure, p,V7/2g_ or Ib,/ft? Pa
pFVHI2
P; Gauge pressure, P, — P, Ib,/ft? Pa

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

in the text with a superscript asterisk, as in F¥.



Symbol and meaning U.S. units SI unitst
P, Total (stagnation) pressure, 1b,/ft? Pa
P+ P,
AP  Differential pressure, P, — P, Ib,/ft? Pa
(AP),,, Indicated differential pressure, Ib,/ft? Pa
P, - P,
(@)yry  Flow-rate upper-range value in
mass or volume units
GepmEqiv  Equivalent water flow-rate in gal/min
flowing gallons per minute
g.a Indicated flow rate
Gue True flow rate corrected for
directional bias
q, Volumetric flow rate at flowing

qacfs' Gactm s
qacﬂn Gacta
Gokrns» Gacmm>
q:cmh’ q:cmd
Ghoss Do
q::ph’ q;klpd
Gops» Gopm>
Goph» Gopd
Getss 9efms Gemo
9cfa

Gosr Qs
Gns Gina
D> Do
qlTahv Tha
(Gu)av

(4. max
{90 min

qm

Qs> TErmo
Giens 9¥ep

qrpss qrpm»
9rpu> 9ppD

Grdrc

conditions; subscript v may be
cfs, cfh, gpm, lpm, etc.

Gas (vapor) volumetric flow rate
at flowing conditions

Gas (vapor) volumetric flow rate
at flowing conditions

Gas (vapor) volumetric flow rate
at flowing conditions

Liquid volumetric flow rate at
flowing conditions

Liquid volumetric flow rate at
flowing conditions

Liquid volumetric flow rate at
flowing conditions

Liquid volumetric flow rate at
flowing conditions

Average of maximum and
minimum volumetric flow rates in
pulsating flow

Maximum volumetric flow rate in
pulsating flow

Minimum volumetric flow rate in
pulsating flow

Mass flow rate: subscript M may
be PPH, KPD, KPS, etc.

Liquid, gas (vapor) mass flow
rate

Liquid, gas (vapor) mass flow
rate

Mass flow rate of two-component
or two-phase liquid-gas (vapor)
mixture; subscript may be PPS,
PPH, KPS, etc.

ft3/s, ft*/min,
ft*/h, ft>/24h

bbl/s, bbl/min,
bbl/h, bbl/24h

ft’/s, ft*/min, ft*/

h, ft/24h

Ib,./s, 1b,,/min,
1b,,/h, 1b_ /24h

m3/s, m*/min,
m3/h, m*/24h
L/s, L/min, L
/h, L/24h

m?/s, m*/min,
m>/h, m*/24h
L/s, L/min,
L/h, L/24h

kg/s, kg/min,
kg/h, kg/24h

+Except for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}.



Symbol and meaning U.S. units ST unitst
gy  Volumetric flow rate calculated at
standard (gas) or base (liquid)
temperature and pressure
(qy)», Gas (vapor) volumetric flow rate
calculated at selected base
pressure and temperature
gups»> Gupm-  Liquid volumetric flow rate at T bbl/s, bbl/min,
Qepus e = O0°F and p, = 14.696 psia bbl/h, bbl/24h
qorss Gorm»  Liquid volumetric flow rate at T, /s, ft3/min,
Gers 9orp = O0°F and p, = 14.696 psia ft3/h, ft3/24h
qopss 9dopm»  Liquid volumetric flow rate at T, gal/s, gal/min,
Gorns> 9o = O0°F and p, = 14.696 psia gal/h, gal/24h
gieus ¢fom»  Liquid volumetric flow rate at Toc L/s, L/min,
GFons qisp = 15.6°C and pf = 101.3 kPa L/h, L/24h

9scrs»> 4scrm»
qscru> 9scFp

(gscrs)s»
(dscrds
(scrds»

(gscrpls

Gicms-
Giemm>
* *
gscmus 9scmp
(Gcms)ss
(GEcmmdp
(GEcmnds»
(gEcrmp)s

* *
qsipss 9sLpm>
* *
gsirns 4siep

(gLps)s»
(G&omdss
(g&en)ss

(G&en)s

Q
QU

Qacf

Standard gas (vapor) volumetric
flow rate at ISO-5024 base; T, =
518.67°R and p, = 14.69595 psia

Standard gas (vapor) volumetric
flow rate at selected base
temperature and pressure

Standard gas (vapor) volumetric
flow rate at ISO-5024 base: T, =
288.15 K and p¥ = 101.325 kPa

Standard gas (vapor) volumetric
flow rate at selected base
temperature and pressure

Standard gas (vapor) volumetric
flow rate at 1SO-5024 base: T, =
288.15 K and p} = 101.325 kPa

Standard gas (vapor) volumetric
flow rate at selected base
temperature and pressure

Total mass or volume units

Total flow in volume units at
flowing conditions; subscript v
may be gal, ft>, m?, etc.

Gas (vapor) total volume at
flowing conditions

ft*/s, ft*/min,
ft*/h, ft3/24h

ft/s,
ft*/min,
ft3/h,
ft3/24h

ft*

m?/s, m*/min,
m?/h, m*/24h

m’/s,
m?/min,
m?/h,
m3/24h

L/s, L/min,
L/h, L/24h

L/s,
L/min,
L/h,
L/24h

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F*.



Symbol and meaning U.S. units ST unitst

% . Gas (vapor) total volume at m’
flowing conditions

Q. Liquid total volume at flowing bbl
conditions

Q. Liquid total volume at flowing ft?
conditions

Q* Liquid total volume at flowing m?
conditions

Q.. Total volume at flowing gal
conditions

QF  Total volume at flowing L
conditions

Q. Total flow in mass units; subscript
may be lb,, kg, g, etc.

QO Total mass kg
O  Total mass Ib,,
O, Total volume at standard (gas) or ft? m?
base (liquid) temperature and
pressure
(Q,), Gas (vapor) total volume at ft* m?

selected pressure and temperature

Qse.  Liquid total volume at 7, = 60°F  bbl
and p, = 14.696 psia

Qca.  Liquid total volume at T, = 60°F gal
and p, = 14.696 psia
QF Liquid total volume at T = L
15.6°C and p} = 101.3 kPa
Qscr Gas (vapor) total volume at ft?

ISO-5024 base: T, = 518.67°R
and p, = 14.69595 psia

(Qscr),  Gas (vapor) total volume at ft3
selected base temperature and
pressure
Q%  Gas (vapor) total volume at L

1S0-5024 base: T,,, = 288.15 K
and p} = 101.325 kPa

(Q%), Gas (vapor) total volume at L
selected base temperature and
pressure

Qsem Gas (vapor) total volume at ISO- m?

5024 base: T,,, = 288.15 K and
p¥ = 101.325 kPa

(Q¥%-), Gas (vapor) total volume at m
selected base temperature and
pressure

tExcept for dimensionless or defined SI unit symbols, as in Ty, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F*.



Symbol and meaning U.S. units SI unitst
(Qscr)wer  Total volume of wet gas at ft3
standard conditions
(Q%-we Total volume of wet gas at m?
standard conditions
(Qwm)re  Total mass of two-component gas Ib,
mixture
(Qum)s Total mass of dry gas in a two- Ib,,
component mixture
r  Radius to a point in mm

r,  Elbow radius at centerline in mm

r,  Pipe radius in mm

R, Universal gas constant for BWR atm dm?/(mol

state equation K)

R, Bore Reynolds number at flowing

conditions using corrected pipe
diameter, d = F,,d .
R.np Resistance of a metal at measured Q
temperature
R.s Reference resistance value at 0°C Q Q
R, Universal gas constant, 10.73151 Q Q
psia-ft*/(lb,,-mol-°R) or 8.31441
J*/(g-mol-K)
R,,  Universal gas constant, in energy
units 1.985862662 Btu/(lb,,-mol-
°R) or 8314.41 J/(kg-mol-K)
R, Pipe Reynolds number at flowing
conditions using corrected pipe
diameter, D = F_,D .
R, Pipe Reynolds number using
corrected pipe diameter D,
(Rga). Govier-Aziz critical Reynolds
number for a Bingham fluid
R,r Metzner-Reed Reynolds number
for a power-law fluid
(Ryp). Metzner-Reed critical Reynolds
number for a power-law fluid
RH Relative humidity, p,,,/p..
s Coefficient in Pai profile equation
(5.16)

S Stroubal number, f, h;/ V..

S,  Fluid shear stress Ib,/ft? N/m?
(S,), Fluid wall shear stress lb,/ ft* N/m?
(5,), Bingham-fluid yield shear stress 1b,/ ft? N/m?

S Fluid shear rate s7! s7!

S, Fluid shear rate at wall s s™!

dS Differential displacement in ft m

direction of flow

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}¥.



Symbol and meaning U.S. units SI unitst
Sy Sizing factor for differential
producer, a constant
SH  Specific humidity, p,,/ .,
t Time s s
t.n  Minimum orifice plate thickness in m
to prevent yielding
t,  Pipe wall thickness in m
t, Time for test fluid to flow through s s
a capillary viscometer
t.; Reference time for a capillary s 8
viscometer
toy  Time for a sonic pulse to travel s s
downstream
tes  Time for sphere to fall in a s ]
falling-sphere viscometer
1,z Thickness of the primary element  in m
fza  Admiralty Redwood seconds, ] s
viscosity determination
tes  Standard Redwood seconds, s s
viscosity determination
tgr  Student’s ¢ statistic
typ  Time for a sonic pulse to travel s s
upstream
tsse Saybolt Furol seconds, viscosity s s
determination
tsu  Saybolt universal seconds, s s
viscosity determination
7, Base absolute temperature for a °R
gas volume
T, Critical temperature of a ‘R K
substance
T, Critical temperature of the ith R K
component in a binary mixture
T,. Reference temperature for bore ‘R K
measurements
T, Flowing absolute temperature, °R
T, + 459.67
T, Flowing absolute temperature ‘R
measured at upstream tap
T,  Upstream temperature measured °R K
in a pipe
T, Flowing absolute temperature ‘R
measured at downstream tap
T, Downstream temperature ‘R K
measured in a pipe
T; Indicated flowing absolute ‘R

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

temperature

in the text with a superscript asterisk, as in F*.



Symbol and meaning U.S. units SI units?
T; Binary mixtures reduced
temperature, AGA-8 equation
T, Reduced temperature of a gas
(vapor), T,/ T,
(T4, Flowing absolute temperature at °R
design conditions
T,. Pseudocritical temperature of a ‘R K
mixture of gases
T,  Pseudocritical reduced
temperature of a mixture of gases,
TIT,
we  Stagnation temperature ‘R K
T Reciprocal of reduced
temperature, 1/7,,
T Period of oscillation in pulsating s s
flow
T, Boiling point, absolute ‘R K
terperature
T.. Temperature in degrees Celsius °C
Tp.c Reference temperature for a pipe ‘R K
measurement
T- Flowing temperature in degrees °F
Fahrenheit
AT, Difference in temperature, °F
T, — 60
T, Flowing absolute temperature, K
Kelvin scale
T,, Absolute temperature measured at K
upstream tap
Ty, Absolute temperature measured at K
downstream tap
T., Base absolute temperature for a K
gas volume
Ty. Ciritical temperature, in kelvins K
T.x  Absolute temperature in degrees ‘R
Rankine
Twp  Wet-bulb temperature °F °C
u  Internal energy Btu/lb,, J*/kg
Urss Root-sum-squared value for the
overall uncertainty
v Specific volume, 1/p ft*/1b,, m’/kg
Vema  COSTALD equation characteristic m?/(kg-mol)
molar volume (critical volume)
v, Flowing specific volume ft3/1b,, m’/kg
Uma  Molar volume ft3/(Ib,,-mol) m*/(kg-mol)

+Except for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

in the text with a superscript asterisk, as in F}.



Symbol and meaning

U.S. units

ST unitst

Vo

soft

Vmﬁ,ca]ib

AV

plate

COSTALD equation spherical
molecule function

COSTALD equation deviation
molecule function

Specific volume of water vapor
Fluid velocity with respect to
blade for turbine flowmeters
Point velocity along pipe radius

Free-stream velocity, no confining
walls

Maximum (centerline) velocity
Average pipe velocity

Average of minimum and

maximum velocities in pulsating
flow

Critical velocity for transition to
turbulent flow for Bingham fluid
Maximum average pipe velocity
in pulsating flow

Minimum average pipe velocity in
pulsating flow

Average velocity at minimum flow
area (vena contracta) of an orifice

Molar volume

Average throat velocity for a
contoured-inlet primary element

Sonic velocity at throat of a
critical nozzle

Sonic velocity of calibration gas
for a gas densitometer

Velocity difference between two
parallel plates
Turbine-flowmeter blade velocity
Plug velocity in flow of a
Bingham fluid

Velocity of sound in a liquid
Volume

Change in volume with pressure
Liquid volume at zero pressure
Liquid volume

Volume of a standard mass
Volume of float in a variable-area
flowmeter

Volume of dry gas in a wet
(water) gas mixture

6 /1b,,
ft/s

ft/s
ft/s

ft/s
ft/s
ft/s
ft/s
ft/s

ft/s

ft/s

ft/s
ft/s
ft/s
ft/s

ft/s
ft/s

ft/s
ft?
ft}
ft}
ft?
ft?
ft

i

m?*/(kg-mol)
m?*/(kg-mol)

m?/kg
m/s

m/s
m/s

m/s
m/s
m/s
m/s
m/s
m/s
m/s
dm?/mol, m3/
mol
m/s
m/s

m/s

m/s

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}.



Symbol and meaning U.S. units SI units¥

V.. Volume of wet (water) gas in a ft? m?
wet gas mixture
W  Energy W W
W Weight force 1by N
W,  Weighting function along the 1b, N
sonic path of an ultrasonic
flowmeter
W,  Annular-slot width for corner- in mm
tapping
Work Btu/lb,, J*/kg
x  Mole fraction in gas (vapor) phase
x, ~ Mass fraction, mass of component

+ mass of total mixture

X Differential-pressure amplitude
ratio in pulsating flow

X, Pressure ratio based on upstream
tap pressure, Ap/p,

X, Pressure ratio based on
downstream pressure, Ap/p,

X Sensitivity coefficient of a

measured variable

Sensitivity coefficient, where

subscript var (variable) is denoted

as G,, G, Z, etc.

X  Mixture quality, mass of gas
phase <+ mass of total mixture

y  Elevation above sea level ft

¥ Mole fraction in liquid phase

y  Distance from pipe wall to point in mm
of average velocity

Y  Gas expansion factor

Y, Gas expansion factor based on
upstream pressure
Yioes Gas expansion factor at pressure
ratio of 0.66
Y07 Gas expansion factor at pressure
ratio of 0.77, for pipe taps
Y,  Gas expansion factor based on
downstream pressure
Y, Gas expansion factor at normal
flowing conditions, usually design

conditions

Yog  Critical flow function

AY  Spacing between parallel plates ft

Yao  Critical flow function derived by b, =
Arnberg 1b,+s R

Z  Gas (vapor) compressibility factor

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F¥.



Symbol and meaning U.S. units SI unitst

Z, Gas (vapor) compressibility factor

at base temperature and pressure

Gas (vapor) compressibility factor

at critical point

Z,  Gas (vapor) compressibility factor
at flowing conditions

Z Gas (vapor) pseudocritical
compressibility factor for a

mixture

Z., Water-vapor compressibility factor
in a wet gas

Z,. Compressibility factor for air

Z4, Compressibility factor of dry
components in a wet gas

Z.. Compressibility factor of a wet

gas
Z, Liquid compressibility factor
Zuswr Modified Benedict-Webb-Rubin
equation of state compressibility
factor
Zzx Redlich-Kwong equation-of-state
compressibility factor
(Zz;x);  Redlich-Kwong equation-of-state
compressibility factor calculated
at flowing conditions
(Zy;)ees  Redlich-Kwong equation-of-state
compressibility factor calculated
at design conditions
Zs, Standardized variable for a
statistical population in a
hypotheses test
Z°  Edmister-Pitzer simple fluid
compressibility factor
Z'  Edmister-Pitzer compressibility-
factor correction for deviation
from simple fluid
a  Waveform coefficient for pulsating
flow
o, Thermal expansion factor for an in/(in. °F) mm/(mm. °C)
annubar
a, Thermal-expansion coefficient in
API-2540 liquid-petroleum density
equation
a,  Derivative of thermal-expansion
coefficient in API-2540 liquid-
petroleum density equation
a, Hydrometer cubical coefficient of P! °C)!
expansion

+Except for dimensionless or defined SI unit symbols, as in Ty, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F}¥.



Symbol and meaning U.S. units SI unitsT
a,,  Thermal-expansion coefficient for  in/(in-°F) mm/(mm-°C)
meter housing
a, Thermal-expansion coefficient for in/(in-°F) mm/(mm-°C)
pipe material
ap; Thermal-expansion coefficient for in/(in-°F) mm/(mm-°C)
primary-element material
B Beta ratio, d/D
B... Beta ratio 2/ for an Annubar
B. Segment beta ratio for a
segmental orifice, 8/0.98
B; Differential producer’s beta ratio
d;/ D; at flowing conditions
Byv.cone  Beta ratio for a V-Cone meter
Br  Target or annular-orifice beta
ratio, d,/D
Bwesee Beta ratio for a wedge flowmeter
8, Drive mode deflection in a in mm
Coriolis meter
8-  Deflection resulting from a in mm
Coriolis force in a Coriolis mass
flowmeter
e; Energy parameter for ith R K
component in a gas mixture
v  Benedict-Webb-Rubin equation fte/1b2, mé/kg?
constant (1/p?)
¥ Specific weight of a fluid, liquid, Ib,/ ft? N/m?
or gas (vapor), (8,/8.)p;
&€ Average depth of pipe-wall in/in mm/mm
roughness
T,.. Gas mixtures energy parameter ft¢/(Ib,,, mol)? m?®/(kg-mol)?
oo Isentropic compression factor for
a Pitot or impact tube
n  Efficiency of motor and pump
8  Sonic-path angle for an ultrasonic  degrees degrees
flowmeter
Ko, Apparent viscosity, S,/S, absolute  Iby-s/ft? cPt
viscosity units
(1), Absolute viscosity at atmospheric Ib,./ (ft-s) cPi
pressure
(n), Absolute viscosity corrected for b,/ (ft-s) cPt
pressure
. Absolute viscosity in centipoises cPi
pep  Viscosity of a gas at low pressure cP
Merapp  Apparent absolute viscosity of a cP

two-phase mixture

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F¥.
$The poise (P) and the stokes (St) are cgs metric units, not SI metric; 1 P = 0.1 Pa's; 1 St = 0.0001

m?/s.



Symbol and meaning U.S. units SI unitst
Mep,  Viscosity of saturated liquid cP
Mepmix  Absolute viscosity of a mixture in cPi
centipoises
s Reference viscosity for a capillary cPt
viscometer
Mmix  Absolute viscosity of a mixture b,/ (ft*s) cPt
(n).  Absolute English-system viscosity,  Ib;-s/ft>
force units
().  Absolute English-system viscosity,  1b,/(fts)
mass units
ppr  Absolute viscosity in poises Pt
1, Poisson’s ratio for pipe material in/in m/m
mpe  Poisson’s ratio for primary in/in m/m
element material
Mpes  Absolute viscosity in pascal Pa-s
seconds
v, Kinematic viscosity in English ft2/s
units
V.5,  Kinematic viscosity in centistokes cStt
vs, Kinematic viscosity in stokes St
p, Density at base conditions: b, /ft* kg/m?
liquids, 60°F (15.6°C) and 14.7
psia (101.3 kPa); gases, 59°F
(15°C) and 14.69595 psia
(101.325 kPa); or at other selected
base values
P.r  Air density at time of calibration b, /ft? kg/m?
Pure  Air density for calibrating a weigh  1b, /ft® kg/m?
tank
p, Density at flowing conditions 1o,/ ft* kg/m?
p Upstream density at flowing b, /ft? kg/m?
conditions
p;»  Downstream density at flowing b, /ft3 kg/m’
conditions
Prina  Indicated density from a vibrating  Ib, /ft* kg/m?
densitometer
(pees  Density at design conditions b, /ft3 kg/m?
gy Density of float in a variable-area  Ib, /ft kg/m?
flowmeter
ps  Density at throat of a critical flow b /ft? kg/m?
nozzle
P, Upstream density of gas in a two-  Ib, /ft* kg/m?
component or two-phase flow
p;  Density of liquid in a two- b, /ft? kg/m?

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown

component or two-phase flow

in the text with a superscript asterisk, as in F¥.

$The poise (P) and the stokes (St) are cgs metric units, not SI metric; 1 P = 0.1 Pas; 1 St = 0.0001

m?/s.



Symbol and meaning U.S. units SI unitst
P, Manometer-fluid density Ib,,/ft* kg/m?
Pmeas Density of a standard mass b,/ ft? kg/m?
Pmey  Molar density 1b,,-mol/ft® kg-mol/m?
p, Density of water vapor at Ib,, /ft3 kg/m?
saturation
p, Reduced density p/p,
po Initial estimate for Hall- b, /ft* kg/m?
Yarborough reduced density
p*.  Fluid reference density in a kg/m?
falling-sphere viscometer
p, Manometer seal-fluid density Ib,,/ft3 kg/m?
pX,  Sphere density in a falling-sphere kg/m?
viscometer
Puwe  Density of a wet gas Ib,,/ft* kg/m?
pr Density of fluid at flowing Ib,,/ft* kg/m?
conditions, uncorrected for
pressure
pug  Density of mercury b, /ft3 kg/m?
puswr  Density via modified Benedict- kg/m?
Webb-Rubin equation of state
prp  Effective density of a two-phase Ib,,/ft kg/m?
flow of same substance in liquid
and gas phases
(p.)rg, Density of water at standard Ib,,/ft? kg/m?
gravity (32.174) and any
temperature
(P.)esg, Density of water at 68°F, standard b, /ft’ kg/m?
gravity, and atmospheric pressure:
62.31572 1b,, /ft* (998.2019
kg/m?)
(P.)eog, Density of water at 60°F, standard  1b,/ft’ kg/m?
gravity, and atmospheric pressure:
62.36630 1b,,/ft* (999.0121
kg/m?*)
o Standard deviation To Yo
o. Cavitation number
(0.); Incipient cavitation number
o,, Lennard-Jones separation ft/(lb,,-mol)' /3
parameter
o, Yield stress of a material Ib,/in? Pa
o, Precision, tg o % %
o,, Sampling distribution of
differences in means
¢ Degrees latitude
(¢). Coefficient of rigidity for a 1b,-s/ft?

Bingham fluid

tExcept for dimensionless or defined SI unit symbols, as in T, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F*.



Symbol and meaning U.S. units SI unitst

¢, Saturation reduced-pressure term
in COSTALD equation

¢ Angle of swirl degrees degrees
w  Acentric factor, Edmister-Pitzer
diagram
w,.  Pseudoacentric factor for a gas
mixture
.« Acentric factor of a gas mixture
Q  Angular frequency rad/s rad/s
Q, Angular drive frequency in a rad/s rad/s

Coriolis mass flowmeter

tExcept for dimensionless or defined SI unit symbols, as in Ty, symbols that apply to SI units are shown
in the text with a superscript asterisk, as in F*.
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The purpose of this handbook is to provide flow measurement engineers with
a single reference for engineering equations, physical-property data, accuracy
estimation, and installation requirements for the most commonly used industrial
flowmeters, in both United States customary (U.S.) and SI units. Equations are
developed for sizing and flow-rate calculations for differential producers and linear-
output flowmeters. This information is presented in tables and in graphical form
for ready reference. Orifices, nozzles, venturis, elbow flowmeters, area averaging,
“V” cone, Gilflo, wedge meters, pitot tubes, integral orifices, target flowmeters,
critical-flow nozzles and orifices, and positive-displacement, turbine, vortex, mag-
netic, variable-area, laminar flow elements, ultrasonic, and Coriolis mass and ther-
mal mass flowmeters are covered. Separate chapters are devoted to accuracy,
measurement units, flowmeter selection, fluid properties, and influence quantities
such as cavitation and pulsating flow.

OVERVIEW

The handbook is organized into three distinct sections: the first deals with factors
common to all flowmeters, and the second with specific flowmeters; the third sec-
tion is a physical properties appendix applicable to all flowmeters. The reader is
first introduced to fluid properties, measurement units, accuracy calculations, and
common influence quantities. The principle of operation for each flowmeter is then
briefly explained, and the reasons for selecting a particular flowmeter are given.
Differential producers are next introduced and explained. Engineering equations are
developed, and examples presented. Design information and graphical information
for sizing primary elements and fixed-geometry devices conclude the section on
differential producers. Critical flowmeters are then discussed, and equations are
developed for both gases (vapors) and choked liquid flow. Linear flowmeters are
introduced and grouped according to the equations used to calculate flow rate. Their
principle of operation is explained, and practical considerations are discussed. Flow
equations are tabulated, and examples are presented along with the necessary graph-
ical material.

The ISO/ASME/ANSIT discharge coefficient equations are used throughout.
Methods and graphs pertaining to this equation and to other ISO/ASME/ANSI

tInternational Standards Organization/ American Society of Mechanical Engineers/American National
Standards Institute.



recommendations are developed into working engineering equations for both U.S.
and SI units. Additionally, installation and design requirements given in ISO and
ANSI standards are presented. Equations are given for calculating pressure loss and
energy cost.

The B, method, which simplifies the sizing calculation for differential producers
(orifices, nozzles, Lo-Loss tubes, venturis, etc.) is introduced. This method is then
used with either an iteration or with Newton’s solution for a zero-root equation to
exactly size these primary devices.

In the chapter on critical flowmeters, equations are developed, design informa-
tion is presented, and detailed calculations are given. There is also a section on
choked liquid flow.

Reference installation conditions and primary constants are defined. These pri-
mary constants are then used to develop the flow-rate-equation constants to seven
places. This eliminates the calculation errors associated with previous equation con-
stants that were often rounded to three significant figures. Nonnewtonian fluids,
pulsating flow, and cavitation are also discussed.

Information is presented on area averaging, “V” cone, Gilflo, wedge meters,
pitot tubes, magnetic flowmeters, ultrasonic flowmeters, and Universal Venturi
Tubes. The accuracy chapter simplifies the calculations required by present stan-
dards. These are tabulated, with examples given in subsequent chapters.

Organization

Throughout, the text material is organized for ready reference to equations and
physical data in both U.S. and SI units. The individual chapters are organized as
follows:

* In Chap. 2, the fluid properties used in the calculation of flow rate for all flow-
meters are discussed, the equations are developed, and the use of the appendix
data is discussed and exemplified.

¢ In Chap. 3, the measurement of pressure and temperature is explained, the rela-
tionship between U.S. and SI flow-rate units is discussed, and the subscripting
system to be followed in the handbook is described.

In Chap. 4, flow measurement accuracy is defined, and single-point accuracy and
accuracy over a range are discussed in detail; sensitivity coefficients are derived
and, through an example, used to calculate bias and accuracy.

¢ In Chap. 5, the conditions required for reference measurement accuracy are pre-
sented; the influence of nonnewtonian fluids, pulsating flow, and cavitation on
flowmeter performance is described.

In Chap. 6, the principles of operation, reasons for selection, and a selection guide
are presented for flowmeters covered in the handbook, and pressure-cost and
energy-cost equations are given.

Chapter 7 is a brief introduction to the many flowmeters classified as differential
producers.

* In Chap. 8, installation requirements for differential producers are given and rec-
ommended practice for installing lead lines is detailed.

* In Chap. 9, the volumetric and mass flow-rate equations are developed; primary
constants, correction factors, Reynolds-number equations, and procedures for bore
sizing and flow-rate calculations are given, along with examples for liquid, gas
(vapor), and quality (wet) steam measurenents.



* In Chap. 10, design requirements for the differential producer are presented, along
with examples for devices that require graphical solutions and graphs based on
the equations developed in Chap. 9.

In Chap. 11, fixed-geometry flowmeters, for which the differential or target force
must be determined, are described and their equations are tabulated; these devices
include arithmetic-progression orifices, target flowmeters, integral orifices, area
averaging, ‘“V”’ cone, Gilflo wedge meters, pitot tubes, and elbow flowmeters.

In Chap. 12, measured and unmeasured variables are defined; measurement equip-
ment is then described for analog computers, digital flow computers, and for
planimetering charts to calculate total flow.

¢ In Chap. 13, engineering equations for critical nozzle venturis and thick-orifice
flowmeters are developed and tabulated, and the critical-flow function for many
common gases is given in tables; liquid choked-flow equations for restrictive
venturis and orifices are also presented, along with examples.

In Chap. 14, the principles of operation, flow equations, and examples are given
for turbine, vortex, and positive-displacement pulse-output-type meters. Magnetic,
ultrasonic, Coriolis mass, thermal mass, and variable-area flowmeters are dis-
cussed, and measurement practices and equations are given for these devices.

In Chap. 15, the influence quantities that affect all flowmeters are presented in
tables and in graphs that illustrate the effect on meter performance. Some of these
influence quantities include the effects of the upstream piping, multicomponent
fluids, and pulsating flow on metering accuracy.

Open-Channel Measurement

Open-channel measurement is almost a separate field from closed-conduit flow mea-
surement. The terminology, equations, and theory, although similarly based on hy-
draulics, are completely different. Many open-channel flowmeters (weirs, flumes)
must be fabricated in situ; and they often require on-site hydraulic engineering to
assure suitable results. This part of the field of flow measurement is rapidly chang-
ing, with newer technology being used to obtain more accurate results. For these
reasons, open-channel measurement is not discussed in this book. However, texts
have been written on the more traditional meters, and numerous technical
publications have appeared in the literature over the last 10 years. The reader is
referred to the following texts and standards for the proper use of open-channel
flow measurement devices:

Bureau of Reclamation: Water Measurement Manual, U.S. Department of the
Interior, Bureau of Reclamation, catalog no. I 27.19/2:W29/2/974, U.S. Gov-
ernment Printing Office, Washington, D.C., 1975.

National Bureau of Standards: A Guide to Methods and Standards for the Mea-
surement of Water Flow, NBS Special Publication 421, U.S. Department of
Commerce/NBS, code XNBSAYV, 1975.

Ackers, P., W. R. White, J. A. Perkins, and A. J. M. Harrison: Weirs and Flumes,
Wiley, New York, 1978.

Bos, M. G., J. A. Replogle, and A. J. Clemmens: Flow Measuring Flumes and
Open Channel Systems, Wiley, New York, 1984.

ISO Standard 1438, Liquid Flow Measurement in Open Channels Using Thin
Plate Weirs and Venturi Flumes, 1SO 1438-1975(E), Geneva, 1975.



ISO Standard 1438/1, Water Flow Measurement in Open Channels Using Weirs
and Venturi Flumes, pt. 1, Thin-Plate Weirs, 1SO 1438/1-1980(E), Geneva,
1980.

FLOWMETER DEFINITION

Defining a flowmeter is almost as difficult as classifying flowmeters. The only
standard definition available is that given in ASME-1M (1991), ISO 4006 (1991).
In it, the following definitions are given:

Flowmeter. A device that measures the rate of flow or quantity of a moving
fluid in an open or closed conduit. It usually consists of both a primary and a
secondary device.

Note: 1t is acceptable in practice to further identify the flowmeter by its ap-
plied theory, such as differential pressure, velocity, area, force, etc., or by its
applied technology, such as orifice, turbine, vortex, ultrasonic, etc. Examples
include turbine flowmeter, magnetic flowmeter, etc.

Flowmeter primary device. The device mounted internally or externally to the
fluid conduit which produces a signal with a defined relationship to the fluid
flow in accordance with known physical laws relating the interaction of the fluid
to the presence of the primary device.

Note: The primary device may consist of one or more elements necessary to
produce the primary device signal.

Flowmeter secondary device. The device that responds to the signal from the
primary device and converts it to a display or to an output signal that can be
translated relative to flow rate or quantity.

Note: The secondary device may consist of one or more elements as needed
to translate the primary device signal into standardized or nonstandardized
display or transmitted units (recorder, indicator, totalizer, etc.).

By these definitions, the primary device of an orifice flowmeter includes up-
stream and downstream piping, flow conditioner, orifice plate, and pressure taps.
The differential-pressure transmitter, manifold valves, and connecting tubing are
elements of the secondary device. The combination of these two devices is the
orifice flowmeter.

FLOWMETER CLASSIFICATION

Flowmeters have been classified in numerous ways; in the most common classifi-
cation system, meters are separated into quantity (total-flow) and rate meters and
then further subdivided by operating principle. This essentially divides meters into
those that measure discrete volume (positive-displacement meters) and those that
directly or indirectly utilize the movement of the fluid to actuate a secondary ele-
ment. Although this system reasonably describes the two meter classes, in practice
rate meters are often used as quantity meters (vortex, turbine, orifice, etc.), and
quantity meters are sometimes used as rate meters.



For the purpose of calculating flow rate or total flow, the classification of meters
as either square-root (differential-producer) or linear meters is more convenient
since, in general, all meters for which the flow is not a function of the square root
of the differential pressure are essentially linear-scale meters. This grouping gives
the same engineering equations for all meters in each group and avoids much
confusion in flow calculations. Although linear meters have completely different
operating principles from square-root meters, scaling to base volume and to mass
flow are the same for both types.
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FLUID PROPERTIES

Data on physical properties is often required for calculations of base flow rates and
pipe Reynolds numbers, and to predict the properties of a gas (vapor) after an
expansion. The physical properties of liquids and gases change with pressure and
temperature, and whether corrections need to be considered depends on the design
objective. In many cases, properties are assumed constant at design conditions, and
corrections are not applied. While there is no substitute for experimental data,
estimates of the properties of a mixture may often have to be used in calculations.
This requires theory, common sense, and experience.

Accuracy in predicting the properties of pure substances is considerably better
for liquids and gases than for mixtures. In many applications, particularly for high
inert mole fractions in natural gas, large errors can occur, and the estimated value
should first be properly verified by test.

This chapter is a discussion of the most commonly used fluid properties and the
estimation of these properties at various pressures and temperatures, for both pure
substances and mixtures. For illustrative purposes shaded areas on graphs in this
chapter are expanded and are not scaled.

THE pvT RELATIONSHIP

The pv T Behavior of a Pure Substance

Fluid density can be measured with a liquid or gas densitometer, but it is more
common to use temperature and pressure measurements to calculate density. The
reciprocal of the specific volume is the fluid’s mass density, and it can be deter-
mined from pressure and temperature measurements using the pvT relationship. The
interrelationships of pressure, temperature, and specific volume are also important
because of the law of corresponding states. From these relationships, the fluid state
can be defined, or the density of an unknown mixture can be calculated.
Depending on temperature and pressure, a substance may be either a solid, a
solid-liquid mixture, a liquid, a liquid-vapor mixture, a vapor, or a gas. The words
vapor and gas are often used interchangeably because they are thermodynamically
identical. Historically, the term vapor has been used to designate a substance, such
as water, that exists as a solid or liquid at room temperature and atmospheric pres-
sure, and the term gas to designate a substance that exists in the gaseous state under
the same conditions (air, oxygen, etc.). At and above the saturated-vapor line, all
substances are thermodynamically gases and contain no liquid, as the term vapor



implies. The term vapor has also been used for gases in the region between the
saturated-vapor line and the critical isotherm, where gases are more compressible.

Figure 2.1a shows the pressure-temperature diagram for water. "he well-known
characteristics of water will be used to explain the relationships +inong pressure,
temperature, and specific volume.

Three regions, corresponding to fluid states, are shown separated by heavy lines
in Fig. 2.1a. Ice at atmospheric pressure (14.7 psia) and 28°F is indicated by point
A. When heat is added, water remains in the solid phase (ice) until the temperature
reaches 32°F (point B). The temperature remains at 32°F (point B on the heavy
line) until sufficient heat has been added to convert all the ice into liquid (water)
at 32°F; liquid and solid coexist as a mixture to this point, with the percentages of
solid and liquid determined by the exchange of heat to or from the external envi-
ronment. If the amount of ice decreases, the amount of liquid must increase to
maintain the initial mass.

When the temperature rises above 32°F, the solid phase completely disappears,
leaving only liquid. Additional heat brings the temperature to 212°F, shown at point
C on the second heavy line. At this point, some of the liquid is transformed into a
vapor (gas). As long as the temperature remains at point C, two phases, liquid and
gas, coexist. When the liquid disappears, the fluid is in the saturated-vapor (gas)
phase.

Increasing the temperature to the critical temperature of 705.5°F (point D) brings
the saturated vapor (gas) through the vapor region. In this region no liquid is pres-
ent, and, although it is called a vapor, the fluid acts like a real gas. (If the pressure
is increased to 3198 psia, the ice-to-liquid temperature at point B is not significantly
changed.) At 705.5°F (374°C), it is impossible to discern where the liquid phase
ends and the gas phase begins. At this point, the specific volumes (or densities) of
the two phases are identical.

The point of equal specific volumes is referred to as the critical point. The
temperature and pressure at the critical point are the critical temperature 7, and
critical pressiive p,; these are the values used to correlate fluids on a single diagram.
The point indicated as the triple point is where solid, liquid, and gas are all present
in varying amounts.

Figure 2.1b shows the pressure-specific volume diagram, with fluid-density val-
ues given below the specific-volume axis. The points A, B, C, and D denote regions
of changing density. This figure also shows the thermodynamically defined vapor
region between the saturated-vapor line and the critical-temperature isotherm.

In a single phase (solid, liquid, or gas), density can be defined through pressure
and temperature measurements. For a single phase, any two of pressure, tempera-
ture, and specific volume are independent, but any two will define the third. In the
two-phase region, temperature and pressure are interdependent; pressure cannot be
changed without changing temperature, and the state of the fluid cannot be defined
by these measurements alone.

Two-phase mixtures contain differing amounts of each phase, and each has a
substantially different density from the other. In two-phase pipe flows, liquid and
vapor may be moving at different velocities, or they may occupy differing volumes
of the pipe at different locations. This is a flow region to be avoided when possible,
because of problems in calculating density and in separating the effects of the two
phases on flowmeter performance.

The phase diagram of carbon dioxide is shown in Fig. 2.1c. This diagram is
similar in appearance to the water diagram, but the critical pressure and temperature
are substantially lower [1070 psia (7380 kPa) and 88°F (31.1°C)]. At room tem-
perature and atmospheric pressure, the fluid is in the vapor phase (point D). For
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this reason, carbon dioxide is usually referred to as a gas, although by thermody-
namic definition it should be called a vapor because it is below the critical isotherm
at 68°F (20°C).

Thermodynamically, there is no difference between point D on the water diagram
and point D’ on the carbon dioxide diagram. Note that dry ice (solid carbon dioxide)
at atmospheric pressure does not pass through the liquid region but sublimates from
a solid directly into a gas.

All fluids (except helium, which has no defined triple point) exhibit phase dia-
grams and pressure-volume-temperature diagrams similar to those in Fig. 2.1.

Law of Corresponding States

First premised by Van der Waals, the law of corresponding states allows experi-
mental data on some fluids to be used to approximate the properties of all fluids.
At their critical points, the two fluids shown in Fig. 2.1a and ¢ would be in cor-
responding states, although they would have different temperatures, specific vol-
umes, and pressures. With critical temperature and pressure as correlating param-
eters, properties are reduced to corresponding states by defining the reduced tem-
perature, pressure, and volume as

p
i @.1)
P.
T;
_L 2
T, T (22)
b =< (2.3)
v

c

where p., T., and v, are the respective values of pressure (in pounds per square
inch absolute), temperature (in degrees Rankine), and specific volume (in cubic feet
per pound-mass or per pound-mass-mole) at the critical point.

In Fig. 2.2, 10 fluids are shown on a plot of the compressibility factor Z versus
the reduced pressure and temperature for each. (The compressibility factor, which
is a correction factor applied to the ideal-gas equation to adjust for real-gas effects,
will be discussed in more detail later.) The previous examples, carbon dioxide and
water, are included on this curve.

The region between the critical pressure ratios of 0 and 1 has been enlarged in
Fig. 2.3, to show the water and carbon dioxide points of Fig. 2.1. At room tem-
perature and atmospheric pressure, the reduced pressure and temperature for water
places point B in the shaded liquid region. Increasing the temperature brings the
fluid to the saturated-liquid line. In the two-phase region denoted by line C, it is
impossible to determine the proportions of the mixture from any diagram, since the
reduced pressure and temperature will locate the two phases everywhere along line
C. The fluid could be a saturated liquid, a saturated vapor (gas), or any mixture of
the two.

When the reduced temperature is above the point where the reduced-temperature
isotherm intercepts the saturated-vapor line, the state of the fluid is again defined
by its temperature and pressure. Increasing the temperature further to 1000°F
(538°C) brings the fluid to point D, in the superheated region.
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Carbon dioxide has a higher reduced pressure at atmospheric pressure, and the
reduced temperature places it in the vapor region. Methane (point E) is shown as
a third example; at room temperature and atmospheric pressure, it is a gas.

Example 2.1. Propane is at 2000 psia (13,790 kPa) and SO°F (10°C). Determine
whether it is a liquid or a gas. If it is a liquid, at what temperature, with the same
pressure, will it become a gas?

From Table D.1, the critical properties are

p. = 6158 psia T, = 665.6R

The reduced pressure and temperature are calculated with Eqs. (2.1) and (2.2) as

2000
Pr=grsg - 2%

459.67 + 50
T, = e = 0.766

These are shown as point P in the liquid region in Fig. 2.3. In this region, for the
change from a liquid to a gas, the critical temperature must be reached; from Eq.
(2.2),
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FLUID PROPERTIES 2.7

45967 + T, _

T, = 1.0

T 665.6
and the required temperature is

T = 205.9°F (96.6°C)

Thev pvT Gas-Density Equation

The pressure, temperature, and volume relationship for a real gas can be expressed
as

pN = nZR,T, 2.4)

In the equation, » is the number of moles, and a mole is defined as a mass of gas
equal to its molecular weight. A pound-mole of methane thus has a mass of 16.043
Ib,, (the molecular weight), and a pound-mole of air has a mass of 28.963 Ib,,. Note
that a mole of one gas has a different mass than a mole of another gas (16.043
versus 28.963 1b,,, for example). The mole is, then, a mass unit that defines the
same number of molecules; 1 mol of methane contains the same number of mol-
ecules as 1 mol of nitrogen. For this reason, it is the most convenient mass unit to
use, particularly when the densities of gas mixtures are to be considered. In addi-
tion, use of the mole eliminates the need for determining individual gas constants,
and the universal gas constant R, can be used in the English engineering system:

psia-ft®

Ro = 10.73151 m

2.5)

The relationship among the number of moles, the pounds-mass of gas, and the
molecular weight of the gas is

n=— (2.6)

The factor Z in Eq. (2.4) is the compressibility factor, which corrects the equation
for real-gas effects. When the compressibility factor is 1.0, the gas is called either
ideal or perfect. If the specific heat at constant pressure is assumed independent of
temperature and pressure, the gas is called perfect. When the specific heat is as-
sumed to be only temperature-dependent, the gas is referred to as ideal.

By defining the ideal specific gravity as the ratio of the molecular weight of the
gas to that of air, Eq. (2.4) may be rearranged into a density equation. The specific
gravity of a gas (sometimes referred to as the ideal specific gravity or relative
density) is defined as

Mw.gas
G = T .7

. Substituting Egs. (2.6) and (2.7) into Eq. (2.4) gives

m
= G LTy (2.8)

w,air

pvs



which, when rearranged to a density equation, becomes

GM air,
pp= = Zwaicly 2.9)
A\ ZR,T;

Substituting the universal gas constant R, from Eq. (2.5) and the molecular weight
of air into Eq. (2.9) (Jones, 1978) gives the density equation

2896247 Gp; Gp,
P = 1073151 Zfo— 2.698825 ZT, 2.10)
in U.S. units and
28.96247 Gpf Gp}
k = ——— =
o} 831441 ZT, 3.483407 ZT, 2.11)

in SI units.

Equations (2.10) and (2.11) are used to derive all flow equations that calculate
flow rate from temperature T, pressure p;, specific gravity G, and compressibility
Z.

GAS SPECIFIC GRAVITY

Real and ldeal Specific Gravity

Historically, two almost identical specific-gravity values have been used in Eg.
(2.10). The early definition of specific gravity was the ratio of gas density to air
density when both are at the same temperature and pressure; this is now called the
real specific gravity in the natural gas industry. The ideal specific gravity now in
use is defined as the ratio of the molecular weights.

Specific-gravity measurement devices determine the density ratio at pressures
and temperatures close to atmospheric conditions. It had been assumed that the
measurement would be correct for any pressure and temperature. However, where
improved accuracy is required, the slight effects of compressibility Z on both gas
and air must be considered.

The real specific-gravity equation is

G, = (”L) (2.12)
Pair T.p

where T and p are close to ambient temperature and pressure. Substituting the
density equation (2.10) or (2.11) into Eq. (2.12) gives the relationship between
ideal and real specific gravity as

(&) (2
- (&) (%) ], e 1

If a real specific-gravity measurement is made, the specific gravity G must be
calculated with Eq. (2.13) before substitution into Eq. (2.10) or (2.11).



In most practical applications, the temperature and pressure of the sampled gas
and the air are the same within the specific-gravity measuring device, and Eq. (2.13)
reduces to

Zys

G = "Z-;: . Gy 2.14)
P

In this equation, the compressibilities of the gas and the air are calculated at the

same pressure and temperature.

Specific-Gravity and Density Measuring Devices

Figure 2.4 shows several real specific-gravity measuring devices and a vibrating-
type densitometer. In the buoyancy gas balance, illustrated in Fig. 2.4q, a displacer
is first balanced in air, and the pressure dnd temperature are recorded. Air is then
purged from the chamber using the unknown gas, and a new balance is obtained
by adjusting the gas pressure. The ratio of the pressures is used to infer the specific
gravity of the unknown gas. Obviously, this laboratory device is not well suited for
on-line measurements. N

For continuous recording, the gravitometer shown in Fig. 2.4b is used. A steady
flow of the unknown gas is passed through a fixed-volume float that is balanced
by a float of equal volume filled with a reference gas, with the two floats regulated
to the same pressure. The difference between the densities of the reference gas and
the sample gas causes an imbalance that is recorded on a calibrated specific-gravity
chart.

The two rotating drums shown in Fig. 2.4¢ provide an on-line specific-gravity
measuring device. Air is drawn in by the upper drum, and the lower drum brings
in the gas sample. The two drums rotate in opposite directions. Adjacent to each
impeller is a torque wheel that picks up the momentum of the spinning gas and
transmits it to a lever. Since momentum is a direct function of density, for constant
rotor speed the torque difference is a measure of specific gravity. With suitable
linearization, the torque difference is recorded as real specific gravity.

Example 2.2. Calculate the density of hydrogen at 588 psia (4054 kPa) and
—10°F (—23°C). Also determine the reading of a device being used to measure the
real specific gravity of hydrogen when the pressure and temperature of the hydrogen
and air are 14.7 psia (101.3 kPa) and 80°F (26.7°C).

From Table G.6, at p, = 588 psia and T, = 459.67 — 10 = 449.67, the com-
pressibility factor is Z; = 1.0264. From Table D.1, (M,),;, = 2.0158. Then, from
Eq. (2.7),

_2.0158

= 28963 0.06960

The density is calculated from Eq. (2.10) as

(0.06960)(588)

Py = 26088 e 449.67)

= 0.2393 1b,,/ft?



Pressure
gGas somple gauge

Ed &71711111 22222227

Q"Q’TTF

L L QL L Ll L bl il l VA AV AVA L

Do

S S SSSSY

S

Displacer -/ Colibrating weight
(a)

Taut- wire suspensnon/

Horizontal
weights —__|
Bolance-beam
Reference ossembly
tank —4
Calibration disks
Pen orm ~
Saompie tank
Chart —_ pendutum /

weights Flowmeter

Reference - tank
charging valve

Pressure loaded
requlator

Vent

|

Pressure regulator

(b)

Figure 2.4 Density and specific-gravity measuring devices. («) Buoyancy gas balance.
(b) Recording gravitometer. (Courtesy UGC Industries, Inc.) (c) Momentum gravitometer:
Ranarex Gas Analyzer. (Courtesy Permutit Co., Inc.) (d) Densitometer. (Courtesy ITT
Barton.)



SENSITY PROSE ELECTRONICS

(d)

Figure 2.4 (Continued)



The real specific gravity reading is calculated by rearranging Eq. (2.14) as

all‘ 0 9999
G = 7 G= 10006 0.06960 = 0.06955

'gas

where Z,;, and Z, are the values at 14.7 psia and 80°F.

The densitometer, shown in Fig. 2.4d, employs a thin rectangular plate in a
cylindrical support structure as the density-sensing element. The mechanical com-
ponents are assembled into a probe that is readily inserted through the pipe wall
such that the reasoning plate is exposed to the process gas. In operation, the plate
oscillates in simple harmonic motion, which accelerates the surrounding gas. By a
closed feedback system utilizing a detector, an amplifier, and a driver coil, the plate
is driven to maximum amplitude. The mass of surrounding fluid that vibrates with
the plate varies with density, and the plate resonant frequency decreases with in-
creasing gas density. The feedback-system resonant frequency then indicates the
fluid density. Although the relationship between frequency and diversity is nonlin-
ear, electronic linearization provides a standardized output. The device can be cal-
ibrated for use with both liquids and gases.

Jaescke and Hinze (1987) reported that when measuring natural gas using a
resonant densitometer, an error of up to 0.6 percent could occur if the measurement
were not corrected for the sound speed of the gas. The correction for the speed of
sound differences between the calibration and flowing gas is

1+ (kme!er SO ncallb)
pf - 1 + (k pfmd (215)

)2
meter son ,gas.

where kpeer 1S the densitometer constant, V_, ..., is the velocity of sound of the
calibration gas, V,,, ... is the velocity of sound of the flowing gas, and p;;,, is the

indicated density.

COMPRESSIBILITY VERSUS
DENSITY DETERMINATION

Traditionally the units of measurement for gas flow have been volume (ggcry,
gnemp) and those for vapor flow have been mass (Ib,,/h, kg/h). For this reason the
industries that meter gas exclusively (natural gas, air, etc.) developed their flow
equations using a compressibility factor Z;, and those that meter vapor flows (steam,
ammonia, etc.) developed working equations based on density p,. As can be seen
from Eq. (2.10), density can be calculated from compressibility, or compressibility
can be calculated from density when the gas composition, temperature, and pressure
are known.

Numerous equations of state have been proposed that either calculate compress-
ibility from pressure and temperature or calculate density directly. The equation or
graphical solution selected depends on the desired accuracy and usually the pre-
ferred industrial practice.

Equations of state can conveniently be grouped as either generalized or specific.
The generalized equation may have two or three parameters. Pressure and temper-
ature are ratioed to a particular gas’s or vapor’s critical temperature 7, and pressure
P.. and the two reduced parameters p, and T, are used to predict the compressibility
factor Z, (see Fig. 2.2). A third parameter, the acentric factor w, is introduced to



improve the prediction accuracy by accounting for the nonspherical nature of the
molecules.

Specific equations of state are used where metering accuracy and other ther-
modynamic properties, such as enthalpy or the velocity of sound, require that the
state equation be exact. These equations are based on accurate data which, by
regression methods, is used to determine the virial coefficient constants.

The two most recognized specific equations of state are the Manual for the
Determination of Supercompressibility for Natural Gas (1962), commonly referred
to as the NX-19 state equations, and the 1967 IFC Formulation for Industrial Use
steam tables, referred to as the 1967 ASME Steam Tables. Improved equations are
now widely used for these fluids (AGA-8, GERG, and IAPS). These equations
require iterative solutions, while the earlier forms are used to calculate the density
or compressibility directly.

Virial Equation

Analytical state equations are derived using statistical mechanics and consideration
of the intermolecular forces between gas molecules. The solution, representing the
puT surface, is presented in terms of temperature-dependent virial coefficients and
may be developed to solve for density p, or compressibility Z. These equations are
called virial equations and are written in the form

P

R T = Prmol + Bpfnol + Cp?nol + meol + - (2'16)
where p, is in psia, T, in degrees Rankine, R, in psia ft3/(lb ‘mol), v, in ft3/
(Ib,,-mol), and p, in lb -mol/ft>. The constants B, C, D, . . . are known as the
second, third, fourth, . . . virial coefficients.

In many applications the flowing density is less than one-half the critical density,
and truncating the solution for density using only the second virial yields good
accuracy (<0.25 percent).

The second virial molar density equation [Eq. (2.16)] is written, in SI units, as

*
pEy + % Pha — I:J: =
B BR:.T,

2.17)

Equation (2.17) is a quadratic equation and may be solved for density by

s oL _ 11 4F 2.18)
Pmot = "B T 2VB? | BRLT, '

where p¥ , has the units kg-mol/m?, the second virial B has the units m?/kg-mol,
the pressure P¥ is in pascals, the universal gas constant R} has the units J/(kg-
mol-K), and the temperature Ty is in kelvins. The density (kg/m?) is

pr = Mok 2.19)

AIChE Virial Coefficient Equation. The Design Institute for Physical Property
Data (AIChE, 1986) publishes an extensive data book on the properties of 1000
fluids. Equations are presented in a generic form, with equation constants selected
from a data sheet.

The AIChE second virial coefficient, for a gas/vapor, is given as



b c
e + R
Ty Tk

d e

B=a+ + =+ =
? TS T

(2.20)

where B has the units m®/kg-mol. The constants a, b, ¢, d, and e for some fluids
are given in Table 2.1. Molar density is calculated by Eq. (2.18), and flowing density
is calculated by Eq. (2.19).

Example 2.3. Gaseous methane is flowing at 200 psia (1.38 Mpa) and S50°F
(10°C). Use the AIChE equation to calculate the density.

From the AIChE data compilation (Table 2.1) the constants for the second virial
coefficient are

a = 5.438E - 02 b= —-2.714E + 01

It

c = —-2.135E + 05

d =9.203E + 14 e

with Ty = (50 + 459.67)/1.8 = 283.15 K. Substitution into Eq. (2.20) yields the
second virial as

—7.85E + 16

-2714E + 01 —-2.135E + 05 9.203E + 14
=5438E - 02 +
B = 35438 283.15 (283.15) (283.15)®
~7.85E + 16
(283.15)°

—0.05086 m*/kg-mol

The pressure, in pascals, is Pf = 6.894757E + 03 X 200 = 1.379E + 06, where
the conversion constant for pounds per square inch absolute to pascals is from App.

C, Table C.1. The density is then, from Eq. (2.18),

TABLE 2.1 AIChE Second Virial Equation Constants

Methane Ethylene Ethane
CH, CH, C,Hy Propadiene C;H, Propylene C;H,
a 54380E — 02  7.1560E — 02  8.0950E — 02  8.5200E — 02 1.0010E — 01
b —2.7140E + 01 —4.6270E + 01 —6.1710E + 01 —8.6500E + 01 —8.7450E + 01
¢ —2.1350E + 05 —1.5023E + 06 —1.4350E + 06 —4.8200E + 06 —4.0140E + 06
d 92030E + 14 —1.8540E + 16  6.7600E + 16 —1.2780E + 18 —1.9460E + 17
e —7.8500E + 16 1.2640E + 18 —9.7400E + 18 —2.7320E + 20 —4.9100E + 19
Propane 1,2-Butadiene Isobutene n-Butane Benzene
C,H, C.He C.H, CH,o Cell,
a 1.1250E - 01 1.2450E - 01 1.3110E - 01 1.4164E — 01 1.4380E — 01
b —1.0000E + 02 ~1.1900E + 02 -9.9210E + 01 -1.3566E + 02 —1.7980E + 02
¢ —4.3140E + 06 —9.2060E + 06 —1.1371E + 07 -1.0664E + 07 —24151E + 07
d —1.8000E + 16  3.9570E + 18 —1.5410E + 18 —9.7300E + 17 —4.0000E + 17
e —1.6500E + 19 —9.3200E + 20  6.3800E + 19  9.8400E + 16 —2.2670E + 21

Note:
%1077, etc.

E in this table stands for engineering notation. For example, E + 07 = X10” and E — 07 =



. 1 1 \/ 1 (4)(1.379E + 06)
Pmol = T(2)(—0.05086) 2 \ (—0.05086)>  (—0.05086)(8314.4)(283.15)

0.6043 kg-mol/m®

From App. D, Table D.1, the molecular weight M, of methane is 16.043 kg/
(kg-mol). The density, in kg/m?, is then, by Eq. (2.19)

pf = M,p¥, = (16.043)(0.6043) = 9.695 kg/m® (0.6053 Ib,,/ft’)

wi

It

GAS COMPRESSIBILITY

Compressibility-Factor Diagrams

Deviation from the ideal gas law is taken into account with a multiplying factor
called the compressibility factor, which can be found in tables, calculated from
several available equations of state, or determined through generalized diagrams.
For desk calculations, the generalized Nelson-Obert reduced two-parameter diagram
is widely used. For improved accuracy, the three-parameter Edmister-Pitzer dia-
grams are used.

Nelson-Obert Diagram. Using experimental data for 26 single-component gases,
Nelson and Obert (1954) developed the reduced two-parameter temperature and
pressure diagram illustrated in Fig. 2.5a. For these gases, the smoothed curves fitted
to within 1 percent. When used for other gases, except those near the critical point
or strongly polar fluids, the accuracy of the diagram ranges approximately from 1
to 2 percent for compressibility factors greater than 0.6 and from 4 to 6 percent for
factors in the range of 0.3 to 0.6. This diagram is not recommended for helium,
hydrogen, or neon.

Edmister-Pitzer Diagrams. The Nelson-Obert diagram is based on a single two-
parameter correlation. To improve the prediction, Pitzer (1955) introduced the acen-
tric factor w as a third parameter, to correct for the nonspherical nature of the
molecular force field. The acentric factor is zero for the defined spherical simple
fluids argon, krypton, and xenon. The Pitzer correlation yields good results for
slightly polar and nonpolar gases, with an accuracy of approximately +1 percent
when the compressibility factor ranges from 0.6 to 1.0, and +3 percent for factors
in the range 0.2 to 0.8.

Edmister (1974) graphically presented Pitzer’s results on two separate reduced-
parameter diagrams. The first is the simple-fluid diagram illustrated in Fig. 2.5b;
this is similar to the Nelson-Obert diagram, except that the reduced pressure axis
has a logarithm scale. The second diagram is the generalized compressibility cor-
rection for deviation from a simple fluid. Assuming fluids with the same acentric
factor have the same puT relationship, and further assuming that the deviation func-
tion can be used in a linear manner to adjust for the acentric nature of the fluid,
the compressibility can be calculated as

Z=2°+ wZ' .21)

The acentric factors for many fluids are given in Table D.1. The two Edmister-
Pitzer diagrams are presented in Figs. G.7 and G.8.



. 1 1 \/ I, (9(379E + 06)
Pmol = T(2)(-0.05086) 2 V(~0.05086) = (—0.05086)(8314.4)(283.15)

0.6043 kg-mol/m?

From App. D, Table D.1, the molecular weight M,, of methane is 16.043 kg/
(kg-mol). The density, in kg/m?, is then, by Eq. (2.19)

pf = M, pt, = (16.043)(0.6043) = 9.695 kg/m? (0.6053 Ib,,/ft*)

GAS COMPRESSIBILITY

Compressibility-Factor Diagrams

Deviation from the ideal gas law is taken into account with a multiplying factor
called the compressibility factor, which can be found in tables, calculated from
several available equations of state, or determined through generalized diagrams.
For desk calculations, the generalized Nelson-Obert reduced two-parameter diagram
is widely used. For improved accuracy, the three-parameter Edmister-Pitzer dia-
grams are used.

Nelson-Obert Diagram. Using experimental data for 26 single-component gases,
Nelson and Obert (1954) developed the reduced two-parameter temperature and
pressure diagram illustrated in Fig. 2.5a. For these gases, the smoothed curves fitted
to within 1 percent. When used for other gases, except those near the critical point
or strongly polar fluids, the accuracy of the diagram ranges approximately from |
to 2 percent for compressibility factors greater than 0.6 and from 4 to 6 percent for
factors in the range of 0.3 to 0.6. This diagram is not recommended for helium,
hydrogen, or neon.

Edmister-Pitzer Diagrams. The Nelson-Obert diagram is based on a single two-
parameter correlation. To improve the prediction, Pitzer (1955) introduced the acen-
tric factor w as a third parameter, to correct for the nonspherical nature of the
molecular force field. The acentric factor is zero for the defined spherical simple
fluids argon, krypton, and xenon. The Pitzer correlation yields good results for
slightly polar and nonpolar gases, with an accuracy of approximately =1 percent
when the compressibility factor ranges from 0.6 to 1.0, and * 3 percent for factors
in the range 0.2 to 0.8.

Edmister (1974) graphically presented Pitzer’s results on two separate reduced-
parameter diagrams. The first is the simple-fluid diagram illustrated in Fig. 2.5b;
this is similar to the Nelson-Obert diagram, except that the reduced pressure axis
has a logarithm scale. The second diagram is the generalized compressibility cor-
rection for deviation from a simple fluid. Assuming fluids with the same acentric
factor have the same puT relationship, and further assuming that the deviation func-
tion can be used in a linear manner to adjust for the acentric nature of the fluid,
the compressibility can be calculated as

Z=2+ wZ' (2.21)

The acentric factors for many fluids are given in Table D.1. The two Edmister-
Pitzer diagrams are presented in Figs. G.7 and G.8.
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Figure 2.5 Generalized compressibility diagrams (not to scale). (a) Nelson-Obert (see Figs. G.1
through G.6). (b) Edmister (see Figs. G.7 and G.8).

Edmister (1974) proposed an equation for estimating the acentric factor from
critical pressure, critical temperature, and boiling temperature as

_3log(p,/14.7)
©=i -1 ! (2.22)

This relationship correlates well with measured values and is especially useful in
determining the compressibility factor of a gas mixture based on molar values.
Example 2.4. Calculate the density of methane at —99.7°F (—73.2°C) and 1470
psia (10,135 kPa) using (1) the Nelson-Obert diagram and (2) the Edmister-Pitzer
diagrams.
From Table D.1, for methane,



p. = 667.2 psia M, )cn,

16.043 Ib,,,/1b,,,»mol

l

T. = 343.1°R » = 0.008

The reduced parameters are then, from Eqgs. (2.1) and (2.2),

_ 1470 _ 220 T - 459.67 — 99.7 _

Pr= 6672 - 3431 1.05

1. Nelson-Obert diagram. From Fig. G.4, Z = 0.365. The specific gravity is, from
Eq. (2.7),

_16.043

= 53963 0.5539
The density is then, from Eq. (2.10),

(0.5539)(1470)
(0.365)(459.67 — 99.7)

p, = (2.6988) [ } = 16.72 b, /ft’

2. Edmister-Pitzer diagrams. From Figs. G.7 and G.8, the simple-fluid compress-
ibility and the correction for deviation from a simple fluid are

Z° = 0372 Z' = -0.08
Then, from Eq. (2.21),
Z = 0.372 + (0.008)(—0.08) = 0.371
The density is calculated with Eq. (2.11):

(0.5539)(1470)
(0.371)(459.67 — 99.7)

Py = 2.6988 = 1645 b, /ft?

Calculating Compressibility

Numerous equations of state have been developed to relate pressure, temperature,
and specific volume. Each has particular advantages and a range over which it can
be applied. The more accurate equations require a change of constants for each gas
and are most often used for thermodynamic studies and specific flow situations. In
cases where mixture-combination rules are not available, a verification test is re-
quired if accuracy is important.

For many gas applications, the compressibility factor is seldom below 0.85, and
it is most often between 0.95 and 1.0. Within this range, iterative solution of the
equation of Redlich and Kwong (1949) is suggested for general gas applications.
For natural gas the AGAT NX-19 (1963) equations, the AGA-8, the Pacific Energy
Association equations (fitted to NX-19), or the Hall-Yarborough equation (fitted to
the Standing-Katz diagrams) are commonly used.

tAmerican Gas Association.



Redlich-Kwong Equation. Redlich and Kwong (1949) developed a two-parameter
equation of state that can be rearranged to calculate the compressibility factor from
the reduced pressure and temperature as

Z23—-7?-(B*+B—-AZ—-AB=0 (2.23)
0.42748p, 0.086647p,
AcTEe BT

r

where (2.24)

the constants are pure numbers; i.e.,

V3 _
(92 = D) = 0.42748 23—1 = 0.086647

Equation (2.23) is nonlinear, and an iterative solution is required. Newton’s method
for solving for the zero root of an equation is the simplest to use. Equation (2.23)
is written in the function form given by Eq. (A.9) in App. A, and the estimates for
the compressibility factor may be written as

Z=7,, - g (2.25)

where Z,_, is the initial estimate, F,_, is
F_,=27>_,-72,-(B*+B-AZ,_, — AB (2.26)

and the derivative of the function F,_, is
F, ,=3Z.,-2Z_,—(B*+ B —A) (2.27)

Figure 2.6 shows the percentage difference between compressibility factors com-
puted with the Redlich-Kwong equation and the actual factors for argon, methane,
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and oxygen. For reduced pressures below (.6, the bias error is less than 1 percent.
For lower reduced pressures, the error is (.5 percent or less.

Interpolation Using the Redlich-Kwong Equation. When the compressibility fac-
tor is known from tables or by measurement at a given design-reduced pressure
and temperature, the Redlich-Kwong equation can be used to predict operating
values. For example, many on-site computers use a preset, dialed-in compressibility
factor based on average daily pressure, temperature, and specific gravity. If the
pressure or temperature varies from these values, a bias error will be introduced in
the calculated flow rate.

If it is assumed that the compressibility factor calculated from the Redlich-
Kwong equation is biased from the actual compressibility factor, then a ratio can
be used to continuously adjust the dialed-in factor as follows:

o (Zr/ )y
- (Zg/K)aes 2 (2.28)

In Eq. (2.28) the tabular or measured compressibility factor Z,,, is multiplied by
the ratio of the compressibility factor calculated with the Redlich-Kwong equation
at measured flowing temperature and pressure, to that calculated at the design con-
ditions (Zy, x)ges-

In many gas (vapor) flow applications, density is read from tabular values at a
design pressure and temperature. Under flowing conditions, the pressure and tem-
perature are not always equal to design values, and the flow rate must be corrected.
If the gas (vapor) is superheated and approximates an ideal gas (Z = 1.0), the
correction is made with the ratio of pressure to temperature in accordance with Eq.
(2.11). For real gas (vapor) and for accurate work, the compressibility of the gas
should also be calculated at flowing conditions.

For computer applications, the Redlich-Kwong equation can be used to contin-
ually correct for the density at flowing conditions

- (ZRIK)des (Tf)des Pr
T Gy T (Paes

where the subscript des means design conditions, and the subscript f means flowing
conditions. The Redlich-Kwong compressibility factor (Z, )., is calculated from
design conditions for use in Eq. (2.29).

Example 2.5. The output of a vortex flowmeter is scaled to read steam flow in
pounds-mass per hour at 400°F (204°C) and 120 psia (827 kPa), based on a density
of 0.2452 b, /1t* (3.928 kg/m?). Using the Redlich-Kwong equation with a single
iteration (Z, = 1), calculate the bias error if the steam temperature and pressure
change to 410°F (210°C) and 140 psia (965 kPa).

A vortex flowmeter measures volumetric flow at flowing conditions g,.,. The
calculated mass flow is then

(QPPH)des = 0'2452(qacfh)vor

Z

(pf)des (2-29)

at design conditions, and

{GrpR)iuc = Pr(Gucmdvor

at flowing conditions, where the subscript vor stands for vortex. The bias error is
calculated by



B = (Grerses — (Grprdime _ 0.2452 - p,

(Frprdirue Pr

At design conditions of 400°F and 120 psia, the critical properties, from Table D.1,
are

p. = 3197.9 psia T. = 1165.1°R
- and the reduced pressure and temperature are, from Egs. (2.1) and (2.2),

_p_ 120 T, 459.67 + 400
P = 0l= 3179 = 0037525 T =22 T

I -
T 1165.1 0.73783

The Redlich-Kwong coefficients are, from Eq. (2.24),

_ 0.42748p, _ (0.42748)(0.037525) _
A== QT3S - 003430

_ 0.08665p, _ (0.08665)(0.037525) _
B="7 - 0.73785 = 0.004408

With the initial estimate Z,_, = Z, = 1.0, the function F, [Eq. (2.26)] becomes
Fy=1-1 — [(0.004408)* + (0.004408) - (0.03430)1(1.0)
— (0.03430)(0.004408) = 0.03002
and the derivative of the function is, from Eq. (2.27),
F§ = (3)(1.0¥ — (2.0)(1.0) — [(0.004408)* + (0.004408) — (0.03430)]
= 1.0299
From Eq. (2.25) the first iteration gives, with Z, = 1, the design value

0.03002
1.0299

(Zpjiaes = 1 — = 0.9709

At flowing conditions, the reduced pressure and temperature are, from Egs. (2.1)
and (2.2),

P 140 T,  459.67 + 410
- —_— = —, = | 77 = —_— e
p. 31979 Q0BT T,

= —f = =
=T T 0.74643

P

The Redlich-Kwong coefficients for flowing conditions are
A = 0.3979 B = 0.005082

so that F, = 0.03448 and F; = 1.0299 and the flowing compressibility becomes,
from Eq. (2.25),



From Eq. (2.28), the density at flowing conditions by the Redlich-Kwong equation
is then

0.9709 459.67 + 400 140
0.9665 459.67 + 410 120

pr = 0.2452 = 0.2841

The bias error is calculated as

_0.2452 — 0.2841

B, 0.2841

100 = —13.7 percent

Hall-Yarborough Equation. For general natural gas measurement, where the
Standing and Katz (1942) compressibility diagram is used, the closed-form solution
proposed by Hall and Yarborough (1973, 1974) is useful. The Hall-Yarborough has
an accuracy of +0.3 percent for reduced temperatures above 1.05 and for very high
reduced pressures. To derive the equation, a hard-sphere equation of state was
modified by a generalized real-gas deviation function that fitted the Standing-Katz
Z-factor diagram. The hard-sphere equation approximates real-gas characteristics at
high pressures and temperatures and allows for a generalized closed-form equation,
without specific constants for each gas.

To calculate the compressibility factor, two equations are required. The first is
a zero-root equation that is iterated to find a reduced density value; from this, the
compressibility factor is calculated.

First the mixture’s pseudocritical temperature is calculated from known mole
fractions as

T, = 2xT,

itci

(2.30)

This is corrected for the mole fraction of carbon dioxide and hydrogen sulfide
content by computing

T,=T, - Cy (2.31)
where  Cyy = 120[(xco, + Xi,6)™® = (fco, T Xue)' ] + 1505 — xfhs)  (232)
The mixture’s pseudocritical pressure is then determined as

Ppe = ZXiD; (2.33)

which is adjusted for the mole fraction of carbon dioxide and hydrogen sulfide by
computing

- Poclea
ca 2.34
P T, + Cys + Xus(l = X3,6)Cos ( )

The pseudocritical reduced temperature and pressure are then obtained using

T, p
Lo=7 Pn=, (2.35)



The reduced density p, is then calculated by Newton’s method (see Sec. A.1) as

F,,

(pr)n = (pr)nfl - F:1¥] (236)
where
4
F=~b+%—&—cpf+dpf (2.37)
(I =p)
+ + 4p2 — 4p} + pt
and Fro= 1% . f%,, AP e+ fp 2.38)

The constants in Eqs. (2.37) and (2.38) are derived from pseudocritical properties
as

b = 0.06125p,,T exp a f =218 + 2.82T

¢ = 14.76T — 9.76T* + 4.58T? g =118 + 2.82T
d =90.1T — 242.2T* + 42471

where T=— and a=-12(1 — Ty

As the first estimate for the reduced density, the approximation
(p)o = b (2.39)

is used. Three iterations are usually required to determine the reduced density to a
closure accuracy of 0.1 percent. From this value the compressibility factor is cal-
culated as

z=2 (2.40)
P,

Example 2.6. Calculate, using the Hall-Yarborough equation, the Standing-Katz
compressibility factor for the mixture detailed below, at a flowing temperature of
100°F (37.8°C) and a pressure of 1000 psia (6895 kPa).

Mole Critical Critical

fraction temperature pressure
Component X, T.,t°R xT, p.»t psia X;Dei
Methane 0.6 343.1 205.9 667.2 400.3
Carbon dioxide 0.2 547.6 109.5 1069.9 214.0
Hydrogen sulfide 02 671.8 1344 1269.2 253.8
449.8 868.1

1From Table D.1.



From Egs. (2.30) and (2.33), respectively,

T, =2xT,=44938 Ppe = 2X;p,; = 868.1

it ci

From Eq. (2.32),

Cys = 120[(0.2 + 0.2)°° — (0.2 + 0.2)"°] + 15(0.2'/2 - 0.2%) = 31.6°F

The adjusted pseudocritical temperature is then, from Eq. (2.31),

T, = 4498 — 31.6 = 418.2°R
The adjusted pseudocritical pressure is, from Eq. (2.34),

~ (868.1)(418.2)
Pea = 4498 + 31.6 + (0.2)(1 — 0.2)(31.6)

= 746.3 psia

The pseudocritical reduced temperature and pressure are, from Eq. (2.35),

459.67 + 100
Tp,——‘“&2 = 1.338
1000
Ppr = m = 1.340

The Hall-Yarborough constants are, with T = 1/T,,,
—0.07658 d = —-49.80

a
b = 0.05682 f=4288
c = 7490 g = 3.287

il

I

The initial estimate for the reduced density is, from Eq. (2.39),
(p,)o = 0.0952 Ib,,/ft?

and the iterative solution is tabulated as follows:

Reduced Reduced
Iteration density Function F,_, Function F,_, density (p,),
n (P [Eq. (2.31)] (Eq. (2.32)] [Eq. (2.30)]
1 0.0952 0.0150 0.5890 0.0699
0.0699 —0.000759 0.6498 0.07105
3 0.0705 —0.000002 0.6462 0.07105

According to Eq. (2.40), the compressibility factor then is

b 0.05682

Z = = = 0.
T (p), 0.07105 0.7997




Pacific Energy Association Equations. Orifice flowmeters are used almost exclu-
sively for the measurement of high-pressure natural gas. In developing the flow
equation for calculating standard cubic feet per hour, a correction factor called the
AGA supercompressibility factor was introduced for use in Eq. (9.68). For conven-
ience it is derived as

Z
F,=—% 2.41
D \/Z} ( )
In the natural gas industry the term supercompressibility is almost always used,
even with reference to vortex, turbine, or other linear-output flowmeters. For these
flowmeters, Eq. (2.41) is rewritten as

_%
F2,

Z, (2.42)
For natural gas containing small amounts of inerts such as carbon dioxide and
nitrogen, the supercompressibility factor may be found in the AGA (1963) tables.
There are six volumes that cover pressures from 0 to 3000 psig (0 to 21,000 kPa).
A seventh volume contains the corrections for nitrogen and carbon dioxide content.
In the Manual for the Determination of Supercompressibility Factors for Natural
Gas (AGA, 1963), the range is extended by computer calculations to a pressure of
5000 psig (34,475 kPa), temperatures of —40 to 240°F (—40 to 116°C), specific
gravities of 0.554 to 1.000, and 15 percent carbon dioxide and nitrogen contents.

These tables and the manual computations are too extensive to publish in this
handbook. For noncustody transfer flow calculations, the empirical equations and
tabular corrections for inert constituent tables developed by the Pacific Energy As-
sociation (PEA, 1977) are used for computer computation. The supercompressibility
factor is calculated from the generalized equation

k p (105+k20)
F,= [l + = GT?_MS (2.43)

Values of k, and &, are specified for selected specific-gravity ranges, and these are
given in Table 2.2.

TABLE 2.2 Constants for Natural Gas
Supercompressibility Equation; p, < 600 psia

Constants

Range of specific gravity G k, k,

0600 = G 248 2.020
0.601 = G = 0.650 3.32 1.810
0.651 = G = 0.750 4.66 1.600
0.751 = G = 0.900 791 1.260
0901 = G = 1.100 11.63 1.070
1.101 = G = 1.500 17.48 0.900

Source: Pacific Energy Association (1977).



In Tables G.11 through G.16, values from Eq. (2.43) at 60°F (15.6°C) are listed.
These must be adjusted for flowing temperature by first using Table G.17 and then
algebraically subtracting the correction for inerts given in Table G.18.

Example 2.7. The specific gravity of a natural gas containing 5 percent by
volume of carbon dioxide is measured as 0.73. The flowing pressure is 400 psig
(2758 kPa), and the flowing temperature is 40°F (4.44°C). Assuming the base com-
pressibility Z, = 0.9976, determine the compressibility factor Z; (1) by using the
Pacific Energy Association equation and inert correction table and (2) from the
tables given in App. G.

1. By calculation and inert table. From Table 2.2, k, = 4.66 and k, = 1.600. The
supercompressibility factor is, from Eq. (2.43),

Foo \/ | (466)(400)(10>+0.007)
e (459.67 + 40)*%>
= 1.063

From Table G.19, the correction for 5 percent CO, is —0.006, which is a sub-
tractive correction; therefore,

F, =1.063 — 0.006 = 1.057

The compressibility factor is then given by Eq. (2.42):

2. Tabular solution. From Table G.13, F,, = 1.055 at 400 psig and 60°F. Then,
from Table G.17, the corrected value at 40°F is F,, = 1.064. This value is
corrected for 5 percent CO, by the subtraction of 0.006, so that

F,, = 1.064 — 0.006 = 1.058
The compressibility factor is, again from Eq. (2.42),

Natural Gas NX-19 Equation. The NX-19 (1963) natural gas state equations are
widely used in custody transfer applications. Over most normal measurement
ranges, 500 to 1500 psia (3.5 to 10.4 MPa) and —10 to 100°F (—23 to 38°C), the
NX-19 equation will compute the gas compressibility factor to within 0.2 percent
of the values computed by the newer AGA-8 state equation. Depending on con-
tractual requirements, it is suitable for most applications, particularly since it is a
closed form (noniterative) solution.
The ranges over which the NX-19 equation applies are

Pressure pg To 5000 psig (10.34 MPa, gauge)
Temperature T, —40 to 240°F (—40 to 116°C)
Specific gravity G 0.554t0 1.0

CO, and N, 0to 15%



Four methods are used to first obtain the adjusted temperature and pressure
before entering the state equation.

Method 1. The specific gravity method calculates adjusted pressure and tem-
perature from the mole fractions of carbon dioxide and nitrogen as

~ 156.47p,
Pasi = 160.8 - 722G, + 100x00, — 3925y,

(2.44)

where x.o, and xy, are the mole fractions of carbon dioxide and nitrogen, respec-
tively.
The adjusted temperature is defined by
T = 226.2%(T; + 460)
I 99.15 + 211.9G — 100xc,, — 168.1xy,

(2.45)

Method 2. Suggested for high-specific-gravity gas (G, > 0.75), the analysis
method requires a complete fractional analysis of the gas in order to determine the
adjusted pressure and temperature, which are calculated by

671.4p 359.46(T,. + 460)
vy

it ci

(2.46)

where p,; is the critical pressure and T, is the critical temperature of each ith
component.

Method 3. The methane method, also recommended for high-specific-gravity
(G > 0.75) gases, requires the methane mole fraction and the two inert mole
fractions of carbon dioxide and nitrogen fractions to be measured. The adjusted
pressure p,,; and temperature T, are defined by

671.4p,

adj = 47

Pt = ROTTT = 172.56G, + 443.04xcq, — 232.23xy, — 122.52xcy, (2.47)
T 359.46(T, + 460) a8

“ T 32777 + 214.82G, — 144.12xc0, — 319.52x, — 102.78xy,,

Method 4. The heating value method uses the measured heating value [wet
basis, Btu/(std ft*) at 14.73 psia and 60°F] and the mole fractions of nitrogen and
carbon dioxide. The adjusted pressure and temperature are

~ 671.4p,
Padi = 693 = 0.0209H,,, v + 379%c0, — 2011y,

(2.49)

359.46(T, + 460)
and = F
T 124.7 + 0.2203H, + 384.99xc0, + 91.11xy, (2.50)

Btu,wet

After calculating the adjusted pressure and temperature, the mixtures’ pressure
and temperature correlation parameters are calculated by

| Pug + 147 T
1000 r= 500 (25D

The compressibility factor is then calculated by first determining



m = 0.033037872 — 0.02213237* + 0.01613537T"° (2.52)

n = (0.265827T72 + 0.0457697T % — 0.133185T "ym™! (2.53)
3 — mn?

B =g (2.54)
On — 2mn’ E

b= 54mp? - 2mp® (2.55)

D=[b+ B+ BYr (2.56)

where E in Eq. (2.55) is a function of the pressure p and temperature T correlation
parameters. The equations for E are given in Table 2.3 for the designated regions.
The flowing compressibility Z; is determined by

1

Z=BID-D <+ ni3p (2.57)

TABLE 2.3 NX-19 Natural Gas Regions and E Equations
Ranges
p T

0 to2 1.09 to 1.40 E,
0 tol3 0.84 to 1.09 E,
131020 0.88 to 1.09 E,
1.3t0 2.0 0.84 to 0.88 E,
20t05.0 0.84 to 0.88 E;
2010 5.0 0.88 to 1.09 E,
20t0 5.0 1.09 to 1.32 E,
2.0t 5.0 1.32 to 1.40 E,

T,=T~109 T,=109-T
E, = 1 — 0.00075p>3 exp (=20T,) — 0.0011 T%5p2[2.17 + 1.4 T%S — pJ?
E, = 1 = 0.00075p>*[2 — exp (=20T,)] — 1.317T; p(1.69 — p?)

E, = 1 — 0.00075p*°[2 — exp (—20T,)] + 0.455(200T¢ — 0.032497,
+ 2016772 — 18.028T} + 42.844T3)(p — 1.3)[1.69(2)'%5 — p?|
E, = 1 — 0.00075p*[2 — exp (—20T,)] + 0.455[200T% — 0.03249T, + 2.0167T3

— 18.028T} + 42.844T3)(p — 1.3)[1.69(2)!35+80085-12 _ p2]
E,~E,-X E=E-X E=E-X E=E-X'
X=AT -2 +A(p— 27+ A(p — 2P + A(p — 2)*
X, = (p - 1.32%p — 2)[3 — 1483(p — 2) — 0.1(p — 2 + 0.0833(p — 2)°]
A = 17172 - 2.33123T — 1.56796T + 3.47644T3 — 1.286037T*
A, = 0.016299 — 0.028094T + 0.48782T2 — 0.78221T> + 0.27839T*
A, = —0.35978 + 0.51419T + 0.16453T> — 0.52216T* + 0.19687T*
A, = 0.075255 ~ 0.105737T ~ 0.058598T2 + 0.14416T* — 0.054533T*

1Set p = 2.0 when computing E,, E;, and E,.



When NX-19 is used for custody transfer applications, the base compressibility

factor is calculated by
0.00132\*
Z, = (1 + _T%-25_> (2.58)

AGA 8. The Gas Research Institute (GRI, 1985) sponsored a major investigation
to develop an equation of state to predict the compressibility of natural gas mixtures
with higher inert contents (up to 50 percent N, and/or CO,) and higher pressure
and temperatures than the NX-19 equation is used for.

The region covered is from —200 to 400°F (—129 to 204°C) and 0 to 20,000
psia (138 MPa). Varying accuracy requirements for the molar density (or compress-
ibility factor) were established for designated ranges. In the custody transfer region,
where the temperature ranges from —60 to 180°F (=51 to 82°C) and the pressure
from 0 to 1500 psia (0 to 10.4 MPa), the state equation has an estimated accuracy
of 0.05 percent. Outside this region other accuracy requirements (up to 2 percent)
are possible. In the region near the critical point no accuracy statement is given.

In the custody transfer region the equation of state also calculates the density
of the pure components normally found in natural gas, such as methane, ethane,
propane, and carbon dioxide, to within 0.2 percent. This makes it a most useful
equation for many applications.

The AGA-8 (1992) molar density virial equation may be written as

Pr
R T = Prmol + Bpﬁml + Cp?nol + Dpfnol + Ep?nol
0%f

+ Gpil()l(] + Hp?no]) exp (‘Hprznol) (259)

Equanon (2.59) is written in U.S. customary units where the flowing pressure p; is
in psia, temperature 7y is in degrees Rankine, density p,, is in Ib,,-mol/ ft>.

The universal gas constant R, for use with AGA-8 is given as 10.73164 psia-
ft>/(Ib,,-mol-°R)[8314.48 J/(kg‘mol-K)].

Second Virial. The most important term in the state equation is the second virial
B, since it contributed 90 percent of the final density or compressibility value. The
second virial is determined by the exact virial binary mixing rule as

B = 2": i x;x;B, (2.60)

i=1 j=1

where x; and x; are the component mole fractions and B is the binary mixture’s
interaction virial coefficient term. The i and J subscripts represent methane, ethane,
propane, or other components, and the combined subscript ij represents a binary
mixture of the i and j components. For example, the second virial for a methane-
ethane mixture would be written as

B = xeuXen Bengon, T XonXeme Bomwcone

+ XemeXen, Bemgon, + XemeXomeBemecom,  (2:61)
The term B in Eq. (2.60) is calculated by
B, =1[A, + A,T,%° + AT, + AT, + AT 2 + AT + AT



wi+c.)j

+ ASTi;d + ) (Aoni;O‘S + A21Ts;2)][0}p10}pj]]‘5 (2.62)
The constants A, A,, A,, . . . are given in Table 2.4.
The Lennard-Jones separation parameter o, or o, for each pure substance is
0.3189\'"”
o, = ( p 89) (2.63)

where p, is the substance’s critical density (Ib,,-mol/ft*). Values for o,, are pre-
sented in Table 2.5.
The dimensionless binary mixture temperature T, is

TABLE 2.4 AGA-8 Equation-of-State Constants

A = 025837 Ay = —0.28112 Ais = 2135631 Ay, = —4.82222
A, = 7.04794 A, = 2.62998 A = 1415528 Ay = 1222885
A, = —19.53600 Ao = 188315 A, = 203047 Ay = —16.83781
A, = 1443903 A, = -7.15823 Ag= 996509 Ay = 0.55906
A, = —7.36355 Ap,= 005833 A= 455053 Ay = 18.25211
Ay = —0.18877 A, = 1802809 Ap = 651706 A, = 1179425
A, = 003392 Ay, = —40.20412 A, = —12.33577

TABLE 2.5 AGA-8 Equation Parameters

Energy e, Size o,
°R (ft*/1b,,- mol)'? Acentric w
Methane 272.373 0.798064 0.0115
Ethane 436.514 0.910959 0.0915
Propane 528.651 1.010207 0.1520
n-Butane 607.766 1.092139 0.1957
Isobutane 583.324 1.103425 0.1760
n-Pentane 671.381 1.170828 0.2637
Isopentane 658.080 1.160552 0.2270
n-Hexane 725.117 1.229673 0.2988
n-Heptane 769.570 1.292305 0.3577
n-Octane 811.165 1.352288 0.4026
n-Nonane 849.815 1.404927 0.4342
n-Decane 879.774 1.444874 0.4980
Carbon dioxide 434.820 0.784121 0.1923
Carbon monoxide 189.963 0.780565 0.0402
Helium 7.418 0.663962 0.0000
Hydrogen 47.455 0.692463 0.0000
Hydrogen sulfide 533.439 0.795372 0.1000
Nitrogen 180.386 0.772480 0.0404
Oxygen 220.980 0.721091 0.0210

Water 925.228 0.658903 0.3440




1. 2593T, T,
i~ 05 0.5 (2.64)
W (T.T,) “’U(eiej) ’

cit¢j

where W; is the binary interaction parameter factor, which is set equal to 1 for
binary mixtures not shown in Table 2.6 or for pairs of the same substance (methane-
methane, ethane-ethane, etc.), € and ¢ are energy parameters (°R) for each pure
substance in the assumed blnary mixture. Values for € are given in Table 2.5, and
those for W; are given in Table 2.6.

Virial Terms (C, D, and E). The other terms in the state equation are defined in
terms of the mixture’s pseudoreduced temperature T,,,, the sixth power of the mix-
ture’s separation parameter (I, = ¢$.), and a mixture’s acentric factor (w;,)-
These terms are

= [AT,2° + AT, + AT + ALT,” + o

mix

(Ap + Ay T, O (2.65)

D =[ApT,>° + ALT, + AT + 0 (AT, + AysT, IR (2.66)
E=1[AT, +A.T,} + Ay, T, 1T (2.67)
G = [ART,} + Ay, T2 (2.68)
H=A,l,. (2.69)

The mixture’s energy parameter I',;, is
Iix= 05 = i i xxol0Vs (2.70)

Values for the binary size parameter V,; are given in Table 2.6. The reduced pseu-
docritical temperature 7, is determined from

n

T, = rL > 2 xxololel %€ 2 ViU, Q.71

[V A
mix i=1 j=1

Values for the binary interaction energy parameter U; are given in Table 2.6.
The pseudoreduced temperature is

T, = 2.72)
pr Tpc .
The mixture’s pseudoacentric factor is
1 n n
@rmix = 2T3c ,:21 ,21 x.x;€°¢ (0, + w)Uj (2.73)

Equation (2.59) is nonlinear in molar density p,,, and requires an iterative so-
lution. From the molar density, the mass density, in conventional units, is obtained
and, by Eq. (2.10), the compressibility at base Z, or at flowing conditions Z, may
be calculated. The following computational procedure substantially reduces the re-
quired iteration time.



TABLE 2.6 AGA-8 Binary Pair Interaction Parameters

Energy Size Temperature
Pair U; V; W,
Methane/ethane 1.0414 0.9982 1.0015
Methane/propane 1.0014 1.0041 0.9904
Methane/isobutane 1.0000 1.0000 0.9779
Methane/n-butane 1.0000 1.0000 0.9795
Methane/isopentane 1.0000 1.0000 0.9691
Methane/n-pentane 1.0116 0.9738 0.9695
Methane/n-hexane 1.1028 0.9681 0.9561
Methane/n-heptane 0.9913 0.9793 0.9432
Methane/n-octane 0.9673 0.9790 0.9321
Methane/n-nonane 0.9433 0.9790 0.9205
Methane/n-decane 0.9193 0.9789 0.9084
Nitrogen/methane 0.9555 1.0166 0.9757
Nitrogen/ethane 1.0751 1.0118 0.9707
Nitrogen/propane 1.0000 1.0000 0.9416
Nitrogen/isobutane 1.0000 1.0000 0.9274
Nitrogen/n-butane 1.0000 1.0000 0.9297
Nitrogen/isopentane 1.0000 1.0000 0.9155
Nitrogen/n-pentane 1.0000 1.0000 0.9161
Nitrogen/n-hexane 1.0000 1.0000 0.8981
Nitrogen/n-heptane 1.0000 1.0000 0.8806
Nitrogen/n-octane 1.0000 1.0000 0.8656
Nitrogen/n-nonane 1.0000 1.0000 0.8499
Nitrogen/n-decane 1.0000 1.0000 0.8335
Nitrogen/carbon dioxide 1.0102 1.0494 1.0096
Carbon dioxide/methane 0.9642 1.0253 0.9559
Carbon dioxide/ethane 0.8614 1.0159 0.9159
Carbon dioxide/propane 0.7957 1.0126 0.8935
Carbon dioxide/isobutane 1.0000 1.0000 0.8454
Carbon dioxide/n-butane 1.0000 1.0000 0.8517
Carbon dioxide/isopentane 1.0000 1.0000 0.8115
Carbon dioxide/n-pentane 1.0000 1.0000 0.8131
Carbon dioxide/n-hexane 1.0000 1.0000 0.7620
Carbon dioxide/n-heptane 1.0000 1.0000 0.7124
Carbon dioxide/n-octane 1.0000 1.0000 0.6698
Carbon dioxide/n-nonane 1.0000 1.0000 0.6252
Carbon dioxide/n-decane 1.0000 1.0000 0.5786
For all pairs, U; = U, V, =V, and W, = W,..

For pairs not shown (hehum/ mtrogen methane/hellum carbon dioxide/carbon
dioxide, methane/methane, ethane/ethane, etc.) U, = V; = W; = 1.0000.

Step 1. Calculate the compressibility factor using Redlich-Kwong or the NX-
19 equation and then calculate the first estimate of the molar density as

Prot0 R, ZR/KTf 10.73164ZR/KTf

(2.74)



Step 2. Using Newton’s method, calculate the function as, App. A.1,

Pr
F=-L
RT;

+ Pt T Bpha + Coiuer + Dpipy
+ Epfo T Gpoo(l + Hpjy) exp (—Hpp)  (2.75)
Then calculate the derivative of the function by
F'=1+2Bp,, + 3Cp2, + 4Dp’, + 6EpS.,
= Gpra(2H? g — 3Hprg — 3) exp (—Hp;,)  (2.76)

Successive iterations for molar density arc then, from App. A.1, Eq. (A.9),

F
— 2.77)

pmol,n = pmol.n—l - F,;,I

The density, in b, /ft* for molecular weight, is

=M (2.78)

w.mixpmol
and with ideal specific gravity it is
pr = 28.96247Gp,, (2.79)

To calculate the compressibility factor, at either flowing or base conditions, use for
flowing compressibility

Py P,
Z, = _ |
T RoTipna 10.73164T;p,,, (2.80)
and for base compressibility
“ " o (2.81)

- ROprb,mol - 10~73164Tfpb,mo|

The supercompressibility factor, used in some differential producers flow rate equa-
tions, is calculated by, for Eq. (9.66),

Z
F = b
" VZ,
and for Eq. (9.68),
F.= % (2.82)

The mole fraction of all of the constituents of the mixture needs to be known in
order to estimate gas density. In many installations a complete chromatographic
analysis is not possible and alternate methods are used to estimate the mole frac-
tions. These methods are:



1. Real gravity, carbon dioxide, and nitrogen mole fraction inputs (G,, %CQO,, and
%N,)

2. Real gravity, heating value, carbon dioxide, and nitrogen mole fraction input
(HVgu/scrs Gre %CO,, and %N,)

3. Real gravity, heating value, and carbon dioxide mole fraction input (G,
HVyscr and %CO,)

4. Heating value, carbon dioxide, and nitrogen mole fraction inputs (HVy,,,scp
%CO,, and %N,)

5. Real gravity, methane, carbon dioxide, and nitrogen mole fraction inputs (G,
%CH,, %CO,, and %N,)

The mole fractions are estimated by
X; = a+ bGg + cHVyy 5cr + dxcm + exy, +fxcoz (2.83)

Table 2.7 gives the values for the constants (a, b, ¢, d, e, and f) for each of the
five methods. Mole fractions of hydrogen sulfide and water are assigned a value of
zero. The sum of the pentanes is equally assigned to isopentane and n-pentane, and
the sum of the hexanes is assigned in an 85, 12, and 3 percent proportion to n-
hexane, n-heptane, and octane, respectively. Constituents not shown in Table 2.7
are assigned a value of zero.

GERG Natural Gas Equation. In Europe the Groupe Europeen des Rechechés
Gazieres (GERG) equation is widely used to compute the compressibility of natural
gas. This equation was developed at the Van der Waals Laboratory to predict the
compressibility of natural gas from test and available literature data (GERG, 1984).
The compressibility is computed from mole fractions of the gas by

Z;=1+

13
2 Bijn'f V*z 2 C_/kn (284)

Vmol i=j=1 mol i=j=1

where n, n;, and n, are the mole fraction components, and V¥ is the molar volume
(dm?*/mol). Rearranging Eq. (2.4) yields the relationship between molar volume
and compressibility,

* |
p mol (285)

Z, =
TRk

where R, = 8.31441 J*/(g-mol-K), and p¥ is in pascals.
The molar density equation is then written, by substitution, as

p i3
L= P T < 2 B.,”:,) piy+ < 2 Cijkninjnk> pEY (2.86)

ROTK i=j=1 i=j=k=1

The 4, j, k component of a mixture is as given in Table 2.8, the second virial
coefficient By, is given in Table 2.9, and the third virial’s C,, is given in Table 2.10.

The viria] coefficients are functions of temperature and are determined by, for
the second virial,



TABLE 2.7 Constants for AGA-8 Mole Fraction Estimation Methods

X, = a+ bGe + cHVpyscr + dxcy, + exn, + fico,

i Method a b c d e f
CH, 1 1.63289  —1.1458 0.0 0.0 —0.59633 0.13596
2 1.64569  —1.0159 —8.368E—-05 0.0 —0.73631 —-0.07449
3 1.57921 —1.7003 —3.560E—-04 0.0 0.0 1.02720
4 1.73734 0.0 —7.3023E-04 0.0 —1.8295 -1.71810
5 0.0 0.0 0.0 1.0 0.0 0.0
C,H, 1 -0.31521 0.58160 0.0 0.0 —-0.24416  -0.60593
2 —0.32750 0.45690 8.0300E—05 0.0 -0.10982  —0.40397
3 -0.32720 0.35260 1.3769E—04 0.0 0.0 —-0.23790
4 -0.35947 0.0 3.6249E-04 0.0 0.37820 0.33070
5 1.73468  —0.85995 0.0 —-12539  —-0.98860  —0.42978
C,H, 1 —0.18262 0.32360 0.0 0.0 -0.09545  -0.30510
2 —0.18843 0.26480 3.7900E-05 0.0 -0.03213 —-0.20981
3 —0.19828 0.23790 6.2100E—-05 0.0 0.0 -0.15790
4 —0.22030 0.0 2.1399E-04 0.0 0.25520 0.22600
5 0.11444 0.12969 0.0 -0.1907  -0.22830  -0.30270
nCH,o 1 —0.05417 0.09540 0.0 0.0 —-0.02983 -0.08920
2 —0.05619 0.07500 1.3130E-05 0.0 -0.00789  —0.05618
3 —-0.06061 0.06920 2.0520E-05 0.0 0.0 —0.04300
4 -0.06702 0.0 6.4690E—05 0.0 0.07420 0.06860
5 —0.21867 0.21578 0.0 0.0977 002132 -0.10984
iC,H,o 1 —0.03223 0.05790 0.0 0.0 -0.02846  —0.05581
2 —-0.03245 0.05570 1.4200E—-06 0.0 -0.02609  —0.05224
3 —-0.03237 0.03090 1.4990E—05 0.0 0.0 —-0.01460
4 -0.03521 0.0 3.4710E-05 0.0 0.03310 0.03530
5 —0.13919 0.12532 0.0 0.0703 0.02361 —0.05272
2CH,, 1 —0.02925 0.05200 0.0 0.0 -0.02169  —0.04805
2 ~0.02958 0.04860 2.2000E-06 0.0 -0.01802  -0.04252
3 —0.03174 0.03220 1.3240E-05 0.0 0.0 —0.01580
4 -0.03470 0.0 3.3770E-05 0.0 0.03450 0.03610
5 -0.22604 0.18802 0.0 0.1219 0.05276  —-0.06107
iCsH,, = 0.5 2C4H,, nCsH,, = 0.5 2C.H,,
2CH,, 1 —-0.01503 0.02840 0.0 0.0 -0.02192  -0.02561
2 —0.01690 0.00940 1.2200E-05 0.0 —0.00152 0.00506
3 -0.01579 0.00730 1.2300E—-05 0.0 0.0 0.00580
4 -0.01644 0.0 1.6940E—05 0.0 0.00780 0.01750
5 -0.11818 0.09655 0.0 0.0658 0.02376  —0.02962
iC¢H,, = 0.852C,H,, nC¢H,, = 0.122C,H,, CyH,; = 0.032C(H,,
N, 1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0
3 0.08728 0.92720  —5.9325E-04 0.0 0.0 —1.49840
4 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0
He 1 —-0.00291 0.00440 0.0 0.0 0.04479  —0.00480
2 0.01220 0.16020  —1.0008E—04 0.0 -0.12296  —0.25612
3 0.00235 0.04680  —2.8300E-05 0.0 0.0 —-0.07350
4 -0.00175 0.0 1.3500E—-06 0.0 0.04980 0.00170
S -0.06180  —0.04167 0.0 -0.0394 0.02480 0.00265

Note: E in this table stands for engineering notation. For example, E + 07 = 107 and E — 07 = 10 7,
etc.



TABLE 2.8 Components and Ranges

i,j.k Name Component Range % (mol)
1 Methane CH, >=50
2 Nitrogen N,

Oxygen 0,
Argon Ar <=50
3 Carbon dioxide Co,
Ethene C,H, <=30
4 Ethane C,H, <=20
5 Hydrogen H, <=10
6 Propane C,H,
Propene C;H, <=5
Carbon monoxide CO <=3
8 Isobutane CH,,
Butane C,H,, <=1.5
9 Helium He <=0.5
10 2,2-Dimethylpropane CH,,
Isopentane CH,,
Pentane CH,,
Benzene CeHg <=0.5
11 Isohexane CH,,
Hexane CH,,
Cyclohexane CH,,
Xylene(o) CeH,, <=0.5
12 Isoheptane CH,
Heptane CHy
Toluene C,H; <=0.5
13 Octane CeH
Nonane CoHyo
Decane C,oH,, <=0.5
B;=A+ BT, + CT% (2.87)

and for the third virial by

C, =A + BT, + CT% (2.88)

ijk
The density at the pressure and temperature of the gas is
p}k = Mw,mixp: (2’89)

Equation 2.86 is nonlinear in molar density and can be solved readily using New-
ton’s method form given by Eq. (A.2) in App. A. The function F is defined by

* 13 13
F=- i + P + ( E Bijninj> Pra + ( E ”.'njnk> Py (2.90)

i=j=1 i=j=k=1



TABLE 2.9

GERG Equation Coefficients for Second Virial B;

i,j

A

B

C

1,1
12
1,3
14
1,5
1,6
1,8
1,1
1,11
1,12
1,13
22
2,3
24
2,5
26
33
34
3,6
3,8
3,10
44
45
4.6
48
4,10
5,5
6.6
6.8
77
8,8
9,9
10,10

—0.305530E+00
—0.162897E-00
—0.377721E+00
—0.534311E+00
-0.144562E+00
—0.808030E+00
—0.133598E+01
—0.148583E+01
—0.775140E+00
—0.209989E+01
—0.239409E+01
—0.144600E+00
—0.191944E+00
—0.412214E+00
—0.237582E-01
—0.442660E—00
—0.868340E—-00
—0.901431E-00
—0.126372E+01
—0.188108E+01
—0.202135E+01
-0.107320E+01

0.266450E—02
—0.142020E+01
~0.283644E+01
—0.331426E+01
—0.175160E—-02
—0.259920E+01
—0.435393E+01
—0.130820E+00
—0.708016E+01

0.206740E—01
~0.111580E+02

0.138050E-02
0.723055E-03
0.161771E-02
0.228510E-02
0.921030E-03
0.362500E—02
0.650241E-02
0.694054E—-02
0.184050E—02
0.979707E—02
0.112199E-01
0.740910E-03
0.666407E—03
0.203558E-02
0.179302E-03
0.204986E—02
0.403760E—02
0.431802E-02
0.584661E—-02
0.926431E-02
0.954081E-02
0.464810E—-02
—0.102765E-03
0.575230E~-02
0.136800E—-01
0.152019E-01
0.849590E—-04
0.119650E-01
0.213786E-01
0.602540E—-03
0.363100E-01
—0.513060E—04
0.535740E-01

—0.167430E—-05
—0.796055E—-06
—0.190044E-05
~0.270302E—-05
—0.135212E-05
—0.455555E-05
—0.857077E-05
—0.866938E~—05
—0.400000E—-06
—0.125373E-04
—0.143976E-04
—0.911950E-06
—0.537698E-06
—0.270693E—-05
~0.194991E-06
—0.261400E-05
—0.516570E—-05
—0.577366E—-05
—0.747500E-05
~0.124525E-04
—0.121639E—-04
—0.560520E—-05

0.374149E-06
—0.640000E—-05
~0.181244E-04
—0.189007E-04
—0.103660E-06
—0.152910E-04
—0.287483E-04
—0.644300E 06
—0.503829E-04

0.724000E-07
—0.684970E—-04

The derivative of the function is then

13
1+2 ( > B,.jn,-nj> pty + 3 (
1

F' =

i=j=

13
k2
E ni"j"k) Pol

i=j=k=1

The estimates for the molar density are then, by App. A, Eq. (A.9),

(2.91)



TABLE 2.10 GERG Equation Coefficients for Third Virial Cy,

A

B

C

11,1
1,1,2
1,1,3
1,1,4
1,1,5
1,1,6
1,1,8
1,1,10
1,2,2
1,2,3
1,2,4
1,2,5
1,2,6
1,3,3
1,34
1,3,6
14,4
14,5
1,4,6
1,4,8
1,4,10
1,5,5
1,6,6
2,2,2
2,23
2,2,4
2,2,5
2,2,6
23,3
234
2,35
2,3,6
24,4
2,45
2,46
2,55
2,6,6
333
334

0.110140E-01
0.950336E-02
0.921537E-02
0.471391E-02
0.252725E-02
0.145768E—-01
0.692768E-01
0.892362E-01
0.866892E—-02
0.900338E—-02
0.449508E—-02
0.360589E—-02
—0.187767E-01
0.637108E—-02
—0.176574E-02
—0.623055E-01
—0.180009E-01
—0.116095E—-02
—0.992498E-01
—0.992498E-01
—0.992498E-01
0.113514E-02
-0.107132E+00
0.784980E—02
0.776648E—02
0.473374E-02
0.335086E—02
—0.139981E-01
0.570471E-02
—0.768174E—-05
0.269108E—-02
—0.301719E—-01
—0.113332E-01
—0.297743E-03
—0.506529E-01
0.106796E—02
—0.844178E-01
0.205130E-02
—0.109855E-01

—0.492640E-04
—0.446604E—-04
—0.326297E-04
0.131521E-04
—0.904332E-05
—0.278502E-04
—0.214852E-03
—0.272925E-03
—0.424907E-04
—0.355487E—-04
0.530233E-06
—0.145437E-04
0.142145E-03
—0.747903E—05
0.597684E—-04
0.459485E-03
0.187768E-03
0.263812E—-04
0.713458E-03
0.713458E-03
0.713458E-03
—0.101196E-05
0.711300E-03
—0.398950E—-04
—0.333367E-04
—0.715042E-05
—0.147638E-04
0.106230E-03
—0.127157TE-04
0.385226E-04
~0.596904E—-05
0.222387E-03
0.123463E-03
0.168641E—04
0.363400E-03
—0.252397E-05
0.557418E-03
0.348880E—04
0.133800E-03

0.683960E—-07
0.646311E-07
0.384277E-07
—0.450064E-07
0.115616E—-07
0.000000E—00
0.000000E—-00
0.000000E—-00
0.635102E-07
0.467680E—-07
—0.152576E-07
0.204722E-07
—0.221855E-06
—0.643736E-08
—0.123785E-06
—0.733765E-06
—0.344478E-06
—0.512600E-07
—0.114420E-05
—0.114420E-05
—0.114420E—-05
—0.316717E-09
—0.107919E-05
0.611870E—-07
0.470391E-07
0.165190E-08
0.220414E-07
—0.162413E-06
0.865358E-08
—0.817506E—-07
0.540142E-08
—0.350693E-06
—0.225648E-06
—0.330680E—-07
—0.577241E-06
0.310904E-08
—0.835447E-06
—0.837030E-07
—0.252624E-06



TABLE 2.10 (Continued)

A B C
3,3,5 0.430967E—-03 0.160191E-04 —0.345955E-07
3,3,6 —0.594074E-01 0.430798E—-03 —0.691157E-06
344 —0.313527E-01 0.284509E-03 —0.508173E-06
34,5 -0.516317E-02 0.579276E—-04 —0.105347E-06
3,4,6 —0.944235E-01 0.671721E-03 —0.108080E—-05
3,55 0.522574E—-04 0.693387E-05 —0.136454E—-07
3,6,6 —0.149820E+00 0.994385E-03 —0.152037E~05
444 —0.621000E-01 0.508050E-03 —0.885260E-06
4,45 —0.185994E-01 0.163195E-03 —0.284869E-06
4,46 —0.144234E+00 0.101275E-02 —0.163277E-05
455 —0.370635E—-02 0.390658E—-04 —0.684792E—-07
4,6,6 —0.216734E+00 0.143604E—-02 —0.221182E-05
55,5 —~0.932310E-05 0.283770E-05 —0.507540E—-08
6,6,6 —0.270290E+00 0.171040E-02 —0.250010E-05
7.1.7 0.190870E—02 0.420040E—-05 —0.156800E—-07
99,9 —0.779620E-02 0.491760E—04 —0.774240E-07
Phan = Plornes — 5— (2.92)

Measuring Compressibility

Several laboratory-type instruments have been designed to measure compressibility.
These are shown schematically in Fig. 2.7. In the National Bureau of Standards
apparatus (Bean, 1929) in Fig. 2.7a, a known gas volume A under pressure is
repeatedly, and very carefully, discharged to a lower pressure in a fixed-volume
burette B. This displaces mercury, under slight pressure, to an etch-marked position
below burette B, which fixes the volume. The burette gauge pressure is then read
on the adjacent manometer scale. The initial and final deadweight readings establish
the initial and final gas sample conditions. By successive fixed temperature and
volume reduction to measured lower pressure, the initial compressibility of the high-
pressure gas sample is calculated.

In the U.S. Bureau of Mines—Burnett compressibility apparatus (Burnett, 1936),
chamber V, is initially charged with the unknown gas, which then is repeatedly
discharged into a chamber V, that is evacuated after each fill. If an ideal gas is
expanded to an increased volume V, + V,, and the temperature is returned to the
original value, the ratio of final to initial pressure should be constant for successive
expansions. This ratio is not constant for a real gas during the initial higher-pressure
expansions, but the real gas does approach ideal-gas behavior at lower pressures.
In a plotting of the ratio of initial pressure to reduced pressure versus initial pres-
sure, a sloping line is obtained, rather than the horizontal line obtained for an ideal
gas. By applying the real-gas equation, the compressibility factor at various pres-
sures can be derived.
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Figure 2.7 Compressibility-factor measuring devices. (a) National Bureau of Standards apparatus.
(b) U.S. Bureau of Mines apparatus. (c¢) Automated pvT apparatus.
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Figure 2.7 (Continued)

Figure 2.7¢ illustrates an automated pvT apparatus (Olien and Magee, 1988) for
performing highly accurate pressure-volume-temperature isochoric measurements
on pure fluids and mixtures. The apparatus has a precision of a few parts in 10*
and an estimated accuracy of 0.1 percent over the temperature range of —280 to
350°F (100 to 450 K) with pressures up to 5000 psia (35 MPa).

GAS MIXTURES

Few tables or charts exist that can be used to determine density, or other fluid
properties, for gas mixtures. The psychrometric charts for air and water and the
supercompressibility tables for natural gas mixtures are two examples of tables that
are available.

The density behavior of a flowing multicomponent gas is similar to that of a
single-component gas, and the temperature and pressure are measured in the con-
ventional manner. However, specific gravity and compressibility must be calculated
on the basis of certain empirically determined combination rules. These are, in turn,
based on certain mixture laws, and experimental evidence is often used to select
one method over another. When no specific equations are given, the following may
be used.

Specific Gravity
The number of moles in a mixture of gases is defined by
n=2n=n+n,+n; +--- (2.93)

where n,, n,, n,, . . . are the number of moles of each gas. The mole fraction of
each component is defined as

X =— X, =—  X3=— (2.94)

Zx, =1 (2.95)



The average molecular weight of the mixture is calculated by dividing the total
mass, in pounds-mass, by the number of moles contained in the mixture; from Egq.
(2.6),

w,mix

M, =2 (2.96)
n

The mass of the total mixture is then the sum of the individual masses, which can
be determined from the molecular weight of each gas with

m=3nM,=nM, +nM,+nM,+- - (2.97)
Substituting Eq. (2.97) into Eq. (2.96) yields

M, = M (2.98)

w,mix
n

which can be reduced to a mole-fraction equation by using Egs. (2.94):

M, . =SxM, =xM, +x,M,+xM,+: - (2.99)

w,mix

The mole fraction of each component is obtained by either gravimetric or vol-
umetric analysis, and the ideal specific gravity is calculated by dividing the mix-
ture’s averaged molecular weight by the molecular weight of dry air. From Eq.
(2.99), this is

G = ZxM,  ZxM,
mx UM 28.96247

(2.100)

w,air

As an example, Table 2.11 presents the mole fractions and molecular weights of

TABLE 2.11 Composition of Dry Air and Computation of Average
Molecular Weight

Mole Molecular
fraction weight
Component X; M, xM,,
Nitrogen 0.78102 28.0134 21.87903
Oxygen 0.20946 31.9988 6.70247
Carbon dioxide 0.00033 44.0098 0.01452
Argon 0.00916 39.948 0.36592
Neon 0.00001818 20.179 0.00037
Helium 0.00000524 4.0026 0.00002
Krypton 0.00000114 83.80 0.00010
Xenon 0.000000087 131.30 0.00001
Hydrogen 0.000005 2.0158 0.00001
Methane 0.0000015 16.0426 0.00002
Nitrous oxide 0.0000003 44.0128 0.00001

=M, 28.96247

air 7w

Average molecular weight (M)

Source: Jones (1978).



the 11 constituents of standard dry air (Jones, 1978). The average molecular weight
is shown calculated in accordance with Eq. (2.99).

Amagat’s Volume Law

Amagat’s volume law is derived under the supposition that the volume of a gas
mixture can be divided into separable unique volumes, one for each gas, each
volume existing at the mixture’s pressure and temperature. The total volume is the
sum of the individual volumes and is expressed as

V=3V,=V, +V,+V, +-- 2.101)

For ideal gases, Eq. (2.101) may be rearranged to allow solution for the volume of
each constituent, at the pressure and temperature of the mixture, as

nR,T, nR,T, R, T, nR,T,
y = Moy V, = 1301y V2:20f V3=3—0f e (2.102)
Py Py Py Pr

Since the ratio R,T,/p, appears in each expression, the volumes of the components
may be written as

Vlzﬂv szﬁv V, ==V (2.103)

n n n

The ratio of each volume to the total volume defines the mole fraction, so that
X, =— == X, = — =+ X, = — == (2.104)

For these equations, the ratios of volumes are experimentally determined by volu-
metric analysis, in which the gas is passed through various reagents that sequentially
remove known constituents. By measuring the initial volume and the volume after
each reduction, the ratios of volumes, and hence the mole fractions, are determined.

" Since this reduction takes place at atmospheric pressure, it is reasonable to assume
negligible compressibility.

Dalton’s Law of Partial Pressure

Rather than assume a unique volume for each constituent, Dalton assumed each
gas occupies the total volume at the mixture’s temperature. Under these conditions,
the following relationships may be written for an ideal gas:

AY Vv A\ v \’%
Py _ Bﬁ_:pﬂ_+£f7_+pﬂ_+... (2.105)
RT, <RI, RT, RT, R,
This equation reduces to
Pr=2ps=pp T PptpPpte (2.106)

Dalton’s law of partial pressure states that the pressure of a mixture of gases is
equal to the sum of the partial pressures which each component of the gas would
exert if it existed singularly in the mixture’s volume at the mixture's temperature.



If Dalton’s law is applied to each component, a useful relationship between the
partial pressures and mole fractions is derived:

PfV paV sz v
=57 = o = o = <. (210
n RoT, n ReT, n, RoT, n, RoT, (2.107)
These equations reduce further to
Pn = xlpf Pp = XD Pj3 = X3Pf st (2108)

Relationship between Mass (Gravimetric) and Volumetric Analysis

Two analyses are made to determine constituent percentages in a gas mixture. The
volumetric analysis reports the results as a volume ratio, and the mass (gravimetric)
analysis gives results based on mass determination, with the mass ratio defined by

- =T ="

X = Xpp = Xy = ce (2.109)

where m=ZIm =m +m,+m;+--- (2.110)

Example 2.8. A mixture of carbon dioxide and methane has a volumetric anal-
ysis of 5 and 95 percent, respectively. The line pressure is 500 psia (3450 kPa),
and the temperature is 40°F (4.4°C). Assuming an ideal gas mixture, determine (1)
the gravimetric analysis, (2) the mixture density, and (3) the pressure exerted by
each component.

The molecular weights of carbon dioxide and methane are, from Table D.1,
M, )cn, = 16.043 and (M), = 44.010.

1. Gravimetric analysis. According to Eq. (2.104), the mole fraction is written

_ moles (component) _ n;

moles (mixture) n

X;

n n
so that Xeo, = % =005  xe, = ;H" = 0.95

The masses of the components are assumed, from Eq. (2.6), to be

Meo, = (0.05)(44.01) = 2.201 Ib,,

My, = (0.95)(16.043) = 15.241 1b,
The total mass is then, by Eq. (2.110),
m = 3m;, = 2201 + 15241 = 17442 1b,,
Finally, from Eq. (2.109), the gravimetric analysis is

o, = 2200
Amlco: = 177 44)

o = 15241
Xmlcts = 177242

= 0.126 = 12.6 percent

= (0.874 = 87.4 percent
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2. Density of mixture. The specific gravity of the mixture is, according to Eq.
(2.100),

_ M, _ ZxM,,

G = M, .. 2896247

Substituting the mole fractions x from part @ and the molecular weights gives

_(0.95)(16.043) + (0.05)(44.01)

Goix = 28.96247 = 0.6022

The density of the mixture is then, from Eq. (2.10),

(0.6022)(500)
(1.0)(459.67 + 40)

py = 2.698825 = 1.626 b, /ft*

where Z, = 1.0 for an ideal gas.

3. Pressure exerted by each component. Dalton’s law of partial pressure [Eq.
(2.108)] gives

Pco, = (0.05)(500) = 25 psia

Pen, = (0.95)(500) = 475 psia

General Mixture Rules. When no specific mixture rules are given, the accepted
rules for general applications are Kay’s (1936) rule for the pseudocritical temper-
ature, the modified Prausnitz and Gunn (1958) combination rule for the pseudo-
critical pressure, and the Joffe (1971) approximation for the acentric factor. With
these pseudocritical properties, the Nelson-Obert, Edmister-Pitzer, or Redlich-
Kwong state equation is used in the conventional manner to obtain the compress-
ibility factor.

Kay’s rule for the pseudocritical temperature is a mole-fraction average method
that calculates values to within 2 percent of other proposed rules. This rule is

T, =2xT,=xT,+xT,+xT 5+ " (2.111)

The pseudocritical pressure is calculated with the Prausnitz-Gunn combination
rule as

_ (Ex,Z)RyT

Pre = T5ov (2.112)
where Z_; and V_, are, respectively, the compressibility factor and volume of each
component at the critical temperature and pressure.

In using the Edmister diagram, the acentric factor is approximated with a mole-
fraction average given by Joffe (1971):

W, = IX0; = X0, T X0, + X305 + 0 (2.113)
The pseudocritical reduced temperature and pressure are then calculated as

P
Ty=7- P 2.114)



Example 2.9. Applying the mixture rules, use the Edmister diagrams to cal-
culate the compressibility factor of the mixture of Example 2.6.
The pertinent data from Table D.1 are as follows:

Mole Critical Critical  Critical Critical Acentric

fraction  temperature  pressure  volume  compressibility factor
Component X; T, P, V.. factor Z; @
Methane 0.6 343.1 667.2 1.589 0.288 0.008
Carbon
dioxide 0.2 547.6 1069.9 1.505 0.274 0.225
Hydrogen
sulfide 0.2 671.8 1269.2 1.613 0.284 0.100

The pseudocritical properties of the mixture are, from Eq. (2.111),
T,. = (0.6)(343.1) + (0.2)(547.6) + (0.2)(671.8) = 449.8°R
and, from Eq. (2.112),

_ [(0:6)(0.288) + (02)(0.274) + (0D(O284]1(10.T315)449.8) _ oo o
Poc = (0.6)(1.589) + (0.2)(1.505) + (0.2)(1.613) - o/l psia

The acentric factor is found with Eq. (2.113):
w,. = (0.6)(0.008) + (0.2)(0.225) + (0.2)(0.100) = 0.0698

The reduced pseudocritical pressure and temperature are, from Eq. (2.114),

559.67 1000
=08 - M P =gy = LI

pr
The Edmister diagrams in Figs. G.7 and G.8 give
Z° = 0792 Z' = 0.095
The compressibility factor of the mixture is then, according to Eq. (2.21),

Z, = 0.792 + (0.0698)(0.095) = 0.799

SPECIAL CASE OF A WET GAS

Water vapor in a gas stream is one component of a mixture’s specific gravity, and
it is measured as part of the total flow. In many cases, however, the volume or mass
of dry gas must be calculated—for example, to establish heating value.

Psychrometric Principles

A gas mixed with a vapor behaves differently from a mixture of gases. Since a
vapor is, by definition, a gas that lies between the saturated-vapor line and the
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critical isotherm (see Fig. 2.1b), changes in pressure and temperature result in con-
densation or vaporization. When the vapor is water, the mixture may range between
dry and saturated gas. A water vapor-gas mixture is referred to as a psychrometric
mixture. Properties used to define gas-vapor mixtures are specific humidity, relative
humidity, and dew point.

Specific Humidity. The specific humidity or humidity ratio is defined as the ratio
of the mass of water vapor to the mass of dry gas. Under the assumption that the
water vapor is an ideal gas at the low pressure existing in mixtures, Eq. (2.10) can
be used to derive the following specific-humidity relationships for gas and vapor
occupying the same volume:

g O _ _p 0620 p,

= = (2.115)
(Ibm)dry gas pdry gas Gdry pf ™ Pwy

Relative Humidity. The relative humidity is defined as the ratio of the water vapor

pressure p,,, in the mixture to the water vapor pressure if the mixture were at

saturation at the same temperature:

RH = [”—W] (2.116)
Psar T

Dew-Point Temperature. The water vapor in a gas may be superheated steam, or
it may be at saturation. If the mixture is cooled at constant pressure, and if the
vapor was superheated, each component will be cooled at constant partial pressure
because the composition (mass) remains constant. At some reduced temperature the
water vapor will reach saturation, and any further temperature decrease will result
in condensation. The temperature at which liquid first appears is the dew-point
temperature. Because the cooling takes place at constant pressure, the dew-point
temperature is used to enter the steam tables to find the partial pressure of the
water vapor in an unsaturated mixture; this partial pressure is the pressure corre-
sponding to the saturation temperature, that is, the dew-point temperature.

Saturated and Unsaturated Gas

The quantity of water vapor in a gas can vary from zero to saturation. Shown in
Fig. 2.8 are the pressure-volume (density) curves for carbon dioxide and water at
saturation (Fig. 2.8a) and in an unsaturated state (Fig. 2.8b). These curves are useful
in discussing saturation and nonsaturation.

Saturated Gas. Shown in Fig. 2.8a is the pressure-specific volume (density) di-
agram for carbon dioxide saturated with water vapor. The mixture pressure p; is
100 psia (690 kPa) at a temperature of 100°F (37.8°C). The carbon dioxide pressure
is, by Dalton’s law, the mixture pressure less the pressure of the saturated water
vapor. This vapor pressure is found in the steam tables and for 100°F (37.8°C) is
0.95 psia (6.6 kPa). The density shown for the dry carbon dioxide is calculated
with Eq. (2.10) at a pressure of 99.05 psia. The ratio of the water vapor density to
the density of the dry carbon dioxide is 0.0029/0.729 = 0.00398, which is the
specific humidity. Since the carbon dioxide is saturated, the relative humidity, which
is the ratio of the water vapor pressure in the mixture to that at saturation, is 1.
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Because the mixture is saturated, any further decrease in temperature results in
condensation; therefore, the wet-bulb temperature is the temperature of the mixture
[100°F (37.8°C)].

Unsaturated Gas. In Fig. 2.8b the mixture is shown unsaturated at the same 100°F
(37.8°C) temperature. The arrow indicates cooling at constant pressure to the 75°F
(23.9°C) dew-point temperature, at which liquid first appears. The pressure 0.43
psia (2.96 kPa) corresponds to the saturation pressure at 75°F (23.9°C) as found in
the steam tables. Since the mixture is cooled at constant pressure, this is the partial
pressure of the water vapor existing in the mixture at 100°F (37.8°C). Since the
water vapor pressure is lower in the unsaturated case, the density of the dry carbon
dioxide is higher; hence, the mass of water vapor per pound of dry gas, the specific
humidity, is less than in the saturated case. The specific humidity is then
0.00129/0.732 = 0.00175, and the relative humidity is 0.43/0.95 = 0.45.

Equation Development

Under the assumption that water vapor is an ideal gas at the low saturation pressures
existing in mixtures, the mole-fraction equation (2.108) can be substituted into Eq.
(2.100) to yield the wet-gas specific gravity as

G — pf— pwu Gdry +Pw,,

wet pf pf

G,, (2.117)

The pressure difference in the first term is the partial pressure of the dry gas as
defined by Dalton’s law. The ratios of pressures in both terms are the respective
mole fractions: dry gas and water vapor.

Since the specific gravity of water vapor is 0.6220, Eq. (2.117) may be rewritten

0.622
Gus = [1 g B (M - 1)] Gu @.118)
Pr \ Gy

as

The relationship between the water vapor pressure p,,,, dry-gas specific gravity Gy,
and wet-gas specific gravity G, is shown in Fig. 2.9. As the specific gravity of
the dry gas approaches that of water vapor, the wet-gas specific gravity is well
approximated by the dry-gas specific gravity. However, with gases such as hydro-
gen, where the specific gravity is significantly different, it is important that the
relationship given by Eq. (2.118) be used.

The compressibility factor of the wet gas can be estimated with a simple mole-
fraction average as

Zyo = <1 —Eﬂ) Zyy + P27 (2.119)
Pr Py

In this equation, Z,, is usuvally assumed to be 1.0 because the water vapor pressure
is low.

To adjust a wet volume to a dry-volume basis, Amagat’s volume law is first
written as

V.=V, +V, (2.120)

dry
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When rearranged, this gives, as the relationship between the dry volume and wet
volume,
v A%

Fuvary = V"—W =1-g* (2.121)

wet wet

which, after substitution of the relationships in Eqgs. (2.104) and (2.108), reduces
to

=1 - Bw (2.122)
Py

To convert a volume of wet gas from one moisture condition to another, the
partial pressure of the water vapor must be considered at the two differing temper-
atures. The pertinent relationship is

F WV.dry

Vo d-pu/PhPnZe Ty (2.123)

v, h (1 - pwv/pf)z Pr> Zfl Tf]

where the subscript 1 refers to the measured or initial volume, and 2 to the con-
verted volume.

For adjusting a wet-gas mass flow to a dry mass flow, a mass balance yields
(bpver = Ub)ery + (Aby,),., (2.124)

This gives the relationship



_ (lbm)dry _ (lbm)wv
Fumsar = G500 =1 7 Uopam (2-125)

Rearranging Eq. (2.8) to solve for the mass of water vapor and for the mass of the
wet mixture, and substituting the mole-fraction relationships given by Eq. (2.108),
reduces Eq. (2.125) to

0.6220 p,,, Z,.
Fovmary = 1 _K;ZJ (2.126)
The following may be used to determine the density of a wet gas: the expression
is
2.698825p,G

wet

. _ 3.483407 pFG
Tf Pyer = ZfTK

Puer = 7 = (2.127)

wet

Moisture Determination

There are many humidity- and moisture-measuring devices. Generally, these devices
either measure moisture content directly or infer moisture content from relative
humidity, specific humidity, dew-point temperature, or hygrometer measurements.
They may be summarized as follows:

1. Inferential-measurement devices
a. Dew-point meters
(1) Vapor equilibrium meter
(2) Mechanized dew-point meter
(3) Fog chamber
(4) Electrolytic hygrometer
(5) Manually operated dew cup
b. Hygrometers
(1) Hair hygrometer
(2) Salt-conductivity hygrometer
¢. Psychrometers
(1) Sling psychrometer
(2) Assman psychrometer
(3) Wet- and dry-bulb psychrometer
2. Moisture-measurement methods
a. Electric conductivity
b. Electric capacitance
¢. Radio-frequency absorption
d. Microwave absorption
e. Infrared absorption
J. Equilibrium methods

Three commonly used devices are shown in Fig. 2.10.

Wet- and Dry-Bulb Psychrometer. 1If two thermometers are inserted in the flow
line (Fig. 2.10a), and one is covered with a continuously wetted wick, the temper-
ature T, of the wet thermometer will be lower than that of the uncovered ther-
mometer. If the line velocity is greater than 15 ft/s (4.6 m/s), the wetted thermom-
eter will read the adabiatic saturation temperature.
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Figure 2.10 Commonly used humidity-measuring devices. (@) Wet- and dry-bulb measure-
ments. (b) Dewcel (Courtesy The Foxboro Co.) (c) Dew-point measuring device. (d) Dew-
scope.  (Courtesy UGC Industries, Inc.)



Within the range of 32 to 100°F (0 to 38°C), the ratio of water vapor pressure
to mixture pressure can be determined as

Pow = Pt .000048C,,,(T, — Tys) (2.128)
Pr Pr

Values of the mean molecular heat C,, are given in Table 2.12. The saturated vapor
pressure p,, is obtained from the steam tables using the line (wet-bulb) temperature
Tys-
If the mole fractions are known for a mixture of gases, the mean molecular heat
can be calculated on a mole-fraction basis as

C =2xC,,.. = xC

mp,mix i~ mpi mpl

+ .G,

+oeee (2.129)
Dewcel. The dew-point temperature, as well as the specific humidity and partial
pressure of the water vapor, can be determined with the Dewcel shown in Fig.
2.10b. A thin metal tube is covered with a woven glass cloth that is saturated with
lithium chloride. A voltage is applied to a double winding of silver wire over the
glass cloth. The electrical conductivity between the wires is directly proportional
to the moisture that the salt takes on from the surrounding gas. When the moisture
is low, there is a small current flow, and the temperature rise within the cell due to
Joule heating is low. When the moisture is high, there is a high current flow and
the temperature is high. A thermometer placed inside the tube will measure the cell
temperature and, therefore, the dew point or absolute humidity. The speed of re-
sponse of the salt, in changing from moist (as a result of moisture in the stream)
to dry is quite high.

Moisture-Condensation (Dew-Point) Instrument. 1f a small flow of moist gas is
passed over a mirror whose temperature is controlled by refrigeration or heating
(Fig. 2.10c), the moisture will just condense when the dew-point temperature is
reached. This results in mirror fogging, which may be detected as a change in the
output of a photocell and used in a feedback loop to control the mirror temperature.
Figure 2.10d shows a commercially available dew-point instrument that operates in
this way. Care should be taken in the case of natural gas, since the mirror may fog
when hydrocarbons condense out before the water vapor.

TABLE 2.12 Mean Molecular Heats of Some Gases

Gas Mean molecular heat C,,
Acetylene 10.7
Air 7.7
Carbon dioxide 10.0
Carbon monoxide 7.7
Ethane 13.8
Ethylene 11.3
Hydrogen 1.7
Methane 94

Nitrogen 17




Example 2.10. The flow rate of a carbon dioxide and water vapor mixture is
20 1b,,/h (9.07 kg/h). The flowing temperature is 100°F (37.8°C), the flowing pres-
sure is 100 psia (689 kPa), and the dew-point temperature is 75°F (23.9°C). What
is the dry carbon dioxide flow rate?

Properties of dry gas. From Table D.1, (M), = 44.010. The specific gravity
of the dry gas is then, according to Eq. (2.7),

44.010
==
w = 25063 101

The compressibility factor of the dry gas (carbon dioxide) is, from Table G.4,
Z,y = 0.9699.

Properties of water vapor. From the steam tables, the pressure of saturated
steam (saturated vapor) at 75°F is p,, = 0.42964 psia. Now, rearranging Eq.
(2.10) for compressibility-factor determination and substitution yield

G, P (0.6220)(0.42964)(704.3)
= 2.69883 - = 2 69883 = Q.
Z,, 988 T, 8 45067 + 100 0.9076
where, from the steam tables,
— 1 — 1 3
P = 5 = G043 10w/ Tt

Properties of wet gas. The compressibility factor of the wet gas is, from eq.
(2.119),

0.42964
100

0.9076 = 0.9696

0.42964
Zwel - (1 - 100

) 0.9699 +

The specific gravity of the wet gas is then, from Eq. (2.118),

Goo = [ + 0'1%%64 (96—229 - 1)] 1.5195 = 1.5156

1.5195
The moisture correction factor for mass flow rate is given by Eq. (2.117):

F _ ; _ 06220 0.42964 0.9696
yM.dry 15156 100  0.9076

= 0.9982

The mass flow of dry gas is, then, by Eq. (2.126),
depHcO; = F wvm.drydMwer = (0.9981)(20) = 19.97 1b,/h

Example 2.11. Manufactured gas has the dry-component volumetric analysis
tabulated below. The flowing temperature is 100°F (37.8°C) at a mixture pressure
of 25 psia (172 kPa). A wet-bulb reading of 72°F (22°C) is measured at a flow rate
of 10,000 standard ft*/h (283 SCMH). Assuming an ideal gas mixture, what is the
dry specific gravity and the dry-gas flow rate?

Required data from Tables D.1 and 2.3 are as follows:



Mole Molecular

fraction weight Molecular

Component x; M, heat C,,
Ethylene 0.004 28.054 11.3
Ethane 0.006 30.070 13.8
Methane 0.1139 16.043 94
Carbon monoxide 0.2024 28.011 7.7
Hydrogen 0.3790 2.016 7.7
Nitrogen 0.0083 28.013 7.7
Carbon dioxide 0.2863 44.010 10.0

The mean molecular heat of the mixture is, by Eq. (2.129),

Coin = 2X.C,. = 8.60

mp.mix pi

The specific gravity of the mixture, from Eq. (2.100), is

2xil‘lwi

= 3896247 - 0738

Gmix
From the steam tables, the saturation pressure at 72°F is p, = 0.39 psia. Then,
from Eq. (2.128),

Puw _ 039

— 0.000048(8.60)(100 — 72) = 0.0040
Pr 25

The moisture correction factor for volume flow rate is then, by Eq. (2.122),

Fyvay =1 = % =1 — 0.004 = 0.996
f

The dry-volume flow rate is then, from Eq. (2.121),

dscFHary = F WV, drydSCFH, wet

Gscrnary, = (0.996)(10,000) = 9960 standard ft*/h

DENSITY CALCULATION

BWR State Equation

The Benedict-Webb-Rubin (BWR) equation of state is widely used in the petroleum
and in other related industries. In the BWR equation pressure is expressed as a
function of density and temperature. The equation form is a power series, with the
last term being an exponential term in density. There are eight empirical constants
for each pure substance. These are listed in Table 2.13. The BWR equation is



TABLE 2.13 Coefficients for the BWR Equation for Pure Gases

Component Formula A,x107! B,x10 C,x10°° ax10 bx10? cx10°¢ ax10® yx10*
Methane CH, 0.18712416  0.43203053 0.23500139 0.69197996 0.39787382 0.30179295 0.96835765 0.57118125
Ethane C.H 0.33694517  0.47836255 2.1242566 4.3040066 1.2548604 3.6099896 2.1688803 1.0970452
Propane C,H, 0.59995798 0.73771408 5.0824370 9.3265688 2.4228587 11.187364 4.8673088 1.8911758
Isobutane CH, 0.99391990 1.3149901 9.0456865 23.336257 4.8755556 33.096106 9.9851955 3.4889348
Butane CH,, 1.0196945 1.2786628 9.9892910 19.385909 4.0737290 32.335018 10.442644 3.3385434
2,2-Dimethylpropane ~ C,H,, 1.29635 1.70530 12.73 34.905 6.68120 54.6 20 5
Isopentane C.H,, 1.3850687 1.7226312 16.060581 31.995467 5.9691011 63.969012 19.622886 5.0483466
Pentane CH,, 1.1961292 1.2292766 17.211571 47.865495 9.2539518 69.983519 13.043829 4.3925926
2,2-Dimethylbutane ~ C,H,,  1.1842 1.9214 33.595 101.08 14.000 174.83 21.890 5.6500
2,3-Dimethlybutane C.H,, 1.3828 0.9209 18.670 55.238 10.994 85.505 22.759 6.5044
3-Methylpentane CH,, 1.7973 1.7900 18.861 43.546 8.637 89.829 30.450 7.2131
Isohexane CH,, 1.4930 1.729 28.500 74.286 12.15 140 23.5 6.20
Hexane CH,, 1.7242174 2.1381624 32.118381 72.566978 11.287862 160.71350 26.553281 6.6797489
Isoheptane C,H,¢ 1.5799 1.856 49.530 92.778 16.43 203.14 314 7.76
Heptane C.H, 1.7400941 2.1174513 51.337115 122.92505 17.644551 277.93572 33.896262 7.9043803
Octane CgH )y 2.5770533 3.9840039 75.734303 148.23592 16.594366 450.73712 61241114 10.301145
Nonane C,H,, 3.4572536 5.5673163 107.48997 192.71408 21.684926 657.78328 75.142491 10.770395
Decane CoHy, 39375142 6.1734390  133.85286 244.35467 26.569730 883.88508 101.13456 13.081063
Benzene C.H, 0.651013 0.503020 34.3016 557.047 7.66343 117.652 7.00159 293016
Hydrogen sulphide H,S 0.37652960  0.52078546 2.0278814 2.5665687 0.63514110 2.9086082 0.52722820 0.45739050
Sulphur dioxide SO, 0.212054 0.261827 7.93879 84.4395 1.46542 11.3362 0.719604 0.592390
Ethene C,H, 0.333958 0.556833 1.31140 2.59000 0.8600 2.1120 1.78000 0.923000
Proppene C;H¢ 0.611220 0.850647 4.39182 7.74056 1.87059 10.2611 4.55696 1.82900
1-Butene C,Hy 0.895325 1.16025 9.27280 16.9270 3.48156 27.4920 9.10889 295945



1-Pentene

Argon

Helium

Carbon dioxide
Carbon monoxide
Hydrogen
Nitrogen

Oxygen

Nitric oxide

1.105967
0.0823417
0.0040962
0.18367101
0.12211169
0.02099032
0.12654834
0.09508520
0.25441140

1.279227
0.22282597
0.23661
0.32014927
0.45809483
0.2361049
0.47170114
0.00000035
0.39458452

13.88744
0.1314125
0.00000162

1.7602805
0.07683175
0.00051116
0.04836143
0.32643518
1.4794968

22.62858
0.288558

—0.0057339
2.4204855
0.23439776
0.00502886
0.23094543
1.62689940
1.67741770

4.228689 45.37675
0.215269 0.07982437
—0.00001973 —0.00000055
0.62536078 1.9008120
0.21683496 0.073332301
0.05531 281.1889
0.25483185 0.05775574
0.358834736 1.28273741
0.51001644 1.5946

12.19270
0.5558895
-0.072673
0.48784066
2.0968189
2.113289
0.98032114
—39270.58894
0.25559433

3.594533
0.23382711
0.077942
0.42808218
0.67019093
0.3507597
0.52104571
3.01
0.48129414




Pum = Ap::ol + Bp::gl + Csz

mol

+ Dp*S, + Ep*3 + Fpte ™ (2.130)

The virial temperature-dependent coefficients are defined by

C

A=RT, B=BORGTK—A0—T—2 C = bRTx — a)
_C _C‘)’
D—aa E_T_i F_T—f(

where p,,. is the pressure in atmospheres, Ty is the temperature in degrees kelvin,
R, = 0.08206 atm dm?3/(mol K) is the universal gas constant, and p,,, is the molar
density (mol/dm?).

Equation 2.130 is nonlinear in molar density and can be solved readily using
Newton’s method form given by Eq. (A.2) in App. A. The function F is defined
by

F = —p.m T Apt, + Bp*2 + Cp*} + Dp*S, + Epf3 + Fp¥Se e (2.131)

and the derivative of the function becomes

F A + 2Bpmol + 3Cprnol + 6Dp:$1(5)] + 3E‘pmol
+ F(5 = 2ypi2)prie 7" (2.132)

mol

The estimates for the molar density are then, by App. A, Eq. (A.9),

F

Eoin = Ploinr — = 2.1
Pmol.n pmol.n— 1 F ’ ( 33)

The density is then

p* = M,pia (2.134)

Modified Benedict-Webb-Rubin Equation

The eight-constant Benedict-Webb-Rubin (1964) equation has been modified
(MBWR) into a 32-term state equation that is extremely valuable in describing the
thermodynamic pvT surface and for fitting experimental data. It is described by
McCarty (1975). It is widely used to define heat capacities, density, and sound
velocity for pure substances and mixtures (Younglove, 1982; Reynolds, 1979). The
molar SI unit density equation is

P Apmol + Bpmol + Cpmo] + meol + Epmcl + Fpmol
+ Gpmol + Hpmol + ‘]pmol + [Kpmnl + meol
+ Mpmol + Npmol + Op:léll + Pp;t:cI)IS] exp ( ypmol) (2 135)

where, for SI units, the equation constants are



A = 8314.4T, B = AT, + ATY? + A,

C = ATy + A, + ATy + A Tg' + AsTR?

+ A T? D=AT,+A, +A,T;
E=A, F=A,T; + AT
G = A, T, H=A;,Tg' + AT
J=AT¢ K = AT+ A, T
L =A,T3 + ATy M= A, T3 + ATy
N = A, T + A, TR O = AT + A TR?

P = A, Te? + A, T + AL TR? v = p;? = constant

Values of A, for some fluids are given in Table 2.14.

Equation (2.130) is nonlinear in molar density and can be solved readily using
Newton’s method function form given by Eq. (A.2) in App. A. The function F is
defined by

F= P* + Apmol + Bpmgl + Cpmol + meol + Epmol + Fpmo] + Gpmol + Hpmol
+ ‘]pmol [Kpmo] + meol + Mpm + Npmol + Op:ful)ll + Pprtg)?] exp ( Ypmol
(2.136)

and the derivative of the function by

=A+ 2B.Dmol + 3C‘prncvl + 4meol + 5)L-:l-_)mol + 6vat:l
+ TGp*s, + 8Hp*!, + 9Jp*8 + VU' + UV' (2.137)

mol
where = exp (—¥Ypha V' = =2yp* exp (—ypk,
and U Kpmol + meo] + Mpmol + Npmo] + Op#u‘)l] + [)p:l{flclﬂz

- 3I(pmol + Smeol + 7Mpmol + 9Npr=l:1§l + llop*w + lsppfw(l»lz

mol

The estimates for the molar density are then, by App. A, Eq. (A.9),

F

ko = Pk - =t 2.1
pmol.n pmo],nfl F/ ( 38)

n—1

ASME 1967 Steam Equation

The ASME Steam Tables (ASME, 1967) present tabulated results of the properties
of steam over four specified reduced-pressure and -temperature regions. Within each
region the specific state equation used to produce the tabular values is presented.



TABLE 2.14 Constants for MBWR Equation of State

Argon Ethylene Hydrogen

M, 39.948 M, 28.054 M, 2.01584

Gamma y 0.0056 Gamma y 0.0172 Gamma vy 0.0041

A, —6.569731294E+01 A, —2.14668436668300E+03 A, 4.675528393416E+01
A, 1.822957801E+04 A, 1.79143372253400E+05 A, 4.289274251454E+03
A —3.649470141E+05 A, —3.67531560393000E+06 A —5.164085596504E +04
A, 1.232012107E+07 A, 3.70717893466900E+08 A, 2.961790279801E+05
As —8.613578274E+08 A —3.19828256670900E+ 10 As —3.027194968412E+05
Aq 7.978579691E+00 A 5.80937977473200E+01 A, 1.908100320379E+00
A, —2.911489110E+03 A, —7.89557082489900E+04 A, —1.339776859288E+02
Ay 7.581821758E+05 A 1.14862037583500E+07 Aq 3.056473115421E+04
A, 8.780488169E+08 Ay 2.71377462919300E+10 Ag 5.161197159532E+06
A 1.423145989E—02 Ap —8.64712431910700E+00 Ay 1.999981550224E—-02
Ay, 1.674146131E-02 Ay, 1.61772726638500E+04 Ay 2.896370593560E+01
A, —3.200447909E—-04 A, —2.73152749627100E+06 A, —2.257803939041E+03
Aj; 2.561766372E-00 A, —2.67228364145900E+02 A, —2.287392761826E—-01
A —5.475934941E-01 A, —4.75238133199000E+03 A, 2.446261478645E+00
Ajs —4.505032058E—04 Als —6.25563734621700E+06 Ajs —1.718186011190E+02
A 2.013254653E+00 A 4.57623496443400E+02 A —5.465142603459E—-02
A —1.678941273E-02 A —7.53483926932000E+00 A 4.051941401315E—04
A 4.207329271E+01 A 1.63817198220900E+04 A 1.157595123961E—-01
Ay —5.444212996E-01 A —3.56309074074000E+02 A —1.269162728389E—-03
Ay —8.004855011E+08 Ay —1.83300078317000E+ 10 Ay —4.983023605519E+06
A, —1.319304201E+10 A, ~1.80507421737858E+12 Ay, —1.606676092098E+07
A, —4.954923930E+06 A, —4.79458791887400E+08 Ay -1.926799185310E+04
Any 8.092132177E+09 As, 3.53194828942386E+12 Ay 9.319894638928E+05
As —~9.870104061E+03 A, —2.56257103915500E+06 Ay —3.222596554434E+01
Ass 2.020441562E+05 Ays 1.04430825329200E+08 Ay 1.206839307669E+02
Ay —1.637417205E+01 Ay —1.69530336365900E+04 Ay —3.841588197470E—-02
A,y —7.038944136E+04 Ay —1.71033422495800E+08 Ay —4.036157453608E+00
A —1.154324539E-02 A ~2.05411446237200E+01 A —1.250868123513E—05
Ay 1.555990117E+00 Ay 6.72755876666100E+03 Ay 1.976107321888E—04
A —1.492178536E~-05 Ay —1.55716840332800E—01 Ay —2.411883474011E—08
As, —1.001356071E—03 A, —1.22981473607700E+01 As, —4.127551498251E—08

2.933963216E—02 A 4.23432593857300E+01

Aii 32 8.917972883610E—07

>
H




Methane Nitrogen Oxygen

M, 16.043 M, 28.0134 M, 31.9988
Gamma y 0.0096 Gamma y 0.0056 Gamma vy 0.0056
A, —1.895061186540000E+03 . 1.380297474656910E+02 A, -4.365859650E+01
A, 1.04756987 1900000E+05 N 1.084506501348800E+04 A, 2.005820677E+04
A, —1.574465116580000E+06 3 —2.471324064362090E+05 A, —4.197909916E+05
4 7.825446056550000E+07 4 3.455257980807090E+06 4 1.878215317E+07
—3.820999196230000E+09 —4.279707690665950E+08 s —1.287473398E+09

w
w

8.580391931510000E+01
—5.029933949990000E+04

1.064911566997600E+01
—1.140867079734990E+03

1.556745888E+00
1.343639359E+02

>
-
-

-
-
N

. 8.814356513330000E +06 X 1.444902497287470E+01 ¢ ~2.228415518E+05
o —3.270989785940000E+09 . 1.871457567553270E+09 . 4.767792275E+08
o —4.010879464170000E+00 " 8.218876886830790E—03 o 4.79084664 1 E—02
N 2.703070512490000E +03 . 2.360990493347590E+02 . 2.464611107E+02
2 ~3.080381911050000E+05 1 ~5.144803081201350E+04 2 ~1.921891680E+04
- 1.941230022610000E+01 s 4.914545013668030E+00 - ~6.978320847E—01
e —1.981794735760000E+01 " —1.151627162398930E+02 ) —6.214145909E+01
s 6.155290774530000E+05 s —7.168037246649830E +04 s —1.860852567E+04

~5.366268522030000E+01 7.616667619499810E+00 6 2.609791417E+00

N

1.542817877940000E+00
—1.114090492650000E+03
1.939315409660000E+00

—1.130930066219500E—01
3.736831166830890E+01
—2.039851507580860E—01

~2.447611408E—-02
1.457743352E+01
—1.726492873E—01

<

)
T = 3
*

@
e

B I D D D D D D B 3 D3 3B 3 Db D
~
P e e T alall al
=3
R R i ittt il e e e e
3

20 3.915907312960000E+09 20 —1.719662008989660E+09 20 —2.384892520E+08
2 —1.600231661092744E+11 21 —1.213055199747770E+10 21 —2.301807796E+10
2 1.978574738140000E+07 2 —9.881399141427890E+06 2 —2.790303526E+10
23 1.681955331556445E+11 23 5.619886893510850E+09 2 9.400577575E+09
2 6.110415744050000E+04 2 —1.823043964118450E+04 24 ~4.169449637E+03
25 3.814735912150000E+06 25 —2.599826498477050E+05 25 2.008497853E+05
2 1.272577968900000E+02 2 —4.191893423157420E+01 2 —1.256076520E+01
27 —3.481223354440000E+06 27 —2.596406670530230E+04 27 —6.406362964E+04
28 —5.481126166360000E—01 28 —1.258683201921190E—-02 28 —2.475580168E~03
29 1.880817799350000E +02 2 1.049286599400460E+00 29 1.346309703E+00
Ay 7.809999067200000E—-04 30 —5.458369305152010E-05 Asy —1.161502470E—-05
As —2.906693238720000E—01 31 —7.674511670597170E—-04 As, —1.034699798E—-03
Ay, 3.773109563890000E+00 32 5.931232870994390E-03 Asy 2.365936964E—02

Note: E in this table stands for engineering notation. For example, E+07 = 107 and E—07 = 107, etc.



Region 2 covers the saturation and superheated steam region from 0 to 2400 psia
(0 to 16,550 kPa). This is the range of pressures most commonly used in flow
measurement applications, and the density equation is presented here.

The equation is a closed-form solution (noniterative) and is developed using
reduced pressure p, and temperature parameters 7, to define the reduced volume
v,. The reduced properties are

_ Ty _ Ty __p_f*_ P;<
T T, 6413 PrT P T 2212 x 10°

_v,a/kg  vkg
U T, 0.00317 (2.139)

The saturation pressure boundary (region) is defined by
p =1l + LT, + L,T? (2.140)
The constants /, /,, and /, are given in Table 2.15. With
= exp[0.7633333333(1 - T,)] (2.141)
the reduced-volume equation is written as

T
v, = vﬂ =1 I_7£ = B, x¥ = Byyx® — 2p (B, x'® + Byx® + Byx)

— 3pA(By,x"® + B;,x'%) — 4p¥ (B, x* 4+ B,x'") — Sp¥(B5,x** + By,x*
+ Bs3x?*) — [6p,(Bg, x** + Bg,x'")][p; S + BBy x>* + BBg,x¥]?

10
+ 11 (5) (Boo + Boyx + Boyx® + Boyx® + Boyx® + Bosx® + Bygx®)
1

— [4p73(Bgx"? + Bgx"Hl[p;* + BB x4 2
- [5p7%(B, 1 x> + Byyx"®]1(p;° + BB, x"°] (2.142)

The constants shown in these equations are given in Table 2.15. The density, in SI
units, is calculated by

Plgims = (00,)7 (2.143)
and, for U.S. units, by
Py = (16.01846v,0,)7! (2.144)

IAPS Steam Equation

The ASME Research Committee (White, 1986) on the properties of steam has
provided data on steam properties for over 50 years. This committee, working with
the International Association for the Properties of Steam (IAPS), has led to the
formulation of an equation (IAPS, 1985) for the properties of water based on the
Helmbholtz function. The density relationship is derived from the Helmholtz function
as



TABLE 2.15 ASME 1967 Steam Equation Constants

p. = 22.12 MPa T, = 6473 K v, = 0.00317 m*/kg
I, = 4260321148
I, = 15.74373327 I, = -34.17061978 I, = 19.31380707
K, = —7.691234564 K, = ~26.08023696 K, = —168.1706546
K, = 64.23285504 K, = —118.9646225 K, = 416711732
K, = 20.9750676 K, = 1000000000 K, =
B,, = 0.066703759 B,, = 1.388983801 B,, = 0.08390104328
B,, = 0.02614670893 B,, = —0.03373439453 B,, = 0.4520918904
B,, = 0.1069036614 B,, = —0.5975336707 B,, = —0.08847535804
Bs, = 0.5958051609 B,, = —0.5159303373 Bg; = 02075021122
By, = 0.1190610271 B, = —0.09867174132 B,, = 0.1683998803
B,, = —0.05809438001 B, = 0.006552390126 Bg, = 0.0005710218649
By, = 193.6587558 B,, = —1388.522425 B, = 4126.607219
By, = —6508.211677 By, = 5745.984054 Bye = —2693.088365
By, = 523.5718623
BB, = 0.4006073948 BB, = 0.08636081627 BBy, = —0.8532322921
BB, = 0.3460208861
p=p ( ) (2.145)
P/ 1,

where the Helmholtz function ¥ is the summation of three functions: base function
¥, residual ¥,, and ideal gas ¥;, or

V=% +V +V¥, ’ (2.146)
The base function ¥, is computed by
R, T [ 1-8 a+p+1
V¥, = =In (1 - -
7 e A Ty
B a—-B+3 PRoT
+ - - - .
4p, <b pd> > + In M_P, (2.147)

where P, = 1.01325 bars (1 atmosphere), with the dimensionless density p, deter-
mined by

b
Py = —43 (2.148)
The two molecular parameters, b and B, are temperature-dependent and defined
by
647.073Y
b=bln 647073 *t ;}Sb,( T ) (2.149)
647.073Y
B= > B, ( > (2.150)
j=0.12,4 TK

The coefficients b, and B; are listed in Table 2.16.



TABLE 2.16 IAPS Equations Base
Function Coefficients

bi(cm’g™") J B;(cm’g™")
0.7478629 0 1.1278334
—0.3540782 1 —0.5944001
0.0000000 2 —5.010996
0.007159876 3 0.0000000
0.0000000 4 0.63684256
—0.003528426 5 0.0000000

The residual function is a 40-term equation fit to experimental data. This equa-

tion is
36 1)
_ 8 (647.073 TN
%_i}‘,]k(l)( T (1 — e

40

+ > 289 exp (—a,8 — Bi7?) (2.151)

i=37
The quantities ; and 7, are, respectively,

5=2-0 ,-L-1 (2.152)
Pi T,

where g(i), k(i), and I(i) are integers; these values and those for p, and T; are given
in Table 2.17.
The ideal gas function for water is

v = Kol 100C‘+c)1< >+Ec< - 2.153
Y, T, 2} "\ 100 (2.153)

Coefficients C; are listed in Table 2.18.

SATURATION TEMPERATURE AND PRESSURE

Except for an obstructionless flowmeter (magnetic or ultrasonic), the decrease in
pressure as a liquid moves through the meter may result in flashing (liquid to vapor
state) or in a damaging cavitation condition. The pressure at which this occurs is
the vapor pressure corresponding to the fluid’s upstream temperature. Vapor pres-
sures may be found in tables or computed from vapor pressure equations. Several
of these are given below.

Lee-Kessler

The Lee-Kessler equation (Reid et al., 1987) is a three-parameter corresponding
states equation that yields good results for all fluids:



TABLE 2.17 Coefficients for Residual Function

i k() (i) giJg™h
1 1 1 —5.3062968529023E02
2 1 2 2.2744901424408E03
3 1 4 7.8779333020687E02
4 1 6 —6.9830527374994E01
5 2 1 1.7863832875422E04
6 2 2 —3.9514731563338E04
7 2 4 3.3803884280753E04
8 2 6 -1.3855050202703E04
9 3 1 —2.5637436613260E05
10 3 2 4.8212575981415E05
11 3 4 —3.4183016969660E05
12 3 6 1.2223156417448E05
13 4 1 1.1797433655832E06
14 4 2 —2.1734810110373E06
15 4 4 1.0829952168620E06
16 4 6 —2.5441998064049E05
17 5 1 —3.1377774947767E06
18 5 2 5.2911910757704E06
19 5 4 —1.3802577177877E06
20 5 6 —2.5109914369001E05
21 6 1 4.6561826115608E06
22 6 2 —17.2752773275387E06
23 6 4 4.1774246148294E05
24 6 6 1.4016358244614E06
25 7 1 —3.1555231392127E06
26 7 2 4.7929666384584E06
27 7 4 4.0912664781209E05
28 7 6 —1.3626369388386E06
29 9 1 6.9625220862664E05
30 9 2 —1.0834900096447E06
31 9 4 —2.2722827401688E05
32 9 6 3.8365486000660E05
33 3 0 6.8833257944332E03
34 3 3 2.1757245522644E04
35 1 3 —2.6627944829770E03
36 5 3 —7.0730418082074E04
i k(i) I(i) pi(g cm™) T(K) *i *i &g ™"
37 2 0 0.319 640. 34 20000 -0.225
38 2 0 0319 640. 40 20000 -1.68
39 2 0 0.319 641.6 30 40000 0.055
40 4 0 1.55 270. 1050 25 -93.0




TABLE 2.18 Coefficients for Ideal Gas

Function
i Ci
1 1.93027101800E+01
2 2.09662681977E+01
3 —4.83429455355E-01
4 6.05743189245E+00
5 2.25602388500E+01
6 —9.87532442000E+00
7 —4.31355385130E+00
8 4.58155781000E+00
9 —4.77549018830E—-02
10 4.12384606330E—03
11 —2.79290528520E—04
12 1.44816952610E—-05
13 ~5.64736587480E—07
14 1.62004460000E—08
15 —3.30382279600E— 10
16 4.51916067368E~12
17 —3.70734122708E-14
18 1.37546068238E—16
_Pr_
p,=—==exp AT + 0A,T, (2.154)

c

where A, and A, are temperature-dependent terms, for A,

6.09648

A, =592714 - — 1.28862 In (T,) + 0.169347 T, (2.155)

,

and for A,

A, = 152518 -

15'2875 — 134721 In (T) + 043577 T,  (2.156)

r

where T, = T,/T, and w is the acentric factor.

If the temperature, rather then the pressure, is to be calculated, Eq. (2.154) is
nonlinear in temperature and can be solved readily using Newton’s method form
given by Eq. (A.2) in App. A. The function F is defined by

F=-p +expAT + wA,T,) (2.157)
The derivative of the function is then
F'=(A, + 0wA) exp (AT, + wA,T) (2.158)

The estimates for the reduced temperature are then, by App. A, Eq. (A.9),



(2.159)

The temperature is then

T, =TT (2.160)

AIChE Vapor Pressure Equation

The Design Institute for Physical Properties Data (AIChE, 1986) presents the con-
stants to be used in a vapor pressure equation for over 1000 fluids. The AIChE is

b
Pip==exp[a-+§7-+c1n(7;)+-dr;] (2.161)

K

where P, is the vapor pressure in pascals, T, is the temperature in degrees kelvin,
and a, b, ¢, d, and e are constants; several of these are present in Table 2.19.

If the temperature, rather than the pressure, is to be calculated, Eq. (2.161) is
nonlinear in temperature and can be solved readily using Newton’s method form

given by Eq. (A.2) in App. A. The function F is defined by
b
F=-P,, texpa+ T +cln (Ty) + dT% (2.162)
K
The derivative of the function is then

F' = —% + =4 deTs ') exp |a + LA + ¢ In (Ty) + dT¢ (2.163)
TK TK TK

The estimates for the temperature are then, by App. A, Eq. (A.9),

Fn*]
I3 (2.164)

n—1

TK.n = TK,n-l +

Steam Saturation Temperature. The reduced saturation steam temperature is a
function of the reduced saturation pressure:

K. T + K,T* + K;T® + K,T* + K;,T° T
In(p) = > 3~ 5 (2.165)
1+ Ky — DT + (K, — K)T? - K,T° K, T*> + K,
T T
where =1 _K_1_ K
T=1 T. 1 73 (2.166)

Equation (2.165) is nonlinear in temperature, and Newton’s method (App. A) can
be used to solve for the reduced temperature, and hence the saturation temperature,
by first defining the function F [App. A, Eq. (A.9)] as

KT+ K,T* + K;T* + K,T* + KT? T
1+ Ky — DT + (K, — KJ)T? - K,T* K, T* + K,

F=-In(p) + (2.167)

where K|, K,, - - - are found in Table 2.15. The derivative of the function is then



TABLE 2.19 AIChE Vapor Pressure Equation Constants

Acetic
Acetaldehyde Acetic acid anhydrine Acetone Acrylic acid
C,H,O C,H,0, C,H, O, C,H,O C,H,0,
a  2.0607E+02 7.0230E+01 1.0506E+02  7.0720E+01  5.7992E+01
b —8.4786E+03 —6.8465E+03 —8.8979E+03 ~5.6850E+03 -7.2180E+03
¢ —3.1548E+01 —7.0320E+00 ~1.2162E+01 -7.3510E+00 -4.8813E+00
d 4.6314E-02 5.0210E-06 7.6561E-06  6.3000E-06  1.0060E—03
e 1.0000E+00 2.0000E+00 2.0000E+00  2.0000E+00  1.0000E+00
Carbon Carbon
Acrylonitrile Acetyl chloride Carbolic acid disulfide tetrachloride
C;H;N C,H,CIO CH,O CS, CClL,
a  8.7604E+01 1.8772E+02 5.9080E+01  6.2797E+01  7.8439E+01
b —6.3927E+03 ~8.7010E+03 ~8.0500E+03 —4.7063E+03 —6.1281E+03
¢ —1.0101E+01 —2.7926E+01 —4.8990E+00 —-6.7794E+00 —8.5763E+00
d 1.0891E-05 3.7322E-02 2.8000E—04  8.0195E-03  6.8461E-06
e  2.0000E+00 1.0000E+00 1.0000E+00  1.0000E+00  2.0000E+00
Diethyl
Cyclohexatriene Chloroform Cyclohexanol Decane carbonal
CJH, CHCi, CeH,,0 CioH,, C;H,,0
a  7.8050E+01 1.3526E+02 1.1982E+02  6.5940E+01 8.6409E+01
b —6.2755E+03 —7.4746E+03 —1.1155E+04 -7.7331E+03 -8.6747E+03
¢ —8.4443E+00 —1.8700E+01 —1.3711E401 -6.1174E+00 —8.8204E+00
d  6.2600E-06 2.1909E-02 3.6685E—06  1.1180E—06  7.2696E—18
e  2.0000E+00 1.0000E+00 2.0000E+00  2.0000E+00  6.0000E+00
Hydrogen
Dihydroxyethane Glyerital Glycol Hendecane sulfate
CH,O, C;H;0, C,H,0, C,H,, H,0,8
a  1.9464E+02 1.1205E+02 1.9464E+02  1.9583E+02 —1.6212E+01
b —14615E+04 —1.4376E+04 ~1.4615E+04 —12914E+04 —9.0687E+03
¢ —2.5433E+01 —1.1871E+01 ~2.5433E+01 -2.7327E+01 8.9959E+00
d  2.0140E-05 7.9537E~18 2.0140E-05  2.4106E~02 -2.5661E-02
e  2.0000E+00 6.0000E+00 2.0000E+00  1.0000E+00  1.0000E+00
Methyl
Karsan Maleic acid Mesityl oxide Methanol formate
CH,0O C,H,0, CH,,0 CH,O C,H,0,
a 10151E+02 1.1641E+02 9.5024E+01 1.0993E+02  7.1570E+01
b —49172E+03 —1.1403E+04 —8.1306E+03 -74713E+03 —5.4300E+03
¢ —1.3765E+01 —1.2834E+01 —1.0716E+01 —1.3988E+01 —7.4848E+00
d 22031E-02 1.6965E-17 5.8708E—06  1.528lE-02  6.2200E-06
e  1.0000E+00 6.0000E+00 2.0000E+00  1.0000E+00  2.0000E+00



TABLE 2.19 AIChE Vapor Pressure Equation Constants (Continued)

Methyl ketone  Monochlorobenzene  Nitric acid Nonane 1-Nonene
C,HO C¢H,CI HNO, C.H,, CH,,
a  7.0720E+01 4.9642E+01 1.7014E+02  6.6184E+01  1.4445E+02
b —5.6850E+03 ~5.9408E+03 —1.0078E+04 -7.2370E+03 -9.6762E+03
¢ -=7.3510E+00 —3.9391E+00 —22769E+01 —6.2614E+00 —1.9446E+01
d  6.3000E-06 1.1417E-06 2.7300E-05  1.6668E-06  1.8031E-02
e 2.0000E+00 2.0000E+00 2.0000E+00 2.0000E+00 1.0000E+00

Fr— w' —w' K - K, T?
v? (K;T? + K,

(2.168)

where u, v, u', and v’ are calculated by
u=KT+ K,T* + K;T* + K,T* + K,T®
u' =K, + 2K,T + 3K,T? + 4K, T® + 5K,T*
v=1+ K, - DT+ (K, - K;)T* - K,T?
v =K, — 1+ 2K, — KT — 3K,T?
The value of T (T = 1 — T,) is first determined by Newton’s method as

o (2.169)

n—-1 )
Fn—l

T,=T,

n

As the initial estimate for Ty ,, in kelvins, use

4890
In (PF/10 — 10.7

(TK.sat)o = (2 170)

The saturation temperature (T ) is calculated by

Ty =Tl —T)=6473(1 - T)

LIQUID DENSITY AND SPECIFIC GRAVITY

Liquid density decreases with increasing temperature and, to a much smaller degree,
increases with pressure. Depending on how the density is determined, corrections
may be needed if the value at flowing conditions is to be obtained.

The density of a liquid is relatively easy and inexpensive to measure, and for
most fluids at least one experimental data point is available. The density of a mix-
ture of liquids is usually calculated on a molar volume-average basis, preferably
with an experimentally determined point to ensure accuracy.



Water Density (Reference Equation)

The literature contains a number of slightly different values for the density of water
at both 60 and 68°F. Since the density of water at these temperatures is a basic
reference (for specific gravity at 60°F, and for the inch-of-water differential pressure
unit at 68°F), it is important to select one source as the reference standard. In this
handbook, the PTB (1991) equation will be used. This equation expresses mass
density, in kilograms per cubic meter, as a function of temperature:

pE = 9.998395639 X 10% + 6.798299989 x 107°T-c
— 9.106025564 x 107°T?-¢ + 1.005272999 X 107*T3-¢ (2.171)
- 1.126713526 X 107%T*-¢c + 6.591795606 X 10~°T*%-¢

From this equation, the reference density of water at 60°F (15.6°C) and 14.696 psia
(101.325 kPa) is

(P)eonacse = 62.36630 Ib, /ft* (999.0121 kg/m?) (2.172)
and at 68°F (20°C) and 14.696 psia (101.325 kPa) it is
(Pu)es 1406 = 6231572 1b,,/Tt* (998.2019 kg/m?) (2.173)

These values will be used in developing all subsequent equations for which the
density of water is a reference.

Liquid Specific Gravity

The liquid specific gravity (relative density) of a fluid is the ratio of the density of
the fluid, at its temperature, to the density of water at a specified reference tem-
perature. In scientific work, the reference is double-distilled water at 4°C (39.2°F);
for general engineering work, the reference temperature is 60°F (15.6°C), with no
specification as to the condition of the water (although distilled water is implied).
ISO 5024 (1976) is standardized on 15°C (59°F) for petroleum liquids. However,
API 2540 (1987) adopts 60°F (15.6°C) as the reference for density corrections [see
Eq. (2.106)]. Since all published data, curves, and tables are based on 60°F (15.6°C),
that temperature will be used in this handbook.

In flow measurement, two liquid specific gravities are used: the specific gravity
at base conditions G, and the specific gravity at flowing conditions G. Base con-
ditions are defined as 60°F (15.6°C) and 14.696 psia (101.325 kPa), or standard
atmospheric pressure. The base specific gravity is the ratio of fluid density to water
density when both are at base conditions; it is written as

G, = <&> = (-p—b> = <_p;<_) (2.174)
P/ 60,14.696 62.36630 60,14.696 999.0121 15.6.101.33

The flowing specific gravity is defined as the ratio of fluid density at line temper-
ature to the density of water at base conditions and is defined by

Gr= = 2o (2.175)
P (B)sonasss  62.36630  999.0121 :



Measurement of Specific Gravity and Density

Hydrometer

Groduations  Hydrometers. Hydrometers (Fig. 2.11)
EH drometer  AXE ‘the most convenient and widely used
,e’od.»ng devices for determining the specific gravity
of relatively transparent liquids. One-tenth
of one percent accuracy is usually achiev-
able with a calibrated device.

The hydrometer displaces a volume of
the unknown liquid until an equilibrium is
reached between upward buoyant force and
downward hydrometer weight force. By
suitable graduation, calibration with known
Figure 2.11 Liquid hydrometer. fluids, and the addition of lead-pellet

weights, the scale reading is calibrated to
read either specific gravity or some related
unit (such as API degrees or Baumé degrees).

/- Liquid

API Degrees. The scale of the American Petroleum Institute (API) hydrometer is
calibrated in degrees API ("API). The specific gravity at base conditions [60°F
(15.6°C)] is calculated from the API hydrometer reading as

141.5

Co = 1315 + *API

(2.176)

API-degree hydrometers read correctly only when the liquid temperature is 60°F
(15.6°C), since the glass volume changes with changes in temperature. A correction
for temperature is included in the tabular values given in Table SA of ASTM Stan-
dard 2540.

Baumé Degrees. In 1768 the French chemist Baumé proposed two hydrometer
scales—one for liquids heavier than water and the other for liquids lighter than
water. These scales are widely used to measure the specific gravity of syrups, acids,
and other light and heavy liquids. With 60°F (15.6°C) as the reference water density,
the Baumé scales provide base readings via

140
% = %Be+ 130 @17

for lighter-than-water liquids and

145

G = 125 — Bé

(2.178)

for heavier-than-water liquids.

Westphal Balance. Shown in Fig. 2.12 is the Westphal balance, a specific-gravity-
measuring instrument. Unlike the hydrometer, which floats in the liquid, the West-
phal balance plummet is fully submerged. The cord tension is the difference be-
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Figure 2.12 Westphal balance.

tween the downward plummet weight force and the upward buoyant force. The
moment of this resultant force is balanced by placing calibrated rider weights in
notches on the balance arm. Calibration with distilled water at 60°F (15.6°C) allows
the instrument to be calibrated to read the specific gravity directly.

Glass Volumetric Correction. Hydrometers are designed and calibrated to read
correctly at a specified base temperature. Usually this temperature is 60°F (15.56°C),
but other base temperatures may’ be indicated.

To calculate the specific gravity at the test fluid temperature, the cubical expan-
sion coefficient given in Table 2.20 can be used. The specific gravity G, based on
the hydrometer reading is first calculated from the proper conversion equation [Eqgs.
(2.176) to (2.179)]; then G, is used in the following equation to calculate the
specific gravity:

TABLE 2.20 Cubical Coefficients for Hydrometer
Glass (Direct-Reading Hydrometers)

Cubical coefficient a,,

Hydrometer P o
Normal Pyrex 0.0000056 0.000010
Jena III, API¥ 0.0000128 0.000023
New hydrometers 0.0000139 0.000025
Sinkers 0.0000150 0.000027
Sinker no. 234 0.00000594 0.0000107

tFor API-degree hydrometer correction, G = [1 -
0.00001278(T — 60) ~ 0.0000000062(T — 60)’]G,,.

G, = [1 = au(T, — 60)IG, (2.179)

For the API-degree hydrometer, a more exact expression is



G = [1 = 0.00001278(T; — 60) — 0.0000000062(7, ~ 60F] (5 g0,

141.5
131.5 + °API

where °API is the hydrometer reading at temperature 7.

Capillary
opening Pycnometer. The most accurate way to determine
stopper  specific gravity and density is by using a pycnom-
eter bottle (Fig. 2.13). The bottle and stopper are
weighed twice—first empty and then filled with
distilled water—to determine the bottle volume.
The bottle is then filled with the unknown liquid
and weighed. The mass density is the recorded
mass divided by the bottle volume, and the specific
gravity is the ratio of the fluid mass to the distilled-
water value. Care must be exercised to ensure that
the temperature is recorded and used to adjust to
the reference-density temperature. Measurement
accuracy to the fourth decimal place (approxi-
Figure 2.13  Pycnometer bottle.  mately 0.01 percent) is possible with this instru-
ment. However, in measuring light hydrocarbons,
care must be taken to obtain a representative sample and to clean the bottle properly
between tests.

Liquid Densitometer. Shown in Fig. 2.14 is an on-line liquid densitometer that
provides continuous measurement of liquid density. The stainless steel sensor con-
sists of a single, straight, unobstructed polished bore tube. Operating on the mass-
resonance principle, the sensor is maintained in oscillation by self-contained elec-
tronics requiring ac power input. Density is measured as a function of sensor-liquid
natural frequency. The transmitter provides either a current or voltage analog that
is directly proportional to density.

Calculating Liquid Density and Specific Gravity

When measurements are not available, it is sometimes necessary to estimate density.
Several generalized equations are useful both for this purpose and for estimating
the effect of a temperature change on the flow calculations. These equations usually
provide estimates to within only 1 or 2 percent and should be used only in the
absence of data.

Goldhammer Equation. The simplest extrapolation equation, based on the fluid’s
critical temperature T, is the early Goldhammer (1910) ratio equation, which is

(pF B pv)TF — < T(‘ - 7} )IIN
Py — Poleor T. — 519.67

(2.181)

where p, is the density of the vapor at 7 and at 60°F (15.6°C). The value of N
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was found by Fishtine (1963) to vary slightly with compound type. Several values
are given in Table 2.21.

Under the assumption that the vapor density, p, is negligible at both base con-
ditions and the flowing temperature, Eq. (2.181) reduces to

T - T 1IN
= o () 2182



TABLE 2.21 Exponent Values for
Goldhammer Equation

Compound type Exponent N
Water and alcohol 4
Hydrocarbons and ethers 3.45
Other organic compounds 3.23
Inorganic compounds 3.03

Substituting Eqgs. (2.174) and (2.175) into Eq. (2.182) gives the relationship between
flowing and base specific gravity as

T — Y‘f 1/N
G, =G, <—Tf T 67) (2.183)

Goyal-Doraiswamy Equation. Goyal and Doraiswamy (1966) presented an equa-
tion for calculating density based on critical properties and molecular weight. The
equation can be rearranged in terms of specific gravity as

(0 .008

ZO 773

GF= T

- 0.01102 ) (2.184)
The compressibility factor Z. is the value at the critical point, which is fluid-
dependent; it may range from 0.22 for methyl alcohol to 0.312 for air. Values of
P T, M, and Z_ are given in Table D.1.

When no data is available on the critical compressibility factor, the relationship
developed by Edmister (1974) can be used:

Z = 0371 — 00343 2 @/147)

T,/T, — | (2.185)

where T is the boiling-point temperature in degrees Rankine.

Numerous equations have been suggested for the computation of density using
critical properties, based on atomic and structural contributions of the substances.
These have an uncertainty of 1 to 5 percent and are used only when laboratory
data is unavailable and flow measurement accuracy is not required. The works by
Perry and Green (1984), Reid et al. (1987), and Smith and Van Ness (1987) present
these equations in detail.

Thermal-Expansion Equation. For moderate temperatures [0 to 100°F (—18 to
38°C)], the density at atmospheric pressure can be approximated by

pr =11 — c(Tr — 60)p, = [1 - 2¢(T — 60)1p, (2.186)
and the specific gravity at flowing conditions by
Gr = [l — (T — 60)I°G, = [1 — 2¢(Tr — 60)]G, (2.187)

The constant ¢ is given in Table 2.22 for various fluids.



TABLE 2.22 Thermal-Expansion Constant ¢ for Some Fluids

Liquid c Liquid c

Acetic acid 0.000298 Ether 0.00046
Acetone 0.000413 Glycerine 0.0001403
Amy! alcohol 0.000251 HCI, 33.2% 0.0001264
Ethyl alcohol 0.0003111 Mercury 0.0000505
Methyl alcohol 0.0003331 Olive oil 0.0002003
Benzene 0.000344 Potassium chloride, 24.3% 0.0000981
Bromine 0.0003144 Phenol 0.000303
Calcium chloride, 5.8% 0.0000694 Sodium chloride, 20.6% 0.000115
Calcium chloride, 40.9% 0.0001272 Sodium sulfate, 24% 0.000114
Carbon disulfide 0.000383 Sulfuric acid, 10.9% 0.0001075
Carbon tetrachloride 0.0003433 Sulfuric acid, 100% 0.000155
Chloroform 0.0003536 Turpentine 0.0002703

API 2540 Equation. The American Petroleum Institute, in a joint program with
the National Bureau of Standards (NIST), developed a density equation based on
463 samples of five different oil products. The results of this work are incorporated
into Chap. 11.1, “Volume Correction Factors,” of API Standard 2540 (1987).

The density equation is based on the thermal-expansion coefficient of the product

at 60°F (15.6°C) base temperature, which is calculated from the base density as
KO Kl

o =—+ =

vop pf

(2.188)

where the base density pf is in kilograms per cubic meter. The empirically derived
constants K, and K, for the five product groups are given in Table 2.23. The density
of the product at flowing temperature is then calculated as

pf = p¥exp [, AT (1 + 0.82,AT))] (2.189)
where AT, = T, — 60. The specific gravity at flowing or measured temperature is

then

TABLE 2.23 Constants K, and K, for Five Product Groups

Product group K, K,
Crude oils and JP4} 341.0957 0.0
Jet fuels, kerosenes, solvents 330.3010 0.0
Gasolines and naphthenes 192.4571 0.2438
Lubricating oils 144.0427 0.1895
Diesel oil, heating oils, fuel oils 103.8720 0.2701

Note: Pentanes and hydrocarbons lower in the hydrocarbon chain
are not covered by this data.
TAPI News Release 1987 added JP4.



G = G, exp [~ a,AT:(1 + 0.80,AT,)] (2.190)

In many installations, the specific gravity or density is measured at flowing
temperature, and the base specific gravity is required for the calculation of base
volumes. Since Eq. (2.190) cannot be solved directly for base density, an iterative
solution is required. Newton’s method can be applied by rearranging Eq. (2.189)
into a zero-root equation (see Sec. A.1) to give the function F as

F =1npf — In p¥ — a,AT(1 + 0.80,AT}) (2.191)
The derivative of this function is
1
F' = /; + a AT, + 1.60,a,AT2 (2.192)
b
b . 2K, K,
where a) = ra + pe (2.193)

The iteration for the base density is then

F _
® = @Pos ~ : (2.194)
n—1

where F and F’ are the solutions of Egs. (2.191) and (2.192), for an initial estimate
of base density use

(pF)o = pEll + AT, exp (0.0106 X °API — 8.05)] (2.195)

Example 2.12. For gasoline at a temperature of 80.5°F (26.9°C), the API hy-
drometer reading is 63.5°API. Using the API 2540 equations, determine (1) its
specific gravity G at 80.5°F, (2) its specific gravity G, at 60°F, and (3) its API-
degree reading at 60°F (or APL ).

1. Flowing specific gravity. The flowing specific gravity, uncorrected for pressure,
is obtained by correcting the hydrometer for volumetric expansion. From Egq.
(2.180),

G, = [1 — (0.00001278)(80.5 ~ 60)

141.5
131.5 + 63.5

— (0.0000000062)(80.5 — 60)*]
= 0.72545
2. Specific gravity of 60°F. Now, from Eq. (2.175), the density is
pE = (0.72545)(999.012) = 724.73 kg/m*
The initial estimate of the base density is, by Eq. (2.195),
(P = 724.73{1 + (80.5 — 60) exp [(0.0106)(63.5) — 8.05]}
= 734.02 kg/m*

The next step is to calculate «, and «,. From Table 2.23, K, = 192.4571 and



K, = 0.2438. Then, by Eq. (2.188),

_ 1924571 | 0.2438
(734.02 ' 734.02

= 0.0006893

@y,

and by Eq. (2.193),

, _ (2)(192.4571) + 0.2438

% = = saoay T asony - 0000014258

Now the function F and its derivative F' are calculated and used to compute a
second estimate, as follows: Since AT, = 80.5 — 60 = 20.5°F, Eq. (2.191) gives

Il

F, = 1n 734.02 — In 724.73 — (0.0006893)(20.5)[(1 + (0.8)(0.0006893)(20.5)]

—0.001553

and Eq. (2.192) gives

, 1
F' = 3402 + (0.0000014258)(20.5)

+ (1.6)(0.0006893)(0.0000014258)(20.5
= 0.001392

The second estimate of the base density is then, from Eq. (2.194),

—0.001553
(P = 734.02 — 0 mes = 135,14

A second iteration provides an estimate that is different from this value by only
0.0001 percent. The specific gravity at 60°F is then, by Eq. (2.174),

_ 735.14
> 999012

= 0.7359

3. API degrees at 60°F. Rearranging Eq. (2.176) and substituting yield

141.5 141.5
APl 60 = —G;— 1315 = m 131.5 = 60.78

AIChE Liquid Density Equation. The Design Institute for Physical Property Data
(AIChE, 1986) presents the constants to be used in a liquid density equation for
1000 fluids. The AIChE liquid density generic equation is

. _ aM,,
Pr b1+(1—TK/c)d

(2.196)

where a, b, c, and d are constants and p is the liquid density (kg/m?®) at the flowing
temperature (Kelvin), and at low pressure. Values for these constants, for several
fluids, are presented in Table 2.24.



TABLE 2.24 AIChE Liquid Density Equation Constants

Methane Propadiene Propylene
CH, Ethylene C,H, Ethane C,H C,H, C,H,
a 2.8730E+00 2.1433E+00 1.8257E+00 1.5750E+00 1.5245E+00
b 2.8810E-01 3.8061E-01 2.7330E-01 2.6410E-01 2.7517E-01
c 1.9058E+02 2.8236E+02 3.0542E+02 3.9315E+02 3.6476E+02
d 2.7700E—01 2.8571E-01 2.8330E-01 2.7950E-01 3.0246E-01
Propane 1,2-Butadiene Isobutene n-Butane Benzene
C,H, C,H C,H, CH, C:H,
a 1.3937E+00 1.2190E+00 1.0182E+00 1.1103E+00 9.7619E-01
b 2.7744E-01 2.6696E—-01 2.5685E—01 2.7881E—-01 2.6701E-01
¢ 3.6982E+02 4.4400E+02 4.1790E+02 4.2518E+02 5.6216E+02
d 2.8700E-01 2.8570E-01 2.6700E-01 2.8377E-01 2.7357E-01

Note: E in this table stands for engineering notation. For example, E+07 = 107 and E-07 = 1077,
etc.

Specific Gravity of a Mixture

When two or more liquids are mixed, the specific gravity of the mixture may be
estimated by substituting pseudocritical properties into Eq. (2.184). With known
mole fractions y,, the pseudocritical pressure, temperature, and compressibility fac-
tor are calculated using Kay’s (1936) rule:

Ppe = 2YiPei = V1Pt Yol + 00 (2.197)
for pseudocritical pressure,

T, = 2y T = nTa + Ty + 0 (2.198)
for pseudocritical temperature, and

Z, =ENZ; =Ly + Lyt (2.199)

for the pseudocritical compressibility factor at the critical point. The average mo-
lecular weight can be estimated as

M, pix = 2ZyM,, =y M, +y, M, + -+ (2.200)

Example 2.13. Using Goyal’s generalized equation, estimate the specific grav-
ity of a 22 percent ethylene and 78 percent isobutane mixture at (a) 60°F (15.6°C)
and (b) 105°F (40.6°C).

From Table D.1, the pertinent properties are as follows:

Property Ethylene Isobutane
D 730.4 psia 529.1 psia
T. 508.3°R 734.6°R
Z. 0.276 0.283
M 28.04 58.124

#




The pseudocritical properties of the mixture are then, from Egs. (2.197) to (2.200),
Py = (0.22)(730.4) + (0.78)(529.1) = 573.4 psia
T,. = (0.22)(508.3) + (0.78)(734.6) = 684.8°R
Z,. = (0.22)(0.276) + (0.78)(0.283) = 0.282

M = (0.22)(28.054) + (0.78)(58.124) = 51.509 1b,,/(1b,,-mole)

w,mix

1. Specific gravity at 60°F (15.6°C). From Eq. (2.184),

_ (573.4)(51.509) ( 0.008 459.67 + 60
b 684.8 ((0.282)‘”73 001102 — 18 )
= 0.557

2. Specific gravity at 105°F (40.6°C). From Eg. (2.184),

459.67 + 105)

Gr = 43.13 (0.02128 - 0.01102 6848

= 0.526

LIQUID COMPRESSIBILITY

Liquids are not normally considered compressible, and the values for density p, or
specific gravity G found in tables or measured at atmospheric pressure are seldom
increased. There are cases, however, when compressibility must be considered, and
a correction made. For example, a liquid becomes more compressible with increases
in pressure and temperature; as the critical-temperature isotherm is approached, the
liquid acts much like a gas and becomes quite compressible. This can occur for
pentanes and lighter hydrocarbons.

The pvT Relationship

Using water as an example, Fig. 2.15 illustrates the relationship among temperature,
pressure, and density in the liquid region. Point A (Fig. 2.154) lies on the saturated-
liquid line, at a reduced temperature of 0.7 and a reduced pressure of 0.045. In-
creasing the pressure at constant temperature to a reduced pressure of 1.0 [3200
psia (22,000 kPa)] increases the density by approximately 2 percent (Fig. 2.15b).
When the reduced pressure is further increased to 4.8 (point B), there is a 6 percent
increase in density.

Compressibility is approximately linear over wide pressure ranges, and it can,
with reasonable accuracy, be represented by the straight lines shown in Fig. 2.15b.
With this figure, the relationship among pressure, temperature, and density is easily
visualized. As the critical isotherm is approached (7, = 1.0), the ratio of the density
to the density at saturation increases substantially. For example, at a reduced tem-
perature of 0.9 (T = 590°F), there is an 18 percent density increase for the 10:1
pressure increase from 1400 to 15,500 psia (9700 to 107,000 kPa).
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Correction Methods

Four methods are suggested for estimating compressibility corrections:

1. Bulk-modulus method

2. Generalized reduced temperature and pressure curves of Lu
3. Generalized liquid compressibility factor

4. Average liquid hydrocarbon compressibility factor

Bulk-Modulus Method. The ratio of the pressure stress to the volumetric strain
defines a fluid’s bulk modulus of elasticity. The equation relating the pressure
change to the volumetric change is then

V,AP
BM:_AV

(2.201)

where Kj,, is the bulk modulus, and V, the initial, uncompressed volume. Unfor-
tunately, the value of Kj,, is a function of both temperature and pressure, as can
be seen from Fig. 2.16a. At constant temperature, the change in the bulk modulus
with pressures up to 15,000 Ib/in? is well approximated by the tangent bulk-
modulus equation (Hayward, 1967):

Ko = Kgno + bopy (2.202)

where K,,, is the zero-pressure intercept. Values for Kj,,, and b, are given in Table
E.1 for various substances at 68°F (20°C).

By defining the liquid compressibility correction factor as the ratio of the density
at line pressure to the density at atmospheric pressure, both at the same temperature,
the following equation may be derived from Eq. (2.202):

G K
Jo A AT (2.203)
- e Gr Ken — Dy

where F), is the liquid compressibility correction factor. Over the pressure ranges
normally encountered in pipelines [up to 6000 Ib/in? (41,400 kPa)], the effect of
pressure on the bulk modulus is negligible, and Eq. (2.203) can be reduced to a
simpler equation that includes a liquid compressibility factor Z, :

_ Py
Fo=1+ 0052, (2.204)

The liquid compressibility factor Z,, derived by equating Eq. (2.203) to Eq. (2.204),
is then

1000
Z, =0 2.205
t Kpmo + (b, — 1»% ( )

For moderate pressures [up to 2500 Ib/in® (17,200 kPa)), the compressibility factor
Z, at the intercept is suggested for general use; this is defined by



_ 1000

KBMO

(2.206)

L
Values of Z, are given in Table E.1 for some fluids.

Lu Diagram. For estimating liquid density changes with pressure and tempera-
ture, when the critical pressure and temperature are known, the generalized curves
of Lu (1959) can be used. These curves are presented in Fig. E.23 and illustrated
in Fig. 2.16b.

If a density is known at a given temperature and pressure, the density at a second
pressure and temperature can be calculated as

i (2.207)
Pr2 = LC, Pr1 .
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Figure 2.16 Liquid compressibility curves. (a) Bulk modulus for water (see Table E.1). (b) Lu’s
generalized diagram (see Fig. E.23). (c) Generalized liquid compressibility factor (see Fig. E.24).
(d) Average liquid-hydrocarbon compressibility factor (see Fig. E.22).



where LC, and LC, are read from the appropriate curve intersections for the reduced
temperature and pressure coordinates.

Generalized Liquid Compressibility Factor. The Lu generalized curves can be
used to construct a generalized liquid compressibility factor curve. Under the as-
sumptions that (1) the bulk modulus changes slightly with temperature up to the
saturated-liquid line (Fig. 2.16b), and (2) the compressibility factor Z, is independ-
ent of pressures up to 10,000 1b/in? (69,000 kPa), the liquid compressibility factor
curve illustrated in Fig. 2.16¢ and presented in Fig. E.24 can be drawn for reduced
temperatures up to 0.9. Equation (2.204) can then be rewritten in terms of the
reduced pressure as

F,=1+2p, (2.208)

where Z, is determined from Fig. E.24 or calculated with the series expansion
formula

Z, = 0.269T, — 0.516372 + 0.3521T> — 0.0461 (2.209)

Liquid-Hydrocarbon Compressibility Curves. Compressibility test work on vari-
ous liquid hydrocarbons has shown that generalized curves can be constructed (API
1101, 1960), based on base specific gravity G, and temperature 7. Illustrated in
Fig. 2.16d and presented in detail in Fig. E.22 is the Z, curve for liquid hydrocar-
bons. The value of Z, is an average, and test data on the fluid should be obtained
if accuracy is important.

API Chapter 11.1 Equations. The American Petroleum Institute (API), in its
manual of petroleurn measurement standards Chaps. 11.2.1 and 11.2.2 (API, 1984,
1987), gives equations for the density of liquid hydrocarbons (excluding lubricating
oils) referenced to the density at the saturation pressure p, (bubble point pressure).
The bubble point pressure may be obtained by test or estimated by using Eq.
(2.110). In many applications the bubble point pressure ranges from 0 to 50 psia,
and the results are not significantly affected (<0.1 percent) by assuming a zero
value. Assuming the liquid density at the saturation pressure, corresponding to the
flowing temperature, is equal to the density at atmospheric pressure, the liquid
compressibility correction factor may be written as

P b 1= padZ 1 - Zpy

(2.210)
When the base specific gravity G, is in the range of 0.35 to 0.637, the compress-
ibility factor Z, is calculated by

1 1
Koo + bc(Pf =P Kpyo T bcpf

zZ, = (2.211)

Assuming that the bulk modulus Kj,,, is temperature- but not pressure-dependent,
the bulk modulus and the pressure slope factor of Eq. (2.205) are calculated by
Koo = A, + (A, + A TG, + (AT, + AT + A, T)HGE

+ (A T7 + ATHGE + A TGy + AT, + A\ T? (2212)



TABLE 2.25 API Liquid Hydrocarbon
Compressibility Constants

Range
035 = G, = 0.637

0 < p, = 2185 psia
—50 < T, = 140°F

A, = —9.5495939E+04 A, = 2.8324481E-02
A, = 9.1311491E+05 A= 7.9552900E+02
A, = —5.1101580E+03 A,, = —2.1465891E—01
A, = 3.6458380E+03 A, = 8.8384000E+01
As = 1.5774390E+00 Ays = —2.0401600E+01
A = 7.2900662E—03 A, = 22112678E-01
A, = —1.0502139E+00 Ay = —6.0357667E—05
Ag = —2.7769343E-02

«©

Note: Constants to be double-precision.

c

b.=A,G, + (A3 + Al47})Glzz + Arssz" (2.213)

Constants A, to A, are given in Table 2.25.

It is important to note that the constants A, are based on a conversion of degrees
Fahrenheit to degrees Rankine by T, = °F + 459.7 and not 7, = °F + 459.67. The
equation applies for absolute temperatures 7 less than 0.96 of the critical temper-
ature T,, which is defined by

T, = 0.96T, = 0.96(621.418 — 22.686G, + 1737.86G (2.214)
For base specific gravities in the range of 0.639 to 1.076, Z, is defined by

Z, = 1075 exp (—1.9947 + 0.000134277,
+ 0.79549G;> + 0.00233067,G;2) (2.215)

where T, is in degrees Fahrenheit.

COSTALD Equation

Numerous equations have been suggested for the estimation of the densities of pure
compounds and mixtures. The COSTALD equation (corresponding state liquid den-
sity) gives improved accuracy (Hankinson and Thompson, 1979) for nonpolar sub-
stances over many of the previous methods (Yen and Wood, 1966; Rackett, 1970).
The equation is widely used to predict the density of liquefied natural gas (LNG)
and liquefied petroleum gas (LPG). The Hankinson and Thompson COSTALD
equation model calculates the molar saturation volume [m?/(kg-mol)] based on a
three-parameter correlation. The COSTALD equation is

Umol,sa! = (1 - wvrb)vrovc‘mol (22]6)

where v,, is the spherical molecular function, v,, is the deviation function, w is the



acentric factor, and v, is the critical molar volume. v, and v,, in Eq. (2.216) are
defined by

vo=1+all = T)"3+ bl -TP>*+c(l —T)+dl — T)?

e+ fT, + gT? + hT?

T. — 1.00001 (2217

Uss

where T, is the reduced temperature. The values of the acentric factor w, the critical
volume v and the constants a, b, ¢, d, . . . are given in Table 2.26.

<, mol?

TABLE 2.26 COSTALD Equation and Constants for Some Fluids

a = —1.52816 b= 143907 ¢ = —0.81446 d = 0.190454

e = —0.296123 f= 0386914 g = —0.0427258 h = —0.0480645
a, = —9.070217 b, = 62.45326 d, = 135.1102 fi = 479594
g, = 0.250047 h, = 1.14188 Ji = 0.861488 k, = 0.0344483

U mot» U mol»
m>/kg-mol ) m*/kg-mol ®
Paraffins
Methane 0.09939 0.0074 n-Nonane 0.5529 0.4478
Ethane 0.1458 0.0983 n-Decane 0.6192 0.4916
Propane 0.2001 0.1532 n-Undecane 0.6865 0.5422
n-Butane 0.2544 0.2008 n-Dodecane 0.7558 0.5807
Isobutane 0.2568 0.1825 n-Tridecane 0.8317 0.6340
Isopentane 0.3096 0.2400 Dodecane 1.5839 1.0561
Neopentane 0.3126 0.1975 Tricosane 1.6507 1.0477
n-Hexane 0.3682 0.3007 Octacosane 1.8972 0.8455
Olefins
Ethylene 0.1310 0.0882 Pentene-1 0.2951 0.2824
Propylene 0.1829 0.1455 Hexene-1 0.3509 0.2850
Butene-1 0.2377 0.1921 Heptene-1 0.4113 0.2611
Isobutene 0.2369 0.1959 Octene-1 0.4710 0.3876
Aromatics
Benzene 0.2564 0.2137 p-Xylene 0.3740 0.3216
Toluene 0.3137 0.2651 Styrene 0.3482 0.2420
o-Xylene 0.3673 0.3118 Cumene 0.4271 0.3277
m-Xylene 0.3740 0.3216 Heavy 2.2323 0.7619
Mercaptans

Methyl 0.1508 0.1567 n-Butyl 0.3135 0.2781
Ethyl 0.2023 0.1915 sec-Butyl 0.3139 0.2494
n-Propyl 0.2572 0.2380 Isobutyl 0.3159 0.2496

Isopropyl 0.2606 0.2105 tert-Butyl 0.3162 0.2831




The compressed liquid density (kg/m?), based on the Tait (1888) compressed
liquid model, is derived as

. ) B + p, -
PF = VVmosa | | = (i + ko) In BE+op, M, (2.218)

where B is determined by
B=[-1+a( —-T)"+b(1l —-T)y"? (2.219)
+d, (1 = T) + exp(fy + gyo + h)(1 = T)*"lp,

Values for a,, b,, ¢,, . . . are presented in Table 2.26.

The saturation pressure p,, in Eq. (2.218) may be obtained from a bubble point
calculation or estimated from a generalized vapor pressure relationship. The Han-
kinson et al. (1975) generalized relationship for the saturation pressure is

Deat = 10prsa|,o+a'Prsa«.lpc (2220)

The two reduced saturation parameters in Eq. (2.220) are, for p, o

Prao = 5.8031817 log (T,) + 0.07608141¢,,, (2.221)
and for p,.,,
Praas = 4.86601[log (T,) + 0.03721754¢,] (2.222)
where
b = 35 - ?’T—6 - 96.736 log (T,) + T (2.223)

r

The COSTALD equation mixture rule for the pseudocritical mixture’s temper-

ature is
E 2 xx;0.,T,;
—_ ! J

T, mix = - (2.224)
The mixture’s characteristic volume is calculated by
Uemin = 0.25[2x;0,; + 3(2x,0%/)(Ex,v!/3)] (2.225)
and, for the characteristic volume i, j components, by
v Ty = W T 0, T ) (2.226)
The mixture’s acentric factor is
Wpix = 2X; (2.227)

Example 2.14. Determine the density of water at 1500 and 15,000 psia (10,342
and 103,421 kPa) at 300°F (149°C) using (1) the bulk-modulus method, (2) the Lu
diagram, and (3) the liquid compressibility factor derived from the Lu diagram.

From the steam tables, the following data is available:



* Saturated liquid: p, = 57.31 Ib,/ft* (300°F, 67 psia)
» Compressed liquid: p, = 57.64 Ib_ /ft* (300°F, 1500 psia)
* Compressed liquid: p, = 60.24 b, /ft> (300°F, 15,000 psia)

1. Bulk-modulus method. From Table E.1, Z, = 0.00262 at 68°F and 14.7 psia.
At 1500 psia, the liquid compressibility factor is, from Eq. (2.204),

1500 — 67
+ = -1
=1 +0.00262 — 0038

The flowing density at 1500 psia is then, by Eq. (2.203),
pr = F,pr = (1.0038)(57.31) = 57.53 Ib, /ft*

which differs from the steam-table value by —0.2 percent.
At 15,000 psia the liquid compressibility factor is, from Eq. (2.204),

15,000 — 67
F, =1+ 0.00262 00 1.0391

The flowing density is, by Eq. (2.203),
pr = (1.0391)(57.31) = 59.55 Ib, /ft}

which differs from the steam-table value by —1.1 percent.
2. Lu generalized diagram. At 1500 psia the reduced pressure is, from Eq. (2.1),

1500

Pr = 3795 = 0469

and the reduced temperature is, from Eq. (2.2),

459.67 + 300
T,= s = 0652

In the Lu diagram (Fig. E.23), from the saturated-liquid line the ordinate is read
as LC, = 0.960, and for the reduced properties p, = 0.469 and T, = (0.652,
LC, = 0.964. The density at 1500 psia is now calculated from Eq. (2.207) as

LC, 0.964 .
b = o e = 5731 ggg = 5755 Ibu/fe

which differs from the steam-table value by —0.2 percent.
At 15,000 psia the reduced pressure is

Pr= 3108 4.690
and the reduced temperature is
459.67 + 300
S TR

At these values, the Lu diagram gives



LC, = 0.960 LC, = 0.998
and the density at 15,000 psia is, by Eq. (2.207),

LG, 0998 \
b = pn T = 5731 5ep = 3958 b /f

which differs from the steam-table value by —1.1 percent.

3. Liquid compressibility factor. At 1500 psia, by Egs. (2.209), (2.208), and
(2.203),

Z, = (0.269)(0.652) — (0.5163)(0.652)*

+ (0.3521)(0.652)* — 0.0461 = 0.0074

F, =1 + (0.0074)(0.469) = 1.0035

P

pr = F,pr = (1.0035)(57.31) = 57.51 1b, /ft’

which shows a bias error of —0.2 percent.
At 15,000 psia,

F, =1+ (0.0074)(4.690) = 1.035
pr = (1.035)(57.31) = 59.30 Ib, /ft?

for a bias error of —1.3 percent.

Example 2.15. Use the Goldhammer equation and the generalized liquid com-
pressibility factor to estimate the density of water at 500 psia (3450 kPa) and 100°F
(38°C). Note: The density of water of 500 psia (3450 kPa) and 100°F (38°C) is
62.07 1b,,/ft>.

According to Eq. (2.182), the density at 100°F, with 7. = 1165.1 from Table
D.1 and N = 4 from Table 2.6, is

B 1165.1 — (459.67 + 100)|'"* s
pr = 62.366 [ 11651 — 519.67 ] = 61.38 Ib,,/ft
The reduced temperature at 100°F is, from Eq. (2.2),
459.67 + 100
T = BT I 0.480

The liquid compressibility factor is then, by Eq. (2.209),
Z, = (0.269)(0.480) — (0.5163)(0.480)* + (0.3521)(0.480)° — 0.0461 = 0.003
The reduced pressure at 500 psia, with p. = 3198, is from Eq. (2.1),

500
p, = 3198 0.156
The liquid compressibility factor is then, from Eq. (2.208),
F,=1+2Zp, =1+ (0.003)0.156) = 1.0005

and Eq. (2.203) gives the density at flowing conditions as



p, = F,pp = (1.0005)(61.38) = 61.41 Ib, /ft

which shows a bias error of —1.1 percent.

Example 2.16. The gasoline of Example 2.12 is flowing in a 2-in (50-mm) line
at 1000 psia (6895 kPa). Estimate the flowing density of the gasoline using (1) the
liquid-hydrocarbon-compressibility curves and (2) the API chapter 12.2.1 equation.

1. Liguid-hydrocarbon-compressibility-curves. From Example 2.12:
pf = 724.73 kg/m’

From App. E, Fig. E.22, the average liquid hydrocarbon compressibility is Z, =
0.0088. The liquid compressibility correction factor is then, by Eq. (2.204),

Fo=1+2,00=1 +0.0088%: 10088

The flowing density is then, from Eq. (2.203),
pF = F,pf = (1.0088)(724.73) = 731.12 kg/m’

2. API Chap. 11.2.1 equation. From Example 2.12, the base specific gravity is
G, = 0.7359. The API liquid compressibility factor, from Eq. (2.215), is

Z, = (107°) exp [—1.9947 + (0.00013427)(80.5) + (0.79549)(0.7359)*
+ (0.0023306)(80.5)(0.7359)~] = 0.000008116

The liquid compressibility correction is then, from Eq. (2.203),

I
F =Y

» = o = T (0.00000811)(1000) _ 0082

The flowing density is then

pF = F,pi = (1.0082)(724.73) = 730.67 kg/m’

VISCOSITY

Viscosity is the measure of a fluid’s internal, or intermolecular, resistance to shear
stress. For pipe flows this property causes a velocity profile which can affect flow-
meter performance.

Absolute Viscosity

Figure 2.17a shows two parallel plates of equal area, separated by a small distance,
with fluid between them. A constant force applied to the top plate causes both plate
and fluid to move at constant velocity. The fluid in contact with the bottom fixed
plate has no velocity. The relationship among applied force, plate area, and linear
displacement is given by



AVplale
late — (:ujf)eApIale AY (2228)
The constant (u,), is the fluid’s absolute viscosity, which depends primarily on
interactions among fluid molecules. For liquids such as molasses, its value can be
quite high, and for gases very low.

The applied force divided by the plate area is the shear stress S,. For newtonian
fluids the relationship between shear stress and deformation rate is linear; the ratio
of the two, the absolute viscosity, is constant. There are, however, fluids that are
nonnewtonian, and their viscosities are not constant, as illustrated in Fig. 2.17b.
These fluids are covered in more detail in Chap. 5.

Absolute-viscosity units are derived from Eq. (2.228). In the English engineering
system, two sets of units are often found in tables. One is based on the pound-
mass, and the other on the pound-force. For clarity, these will be denoted by the
subscripts m and f. The absolute viscosity in force units is defined as

F AY Ib,s
( ) — plate — f
Moe =4 AV f

plate

Fy

(2.229)

plate

and in mass units as

Velocity
{constant )

Plote area Apigte

Ay

Fixed piate

Fluid P{AV

(a)

Bingham plostic {ketchup, pulp stock, etc.)

Pseudoplastic
(aqueous solutions of ammonium alginate)

Slope not constant

Newtonian {water,oils ,efc.)

Slope = absolute viscosity w = constant

Shear stress F/Apigte (Ss) (g/cm+s2)

Deformation rate AV/AY (S™')
or shear rote §
(b)

Figure 2.17 Fluid viscosity. (a) Ncwtonian fluid between parallel
plates. (b) Newtonian and nonnewtonian fluids: shear stress versus shear
strain rate (time-independent).



b,
()e = ﬂ (2.230)

The dimensional gravitational constant g, converts force units to mass units:

iy Baftlbss b,
). = gc(lu’f)e - Ib, 2 fi2 - ft-s

(2.231)

In the SI system the absolute viscosity unit is the pascal second (Pa-s), which is
defined dimensionally by

F;ale AY* _ N-m _ N‘S B
AVEL iy m S (2.232)

Hpa-s =

e A;;vkla!e
The more commonly used viscosity unit is the poise (or centipoise), which has the
units

__8
= o (2.233)

Equations (2.232) and (2.233) indicate that no gravity correction is required in the
SI system between force and mass absolute-viscosity units. While some texts con-
tinue to use both English viscosity units, the poise (or centipoise) is now widely
used and eventually should replace the two English units.

Kinematic Viscosity

Mass is eliminated from the viscosity unit if the fabsghite viscosity is divided by
the fluid density. The result is referred to as the kfne#flatic viscosity. In the English
engineering system, the absolute viscosity (u,,), 1d be divided by the density
in pounds-mass per cubic foot. The viscosity in ‘Poises divided by the density in
grams per cubic centimeter gives the kinematic viscosity in stokes. It should be
noted that the density in grams per cubic centimeter is approximately the fiuid’s
specific gravity, and, for this reason, some conversion equations appear with specific
gravity as the divisor.
The kinematic-viscosity unit in the English engineering system is

(e _ 32174(n), _ 12

v, = (2.234)
Pr Py §
The SI kinematic-viscosity unit (stokes) is
1000 1.00099 2
-—F= brofe IO (2.235)

ST T T TG, G s

Example 2.17. Steam tables give the absolute viscosity of steam at 800°F
(427°C) and 1500 psia (10,340 kPa) in the English force system as 5.37 X 1077
Ib,-s/ft2. Convert this viscosity unit to centipoises and centistokes using the basic
conversion equations.

1. Viscosity in centipoises. The viscosity in mass units is first calculated with Eq.
(2.231) as



(). = 81, = (32.174)(5.37 X 1077) = 1.72 X 107 Ib, /(ft-s)
From Table C.1, the conversion to the SI system is
Ib, x 4536 = ¢ and ft X 30.48 = cm
The viscosity in poises is then calculated by Eq. (2.233) as

|, 453.6
30.48

wp = 1.72 X 10 = 2.57 X 10~ g/(cm-s)

and in centipoises it is
Hep = 100pp = 2.57 X 1072 = 0.0257 cP

2. Viscosity in centistokes. The density from Table G.1 is p, = 2.299 b,/ ft*. From
Table C.1, the conversion to SI units gives pf = (2.299)(16.02) = 36.9 kg/m?,
the kinematic viscosity in stokes is then, from Eq. (2.235),

1000 1000)(2.57 X 10-¢
- ke _ (100X )~ 0.00696 St
e 36.9

Vs

and the viscosity in centistokes is

Vs = 1000, = 0.696 cSt

Liquid Viscosity

The estimation of liquid viscosity, except for simple cases, is based on empirical
equations. Viscosity data at two points is necessary to predict the effects of both
pressure and temperature. An increase in temperature reduces the viscosity while
an increase in pressure increases the viscosity, but to a much lesser degree. Petro-
leum products and liquids with complex molecular structures, being relatively more
compressible than other liquids, are more sensitive to pressure.

Pressure Correction for Liquid Hydrocarbons. In most flow applications, the
effect of pressure on viscosity is not significant. The small change in viscosity
affects only the Reynolds number, which, for most normal flow rates, has a slight
effect on derived flow coefficients. For water, the viscosity at 5000 1b/in? (34,500
kPa) is 1.14 times the viscosity measured at atmospheric pressure, while for amyl
alcohol it is 1.35 times higher.

For liquid hydrocarbons with w, > 1.2, the viscosity at high pressure can be
estimated with Kouzel’s (1965) relationship:

= M — 10([7[/]()()0)[0.()239+0.0I638(,u(+')2’27”] (2.236)

“ (/J“c}’)a

. where the absolute viscosity is in centipoises, and the subscripts p and a refer to
the higher-pressure and atmospheric-pressure values, respectively. Figure 2.18a il-
lustrates the pressure correction; a more detailed curve is presented in Fig. F.27.

Temperature Correction from Two Known Values. The absolute viscosities of
liquids decrease with temperature, with the larger changes occurring for the more
complex-structured fluids. Viscosity values are normally read from tables, graphs,
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Figure 2.18 Effects of pressure on liquid-hydrocarbon viscosity and on gas viscosity. (a) Pres-
sure correction for liquid hydrocarbons (see Fig. F.27). (b) Generalized curves for pressure

corrections for gas viscosity (see Fig. H.17). (¢) Cross-plot of part b for interpolation (see Fig.
H.18).

or nomographs that relate viscosity to temperature, based on prior measurements
for the more common fluids. When necessary, viscosity measurements of newtonian
fluids are easily made.

When two viscosity values are known from either measurements or tables, An-

drade’s (1930) equation is commonly used to predict intermediate viscosities or for
data extrapolation. Andrade’s equation is

B
uw=A, exp T—L (2.237)

‘R

The constants A, and B, are calculated from two known viscosity values. With the

subscripts 1 and 2 referring to the known values, the constants A, and B, can be
calculated as



TABLE 2.27 AIChE Liquid Viscosity Equation Constants
Propadiene Propylene
Methane CH,  Ethylene C,H, Ethane C,H, C,H, C,H,
a —17220E+00 —24020E+00 —7.7480E+00 8.4279E+00  —4.4830E+01
b 8.4500E+01 1.9450E+02 3.0350E+02  —1.6383E+02 1.3370E+03
¢ —17095E+00 —-14576E+00 —5.0050E-01 —2.9373E+00 5.6710E+00
d —9.0200E-24 0.0 —1.0000E-25 0.0 0.0
e 1.0000E+01 0.0 1.0000E+01 0.0 0.0
1,2-Butadiene
Propane C,H, C;H, Isobutene C,H; n-Butane C,H,, Benzene CiH,
a —12832E+01 —9.0974E+00  —4.8766E+01 7.5000E—01 6.7640E+00
b 5.6634E+02 5.1905E+02 1.9070E+03 2.1870E+02 3.3640E+02
c 3.4688E-01  —2.1310E-01 5.9030E+00 —1.7882E+00 —2.6870E+00
d -35111E-26 —9.8000E—-28 -9.2000E-27 —4.0000E-27 0.0
e 1.0000E+01 1.0000E+01 1.0000E+01 1.0000E+01 0.0
Note: E in this table stands for engineering notation. For example, E+07 = 107 and E-07 = 1077,
etc.
ToiTro In (u,/ 1)
= r1{R2 M/ (2.238)
Try, — Ty
and
a (2.239)

A = —
" exp (B./Tx)

In these equations, the absolute viscosity can be in either the English or SI system
of units, and the absolute temperature in degrees Rankine or kelvins. Over reason-
able temperature limits, the kinematic viscosity v, can be used, provided the
change in specific gravity with temperature is small.

Work by Doolittle (1951) and others has shown that the constant A, is a function
of the free molar volume of the fluid and the compressed molar volume. The con-
stant B, has been related to the diffusional motion activation-energy level and the
universal gas constant. These relationships are sometimes used to predict the com-
bined effect of temperature and pressure. However, in most practical flow mea-
surements, the additional complexity and required data do not warrant adjustment
for the combined effect. Rather, a separate adjustment for pressure and then a
temperature correction are suggested.

AIChE Liquid Viscosity Equation. The Design Institute for Physical Property
Data (AIChE, 1986) data book generic equation for liquid viscosity is

Up,.s = EXp (a + Tﬂ +clnT,+ dT;) (2.240)
K

where up,., 1s the viscosity in pascal-seconds (Pa-s). Values for the constants a, b,
¢, d, and e for some fluids are presented in Table 2.27.



Temperature Correction from a Single Value. When only a single viscosity value
is available, the best approximation of the viscosity at other temperatures is the
curve illustrated in Fig. 2.19 and given in Fig. F.26. To use the curve, one locates
the known viscosity value, in centipoises, on the vertical axis and then moves along
the temperature scale to the difference between the desired temperature and the
temperatare for which the viscosity is known.

Mixtures. 1If no viscosity data is available for a mixture, Reid et al. (1987) rec-
ommend that the viscosity be calculated on the basis of mole fractions, as

,u‘cP,mix = exp [Eyl In (/"’cP)i] (2241)

where the (), are the viscosity values of the pure components at the mixture
temperature. The bias errors to be expected with Eq. (2.241) may vary widely for
chemically similar substances, but they are usually below 15 percent (Reid et al.,
1987).

Example 2.18. The viscosity of an oil is measured as 20 cP at 50°F (10°C),
and 2 cP at 198°F (92°C). Estimate the viscosity at 140°F (60°C), using (1) An-
drade’s equation and (2) the generalized curve given in Fig. 2.19, and (3) estimate
the viscosity at 500 psia (3448 kPa) and 140°F (60°C).

1. Andrade’s equation. Andrade’s equation (2.237), written for centipoises, is

B
Hep = A, eXp F.I;
The coefficients B, and A, are calculated from Egs. (2.238) and (2.239) with
T, = 509.67 and T, = 657.67:

_ (509.67)(657.67) In (20/2)
B 657.67 — 509.67

A = 20
L™ exp (5215/509.67)

B,

= 5215

= 0.00072

The viscosity at 140°F (599.67°R) is then, by Eq. (2.237),

= 0.00072 exp 5215

50067 43P

mep = 0.00072 exp 2215
TR

2. Viscosity from generalized curve. The change in temperature is A°C = 60 —
10 = 50. For this change in temperature, the viscosity is read on Fig. 2.19 as
pp = 4.2

3. Viscosity at 500 psia and 140°F. The correction for pressure is given by Eq.
(2.236):

F = [(te/11000)[0.0239+001638(ucr)} 7]
“p

= 1000/ 1000)[0.0239*(0.01638)(4.3 1 )0‘273]

1l

1.057
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The viscosity is then, by Eq. (2.236),
(mep), = F o (pep)s = (1.057)(4.31) = 4.56 cP

Example 2.19. Estimate the viscosity of a liquid mixture of ethyl benzoate and
benzyl benzoate at 77°F (25°C). The mole fraction of benzyl benzoate is 0.606. The
following data is given:

» Ethyl benzoate: (u), = 2.01 cP
* Benzyl benzoate: (u ), = 8.48
* Measured viscosity: 4.95 cP

The mixture’s viscosity is calculated with Eq. (2.241):
Hepmix = €Xp [(1 — 0.606) In 2.01 + 0.606 In 8.48] = 4.81 cP

Viscosities of Gases

With a temperature increase, the viscosity of a gas (vapor) increases; this behavior
is opposite that of liquids. At very high pressures, however, the viscosity mechanism
inverts, and gases behave like liquids. For most gases, classical kinetic theory and
experimental results show little viscosity change for pressures up to 1500 psia
(10,340 kPa). Viscosity changes are not of particular concern in most flow mea-
surements, for which pressures do not reach this value. Additionally, gas flows are
usually at very high Reynolds numbers, where even large viscosity changes are
usually negligible in the flow computation.

Exponential Equation for Two Known Viscosities. Over normally encountered
temperature ranges, an exponential equation can be used to interpolate or extrap-
olate to unknown viscosities. The simplest such equation is

Hep = al? (2.242)
where the values of n and a are derived from two known viscosities as

_ In [(pep)n/ (e

243

In (Ty,/ Tyy) (2.243)

and o = Warh (2.244)
TK]

Temperature Correction from a Single Value. When the viscosity is known at a
single temperature, the viscosity at another temperature can be estimated by re-
writing Amold’s (1933) correlations as

T\ Ty + 1477,
(MCP)Z - <TR1> TRZ + 147TB (lu’cP)I (2245)

where the subscript |1 refers to the known value, and subscript 2 to the unknown
value. In this equation, the temperature can be in either degrees Rankine or kelvins.



Equation (2.245) may also be written in terms of the critical temperature by
substituting the approximate equation relating the boiling temperature T, to the
critical temperature 7. That substitution gives

_ T\ Ty + 09T,
(pep)> <T'Rl> Tyo + 0.97, (ep)y (2.246)

AIChE Gas (vapor) Viscosity. The Design Institute for Physical Property Data
(AIChE, 1986) publishes an extensive data book on the properties of 1000 fluids.
The generic equation for gas (vapor) viscosity is

aT?

1+ c/T, + dIT? (2.247)

/*LPa-s =
Table 2.28 presents values for the constants a, b, ¢, and d for some fluids.

Mixtures. The square-root rule used in the chemical industry provides the simplest
and most useful equation for finding the viscosity of a mixture of gases. For 20
percent hydrogen-rich mixtures other equations are sometimes used, but for general
flow measurements the square-root rule is adequate. This mixture rule is

2 uM
Momix = ScME (2.248)

wi

Example 2.20. Ammonia has viscosities of 0.0108 cP at 100°F (37.8°C), and
0.0285 cP at 1000°F (538°C). Estimate its viscosity at 300°F (149°C) with (1) the
exponential equation and (2) Arnold’s equation.

1. Exponential equation. The exponential equation (2.242) is

Mep = aT’l’(

TABLE 2.28 AIChE Gas (Vapor) Viscosity Constants

Propadiene Propylene
Methane CH, Ethylene C,H, Ethane C,H, C;H, C.H,
a 1.3230E-05 2.0789E-06 7.8170E—-06 8.4350E-07 8.7900E—-06
b 1.7980E-01 4.1630E—01 2.7300E-01 5.3270E-01 2.3200E-01
¢ 7.1800E+02 3.5270E+02 9.8100E+02 3.3200E+02 8.0000E+02
d —8.9000E+23 0.0 —3.0300E+04 0.0 1.2000E+04
1,2-Butadiene n-Butane Benzene
Propane C;H, C;H, Isobutene C,H, C,H,, C.H,
a 2.2090E—06 5.6761E-07 7.6750E—06 1.0310E-05 3.3140E-08
b 3.8240E-01 5.5320E—-01 2.6640E-01 2.0770E-01 9.6760E-01
c 4.0500E+02 2.1141E+02 9.8200E+02 1.0055E+03 7.9000E+00
d 0.0 0.0 0.0 8.1000E+03 0.0

Note: E in this table stands for engineering notation. For example, E+07 = 107 and E~07 = 10 7,
etc.



With T, = 273.15 + 37.8 = 311 K and Ty, = 273.15 + 538 = 811 K, the
exponent n and coefficient a are, from Eqgs. (2.243) and (2.244),

_ In (0.0285/0.0108)

In (811/311) 1.012
0.0108
a = W = 0.0000324

The viscosity at 300°F (149°C) or T, = 273.15 + 149 = 422 K is then
e = (0.0000324)(422)'°12 = 0.0147 cP

2. Arnold’s equation. From Table D.1, the boiling temperature for ammonia is
T, = 431.5°R. Also, for use in Arnold’s equation (2.245),

T, = 459.67 + 100 = 560°R
T, = 459.67 + 300 = 760°R
Substitution then gives

B 760\ 560 + (1.47)(431.5)
(Hepdsoore = (0.0108)<%> 760 + (1.47)(431.5)

Example 2.21. The mole fractions of a methane-ethane mixture are 0.7 and 0.3,
respectively. Estimate the viscosity of the mixture at 80°F (26.7°C).

From the nomograph in Fig. H.1, at 80°F the viscosity of methane is p, =
0.0108, and that of ethane is u, = 0.0093. From Table D.1, for methane,
M, )y, = 16.04, and for ethane, (M, ), = 30.07. The mixture’s viscosity is then,
from Eq. (2.248),

= 0.0146 cP

oy = Zx M2 (0.7)(0.0108)(16.04)'" + (0.3)(0.0093)(30.07)' "2
Hecp)mix Ex,M:vfz (0'7)(16,04)”2 + (03)(3007)”2

= 0.0102 cP

Pressure Correction. The effect of high pressure on a gas is to increase its vis-
cosity. Below 1500 psia (10,340 kPa) this effect is negligible, but in high-pressure
applications the viscosity may be increased 2 to 5 times, depending on the tem-
perature; the largest increases take place at temperatures approaching the critical
isotherm. Figure 2.18b and c illustrate the viscosity-pressure correction factor F,,
based on critical temperature and pressure ratios (Perry and Green, 1984); detailed
curves are presented in Figs. H.17 and H.18.

To use these curves, the reduced pressure and temperature are first calculated
with Egs. (2.1) and (2.2), and the viscosity-pressure correction factor is read. The
viscosity at the high pressure is then obtained as

(W), = F(n), (2.249)

where the subscripts p and a refer to the pressure-corrected viscosity and the
atmospheric-pressure viscosity, respectively.



Residual-Viscosity Equation. The viscosity of a gas (vapor) at high pressure is
well estimated (Reid et al., 1987) by the residual viscosity function (x — u°), where
u is the dense (or flowing) gas viscosity and w° is the viscosity of the gas at the
same temperature but at a low pressure. This model gives accuracies of 1.8 percent
for polar gases and 3.2 percent for nonpolar gases. For nonpolar gases (carbon
dioxide, methane, ethane, propane, etc.) the viscosity at flowing conditions of pres-
sure and temperature

Hep = B + [A ; 1] 1074 (2.250)

where up is the viscosity in centipoises and A is a function of the reduced density
(p, = p/p.) which is calculated by

A = (1.023 + 0.23364p, + 0.58533p? — 0.40758p + 0.093324p%)* (2.251)
B is calculated from
TS 35X 107T,

= 1/2,,2/3 °
Mw pc,atm p‘cP

B (2.252)

where T, is the critical temperature of the gas in kelvins, 7, is the reduced tem-
perature, P_,. is the critical pressure in atmospheres, and M,, is the molecular

weight.
The low-pressure gas (vapor) viscosity ugp is estimated, for T, < 1, by
up = 3.5 X 1074B~ 1095 (2.253)
and for 7, > 1 by
Mep = 3.5 X 1074B'T071+029/T; (2.254)

For polar fluids (ammonia, ethyl alcohol, freons, methy] alcohol, etc.), the residual
correlation, for p, = 0.1, is

INSEI

ey = 1% + 1.656 X 107% —”—'E— (2.255)

For 0.1 < p, = 0.9 it is
(9.045p, + 0.063)"7%

Hep = pSp + 6.07 X 107 5 (2.256)
and for 0.9 < p, = 2.6, it is
o 10¢
Mep = Mp T 10,0008 (2.257)
Cin Eq. 2.257) for 0.9 < p, = 2.2 is
C = 4 _ 100.6439*0.]005;7,4»4 (2258)

and for 2.2 < p, < 26 itis



C=4- 100.6439—0.1005;;,—4.75><10' Hpi—10.65)2 (2.259)

Example 2.22. Estimate the viscosity of the methane-ethane mixture of Ex-
ample 2.21 at 4000 psia (27,580 kPa).
Properties from Table D.1 and Example 2.21 are as follows:

Property Methane Ethane
X, 0.7 0.3
D 667.2 psia 708.4 psia
T. 343.1°R 549.7°R
V. 1.589 ft*/(Ib,,-mol) 2.374 {€3/(lb,,-mol)
Z 0.288 0.285

The pseudocritical properties of the mixture are then, from Egs. (2.112) and
(2.113),

T, =2xT.,=(0.7)(343.1) + (0.3)(549.7) = 405.1°R

pc it i

_ GXZ)RT, _ [07)(0:288) + (03)(0289)I(10.T315)@05.1) _ (o
Pre = 75yv. T (0.7)(1.589) + (0.3)(2.374) - el psia

where R, = 10.73151 psia-ft*/1b,,-mole-°R. The reduced properties are then, from
Eq. (2.115),

459.67 + 80 4000
Tp, = W =133 Ppr = m =585

From the viscosity-pressure correction curve, the factor F,, is read as F,, = 3.1.
The viscosity at 4000 psia is then, by Eq. (2.249),

(Mepdaooo = F(1eep), = (3.1)(0.0102) = 0.0316 cP

FExample 2.23. Estimate the viscosity of a 2000-psia (14-MPa) and 100°F
(37.8°C) natural gas. The mole percent is 60-20-20 methane, propane, and ethane,
and the density is 14.319 1b_/ft>.

The mixture’s pseudocritical properties are

T. = Zx,T,; = (0.6)(343.1) + (0.2)(549.7) + (0.2)(665.6) = 448.92°R
Poe = Zx;p,; = (0.6)(667.2) + (0.2)(708.4) + (0.2)(615.8) = 665.16 psia
Z, = 2x;Z, = (0.6)(0.288) + (0.2)(0.285) + (0.2)(0.281) = 0.286
and the mixture’s molecular weight is
M, ... =2M, = (0.6)(16.043) + (0.2)(30.0701) + (0.2)(44.0972)

= 24.459 1b,,/(Ib,,-mol)

The specific gravity of the mixture is then
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M, 24459
= e o T2 - 0844
C=u 28963 ~ 084

w,air

where the values of T, p..,, Z,;, and M, for methane, ethane, and propane are taken
from App. D, Table D.1.
The pseudocritical density is then, from Eq. (2.10),

(665.16)(0.8445)

Pre = (2698825) % 536)(448.92)

= 11.808 b, /ft?

The pseudoreduced density, from Eq. (2.3), is

Upe .
pp,=v—';=p%fc=%= 12127
The pseudocritical temperature, expressed in kelvins, is
Ty, =T,/1.8 =44892/1.8 = 3109 K
and the pseudocritical pressure, in atmospheres, is
Ppcam = Ppc! Pum = 665.16/14.696 = 45.261
The low-pressure viscosity may now be determined, from Eq. (2.253), as

Ko = (3.5 X 107%)(24.459)!/2(45.261)/3(310.9)71/6(1.247)0.71 +0:29/1.247
= 0.0104 cP

The constants A and B, for use in the residual-viscosity equation, are, from Eq.
(2.251),

A = [(1.023 + (0.23364)(1.2127) + 0.58533(1.2127)*> — (0.40758)(1.2127)
+ (0.093324)(1.2127)4)1* = 7.271
and, for B, from Eq. (2.252),

_ (35 x 1079(1.247) _

B 0.0104

0.0419

The viscosity at the flowing pressure is then, in accordance with Eq. (2.250),

(7.271 — D0
= | + - = R
pep = 0.0104 00419 0.0255 cP

Viscosity-Measuring Devices

There are two common viscometer types and numerous special types for high-
pressure tests, in-line measurement (Fig. 2.20), or rheology studies. The most com-
mon and inexpensive is the efflux type, in which a known volume of fluid is dis-
charged through an orifice or capillary, and the measured time to discharge the
volume is substituted into an empirical equation to calculate the viscosity. In the



Figure 2.20 In-line viscometer. (Courtesy Brook-
field Engineering Laboratories.)

Figure 2.21 Rotational viscometer for rheology
studies. (Courtesy Brookfield Engineering Lab-
oratories.)
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Figure 2.22 Viscometers. (a) Saybolt second. (b) Ostwald capillary. (c) Rotational. (d) Hoeppler
(liquid and gas).

second type, the measured torque on a constant-speed rotating cylinder (Fig. 2.21)
or cone, immersed in the fluid, is taken as a direct indication of the viscosity of
the fluid.

Of the special types, those that make use of a falling or rolling ball or the
measured time for a bubble to rise through the liquid are the most common for
field testing. Vibrating reeds, mixers with torque dynamometers, and plunger types
are also used, either as continuous-measurement devices, for special measurements
of inks and asphalt, or in the measurement of the softening characteristics of non-
newtonian fluids.

Orifice-Efflux Viscometers. The most commonly used viscosity-measuring instru-
ment in the United States is the Saybolt viscometer (see Fig. 2.22a). The sample
fluid is held in a universal oil tube which is immersed in a controlled constant-
temperature oil or water bath. The fluid is initially prevented from flowing by a
small cork. When the temperature becomes constant, the cork is removed, and a
60-cm?® flask is filled by discharging the sample through a 0.0695-in (1.7-mm)
orifice located at the bottom of the oil tube. The time required to fill the 60-cm?
flask is the viscosity in Saybolt universal seconds. The device should be used only



when laminar flow occurs in the tube, and for discharge times above 30 s. For very
viscous oils a larger orifice is used, and the time unit is referred to as in the Saybolt
Furol Second.

The following empirical equations relate the measured Saybolt universal times
to the centistoke viscosity unit; exact relationships are given in ASTM D445-71
(1971):

Ve, = 0.226t5, — ;125 for 32's < tgqy < 100 s (2.260)
Ssu
Vi, = 0.220t55, — :ﬁ for tsgy, > 100 s (2.261)

SSuU

For highly viscous fluids, Saybolt Furol times are substituted into the following
equations to calculate centistoke viscosities

184
Vg = 224gqp — —  for 25 s = teqr = 40 s (2.262)
SSF
60
Vi = 216l55r = —  for s > 40's (2.263)

SSF

Other orifice-efflux-type viscometers include the Zahn, Cox, Scott, and Fordcup.
These were designed either for simpler operation or for the viscosity measurement
of special fluids such as p.aint, varnish, and tar. The Redwood viscosity scale is
commonly used in Great Britain. The Redwood viscosity equations are similar in
form to the Saybolt equations and are as follows:

Redwood No. 1 (Standard)

17
Ve, = 026155 — 7—9 for 34 s =< tps = 100 s (2.264)
RS
50
Vo, = 0.2t — - for 1ps > 100 s (2.265)
RS
Redwood No. 2 (Admiralty)
100
Vg = 2.4615, — — for32 s = 1,, =90 s (2.266)
RA
Vs, = 2.451,, for g, > 90 s (2.267)

Capillary-Efflux Viscometers. Because of their short orifice length, orifice-efflux
viscometers are not particularly well suited for rheological studies. End effects and
the transition from laminar to turbulent flow within the tube or orifice are not easily
analyzed or interpreted. For these reasons, a device with a well-defined capillary
passage is best for high accuracy. The most familiar such device is the Ostwald
viscometer tube, shown in Fig. 2.22b. As with the orifice type, the time required
for a known volume of fluid to move from etched mark I to etched mark 2 is
measured. This time is then compared to that for a fluid with known viscosity under
the same conditions. For steady, incompressible flow, no wall slippage, a tube long



enough to negate end effects, and negligible thermal gradients and pressure changes,
the unknown viscosity is calculated as

— l"LcP,reftIFp? (2 268)

Hecp
s
Z ref Pref

where the subscript F refers to the test fluid, and ref to the reference fluid.

The use of capillary-type viscometers requires a knowledge of the rheological
properties of fluids and the many specialized empirical and theoretical equations
used to accurately determine the behavior of both newtonian and nonnewtonian
fluids. Many specialized capillary viscometers are available; for further information,
the reader is referred to the text by Van Wazer et al. (1963).

Rotating Viscometers. Rotating one cylinder inside another (Fig. 2.22¢), with the
fixed clearance space filled with the test fluid, creates a shear force proportional to
the fluid viscosity. The torque, measured at constant rotational speed, is a direct
indication of the viscosity; by suitable scaling and calibration with known fluids,
the absolute viscosity may be read. Depending on the viscosity range, many com-
binations of cylinders, rotational speeds, and torque-measuring devices (often strain
gauges) are available.

Falling-Sphere Viscometer. A ball falling through a fluid through the action of
the difference between ball density and fluid density obeys Stokes’ law relating
downward velocity to viscosity. The Hoeppler viscometer (Fig. 2.22d) can measure,
to within =0.1 to +0.5 percent, the viscosities of gases or very viscous fluids (over
a range of 0.01 to 1,000,000 cP) with the same tube, but with different calibrated
spheres. The general equation for calculating the viscosity is

Vesi = Kps(Pln — P)Es (2.269)

where k., is a combination constant determined with a known fluid, pf, is the
density of the sphere, p¥ is the density of the test fluid, and 7, is the measured
time (in seconds) for the sphere to pass between the enclosing cylinder’s two etched
marks.

THE ISENTROPIC EXPONENT

Gases expand as they flow through the reduced area of a differential producer. The
expansion to a lower pressure is assumed to follow a polytropic path, for which
the relationship between pressure and volume is defined by

pV" = constant (2.270)

Because of the short expansion length and usually small pressure differences, an
idealized one-dimensional isentropic expansion is assumed; the expansion is re-
versible, and there is no heat loss (adiabatic expansion). Under these assumptions,
the relationship between the two pressures and volumes is

k k
() - (2
2 1 52



where the exponent k is the isentropic exponent. In the literature, three different
exponents have been used in this equation; which one is selected depends on
whether the gas is assumed to be perfect, ideal, or real.

Within the normal operating ranges of differential pressure, flowing pressure,
and temperature, the flow equations are not particularly sensitive to the value of
the isentropic exponent. The assumption of a perfect or ideal gas is therefore rea-
sonable.

Perfect Gas

A perfect gas has a compressibility factor of 1, and its specific-heat ratio is assumed
to be independent of both temperature and pressure. The relationship between the
specific-heat ratio and the universal gas constant may be expressed as

(C, — C,), = 1.98586 Btu/(Ib,,-mol-°R) (2.272)

Rearranging Eq. (2.272) and rounding the universal gas constant yield the following
expression for the ratio of specific heats for a perfect gas:

k —(-Cz) S 2273
- \C/, (C),— 1986 (2273)

where (C,), refers to the specific heat of the gas at 14.696 psia (101.325 kPa) and
59°F (15°"d’)

It should be noted that many tables, nomographs, and other sources give the
specific heat at constant pressure in terms of pounds-mass or kilograms, and not
on a mole basis. These values should be multiplied by the molecular weight of the
gas to satisfy the units of Eq. (2.273). For gas mixtures, the specific heat at constant
pressure can be approximated by summing mole fractions as follows:

Comix = 2x,C,,; (2.274)

pymix

Ideal Gas

An ideal gas has a compressibility factor of 1, and its specific heat at constant
pressure C, is a function of temperature but no pressure. For an ideal gas, the
isentropic exponent is

k —(9) VR 2.275
\G,/), (C,), - 1986 (2.275)

where (C,), is a function of the absolute temperature. Data on many common gases
has been fitted to equations that are given in Table 1.2. Tables 1.1 and 1.2 list the
specific heats (C,); for some gases.

AIChE Heat Capacity Equation. The Design Institute for Physical Property Data
(AIChE, 1986) generic ideal heat capacity (specific heat) is

(C,); = a + bexp (—%) (2.276)

(C,); has the units of J/(kg-mol-K). The constants a, b, c, and d for some fluids



are presented in Table 2.29. Constants for up to 1000 fluids may be obtained from
the AIChE data book.

Example 2.24. Assuming air is an ideal gas mixture (Z = 1.0) consisting of
80 percent nitrogen and 20 percent oxygen, use the temperature-specific heat nom-
ograph in App. I to calculate the isentropic exponent k; for this ideal gas at ()
68°F (20°C) and (b) 1000°F (538°C).

From Fig. .17, at 68°F,

(Cn, = 0.25 Btu/(Ib,,-°F) (C,)o, = 0.22 Btu/(Ib,,*°F)
and at 1000°F,
(C))n, = 0.27 Btu/(Ib,-°F) (C,)o, = 0.26 Btu/(Ib,,-°F)
From Table D.1,
M,)y, = 28.0134 1b, /(Ib,,-mol) M,,)o, = 31.998 b, /(Ib,,-mol)
and the mixture’s molecular weight is, from Eq. (2.99),
M, ... = 2x;M,; = (0.8)(28.013) + (0.2)(31.998) = 28.810 1b,,/(Ib,,-mol)

1. Ideal-gas isentropic exponent at 68°F. The mixture’s specific heat at 68°F is
approximated with Eq. (2.274):

Cp,mix m

= 2x,C,; = (0.8)(0.25) + (0.2)(0.22) = 0.244 Bw/(lb,-°F)

The ideal-gas isentropic exponent for the mixture at 68°F is then, from Eq.
(2.275) with M, included for consistent units,

. (0.244)(28.810)
7 (0.244)(28.810) — 1.986

= 1.394

2. Ideal-gas isentropic exponent at 1000°F. 'The mixture’s specific heat at 1000°F
is, again from Eq. (2.274),

TABLE 2.29 AIChE Gas (Vapor) Heat Capacity Constants

Methane Propadiene Propylene
CH, Ethylene C,H, Ethane C,H, C:H, CH,
a 3.3106E+04 3.2950E+04 3.8380E+04 3.4493E+04 4.4950E+04
b 9.9975E+04 1.1555E+05 1.7500E+05 1.5436E+05 1.9091E+0S
c 2.3380E+03 1.2340E+03 8.4350E+02 2.9560E+02 8.7000E+02
d 1.1347E+00 1.0977E+00 1.0204E+00 8.9150E-01 1.0411E+00
Propane 1,2-Butadiene Isobutene n-Butane Benzene
C,H, C;H, C,H, C,H,, CH,
a 4.7497E+04 5.4949E+04 6.0100E+04 5.7380E+04 3.6007E+04
b 2.4670E+05 2.1120E+05 = 2.6215E+05 3.4240E+05 2.7294E+05
¢ 6.9858E+02 6.4380E+02 6.4730E+02 3.7050E+02 1.1744E+03
d 1.0074E+00 1.0028E+00 9.9770E-01 9.0700E-01 1.1386E+00

Note: E in this table stands for engineering notation. For example, E+07 = 107 and E-07 = 1077,
etc.



Comix = (0.8)(0.27) + (0.2)(0.26) = 0.268 Btu/(lb,,*°F)

Then the isentropic exponent at 1000°F is, by Eq. (2.275), again with M,, in-
cluded,

= 1.346

b = (0.268)(28.810)
"7 (0.268)(28.810) — 1.986

Real Gas

In the expansion of a real gas the effects of compressibility must be considered for
correct prediction of the density change from upstream pressure and temperature
measurements. Several isentropic flow models have been proposed (Sullivan, 1979)
that predict the isentropic exponent from equations of state. Figures 1.5 through
1.16 present the isentropic exponents for many gases, based on these models.

A numerical solution that may also be used is based on the isentropic-exponent
equation given in Fluid Meters (ASME, 1971); this equation is

k= 1 & = F, & 22717
-1 - [ezipieplpl) €, TG, 227D

A three-step calculation procedure is necessary to solve Eq. (2.277) numerically.
The generalized diagrams for these steps are illustrated in Fig. 2.23; these diagrams
are not to scale; Figs. I.1 through 1.3 should be used for actual calculations. The
appendix diagrams are for a simple fluid with acentric factor equal to 1.0. For other
fluids, the diagrams presented in the text by Edmister (1974) or the following
Redlich-Kwong solution are suggested for better accuracy.

Step 1: Pressure Correction. Shown in Fig. 2.23q is the Edmister (1974) gener-
alized diagram that is used to correct the specific heat for pressure. This is an
additive correction that approximates the pressure effect to within 5 to 10 percent
for most fluids. The corrected (for pressure) specific heat is

C,=(C)+F, (2.278)

where C, is the specific heat corrected for pressure, and (C,), is the specific heat
of an ideal gas at the temperature of the subject gas.

For the graphical determination of the correction for pressure, the reduced tem-
perature T, and pressure p, are first calculated; then the value of F,, is read from
the curve.

Step 2: Specific-Heat Real-Gas Correction F. .. Edmister’s (1974) generalized-
properties diagram, shown in Fig. 2.23b, corrects for the effect of compressibility.
It can be viewed as a modification to the universal gas constant shown in Eq.
(2.273). Note from the curves that as the reduced-pressure ratio p, decreases, the
real-gas correction factor approaches 1.0.

The reduced pressure and temperature are calculated, and the value of the real-
gas correction factor is read from the appropriate curve. The specific-heat ratio,
corrected for pressure and temperature, is then calculated as

o C
S v (2.279)
C, C,— 1.986F ,
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Step 3: Isentropic-Exponent Calculation. Illustrated in Fig. 2.23¢ is a general-
ized-properties curve developed from the Hall-Yarborough equation of state by suc-
cessively incrementing the pressure and calculating the compressibility change for
an isothermal expansion in accordance with the term in braces in Eq. (2.277). The
exact curve, given in Fig. 1.3, can be used to find F, for the calculation of the
isentropic exponent by substitution into Eq. (2.277):

C

k=F 2 (2.280)

Redlich-Kwong Solution
The isentropic exponent for a real gas is defined by

k= () - G} ul Gy ZRell 50
dlnv R C, \ov r Pr C, \av r Py

where C, and C, [Bw/(lb,,-mol-°R), J/(kg-mol-K)] are the heat capacities at con-
stant pressure and temperature, respectively, evaluated at the flowing pressure and
temperature, Z, is the Redlich-Kwong compressibility factor [Eq. (2.23)], R, is the
universal gas constant [Btu/(lb, -mol-°R), J/(kg-mol-K)], 7} is the fiowing absolute
temperature (°R, K), and p;, is the flowing pressure (psia, Pa). In order to calculate
the quantities given in Eq. (2.281), the Redlich-Kwong equation of state is differ-
entiated in accordance with the following thermodynamic relationships (Hansen-
Miller, 1988). The heat capacity (specific heat) at constant pressure and at flowing

conditions is
C, = (C) + AC, = (C), — Ry T(T,¢" + 2¢") (2.282)

where (C,), is the heat capacity at the flowing temperature of the ideal gas and
¢&'CR7!, K "y and ¢” (°R™2, K™2) are the first and second derivatives of the fluid’s
fugacity coefficient .

The heat capacity at constant volume, for a real gas, is

ap ov
C,=C -T; (:ﬁ)u (ﬁ)p =C,- ABT, (2.283)
The term A, is calculated by
A={x) =% + 2.284
' (aT)U T, (Zf - B 2Z{Z + B) (2:284)
and the term B, is calculated by
R, T, Z
B, = (a—”) ==/ (z; + —f> (2.285)
T/, Py T;

Z, is the Redlich-Kwong compressibility factor, and A and B are the Redlich-Kwong
constants.
The derivative of the compressibility factor Z; is



3.5AB + (2B* + B — 2.5A)Z
z; = (“az - ( T Y s
T),  B2:-22,+A-B -B, W

The first and second derivatives of the fugacity coefficient ¢ require the second
derivative of the compressibility factor, which is

. [(0*ZN  UW-WU
z7 = (aTZ)P = W (2.287)
The derivative of U, the numerator of Eq. (2.286), is
Z
U' = (2B + B — 25A)Z; — (48> + B — 6.25A) 4 _ 122548 (2.288)
T T;
and the derivative of W, the denominator of Eq. (2.286), is
W' =154 — B + (2 — 32)Z, + 2T,(1 - 32)Z; (2.289)
The term (dp/dv); in Eq. (2.281) is then
aplo A
_(6_1)) _ Gplov), (pleT), _ A 2.290)
v/, (aT/ép), (ov/oT), B,

The fugacity coefficient ¢ is calculated by
o dp A B
¢—J; (Z - 1)-;)——Zf— 1 -In(Z - B) —Eln (1 +Zf) (2.291)

The derivative of fugacity ¢’ then becomes

Z! + BIT 1.5In (1 + B/Z 70+ ZT,
_4 .4 n( D B ( ’Jf) (2.292)
Z-B B T, Z\"z +B

¢ =z

and the second derivative ¢” is derived as

gz HZBIT (zf' + B/Tf)z
Z - B Z, - B
Al 375 D (3 D
+ — —_ —_— - —_—— —
B[ 7 D (7} )} (2.293)

B B( Zf)
D=14+= D =—-=|Z
Zf Zf i T:f
Z ZI le Zn
23( y +_f+4_~z)
z2 T, Z, 2

(2.294)

D =

Example 2.25. Assuming carbon dioxide is an ideal gas, use the equation given
in Table 1.3 to calculate the ideal isentropic exponent at 1000°F (538°C).
The specific heat at constant pressure is



6.53 X 10° 141 X 10°
+
Tn T

(C), =162 -

At 1000°F, T,, = 1459.7°R. Then substitution gives

6.53 x 10° + 1.41 x 10°
1459.7 (1459.7y

(C,) =162 — = 12.39 Btu/(lb,-mol-°R)

The ideal isentropic exponent is then, by Eq. (2.275),

12.39

k= 1339 = 1986

= 1.191

Example 2.26. The expansion factor for gas flow through an orifice is discussed
below. For an orifice for which 8 = 0.75, calculate the bias error in measuring the
flow rate of methane at 1000 psia (6895 kPa) and —60°F (—51.1°C) if the gas is
assumed to be (1) perfect and (2) ideal. The differential pressure A, is 200 in (50
kPa).

The expansion factor for an orifice is

Y, =1— (041 + 0.3534)%‘

h 200

where X = 77, = 775100 = 0.0072
Then, Y, = 1 - [0.41 + (0.35)(0.75)] 0—'0]?72 - 0-0‘1)(376

The flow-rate equation for an orifice is
Gopn = Fuc¥\Vh, pp

at a measured differential pressure and density, the expansion-factor sensitivity co-
efficient is 1.0; @ £ 1 percent expansion-factor change represents ¢ + 1 percent
flow-rate bias error.

For methane, from Table D.1,

T, =343.1°R p. = 661.1 psia
From Eq. (2.115), the reduced properties are

459.67 — 60 1000
T],—W— 1.17 p,,—'6—6,‘"7- 1.50

From Table 1.1, at 59°F,

(C,), = 8.45 Btu/(lb,,-mol-°R)
and at —60°F,

(C,); = 8.08 Bru/(lb,,-mol-°R)

Perfect gas. The isentropic exponent of the perfect gas is, by Eq. (2.273),



(C,)y 8.45

= = = 1.307
b (C,), — 1986 8.45 — 1.986 3
s expansion factor is, then,
_ 4 _0.00 76:1_000376:0_9971

' k 1.307

r

Ideal gas. For the ideal gas, the isentropic exponent is calculated from the
specific heat at the flowing temperature of —60°F, using Eq. (2.275):

) 808

= = = 1.326
k (C,); — 1986  8.08 — 1.986
The expansion factor for the ideal gas is then
_; _ 000376 _ - 0.00376 _ 0.9972

: k; 1.326

i

Real gas. The real-gas isentropic exponent is calculated using Eq. (2.277),

k=F !
=F, c

where, from Eq. (2.279),
C, C,

C. C,— 1986F,,

The specific heat corrected for pressure and temperature is, by Eq. (2.278),
CI’ = (CP—)" + Fw’

From Fig. L1, for 7, = 1.17 and p, = 1.50, F,, = 10.5 Buu/(lb
at —60°F with (C,); = 8.08 Btu/(lb,,-mol-°R),

C, = 8.08 + 10.5 = 18.58 Btu/(lb,-mol-°R)

-mol-°R). Then,

m

From Fig. 1.2, the real gas correction for I, = 1.17 and p, = 1.50 is F_, = 5.7.
The ratio of specific heats is then

<, _ 18.58
C,  18.58 — (1.986)(5.7)

= 2.559

From Fig. 1.3, the correction for a real gas is F, = 0.62. The isentropic exponent
is then, from Eq. (2.280),

c
k=F, F’ = (0.62)(2.559) = 1.587
The expansion factor for the real gas is

0.00376 0.00376
yl - Yre:.\l =1- k =1~ 1.587

= 0.9976



Bias error. The bias error is calculated as

Yoa - ¥,
— 11 (rue 100
Y

true

where it is assumed that ¥, = Y.,

true
1. Perfect gas

_ 09971 - 0.9976

B 0.9976

100 = —0.05 percent

2. Ideal gas

10,9972 — 0.9976

5 0.9976

100 = —0.04 percent
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MEASUREMENT

The purpose of this chapter is to present the basic measurement units used in flow
measurement and to discuss typical temperature- and pressure-measuring devices.
This information will be used in subsequent chapters in the development of the
engineering flow equations.

MASS, FORCE, WEIGHT

The English Engineering System of Units

Table 3.1 summarizes the five fundamental systems of units that have been con-
structed from Newton's second law of motion to relate force F, mass m, length L,
and time ¢, While any system can be developed from three fundamental quantities,
the four quantities of the English engineering system—the foot (ft), pound-force
(Ibp), pound-mass (ib_,), and second (s)—will be used here to develop the U.S.
customary unit equations.

To relate the pound-force to the pound-mass, a proportionality equation can be
written between the engineering and the absolute units. Using the definition that 1
Ib; will accelerate 1 1b,, at 32.17405 ft/s? a dimensional conversion constant can
be derived as

F=—ma
£ 3.1y
1 ft
= b =
1b,,,- ft/(lb;-s?) b s?
The constant g_ has the same value as standard gravity g,, defined at sea level and
45° latitude, but it has the dimensions of b, -ft/(lb,-s?). It is, therefore, a dimen-
sional conversion factor to relate pounds-force and pounds-mass. Substituting local

gravity (g,) for acceleration a in Eq. (3.1) gives the relationship between mass and
weight force as

Ib,

w=25p
& (3.2)

b, =81

<



TABLE 3.1 Dimensional Systems

System Mass (m) Force (F) Length (L) Time (1)
English
Engineering pound-mass pound-force (Ib) foot (ft) second (5)
(F,m,L, 1t (1b,,)
Absolute (m, pound-mass poundal (Ib,-ft/s?) foot (ft) second (s)
Lt (Ib,)
Technical (F, slug (b, s?/1ft) pound-force (Iby) foot (ft) second (s)
L.t
Metric
Absolute (m, gram (g) dyne (g-cm/s?) centimeter second (s)
L.t (cm)
International
SI(m, L, t) kilogram (kg) Newton (kg-m/s%) meter {(m} second (s)

The ratio of local gravity g, to the dimensional constant g. can be approximated to
within 0.005 percent with an expression given by Benedict (1984):

Fl.:é’l

=1-2637 X 1073 ¢cos2¢ — 9.6 X 107% — 5 X 107 Ib/lb,, (3.3)

where ¢ is the latitude in degrees, and y the altitude in feet above sea level.
Some confusion results from the fact that the word weight has long been used

to mean both mass (Ib,,) and force (Ib;). When weighted on a beam scale, an object
is calibrated against a known mass. Since both are influenced by the same local
gravity, the scale reading is corrected to the mass value and, hence, mass is mea-
sured. However, a spring scale calibrated with a 1-lb mass at sea level and 45°
latitude (standard gravity) will indicate one pound for this mass only at this location.
At other gravities (g, # g,) the 1-1b mass will not “weigh” 1 b, on this scale.

The S| System of Units

In the International System of units (SI), the force unit is the newton (N). It is the
force that, when applied to a 1-kg mass, will cause an acceleration of 1 m/s”. The
relationship between force, mass, and acceleration is

B — m*a*
87 (3.4)
1 kg X 1 m/s?
N
kg-m
¥ = | —2
o Be N-s?

The weight force in newtons of a 1-kg mass is then



*
wx = 8L pyx = 9.80665 F m* (3.5)

The kilogram mass is, by international agreement, the mass of a certain bar of
platinum-iridium located in Sevres, France. The pound-mass in the English engi-
neering system is exactly 0.45359237 kg.

Buoyancy Correction for Mass Determination

Standard masses (kilogram, pound-mass) are used to calibrate scales and as force
references. However, the volume of the mass displaces surrounding air, creating an
upward buoyant force that reduces the applied force. Mass standards are usually
corrected for air buoyancy to values in a vacuum; when a standard mass is placed
on a scale at any location, the scale reading is corrected to read the value of the
applied mass. The correction thus includes the effects of both buoyancy and local
gravity. However, the correction will apply to an object other than the standard
mass only if the object displaces the same volume of air as the standard mass. If
the standard mass displaces more air than the object, the corrected scale reading
must be increased; if less, it must be decreased.

A buoyancy force is not exerted on a fluid in a pipeline. Therefore, if a liquid
is collected in a weigh tank, and the reading is compared to a flowmeter’s mass-
flow indication, a 0.1 to 0.3 percent bias-error correction should be made to account
for the difference between flowing liquid density and the density of the standard
masses used to calibrate the scale.

Figure 3.1a shows a 10-1b standard mass placed on a scale at any geographic
location. The upward buoyant force reduces the weight force W, and the scale
reading is adjusted to read 10 lb,,. The net force transmitted is then

FN,m = FLm - FLVm Pairc (36)

The first term in Eq. (3.6) is the force of the standard mass, its weight, and the
second is the upward buoyant force created by displacing the volume of air occu-
pied by the standard mass m. Equation (3.6) can be rewritten by substituting the
density of the standard mass m as

F,, = Fm — F, £ oy 3.7)

mass

where the subscript air,c refers to the density of air at the time of calibration.
Equation (3.6) can also be written as

F,, = (1 - ”—) F,m (3.8)

pmass

If the weigh tank is filled with liquid (Fig. 3.15), and the corrected scale reading
is 10, the upward buoyant force is increased by the liquid volume, and the net force
exerted by the liquid is

F,, = (1 - ";") Fum, (3.9)

1
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Figure 3.1 Effects of buoyancy in the determination of mass.

where the subscript air refers to the air density at the time the liquid mass is
determined. Since the corrected scale readings are the same, Eq. (3.8) can be
equated to Eq. (3.9), and the buoyancy correction becomes

m ass P
FMB — '} — (pm¢\s— pdll'.(‘> P (3.10)
m 0 Pair Prnass

The mass of the collected liquid is then related to the standard mass (in pounds-
mass or kilograms) by

m; = Fypm (3.11)
Force exerted Buoyancy (Eorrection for Force
by mass Determination
Buoyant Standord A buoyancy correction is also required
force masses when standard masses are used as a
force reference. Figure 3.2 shows stan-
| I dard masses placed on a platform to pro-

%. %— fﬁl’g‘eg"d duce a force on the piston of a dead-

7 weight tester. The force exerted on the
l surface of the oil is given by Eq. (3.8),
Net force Fy m and the buoyancy correction is

Figure 3.2 Effect of buoyancy when P,
standard masses are used as a force ref- Fip=1-~—"- (3.12)
erence. Praass



The net force transmitted is then
¥y, = F Fpm (3.13)
In the SI system, the net force (in newtons) is
F%, = 9.80665F, F.,m* (3.14)

where m* is the mass in kilograms.

Example 3.1. A gallon of alcohol is weighed on a scale that was calibrated
with steel masses when the air density was 0.07500 1b,,/ft’. At the time of the
weighing, the air density is 0.07490 1b,,/ft’, and the scale reading is 6.572 Ib,.
Determine the density of the alcohol if the density of the steel masses is 489 Ib,,/
ft’. .

The volume of the alcohol is

V, = (231 in¥/gal)(fe /1728 in®) = 013368 f©
The initial estimate for the density of the alcohol is

_m_ 6.572 R
(o = 5! = 13368 = 49162 /M

The initial estimate for the buoyancy correction factor is, from Eq. (3.10),

489 — 0.07500 49.162
T 49162 — 0.07490 489

Fug = 1.00137

The corrected mass of the alcohol is, from Eq. (3.11),
m, = (1.00137)(6.572) = 6.581
A second iteration gives (p), = 49.230, and, from Eq. (3.10),

489 — 0.07500 49.230
= = 1.00137
Fun 49.230 — 0.07490 489 0013

as previously. The mass of alcohol is then m, = 6.581 lb,,, and its density is

_ 6581
Pr= 013368

= 49.230 Ib,,/f¢*

Example 3.2. In Fairbanks, Alaska, at a latitude of 65° north and an altitude
of 5000 ft (1524 m) above sea level, a 10-1b,, (4.54-kg) mass is placed on a dead-
weight tester. What is the applied force if the air density is 0.07458 1b,,/ft>? (As-
sume steel masses, p,... = 489 Ib, /11.)

The correction for local gravity is, by Eq. (3.3),

F,=1-2637 X 10* cos 130 — (9.6 X 10 #)(5000)
-5 x107%=1.00117 Ib/1b

and the correction for buoyancy is, by Eq. (3.12),

0.07458
Frs =1 == g = 099985




Net force in English engineering system. From Eq. (3.13),
F,, = (1.00117)(0.99985)(10) = 10.010 Ib,
Net force in SI system. The mass in the SI system is
m* = (0.4535924)(10) = 4.535924 kg
and, from Eq. (3.14),
F7%, = (9.80665)(1.00117)(0.99985)(4.535924) = 44.527 N

PRESSURE

Definitions

Pressure is defined as intensity of force and is evaluated as the force exerted on a
unit area. In the English engineering system of units, the pressure unit is the pound-
force per square inch (lb;/in?). In the SI system, the unit is the newton per square
meter (N/m?) or pascal (Pa). From these units are derived such convenient units of
measurement as the inch of water, bar, and standard atmosphere. Nine pressure
terms are used to define pressure levels and pressure differences. These are dis-
cussed below and illustrated in Fig. 3.3.

Absolute Zero Pressure. If all molecules were removed from within a chamber,
a perfect vacuum would exist, and no pressure forces would be exerted on the
chamber walls. This idealized state defines the condition of zero pressure and is
referred to as absolute zero.
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Figure 3.3 Pressure levels and terminology.



Absolute Pressure. The absolute pressure is the pressure above absolute zero. The
static absolute pressure defines the molecular activity of a gas. It is the pressure
used in the calculation of gas density.

Atmospheric Pressure. The pressure exerted by the atmosphere above absolute
zero is defined as atmospheric pressure. Although this pressure varies with location,
it is convenient to define a standard atmosphere of pressure at sea level as 14.696
psia (101.325 kPa) and to use this value as a reference in computing gas volumes.

Actual atmospheric pressure is measured with a barometer and varies with al-
titude. At 5000 ft (1524 m), it is approximately 12.3 psia (84.8 kPa); at 10,000 feet
(3048 m), it is 10 psia (69 kPa).

Gauge Pressure. Pressure gauges measure the difference between the pressure
inside a pressure element and the surrounding atmospheric pressure. To obtain ab-
solute pressure, atmospheric pressure must be added to the gauge reading.

Vacuums. A vacuum-gauge reading is a reading below atmospheric pressure, usu-
ally expressed in inches of mercury (vacuum).

Differential Pressure. A differential pressure is the difference between two pres-
sures. It is measured by either separating the two pressures with a diaphragm and -
measuring the force or motion of the diaphragm or by observing the height of a
column of liquid in a manometer.

Piezometer Rings. Piezometer rings are used to average static pressure tap read-
ings around the pipe wall. The standard ring shown in Fig. 3.4a is typically used;
however, Blake (1976) has shown that the Triple-T design (Figure 3.48) is theo-
retically more correct as an averaging ring. Piezometer rings reduce some of the
effects of upstream fittings and orifice eccentricity on the discharge coetficient. Dirt
and air in liquid lines are serious problem areas that need to be considered when
installing piezometers.

Static Pressure. The actual pressure exerted by a fluid either at rest or in motion
is its static pressure. Either a piezometer ring or a small radial hole in a pipe wall
will allow the static pressure to be measured.

In obtaining the static pressure of a flowing fluid, it is important that the hole
be drilled perpendicular to the pipe, with no burrs and no rounded corners. Rayle
(1959) has shown (Fig. 3.5) that departure from recommended hole size, inclination,
or edge condition results in bias errors of —0.5 to +1.1 percent of the dynamic
pressure.

Ferron (1986) points out that countless static pressure measurements are in error
because of poor pressure tap construction. Based on tests at the Alden Research
Laboratories and the work of Rayle (1959) and Brunkalla (1985), he suggests a -
in (6.4-mm) hole diameter for pipe sizes greater than 2 in (50 mm) and that:

Pressure taps should be drilled, and preferably reamed, such that the centerline of the
hole meets the pipe centerline at right angles to the axial pipe centerline. The drilling
should be done after all fittings for attaching the pressure tubing have been welded to
the pipe.

In the pipe interior, the hole must be round and free of burrs or wire edges. The
cleaning of burrs or wire edges must be performed in a manner to prevent any concave
or convex surface surrounding the hole. If finished properly, the edge of the hole will
be square with the inner pipe surface.
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Dynamic Pressure. If a tube is bent perpendicular to a flow (Fig. 3.5), the static
pressure is increased by the directed kinetic energy of the stream. At zero velocity
the pressure reading is the same as the static pressure, but as the velocity increases
the difference is observed to increase by the square of the velocity. This difference
in pressure levels is due to dynamic pressure.

Total Pressure. The sum of the static and dynamic pressures is the stagnation, or
total, pressure. The stagnation pressure may be read with a pressure gauge con-
nected to a pitot tube as shown in Fig. 3.5.

Pressure Relations. Because of the many pressure units involved, it is important
that a consistent set of units be used in conjunction with the following pressure
relationships.

For flow-line pressure in pounds-force per square foot,

P, =P, + P, (3.15)

the total pressure (pounds-force per square foot) is the sum of the dynamic pressure
and the static pressure; that is

P,=P + P, (3.16)

where the dynamic pressure P, may be expressed in terms of the fluid density and
velocity as

_AY;
Py 22 (3.17)
The differential pressure between two pressure levels is
AP =P, — P, (3.18)

Units

Numerous units and pressure scales have been developed to express pressure. Some
of the more common ones are as follows:

1. Atmospheric pressure
+ Standard atmospheres (atm)
* Atmospheric pressure (atm)
+ Millimeters of mercury at 0°C (mm Hg)
2. Absolute pressure
* Pounds per square inch absolute (psia)
* Bars (bar)
» Pascals (Pa, kPa)
3. Differential pressure
» Feet of flowing fluid
* Inches of flowing fluid
» Inches of water (in H,O) at flowing temperature



* Inches of water (in H,0) at 39.2°F, at 60°F, at 68°F

¢ Inches of mercury (in Hg) at 32°F, at 60°F, at 68°F

¢ Bars (bar)

¢ Pascals (Pa, kPa)

* Pounds per square inch, differential (psid)
4. General terms

* Pounds per square inch gauge (psig)

¢ Inches of mercury (in Hg) at 32°F, at 60°F, at 69°F

* Deciboyles

¢ Torr (torr)

The SI conversion factors between these units and the pascal are given in Table
C.1. For conversion between two non-SI pressure units, the known units are first
converted to pascals; then, by division, the desired conversion is obtained. For

example, the conversion of inches of mercury at 32°F to kilograms-force per square
centimeter would be expressed as

(in Hg)y»4(3.38638E + 03) = Pa = (kg,/cm?)(9.806650E + 04)

(3.38638E + 03

2= | ——
or  ke/em® = | 5 e06650E + 04

) (in Hg)sp = (0.03453147)(in Hg)yy

Standards

The deadweight tester and simple manometer are the two basic pressure standards.
The U-tube or cistern-type manometer is used from approximately 3 lb/in® (21
kPa) to 100 Ib;/in* (690 kPa) with an accuracy of +0.1 percent. Manometers can,
however, be designed to be highly accurate. Shown in Fig. 3.6(b) is a high-accuracy,
+0.0003-in-Hg, =0.003 percent of reading, mercury manometer. The deadweight
tester defines pressures from 0.01 to 10,000 psig (0.07 to 69,000 kPa) within an
accuracy range of 0.01 to 0.15 percent, depending on design. A commercially avail-
able deadweight tester is shown in Fig. 3.7.

Manometer. Because of its inherent simplicity, the simple glass U-tube manom-
eter (Fig. 3.6a) has been the basic pressure standard for many years. Manometers
measure pressure by balancing pressure forces directly against a liquid column. The
liquid selected depends on the pressure difference and may range from a light-
density fluid such as kerosene to a very dense liquid such as mercury.

For the manometer shown in Fig. 3.6q, the indicated differential pressure is

AP = f(p.,, ~ p)H = Fylp, — p)H b Jic (3.19)

c

where H is in feet, p,, is the manometer-fluid density, and p, is the fluid density in
the high-pressure side. In the SI system, the differential pressure is given by

AP* = 9.806650F,(p* — p*)H*  Pa (3.20)

The inch-of-water differential-pressure unit is used in the differential-producer flow
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Figure 3.6 (a) Basic U-tube-manometer principle. (b) High accuracy
manometer. (Courtesy Schwien Engineering, Inc.)



Figure 3.7 Precision deadweight tester. (Courtesy Chandler Engineering Co.)

equation. It is derived as the equivalent pressure read on a water-filled manometer
at a specified temperature and at standard gravity (g,) or, from Eq. (3.19),

]T M 2
AP = ? (pW)T,goH = (pW)T.g” E Ib/ft* (3.21)
Substituting the density of water at standard gravity, given by Eq. (2.77), yields the
relationship between an inch of water (pressure) at 68°F and the differential pressure
as

_ 62.31572

AP
12

h, =5.192977h,  lb/ft? (3.22)

Deadweight Tester. Shown in Fig. 3.8 are the basic elements of a deadweight
gauge used to produce a reference calibration pressure. An accurately honed piston
of known area is inserted into a cylinder, and standard masses are then placed on
the platform. When the oil pump supplies sufficient pressure to raise the masses,
the force exerted by the oil pressure over the piston area is balanced by the weight
force. The pressure is then defined by

— F Noan — F N
Pc

= — = 323
piston area A ( )

P

Deadweight testers using air instead of oil (Fig. 3.9) are also available, as well as
compact portable pneumatic calibrators for field use.
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Figure 3.8 Oil deadweight tester.

Figure 3.9 Pncumatic deadweight tester.  (Courtesy Ametek.}



When using deadweight testers, of either the oil or air type, it is important to
apply all known corrections (bias errors) for local gravity, elevation, buoyancy, or
thermal expansion of the piston, since these errors may be significant (>0.1 per-
cent).

The deadweight tester (Fig. 3.9) uses the following correction factor for thermal,
local gravity, and elevation effects.

_ g1 +237x 10" H R
p= {gca“b[l + 1.67 x 1073 (T.. — 23] Pucigh (3:24)

where H (in feet) is positive when the air tester is above the device being tested,
Puweigne 15 the pressure assigned to the weight, g, is the gravity value for which
the tester is calibrated, and g, is the local gravity.

Differential Pressure. The dual-gas-operated deadweight tester (Fig. 3.10) is
widely used to calibrate differential pressure transmitters at their operating static
pressure. This device is used to determine bias error, usually used for correction
purposes, at line static pressures up to 12,000 psia (83 MPa). The device first applies
a common static pressure to the low- and high-pressure sides of the transmitter.
The low-pressure side is then isolated, at the elevated pressure, and the high-
pressure side then incremented upward over the desired differential range.

Accuracy is defined as the overall uncertainty in the measurement of the differ-
ence between two static pressures and a percentage of the differential pressure
value, which depends upon the selected piston-cylinder and mass set (weights).
Typically, at 1000 psia (7 MPa), the accuracy is estimated as =0.04 percent for a
10-psia (69-kPa) differential pressure.

Industrial Devices

The secondary devices used to measure differential pressure are commonly divided
into two types—wet and dry. In the dry type (Fig. 3.11), the process fluid is isolated
by a diaphragm; in the wet type, mercury usually is the separator. Mercury meters

Figure 3.10 Differential pressure deadweight tester. (Courtesy DH instruments. )



were the mainstay of the process and
natural gas industries for many years.
However, they have been completely re-
placed by the dry type in the process
industry, and dry-type bellows meter
(Fig. 3.12), which requires no external
power source, are rapidly replacing mer-
cury meters in natural gas applications.

Dry Type. Dry-type devices are con-
veniently separated into motion and di-
rect-measuring types. In the motion type
(Fig. 3.12), the pressure difference
across a diaphragm causes a bellows to
move against a restraining spring. The
motion, which can be recorded directly,
is proportional to the differential pres-
sure. In the direct-measuring type (Fig.
3.13a), small deflections of a diaphragm
are either measured or restrained by a
feedback force. The deflections may be
detected via induction, capacitance, a
strain gauge, or a taut resonating wire.
In the force-feedback device, the differ-
ential pressure is proportional to the feedback force. If the low-pressure side is
evacuated, then the absolute pressure is measured (Fig. 3.14). Dry-type fransmitters
have an accuracy in the range of 0.1 to *1 percent of the upper range value
(URV).

Figure 3.11 Dry-type differential-pressure
transmitter. (Courtesy The Foxboro Co.)

- ”"”I
)
i/

Figure 3.12 Bellows dry-type differential-pressure measuring de-
vice. (Courtesy The Foxboro Co.)
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Figure 3.13 Dry and wet pressure or differential-pressure measuring devices. (a) Dry types. {Cour-
tesy Rosemount, Inc.) (b) Wet types.

Table 3.2 lists the most common pressure transmitters, their relative accuracy,
and basic operating principles, and Table 3.3 gives the typical ranges for differential
pressure transmitters.

The capacitance-type transducers use a measuring diaphragm that moves relative
to one or two fixed plates. An oscillator bridge circuit detects the changes in ca-
pacitance as the plate moves under the action of the applied force (pressure or
differential). The very small mass, good frequency response, and high resolution
yields excellent accuracy.

One of the most common pressure transducers are strain gauges. The gauges
are usually mounted directly on the pressure sensor, supported by the sensing di-
aphragms, or bonded to cantilever springs which provide the restoring moment. The
majority are unbonded wire, foil, or semiconductor techniques.

The variable capacitance sensing module (Fig. 3.13a) is a completely sealed
module that allows direct electronic sensing of pressure-induced diaphragm deflec-
tion. Differential capacitance between the sensing diaphragm and the capacitor
plates is electronically converted to a two-wire signal.

Pressure is transmitted through an isolating diaphragm, and oil fill fluid to a
sensing diaphragm located in the center of the cell. The reference pressure is trans-
mitted by the same method to the other side of the sensing diaphragm. The sensing
diaphragm moves to a position that is proportional to the difference between the
process and reference pressure. -



Capacitance plates on both sides of the sensing diaphragm detect the position
of the diaphragm. The capacitance between the sensing diaphragm and either ca-
pacitor is dependent upon, among other factors, the distance between the sensing
diaphragm and the two capacitor plates. The capacitance-sensing element in the
electronic requires an ac voltage to generate the capacitance signal. The ac voltage
is supplied by an oscillator circuit. The signal from the oscillator circuit is capacitor-
coupled to the transmitter case ground through the sensing capacitor. The difference
in capacitance between the sensing diaphragm and each capacitor plate is converted
to a proportional 4- to 20-mA signal.

e

il

(d)

Figure 3.14 Pressure measuring device. ({a) (Courtesy The Foxboro Co.)} ((b)
Courtesy Johnson Yokogawa Corporation.))



The piezoelectric effect is caused when asymmetrical crystals are elastically
deformed along specific axes, producing an electric potential within the crystal.
This causes a flow of electric charge in the external electronic. This principle is
widely used for measuring dynamic pressure, force and shock, or vibratory motion.

The reluctive types are distinguished primarily by the manner in which the ex-
citing electric energy enters the system. In these devices, the energy is introduced
as a magnetomotive force, which may be derived from a permanent magnet or from
electromagnetism. In either case, it is the interaction of a magnetic field and an
electric conductor to produce a current.

The linear-variable differential transformer (LVDT) is useful for laboratory mea-
surements of growth, stress, thickness, vibration, shock, and contour. It is employed
to provide electrical feedback for valves and actuators in servo control systems.

TABLE 3.2 Accuracy and Range for Pressure Transmitters

Principle Accuracy, % gy  Pressure element Range
Strain gauge 0.1 Diaphragm with or 0-20,000 psig
without beam
0.1 Piezoresistive 0-5000 psig
Capacitive 0.1 Diaphragm 200 mmHg-10,000 psig
Piezoelectric 0.1 Distortion of 0.1 mmHg-100,000
crystal psig
Frequency change 0.2 Resonant wire 5-7 in H,0
0.025 Resonant crystal 0-20 psia
Potentionmetric 0.5 Bourden tube 10-10,000 psig
0.5 Diaphragm 5-10,000 psig
capsule
Reluctive 0.25 Diaphragm 0 in H,0-10.000 psig
0.25 Bourdon tube 5 in H,0-100,000 psig
Linear-variable differential 0.15 Diaphragm 5 in H,0-100 psi
transformer (LVDT) 0.3 Bourdon tube 5 in H,0-10,000 psig
Pneumatic 05 Bellows-null 0-15 psi
balance
0.5 Bellows-force 0-15 psi
balance
Interferometric t Manometer >0.029 psi

1Small fraction of a psi.

TABLE 3.3 Differential-Pressure Transmitter Ranges

Differential pressure, Static pressure,
Range in H,O (kPa) psi (MPa)
Low 0-5to 0-25 500
(0-1.2 to 0-6) (3.5)
Medium 0-20 to 0-250 1500
(0-5 o 0-62) (10.5)
High 0-200 to 0-850 6000

(0-50 to 0-210) (42)




The advantages of the LVRT include an excellent linearity bobbin over long strokes
(up to 24 in) and good temperature stability. A disadvantage is that the overall
length must be double the stroke.

The pneumatic instruments combine a pressure-sensing element with a standard
motion transmitter to detect the position of the pressure-sensing element and pro-
vide a linear 3- to 15-psi output signal. Best accuracy is achieved since the pressure-
sensing element develops many times the 2-g force required for full-scale operation
of the transmitter pilot.

Wet Type. Shown in Fig. 3.13b are the two basic wet-type meters—the inverted
bell and the float type. In the inverted bell, the force developed by the differential
pressure acting on the bell is opposed by a spring force. The motion of the bell is
adirect measure of the differential pressure; and, with a sizeable bell, a considerable
force can be developed and, hence, low differential pressures can be measured.
Typical inverted-bell designs operate in the range of 0 to 10 in H,O (0 to 2.5 kPa).

In the many float types, a cylindrical steel float chamber forms one side of a
manometer and contains a steel disk floating on mercury. A cylindrical steel ref-
erence chamber forms the second side of the manometer. The area of this chamber
is selected to give the desired mercury-level change for the operating differential
pressure, which usually is from 20 to 200 in H,O (5 to 50 kPa).

Intelligent Transmitters

The accuracies of standard industrial differential and pressure transmitters are spec-
ified at reference conditions for pressure and temperature. Deviation from these
stated reference conditions results in additional error, usually a bias error. Depend-
ing on the desired measurement objective and operating conditions, these increased
erTors may or may not be present or acceptable.

Industrial instruments are designed to minimize thermal and static pressure er-
rors; and for most noncritical applications, such as for control, these error sources
do not warrant the additional cost for intelligent transmitters. However, for many
applications the ability to change range and essentially eliminate pressure and tem-
perature errors can be economically justified.

Shown in Fig. 3.11 is a differential pressure intelligent transmitter which may
be configured with a hand-held terminal. This device has a primary resonant wire
whose frequency is a function of the applied differential pressure. A microprocessor
computes and transmits a digital or standardized 4- to 20-mA signal corrected to a
reference calibration for differential pressure.

A hand-held configurator is used to change the upper range value (URV) or as
a diagnostic aid. The stated accuracy for this secondary device is *=0.1 percent
URV.

Correction Factors

In practice, wet- and dry-type differential-pressure measuring devices are sometimes
located a substantial difference above or below the pressure taps. The indicated
pressure is then other than that at the taps, and an elevation correction is required.
Bean (1957) gives an (extreme) illustration of the possible effects of elevation for
a manometer located 50 ft (15.2 m) below an orifice. In this example, a +0.6
percent bias error is calculated.



For the wet type, the displacement of the manometer fluid by the lowe:-density
process or seal fluid requires that a manometer correction factor be applied to the
indicated reading. These two corrections are considered here.

Elevation Correction. The pressures at location H,, below the pressure sources
in Fig. 3.15 are

Pf'l’ = P_fl + prFLHLL Pf:'": sz + szFI_HLL (3.25)
P Pee 8
Pgs I Pe2
I P~ P2
Hug
Dry type
Pr om
H
‘ A— - A
Wwet ‘ype

Figure 3.15 Schematic of wet- or dry-type device installation.

The relationship between the true and indicated differentials is then
AP = (AP),o — (Rfl - pfz)FLHLL (3.26)

For gas (vapor) and liquid flows with liquid-filled leads at the same temperature,
no elevation correction is required (p;, = py,). However, with gas-filled leads, the
downstream lead is always at a lower density (p;, > pp,). Substituting the gas
density equation (2.10) into Eq. (3.26) and expressing the pressure differences in
inches of water k. give the relationship between indicated and true differential
pressure as

h, = (), — 0.01874 26 ), (3.27)

141

An iterative solution is then necessary to calculate the true differential from the
indicated reading. A negligible error is introduced, however, if it is assumed that
the indicated and true differentials are equal; then

F,GH
h, = <l - 0.01874 #) ) (3.28)
Zfi T}I !
The elevation correction factor is then defined by
Fp =1- 001874 F.GHy, (3.29)
L1t

In this expression H,, is positive for locations below the differential producer, and



negative for locations above. In the SI system, the elevation correction facto: is
similarly derived as

F,GH},

1K1

Fg =1— 003416 (3.30)

Manometer Factor. The manometer-factor correction is obtained by equating
pressures at location AA as

Py + FippH= Py + Fip,H (3.31)
Rearranging yields
_ Pr
Py — P = F, (1 - p_) Hp, (3.32)
Defining the pressure difference P, — P, via Eq. (3.25) then yields
_p. = _Pn
Py Py = F Fg py 1 P H (3.33)

Since wet-type devices are scaled to read in inches of water, the relationship be-
tween the true and indicated differential pressures becomes

h, = Fg Fylh D (3.34)
for U.S. units, and
Ap* = F¥ FEAp* )i (3.35)
for SI units, where F,, is the manometer factor defined by
Fy = <1 - @) F, (3.36)
pﬂ!‘
for U.S. units, and
ES
Ff = (1 - p—Q) F, (3.37)
pi?T

for SI units.

In the development of these equations, the fluid density over the manometer is
assumed to be that of the upstream process fluid. If a seal liquid is used, then its
density p, should be substituted into Eq. (3.33) or (3.34). For gases (vapors), density
is calculated with Eq. (2.10) for U.S. units and with Eq. (2.11) for SI units.

If the manometer fluid is water, Eq. (2.171) can be used to calculate density. If
the fluid is mercury, the density (ANSI/API 2530, 1991) is given by

pug = [1 — 0.000101(T,- — 60)1846.324 (3.38)

Example 3.3. A deadweight tester with weights frimmed at a location with a
local gravity of 32.164 ft/s is used to calibrate a pressure gauge at a location 2000
ft (609.6 m) above sea level and at 10° latitude. What is the actual pressure if 100-
psig weights are used? (Assume the air-buoyancy correction is the same for both
locations.)



At the new location, the local gravity correction is, by Eq. (3.3),
(F), =1 — 2637 X 1073 cos (2)(10) — (9.6 X 107#)(2000) — 5 x 1073

= 0.99728 1b,/1b,,
At the original location, the local gravity correction is

32164

(Fo) = 32.174

= 0.99969 Ib,/1b,,

Since weights of the same mass are used, the pressure at the new location can be
obtained by combining Egs. (3.13) and (3.23) as

(PchA, _ (PchA,
(Fi) Fegmg  (FL)Frpm,

: Since the masses, buoyancy, and piston areas are the same,

0.99728
0.99969

(pe), = 100 = 99.76 psig

Example 3.4. A dry-type differential-pressure transducer is located 50 ft (15.2
m) above an orifice flowmeter measuring the natural gas of Example 2.7. If the
indicated differential pressure is 100 in H,0, what is the true differential pressure
. for lead lines at the same temperature as the process? (Use g, = 32.162 ft/s%)

From Example 2.7, G = 0.73, Z, = 0.878, and T, = 499.7°R (40°F). The location
correction factor for density within the leads is, from Eq. (3.3),

_ 32162
32174

= 0.9996 1b,/1b,,

From Eq. (3.28) the true differential pressure is

(0.9996)(0.73)(—50)
(0.878)(499.7)
Example 3.5. A wet-type mercury-filled meter based on the manometer prin-

cipie is manifolded at the same position as the dry-type transducer of Example 3.4.

What is its reading?
The density of the gas over the mercury is calculated with Eq. (2.10) as

B (0.73)(400 + 147) \
Py = 269883 a1 862 bt

The density of the mercury at 40°F is, by Eq. (3.38),
Pu, = 846.324[1 — (0.000101)(40 — 60)] = 848.034 b, /ft

h, = [1 — 0.01874 ] (100) = 100.16 in H,0

Equation (3.34) can be written as

h,
FELFM

(h e =

where, from Eq. (3.36),



1.862
F, = (1 - m) (0.9996) = 0.9974

Substitution then gives

100.16

"dns = T 0016)(0.997)

= 100.26 in H,0O

TEMPERATURE

Scales

In 1968, the International Committee on Weights and Measures adopted several
changes in the empirical temperature scale. This work is reported in “The Inter-
national Practical Temperature Scale of 1968.” In it, the kelvin (K) was adopted as
the basic thermodynamic temperature unit.

Although this new scale better approximates the thermodynamic scale, it has yet
to replace the empirical equations used to calculate absolute temperatures. These
are

Ty = T.p + 459.67 (3.39)
for degrees Rankine, and
Ty = Toc + 273.15 (3.40)

for kelvins, with the relationship between the Fahrenheit and Celsius scales being
defined by

Tp= 2T + 32 340D
and Toe = (T — 32) (342)
The equation relating Rankine temperatures to the kelvin temperature scale is

Ty = 2Tk (3.43)

Measurement

Many temperature-measuring devices are based on the thermal expansion of a solid,
liquid, or gas, on a thermoelectric measurement in which a thermally induced elec-
tromotive force (emf) is used to infer temperature, or on the measurement of a
resistance change in either a precision resistor or a thermistor. Of these, the most
commonly used are the mercury-in-glass thermometer, the gas (or vapor) expansion
thermometer, the thermocouple, and the resistance thermometer.

Mercury-in-Glass Thermometer. The mercury-in-glass thermometer (Fig. 3.164)
is widely used in both laboratory and industry because of its basic simplicity. The
typical thermometer consists of a bulb-reservoir and a capillary. As heat is trans-



ferred into the bulb, the mercury rises due to thermal expansion and displaces a
sealed inert gas. The temperature is then read on a scale calibrated in the units of
interest.

It is important that the thermometer be used under the conditions that prevailed
during calibration. Specifically, thermometers are calibrated either partially or com-
pletely immersed in a temperature bath. If they are used under other conditions,
then a stem correction is required. Benedict (1984) gives several examples con-
cerning stem correction. In one, a total-immersion thermometer immersed only to
the 200°F (93°C) mark is in error by 4 percent when used to measure an 814°F
(434°C) temperature. .

Gas (or Vapor) Expansion Thermometer. This thermometer operates on the prin-
ciple that a gas expands at constant volume as its temperature is increased. In the
industrial device shown in Fig. 3.16b, a change in temperature at the sensor causes
a change in gas pressure. This pressure change is transferred by the thermal-system
capsule to a change in force on the force bar. The design of the force-balance
mechanism allows the bar to pivot imperceptibly about a pair of cross-flexure ful-
crums when the gas pressure changes. This small bar motion causes a change in
the clearance between the nozzle and the top of the force bar, resulting in a change
in the relay output pressure. In addition to changing the output signal of the trans-

A

Nozzl
/—Inerf gas ozzle
Base elevation
spring ili'? ] Feedback bellows
3 1 ! Relay
35‘:"'9 Force bar Q.”?
%"‘Ié _ Reducing tube
ot )
Compensating N BT
bellows — L HIAT 2 97/ :g:':g:; s
Cross %f |Iev.ure .im////fl
ulcrum N, 7 s ‘
! L AN
Ther mal -system = SIESILSIITISSL, Constant
capsule volume
Bulb

(a)

Resistance winding

Copper (platinum)
T T2
U
Measuring Reference
junction junction

Constanton
(c} (d)

Figure 3.16 Thermometers. (¢} Mercury in glass. (b) Gas-expansion thermometer (Cour-
tesy The Foxboro Co.) (c¢) Simple thermocouple. (d) Platinum resistance thermometer.




mitter, this change in pressure is applied to the force bar by the feedback bellows.
Thus the moments about the cross-flexure fulcrums are kept in equilibrium, and the
output signal of the transmitter is proportional to the measured temperature.

Nitrogen is almost always used as the fill gas since it can be used over a wide
temperature range and because it is available as a high-quality gas. The scale is
nearly linear, and the temperature limits range from —350 to 1400°F (—220 to
760°C).

Since a fluid’s vapor pressure depends only on the free-surface temperature of
a liquid, a measured vapor pressure can also be used to indicate temperature. The
vapor-actuated thermometer is similar to the gas thermometer, with the bulb casing
being larger to contain all the liquid when the temperature is below that of the
capillary and thermal-system capsule.

Thermocouples. The thermocouple provides a reliable and accurate temperature
indication for many industrial applications. In its simplest form it consists of a pair
of dissimilar conductors joined together at both ends, as shown in Fig. 3.16c. If the
temperature is to be measured at 7, a reference temperature is maintained at 7,
and the emf produced is related to the temperature by a polynomial fitting equation.
Depending on the combination of conductors and the desired temperature range,
the order of the polynomial may extend from second to ninth.

The temperature-emf characteristics of a thermocouple depend upon the mate-
rials used in the element of the thermocouple and the temperature to which they
are subjected. The selection of materials for thermocouple elements is subject to at
least the following requirements:

1. The materials should be able to withstand the extremes of the temperature to be
measured, without significant deterioration, for a suitable period of time.

2. A relatively large emf should be developed per degree change in temperature so
that the instrument can be used to determine small temperature changes.

3. The emf should increase with increasing temperature continuously over the range
of use.

4. The materials should maintain their original temperature-emf characteristics for
long periods. Consistency of calibration is largely dependent upon freedom from
contamination and mechanical strains. These introduce nonhomogeneities in the
thermocouple elements.

5. The materials should be homogeneous and capable of easy standardization. They
should be commercially available to permit replacement without the necessity
of recalibrating the temperature-measuring instrument.

6. The materials should be capable of being formed into an adequately strong
thermocouple assembly to meet installation and application requirements.

The ISA designations, temperature ranges, and limits of error for several of the
more common combinations of thermocouple conductors are presented in Table
3.4. In Fig. 3.17 are shown several thermocouple types.

Resistance Thermometers. The industrial resistance thermometer is widely used
because of its accuracy and basic simplicity; temperature changes of (.03°F (0.02°C)
are easily detected in industrial processes. The measurement range of this in-
strument is about the same as that of the copper-constantan thermocouple, iron-
constantan thermocouple, and expansion thermometer; these limits are approxi-
mately —300 to 1200°F (—184 to 689°C).



The resistance thermometer requires no reference junction, since it operates on
a measured change in the resistance of a metal or semiconductor (thermistor) with
temperature, Usually the metal is platinum, copper, or nickel, and the semiconductor
of a metallic oxide.

For a pure metal, the relationship between temperature and resistance is ex-
pressed as a serious expansion in temperature with constant coefficients:

R, = (1 +al + bTo + ¢T3 + -+ )R (3.44)

temp ref

where R, is the resistance, in ohms, at a reference temperature, usually 0°C (32°F),
and R, is the measured resistance. For many applications, an average coefficient
of resistance is assumed, and all terms with powers higher than the first are assumed
zero. For platinum, a second-order equation accurately predicts behavior at tem-
peratures up to 1200°F (649°C). Copper sensors are less expensive than platinum
sensors and quite linear. However, these are limited to temperatures up to 250°F

TABLE 3.4 Designations and Limits of Error of Thermocouples and Thermocouple Wires

Material Limit of error,

ISA (positive vs. negative %
designation element) Temperature F °C
Type T Copper vs. copper-nickel —328 to 32°F

(=200 to 0°C) +2.7 +1.5
(copper-constantan) 32 10 700°F
(0 to 350°C) +1.35 =0.75
Type J Iron vs. copper-nickel 32 to 1400°F
(0 to 1400°C) +1.35 +0.75
(iron-constantan)
Type E Nickel-chromium vs. —328 to 32°F
copper-nickel (—200 to 0°C) +1.8 +1.0
(chromel-constantan) 32 to 2300°F
(0 10 1250°C) +0.9 +0.5
Type K Nickel-chromium vs. ~328 to 32°F
nickel-aluminum (=200 to 0°C) +3.6 +2.0
(chromel-alumel) 32 to 2300°F
(0 to 1250°C) +1.35 =0.75
Type R Platinum 13% rhodium 32 to 2700°F
vs. platinum (0 to 1450°C) +0.34 +0.25
(Pt 13 Rh-Pt)
Type S Platinum 10% rhodium
vs. platinum
(Pt 10 Rh-Pt) 1600 to 3100°F
(870 to 1700°C) +(.34 +0.25
Type B Platinum 30% rhodium
vs. platinum 6% 1600 to 3100°F
rhodium (870 to 1700°C) +0.9 +0.3
(Pt 30 Rh-Pt 6 Rh)




(a)

Figure 3.17 Thermocouple types. (Courtesy The Foxbore Co.) {a) Wire type. (b) PYOD type.
{¢) Minox type.

(b)

Figure 3.18 Industrial RTD temperature transmitter.  (Courtesy The Foxboro
Co.)




(121°C). Nickel is quite nonlinear and has an upper temperature limit of 600°F
(316°C). Because of its inherent stability and linearity, the basic platinum resistance
temperature detector (RTD), shown in Figs. 3.164 and 3.18, continues to dominate
the field in resistance thermometers.

The thermistor is classified as a semiconductor because its electric conductivity
falls between that of an insulator and that of a conductor. The name thermistor
comes from thermally sensitive resistor—the resistance of a thermistor varies as a
function of temperature.

The thermistor is a solid semiconductor with a high temperature coefficient of
resistivity. The variation of resistance with temperature can be approximated with
a simple exponential equation of the form

b
Riemp = a €Xp T (3.45)
s

where R\, is the resistance at the measured absolute temperature 7. The constants
a and b are typically 0.06 and 8000, respectively.

Thermometer Wells

In numerous applications, it is neither desirable nor practical to expose a temper-
ature sensor directly to a process material. Thermometer wells are, therefore, used
to protect against damage from corrosion, erosion, abrasion, and high-pressure pro-
cesses. A well is also useful in protecting a sensor from physical damage during
handling and normal operation. When the ambient temperature is significantly
higher than the flowing temperature or when the well is exposed to direct sunlight,
heat conduction along the well can raise the indicated temperature by 2 to 3°F. In
these cases, care must be taken to properly insulate the thermometer well.

Wells are provided in many configurations; some of these are depicted in Fig.
3.19. The open-end type can cither be plain or have a lagging extension. A lagging
length of 3 in (75 mm) is standard, but other lengths are available. For mounting
purposes, there is a choice of external threads or process flanges. The external
threads can be obtained in either NPT or SI metric sizes, and the process flanges
are made to either ANSI or ISO specifications. The closed end of a well can have
either a straight or tapered tip, or a straight tip with a reinforced neck. A sanitary
well is also available for use in food industries. This special purpose well has a
tapered tip but no external threads or flange. It is usually welded in a sanitary
fitting, pipeline, or storage tank.

Temperature of a Moving Stream

It is important that the true static temperature at the location of the point of pressure
measurement be used in the state equation for density. For other fluid properties,
or for dimensional corrections for temperature, the temperature should be adjusted
to the point of interest.

There are three corrections that need to be considered, all of which are quite
small and wvsually considered negligible. However, for laboratory-type work or in
custody transfer applications, where all errors need to be considered, corrections
also should be considered.




True Temperature. The true (static) temperature of a moving fluid is recorded
only if the thermometer is located in a large reservoir or is moving at the same
velocity as the stream (see Fig. 3.20a,b). However, practical measurements are made
with a thermometer at rest with respect to the fluid, and the mass flow impact on
the measuring device gives a reading higher than the static temperature. The max-
imum difference would be observed for an isentropic compression of the fluid to
the stagnation temperature (Fig. 3.20c¢). In practice, this maximum is seldom
achieved because of thermometer losses, fluid frictional effects, thermometer well
design, and other factors. The indicated temperature is then somewhere between
the static and theoretical stagnation temperature (Fig. 3.20d).

For liquids the difference between static and theoretical stagnation temperatures
is quite small. Benedict (1984) gives an example concerning 200°F (93°C) water

L[‘ (a)

Figure 3.19 Thermometer wells. (Courtesy The Foxboro
Co.) (a) Plain flanged solid. (b) Lagged threaded tapered. (c)
Plain threaded welded. (d) Plain threaded solid.
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Figure 3.20 Temperatures of a moving stream.




flowing at 20 ft/s (6.1 m/s); the difference between static and indicated temperature
is only 0.002°F (0.001°C). For gases, however, the effect is not always insignificant.

The correction is made by introducing a recovery factor expressed, in U.S. units,
by

T =T, = MWV} F, 3.46
ST 2g.C 0 TR (3.46)
and, for SI units,
M,V?
TK = T,(i - 2—Cp FRF (3.47)

where Fgr, which ranges from 0.9 to 1.0, is the recovery factor, T, (T,) is the
indicated temperature (°R, K), M, is the molecular weight [Ib_/(lb,,-mol-°R), kg/
(kg-mol-K}], g, is the U.S. dimensional conversion constant [32.17405 1b,./(lb,
s7)], V,is the fluid velocity (ft/s, m/s), and J is the conversion (U.S. units) of ft-
lb; to Btu (J = 778.16934 ft-1b;/Btu).

Gas (Vapor) Expansion Corrections

Figure 3.21 illustrates the temperature profile along a pipe axis when a flow con-
ditioner (see Chap. 5) and a flowmeter that produces a differential pressure are
installed. It is seen that the temperature depends upon the pressure gradient along
the pipe axis.

In practice, the thermal well is located either 20 pipe diameters upstream of the
primary element or 4 to 8 pipe diameters downstream (see Chap. 8). The pressure
tap location may either be at the upstream tap (p;,) or the downstream tap (p;,)
for a differential producer; for linear meters (vortex, turbine, etc.), the pressure tap
location is defined by the manufacturer. A temperature directional bias error, and
hence an error in density in the density calculation, then results.

The bias error is small and normally considered negligible. However, a correc-
tion based on an isentropic expansion, or an isenthalpic expansion, across the flow-
meter after pressure recovery can be used to adjust the temperature from the thermal
well location to the point of interest. This assumes that the pipe is lagged and
thermally insulated (no heat transfer) and that no work enters or leaves the system.

Isenthalpic Expansion from Upstream Thermal Well to Primary Element. In the
absence of heat transfer and work, the gas temperature is lowered by pipe friction :
and flow conditioner, if present, over the 20 pipe diameter length between thermal
well and upstream pressure tap. The thermal gradient can be calculated by assuming
isenthalpic conditions as

T = Th _ (H) _ RoeTys (g) = ZiRoTn (3.48)
Prir — Pn ap/y 2nC, \oT » PG,

where T;,. is the upstream temperature, T, is the temperature at the upstream tap,
Pry — Py is the pressure loss, R is the universal gas constant [Btu/(lb-mol-°R),
J/(kg-mol-K)], p;, is the pressure at the upstream tap (psia, Pa), C, is the real gas




heat capacity at constant pressure [Btu/(lb,-mol-°R), J/(kg'mol-K)], and (8Z/
aT), is the partial derivative of compressibility.

Isentropic Expansion across the Primary Element. 'The minimum temperature is
at the minimum pressure (downstream pressure tap). Assuming an isentropic ex-
pansion, the relationship between an upstream temperature measurement 7, and
the true temperature at a flange, corner, or D/2 (radius tap) is

T, (P (k~})/k_ P2 + h, /2773 =17k 140
sz - a2 N Pr2 49)

where k is the isentropic exponent, T}, is the temperature at the upstream tap, 7,
is the temperature at the downstream tap, h,, is the differential pressure, and p,,
~and p,, are the respective pressures.

Isenthalpic Expansion to a Downstream Thermal Well. The overall pressure loss
(see Chap. 6) of the primary element results in a decrease in temperature at the
downstream thermal well. An isenthalpic expansion results in the following rela-
tionship:

P’ Prs | Pr2 Ptz
Tor Tl T LTS
1 1
= {
_—__/Flow conditione/ (Downsneom tap
J— Primary element
————  Upstream tap 7 re
= AT -

Stagnation pressure

4

Pressure loss

Py Pipe Ioss-T

Flow conditioner loss Differential pressure

T Isentropic Isentropic expansion

compression
; N

L Isenthalpic loss

Ty

Isenthalpic loss

Figure 3.21 Pressure and temperature profile along a pipe (not to scale).




T~ Tpo _ (QI) _ Ro:Tyy (QZ) = ZiRo T (3.50)
H

P T Psx op ps2C, \0T/, Ps2C,

Example 3.6. A 60 percent methane, 20 percent ethane, and 20 percent propane
natural gas mixture is moving at 80 ft/s (26 m/s) in an 8-in (250-mm) pipe. A
resistance thermometer (RTD) indicates a temperature of 100°F (37.8°C) when in-
serted in a thermal well 8 pipe diameters downstream of a 0.6 beta ratio orifice
flowmeter. Assuming a thermal recovery factor of 0.9, estimate the temperature,
correct (true) density at the downstream pressure tap, and directional density bias
error when the flowing differential pressure is 100 in (25 kPa) and the overall
pressure loss is 65 in (16 kPa).

The following data is available: Indicated density p; based on a pressure of 2000
psia and a temperature of 100°F:

p, = 143193 Ib, /ft* at p,, = 2000 psia and T, of 100°F
M, = 2445926 1b_/(Ib,-mol-°R)  k = 2.285
C, = 21.28373 Buw/(lb,'mol-°R)  Z; = (3Z/0T), = 1.853 x 107°R"!

The true temperature at the thermal well 7., (see Fig. 3.21) with the indicated
temperature T, = (459.67 + 100) = 559.67, by Eq. (3.46), is

- M, V? B (24.45926)(80)%(0.9)
T = T = 5 € 1 For = 39967 = 5332 17)21.284)(778.16)

= 559.5378

The temperature is first adjusted to the upstream pressure tap by Eq. (3.50) with
Piy = (2000 + A ,/27.73) = (2000 + 16/27.73) = 2002.344 psia,

T~ Tyr _ ZRoeTyr _ (1853 X 10-2)(1.9589)(559.54)

= 4765 x 10-3
ph =P PG, (2002.344)(21.2837)

With p,, — ps, = 65/27.73 = 2.344 psia, the upstream temperature Ty, is T, =
559.54 + (4.765 X 107°)(2.344) = 559.5379°R

Note that the difference (T}, — T, is only 0.0001.

The temperature at the downstream tap is now calculated, with Eq. (3.49):

T}‘ B (pfz + hw/27.73)(k*1)1'k B (2000 + 100/27.73)(2.285—”/2.285
T, Psa 2000

The true temperature at the downstream pressure tap is then

T;, = T;,/1.00101 = (559.5379)/1.00101 = 558.8126

= 1.00101

The true density p, at the downstream tap, corrected for the true temperature
T;,, by ratioing Eq. (2.10), is

2.6699,G/Z;,T,, Ty  559.67

Pi
Tf2 558.81

b 2699,,G1Z,,T,, "

14.319 = 14.341 1b, /ft*

where p,, = p;yand Z,, = Z,,..




With p, denoting the indicated density and p, the true density, the directional
density bias error, with Eq. (4.5), is

o — 14.3193 — 14.34129
=8 _Fop =
B, ==, 100 1434129

100 = —0.15 percent

SMART TRANSMITTERS

Intelligent or smart transmitters were initially differential and temperature trans-
mitters but now include absolute pressure, gauge pressure, and a smart flow trans-
mitter (Fig. 3.22) which combines all of the measured variables used to compute
the flow rate. Vortex, electromagnetic, Coriolis, and other types of flowmeters are
also designed as smart meters.

In the system shown in Fig. 3.23 the sensor signal is digitized and then linear-
ized, reranged, engineering unit conversions obtained, and communication and di-
agnostics performed by the dedicated transmitter’s microprocessor. System com-
munication is accomplished by a remote hand-held terminal (HHT) that is attached
into the standardized 4- to 20-mA loop at the desired location. Digital system
communication is either carried out on the 4- to 20-mA loop or may be a total
digital communication along the field bus.

Typically the transmitter’s output, percentage of span (or upper range value),
zero suppression, or elevation, model number, tag number, date of calibration, etc.,
can be displayed remotely. Digital transmitters (Bbullar, 1994) are generally used
in applications that require a high level of performance in terms of stability, diag-
nostics, wide range, and accuracy.

Figure 3.22 Smart flow transmitter. (Courtesy EG&G Flow Technology, Inc.)



A differential pressure transmitter that uses a resonant single-crystal silicon sen-
sor is described in Nishikawa et al. (1993) and Larson (1994), The sensor and
diaphragm are fabricated by three-dimensional micromachining techniques that en-
sure low hysteresis, stability, high sensitivity, and reproducibility. The digital fre-
quency can be measured by a microprocessor with no A/D conversion that degrades
accuracy. The transmitter measures differential as low as 0.4 in (100 Pa).

The smart flow transmitter shown in Figure 3.22 extends the versatility of the
microprocessor to the field (McCoy, 1992). The transmitter processes the inputs
from the flowmeter, temperature, and pressure transmitters and computes compen-
sated volumetric or mass flow rate for all fluids. Viscosity and density corrections
are performed within the software with a cubic spline, or linear interpolation is
available for flow-rate linearization. Pressure and temperature inputs can be either
4 to 20 mA or voltage. The data from individual transmitters can be transmitted,
either scaled or unscaled, to a control room for individual sensor observation.
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Figure 3.23 Smart transmitter installation. (a) 4-20 mA output. () Digital output. (Courtesy
The Foxboro Co.)



FLOW MEASUREMENT UNITS

Flow rates are calculated in either mass or volumetric units. The mass flow-rate
unit is time-dependent only—that is, in pounds-mass per hour, per second, or per
day. However, the volumetric unit may be calculated in gallons, cubic feet, or cubic
meters per unit time at flowing temperature or at a specified base temperature. To
distinguish between mass-flow, base-volume, and actual volumetric units, an up-
percase subscript will be used for mass-flow and base-volume units, and lowercase
for flowing volumetric flow-rate units. Table 3.5 lists the symbols and subscripting
that will be used in this book.

Liquid flow rates are almost always calculated in volume units (gallons per
minute), and gas flows in standard cubic feet per hour. Vapor flows, such as of
steam and ammonia, are usually calculated in mass units of pounds-mass per hour.

Fundamental Volumetric Flow-Rate Unit

In the English engineering system, the fundamental volume flow-rate unit is the
cubic foot per second. Under the assumption that the velocity profile is one-
dimensional and is represented by an average value (see Fig. 3.24), the flow rate
may be calculated as

_  a{D\_ I
G = A, V= 7 (E) V, = 5.454154 X 103DV, (3.51)

where D is in inches, and T/f is in feet per second. In the SI system the corresponding
equation is
7 D*

_ 2 _ _ 7
gt = A3Vr =T (T(EE) V¥ = 7.853982 x 1077 D¥VF  (3.52)

where D* is in millimeters and V} is in meters per second.

Relationship between Mass and Volumetric Units

Flowmeters may be grouped in four broad classes, depending on their principle of
operation:

1. Velocity-measuring (vortex, turbine, ultrasonic, magnetic)

2. Discrete volume-measuring (positive displacement)

3. Velocity- and density-dependent (orifice, nozzle, venturi)

4. True mass flowmeters

Depending on the desired flow-rate unit, mass-flow continuity may be used to derive
an equation relating a mass flow to a volumetric flow or base to flowing volume

units. The relationship between the volumetric and mass flow-rate units for a density
measurement is

Geps = Prqcrs (3.53)
for the U.S. system, and



TABLE 3.5 Subscripting for Flow Rate and Total Flow

Symbois

Meaning

Units
U.S. SI

Filow rate

Gactss Gactms Gacths Gacta
q;kcm:u Q:umnn’ q:kcmln q-.::‘u:md
q:’flm’ q:klpm* _q;kiph’ q:lpd
the:' thm’ prlw ‘Ibpd

Getsr Getms Gems Gora

GF s GF s 4F s G o
‘I’l*pw ql*pnn q I*ph’ (Il*pd
Gips> GEpms diens 98en

Gress Grems Grens depn
qurs- 9upm> 9uen: doro
4erss derms 9orns 9orn
s> doem» 9ors dorp

* ® ® ®
dirs- dirm- 4iens 9ien

Gas (vapor) volumetric flow rate at flowing
conditions

Gas (vapor) volumetric flow rate at flowing
conditions

Gas (vapor) volumetric flow rate at flowing
conditions

Liquid volumetric rate at flowing conditions

Liguid volumetric flow rate at flowing conditions
Liquid volumetric flow rate at flowing conditions
Liquid volumetric flow rate at flowing conditions
Liquid and gas (vapor) mass flow rate
Liquid and gas (vapor) mass flow rate

Liguid volumetric flow rate at T, = 60°F, p, =
14.696 psia

Liguid volumetric flow rate at T, = 60°F, p, =
14.696 psia

Liguid volumetric flow rate at 7. = 60°F, p, =
14.696 psia

Ligquid volumetric flow rate at T..
= 101.3 kPa

15.56°C, p,

ft*/s, ft*/min, ft*/h, ft*/24h
m?/s, m*/min, m*/h, m*/24h
L/s, L/min, L./h, L/24h

bbl/s, bbl/min, bbl/h, bbl/
24h

ft*/s, ft!/min, ft*/h, ft*/24h
m?/s, m*/min, m*/h, m*/24h
L/s, L/min, L./h, L./24h
kg/s, kg/min, kg/h, kg/24h
Ib, /s, Ib,,/min, Ib, /h, 1b/

m m m m

24h

bbl/s, bbl/min, bbl/h, bbl/
24h

ft*/s, ft*/min, ft*/h, ft*/24h

gal/s, gal/min, gal/h, gal/
24h

L/s, L/min, L/h, L/24h



dscrs» 9scrm» 9scrus scrd

(Gscesds> Gscrvdns (Gscrudse

Standard gas (vapor) volumetric flow rate at ISO
5024 base, T, = 518.67°R, p, = 14.69595

Standard gas (vapor) volumetric flow rate at

ft3/s, ft*/min, ft*/h, f*/

ft*/s, ft*/min, ft*/h, ft*/

24h

(gscimde selected base temperature and pressure 24h
G Eemsy G 4oy 4 5mn Standard gas (vapor) volumetric flow rate at [SO m?/s, m*/min, m*/h, m*/24h
5024 base, T, = 288.15 K, p¥ = 101.325
kPa
GEcmss §Eemms 9wy d%emn»  Normal gas (vapor) flow rate at normal base m?/s, m*/min, m*/h, m*/24h
temperature and pressure, Ty, = 273.15, p¥
= 101.325 kPa
(G vastss (G Em)ss (G Emadss Standard gas (vapor) volumetric flow rate at m?*/s, m*/min, m*/h, m*/24h
(G Ewvpds selected base temperature and pressure
G&rse Qs d8en> 98 Standard gas (vapor) volumetric flow rate at ISO L/s, L/min, L/h, L/24h
5024 base, Ty, = 288.15 K, pif = 101.325
kPa
(G & pshs (@ E s @& s Standard gas (vapor) volumetric flow rate at L/s, L/min, I /h, L/24h
G& o) selected base temperature and pressure
Total flow
Qur Gas (vapor} total volume ft*
* 3

acm

Gas (vapor) total volume



TABLE 3.5 Subscripting for Flow Rate and Total Flow (Continued)

Units
Symbols Meaning U.Ss. SI
Qo Liquid total volume at flowing conditions bbl
Qu Liquid total volume at flowing conditions ft}
ol Liquid total volume at flowing conditions m?
Qe Liquid total volume at flowing conditions gal
* Liquid total volume at flowing cdnditions L
0] Total mass—liquid, gas (vapor) kg
O, Total mass—Iliquid, gas (vapor) lb,,
Qsm Liquid total volume at 7 = 60°F, p, = 14.696 bbl
psia
QF Liquid total volume at T.. = 15.56°C, p} = L
101.3 kPa
Ofem Gas (vapor) total volume at normal base m*
temperature and pressure, Ty, = 273.15,
101.325 kPa
Osor Gas (vapor) total volume at ISO 5024 base, ft* ft?
T, = 518.67°R, p, = 14.69595 psia
(Qscr)s Gas (vapor) total volume at selected base ft?
temperature and pressure
QF Gas (vapor) total volume at ISO 5024 base, Ty, L
= 288.15 K, p} = 101.325 kPa
Q%) Gas (vapor) total volume at selected base L
temperature and pressure
Q¥m Gas (vapor) total volume at /SO 5024 base, Ty, m’
= 288.15 K, p¥ = 101.3245 kPa
Q%W Gas (vapor) total volume at selected base m?

temperature and pressure




qﬁPS = p;”kq:lkcms (354)

for the SI system.
If density is calculated using the pvT equation, substitution of Eq. (2.10) into
Eq. (3.53) gives the relationship for U.S. units as

GP,
Apps = 2‘698825 ﬁqacﬁ (3-55)
A similar substitution of Eq. (2.11) into Eq. (3.54) yields the SI-unit relationship
¥ps = 2.483407 L 3.56
dxrs = #- Zka G 3 cms ( . )

Flowing Gallons per Minute

The gallon is a volumetric unit defined as exactly 0.13368056 ft* (0.003785412
m®). The flow rate in gallons per minute at flowing conditions is then defined in
terms of the flowing volumetric flow rate in cubic feet per second as

60

qum = m Gors = 448.83]26]%\. (3.57)
and in terms of the average pipeline velocity as

= 2.447994D?V, (3.58)

qurn

Base Gallons per Minute

In the United States, liquid flow rates are often calculated in either gallons or barrels
per unit time, referred to a base temperature of 60°F (15.6°C) rather than at the

Figure 3.24 Average velocity used to derive volumetric flow-
rate unit.



flowing temperature. ISO Standard 5024 (1981) on petroleum liquids adopts 59°F
(15°C) as the reference temperature, and it is expected that this will eventually
replace 60°F (15.6°C).

A flowmeter can be scaled to either base or actual volumetric flow-rate units.
The relationship between actual and base gallons is illustrated in Fig. 3.25. In Fig.
3.25a, the flowmeter is scaled to actual gallons per minute, and the tank level will
indicate the same volume as the integrated flowmeter’s output. This volume is,
however, lower when the liquid temperature is reduced to a base of 60°F (15.6°C)
(the values shown are exaggerated for emphasis). In Fig. 3.25b the flowmeter is
scaled to indicate base volume. In this case, for a temperature higher than the base
temperature, the tank level will always be higher than the integrated meter output.
In both cases the base volume remains the same, provided the liquid has the same
density at 60°F (15.6°C).

Equating the mass flow at flowing temperature to the mass flow rate at base
temperature gives the following relationship between flowing and base volumes:

deps = Prdces = Polcrs (3.59

or, the base volume may be defined via the ratio of flowing to base density as

Pr i
crs = 7 YGoss Géus = 5 GE ms (3.60)
P» Py

Equation (3.60) is the basic equation that relates the measured flow rate to any base

Base galtons

Flowing gallons {actual ) Base galions
(b)

Figure 3.25 Flowmeters scaled to indicate flowing or base volu-
metric units, (@) Flowmeter scaled to flowing gallons per minute

Gepm- (b) Flowmeter scaled to base gallons per minute ggpy -



volume, in both U.S. and SI units and for both liquids and gases (vapors). For base
gallons per minute, the equation can be wrillen in terms of density or specific
gravity as

& G = EGr

= a’ qum Gb qum

- Qgpm
Op,

£

3.61)

deepm =

Provided consistent volume and time units are used, any volume units, such as
barrels, cubic meters, or liters, can be used in Eq. (3.61) to convert between volume
at flowing conditions and a selected base volume.

THE STANDARD AND NORMAL CUBIC FOOT
{METER)

In the United States the standard cubic foot is the most commonly used gas volume
unit. It is standardized in ISO 5024 (1981) for petroleum gas (natural gas) as the
volume the flowing gas would occupy at a pressure of 14.69595 psia (101.325 kPa)
and a temperature of 59°F (15°C). However, other pressures and temperatures are
more commonly vsed for natural gas, oxygen, and nitrogen volumes. The base
selected depends on the industry, the country long-term usage, and often contractual
requirements. For example in Europe it is common to use either a standard cubic
meter or a normal cubic meter as a volumetric unit. The standard cubic meter uses
a temperature base of 60°F (15.56°C) with the normal cubic meter base temperature
being 32°F (0°C) and the pressure base for both being 14.69595 psia (101.325 kPa).

If density is measured, the relationship between actual and standard volumetric
flow at a selected base is defined by Eq. (3.60) as

P P
Gscesds = L Guere = 2L g = 1028 (3.62)
P Py Py

In this equation, the lowercase subscript acfs has been added because gas flows are
commonly referred to as actual cubic feet rather than as cubic feet, although tech-
nically there is no difference.

In the SI system, the flow in standard cubic meters per second at a selected base
is calculated as

*

P i
(GEcms)y = _f* 4% cme (3.63)
Py

If the density is calculated from the puvT equation, the substitution of Eq. (2.10)
into Eq. (3.62) gives the selected-base-volume flow rate as

Z, T, Pr
=== 3.
(Gscrs)s z, T, p, Gocts (3.64)
for U.S. units, and
Z, Ty, PF
* Dl Jall . 2 B
(QSCMS)I: Zf TK P;’,k Qa cms (365)

for ST units.



At the ISO Standard 5024 base of 14.69595 psia (101.325 kPa) and 59°F (15°C)
Egs. (3.64) and (3.65) become

Z, Pr

q = 35.29340 =2 = q.s (3.66)
SCFS Zf 7} 1t
for U.S. units, and
Z, P¥
g¥-ms = 2.843819 Z” T_f g* s (3.67)
ik

for SI units.

Primary Constants and Standard Conditions for Gas Flows

To make exact comparisons among mass-flow, flowing-volume, and standard-vol-
ume flow rates, it is necessary to specify the standard conditions selected for pres-
sure, temperature, air density, and the primary constants used in the gas density
- equation. Table 3.6 lists those that will be used for gases in this handbook in the
. development of the engineering equations.

Example 3.7. The gasoline of Example 2.16(1) is flowing in a 2-in (50-mm)
schedule-80 pipe. The measured flow rate is 100 gal/min (6.31 L/s) at base con-
ditions. Determine (1) the flow rate in actual gallons per minute, (2) the flow rate
in actual cubic feet per second, (3) the mass flow rate in pounds per day, and (4)
the average pipeline velocity in feet per second. (See Examples 9.1 and 9.3 for the
sizing of an orifice for these conditions.)

1. Actual gallons per minute. From Examples 2.12 and 2.16(1),
G = 0.7255 G, = 0.7359 F, = 1.0088

TABLE 3.6 ISO Standard Conditions and Primary Constants for Developing Gas Flow
Equations

STANDARD CONDITIONS*

- Pressure 14.69595 psia {101.325 kPa)

Temperature 59°F (518.67°R, 15°C, 288.15 K)

PRIMARY CONSTANTS

Universal gas constant} :(0).]73151 psia-ft*/(lb,,-mol-°R) [8.31441 J*/(g-mol-
- Acceleration of gravity g, 32.17405 ft/s? (9.806650 m/s?)
: AIR AT STANDARD CONDITIONS
- Compressibility Z§ 0.9995824

Molecular weighti 28.96247 1b,,/(1b,,-mol)

Density (dry) 0.0765002 Ib,,/ft* (1.225416 kg/m®)

FISO 5024 (1981).

tlones (1978).
§Interpolated to seventh place using Redlich-Kwong equation of state.




Substitution into Eq. (3.61), rewritten to solve for flowing gallons per minute,
gives

G, __ 0739 ,
F G99 = (To0sg07355) 100 = 10055 gal/min

Qgpm -

2. Actual cubic feet per second. With Table C.1, the conversion equation can be
written as

4en(2.831685E ~ 02) = gy = gom(6.309020E — 05)

_6.309020 X 109

= = -3 = 3
Gt = 5 531685 102 Jevm = (2228009 X 107)(100.55) = 0.22403 f1'/s

or Eq. (3.57) may be rearranged to yield

Ggm 10055

= = ———— — 3
e = 248.8313 4488312 - O22A03 s

7 3. Mass flow rate in pounds-mass per day. From Eq. (3.53), gpps = prq.q,- The
. flowing density p, is, by Eqgs. (2.203) and (2.175),

pr = F,pr = 62.3663F G, = (1.0088)(0.7255)(62.3663)

= 45.6449 1b, /{1’
then gorp = 24)(3600)p,q., = (24)(3600)(45.4562)(0.22403)

= 883,512 b, /day

4. Average pipeline velocity. From Table B.1, for 2-in schedule-80 pipe, D =
1.939; then, by Eq. (3.51) rearranged to solve for V,,

— qcfs _ 022403
(m! D12y (w/4)(1.939/12)
Example 3.8. Natural gas is flowing at 340 standard m?/h (ISO Standard 5024
base) in a 52.50-mm (2.067-in) pipe. For the design information given below, de-
termine (1) the actual flow rate in actual cubic meters per hour, (2) the mass flow

rate in kilograms per hour, (3) the average pipeline velocity in meters per second,
and (4) the standard cubic feet per hour. The design information is

pf=184kPa T, =300K G =065
Z;=09995 D*=5250mm  Z, =10

= 10.93 ft/s

Vi

1. Actual cubic meters per hour. Equation (3.63) can be rewritten for an hourly
basis as

_ Ps
Goemn = 5 qdemm
P

where pf and p} are calculated at flowing and base conditions using Eq. (2.11)
as



Gpf (0.652)(184) .
* = k L— = 7Y 39 3
pf = 3.483407 . 3.483407 (0.999%)(300) 1.39369 kg/m

p ¥
and  pr = 3483407 ZPE. _ 3 433407 (Q65D01:325)

= 0.79864 kg/m’
ZT, (1.0)(288.15) 079864 ke/m

Substitution then yields

. _ 079864

= 7O - 3
4 acmn 1.39369 340 194.83 m*/h

2. Mass flow rate. Equation (3.54) in hourly flow-rate units is
it = p}kq::mh
= (1.39369)(194.83) = 271.54 kg/h

3. Average pipeline velocity. Rearranging Eq. (3.52) and substituting yields
Vi — ‘I?:m
T (a/4)D*/1000)

_ 194.83/3600
(7r/4)(52.50/1000)*

= 25.00 m/s
4. Standard cubic feet per hour. Table C.1 shows the conversion (fi*/s)(2.831685
E — 02) = m*/s. Then

g Eomu 340

Ascri ™ 2 831685 x 102 2.831685 X 102
= 12,007 standard ft*/h

FLOW CALIBRATION STANDARDS

All flowmeters initially are tested using a flow-rate standard to establish the rela-
tionship between the meter indicated flow rate (or indicated total flow) and the true
flow rate. The true rate is established in a flow laboratory that maintains reference
standards traceable to national standards. In the case of the differential producers
(orifice, nozzle, venturi, etc.) sufficient data has been accumulated to derive an
equation that will predict, within acceptable accuracy limits, the discharge coeffi-
cient from measured dimensions. In the standards written by the codifying bodies
(ASME, ISO, etc.) these equations are assigned an overall uncertainty value and a
usable Reynolds number range.

A flowmeter should be flow-calibrated using accepted reference standards to
achieve improved accuracy or confidence that the metering is within the desired
limits. Since flow rate is not a single measurement, but a combination of several
measurements, it is important that laboratory bias errors, procedures, and statistical
documentation be scrupulously maintained.



Liquid Calibration

Two calibration standards are generally used for liquid meter calibration, the weigh-
ing (mass) and the volumetric methods. In both, the determination of mass or
volume may be made either dynamically or statically. The weighing method is
standardized in ANSI/ASME MFC-9M (1995) and in ISO 4185 (1985).

Static Weighing. In the static weighing method (Fig. 3.26a) the liquid, usually
water, is diverted into a collection tank located on a weighing mechanism at the
start of the test and then diverted back into the reservoir after a suitable collection
of mass and other readings is obtained in order to meet accuracy objectives. The
initial weight (tare) is subtracted from the final weight (gross) to obtain the net
mass that passed through the meter under test. This net mass is divided by the
measured diversion time to obtain the true mass flow rate.

Corrections are applied for buoyancy and diverter bias error to obtain a corrected
mass flow rate. Since all readings are made under static conditions, the scale and
timer readings are easily traced to national reference standards.

Flow
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Liquid reservoir _l receiver
Pump [ ] scaie
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Flow Meter under Voive
=D test
I 1
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iaui : receiver
Liquid reservoir ] br7777777
Pump C +—m
Start  Stop
(b) weight weight
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°= l ] cylinder
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Qut In
{¢)

Figure 3.26 Liquid calibration standards. (a) Static weighing. (b) Dynamic weigh-
ing. (c) Ballistic prover.



Dynamic Weighing. The dynamic weighing method (Fig. 3.265) requires that the
mass measurement be made under steady flow-rate conditions into a receiver. When
steady flow is indicated by the meter under test, the weigh tank drain valve is
closed and mass begins to accumulate until the counterbalance weight is lifted. As
the balance arm passes through a preset trigger, the timer starts and the test run
begins. Additional mass is then added to the counterbalance. When the liquid mass
entering the receiver equals the added mass, the timer is stopped, terminating the
run. Since mass is continually changing as the receiver is filled, suitable dynamic
corrections (Craft, 1986) need to be applied to the mass readings.

The accuracy of either the dynamic or the static weigh method is determined
by an overall uncertainty analysis that includes bias and random errors associated
with the mass standards, diverter or dynamic inertial effects, and the measured run
time. Typically, this uncertainty is less than 0.1 percent in the mass flow-rate de-
termination.

Volumetric. If the static or dynamic measurement is made volumetrically, rather
than by collecting mass, the method is called volumetric. It is important that suitable
bias error corrections be made for this method (ISO DIS 8316, 1987).

Ball or Ballistic Prover. In situ calibration is often required for custody transfer
applications. The ballistic prover (Fig. 3.26¢) is a compact defined-volume test
device. The prover is often mounted on a small truck and brought to the measure-
ment site. Larger provers that use a ball rather than a piston are permanently in-
stalled for routine meter proving.

The prover (ANSI/API MPMS4, 1979) operates on the principle of diverting
all of the metered fluid through the prover and counting the meter pulses generated
between a starting and a stopping trigger over the known volume between detectors.
This volume is accurately known, and the pulse per unit volume is thereby deter-
mined.

Gas Calibration

Weighing and Volumetric. Similar to a liquid calibration, the gas passing through
the meter under steady flow conditions may be measured with a mass or volume
reference standard. In the weigh method the gas is accumulated and weighed on a
beam balance (Fig. 3.27a) and the recorded value is divided by the run time to
calculate the mass flow rate.

In the volume method (Fig. 3.27b) a precise known volume is filled or exhausted
and the initial and final tank pressure and temperature are measured. From these
measurements the initial and final mass may be calculated using the state equation
for the flowing gas and the receiver or discharge tank known volume. The mass
flow rate is calculated as the net calculated mass divided by the test interval.

Bell Prover and Piston Prover. Shown in Fig. 3.27¢ is the bell prover that is
widely used for low-pressure calibrations of positive displacement and other meters.
ISO DIS 8959 (1986) and ISO DIS 9695-1 (1992) gives the requirements for the
accurate determination of gas volumes using this method.

The bell is either filled or lowered by opening and closing suitable valving. This
displaces or fills a known calibrated volume over a measured time interval (for rate)
as the bell rises or falls. Under carefully controlled conditions the bell prover has
an estimated overall uncertainty (accuracy) of 0.1 to 0.2 percent.



Kirik and Peace (1992) present a detailed uncertainty analysis of an automated
bell prover used for testing gas turbine meters. Errors are estimated for each system
component, classified by type, and then combined into uncertainty levels for each
calibrated volume. This analysis indicated that uncertainty varies with calibration
conditions. The analysis indicated uncertainties in the order of +0.15% are achiev-
able for displaced volumes of 400 ft® (11 m?).

Bellinga and Delhez (1993) redesigned a liquid piston prover to serve as a
primary calibration standard for natural gas. The ultimate goal, after obtaining suf-
ficient data, is to gain acceptance of the device as a primary standard for meter

calibration.
Weights
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Figure 3.27 Gas calibration standards. (@) Weighing. (&) Volumetric.
(c) Critical nozzle.




Critical Flow Nozzles. The critical flow nozzle (Fig. 3.27¢) is increasingly being
used as a secondary gas or vapor flow measurement standard. A sonic shock wave
limits the flow rate in the nozzle’s throat to the speed of sound for the fluid under
test. Assuming an isentropic expansion from the inlet plenum to the throat, the
mass flow rate is calculated from measured pressure and stagnation temperatures
to an accuracy of (.25 percent (ANSI/ASME MFC-7M, 1992, see chap. 13).
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ACCURACY_

Errors are inherent in all measurements. Even under ideal conditions, repeated mea-
surements of a reference standard, such as a standard mass placed on a scale, will
give slightly different instrument readings. These errors may be random or biased,
stem from the reference standard, or change with time. Environmental factors, such
as temperature, pressure, and relative humidity, can also affect measurements.

Accuracy, overall uncertainty, systematic error, bias error, repeatability, hyster-
esis, and reproducibility are but a few of the terms used by standardizing organi-
zations and trade associations to define the many sources of error. Although called
by different names, many of these have the same meaning. Because of the wide-
spread use and understanding of the terms accuracy, bias error, and precision, they
will be used exclusively in this book. Accuracy, which is the combination of bias
and precision errors, will be defined in accordance with the author’s interpretations
of the available flow measurement uncertainty standards and current draft docu-
ments, including ANSI/ASME MFC-2M (1988), ANSI ASME PTC 19.1 (1985),
and ISO 5168 (1979).

The measurement of flow rate requires not only a primary device but usually
additional instruments to measure temperature, pressure, density, differential pres-
sure, etc. To determine flow-rate measurement accuracy, the accuracy of the primary
device must be combined with the individual accuracies of these additional mea-
suring devices and then properly weighed in the flow-rate calculation.

The following brief introduction to the subject presents a simple procedure for
calculating overall flow-rate accuracy. The combining of errors by statistical meth-
ods is now widely accepted. For engineering purposes, it is difficult to apply the
rigorous and complex statistical approaches presented in the standards for the pur-
pose of evaluating second- and third-order effects. In most cases a suitable accuracy
statement can be derived through the use of simplifying assumptions, with the more
complete determination reserved only for contractual use and for documentation of
data for technical papers, etc.

FUNDAMENTAL CONSIDERATIONS

The International Organization for Legal Metrology (OIML, 1984) defines accuracy
as “The closeness of agreement between the result of a measurement and the (con-
ventional) true value of the measurand.” OIML notes that “‘the use of the term
precision for accuracy should be avoided.”



By definition, an accuracy of 99 percent is an inaccuracy of 1 percent, and, as
accuracy improves, inaccuracy is reduced. For convenience, however, inaccuracy
has almost always been referred to as “‘accuracy.”

Accuracy statements for industrial and laboratory instruments are usually given
as a percentage of either the upper range value (URV; formerly called full-scale
value) or the true value, rather than in terms of the units of measurement. Since
percentages are easier to use, particularly in the calculation of flowmeter accuracy,
they will be utilized here to derive the accuracy equation.

At a single measurement point, there are three sources of error. The average of
many readings might be offset from the true value (bias error); the readings may
be randomly scattered about the offset (precision error); and one reading might fall
well outside the majority of the readings (illegitimate, or outlier error). It is the
combination of the first two that establishes the accuracy or quality of the instru-
ment.

Two methods are commonly used to specify accuracy over a range of values. In
the first, a calibration curve is plotted over the intended range of use, and each
reading is then corrected by reference to a correction curve (ISO DIS 7066, 1984).
If desired, a mathematical correction-factor equation is derived by regression anal-
ysis, and subsequent corrections are calculated by computer. In the second method,
an accuracy value based on typical calibration curves for production units is given.
While the first method has the advantage of eliminating bias, the considerable ex-
pense of individually calibrating each instrument is seldom warranted. Many of
today’s industrial instruments are calibrated at several points, and a bias error cor-
rection is made by a microprocessor.

Flowmeters and auxiliary instruments are usually assigned two accuracies. The
first is called the reference-condition accuracy and is obtained under laboratory
conditions. A range of temperatures, pressures, supply voltages, flow conditions,
etc., is specified over which the user can expect the device to be within a specified
reference-accuracy envelope. The second refers to the effect of influence quantities
on the reference accuracy. It applies when the device is used outside the referenced
range for temperature, relative humidity, static pressure, flow-pulsation level, etc.,
and is usually specified as a limit of error, such as =1 percent per 100°FE For
example, a pressure-measuring device would be within its +1 percent reference-
accuracy envelope if used in an air-conditioned room, but a bias error, and possible
increased precision error, might be observed if it were installed in the harsh tem-
perature environment of a steel mill.

MEASUREMENT ACCURACY

Accuracy Components

As an illustration of the two separate errors that define accuracy, consider three
temperature-measuring devices that have been placed in boiling water and have
provided the readings given in Table 4.1. The three sets of temperature data are
also shown plotted on targets in Fig. 4.1, where the bull’s-eye is 212°F, the true
value.

Data for the first device (Fig. 4.1a) are tightly clustered about an average value,
but offset from the center. The difference between the average and true values is
the instrument’s bias error, and the scatter about the average is the precision error.
Note that one point is significantly different from the rest. This is an outlier, because
it is not part of the normal population. Statistical methods (ANSI/ASME MFC-



TABLE 4.1 Calibration Data for Three Temperature-
Measuring Devices

Reading

Measurement Device 1 Device 2 Device 3
1 210.1 210 212.0
2 210.0 213 2122
3 209.8 212 212.1
4 210.2 214 212.0
5 209.9 210 211.8
6 200.0%

tPossible illegitimate error or an outlier.

2M, 1988) are available for determining whether to reject it or include it in cal-
culations.

A bias error is directional and must be added or subtracted from the instrument’s
reading to obtain the true value. A precision error is random about the bias. Pre-
cision can be improved only by selecting another measuring device, but bias error,
if known, can be eliminated by correction. This particular device is considered
precise but biased; it is not considered accurate without correction.

The second device (Fig. 4.1b) has a wide scatter about the bull’s-eye. While the
average is centered, indicating no significant bias, the inability to read values close
to each other makes the device imprecise, or of poor precision; the chances of
reading 212°F are quite poor. This device would not be considered accurate because
of the large precision error.

The third device (Fig. 4.1¢) is both precise and unbiased. The average of the
five readings is 212°F, and there is little scatter. Because this device is both precise
and unbiased, it is considered accurate.

This example suggests three distinct cases regarding accuracy:

1. Bias error is not negligible, but precision is good (device 1).
2. Bias error is negligible, but precision is poor (device 2).
3. Bias error is small and precision is good (device 3); this is an accurate device.

{a) (b) (c)

Figure 4.1 Targets showing data scatter with respect to true value. (a) Device 1. (b) Device 2.
(c) Device 3.



Depending on how sensitive the flow-rate calculation is to the particular temperature
that is being measured, device 1 could be used for control; devices 1 and 2 could
be used for measurement and control if the temperature sensitivity of the flow
calculation were negligible; and device 3 could be used for both measurement and
control. In all cases, device 3 is to be preferred, unless economic considerations
outweigh measurement needs.

Precision and biw errors must first be treated separately and then combined to
obtain the final accu::cy value. Precision errors follow the laws of chance, in that
they are purely rand~mn in nature. The chance (probability) of reading either 211°F

or 213°F when a particular thermometer

Averoge is placed in boiling water may be only

Bias error —| 5 percent, but the chance of reading

212°F may be 20 percent. The chances
of reading intermediate values increase
as the readings approach the average;
these chances follow the familiar beli-
shaped curve of gaussian (normal) dis-
tribution, as illustrated in Fig. 4.2 for
device 1. Using stati-tically derived
equations, a range within which 95 per-
cent of the readings would be expected

+

Illegitimate
error

e 212°F to fall can be calculated. The 95 percent

21C°F confidence range (or level) is used in the

Figure 4.2 Data for device 1 shown on a bell  ISO 5168 (1978) ANSI/ASME MFC-
curve, 2M (1988) and ANSI/ASME PTC 19.1

(1985) flow measurement standards.
Bias errors do not follow the laws of chance, and no confidence level can be
derived for them. There are two types of bias errors, variable and constant. Typical
sources are as follows:

Sources of Variable Bias Errors

1. Drift in the voltage of a standard cell used periodically to standardize a

potentiometer

2. Progressive wear on the linkage of a recorder (a time-dependent wear func-
tion)

3. Progressive wear of the orifice edge in a dirty stream

4. An uncorrected zero shift in a differential-pressure transmitter (or other mea-

suring device)

.

Sources of Constant Bias Errors

1. An unknown bias error in a reference standard that is used to calibrate sec-
ondary devices

. Deadweight-tester weights not corrected for local gravity

. Use of the assumption of an ideal gas

. A scale used to determine mass but not corrected for liquid buoyancy

. A flowmeter installed too close to an elbow or other flow disturbance

Incorrect measurement of an orifice or pipe bore

S B

A source of error that can never be explained, calculated, or estimated (or over-
looked) is the outlier (sometimes called human error, illegitimate error, or blunder)



that occurs when an operator records 221°F instead of 212°F, or when the water
was not at the boiling peint as readings were recorded, or when a known source
of bias error was not considered—such as not correcting the boiling point of water
for atmospheric pressure. Illegitimate errors should always be reported, since they
might be indicative of a meaningful phenomenon. But, for engineering purposes, -
outliers must be discarded after a reasonable effort to locate their source. Several
statistical methods for rejecting outliers are covered in ISO 5168 (1978), ANSI
(MFC) (1988), and ANSI/ASME PTC 19.1 (1985).

Calculating Precision

Precision is the ability of a measuring device to give (repeat) the same readings for
the same input. Because variations in readings are random, statistical theory can be
used to calculate a precision value at the 95 percent confidence level from the
variance of the readings.

To calculate the precision, an approximate standard deviation is first calculated -
for the readings (data points). This is multiplied by a correction factor derived from
Student’s ¢ distribution for the 95 percent confidence level.

This factor depends on the number of data points and, for an infinite number of
points, approaches 1.96. Student’s 7 values are plotted in Fig. 4.3 versus sample
size, and the values are given in Table 4.2

The standard deviation, in percent, is

. [2{1%):} : @

n—1

where n is the number of data points, and (/.,); is the percentage deviation of each
data point /; from the average / of the indicated readings:

-1
), = ’T 100 (4.2)
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Figure 4.3 Student's 1 for the 95 percent confidence level.



TABLE 4.2 Two-Tailed Student’s ¢ Values for 95 Percent Confidence Level

Number of Degrees of Number of Degrees of
data points freedom data points freedom
n (n-1 tsr n (n—=1) Isr
2 1 12,706 18 17 2.110
3 2 4.303 19 18 2.101
4 3 3.182 20 19 2.093
5 4 2776 21 20 2.086
6 5 2.571 22 21 2.080
7 6 2.447 23 22 2.074
8 7 2.365 24 23 2.069
9 8 2.306 25 24 2.064
10 9 2,262 26 25 2.060
11 10 2,228 27 26 2.056
12 11 2.201 28 27 2.052
13 12 2.179 29 28 2.048
14 13 2.160 30 29 2.045
15 14 2.145 31 30 2,042
16 15 2.131 32 31 2.0
17 16 2.120

- I + + + e
it B RS
n

- n 4.3)
The precision at the 95 percent confidence level is then
a, = tgo (4.4)

where ¢, is found in Table 4.2 or Fig. 4.3.

Calculating Bias Error

The difference between the most likely value (the average) and the rrue value, as
established by a reference standard, is the bias error (see Fig. 4.2). While the true
value is never exactly known (because of inherent reference-standard precision and
bias errors), engineering practice is to assume that the reference standard has neg-
ligible error.
The difference between the average of the instrument’s readings and the refer-
ence-standard reading gives the directional bias error, defined by
B ="""100 45)

where the subscript ¢ refers to the true, or reference-standard, value. With a positive
bias, the instrument is said to be reading high, and with a negative bias reading
low.



It is common to use a correction factor to adjust readings for known bias errors.
This factor is derived in terms of the bias error as

-1
Fy= (1 + —B—) (4.6)

and the correction for directional bias is made as follows:
I = Fyl 4.7)

An added complication enters the bias-error calculations because of the confi-
dence associated with the average value. Confidence in the average of 1000 readings
is higher than that for an average of only five readings. It has been shown that
precision can be used to calculate a 95 percent confidence level for the average.
This establishes a range centered on the average and determined as

+B =2 (4.8)
Vh

It can be seen from Eq. (4.8) that as the number of readings increases, the bias-
error range + B shrinks toward zero. For many devices, precision error is small (g,
< (.10 percent), and the bias-error range can be neglected in the accuracy calcu-
lation.

Accuracy at a Single Point

Accuracy is closeness to the true value, and it includes the effects of both precision
and bias error. These are combined by considering the precision |Eq. (4.4)] and the
bias-error range +B [Eq. (4.8)] as random, adding their squares, and taking the
square root of their sum. The directional bias error is then algebraically added, and
the accuracy is calculated as

.. % 1
Acc =B * Up+;:Bi 1+;o-,; (4.9)

When the directional bias error is known, each reading should be corrected with
Eq. (4.6). The accuracy calculation then reduces to

Acc = * /(1 + %) lo s (4.10)

Many devices have good precision (<0.1 percent), and for a reasonable number of
data points (n > 5), Eq. (4.10) further reduces to

Acc = *o 4.11)

,,

Equation (