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1. SCOPE

This SAE Aerospace Recommended Practice (ARP) provides to the aerospace industry a procedure for the consistent and
accurate calculation of fuel flow using turbine flowmeters during development, production, and post overhaul/repair gas
turbine engine testing.

1.1 Purpose

One of the methods of measuring fuel-flow-rate in a test-environment is by means of a turbine flow-meter. This
recommended practice outlines a process for the calculation of flow-rate when a turbine flow-meter is used for the

measurement.

2. REFERENCES

2.1 Applicable Docu
The following publicatio
shall apply. The applica
event of conflict betwee)
Nothing in this docums
obtained.

2.1.1 SAE Publicatio

Available from SAE Intq
and Canada) or +1 724

&
ITTIS

ns form a part of this document to the extent specified herein. The latest’is
ble issue of other publications shall be the issue in effect on the date’of th
h the text of this document and references cited herein, the text of this docu
nt, however, supersedes applicable laws and regulations unlgss a specif

NS

rnational, 400 Commonwealth Drive, Warrendale,yPA 15096-0001, Tel: 87
L776-4970 (outside USA), www.sae.org.

ARP741 Turbof

2.1.2 API Publication|

Available from API, 1220 L Street, NW, Washington, BE€20005-4070, Tel: 202-682-8000, www.api

Manual of Petroleum M

Manual of Petroleum M
Range

Manual of Petroleum M

Manual of Petroleum M

n and Turbojet Gas Turbine Engine Test.Cell Correlation

asurement Standards, €h="4: Proving Systems

easurement Standards, Ch. 11.2.1: Compressibility Factors for Hydrocar

pasurementStandards, Ch. 12.2.5.1: Correction for the Effect of Temperat]

pasurement Standards, Ch. 12.2.5.2: Correction for the Effect of

sue of SAE publications
purchase order. In the
ent takes precedence.
ic exemption has been

(-606-7323 (inside USA

org.

pons: 0-90 API Gravity

Lre on Steel, Cts

Pressure on Steel, Cps

Technical Data Book - Petroleum Refining, APl Procedure 11A5.7, Liquid Viscosity of High-Molecular-Weight Pure and

Mixed Hydrocarbons at

2.1.3 ASTM Publicati

High Pressure

ons

Available from ASTM International, 100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959, Tel: 610-
832-9585, www.astm.org.

ASTM D240

ASTM D287

ASTM D341  Standa

rd Viscosity-Temperature Charts for Liquid Petroleum Products

Standard Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter

Standard Test Method for API Gravity of Crude Petroleum and Petroleum Products (Hydrometer Method)
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ASTM D445  Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and the Calculation of
Dynamic Viscosity)
ASTM D1018 Standard Test Method for Hydrogen in Petroleum Fractions
ASTM D1217 Standard Test Method for Density and Relative Density (Specific Gravity) of Liquids by Bingham
Pycnometer
ASTM D1250 Standard Guide for Petroleum Measurement Tables, Volume X: Background, Development, and
Implementation Procedures
ASTM D1298 Standard Practice for Density, Relative Density (Specific Gravity), or APl Gravity of Crude Petroleum and
Liquid Petroleum Products by Hydrometer Method
ASTM D2382 Standayd atorimeter (High Precision
Method)
ASTM D3701 Standayd Test Method for Hydrogen Content of Aviation Turbine Fuels by Low Resdlution Nuclear Magnetic
Resonance Spectrometry
ASTM D4052 Standafd Test Method for Density and Relative Density of Liquids by*Digital Densify Meter
ASTM D4809 Standard Test Method for Heat of Combustion of Liquid“Hydrocarbon Fuels| by Bomb Calorimeter
(Intermgdiate Precision Method)
2.1.4 Coordinating Research Council, Inc., Aviation Fuel Properties; CRC Report No. 530.
2.1.5 Craft, D. William, High Accuracy Fuel Flowmeter - Finah Report - Phase IIC and Phasellll, The Mass Flowrate
Calibration of High Accuracy Fuel Flowmeters, NASA.CR 187108, February, 1992.
2.1.6 Grabe, W., Fudl Flow Measurement in Gas Turbine Testing, National Research Council off Canada, TR-ENG-001,
NRC No. 29808, 1988/08.
2.1.7 Hochreiter, H. M., Dimensionless Correlation of Coefficients of Turbine-Type Flowmeters, JASME Paper No. 57-A-
63, Transactions of the ASME, October1958.
2.1.8 IEEE Std. 268 {1982, IEEE Standard Metric Practice, Institute of Electrical and Electronicq Engineers.
2.1.9 Mattingly, G. H., The Characterization of a Piston Displacement-Type Flowmeter Calipration Facility and the
Calibration and|Use of Pulsed Output Type Flowmeters, Journal of Research of the Nationpl Institute of Standards
and Technology, Volame 97, Number 5, September-October 1992, pp. 509-531.
2.1.10 Olivier, Paul D], Determination of Turbine Flowmeter Usable Turndown, Proceedings of National Conference of
Standards Laboratories Workshop and Symposium, July 1995.
2.1.11 Ruffner, Donald F, and Olivier, Paul D., Improved Turbine Meter Accuracy by Utilization of Dimensionless Data,
Proceedings of National Conference of Standards Laboratories Workshop and Symposium, August 1994.
2.1.12 Schoonover, Randall M. and Jones, Frank E., Air Buoyancy Correction in High-Accuracy Weighing on Analytical
Balances, Journal of Analytical Chemistry, Volume 53, Number 6, May 1981, pp. 900-902.
2.1.13 Shafer, M. R. and Ruegg, F. W., Liquid-Flowmeter Calibration Techniques, ASME Paper No. 57-A-70, Transactions

of the ASME.
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2.2 Nomenclature

API
ASTM
Bo
Cofd

Cpfv

=
HYC

K, K-factor
Kop

LHV

LHVct
LHVret

Patm

Patm, cal

Peal

Peq

Pgage

Pop

Q

RD

American Petroleum Institute

American Society for Testing and Materials

buoyancy adjustment to convert from "in-vacuo" to "in-air" (dimensionless)

pressure correction on fuel density (dimensionless)

pressure correction on fuel viscosity (dimensionless)

pressure correction factor due to flowmeter expansion to obtain Kop (dimensionless)

pressul
temper
temper|
bore di
modul
flowme

compre

bmeter of flowmeter (in or m), measured at Tca
s of elasticity of the flowmeter meter material (psi or/ar)
ter frequency (Hz or cycles/s)

ssibility factor of the fuel (1/psia or 1/bar-a)

stem cgrrection for glass hydrometer thermal-€Xpansion (dimensionless)

flowme
K-factg
measu
lower h
referen

atmosp]

ter coefficient (cycles/US-gal or cyeles/L)

F at operating conditions (cycles/US-gal or cycles/L)
ed lower heating value\(Btu/lb or kJ/kg)

eating value carreetion factor (dimensionless)

ce lower heating value (Btu/lb or kJ/kg)

heric'pressure at operating conditions (psia or bar-a)

atmos

haric nrassura-durina flowmatar calibhration (hsia or har.g)
REHGCPHF Fe-GHHRgHEWHREete-catBiato R+ PSta-oBal-a;

— 4 . ROt o
hture correction factor due to flowmeter expansion to obtain Kop (dimension

hAture correction factor due to flowmeter expansion to obtain Roop‘(dimensio

ES)
ess)

hless)

absolute pressure of fuel at the flowmeter during calibration (psia or bar-a)

equilibrium pressure of the fuel (psia or bar-a)

gage pressure of fuel at the flowmeter during operation (psig or bar-g)

absolute pressure of fuel at the flowmeter during operation (psia or bar-a)

fuel vol

ume flow rate (US-gal/s or L/s)

relative density formerly referred to as specific gravity (dimensionless)
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RF radio frequency

Ro Roshko number (dimensionless)

Roop Roshko number at operating conditions (dimensionless)

St Strouhal number (dimensionless)

Stop Strouhal number at operating conditions (dimensionless)

t wall thickness of the flowmeter (in or m)

Teal calibration temperature of the flowmeter (°F or °C)

Tret referencetemperature (60—°For 15-°C)

Top operatihg temperature of the fuel at the flowmeter (°F or °C)

Top,abs absolute operating temperature of the fuel at the flowmeter (°R or °K)

Ts temperpture of the fuel sample (°F or °C)

Ts,abs absolute temperature of the fuel sample (°R or °K)

uvC univerdal viscosity curve

VCF volume correction factor (dimensionless)

Wit true fugl mass flow rate (Ibm/h or kg/h)

Wi Lhv LHV cqrrected fuel mass flow rate (Ib/h,orkg/h), i.e., true fuel mass flow rate referehced to a standard heat

of com

2.3 Greek Symbols

(X,F,Tref

al

5

Pa

Pop

coeffici

coeffici

(obsery
atmosg

pustion

ent of thermal expansion of the fuel at reference temperature (Trer) (1/°F or

bnt of linearthermal expansion of the flowmeter (1/°F or 1/°C)

ed inlét-total absolute pressure)/(absolute pressure of ISO sea level s
here) {dimensionless)

1/°C)

tandard day reference

dynam

C VISCOSIty of the Tuel sample (CEntipoiSe)

kinematic viscosity of the fuel sample corrected for operating temperature (Top) and pressure (pop) (CSt)

kinematic viscosity of the fuel sample (cSt)

kinematic viscosity of the fuel sample corrected for operating temperature (Top) (CSt)

(observed inlet total absolute temperature)/(absolute temperature of ISO sea level standard day reference
atmosphere) (dimensionless)

air density (kg/m®)

density of the fuel corrected for operating temperature (Top) and pressure (pPop) (kg/m®)
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ps fuel sample density (kg/m?%)

Ps,hyc fuel sample density corrected for glass hydrometer thermal expansion (kg/m?)
PTop density of the fuel corrected for operating temperature (Top) (kg/m?3)

PTop,gce density of the fuel corrected for operating temperature (Top) (g/cm?®)

Pref density of the fuel at reference temperature (Trer) (kg/m®)

Pref,gec density of the fuel at reference temperature (Trer) (g/cm?®)

pw balance weight density (kg/m?3)

Pwater,ref density| of water at reference temperature in vacuo (Trer) (kg/m?)

3. BACKGROUND

A variety of fuel flow determination methods have evolved throughout the aerospace industry. Mo
measurement methods|as well as temperature/pressure corrections have been based on establishe
in the literature. Often] however, notable differences in measured fuel properties~and calculated
apparent upon comparjson of results between parties. A portion of these differences could be
experimental uncertainty and the reproducibility of the measurement technique in different laborat
due to differences in the measurement and/or correction techniques, have resulted in considerab
devoted to the justification and/or validation of each facility’s methodology-

A procedure adopted bl the entire industry would provide a commen basis for the consistent and
fuel flow and help allevigte points of confusion or inconsistency;“As such, the procedure defined h¢
and API standard test methods as well as temperature and pressure correction methodologies and
the physical quantities flequired in the determination of fuel flow such as relative density, viscosity,
for calibrating turbine flpwmeters.

5 outlined in this document represent a recommended practice for the calc
furbine flow meter. Minor deviations to the calculation process and/or data
ditions may differ fer;a particular fuel or class of fuels or even a specifid
bhould be made under those conditions to support individual laboratory-data

The data and processe
measurements using a
fuel property state con
condition. Allowances

4. INTRODUCTION

4.1 True Fuel Mass Hlow Rate

The basic building blocks“for determining fuel flow with volumetric flowmeters are shown in Equal

bt fuel property and flow
d techniques published
fuel flow have become
justifiably attributed to
pries. Other disparities,
e time and effort being

accurate calculation of
erein is based on ASTM
an be used to establish
ower heating value and

ulation of fuel flow from
Ised in the correction of

fuel meter’'s operating
L and experience.

ion 1. A mass per unit

volume quantity (density)yTsmoitiptied-by avotumeperumit timequantity (votomeftowrate) toobtai
(true mass flow rate).

mass _volume mass
volume time time

or similarly,
density * volume flow rate = true mass flow rate

Fuel sample density is measured and/or reported at a reference temperature and pressure.

true mass per unit time

(Eq. 1)

(Eg. 2)

If the fuel is subjected to

conditions at the flowmeter during engine operation that are different from those which existed at reference conditions, then
temperature and/or pressure corrections should be applied to the density term. The corrections to fuel density are not
needed when an in-line digital density meter is used and is located sufficiently close to the flowmeter so that the fuel can be
assumed to be at the same temperature and pressure at both the digital density meter and the flowmeter.
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The volume flow rate is obtained using the flowmeter’s calibration curve. The calibration curve is valid at the temperature
and pressure of calibration for the flowmeter. However, during engine operation, if the flowmeter is subjected to conditions
different from those at calibration, then appropriate temperature and pressure corrections to account for changes in
flowmeter geometry should be applied to the calibration data.

Also, as discussed in 4.3, the calibration curve is a function of the fluid viscosity, which must be known to properly use the
curve. Temperature and pressure corrections should be applied to determine fluid viscosity at engine operating conditions.
The viscosity corrections are not needed when an in-line viscometer is used and is located sufficiently close to the flowmeter.
The product of density and volume flow rate then yields the true mass flow rate of the fuel.

4.2 LHV Corrected Fuel Mass Flow Rate

In order to normalize engine performance data to a reference fuel heat content, a lower heating value correction (LHVc)

may be applied to the tige-mass-fowrate-asirEquation3-

LHVcis defined as the
from different sources n

An additional correction
of the fuel. When lower
of fuel used is weighed
vacuo” conditions. Th¢
conditions for both LHV|

NOTE: Fuel flow is als
exponent (x) is
effect of differe
on making & an
determination g
scope of this
flowmeters.

4.3 Turbine Flowmet

The turbine flowmeter
traditional representatid
(cycles/US-gal or cycle
Universal Viscosity Cur
fluids at several viscosi

LHV corrected mass flow rate = true mass flow rate * LHV¢ * Bg

ratio of measured LHV to a reference LHV. This correction is négessary |
nay vary significantly.

for buoyancy (Bo) is also required when the true mass flew rate is correcte
heating value measurements are made following any.ofthe recommended tq
“in air.” However, fuel density, which is mass per.unit volume, may or may
brefore, a buoyancy adjustment (Bo) should be.applied to ensure consist
and fuel density, when density is referenced to,"“in vacuo“ conditions.

h typically corrected to standard day conditions for pressure (8) and tempe
empirically determined by the engine myanufacturer during development tes
Nt gaspath temperatures on specific heat. The reader should refer to ARP7
H 0 corrections to fuel flow rate, Seme thermodynamic performance models
f the thermodynamic mass flow rate. Any discussion of such performanc
jocument.

br Calibration and Coyrections
calibration precess is critical in determining the volume flow rate during
5/L) is shown as a function of flowmeter output frequency divided by kinem

ve (UVC) is a K-factor versus f/v curve generated from calibration data of a
ies.

(Eg.3)

ecause the LHV of fuel

| for the measured LHV
st methods, the amount
not be referenced to “in
pnt reference to “in air”

ature (0¥), where the 6-
ling and corrects for the
11 (2.1.1) for guidelines
use LHV, 6 and & in the
b models is beyond the

This documentyis only applicable to direct fuel flow measiyirements using turbine

actual operation. The

n of turbineflowmeter characteristics has been the K-factor curve illustrateéd in Figure 1. K-factor

atic viscosity (f/v). The
particular flowmeter for
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Section 6.2 describes

guantify the flow charagteristics of a turbine flowmeter. As will be explained in 6.2, the K-factorvers
is a special case of the [correlation of the Strouhal number versus the Roshko number. The-calibral
nd so appropriate temperature and pressure corrections must be made to

calibration conditions,

——— lowflow or

high viscosity

flv

Figure 1 - K-factor calibration curve

actual operating conditipns on turbine flowmeter geometry and kinematic viscosity.

In general, because of
the range of calibration,
care should be exercisg
of the UVC, and of the
any other viscosity as Iq
have a break-away poi
viscosity (2.1.10). The

he nonlinearity of turbine flowmeter characteristics, the flowmeters should

i.e., the characteristic plot should not be extrapolated. Even with all the cor
d at low flow or high viscosity conditions, both of whiefixcorrespond to low R
5t-Ro plot, gives an impression that a turbine flowmeter, calibrated at one
ng as the operating Ro number falls within the calibration range. However,
nt as shown in Figure 2, which defines the lewer limit of the “usable turn
break-away point can be determined from plots of calibration data at differe

st | T e

break-away point

\ increasing viscosity

4————eee—  Jow flow or high viscosity

Figure 2 - Break-away point for a Strouhal-Roshko calibration curve

Ro

oshko number (R0), to
us f/v plot (or, the UVC)
tion curve is valid at the
hccount for the effect of

ot be operated beyond
ections applied, special
b number. The concept
scosity, can be used at
the UVC and St-Ro plot
down region,” for each
Nt viscosities.

Use of a flowmeter below the break-away point, at viscosities and/or temperatures substantially different from those at which
the meter was calibrated, can lead to serious errors in flow measurements.
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4.4  Fuel Flow Calculation Summary

In general terms, the basis of calculating fuel flow is defined by Equation 2, where the true mass flow rate is equal to the
product of fuel density and volume flow rate through the turbine flowmeter. After all the appropriate fuel properties are
measured and corrected for pressure and temperature, Equation 4 can be used to calculate true mass flow rate (Wry).

W = 3600 * ( f /Kop) * 8.345404 E-3 * (pret * VCF * Cypra) Ibm/h (US)  (Eq.4)
Wi = 3600 * (f/Kop) * 1.0 E-3 * (pret * VCF * Cpta) kg/h (Sl)

Throughout this document, equations are provided in both US customary units (US) and Sl units where appropriate.
Appendix C contains the units conversion factors used. In both of the previous equations, 3600 is a time conversion of
frequency, f, from Hz to cycles/h. In Equation 4 (US), 8.345404 E-3 is a density conversion of pret from kg/m? to lbm/US-gal
yielding fuel mass flow rate in US customary units of lom/h. In Equation 4 (Sl), 1.0 E-3 is a density conversion of pref from
kg/m?3 to kg/L yielding fyel flow rate in Sl units of kg/h. Different units conversion factors may have fo be used if the units of
the measured parametgrs are different from those given in this document.

In order to normalize engine performance data to a reference fuel heat content, fuel flow rate:is corr¢cted both to a standard
lower heating value (LHV¢1, 5.3) and for buoyancy effects (Bo, 5.4). Equation 5 can be uSed to calcdlate LHV corrected fuel
mass flow rate (WsLhv).

Wihy = Wit * LHVer * Bo (Eq. 5)
4.5 Document Summary
Section 5 describes the[basis for each parameter in Equations 4 and,/54ncluding procedures for the measurement of relative
density, viscosity and lower heating value and the appropriate temperature and pressure corrections for relative density and
viscosity.
Section 6 discusses turpine flowmeter calibration characteristics.

Section 7 recommends|appropriate use of the fuel flaw’ calculation process.
Table Al of Appendix A lists the recommended ASTM and APl measurement methods along with appropriate temperature
and pressure correction methods for fuel properties in Table A2. The repeatability and reproducipility of the various test

methods may be found|in Table A3 of Appendix A for easy reference and comparison.

Finally, the sample calqulation in Appendix B and the equations identified throughout this documént are provided in both
US customary and Sl upits to facilitate implementation of the recommended methodology.

5. FUEL PROPERTY MEASUREMENTS AND CORRECTIONS

5.1 Density

The density of a fuel sample is measured at a given temperature and pressure. During actual engine operation in flight or
in a test cell environment, fuel passing through the turbine flowmeter may be at a significantly different temperature and/or
pressure. Hence, it is not only necessary to measure the density of the fuel sample, but also to correct the measured value
for the fuel temperature and pressure that exists during actual engine operation.
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5.1.1 Density: Measurement

Fuel density can be measured using the following devices:

a. Digital Density Meter:

b. Bingham Pycnometer:

c. Hydrometer:

ASTM D4052 (2.1.3)
ASTM D1217 (2.1.3)

ASTM D1298 (2.1.3)

Both the digital density meter and pycnometer measure fuel sample density (prer) at the reference temperature (Trer = 60 °F
or 15 °C). The Bingham Pycnometer, although most accurate of the three, is however a much more labor intensive device.
If an in-line digital density meter is placed sufficiently close to the flowmeter to measure fuel density at actual engine
operating conditions, then the corrections for operating temperature and pressure discussed in the next two sections are

not needed.

Both the hydrometer a
referred to as specific d
2.1.3) as the ratio of th

temperature (Trer). Wh
Equation 6.

where:
Pwater,60F = 999.012
Pwater,15C = 999.103

When a borosilicate g

hydrometer thermal expansion (HYC) shown in Equation 8 should be applied to the sample densi

The stem correction in |
then referenced to Trer

nd the digital density meter can be used for measuring fluid relative’\den
ravity in the literature. Relative density of the fuel sample is defined*by Eq
b fuel sample density (ps) at the sample temperature (Ts), to the'density o
en the relative density of the fuel sample is measured, it must/be convert

RDrts/rret = Ps / Pwater,ref

g/m?® in vacuo (ASTM D1250, 2.1.3)
g/m? in vacuo (ASTM D1250, 2.1.3)
ass hydrometer is used to measure fuel sample relative density, a ste

Fquation 8 is applicable to'barosilicate glass hydrometers. The corrected s4
Lising the iterative procedure illustrated in Appendix B.3 to obtain prer.

ATs=Ts - Tref

HYC =1 - (1.278 E-5 * ATs) - (6.2 E-9 * ATs2)
=1-(2.3E-5*%ATs) - (2 E-8*ATs2)

ps,HYc= ps* HYC

Sity (RDrs/rrer), formerly
Liation 6 (ASTM D1250,
water at the reference
bd to density (ps) using

(Eqg. 6)

m correction factor for
y (ps) as in Equation 9.
imple density (psHyc ) is

(Ea.7)
(US) (Eq. 8)
(Sh

(Eq. 9)

The repeatability and reproducibility of each of the measurement methods discussed above is listed in Table A3 of Appendix

A and allows users to g

51.2

uantify differences in measurement method results.

Density: Temperature Correction

If the fuel temperature at the flowmeter during engine operation is different from the reference temperature, then a correction
is made to the sample density measurement (prer) to account for the effect of actual fuel operating temperature (Top) On
density. This correction is not necessary if an in-line digital density meter is used.
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A number of empirical correlations [e.g., 2.1.6] assume a constant coefficient of thermal expansion, i.e., a constant slope
when density is plotted versus temperature, independent of the fuel density (prer). In actuality, the coefficient of thermal
expansion varies not only with temperature, but also with prer. Therefore, assuming a constant coefficient of thermal
expansion will produce less accurate results. ASTM D1250 (2.1.3) defines the temperature correction for fuel density which
accounts for the effect of actual fuel operating temperature (Top) as well as the fuel sample density (prer) at the reference
temperature (Tref).

As seen in Equation 11, the fuel's thermal expansion coefficient (o1, is a function of the fuel sample density (prer) at the

reference temperature. Ko and K1 are fuel dependent constants that can be obtained from ASTM D1250 (2.1.3).

AT = Top - Tref

aF,Tyer = Kol(pref?) + Ka/pret

(Eq. 10)

(Eq. 11)

The thermal expansion

coefficient (ar T, is used in conjunction with the fuel’'s operating temperat

of the volume correction factor (VCF) in Equation 12.

Equation 12 is an empi
precision of thermal ex
more with temperature]
exponential term on the
series may be retained

The volume correction f
in Equation 13.

Vol. VI of ASTM D125(
expansion coefficient (o
for a given fuel compo
different temperatures g
the relationship betwee
empirically determined
establish their own den

5.1.3 Density: Press

VCF = exXp(- 0r T * AT * {1 + 0.8 * atr 7, * AT))

ical fit to density data as a function of temperature. Table A4 of Appendix A
than heavier fuels. If computational difficulties afe ‘€encountered while
right hand side of the equation may be expanded.in a power series, and s
to get the desired accuracy.

actor (VCF) can then be multiplied with pref to' obtain fuel density corrected f

pTop.=pret * VCF

F.Ter) IN lieu of using the constants Ko and K1 in Equation 11. The relationsh
Sition can be established by measuring fuel sample densities at a recom
nd dividing each by pret. With VCF and AT known, Equation 12 can be used
n orT and ATL_JSubsequently, for any AT, Equation 12 can be used

ity versug-temperature relationship which is valid for a given fuel compositi

Lire Cafrection

If elevated fuel pressut

pansion properties at the 95% confidence level from ASTM D1250 (2.1.3).

re in the determination

(Eq. 12)

\ contains the predicted
Lighter fuels expand
Lising Equation 12, the
X or seven terms of the

pr temperature (prop) as

(Eq. 13)

(2.1.3) also provides an alternative method for greater accuracy in deternining the fuel's thermal

p between VCF and AT
nended minimum of 10
fo empirically determine
in conjunction with the

relationship between or1,; and AT, to obtain the VCF. This alternative fnethod allows users to

pn.

as—avist at tha flowmatar durina anaina onaration—then tha fual is cucca
*St—at—tHe—-HeWReter—atHhRg—ehRgh peratoi—HeR—+the—+He—

btible to compressibility

effects and a pressure correction should be applied to the density term. However, when line pressures are relatively low,
the pressure correction is insignificant. Ch. 11.2.1 of the API Manual of Petroleum Measurement Standards (2.1.2) defines
the pressure correction for fuel density. This correction is not necessary if an in-line digital density meter is used.

From Equation 16, a compressibility correction factor (F) is calculated based on the fuel sample density at the reference
temperature (pretgec) from Equation 14, equilibrium pressure (peg) from Equation 15, and measured operating temperature
(Top).

Pref,gcc = pref/ 1000 (Eq 14)
Peq = 0.145 * (106.284- 1991.3 /((Top + 459.67)/1.8) (US) (Eq 15)
=0.010 * (106.284— 1991.3 /(Top +273.15)) (S|)
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F = (exp(- 1.9947+ 0.00013427* Top + 0.79392/{pref gec?} (US) (Eg. 16)
+0.002326* Top f{pretgee? }) ) / 100000
= (exp( - 1.62080 + 0.00021592* Top + 0.87096/{pref,gec?} (Sl)

+0.0042092* Top Kpretgec? }) ) / 10000

The equilibrium pressure (peq) correlation of Equation 15 was determined from digitizing the Jet-A fuel curve from 2.1.4.
Similar relationships may be established for other types of fuel, or from actual measurements.

The compressibility factor (F) is used to obtain the pressure correction factor (Cpra) in Equation 17 by correcting the fuel first
to ambient pressure (pam) and then to the elevated operating pressure (pop) that exists during engine test operating

conditions.

Cpta = (1 - F* (Pam - Pea)) / (1 - F * (Pop - Peq))

(Eq. 17)

The pressure correctior
obtain fuel density corre

5.2  Kinematic Viscos
Fuel viscosity has a sig
curve discussed in 6.2
with temperature and
actual engine operating

5.2.1 Kinematic Visc

Kinematic viscosity can

a. Viscometer: ASTM
The kinematic viscq
(Ts1and Ts2) to ests
a given fuel compos
type is changed.

5.2.2 Kinematic Visc

As in the case of fuel d

fuel temperatures that maysexist during actual engine operation.

for kinematic viscosity.

factor (Cpta) can then be multiplied with the fuel density corrected to operati
cted to both temperature and pressure (pop) as in Equation 18.

Pop = PTop * Cpfd

ty
nificant effect on the operational characteristics of adurbine flowmeter. T
accounts for viscosity dependent flowmeter characteristics. Since kinem

ressure, appropriate corrections must be made during the flowmeter cali
conditions. These corrections are not necessary'if an in-line viscometer is

bsity: Measurement

be measured using the following device:

D445 (2.1.3)

sity of the fuel sample (vsi~and vs2) must be measured at a minimum of twi
blish the relationship between viscosity and temperature (see below). Thig
ition. It must be rerestablished for different fuel types/compositions and if th
psity: Temperature Correction

Ensity; ‘@ correction must be applied to the kinematic viscosity to account f

ASTM D341 (2.1.3) defines the|
This'method, intended for use in computer programs, provides the most acc

hg temperature (prtop) to

(Eq. 18)

e flowmeter calibration
tic viscosity also varies
pration process and for
used.

p different temperatures
relationship is valid for
e source of a given fuel

br the effect of elevated
temperature correction
Irate correction. Where

a small reduction in a

curacy cCan be tolerated, a KinemaltiC VISCOoSIly-temperature chalt can be

used to determine the

corrected kinematic viscosity once two measured values are plotted. The mathematical relationship in ASTM D341 is the
preferred method for data reduction. This temperature correction is not necessary if an in-line viscometer is used.

The general logarithmic relationship between viscosity and temperature is shown in Equation 21, where the y-intercept (A)
and slope (B) must be established for a given fuel composition.

Tsabs = Ts + 459.67
=Ts+273.15

Topabs = Top + 459.67
= Top +273.15

(US)  (Eq. 19)
(SN
(US)  (Eq. 20)
(SN
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log log Zs = A - B log Ts abs

Zs = vs + 0.7 + exp{-1.47 - 1.84%(vs) - 0.51*(vs?) }

(Eq. 21)

(Eq. 22)

In Equation 22, for vs > 2.0 cSt, the exponential term on the right hand side takes on values < 0.00075. Thus, a simpler
version of the equation may be used for vs > 2.0 cSt.
Zs=vs +0.7 for vs > 2.0 (Eq 23)
The straight line governed by Equation 21, has a slope given by B, and an off-set given by A. At least two viscosities, vs1
and vs2, are required to be measured at two different temperatures (Ts1.abs and Ts2.abs) from the same sample in order to

evaluate B using Equation 24 and A using Equation 25.

B = {IO“ (IO“ Z:1 / IO(] ZQ?) / IO(] {TQ? ahs / Tc1 :hc\}

(Eq. 24)

Once established, eithe

constant within a tolerapce band, and/or it provides acceptable accuracy for that particular-applicati

recommended to verify

In the case where both
kinematic viscosity (vto

In Equation 28, for AZto
of the equation may be

In the case where only
tolerance band and/or
determined. Kinematic

=log log Zs1 + B log Tsi1,abs
r B, or A, or both B and A, can be used as constants if subsequentymeasurs
fuel consistency.

B and A are assumed constant, only the fuel operating temperature (Top)
) at the actual operating temperature (Top) using Eguations 26 through 29.

(A - B log Top,abs)
ZTop = (10)(10)

AZTop = ZTop -0.7

vTop = AZTop - €Xp(- 0.7487 - 3.295*AZ10p + 0.6119*AZ 10,2
- 0-3193*AZ10p%))

L > 2.0, the exponent term on the right hand side takes on values < 0.00058.
used for AZtop > 2.0.

VTop ® AZTop for AZtop 2 2.0

the slope~(B) of the kinematic viscosity - temperature relationship is ass
it provides acceptable accuracy for that particular application, then the

Zs. To minimize the e
the actual operating te

viscosity of the fuel sample must first be measured and then used in Equat
et of any slope varlatlon it is recommended that the sample be measure

(Eq. 25)

ments show them to be
bn. Periodic checks are

S required to determine

(Eq. 26)

(Eq. 27)

(Eq. 28)

Thus, a simpler version

(Eq. 29)

imed constant within a
-intercept (A) must be
on 22 or 23 to calculate
I at a temperature near

Fquation 25. Equations

26 through 29 are then used as above to determlne klnematlc wscosﬂy (VTop) at the actual operatlng temperature (Top).

NOTE: Equation 21 is a straight line when plotted on a log-log scale, and thus it allows for extrapolation of data beyond the

range over which the relationship is determined, i.e., beyond the range defined by Ts1,abs and Tsz,abs.

However, in

order to minimize errors that may arise from extrapolation, it is crucial that the two known kinematic viscosity-
temperature points be sufficiently far apart (ASTM D341, 2.1.3). This is an important consideration especially if the
difference between an extrapolated temperature and the nearest temperature of determination is greater than the
difference between the two temperatures of determination. In extreme cases, an additional determination at a third
temperature is advisable.
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5.2.3 Kinematic Viscosity: Pressure Correction

API Procedure 11A5.7 (2.1.2) defines the recommended pressure correction for kinematic viscosity. This correction is not
necessary if an in-line viscometer is used. The gage pressure (pgage) in Equation 30, the dynamic viscosity (us) in
Equation 32, and Cpta from Equation 17 are used to calculate the pressure correction factor for fuel sample viscosity (Cptv)
in Equation 33.

Pgage = Pop - Patm (Eq. 30)

PTop.gec = PTop / 1000 (Eg. 31)

Us = PTop.gec * VTop (Eq. 32)

Cov =[10** {Dgage * (-0,0102 + 0,04042*{30181Y) / 1000} 1/ Coia (Us) (Eq.33)
= [10** {pgage * (-0.1479 + 0.58624*{us>181}) / 1000} ] / Cpra (s

The pressure correction factor (Cpr) is multiplied with viscosity corrected to operating temperature|(vrop) in Equation 34 to
obtain viscosity corrected for temperature and pressure (vop).

Vop = VTop * Cpiv (Eq 34)
5.3 Heat of Combustfon/Lower Heating Value

In order to normalize ernjgine performance data to a reference fuel heat content, a lower heating valyie correction is typically
applied to the true mass flow rate to account for the fact that not all fuels'liberate the same amount|of energy.

The lower heating valu¢g (LHV) can be measured in the followingwways:
a. High Precision Method: ASTM D2382 (2.1.3)
b. Intermediate Precision Method: ASTM D4809 (2:1.3)

c. Low Precision Method: ASTM D240(2.1.3)

The lower heating valug can vary significantly from one batch of fuel to another and as such, mustjbe measured. All three
methods listed above utilize bomb calorimeters in which the fuel sample is burned to measure its heat content. The
formation of nitrates ard sulfides is@accounted for by titrating the reaction products for these ac|ds. The distinguishing
feature of the high precision methad is the use of a platinum resistance thermometer capable [of precise temperature
measurements. Table A3 of Appendix A indicates ASTM D2382 has the highest repeatability and{reproducibility of all the
bomb calorimeter meaguremént-methods.

Bomb calorimeters are hotinsulated well enough to reduce the heat loss to under 0.05% of the hegdt content of the sample.
Therefore, they must be calibrated with known traceable standards that have defined chemical compositions and thus
calculable heats of combustion. The ASTM procedures prescribe the use of benzoic acid as a standard fuel. Iso-octane is
recommended as a secondary standard to check the measurement.

The bomb calorimeter measures gross heating value, because it cools enough to condense the water formed in the reaction.
During actual engine operation however, water vapor is part of the products of combustion and so lower heating value must
be calculated to correct for the heat of vaporization. This calculation is made using the hydrogen content of the fuel to
calculate the water formed when the hydrocarbon fuel reacts with oxygen to produce carbon dioxide and water. While
hydrogen content can be calculated empirically from the gross heating value following ASTM D1018 (2.1.3), more accurate
results can be obtained by directly measuring hydrogen content following ASTM D3701 (2.1.3).
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The lower heating value correction factor (LHVc) of Equation 35 is the ratio between measured LHV and a reference LHV.

LHVer = LHV / LHVef (Eq. 35)

5.4 Buoyancy Adjustment

When lower heating value measurements are made by using any of the bomb calorimeter methods described in 5.3, the
amount of fuel used is weighed “in air.” However fuel density, which is mass per unit volume, may or may not be referenced
to “in vacuo” conditions. Since both these fuel properties are used in the calculation of fuel flow (4.4 and Appendix B.12),
an inconsistency in units may exist where LHV is referenced “in air” and density “in vacuo.” In such a case, the weight of
the sample in air is not the same as its weight in vacuo, because air is displaced by both the sample being weighed and by
the weights being used to balance the scales. These two buoyancy terms are unequal and their difference causes the
resulting weight indication to be in error. Therefore, the buoyancy adjustment (Bo) in Equation 36 may have to be applied
to ensure consistent reference to “in air” conditions for both LHV and fuel density.

Bo = (1 - pa/pref) / (1 - pa/pw) (Eq 36)
where:
pa = 1.217 kg/m® (gir density at 60 °F, 760 mm Hg, 50% relative humidity) (ASTM(D1250, 2.1.8)
= 1.219 kg/m® (fir density at 15 °C, 760 mm Hg, 50% relative humidity) (ASTM D1250, 2.1)3)

pw = 8390.9 kg/m3
= 8000 kg/m® (S

(brass weight density) (2.1.12)
tainless steel density) (2.1.12)

6. TURBINE FLOWMETER CALIBRATION AND CORRECTIONS

6.1 Turbine Flowmeté¢r: Calibrators

Turbine flowmeters are
a. Gravimetric Flowbe
b. Small Volume Prov
With the gravimetric flo
addition to temperature
for to get accurate resu
The small volume prov

precisely measured timg
due to pressure and te

routinely calibrated with the following devices:

nch (“Catch and Weigh”): ASME Paper No. 57-A-70 (2.1.13)

br (“Ballistic Calibrator):. APl Manual of Petroleum Measurement Standards
vbench, the flow psed to calibrate the flowmeter is caught and weighed in a
and pressure cerrections, the fuel density must be precisely known and buoy
ts.

br calibration method defined in (2.1.2) requires the displacement of a kng

b interval through the flowmeter being calibrated. Volumetric changes in the
mperature must be accounted for. With this calibration process, the Doy

Ch. 4, Section 3(2.1.2)

vessel on a balance. In
ancy effects accounted

wn volume of fluid in a
lowmeter and calibrator
ble-Chronometry Pulse

|nterp0|ati0n (212, Section G) method-ofdater abqu;a;t;un HIUV;dCQ the h;ghcot accuracy treatbrat

6.2

Turbine Flowmeter: Calibration Curve

n curve generation.

The traditional method of representing turbine flowmeter calibration characteristics has been the K-factor curve, which is
K-factor as a function of flowmeter output frequency divided by kinematic viscosity (f/v) as shown earlier in Figure 1. The
K-factor (cycles/US-gal or cycles/L) is defined in Equation 37 as flowmeter output frequency (f) divided by the volume flow
rate (Q).

K=f/Q (Eq. 37)
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Research has shown that a more fundamental and thus accurate representation of turbine flowmeter characteristics can be

obtained through the us
and Equation 39 respec

e of the nondimensional Strouhal number (St) versus Roshko number (Ro) defined by Equation 38
tively and depicted in Figure 3 (2.1.5, 2.1.7, 2.1.9).
St=K*D?3 (Eq. 38)

Ro = (flv) * D? (Eq. 39)

St

—

It may be noted that wj
factors for the two axes
3. Using similar reason
and Roshko numbers d
of a flowmeter. If the D
when using the calibrat
without affecting the ac
as dimensionless parar
(Hz/cSt), respectively.

The calibration data ar
flowmeters. The D term
of different diameter, ey
effects, they should be
conditions, greater acc

discussed in the next se¢ction.

6.3 Turbine Flowmet

44— low flow or high viscosity

Ro

Figure 3 - Strouhal-Roshko relationship

hen the bore diameter term (D) remains unchanged; the factors D and 02 merely act as scaling
of Figure 3. Thus, with constant D, there is no meaningful difference betwgen Figure 1 and Figure
ng, it may be seen that if the calibration conditions are used as reference, the D terms in the Strouhal
efined by Equations 38 and 39 respectively,ymay be ignored when processing the calibration data
terms are dropped or set to unity while precessing the calibration data, they must not be introduced
on data during actual operation of the flowmeter. In all such cases, the D tgrms may be set to unity
Curacy in data processing. Therefore; although both the Strouhal and Roshko numbers are defined
neters, in practice they take on the units of their counterparts K (cycles/UStgal or cycles/L) and f/v

b unique for a specific flowmeter and should be treated as such, even within the same family of
s must not be used for.Sealing the calibration data obtained from one flowmetter to another flowmeter
en though they are of the same type. In addition, since turbine flowmeters ar¢ sensitive to installation
calibrated in as-installed plumbing. If the flowmeter is used at conditions different from calibration
uracy is obtained by accounting for changes in flowmeter diameter and fuel viscosity as will be

br: Teémperature and Pressure Corrections

When using the calibrg
temperature and pressu
conditions. The kinema

ition _curve to determine fuel mass flow rate for actual engine operating [conditions, appropriate
re correction factors are applied to account for the differences between the calibration and operating
tic viscosity (v) is first corrected to operating temperature and pressure to obtain vop (5.2.2 and 5.2.3,

respectively). Temperature correction (Cy) and pressure correction (Cyr) factors are then applied to obtain the operating Ro

number (Roop) from Equation 40 (2.1.10).

ROop = (f / Vop) * Cu * Cpr (Eq 40)
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where:

Ce=(1+awu*AT)’~

Cor=[1+(Ap*D)/

1+2*ou*AT

(E* P

AP = Pgage - (Pcal - Patm,cal)

AT is obtained from Equation 10 where Tca is substituted in place of Trer.

(Eq. 41)
(Eq. 42)

(Eq. 43)

Pgage iS defined in Equation 30. In view of the relative magnitudes of the parameters in Equation 42, it is evident that the
assumption of patm = patm,cal Will have no significant impact on the calculated value of Cpr. Thus, Equation 43 may be re-written

as,

Once the operating Str
typical calibration curve
Strouhal number corred
Equation 45 takes into|
operating conditions of
Standards (2.1.2) defin

where:
Cuk=(1+ou*AT)?5
Ck=[1+(Ap*D)/
The temperature correg

coefficient of thermal €
although this is rarely

flowmeter should be dised.

manufacturer of each p

The pressure correction
flowmeter bore diamete

6.4 Turbine Flowmet

AP = Pop - Peal

, it is corrected for temperature (C«) using Equation 46, and for pressure
ted for temperature and pressure yields the operating K-factor (Ksp) define
account flowmeter dimensional changes due to the difference between
emperature and pressure. Chs. 12.2.5.1 and 12.2.5.2 of the'API Manual of R
b the corrections, respectively, for temperature and pressure induced turbin

Kop = Stop / (Ctk * Cpk)

L1+ 3% * AT
E*P

tion factors (Cy and Cuw) in Equations 41 and 46 respectively, are a function
Xpansion. These equations assume that the flowmeter body and rotor n
the case. For the highest accuracy, the thermal expansion coefficient f
Thermal expansion coefficients may also be obtained from thg
hrticular type of tdrhine flowmeter.

factors (Cpand Cpk) in Equations 42 and 47 respectively, are functions of op
r (D), thelmodulus of elasticity of the material (E), and the flowmeter wall th

br: General Recommendations

(Eq. 44)

puhal number (Stop) has been obtained for a given operating Roshiko’number from Figure 3 of a

Crk) Using Equation 47.
| in Equation 45. Kop in
the calibration and the
etroleum Measurement
b flowmeter expansion.

(Eq. 45)

(Eq. 46)
(Eq. 47)

of au, which is the linear
haterials are the same,
or the user’s particular

calibrating agency or

erating pressure (Pgage),
ckness (t).

The following are general recommendafions for calibraiing flowmeters and the use of calibrafion results.

a.

Instrument grade turbine flowmeters that utilize modulated carrier (RF) type pickoff coils and electronic signal

conditioning are recommended. The procedure will not work with turbine flowmeters that attempt to provide corrections
with customized signal conditioning.

during actual engine operation.

Turbine flowmeters must be calibrated in as-installed plumbing to ensure that installation effects are accounted for
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inearity of turbine flowmeter characteristics, they should not be used beyond the range of calibration,

i.e., the characteristic plot should not be extrapolated. Even with all the corrections applied, special care should be
exercised at low flow or high viscosity conditions, both of which correspond to low Ro number. The concept of the UVC,

plot, gives an impression that a turbine flowmeter, calibrated at one viscosity, can be used at any

other viscosity as long as the operating Ro number falls within the calibration range. However, the UVC has a break-
away point, which defines the lower limit of the “usable turn-down region”, for each viscosity (2.1.10). The break-away
point for a specific viscosity can be determined from plots of calibration data at different viscosities. Use of a flowmeter
below the break-away point, at viscosities and/or temperatures substantially different from those at which the meter was

to serious errors in flow measurements.

c. Because of the nonl
or that of the St-Ro
calibrated, can lead

7. RECOMMENDATIONS

This document summarizes turbine flowmeter fuel flow calculations. The pressure and temperature corrections applied to
fuel property measurements and for turbine flowmeter dlmen5|onal changes are based on currently available ASTM and

API methods. Although-a
and their use illustrated
The impact of each cor

ety in Sections 5 and 6,
in the sample calculatlon found in Appendlx B all the correctlons may notdbe significant in all cases.
ection on fuel mass flow rate depends on the specific application and the operating environment.

For example, in the simplest of applications, a flowmeter may be used with the sameyfuel at the same pressure and

temperature conditions
(f) and use this as the f
density, viscosity and

pressure on viscosity a

It is therefore recommes
factor be evaluated and
about neglecting the fa
consistent means of de

8. NOTES
8.1 Achangebar(l)I
not editorial cha

document title ing
not used in origin

COMMITTEE EG21, AEROSPACE PROPULSION SYSTEMS SUPPORT EQUIP

as it was calibrated in. In such an application, it is sufficient togorrelate K-factor against frequency
owmeter characteristic calibration. Corrections for the effeets of pressure and temperature on fuel
lowmeter geometry are thus redundant. Similarly, for’low pressure applications, the effects of
hd density may be neglected.

nded that during the design of a measurement .system for a specific appljcation, each correction
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APPENDIX A - ASTM AND APl STANDARDS SUMMARY

Table A1 - Summary of test method procedures

Test Method

Reference

Fuel Density

Fuel Viscosity

Meter Calibration
Lower Heating Value

ASTM D4052 (2.1.3)
ASTM D445 (2.1.3)
API MPMS, Ch. 4 (2.1.2)
ASTM D2382 (2.1.3)

Table A2 - Summary of correction procedures

Correction

Reference

WM TT

el Density (1)

lel Density (p)

el Viscosity (T)
el Viscosity (p)
eter Expansion (T)
eter Expansion (p)
Lloyancy

ASTM D1250 (2.1.3)

API MPMS Ch. 11.2.1 (2.1.2)

ASTM D341 (2.1.3)

API Technical Data Book, Proc. 11A5.7 (2:1°2)
API MPMS Ch. 12.2.5.1 (2.1.2)

API MPMS Ch. 12.2.5.2 (2.1.2)

*See 6.4

Fable A3 - Repeatability! and reproducibility? ofsstandard test methods

Referencp Equipment Repeatability Reprgducibility

ASTM D287 hydrometer 0.0008 0.0020
ASTM D1298 hydrometer 0.0005 0.001f2
ASTM D4052 digital density meter 0.0001 0.0005
ASTM D1217 pychometer 0.00002 of mean 0.00003 of mean
ASTM D445 viscometer 0.35% of mean 0.70% of mean
ASTM D240 bomb calorimeter (low(precision) 56 Btu/lb 172 Btu/lb

130 kJ/kg 400 Ki/kg
ASTM D4809 bomb calorimeter (intermediate) 41 Btu/lb 139 Btu/lb

96 kJ/kg 324 IQ/kg
ASTM D2382 bomb calerimeter (high precision) 22 Btu/lb 56 Bty/lb

51 kJ/kg 130 KJ/kg

1 Repeatability is g
apparatus under
operation of the
(ASTM D1250, 2

2 Reproducibility ig

1.3).

efined as the difference between successive test results obtained by the same operator with the same
constant operating conditions on identical test material, [that] would in the long run, in the noral and correct
lest methody,exceed the following values only in one case in twenty

defined as the difference between two single and independent results, obtained by different dperators working

in different labor:

P e tiaal-taat tapial Ll oal Lo tloa | atlo I ol " " f the test
toftfeS-orteRtcarteStmatettan Tmat- wothtr e roRgTu e Rormarantcorfecroperaton O etes

method, exceed the following values only in one case in twenty (ASTM D1250, 2.1.3).

Table A4 - Predicted precision of thermal expansion

Properties of Crudes and Products at 95% Confidence Level

(ASTM D1250, 2.1.3)

Fuel Temperature, °F

VCF Precision, %

100 +0.05
150 +0.15
200 +0.25
250 +0.35
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APPENDIX B - SAMPLE FUEL FLOW CALCULATION
B.1 GIVEN PARAMETERS
The following sample calculation illustrates the steps required to determine fuel flow based on the recommended procedures
defined in this document. The sample calculations are carried out in both US customary and Sl units. The units conversion

factors found in Appendix C are used throughout.

The following quantities are considered as givens in the following calculations:

Fuel Operating Pressure: Pop = 450 psia
Pop = 31.026 bar
Fuel Operating Temperature: Top = 135 °F
Top— 97.22°C
Fuel Sample Density: pret = 814.794 kg/m? at 60 °F
pref = 815.199 kg/m?® at 15 °C
Fuel Sample Temperatyires: Ts1 =77 °F
Ts1=25°C
Ts2 =140 °F
Ts2=60 °C
Fuel Sample Relative Oensity: RD77r60F = 0.80886
RD2scriisc = 0.80880
Fuel Sample Viscosity: vs1 = 1.86 €St
vs2 = 1.42 ¢St
Measured Lower Heating Value: LHY. = 18490 Btu/lb

LKV = 43008 kJ/kg

Reference Lower Heatipg Value: LHVrer = 18400 Btu/lb
LHVrer = 42798 kJ/kg

Atmospheric Pressure: Pam = 14.7 psia
Patm = 1.0135 bar

Fuel Meter Frequency: f=1360 Hz

Turbine Flowmeter Calibration Temperature: Tca =80 °F
Tca = 26.67 °C

Turbine Flowmeter Calibration Pressure: Pcal = 45 psia

Pca = 3.103 bar

NOTE 1: The calculations found in Appendix B.2 and B.3 for correcting fuel density and relative density, respectively, to
operating temperature are based on procedures outlined in ASTM D1250 (2.1.3) and are used here for illustrative
purposes only. ASTM D1250 contains computer programs with special rounding subroutines so that consistent
results may be obtained.

NOTE 2: Measured density or relative density for a given fuel sample is different depending on the reference temperature
(Tret = 60 °F or 15 °C). The corresponding temperature and pressure corrections may also be different. However,
these differences are consistent and the resulting fuel mass flow rate is the same regardless of the reference
temperature.
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B.2 CORRECT FUEL DENSITY TO OPERATING TEMPERATURE (DIGITAL DENSITY METER METHOD)

B.2.1 Basis

5.1.1 (pref) and 5.1.2 (VCF)

B.2.2 Constants (Jet-A fuel (ASTM D1250, 2.1.3))

English units: Ko = 330.3010

K1=0.0

S| units: Ko =594.5418
K1=0.0

B.2.3 Measurements

Fuel Density:

pret = 814.794 kg/m? at 60 °F
pret = 815.199 kg/m® at 15 °C

Fuel Operating Tempergture: Top = 135 °F or 57.22 °C

B.2.4 Calculations
AT = Top - Tref

=135 - 60
=75 °F

=57.22-15
=42.22°C

OF,Tref — KO/(prefz) + K1 Pref

= 330.3010/(811.7942) + 0/814.794

= 4.9752 E-4 (1°F)

=594.5418/(81p.199?) + 0/815.199

= 8.9465 E-4 (1/°C)

VCF = exp(- or T * AT * {1 087 a1, ¥ AT}

= exp(-4.9752 F-4 %75 * {1 + .8 * 4.9752 E-4 * 75))

= 0.9623008

(Identical to Eq. 10) (Eq. B1)

(US)

(Sh)

(Idenfical to Eq. 11) (Eqg. B2)

(US)

(Sh

(Idenfical to Eq. 12) (Eqg. B3)

(US)

= exp(-8.9465 E-4 * 42.22 * {1 + .8 * 8.9465 E-4 * 42.22))

=0.9618337

PTop = pret * VCF

=814.794 * 0.9623008 for Tret = 60 °F

= 784.077 kg/m?

=815.199 * 0.9618337 for Tret= 15 °C

= 784.086 kg/m?

(Sh

(Identical to Eq. 13) (Eq. B4)
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B.3 CORRECT FUEL RELATIVE DENSITY TO OPERATING TEMPERATURE (HYDROMETER METHOD):

B.3.1 Basis

5.1.1 (pref) and 5.1.2 (VCF)

B.3.2 Constants (Jet-A fuel (ASTM D1250, 2.1.3)):
English units: Ko = 330.3010
K1 =0.0
S| units: Ko = 594.5418
K1 =0.0
B.3.3 Measurements

Fuel Sample Relative O

Fuel Sample Temperat
Fuel Operating Temper|
B.3.4 Calculations

First calculate the samy

RDrs/rret Ps / Pwater]

RD77r/60A
0.80886
808.061

Ps1

RD25c/154
0.80880
808.075

ATs Ts1 - Tref

=77 - 60
=17 °F

=25-15
=10°C

RD77r60r = 0.80886
RD2sc/1sc = 0.80880
re: Ts1 =77 °For25°C
pture:  Top =135 °F or 57.22 °C

ensity:

ref

*999.012
¥ 999.012
kg/m3

*999.103
* 999.103
kg/m3

le density (ps1 ) from the measured relative density\(RDsu/ref).

(Ide

(Ide

ntical to Eq. 6) (Eqg. B5)
(Eq. B6)

(US)

(SN

ntical to Eq. 7) (Eq. B7)

(US)

(S

Calculate and apply the following stem correction (HYC) for the thermal expansion of the glass hydrometer.

HYC

1-(1.278 E-5 * ATs) - (6.2 E-9 * AT+?)
1-(1.278 E-5*17) - (6.2 E-9 * 17?)
0.999781

1- (2.3 E-5*ATs) - (2.0 E-8 * AT<?)
1- (2.3 E-5*10)- (2.0 E-8 * 102
0.999768

(Identical to Eq. 8) (Eq. B8)

(US)

(SN
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Apply the hydrometer correction to the observed density.

Ps1, HYC

808.061
807.884

808.075
807.888

Ps1 *HYC

*0.999781
kg/m3

*0.999768
kg/m3

(Identical to Eqg. 9) (Eg. B9)

(US)

(SN

Since the equation for prer cannot be solved explicitly, a successive approximation iterative scheme is used to obtain the
solution. The initial estimate of prer is the value of the density at the sample temperature (psiHvc ). This approximation is
substituted into Equations B10 through B12 until pref converges to the desired degree of accuracy.

OF,1 = Ko/(ps1,Hy

= 330.3010
=5.0607 E

=594.5418
=9.1092 E

VCF1 = exp(-ar,1

= exp(-5.04
=0.991375

= exp(-9.10
=0.990866

Pref,1 = Ps1HYC Y

=807.884
=814.913

= 807.888
=815.335

Check for convergence

814.
|7.0

Pref,1 - Psi,HYC

£<) + Ka/psi,Hyc

(807.8842) + 0.0/807.884
4 (1F°F)

(807.8882) + 0.0/807.888
4 (1/°C)

F ATs * {1 + 0.8 * ar1 * ATs})

07 E-4*17 *{1 + 0.8 *5.0607 E-4 * 17})
0

92 E-4* 10 * {1 + 0.8 * 9.1092 E-4 * 10})
A

CF:

0.9913750
g/m?3

0.9908664
g/m?3

D13,807.884
P9-)> 0.05 (continue)

(Identl

(Identi

(Identi

815.335 - 807.888
| 7.447 | > 0.05 (continue)

al to Eqg. 11) (Eg. B10)

(US)

(SN

alto Eq. 12) (Eq. B11)

(US)

(Sh

al to Eqg. 13) (Eq. B12)

(US)

(SN

i.e. |preras psiHyc| < 0.05. The convergence criterion of 0.05 is obtained fron ASTM D1250 (2.1.3).

(Eq. B13)
(Us)

(S
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Since the convergence criterion is not satisfied, substitute prer,1 back into Equation B10 to obtain a better approximation of
OlF.

OLF,2 = KO/(pref,lz) + Kl/pref,l (Identical to Eq 11) (Eq Bl4)

= 330.3010/(814.9132) + 0.0/814.913
= 4.9738 E-4 (1/°F) (US)

= 504.5418/(815.3352) + 0.0/815.335
= 8.9436 E-4 (1/°C) (Sl)

Now Equation B11 may be used to evaluate new VCF2 and the iteration process may continue for convergence on pref to
yield,

pref 814.794 [kg/m? (US) (Eq .B15)

815.199 [kg/m? (Sl)

Now calculate fuel dengity at the operating temperature.

AT = Top - Tref (Identi¢al to Eq. 10) (Eq .B16)
=135-60
=75°F (US)
=57.22-1%
=42.22°C (Sl)
OLF Tyef = Kol(pre®) + Ki/pref (Identi¢al to Eq. 11) (Eq. B17)
=330.3010/(814.794%) + 0.0/814.794
= 4.9752 E{4 (1/°F) (US)
=594.5418/(815.199?) + 0.0/815,199
= 8.9465 E{4 (1/°C) (Sl)
VCF = exp(- oFTes ¥ AT * {1 +0:8* ar 1,4 * AT}) (Identi¢al to Eq. 12) (Eq. B18)

= exp(-4.9752 E-4X75* {1 + 0.8 * 4.9752 E-4 * 75))

= (US)
 0.9616337 ' o (s))
Using pret and VCF, the fuel density at the operating temperature may be evaluated as,
PTop = pret * VCF (Identical to Eq. 13) (Eq. B19)
=814.794 * 0.9623008
=784.077 kg/m® (Us)

=815.199 * 0.9618337
= 784.086 kg/m? (Sh
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B.4

B.4.1

CORRECT FUEL DENSITY TO OPERATING PRESSURE

Basis

5.1.1 (prer) and 5.1.3 (Cptd)

B.4.2

Atmospheric Pressure:
Fuel Operating Pressure:
Fuel Density:

Measurements

Patm = 14.7 psia or 1.0135 bar
Pop = 450 psia or 31.026 bar
pref = 814.794 kg/m? at 60 °F
pref = 815.199 kg/m? at 15 °C

Fuel Operating Temperature: Top = 135 °F or 57.22 °C

B.4.3

Pref,gcc

Peq

Cofd

Calculations
= pref / 100(

=814.794 11000
=0.814794 g/cm?

=815.199 {1000
=0.815199 g/cm®

=0.145 * (j 06.284 -1991.3/ ((Top + 459.67)/1.8) )
=0.145 * (j 06.284-1991.3/((135+459.67)/l.8) )

= 0.2618 p$i

a

=0.010 * (j 06.284 -1991.3 /(Top +273.15))
=0.010 * (j (6.284-19913 /(57.22 +273.15))

=0.0181 bar

= (exp( - 1/9947 + 0.00013427*Top +(0.79392/pret gec?
+(.002326*Top/pref,gec? ) )+ 100000

= (exp( - 1/9947 + 0.00013427x135 + 0.79392/0.8147942
+ (.002326*135/0.8147942)) / 100000

= 7.3512 E}6 (1/psia)

= (exp( - 1}62080 + 0:00021592* Top + 0.87096/{pret goc?}
+(.0042092* Top Hpretgee? }) ) / 10000

= (exp( - 1/62080+ 0.00021592* 57.22 + 0.87096/0.8151992
+(.0042092* 57.22 /0.8151992) ) / 10000

(tdenti

(Identi

(Ident

al to Eq. 14) (Eq. B20)

(US)

(Sh
al to Eq. 15) (Eq. B21)

(US)

(SN

cal to Eq. 16) (Eq. B22)

(US)

=1.0667 E*4 (1/"ua|)
=(1-F*(patm'peq))/(l'F*(pop'peQ))

= (1-7.3512 E-6 * (14.7 - 0.2618))
/ (1-7.3512 E-6 * (450 - 0.2618))
= 1.0032

= (1-1.0667 E-4 * (1.0135 - 0.0181))
/(1-1.0667 E-4 * (31.026 - 0.0181))
= 1.0032

(SN

(Identical to Eq. 17) (Eq. B23)

(US)

(S
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B.5

B.5.1

Basis

CORRECT FUEL VISCOSITY TO OPERATING TEMPERATURE

5.2.1 (vs) and 5.2.2 (vrop)

B.5.2

Measurements

Fuel Operating Temperature: Top = 135 °F or 57.22 °C
Fuel Sample Temperature: Ts1=77 °F or 25 °C

Fuel Sample Viscosity:

B.5.3

Tsl,abs

Tsz,abs

Top,abs

Zs1

Zsz

Ts2=140 °F or 60 °C
vs1 = 1.86 cSt
vs2 =1.12 ¢St

Calculations

=Ts1 + 459
=77+ 459
=536.67 °H

=Ts1+ 273
=25+273
= 298.15 °H

=Ts2 + 459
=140 + 45
=599.67 °H

=Ts1+ 273
=60 + 273
= 333.15 °HK

= Top + 45
=135+ 45
=594.67 °H

= Top + 27\
=57.22 + 2
= 330.37 °K

=vs1+0.7
=186 +0.

67
67

15
15

67
.67

15
15

.67
.67

.15
73.15

- exple1.47 - 1.84*(vs1) - 0.51%(vs12) }
7 Gexp{-1.47 - 1.84*(1.86) - 0.51*(1.862) }

(ldentig¢al to Eq.

(Identi¢al to Eq.

(Identi¢al to Eq.

(Identi¢al to Eq.

=2.5613

= vs2 + 0.7 + exp{-1.47 - 1.84*(vs2) - 0.51*(vs2?) }
= 1.12 + 0.7 + exp{-L.47 - 1.84%(1.12) - 0.51%(1.12?) }

=1.8354

= {log(log Zs1 / log Zs2) / log (Tsz2.abs / Ts1,abs)}

={log(log 2.5613 / log 1.8354) / log (599.67 / 536.67)}

=3.9413

={log(log 2.5613 / log 1.8354) / log (333.15 / 298.15)}

=3.9413

(Identical to Eq.

(Identical to Eq.

19) (Eqg.

19) (Eq.

20) (Eq.

22) (Eq.

22) (Eq.

24) (Eq.

B24)

(US)

(SN
B25)

(US)

(Sh
B26)

(US)

(SN

B27)

B28)

B29)

(US)

(SN
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