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Nomenclature / Glossary
a(y)

Limit of the range of uncertainty due to random errors about a single
measurement y

b(y)

Limit of the range of uncertainty due to systematic errors about a single
measurement y

c(y)

Limit of the range of uncertainty due to combined random and systematic errors
about a single parameters y

e

Estimate of systematic error

n

Number of repeated measurements.

t

Value of Student’s t-distribution

t95, n-1

The value of the t-distribution for (n-1) degrees of freedom and for a two-sided
probability of 95 percent

v

Variance, σ2

w

Range of a set of data

𝑥̅

Observed mean value of a set of data

x

Observed value of a variable

𝑦̅

Observed mean value corrected for bias

y

Observed value of a variable corrected for bias

μ

Mean of Gaussian normal distribution

σ

Standard deviation of a Gaussian normal distribution

Ф

Degrees of freedom

BFSL

Best fit straight line

CM

Coriolis meter

DC

Direct current

FSO

Full scale output

PIT

Pressure indicating transducer

PRV

Pressure relief valve
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RTD

Resistance temperature detectors

V

Volts

VDC

Volts (direct current)

VOC

Volatile organic carbons

BF

Buoyancy factor

BLM

Bureau of Land Management

BPV

Base prover volume

BVC

Buoyancy vapor correction

CPL

Correction for the effect of pressure on liquid

CPLm

Correction factor for the effect of pressure on a liquid passing through a meter
(during a proof)

CPLMM

Pressure correction factor of the master meter

CPLMUT

Pressure correction factor of the meter under test

CPLp

Correction factor for the effect of pressure on a liquid in a prover

CPSp

Correction factor for the effect of pressure on steel on a liquid in a prover

CTL

Correction for the effect of temperature on liquid

CTLm

Correction factor for the effect of temperature on a liquid passing through a
meter (during a proof)

CTLMM

Temperature correction factor of the master meter

CTLMUT

Temperature correction factor of the meter under test

CTLp

Correction factor for the effect of temperature on a liquid in a prover

CTSp

Correction factor for the effect of temperature on steel on a liquid in a prover

DG

Coriolis drive gain

DMF

Density meter factor

DSF

Dynamic start/finish

GVF

Gas void fraction

IPC

Immersed pipe correction
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ISVMM

Indicated standard volume of the master meter

ISVMUT

Indicated standard volume of the meter under test

IVMM

Indicated volume of the master meter

IVMUT

Indicated volume of the meter under test

MFDG

Meter factor adjusted for high drive gain

MFMM

Meter factor of the master meter

MFP

Meter factor due to proving

MM

Master meter

MUT

Meter under test

NIST

National Institute of Standards and Technology

NKF

Nominal K-factor

RM

Reference meter

SSF

Static start/finish

SVP

Small volume piston

TSM

Transfer standard method

UUT

Unit under test

V60

Volume at base conditions

VCF

Volume correction factor

Vt,P

Volume at alternate conditions

ρgas

Density of the gas

(kg/m3)

ρliquid

Density of the “bubble-free”, standard density (via API 11.1)

(kg/m3)

ρmix

Density of the two-phase flow

(kg/m3)

CAL-V

Calibration validation (in-situ calibration)

Cp

Gas heat capacity at constant pressure

CSV

Current sense voltage

DUT

Device under test

(J/g*0C)
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FT3

Fox thermal meter model 3

I

current supplied to the heated element

(Ampere)

kact

Gas thermal conductivity of the actual gas composition

(W/m/K)

kcal

Gas thermal conductivity of the calibrated gas composition

(W/m/K)

M

Mass flow rate

MSCFD

Thousands of standard cubic feet per day

n

Constant

(unitless)

Pract

Prandtl number of the actual gas composition

(unitless)

Prcal

Prandtl number of the calibrated gas composition

(unitless)

vact

Gas velocity of the actual gas composition

(m/s)

vcal

Gas velocity of the calibrated gas composition

(m/s)

R1

The electrical resistance of the heated RTD element

(ohms)

μact

Gas dynamic viscosity of the actual gas composition

(Pa*s)

μcal

Gas dynamic viscosity of the calibrated gas composition

(Pa*s)

ΔT

Temperature difference between the heated and reference RTDs

(0C)

A75mm

Cross sectional area of a pipe with diameter of 75mm

(m2)

A77.93mm

Cross sectional area of the in-situ pipe

(m2)

PF75mm

Position factor based on a pipe diameter of 75mm (vaverage / vlocal = 0.796)

(-)

PF77.93mm

Position factor based on a pipe diameter of 75mm (vaverage / vlocal = 0.802)

(-)

Qactual

Actual gas flowrate through the pipeline

(m3/h)

Qmeasured

Measured flow rate

(m3/h)

QMS

Quality Management Systems

r

Distance of each cup from the rotational axis

U

Velocity of the measured gas

(m/s)

v

Gas correction value due to compositional change

(m/s)

v0,real

Actual smallest starting value

(m/s)

(g/s)

(m)
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v0,spec

Specified smallest starting value

(m/s)

vactual

Actual local velocity

(m/s)

vcal

Gas velocity measured by the vane anemometer during the calibration

(m/s)

vmeasured

Local velocity measured by the vane anemometer

(m/s)

vref

Reference gas velocity from the vane anemometer calibration

(m/s)

ρreal

Actual gas density

(kg/m3)

ω

Rotational speed of the vane wheel

(rad/s)

Qv

Standard volume flow rate

Cd

Orifice plate discharge coefficient

(-)

Ev

Velocity approach factor

(-)

Y1

Upstream gas expansion factor

(-)

d

is the orifice bore diameter

Gr

Real gas relative density

(-)

Zs

Compressibility factor of gas at standard conditions

(-)

Zf1

Compressibility factor of the upstream gas at flowing conditions

(-)

PCCU

Portable configuration and calibration unit (software)

Pf1

Upstream pressure

Tf

Absolute temperature of gas at flowing conditions

hw

Differential pressure

β

Ratio of the orifice bore diameter to the pipe diameter

(-)

κ

Isentropic exponent of the gas = Cp/Cv

(-)

MWgas

Molecular weight of the measured gas

(lb/lb-mol)

MWair

Molecular weight of air

(lb/lb-mol)

Zb,air

Compressibility factor of air at 14.73 psia and 60oF

(-)

Zb,gas

Compressibility factor of the measured gas at 14.73 psia and 60 oF

(-)

DLS

Digital liquid sensor

(sft3/hr)

(in)

(psia)
(degree Rankine)
(inches of water at 60oF)
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EEPROM

Electrically erasable programmable read-only memory

EFM

Electronic flow measurement

PLC

Programmable logic controller

RTU

Remote terminal unit

ADC

Analog-to-digital converter

High_ADC

ADC reading at the top of the range (used during calibration of PITs and RTDs)

Low

Calculated pressure at the bottom of the range (used during calibration of PITs
and RTDs)

Low_ADC
RTDs)

ADC reading at the bottom of the range (used during calibration of PITs and

Range

Total range of the analog device (used during calibration of PITs and RTDs)

Raw_ADC

Current reading of the ADC (used during calibration of PITs and RTDs)

TTL

Transistor-to-transistor logic

Modbus

Method used to for transmitting information over serial lines between electronic
devices

R

Electrical resistance

ρ

Resistivity of the resistor material

l

Length of the pressure sensor

A

Cross sectional area of the pressure sensor

A

Constant (Callendar-Van Dusen equation)

(-)

B

Constant (Callendar-Van Dusen equation)

(-)

C

Constant (Callendar-Van Dusen equation)

(-)

CVD

Callendar-Van Dusen

IEX

Known current passed through the RTD

R0

Resistance of the RTD at 0oC

(ohms)

R100

Resistance of the RTD at 100oC

(ohms)

RT

Resistance of the RTD at temperature “T”

(ohms)

(ohms)
(ohms*m)
(m)
(m2)

(ampere)
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T

Recording temperature

(oC)

V0

Measured RTD voltage

(VDC)

α

Temperature coefficient

(-)

β

Constant

(-)

δ

Constant

(-)
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Introduction
Purpose

The purpose of the pressurized hydrocarbon (HC) liquids sampling and analysis (PHLSA) study is
described in paragraph 37 of the Consent Decree:
“The purpose of the study is to isolate individual variables of the sampling and analytical
methods typically used to obtain information regarding the flash potential and makeup of
pressurized hydrocarbon liquids and to identify protocols for determining how these samples
can be reliably obtained, handled, and analyzed to produce accurate analytical results for
practical application in modeling flashing losses.”
Based on this purpose, an accurate analytical results used for practical application in modeling
flashing losses is of great interest. In other words, a true characterization of all of the
independent variables required to estimate flashing losses is needed to achieve the specified
purpose. To do so, the Bernhardt test site was instrumented with over 30 measurement devices
that encapsulate what is believed to provide an accurate representation of the pertinent
process as a function of space and time.
1.2

Organization

This report depicts several chapters and sections:
Chapter 2:

provides background information on statistical terms and nomenclature that will
be used throughout this report. Calculation of the relevant statistical parameters
will be demonstrated.

Chapter 3:

provides a detailed outlook of the majority of instrumentations used in the test
site. Each section will depict a different measurement device or sensor.

Chapter 4:

provides a detailed description of the pressure transducers used in the test site.
Each section will depict a different measurement device.

Chapter 5:

provides a detailed description of the resistance temperature detectors used in
the test site. Each section will depict a different measurement device.

References:

a bibliographic list of sources used in this report.

Appendices:

supporting documentation relating to chapters 2 through 5 will be shown.
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2.0

Background

2.1

Statistical terms and nomenclature

This report will use the statistical terms defined by the third edition (2008) of the “International
vocabulary of metrology – Basic and general concepts and associated terms (VIM)” [1].
2.1.1 Quantities and units
Quantity:

Property of a phenomenon, body, or substance, where the
property has a magnitude that can be expressed as a
number and a reference.

Kind:

Aspect common to mutually comparable quantities.

Quantity value:

Number and reference together expressing magnitude of a
quantity

2.1.2 Measurement
Measurement:

Process of experimentally obtaining one of more quantity
values that can reasonably be attributed to a quantity.

Metrology:

Science of measurement and its application.

Measurand:

Quantity intended to be measured.

Measurement result:

Set of quantity values being attributed to a measurand
together with any other available relevant information.

Measurement quantity value:

Quantity value representing a measurement result.

Measurement accuracy:

Closeness of agreement between indications of measured
quantity values obtained by replicate measurements on
the same or similar objects under specified conditions.

Measurement trueness:

Closeness of agreement between the average of an infinite
number of replicate measured quantity values and a
reference quantity value.

Measurement precision:

Closeness of agreement between indications of measured
quantity values obtained by replicate measurements on
the same or similar objects under specified conditions.

Measurement error:

Measured quantity value minus a reference value.
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Systematic measurement error:

Component of measurement error that in replicate
measurements remains constant or varies in a predictable
manner.

Measurement bias:

Estimate of a systematic measurement error.

Random measurement error:

Component of measurement error that in replicate
measurements varies in an unpredictable manner.

Measurement uncertainty (MU):

Non-negative parameter characterizing the dispersion of
the quantity values being attributed to a measurand,
based on the information used.

Standard MU:

Measurement uncertainty expressed as a standard
deviation.

Combined standard MU:

Standard measurement uncertainty that is obtained using
the individual standard measurement uncertainties
associated with the input quantities in a measurement
model.

Input quantity:

Quantity that must be measured, or a quantity, that value
of which can be otherwise obtained, in order to calculate a
measured quantity value of a measurand.

Output quantity:

Quantity, the measured value of which is calculated using
the values of input quantities.

2.1.3 Devices for measurement
Measuring instrument:

Device used for making measurements, alone or in
conjunction with one of more supplementary devices.

Measuring system:

Set of one or more measuring instruments and often other
devices, including any reagent and supply, assembled and
adapted to give information used to generate measured
quantity values within specified intervals for quantities of
specified kinds.

Reference quantity value:

Quantity value used a basis for comparison with values of
quantities of the same kind.

Measuring transducer:

Device, used in measurement, that provides an output
quantity having a specified relation to the input quantity.
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Sensor:

Element of a measuring system that is directly affected by
a phenomenon, body, or substance carrying a quantity to
be measured.

Detector:

Device or substance that indicates the presence of a
phenomenon, body, or substance when a threshold value
of an associated quantity is exceeded.

2.1.4 Properties of measuring devices
Indication:

Quantity value provided by a measuring instrument or a
measuring system.

Instrumental bias:

Average of replicate indications minus a reference
quantity value.

Instrumental drift:

Continuous or incremental change over time in indication,
due to changes in metrological properties of a measuring
instrument.

Calibration diagram:

Graphical expression of the relation of indication and
corresponding measurement result.

Calibration curve:

Expression of the relation between indication and
corresponding measured quantity value

2.2

Calculation of statistical parameters

The following calculations and statistical definitions are obtained from API Chapter 13.1 –
“Statistical Aspects of Measuring and Sampling” [2].
Standard deviation of a Gaussian distribution:
1

𝜎(𝑦) = √𝑛−1 ∑𝑛𝑖=1(𝑦𝑖 − 𝑦𝑖 )

2

(2-1)

Variance:
𝑉(𝑦) = 𝜎 2 (𝑦)

(2-2)

𝑎(𝑦) = (𝑡95,𝑛−1 ) ∗ 𝜎(𝑦)

(2-3)

Uncertainty due to random error:
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Uncertainty due to systematic error:
𝑏(𝑦) = 0.95 |

(𝑒1 −𝑒2 )
2

|

(2-4)

Combined uncertainty due to (2-3) and (2-4):
𝑐(𝑦) = √𝑎2 (𝑦) + 𝑏 2 (𝑦)

(2-5)

The equations listed above may not encapsulate all the statistical parameters necessary for the
calculation of uncertainty for each of the meters to be discussed in the next chapter. Hence, in
the case of an uncertainty calculation different than that listed in this sub-section, it will be
shown
under
each
meter,
individually.
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3.0

Summary of Instrument Measurement Uncertainty Estimates

3.1

Summary of Bernhardt Site Instruments

The test site includes over 30 instrumentation installed on different process units (e.g. separator, tank, VOC burner etc.) and piping.
All instruments transmit to an automation stand / data-logger via Wi-Fi, and are downloaded manually in a csv file. Throughout the
study there have been three different instrument configurations: (1) winter; (2) summer and (3) post-summer, as shown below.

Figure 3-1. Instrumentation map of the test site as of the winter sampling week
25

Following the winter-phase testing, it was suggested that the addition of several more instrumentations would improve the
understanding of both the separator and the tank. Thus, additional pressure transducer and thermocouple were added downstream
of the Coriolis meters (PIT7 and RTD 16, respectively). Also, since the reading of PIT5 may have been underestimated (due to the fact
that its range was well below the actual pressure measured), it was decided to add a new 0-100 psig pressure transmitter (PIT8).
Additionally, a sun radiation meter was added to correlate breathing loss with the sun’s radiation. Finally, and perhaps most
importantly, the vane anemometer has been added to the tank-to-burner pipe to set as another flowrate verification for the flash
gas.
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Figure 3-2. Instrumentation map of the test site as of the summer sampling week
At the conclusion of the summer phase testing it was discovered that a hole exists in the so-called ‘down-comer’ (last segment of the
separator-to-tank pipe) whose target is to avoid of a case of a separator overflow during upset conditions (since a negative pressure
is applied and consequently oil flows from the tank back to the separator). In order to estimate the two-phase flow outside of the
small orifice, the closet pressure reading was at the top of the pipe prior to entering the tank. Therefore, RTD4 was placed by PIT9
and a series of post-summer experiments were conducted in mid-August to help determining the oil fraction leaving through the
small orifice.
27

Figure 3-3. Instrumentation map of the test site as of the post-summer sampling week
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The following tables summarize the instrumentation by process unit and shows all meters
includes the measured parameter, engineering units, range and accuracy.
Table 3-1: Pressure Transducer on the High-Pressure Separator

Parameter
Separator
Pressure

Data
logger
ID
PIT 1

Separator Dump
Pressure

PIT 6

Separator-to-oil
tank pipe gas /
liquids pressure
Post dump valve

PIT 7

Location

Instrument

Range

Separator
headspace

Pressure
transducer

0–500
psig

Upstream of
Coriolis
meter
Downstream
of dump
valve

Pressure
transducer

0–500
psig

Pressure
0–100
transmitter psig

Accuracy

Data
Collection
Frequency
1 second

± 2% of
measured
value
± 2% of
1 second
measured
value
± 0.25% of 1 second
measured
value at
FSO at 75oF

Table 3-2: RTDs on the High-Pressure Separator

Parameter
Separator Oil
Temperature
Separator Gas
Temperature

Data
logger
ID
RTD 1
RTD2

Separator Dump
Temperature

RTD5

Separator Dump
leg

RTD16

Location
Separator oil
layer
Separator
gas
headspace
Upstream of
Coriolis
meter
Downstream
of dump
valve

RTD

0–200ºF

± 2ºF

Data
Collection
Frequency
1 second

RTD

0–200ºF

± 2ºF

1 second

RTD

0–200ºF

± 2ºF

1 second

RTD

0–200ºF

± 2ºF

1 second

Instrument

Range

Accuracy
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Table 3-3: Flow Rate Measurement (including Coriolis meter) on the High-Pressure Separator

Parameter

Data
logger ID

Separator
produced gas
flowrate

ABB Flow

Separator oil
flowrate to tank
[R100-series]
Separator oil to
tank density

CM Flow

Location
Separator
gas leg

Instrument
XFC G4
6413Y

Range
0–250
MSCFD
DPa
0–500
MSCFD
SPb
0–6576
Std.
bbl/d
0–3.0
SGU

Accuracy
0.05%

Data
Collection
Frequency
1 second

Upstream
Coriolis
± 0.5% of 1 second
of oil dump meter
rate
valve
CM
Upstream
Coriolis
± 10
1 second
3
Density
of oil dump meter
kg/m
valve
Separator oil to
CM RTD
Upstream
Coriolis
(-)40–
± 1 ºC
1 second
tank
of oil dump meter
140 ºF ± 0.5% of
temperature
valve
reading
Coriolis meter
CM DG
Upstream
Coriolis
0–
N/Ac
1 second
drive gain
of oil dump meter
100%
valve
Separator water CM W
Upstream
Coriolis
0–6576 ± 0.28%
1 second
flowrate to tank Flow
of water
meter
Std.
of rate
[F100-series]
dump valve
bbl/d
Coriolis meter
CM DG
Upstream
Coriolis
0–
N/Ac
1 second
Water drive gain
of water
meter
100%
dump valve
a Differential pressure (pressure difference through the orifice plate.
b Static pressure (total pressure in the line).
c The drive gain is not typically used as a process measurement parameter, more of a diagnostic
to determine what is going on in the process.
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Table 3-4: Instruments on the Separator-to-Tank Pipe Segment and Tank Headspace

Parameter
Separator-tooil tank pipe
gas/liquids
pressure Lo

Data
logger
ID
PIT 5

Separator-tooil tank pipe
gas/liquids
pressure Hi

PIT 8

Top of riser
pressure

PIT 9d

Oil tank
headspace
gas pressure

PIT 2

Oil tank
headspace
gas
temperature
Separator-tooil tank pipe
gas/liquids
temperature

RTD3

RTD 4c

Location

Instrument

Range

Accuracy

Data
Collection
Frequency
1 second

Where the
sep-to-oil
tank pipeline
comes to the
surface, base
of upcomer
Where the
sep-to-oil
tank pipeline
comes to the
surface, base
of upcomer
Just prior to
entering the
tank on the
horizontal
section
Bulk tank
headspace
pressure
(gauge)
In tank, at
top of tank,
centerline

Pressure
transducer

0–1.5
psig

± 2% of
measured
value

Pressure
transmitter

0–100
psig

± 0.25% of 1 second
measured
value at
FSO at
75oF

Pressure
transducer

0–100
psig

± 2% of
measured
value

1 second

Pressure
transducer

0–1.5
psig

± 2% of
measured
value

1 second

Thermocouple

(-)25–
175 ºF

± 2 ºF

1 second

Just prior to
entering the
tank on the
horizontal
section

Thermocouple

0–250
ºF

± 2 ºF

1 second

d

On 08/10/2016, PIT 9 was replaced by RTD 4 to obtain more information regarding the dump
pressure near the tank.
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Table 3-5: RTDs on the Tank

Parameter
Oil tank
gas/liquids
temperature

Data
logger
ID
RTD 8

Oil tank
gas/liquids
temperature

RTD 9

Oil tank
gas/liquids
temperature

RTD 10

Oil tank
gas/liquids
temperature

RTD 11

Oil tank
gas/liquids
temperature

RTD 12

Oil tank
gas/liquids
temperature

RTD 13

Oil tank
gas/liquids
temperature

RTD 14

Oil tank
gas/liquids
temperature

RTD 15

Location
In tank,
cernterline, 14”
above tank
bottom
In tank,
cernterline, 32”
above tank
bottom
In tank,
cernterline, 52”
above tank
bottom
In tank,
cernterline, 72”
above tank
bottom
In tank,
cernterline, 92”
above tank
bottom
In tank,
cernterline, 112”
above tank
bottom
In tank,
cernterline, 135”
above tank
bottom
In tank,
cernterline, 152”
above tank
bottom

Range

Accuracy

RTD

(-)40–
185 ºF

± 1.5 ºF

Data
Collection
Frequency
1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

RTD

(-)40–
185 ºF

± 1.5 ºF

1 second

Instrument
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Table 3-6: Temperature and Pressure Monitors on the Tank-to-Burner Pipe Segment

Parameter
Oil tank VOC burner
line gas temperature

Oil tank VOC burner
line gas pressure

Data
logger
ID
RTD 6

PIT 3

Location
In tank VOC
burner line
downcomer
upstream of
flowmeters
In tank VOC
burner line
downcomer
upstream of
flowmeters

Instrument

Range

Accuracy

RTD

(-)30–
150 ºF

± 2 ºF

Pressure
transducer

0–1.5
psig

± 2% of
measure
d value

Data
Collection
Frequency
1 second

1 second
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Table 3-7: Flow Rate Measurement on the Tank-to-Burner Pipe Segment

Parameter
Oil tank VOC
burner line gas
flowrate

Oil tank VOC
burner line gas
flowrate

Oil tank PRV vent
gas flowrate

Oil tank VOC
burner line gas
flowrate

Data
logger
ID
Fox1
Flow

Location

In tank VOC
burner line
downcomer
upsteam of
knockout pot
Fox2
In tank VOC
Flow
burner line
downcomer
upsteam of
knockout pot
Fox3
In tank PRV
Flow
vent line
upstream of
the PRV
Vane
In tank VOC
anemo- burner line
meter
downcomer
upsteam of
knockout

Data
Collection
Frequency
1 second

Instrument

Range

Accuracy

Thermal
flowmeter

0–500
MSCFD
Twoe
curves

1%
Reading
+ 0.2 %
Full Scale

Thermal
flowmeter

0–500
MSCFD
Threef
curves

1%
Reading
+ 0.2 %
Full Scale

1 second

Thermal
flowmeter

0–500
MSCFD
Twod
curves
0–
253.2
actual
m3/hr

1%
Reading
+ 0.2 %
Full Scale
< 1.5%

1 second

Vane
anemometer

1 second

e

Calibration was performed using gas compositions at two temperatures (40 oF and 90oF)
f Calibration was performed using gas compositions at three temperatures (40 oF, 65oF and 90oF)
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Table 3-8: Miscellaneous Instruments

Parameter

Data
logger ID

Solar Radiation
meter

Solar_Rad

Oil tank liquid
level

LL1

Ambient
pressure

PIT 4

Oil dump valve
on/off position
& dump time/
duration
VOC valve
on/off position
& dump time/
duration

O_ Dump
_Po

g

BRN_
valve

Accuracy

Data
Collection
Frequency
1 second

Location

Instrument

Range

7 m south
of storage
tanks
Oil tank
liquid
surface
In tank VOC
burner line
downcomer
upstream of
flowmeters
Oil dump
valve

SR05
pyranometer

0–1600
W/m2

Tank level
sensor

0–180
inch

± 0.125
inch

1 second

Pressure
transducer

0–1.5
psig

± 2% of
measure
d value

1 second

Valve
position
indicator

0–3g

N/A

1 second

Valve
position
sensor on
the VOC
valve

Valve
position
indicator

0 or 1

N/A

1 second

Units depends on valve position (0 = off, 1 = dumping, 2 = in cycle, 3 = in cycle & dumping)
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3.2

Coriolis Meter

3.2.1 Description and principle of operation
Coriolis mass flowmeters measure the force resulting from the acceleration caused by mass
moving toward (or away from) a center of rotation. The meter utilizes a vibrating tube in which
Coriolis acceleration of a fluid in a flow loop can be created and measured. The measuring
tubes are forced to oscillate such that a sine wave is produced. At zero flow, the two tubes
vibrate in phase with each other. When flow is introduced, the Coriolis forces cause the tubes
to twist, which results in a phase shift. The time difference between the waves is measured and
is directly proportional to the mass flow rate [3].

Figure 3-4. Comparison of zero flow and full flow in Coriolis tubes [3]
3.2.2 Output specifications
There are two models of Coriolis meters used in the test site: (1) R100 (oil leg) and (2) F100
(water leg). Both Coriolis meters have the same output specifications listed in Table 3-9:
Table 4-5: Output Specifications of Coriolis Meter
Specification
Analog input flow
Analog output flow
Calibration code
Temperature range
Accuracy class

17.3 VDC
1–5 VDC
Z
(-)40–140oF
±0.5% of rate

In order to translate the measurement data (e.g. tubes vibration frequency, mass flow rate of
the fluid traveling through the tubes etc.) into meaningful insight, a transmitter wired to the
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Coriolis meter is needed. The in-situ transmitter used is Micro Motion Model 5700 with the
input/output characteristics shown in Table 3-10 below:
Table 3-10: Model 5700 Transmitter Specifications
Specification
Internal voltage
External voltage
Scalable range
Downscale fault
Upscale fault
Linearity

24 VDC (nom)
30 VDC (max)
4–20 mA
Configurable from 1.0 – 3.6 mA,
default value = 2.0 mA
Configurable from 21.0 – 23.0 mA,
default value = 22.0 mA
0.015% Span, Span = 16 mA

The transmitter provides users with an access to detailed measurement history (“Coriolis logs”)
up to 30 days from the measurement itself. The logs can be downloaded to a csv file by the
user.
3.2.3 Summary of calibration/proving procedures
By default, the Coriolis meter measures the mass flow rate of the desired fluid going through its
tubes. However, volume of the fluid will change with varying temperature, due to thermal
expansion; and pressure, due to fluid compression. Custody transfer measurement typically
requires the meter accuracy to be proved in the field against a known volume reference. Thus,
this sub-section differentiates between the calibration and the proving of the Coriolis meter.
Calibration is typically performed in a laboratory at several different flow rates, densities, or
temperatures (using water as a medium) so that the meter’s calibration factor is determined
based on ISO/IEC 17025 standard. Each certified calibration facility performs liquid mass flow,
density, and volume flow calibrations with mass flow uncertainties as low as 0.03% or less.
The Coriolis meters maintain two typical calibration stands: (1) Transfer Standard Method
(TSM) and (2) gravimetric flow. Typically, two calibration techniques are used: (1) static
start/finish and (2) dynamic start/finish. A short description of each calibration stand is shown
below [4].
Static start/finish (SSF)
SSF is a gravimetric calibration method where the calibration batch begins and ends at no flow
condition. The reference used in this method is a weigh scale. The test fluid is water which is
collected in a tank. The tank is placed on a scale so that the mass of the water is determined.
The mass indication of the scale is corrected with the Buoyancy Factor (BF) and an Immersed
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Pipe Correction (IPC). BF is influenced by values taken during the use of the scale, Buoyancy
Vapor Correction (BVC). Fluid pressure and temperature are measured both upstream and
downstream of the unit under test (UUT). Additionally, ambient pressure, temperature and
humidity are measured during each test.
Dynamic start/finish (DSF)
DSF is a gravimetric calibration method where the calibration batch begins and ends at steadstate flow. The calibration is performed in closed conduits and it uses water as a test fluid. The
water passes through the unit under test (UUT) and the reference meter (RM). The reference
meters (also called Master meters) are known good meters initially calibrated on an ISO 17025
accredited Primary gravimetric flow stand and TSM traceability is maintained annually by using
Global Reference Meters. The mass total from the UUT is compared to the mass total from the
RM via pulse counters. Fluid temperature and pressure is measured upstream and downstream
of the UUT.
Proving
In addition to the factory-based calibration, a series of meter proving tests (under normal
operating conditions in the field) were conducted to the Coriolis meters at the test site.
Flowmeters are proven by comparing the indicated flow measurement (volume or mass) to a
reference flow volume or mass. The results of the proving generate a Meter Factor (MFP), a
number near 1.000 that adjusts the flow calibration factor so that the unit under test matches
the reference.
The test consisted of connecting a Coriolis master meter (MM) in series with the meter under
test (MUT) and comparing the MUT to a known NIST-traceable volume by master meter
according to standards set forth in API MPMS Ch. 4.5. The proving was performed with a nonhazardous, non-combustible petroleum distillate to minimize the potential for multi-phase flow
during the proving period. The petroleum distillate was a 42 oAPI gravity oil surrogate which was
pumped in upstream from the isolated MUT, through both the MUT and the MM, and then
returned to the distillate tank (Figure 3-5). The pressure and flow rate were controlled through
the pumping trailer and were set to mimic normal operational conditions of the MUT.
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Figure 3-5. In-field testing setup (red arrows indicate closed valves)
3.2.4 Summary of calibration results
Multiple calibration and proving tests were conducted on the two meters used in the test-site,
namely:






Calibration report for F-100 Coriolis meter (water-leg)
Calibration report for R-100 Coriolis meter (oil-leg)
Meter proving prior to winter phase sampling week
Meter proving prior to summer phase sampling week
Meter proving following summer phase sampling week

As discussed above, the most representative parameter for a meter’s accuracy is the meter
factor. While this parameter is more common in proving terminology, the calibration lab also
reports this factor, though with different definition: the ratio of the “Referenced Total” and the
“Meter Total”, as reported by the calibration lab. Table 3-11 below illustrates the calibration
results for both Coriolis meters used in the test site (for oil and water flow rate measurement).
Table 3-11: Summary of Coriolis Calibration and Proving Tests
Test type

Coriolis Model

Date

Calibration
(water-leg)

F-100

07/29/2014

1.00

R-100

12/13/2011

1.00

Calibration
(oil-leg)

SG of Medium

Flow % (of max) Meter Factor
5.00
0.999
25.0
0.999
50.0
0.999
50.0
Not
Reported
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An in-field, in-situ meter proving test was conducted on 3/4/16, 7/21/16 and 8/4/2016 to
determine the meter factor or correction for installation and operational affects as well as
random error. Since the meter factor calculation in the proving process is more complex than
that of the calibration value determined by the lab, the following section addresses the method
used to evaluate that parameter.
Meter Factor Determination by Master Meter Method
The meter-under-test (“MUT” in Figure 3-5) was proved against a master meter (“MM” in
Figure 3-5) according to API MPMS Ch.4.5 using a transfer of meter factor approach from the
MM to the MUT. The meter factor was determined by comparing collected pulses, which
corresponds to Indicated Volume (IV), on both meters simultaneously. The average of 5 of
these collected pulses test-runs determines the average IV that both the MUT and MM
detected during the test period. The IV on both meters is then corrected for any temperature
(correction for the temperature of liquid or CTL) or pressure (correction for the pressure of
liquid or CPL) effects to arrive at an Indicated Standard Volume (ISV). Finally, a master meter
factor is applied according to the following equation (3-1):
𝐼𝑆𝑉

𝑀𝐹𝑃 = 𝐼𝑆𝑉 𝑀𝑀 =
𝑀𝑈𝑇

𝑀𝐹𝑀𝑀 ∗𝐼𝑉𝑀𝑀 ∗𝐶𝑇𝐿𝑀𝑀 ∗𝐶𝑃𝐿𝑀𝑀
𝐼𝑉𝑀𝑈𝑇 ∗𝐶𝑇𝐿𝑀𝑈𝑇 ∗𝐶𝑃𝐿𝑀𝑈𝑇

(3-1)

Where:
MFP is the Coriolis meter factor due to proving
ISVMM is the indicated standard volume of the master meter
ISVMUT is the indicated standard volume of the meter under test
MFMM is the meter factor of the master meter
IVMM is the indicated volume of the master meter
IVMUT is the indicated volume of the meter under test
CTLMM is the temperature correction factor of the master meter
CTLMUT is the temperature correction factor of the meter under test
CPLMM is the pressure correction factor of the master meter
CPLMUT is the pressure correction factor of the meter under test
A different approach determine the meter factor based on direct meter pulses (to obtain
volumetric flow) is reported in API 13.3.B.1.3, as shown in equation (3-2) [6]:
𝑁𝐾𝐹

𝐶𝑇𝐿𝑝

𝐶𝑃𝐿𝑝

𝑚

𝑚

𝑀𝐹𝑃 = 𝐵𝑃𝑉 ∗ 𝐶𝑇𝑆𝑝 ∗ 𝐶𝑃𝑆𝑝 ∗ 𝑃𝑢𝑙𝑠𝑒𝑠 ∗ 𝐶𝑇𝐿 ∗ 𝐶𝑃𝐿

(3-2)

Where:
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BPV is the base prover volume
CTSp is the correction factor for the effect of temperature on steel on a liquid in a prover
CPSp is the correction factor for the effect of pressure on steel on a liquid in a prover
NKF is the nominal K-factor
CTLp is the correction factor for the effect of temperature on a liquid in a prover
CTLm is the correction factor for the effect of temperature on a liquid passing through a meter
(during a proof)
CPLp is the correction factor for the effect of pressure on a liquid in a prover
CPLm is the correction factor for the effect of pressure on a liquid passing through a meter
(during a proof)
Measurement Uncertainty of Secondary Test Measure (Master Meter)
The master meter method described in API MPMS Ch.4.5 is a secondary test measure method
as contrasted to measurement against a fixed volume displacement prover as described in API
MPMS Ch.4.2. As such, the master meter method has an additional random measurement
uncertainty above the random uncertainty contained within a primary test measure (prover).
The master meter used in this test was proved at multiple flow rates against a Small Volume
Piston Prover (SVP) to determine a curve of meter factor versus flow rate (Figure 3-6). Once the
proving flow rate was determined, a MM meter factor was interpolated from Figure 3-6 to
determine the applicable MM meter factor to be applied in equation (3-1).

Figure 3-6. Master meter MF versus flow rate
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Each MM meter factor carries a random uncertainty according to API MPMS Ch.4.5 of 0.027%
(MFP ± 0.00027) or better using the repeatability criteria of proving against a SVP of 5 test runs
that repeat within a tolerance range of 0.05%. A simple linear interpolation was used to
quantify the MM meter factor between flow rates. The maximum allowable meter factor shift
between two adjacent proving flow rates for the master meter is set at 10/10000 th or density
meter factor (DMF) ǀDMFǀ ≤ 0.001. While this linear interpolation will increase the potential
uncertainty of the MM meter factor, the potential for uncertainty has been limited to ±0.077%
as a worst case and can generally be expected to be much less than this value, especially given
the proximity of the MUT proving flow rate to one of the MM proving flow rates.
Additional sources of measurement uncertainty are encapsulated within the uncertainty of the
meter factor itself where they are used in the determination of the meter factor. These
uncertainties are the uncertainty of temperature and pressure. Being a secondary test
measure, the MM meter factor also carries the uncertainty of the base prover volume or BPV of
the SVP with which the MM was proved. This allowable uncertainty is standardized in API
MPMS Ch.4.9 and set at 0.027%. The uncertainty of the SVP used in proving the master meter is
roughly an order of magnitude better than the standard and is listed in the water draw
calibration of the SVP.
Results of the Master Meter Proving
A before and after proving of the MUT was performed and the stability of the MUT during the
well testing period was assessed. The MUT meter factor before and after along with associated
proving uncertainties is listed in Table 3-12 below.
Table 3-12: Coriolis’s Meter Factor Summary
Date
Performed
3/4/2016
7/21/2016
8/4/2016
8/4/2016
8/4/2016

Proving Flow
Rate (bbl/hr)
10
8
8
25
47

MUT Meter
Factor
1.0008
0.9979
0.9995
1.0001
1.0003

Meter Factor
Uncertainty %
0.022
0.018
0.022
0.009
0.022

The proving results show that the MUT is functioning with relatively little installation and
operational errors. For comparison, a meter factor of exactly 1.0000 according to equation (3-1)
above indicates an exact agreement with the NIST standards of measure. The Bureau of Land
Management (BLM) standard criteria for custody transfer is a meter factor that is within the
range of 0.9900 and 1.0100, has an uncertainty of 0.027% or better, and shows no more than
±0.0025 deviation between two proving tests. While API has no set standards for these criteria,
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these values have been widely accepted by the industry to be acceptable custody transfer
criteria.
By these criteria, the MUT meter factors show good agreement from before and after the well
testing period at the flow rate of interest (8 bbl/hr). Additionally, the MUT meter factors
indicate good zero stability of the meter when viewed over a wide range of flow rates. Coriolis
meters in general have a low flow turndown limit where accuracy of measurement tends to
suffer. For this particular make and model of Coriolis meter, the stated low flow turndown is set
at ~12.6 bbl/hr. Given the range of flow rates tested, minimal drift of accuracy is seen even
below this manufacturer-stated limit.
Adjustment for high drive gain
The Coriolis’s drive gain (abbreviated DG) is a measure of the power usage required to maintain
the tube vibration at the specified frequency, and is expressed in a percentage of available
power. A typical value for the DG is below 15% (e.g. no more than 15% of the power is required
to maintain the tube at the specified frequency). The DG serves as an indicator to spot whether
an entrained gas is present in the production flow, therefore any DG values higher than 15%
have to be adjusted accordingly.
In order to correct the volume flow for bubbles (i.e. two-phase flow in the oil), the Gas Void
Fraction (GVF) for all densities needs to be calculated based on equation (3-3a):
𝐺𝑉𝐹 =

𝜌𝑚𝑖𝑥 −𝜌𝑙𝑖𝑞𝑢𝑖𝑑
𝜌𝑔𝑎𝑠 −𝜌𝑙𝑖𝑞𝑢𝑖𝑑

(3-3a)

Where:
GVF is the gas void fraction (unitless)
ρmix is the density of the two-phase flow (kg/m3)
ρliquid is the density of the “bubble-free”, standard density (kg/m3)
ρgas is the density of the gas (kg/m3)
Since ρliquid >> ρgas, equation (3-3a) can be rearranged to equation (3-3b):
𝐺𝑉𝐹 =

𝜌𝑙𝑖𝑞𝑢𝑖𝑑 −𝜌𝑚𝑖𝑥
𝜌𝑙𝑖𝑞𝑢𝑖𝑑

(3-3b)

The GVF calculated in equation (3-3b) indicates whether the standard volume measurement is
too high (if GVF > 0) or too low (if GVF < 0), so that the new meter factor adjusted for DG is:
𝑀𝐹𝐷𝐺 = 1 − 𝐺𝑉𝐹

(3-4)

Where:
MFDG is the adjusted meter factor for high drive gain readings.
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Volumetric adjustment to standard conditions
The Coriolis readings (e.g. flow rate or total flow) are depicted in line conditions, without any
correction applied from the manufacturer (i.e. MFP = 1 when the meter leaves the factor).
Given that the test site is located near Greeley (CO), the ambient pressure is approximately 12.3
psia. Since the density (and therefore volume) of hydrocarbons is sensitive to temperate and
pressure, a volume correction factor (VCF) is used to correct observed volumes to equivalent
volumes at standard temperature and pressure (60oF and 14.7 psia), which serve as a way to
use volumetric measures equitably in general commerce.
The most common and widely recognized standard that establish such a correction to crude oils
and other relevant oil products (e.g. liquid refined products, lubricating oils etc.) is API 11.1 [5]
(“Manual of Petroleum Measurement Standards – Temperature and Pressure Volume
Correction Factors for Generalized Crude Oils, Refined Products, and Lubricating Oils”), which is
applicable for crude oils with density ranging from 610.6 kg/m3 to 1163.5 kg/m3.
As stated above, the correction factor should consist of a temperature and pressure portions to
correct hydrocarbon liquids to standard conditions. The temperature portion of this correction
is referred as the “Correction for the effect of Temperature on Liquid” (CTL) and the pressure
portion is referred as the Correction for the effect of Pressure on Liquid (CPL), both of which are
defined in API 11.1. However, this correction is relatively small for liquids compared to gases (<
1%).
The actual Coriolis flow is adjusted to standard conditions based on the following conversion
illustrated in equation (3-5):
𝑉60 = 𝑉𝑡,𝑃 ∗ 𝑀𝐹𝑃 ∗ 𝐶𝑇𝐿 ∗ 𝐶𝑃𝐿 ∗ 𝑀𝐹𝐷𝐺

(3-5)

Where:
V60 is the volume at standard conditions (60oF and 14.7 psia)
Vt,P is the volume measured at alternate conditions
MFP is the Coriolis meter factor due to proving
CTL is the correction for the effect of temperature on liquid
CPL is the correction for the effect of pressure on liquid
3.2.5 List of related files / documentation




Calibration record of F-100 meter by Micro Motion, Inc.
Calibration record of R-100 meter by Micro Motion, Inc.
Micro Motion Calibration Procedure (Emerson Process Management).
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Calibration and Measurement Capability of Transfer Standard Method Flow Meter
Calibration Stands (Emerson Process Management).
Proving records (including master meter) for winter phase testing by Volumetrics.
Proving records (including master meter) for summer phase testing (pre and post) by
Volumetrics.
Proving records for master meter (HANK)
Gravimetric waterdraw certificate.
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3.3

Thermal Mass Flow Rate (Fox Thermal FT3 Model)

3.3.1 Description and principle of operation
Thermal mass meters measure gas flow based upon the concept of convective heat transfer
(since gases absorb heat). Figure 3-7 is a schematic of the Fox meter. A heated resistance
temperature detector (RTD) placed in an air or gas stream transfers heat to the gas in
proportion to the mass flow rate of the gas. A second RTD acts as a reference sensor and
determines the gas temperature.

Figure 3-7. Concept of thermal mass flow meters [7]
The electrical power required to maintain a constant temperature differential between the two
detectors is proportional to the gas mass flow rate [7], as shown in equation (3-6a).
𝑊 = 𝐼 2 𝑅1

(3-6a)

Where:
W is the electrical power supplied to the heated RTD element (Watts)
I is the current supplied to the heated RTD element (ampere)
R1 is the electrical resistance of the heated RTD element (ohms)
This electrical power is measured and converted to a gas flow rate using the relationship
developed by Thomas (1911) [8], as shown in equation (3-6b):
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𝑀=

𝑊
𝐶𝑝 ∆𝑇

(3-6b)

Where:
M is the mass flow rate in g/s
Cp is the heat capacity of the gas at constant pressure J/g*0C
ΔT is the temperature difference between the heated and reference RTD elements in 0C
3.3.2 Output specifications
Once the flow rate has been determined based on the electrical power required to maintain a
constant temperature differential between the sensors, the microprocessor (which controls the
sensor and determines the resulting electrical characteristics) linearize the signal to deliver a
linear 4 to 20mA signal. The following is provided from the manufacturer:



Two isolated 4 to 20mA outputs (output one is for flow rate and output two is
programmable for flow rate or temperature).
For input voltage, 24 VDC is recommended, however ±10% of the base value is
satisfactory.

3.2.3 Summary of calibration procedures
The thermal mass meters used in the test site were model FT3 manufactured by Fox Thermal
Instruments, Inc. For the FT3 meters, a factory calibration and an in-pipe calibration validation,
also abbreviated CAL-V, are conducted:



Factory calibration – occurs in the calibration laboratory and uses calibration standards
traceable to NIST.
CAL-V calibration – allows the operator to validate the meter’s calibration accuracy
under actual flow conditions by testing the functionality of the sensor and associated
signal processing circuitry.

For the factory calibration procedure, the process begins with a detailed customer application
data review and sign-off by lab personnel. The following steps are then completed [9]:
a. Select lab, lab piping and accessories to replicate actual installation.
b. Install the flowmeter (Device Under Test or DUT), pressurize and leak test the
calibration system.
c. Charge calibration tunnel with calibration gas or gas mixture (the customer provides two
gas compositions with similar components to simulate the ‘process’ gas because the gas
heat transfer properties (primarily thermal conductivity, density, and viscosity) impact
the heat transfer and the sensor response).
d. Perform preliminary test of calibration standard and data acquisition system.
47

e.
f.
g.
h.

Perform zero stability tests and take zero calibration point.
Collect approximately 12 calibration flow range data points and an over range point.
Download collected calibration data to DUT.
Perform final calibration verification over the entire flow range to ensure calibration
parameters have been properly downloaded and that the DUT is performing within the
published accuracy specification.
i. Download all flow meter calibration data and settings to master and back-up calibration
databases.
j. Prepare calibration QC documents to record all raw data, parameters and settings and
store in master and back-up calibration databases.
k. Prepare customer calibration certificate to include raw sensor voltages, flow velocities
and flow rates in customer-specified units, standard asset number, reference standard
data, gas/gas mixture, and calibration technician signature.
For the testing at the Bernhardt site, three gas compositions A were used to factory calibrate the
Fox FT3 meters. These compositions were based on process simulation modelling of equilibrium
tank headspace gas compositions for three temperatures: 40oF (gas curve 1, Winter operation
simulation), 65oF (gas curve 3, Spring/Fall operation simulation) and 90oF (gas curve 2, Summer
operation simulation). These compositions are shown in Table 3-13:
Table 3-13. Flash Gas Compositions (in mol%) For Fox FT3 Factory Calibrations
Component
Gas Curve 1 Gas Curve 2 Gas Curve 3A
Methane
32.43
20.89
26.26
Ethane
25.81
18.16
22.05
Propane
18.17
16.53
18.19
Butanes
12.40
17.99
15.96
Pentanes
6.51
15.50
10.64
Hexanes
N/A
N/A
1.45
Carbon dioxide
1.98
1.32
1.63
AGas curve 3 was used in FT3 S/N 21776 to see whether the calibration
output was linear.
The calibration for each meter consists of 20 data points with output signal varying from 4 mA
(= 0 MSCFD) to 20 mA (= 500 MSCFD). Using proprietary software designed by Fox Thermal
Instruments, a trained calibration technician using automatic data collection equipment collects
flow data through the customers flow range. In a Fox Thermal Flowmeter the sensor, the DC
voltage signal is referred to as Current Sense Voltage (abbreviated CSV). Velocity at standard
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conditions is referred to as velocity. Under normal1 operation, the flowmeters microprocessor
reads CSV and calculates the mass velocity from the calibration table stored in the meter’s
memory. Mass flow rate is calculated by multiplying the mass velocity times the cross sectional
area of the customers pipe2 [13].
The second calibration procedure performed in-situ under actual pipe conditions is the CAL-V
calibration. During CAL-V mode (Figure 3-8a), the microprocessor controls the sensor and
determines the resulting electrical characteristics, whereas during factory mode (Figure 3-8b)
the signal processing electronics control the sensor.

Figure 3-8a. Circuitry of CAL-V measurement mode of FT3 model [10]

Figure 3-8b. Circuitry of normal measurement mode of FT3 model [10]
The in-situ calibration results are compared with the factory-based calibration. The CAL-V test
provides three output parameters shown on the calibration validation certification:
1
2

Normal refers to a reference condition at 0oC and 760 mmHg.
The factory based calibration was conducted on a 3-inch pipe diameter (ID = 3.068 inch).
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1. CAL-V Result: A “Pass” or “Fail” result shown on the screen. If the CAL-V diagnostic
finds the sensor too far out of range compared to the factory calibration baseline, that’s
a “Fail” result. If the diagnostic finds the meter within tolerances, it’s a “Pass”.
2. CAL-V Value: This is the baseline value from the most recent factory calibration of the
meter. It is a measure of the ratio in resistance (in ohms) between the meter’s two
sensors at the CAL-V diagnostic’s test voltage.
3. CAL-V Verify: This is the percentage difference between the factory baseline resistance
ratio and the in-the-moment resistance ratio. If this value is too large, i.e. an absolute
value greater than 2.5%, the CAL-V Result will be “Fail.” If the absolute value of the
Verify value is 2.5% or less, it’s a “Pass.”
3.2.4 Summary of calibration results
Unlike the proving process for the Coriolis meter, there is no independent check for the FT3
meters.
Table 3-14 below summarizes the available documentation of the calibration certificates (from
the factory) as well as the calibration validation certifications performed at the test site. Note
that for the two tested seasons, all CAL-V tests were performed by the same method and by the
same technician.
Table 3-14: Summary of FT3’s Calibration and CAL-V Records
Calibration Type

Season

Factory Calibration
CAL-V

S/N of
FT3

Date of Test

CAL-V CAL-V
Result Value
N/A
N/A
PASS
21.8

CAL-V
Verify
N/A
4.05%

21773

02/23/2016
02/25/2016

21775
(PRV)

02/22/2016
02/25/2016

N/A
PASS

N/A
22.81

N/A
0.01%

Factory Calibration
CAL-V

21776

02/22/2016
02/25/2016

N/A
PASS

N/A
22.84

N/A
3.15%

Factory Calibration
CAL-V

21773

06/13/2016
07/20/2016

N/A
PASS

N/A
22.17

N/A
2.68%

21775
(PRV)

06/10/2016
07/19/2016

N/A
PASS

N/A
22.81

N/A
0.32%

21776

06/10/2016
07/20/2016

N/A
PASS

N/A
22.84

N/A
3.91%

Factory Calibration
CAL-V

Factory Calibration
CAL-V
Factory Calibration
CAL-V

Winter

Summer

50

The above table indicates that the three Fox flow meters were accurate and within the
manufacturer’s specifications. The CAL-V values are typical and represent the ratio of the
typical resistance of the 200-220 ohms RTD element with that of the maximum resistance that
corresponds to the maximum temperature/current at which it can operate before it shuts down
(factory set) and is typically in 9-10 ohms.
Following the summer phase testing, a series of post-test, “as-found” factory calibrations were
performed on each meter using the gas compositions listed in Table 3-14. These “as found”
meter calibrations were conducted to check for meter response drift (i.e. from the pre-test
voltage vs. flow rate calibration curve). For the same voltage, the calibrated flow rate was
compared to that of the ‘post-test’ flow rate, and the difference between the two flow rates
(per voltage) was compared against the manufacturer specification reading.
Due to the fact that the meters were calibrated against a modeled flash gas composition, it was
expected that during high flow rates the percent difference between the pre- and post-test
calibration results would be smaller than during low flow rates since smaller flow rates are
harder to measure. To evaluate the sensor response drift between the pre-test and post-test
calibrations, voltage versus flow rate was compared, as shown in Figure 3-9.

Figure 3-9. Pre-test and post-test calibration for FT3 S/N 21776 (gas curve 2)
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As shown in Figure 3-9, during high flow rates the absolute sensor drift (pre-test calibration
versus post-test calibration) is much larger than during low flow rates. Nevertheless, the
relative difference between the pre-test and post-test readings is on average 10% (pre-test flow
rates are higher) almost consistently through all flow rates larger than 9 MSCFD.
An additional source of uncertainty in the FT3 output is the FT3 location on the vertical pipe
(i.e. tank-to-burner pipe, also called as “riser”). The 21773 meter was installed 60 inches below
a 90-degree elbow, and 30 inches above the 21776 meter on the vertical pipe segment from
the tank to the knockout pot. Figure 3-10 below illustrates the pre-test and post-test calibration
for the upper FT3 meter.

Figure 3-10. Pre-test and post-test calibration for FT3 S/N 21773 (gas curve 2)
As shown in Figure 3-10, and unlike the trend from Figure 3-9, it can be seen that for the upper
meter closer to the 90-degree elbow, a negative drift exists (i.e. per specified voltage, the posttest flow rate is higher than the pre-test flow rate). This contrasts the bottom meter with a
positive drift.
This trend was confirmed during the testing period, as the upper meter closer to the 90-degree
elbow consistently depicted smaller integrated volumes by 5-10% than the lower meter (further
away from the disturbance).
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Given that the flash gas composition constantly changes due to various reasons (e.g. ambient
temperature, liquid level in the tank and more), the flow rate and the integrated flow
measurements become less accurate, and a correction factor needs to be applied to account
for this compositional change.
The comparison of the pre-test and post-test calibration tests for the remaining gas curves are
shown in Figures 3-11 through 3-15.

Figure 3-11. Pre-test and post-test calibration for FT3 S/N 21776 (gas curve 1)
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Figure 3-12. Pre-test and post-test calibration for FT3 S/N 21776 (gas curve 3)
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Figure 3-13. Pre-test and post-test calibration for FT3 S/N 21773 (gas curve 1)
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Figure 3-14. Pre-test and post-test calibration for FT3 S/N 21775 (gas curve 1)
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Figure 3-15. Pre-test and post-test calibration for FT3 S/N 21775 (gas curve 2)

Review of measurement uncertainty
The discussion above indicates that two major sources of uncertainty exist: (1) uncertainty of
the actual FT3 measurement and (2) uncertainty of the calibration procedure itself. While the
flow uncertainty (i.e. uncertainty of the actual FT3) is ± 1.0% of reading and ± 0.2% of full scale
(with NIST standards in accordance with Mil-Std-45662A), the measurement uncertainty in
actual conditions in the field may be larger because of compositional change (see below). To
factory calibrate the FT3 meter, a source of known flow is needed as a reference. Consequently,
Fox uses two types of calibration systems: (1) Positive Displacement Flowmeter-based
standards and (2) Thermal Sensor-based transfer standard. For the purposes of this study, the
thermal sensor-based calibration was applied.
In this calibration method, a thermal flow sensor is interfaced to the automated data
acquisition system via a precision digital voltmeter calibrated to less than or equal to ± 0.0035
% uncertainty. These transfer standards measure directly in mass units without the need of
pressure or temperature compensation. Thermal sensor-based calibration tunnels have a total
system uncertainty of ± 0.50%.
Uncertainty due to compositional change
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As discussed above, for this study, the calibration gas has a different composition than the
measured gas due to dynamic field conditions (e.g. storage tank level, ambient temperature
etc.). A compositional adjustment to the Fox thermal mass meters has been made by
calculating heat transfer properties (e.g. Prandtl number etc.) using King’s equation (3-7):
𝜇

∗𝜌

𝑣𝑎𝑐𝑡 = 𝑣𝑐𝑎𝑙 ∗ 𝜇𝑎𝑐𝑡∗𝜌 𝑐𝑎𝑙 ∗ (
𝑐𝑎𝑙

𝑎𝑐𝑡

𝑘𝑐𝑎𝑙 ∗𝑃𝑟𝑐𝑎𝑙 1/3
𝑘𝑎𝑐𝑡 ∗𝑃𝑟𝑎𝑐𝑡

1/𝑛

1/3 )

(3-7)

Where:
vact is the gas velocity of the actual gas composition (m/s)
vcal is the gas velocity of the calibrated gas composition (m/s)
μact is the gas dynamic viscosity of the actual gas composition (Pa*s)
μcal is the gas dynamic viscosity of the calibrated gas composition (Pa*s)
kact is the gas thermal conductivity of the actual gas composition (W/m/K)
kcal is the gas thermal conductivity of the calibrated gas composition (W/m/K)
Pract is the gas Prandtl number of the actual gas composition (unitless)
Prcal is the gas Prandtl number of the calibrated gas composition (unitless)
n is a constant (unitless)
Equation (3-7) was used to estimate the corrected velocity adjusted for composition by
considering all flow rate regimes as shown in the polynomial-shaped curves of the Fox thermal
mass meters (Figures 3-9 through 3-15). The comparison between the measured and adjusted
(averaged) flow rates recorded during all well cycles during the summer phase testing is shown
in Figures 3-16a-b, respectively.
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Figure 3-16a. Measured flow rate from the Fox thermal mass meter (pre-adjustment)

Figure 3-16b. Measured flow rate from the Fox thermal mass meter (post-adjustment)
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The adjustment of the Fox thermal meters to take into consideration the compositional change
was almost consistent between the two thermal mass meters installed on the riser. For the
upper thermal mass meter (i.e. Fox 1), the post-adjustment correction was lower by 18.1% than
the pre-adjustment (actual recording), while for the lower thermal mass meter (Fox 2), the
post-adjustment correction was lower by 19.60%. Therefore, it is assumed in this report that
the average uncertainty due to compositional change is the average between the two thermal
mass meters, therefore 18.85%.
In conclusion, by combining the uncertainties discussed above, the total uncertainty of the FT3
can be determined from equation (2-5) in subsection 2.2:
√(0.0052 ) + (0.0022 ) + (0.012 ) + (.1885)2 = 18.88%.
3.2.5 List of related files / documentation
For each testing season (i.e. winter and summer), the following tests were performed on three
FT3 meters used at the test site, namely:













Calibration report for FT3 on top of riser (S/N 21773) – two curves (2 gas compositions)
Calibration report for FT3 on PRV (S/N 21775) – two curves (2 gas compositions)
Calibration report for FT3 on top of riser (S/N 21776) – three curves (3 gas compositions)
Winter CAL-V calibration validation for S/N 21773
Winter CAL-V calibration validation for S/N 21775
Winter CAL-V calibration validation for S/N 21776
Summer CAL-V calibration validation for S/N 21773
Summer CAL-V calibration validation for S/N 21775
Summer CAL-V calibration validation for S/N 21776
As-Found calibration certificate for S/N 21773 (summer testing only)
As-Found calibration certificate for S/N 21775 (summer testing only)
As-Found calibration certificate for S/N 21776 (summer testing only)
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3.4

Vane Anemometer

3.4.1 Description and principle of operation
The vane anemometer (also known as vane wheel flow sensor) is a mechanical velocity
anemometer that measures velocity and volumetric flow rate. It is used in conjunction to the
Fox thermal mass meters to measure the flash gas volumetric flow rate during a well cycle. A
vane anemometer consists of a small vane wheel that rotates in the same axis of rotation as
that of the flow, as illustrated in Figure 3-17.

Figure 3-17. Vane anemometer wheel [11]
The rotational speed of the vane wheel (denoted as “ω”) is directly proportional to the velocity
of the gas (e.g. air, flash gas etc.) based on the following equation (3-8):
𝑈 =𝜔∗𝑟

(3-8)

Where:
U is the velocity of the measured gas (m/s)
ω is the rotational speed of the vane wheel (rad/s)
r is the distance of each cup from the rotational axis (m)
3.4.2 Output specifications
The vane anemometer used in the test site was connected directly to the pipe. Any changes to
the pipe diameter and the velocity profile were made through a HART communicator via
modem adapter for PC connection and UCOM PC software. The specification for the vane
anemometer are illustrated in Table 3-15.
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Table 3-15: Specifications of Vane Wheel Flow Sensor ZS25
Specification
Analog output flow
Output limit value or quantity pulse
Power supply
Power consumption

mA output
4–20 mA
Maximum resistance = 500 Ohms
Potential-free relay contact (normally-open),
Max = 300 mA / 27 VDC
24 VDC (20–27 VDC)
<5W

3.4.3 Summary of calibration procedures
The calibration process of the vane anemometer is incorporated in the Quality Management
Systems (QMS) DIN EN ISO 9001:2008 and is carried out in close compliance with ISO 17025. A
series of six data points of known air velocities is compared with the measured velocity
recorded by the anemometer.
To perform the calibration process, the vane anemometer flow rate was recorded in a 75 mm
pipe diameter and a profile factor3 of 0.796. The recorded flow rate was converted into a
velocity using the following equation (3-9):
𝑣𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 𝐴

1

75𝑚𝑚

1

∗ 3,600 ∗ 𝑃𝐹

1

75𝑚𝑚

(3-9)

Where:
Vmeasured is the calculated velocity (m/s)
Qmeasured is the recorded flow rate (m3/hr)
A75mm is the cross sectional area of the pipe (m2)
PF75mm is the position factor based on a pipe diameter of 75mm (vaverage / vlocal = 0.796)
3,600 is the conversion factor (seconds/hour)
3.4.4 Summary of calibration results
The vane anemometer was calibrated against six known reference velocities from 1 to 20 m/s.
The deviations of the recorded velocities from the reference velocities were recorded and
plotted with a tolerance limit4, as shown in Figure 3-18.

3

The profile factor (denoted PF) specifies the ratio of mean flow velocity in the measuring section and the flow
velocity measured in the sensor.
4
The measurement uncertainty has less than 1.5% of the measured value and 0.5% of terminal value.
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Figure 3-18. Vane anemometer calibration results with tolerance limit
Determination of measuring uncertainties
The measuring uncertainties shown on the calibration certificate are determined according to
the “Guide of Expression of Uncertainty in Measurement”. The expanded measurement
uncertainties result from the standard measurement uncertainties being multiplied with the
coverage factor k = 2. The value of the measureable variable lies as a rule with a probability of
approximately 95% within the normal distribution. The standard uncertainty of measurement is
determined according to DKD-3 / EAL – R2 (German translation of publication EAL-R2
Expression of the Uncertainty of Measurement in Calibration) [12].
Flow measurement in different pipe diameters
The in-situ measurements were conducted under a different pipe diameter than the calibration.
Additionally, the calibration gas differs (in most cases) from the process gas being measured in
the field, which consequently requires some adjustment to both the flow rate and the profile
factor.
The actual local (i.e. centerline) velocity of the gas includes a gas density correction term that
considers the density ratios, as show in equation (3-10):
𝑣

𝑣𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑣𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 𝑣𝑟𝑒𝑓 − 𝑣
𝑐𝑎𝑙

(3-10)

Where:
vactual is the actual local velocity (m/sec)
vmeasured is the local velocity measured by the vane anemometer from equation (3-9) (m/s)
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vref is reference gas velocity from the vane anemometer calibration (m/s)
vcal is the gas velocity measured by the vane anemometer during the calibration (m/s)
v is the gas correction value due to compositional change (m/s)
The density of gases can be strongly modified against pressure and temperature. Such severe
modifications have a minor impact on the measured value of a vane wheel sensor. This impact
manifests itself in a determinable correction value, which is added to or subtracted from the
measured value. The percentage impact of this correction value is however negligible with
average to high velocity flow. With low and very low values, consideration of the density
correction becomes more expedient.
To determine this correction value the measuring range initial value (starting value) of a vane
wheel is examined. The specified starting value in the vane wheel sensor (0.4 m/s) arises from a
medium density of 1.204 kg/m³ (factory calibration). The only slightly deviating actual starting
value, even with considerably different working density of the medium (in the actual
application) ensues in good approximation of the following:
1.204

𝑣0,𝑟𝑒𝑎𝑙 = 𝑣0,𝑠𝑝𝑒𝑐 ∗ √ 𝜌

𝑟𝑒𝑎𝑙

(3-11a)

Where:
v0,real is the actual smallest starting value (m/s)
v0,spec is the specified smallest starting value (m/s)
ρreal is the actual gas density (kg/m3)
The correction value is now the difference between real and specified starting value. The
characteristic of the sensor is displaced by this value, as shown in equation (3-11b):
𝑣 = 𝑣0,𝑟𝑒𝑎𝑙 − 𝑣0,𝑠𝑝𝑒𝑐

(3-11b)

If the operating density of the medium is greater than the calibration density of 1.204 kg/m³,
then the determined correction value must be deducted from the measured value. If it is less
than the calibration density of 1.204 kg/m³, then the determined correction value must be
added to the measured value.
Since the in-situ nominal pipe diameter is 3.068 inches (77.93 mm), a new profile factor is
obtained to be 0.802. This results in a new equation to estimate the vane anemometer flow
rate that is adjusted to pipe diameter and density change, based on the following equation (312).
𝑄𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑣𝑎𝑐𝑡𝑢𝑎𝑙 ∗ 𝑃𝐹77.93𝑚𝑚 ∗ 𝐴77.93𝑚𝑚 ∗ 3,600

(3-12)

Where:
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Qactual is the actual gas flowrate through the pipeline (m3/hr)
vactual is the actual local velocity (m/sec) – from equation (3-10)
PF77.93mm is the position factor based on a pipe diameter of 75mm (vaverage / vlocal = 0.802)
A77.93mm is the cross sectional area of the in-situ pipe (m2)
3,600 is the conversion factor (seconds/hour)
A post-summer, “as-found” test was performed on the vane anemometer (Figure 3-19), which
attempted to check whether a drift in the anemometer’s response has occurred during the
testing period, as was indicated from the as-found test of the thermal meters used in adjacent
to the vane anemometer during the summer testing period (Figures 3-19 and 3-20).

Figure 3-19. Pre-summer calibration and post-summer as-found tests for the vane anemometer
During active well-cycles, the typical highest instantaneous flow rate recorded by the vane
anemometer was approximately 160 m3/hr, or 9.3 m/s. However, for typical breathing losses
during the day, the typical highest instantaneous flow rate was approximately 75 m3/hr, or 4.3
m/s. As indicated from Figure 3-19, it is clear that the drift in the anemometer’s response is the
largest during lower flow rates, although it does not surpass 3%. This can be explained due to
the fact that there are many more breathing cycles during the day than active well-cycles,
which would most likely lead to higher fouling and consequently to a larger drift in the
anemometer’s response.
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Similar to Figure 3-18, the as-found test is shown to be well within the tolerance limit of the
measurements (less than 1.5% of the measured value and 0.5% of terminal value), as illustrated
in Figure 3-20.

Figure 3-20. Tolerance limits (black lines) of as-found test (dots)
In conclusion, a drift was observed in the vane anemometer, in particularly at the flow velocity
most common to its application (5 m/s), as explained above. However, since the as-found test
has shown that the vane anemometer is within the measurement tolerance limits, no postcorrection needs to be applied.
Comparison of the vane anemometer with Fox thermal mass meters
As discussed above, the main objective of the vane anemometer during this study was to serve
as an additional check on the thermal mass meters, and vice versa. Since the vane is a
mechanical velocity anemometer, whereas the Fox is a thermal mass meter, it was hoped that
the two independent meter types would read similar values, therefore strengthening the
estimation of the total gas volume produced during a cycle, a pertinent parameter for the mass
balance calculations.
A comparison of the average gas flow rate during a well cycle, as recorded by the vane and
computer for the two thermal mass meters (post-adjustment for compositional effect) is
illustrated in Figure 3-21.
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Figure 3-21. Comparison of the three gas meters during summer testing
After the compositional adjustment to the two Fox thermal mass meters, it is evident from
Figure 3-21 that the three gas meters are in good agreement, aside from well cycle HP1 which
had technical difficulties.
3.4.5 List of related files / documentation




Vane anemometer operating manual
Vane anemometer calibration certificate
Vane anemometer as-found certificate

67

3.5

ABB Total Flow

3.5.1 Description and principle of operation
The in-situ ABB total flow is a device that measures the gas flow rate going from the high
pressure separator to the sales line. The total flow measures the gas flow rate by a pressure
differential (in inches of water), which can be converted to flow rate if the orifice size is known,
as shown in equation (3-13) [14]:
𝑍𝑠 ∗𝑃𝑓1 ∗ℎ𝑤

𝑄𝑣 = 7709.61 ∗ 𝐸𝑣 ∗ 𝑌1 ∗ 𝐶𝑑 ∗ 𝑑2 ∗ √ 𝐺

𝑟 ∗𝑍𝑓1 ∗𝑇𝑓

(3-13)

Where:
Qv is the standard volume flow rate (standard ft3/hr)
Cd is the orifice plate discharge coefficient5 (dimensionless)
Ev is the velocity approach factor (dimensionless)
Y1 is the upstream gas expansion factor (dimensionless)
d is the orifice bore diameter (inches)
Gr is the real gas relative density (dimensionless)
Zs is the compressibility factor of gas at standard conditions (dimensionless)
Zf1 is the compressibility factor of the upstream gas at flowing conditions (dimensionless)
Pf1 is the upstream pressure (psia)
Tf is the absolute temperature of gas at flowing conditions (degree Rankine)
hw is the differential pressure (inches of water at 60oF)
The velocity approach factor, Ev, relates to the geometry of the meter run by relating the
velocity of the flowing fluid in the upstream pipe to the velocity in the orifice bore, as shown in
equation (3-14) [14]:
𝐸𝑣 =

1
√1−𝛽 4

(3-14)

Where:
β is the ratio of the orifice bore diameter to the pipe diameter.
The gas expansion factor, Y1, relates to the geometry of the meter run, the fluid properties and
the pressure drop. It is an empirical term used to adjust the coefficient of discharge to account
for the change in the density from the fluid’s velocity change and static pressure change as it
moves through the orifice, as shown in equation (3-15) [14]:
5

This is an empirical term that relates to the geometry of the meter run and relates the true flow rate to the
theoretical flow rate. An approximate value is 0.6 (i.e., a square edged orifice passes about 60% of the flow one
would expect through a hole the size of the orifice bore).
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𝑌1 = 1 − (0.41 + 0.35𝛽 4 )

ℎ𝑤
27.707𝜅∗𝑃𝑓1

(3-15)

Where:
κ is the isentropic exponent of the gas = Cp/Cv (dimensionless)
The real gas relative density is a property of the fluid and is defined in equation (3-16) [14]:
𝑀𝑊𝑔𝑎𝑠

𝑍

𝐺𝑟 = (𝑀𝑊 ) (𝑍 𝑏,𝑎𝑖𝑟 )
𝑎𝑖𝑟

𝑏,𝑔𝑎𝑠

(3-16)

Where:
MWgas is the molecular weight of the measured gas (lb/lb-mol)
MWair is the molecular weight of air (lb/lb-mol)
Zb,air is the compressibility factor of air at 14.73 psia and 60oF
Zb,gas is the compressibility factor of the measured gas at 14.73 psia and 60oF
3.5.2 Output specifications
Table 3-16: Specifications of ABB Total Flow (Model XFC G4 6413)
Specification
Analog input flow
Pulse input bandwidth
Maximum allowable voltage range (input)
Maximum allowable voltage range
(output)
Power supply
Charger

mA output
0–5 VDC (Maximum resistance of 250 ohms)
Up to 20 kHz
-0.5 VDC to 15 VDC
0.5 VDC to 26.5 VDC
Battery 12 VDC
Solar of 14–26 VDC

3.5.3 Summary of calibration procedures
The main calibration tests of the ABB total flow include the following tests with accuracy
traceable to NIST:
a. Calibration of the static pressure: 3 data points are applied to the cell from a known
traceable source with resultant pressure values entered into the XFC G4 using PCCU
software: (1) atmospheric pressure; (2) 50% of upper range limit (URL) and (3) 100% of
URL (500 psia).
b. Calibration of the differential pressure: 3 data points are applied to the cell from a
known traceable source with resultant pressure values entered into the XFC G4 using
PCCU software: (1) zero; (2) 50% of URL and (3) 100% of URL (250 inches of water).
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c. Calibration of thermoprobe: The calibration procedure are based on ASTM E-644-06.
The probe is immersed in a constant temperature bath with a reference thermometer
that determines the actual test temperature. The readings are compared, and
correction factors for the probe are calculated. Verification of the thermoprobe is done
at one point, as close to operating temperature as practical. The verification is done
using a test thermos-well, thermometer and flowing gas temperature (if gas is flowing)
or a bath and test thermometer. Must be calibrated to within ±0.5% of reading of
calibration equipment reading.
From equation (3-13) it is evident that an inverse correlation exists between the recorded flow
rate and the gas temperature. Furthermore, a direct relationship exists between the recorded
temperature and pressure, therefore if the meter is all meters are not calibrated correctly,
lower flow rates will be measured.
The calibration process is typically performed for orifice meters with beta ratios (orifice to pipe
diameter ratio, d/D) from 0.20 to 0.60 on flange tap meters. However, unless otherwise
approved or required by the BLM, the low flow cutoff (set up by the user) cannot be set higher
than 0.5 inches of water otherwise the possible pulsation effects can be considered as a flow,
even when the downstream valve (of the ABB total flow) is shut in (per requirement of API
21.1.4.2.3).
3.5.4 Summary of calibration results
Two calibration tests were performed on the ABB Total Flow meter prior to the winter and
summer phase testing weeks. For each calibration test performed, if the as-found values were
not within the uncertainty range, a new calibration has to be performed. These ranges are:
a. For the static pressure: ±0.25% (accuracy of the electronic flow meter) of the calibration
equipment set point must be calibrated.
b. For the differential pressure calibration: ±0.12% (accuracy of the electronic flow meter).
c. For the temperature calibration: ±0.50% of reading.
A comparison between a standard and the as-found measurements was performed for the
static pressure, differential pressure and the temperature, as shown below in Tables 3-17
through 3-19.

Table 3-17: ABB’s Static Pressure Calibration
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Standard (psia)
0.00
250.00
500.00

As-found
“Winter” (psia)
12.41
262.56
512.36

Flow Rate
Error%
0.45
0.05
0.01

As-found
“Winter” (psia)
12.28
262.10
512.06

Flow Rate
Error%
-0.08
-0.04
-0.02

Table 3-18: ABB’s Differential Pressure Calibration
Standard
As-found
(inches of
“Winter” (inches
water)
of water)
0.00
-0.01
125.00
124.97
250.00
249.94

Flow Rate
Error%

As-found
“Winter” (inches
of water)
0.45
0.00
-0.05
125.01
-0.01
249.95

Flow Rate
Error%

0.00
-0.01

Table 3-19: ABB’s Temperature Calibration
Testing
Season
Winter
Summer

Standard (oF)
56.07
95.96

Winter
“Actual” (oF)
55.46
96.15

Flow Rate
Error%
0.55
-0.10

The above tables indicate that the three major calibration parameters of the ABB Total Flow
meter (static pressure, differential pressure and thermometer) have accuracy traceable to NIST,
which implies that the recorded sales gas flow rates are representative of the actual flow rates
of the tested high-pressure separator.
3.5.5 List of related files / documentation





Calibration certification on the thermoprobe (measures temperature)
Certification on the pressure equipment used to calibrate the total flow gas meter
ABB Total Flow calibration certificate (static pressure, differential pressure and
temperature) from 02/26/2016.
ABB Total Flow calibration certificate (static pressure, differential pressure and
temperature) from 07/20/2016.
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3.6

Liquid Level Sensor (2100 DLS)

3.6.1 Description and principle of operation
The 2100 digital level sensor (DLS) is a device that measures and reports fluids level and
temperatures in storage tanks. The sensor uses a float imbedded with magnets to sense the top
of a liquid level. There is a temperature sensor mounted inside the tube one-foot from the
bottom. When the sensor is polled for data, a series of microprocessors read and determine the
position of the float along the sensor tube. The main microprocessor then calculates the level
and temperature and returns the data in a serial stream. Additionally, the DLS monitors up to
eight temperature sensors (RTD8 through RTD15) in the same tank at different heights.
3.6.2 Output specifications
Table 3-20: Model 2100 DLS Specifications
Category
Operating temperature range
Power supply
Output signal

Power consumption

Specification
(-)40oC–85oC
5.6–12.9 VDC
4–20 mA (when connected to
digital-to-analog
converter
board)
15 mA nominal
20 mA maximum

3.6.3 Summary of calibration procedures
The only calibration required for the DLS is to set the offset value using the HHC-1000 HandHeld Communicator. This can be done in the DLS or at the Electronic Flow Measurement (EFM),
Remote Terminal Unit (RTU) or Programmable Logic Controller (PLC) by determining the
difference of the level between the electronic reading and the actual fluid level in the tank,
measured with an approved gauge line. Once the level offset is entered in either the DLS or
SCADA system, the level offset will be added to the raw value of the DLS to provide and
accurate fluid level.
The calibration procedure to set the initial offset is as following:
a. Using the Hand-Held Communicator (HHC-1000), connect to the DLS and take initial
readings of level and temperature.
b. If readings are providing both water and oil levels, then verify that the two readings are
more than 3 inches apart. If the difference is less than 3 inches, the two floats will be
touching and a valid offset cannot be determined.
72

c. Verify that the water level is more than 3 inches. If less than 3 inches, then the water
float is sitting on the bottom of the tank and level offset cannot be determined.
d. Using a gauge line, measure the actual level in the tank and note the level. Subtract the
electronic reading from the gauged level to determine the level offset value.
As an example, if the actual level is 156.25” and the DLS reading is 155.50”, then the offset
value will be 0.75” (156.25-155.50=0.75).
The temperature offset is determined by comparing the digital temperature signal from the insitu sensors to a calibrated temperature sensor and obtaining the difference in temperature.
This offset is added to or subtracted from the reported temperature and input into the
EEPROM in the sensor. The level offset, for accuracy, can only be performed in the field in a
tank that has sufficient fluid to raise the float. Since the float will float on the surface of a fluid
at varying levels due to the specific gravity of the fluid, this can only be performed while the
sensor is in service. This offset will only need to be performed once, during installation, since
the buoyancy of the float will not change, and the specific gravity of the fluid is fairly constant.
3.6.4 Summary of calibration results
An as-found test on the liquid level sensor which was compared with a manual gauge was
performed on 11/9/2016 prior to well cycle (1) and post-well cycle (2), as shown in Figure 3-22.

Figure 3-22. As-found test on the liquid level sensor
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The as-found test indicates an average difference of ±3/8”, which is higher than the
manufacturer’s specifications for this sensor (1/8”). This observed difference is consistent with
field observations performed during the winter and summer testing periods.
Unlike the level sensor, an as-found test on the eight temperature sensors was not performed,
since it was only done during installation (as indicated in the previous section). The
temperature offset for each of the eight temperature sensors is summarized in Table 3-21.
Table 3-21: Temperature Offset of DLS Sensors
Data logger ID
RTD 8
RTD 9
RTD 10
RTD 11
RTD 12
RTD 13
RTD 14
RTD 15

Location
In tank, cernterline, 14” above tank bottom
In tank, cernterline, 32” above tank bottom
In tank, cernterline, 52” above tank bottom
In tank, cernterline, 72” above tank bottom
In tank, cernterline, 92” above tank bottom
In tank, cernterline, 112” above tank bottom
In tank, cernterline, 135” above tank bottom
In tank, cernterline, 152” above tank bottom

Temperature Offset (oF)
0
0.5
0.5
1.5
0.5
2.0
1.5
-0.4

3.6.5 List of related files / documentation



Digital Level Sensor 2100 – User Manual
Temperature sensors calibration
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3.7

Solar Radiation Meter (Pyranometer)

3.7.1 Description and principle of operation
A pyranometer measures the solar radiation received by a plane surface from a 180° field of
view angle. The radiation, expressed in W/m2, is called “hemispherical” solar radiation, covering
a radiation spectrum between 285 and 3000 nm (see Figure 3-23). The pyranometer has two
main components:
(1) A thermal sensor with black coating that absorbs all solar radiation and, at the moment
of absorption, converts it to heat. The heat flows through the sensor to the sensor body.
The thermopile sensor generates a voltage output signal that is proportional to the solar
irradiance.
(2) A glass dome that limits the spectral range from 285 to 3000 nm, while preserving the
180° field of view angle. Another function of the dome is that it shields the thermopile
sensor from the environment (convection, rain).

Figure 3-23. Spectral response of the pyranometer compared to the solar spectrum [16]
3.7.2 Output specifications
The SR05-DA2 measures irradiance in W/m2 as a digital output and as a 4-20 mA output. It must
be used in combination with suitable power supply and a data acquisition system which uses
the Modbus communication protocol over TTL or one that is capable of handling a 4-20 mA
current loop signal.
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Table 3-22: Specifications of SR05-DA2
Specification
Transmitted range
Supply voltage
Analog
output
flow
Power
consumption
Response time
Accuracy class6

Value
0–1600 W/m2
5–30 VDC
4–20 mA

Winter

Summer

Minute: <11.4% (±182.4 W/m2)
Hour: <9.9% (±158.4 W/m2)
Day: <8.1% (±129.6 W/m2)

Minute: <8.4% (±134.4 W/m2)
Hour: <6.2% (±99.2 W/m2)
Day: <5.9% (±94.4 W/m2)

< 240 mW at
12 VDC
11.1 seconds

3.7.3 Summary of calibration procedures
The SR05 is calibrated based on ISO 9847 (1992): Solar Energy – “calibration of field
pyranometers by comparison to a reference pyranometer” [15] and is recommended by the
manufacturer to be repeated every two years. The calibration procedure depends whether it is
performed indoors or outdoors. The SR05 manufacturer (Hukseflux) calibrates based on the
indoor calibration, therefore this procedure will be described in this sub-section. Calibration
traceability was done based on the WRR (World Radiometric Reference) maintained at the
World Radiation Center in Davos, Switzerland.
An overview of the indoor calibration procedure goes as following [15]:
a. The reference and test pyranometers are aligned together at the same orientation so
that the hemispheres are geometrically symmetrical.
b. The reference and test pyranometers are connected to a common digital voltmeter,
using a proper shielding. Once connected, the electrical continuity, signal polarity, signal
strength and stability are compared.
c. The loci of both instruments is compared to test whether the two instruments receive
the same irradiance.
d. Either:
I. An instantaneous voltage readings of 21 points of the reference and test
pyranometers is taken simultaneously. Or:
II.
Simultaneous integrated voltage readings of the reference and test
pyranometers are taken over a minimum of five periods of sufficient length (8
minutes typically) to ensure an accuracy of 0.25% and a precision of ±0.25%.
6

Accuracy values refer to mid-latitude conditions.
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e. The bodies’ temperature of both instruments are taken, as well as of the wall of the
integrating sphere.
f. A general mathematical treatment described in section 5.4.1 of ISO 9847 is applied.
3.7.4 Summary of calibration results
The SR05 that was used in the test-site was well within the recommended two-year calibration
window suggested by the manufacturer. The calibration results are as following:
a. Sensitivity:
S = 20.02 x 10-6 V/(W/m2)
b. Uncertainty: ± 0.24 x 10-6 V/(W/m2)
The Sensitivity of the test SR05 is 0.01 mA/(W/m²). The calibration uncertainty of the SR05 (i.e.
expanded uncertainty, K-2 coverage factor) as stated by the factory is 1.8%. The key
specification criteria impacting measurement uncertainty at the field level are: calibration
uncertainty, temperature response, directional response, and routine sensor maintenance (i.e.
cleaning and checking instrument leveling).
3.7.5 List of related files / documentation
The following information is related to the SR05 pyranometer:



Product certificate (including calibration results)
SR05 manual
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4.0

Pressure Indicating Transducer (PIT)

4.1

Background

A pressure transducer (often called a pressure transmitter) is a device that senses pressure and
converts it into an electric signal where the amount depends upon the pressure applied. A
pressure transducer consists of two main parts: (1) an elastic material which will deform when
exposed to a pressurized medium (e.g. gas or liquid); and (2) an electrical device which detects
the deformation.
The conversion of pressure into an electrical signal is achieved by the physical deformation of
strain gages which are bonded into the diaphragm of the pressure transducer. Electrical
resistance is proportional to the resistivity and length of the pressure-sensor channel and
inversely proportional to the cross-sectional area of the channel according to the electricresistance theory form given by equation (4-1):
𝑙

𝑅 = 𝜌 (𝐴 )

(4-1)

Where:
R is the electrical resistance (ohms)
ρ is the resistivity (ohms*m)
l is the length of the pressure sensor (m)
A is the cross-sectional area of the pressure sensor (m2)
Pressure applied to the pressure transducer produces a deflection of the diaphragm, therefore
changing its cross-sectional area. This change introduces a strain to the silicon gages within the
sensor assembly. The differential pressure transducer measures the difference between two
pressures applied to opposite sides of the silicon strain gauge microsensor. The resistance
change is then converted to 4 to 20 mA signal (be taken into an analog input card in the PLC or
it may be taken to a strain gage conditioner card in an instrumentation system) proportional to
the square root of differential pressure.
Pressure transducers are generally available with three types of electrical output: (1) millivolt;
(2) amplified voltage; and (3) 4-20 mA. In general, this chapter will address the different
transducers in accordance with the above classification, such that [17]:
1. Pressure sensor (voltage output is normally around 30 millivolts): The actual output is
directly proportional to the pressure transducer input power or excitation. If the
excitation fluctuates, the output will change also. Because of this dependence on the
excitation level, regulated power supplies are suggested for use with millivolt
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transducers. Due to the low output signal, the pressure sensor is very susceptible to
electrical noise.
2. Pressure transducer (voltage output is normally 1–5 VDC): Includes integral signal
conditioning which provide an amplified voltage output than a millivolt transducer. The
output of the transducer is not normally a direct function of excitation, therefore
unregulated power supplies are often sufficient as long as they fall within a specified
power range. Due to the higher level output (compared to pressure sensors), the
pressure transducer is not as susceptible to electrical noises, thus making it very
applicable to use in many industrial applications.
3. Pressure transmitter (4-20 mA signal): The 4-20mA signal is least affected by electrical
noise and resistance in the signal wires, thus these transducers are best used when the
signal must be transmitted long distances (not when lead wire is longer than 1000 ft).
4.2

PIT1

4.2.1 Description and principle of operation
PIT1 is a pressure transducer manufactured by Foxboro. It is located on the high-pressure
separator’s headspace volume. It is used in conjunction with PIT6 to (downstream of it) to
determine the true pressure reading of the high pressure separator, which was manipulated by
a back-pressure regulator.
4.2.2 Output specifications
Table 4-1: Specifications of PIT1
Specification
Pressure range
Analog input flow
Analog output flow
Accuracy class

Value
0–500 psig
9–30 VDC
1–5 VDC
±2% of measured flow

4.2.3 Summary of calibration procedures
The factory based calibration is characterized over the full rated differential pressure of the
transducer. The applied differential pressure is measured and converted into an internal digital
value that is always available (regardless if the transducer is or is not calibrated). This allows the
transducer to measure any applied differential pressure within its range limits regardless of the
calibrated range.
The transducer is factory calibrated to either a specified or a default calibration range. This
calibration optimizes the accuracy of the internal digital value of differential pressure over that
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range (that is, calibration assures that the transducer rated accuracy is achieved over the
calibration range). If no range is specified, the default range is zero to the sensor upper range
limit (URL).
Field calibration is performed in-situ and is done based on a “3-point linear” method, where the
lowest, highest and mid-point transducer’s ranges are selected to test its functionality.
In-situ calibration procedure (“3-point linear”):
a. The pressure transducer is brought to atmospheric pressure to calibrate LOW_ADC. This
calibration is done in the PLC by comparing RAW_ADC value to LOW_ADC value and
adjusting LOW_ADC to match RAW_ADC value.
b. The pressure transducer is isolated and pressurized to max range to calibrate
HIGH_ADC. This calibration is done in the PLC by comparing RAW_ADC value to
HIGH_ADC value and adjusting HIGH_ADC to match RAW_ADC value.
c. The pressure transducer is isolated and pressurized to mid-range to verify linear
calculation.
d. The pressure transducer will be blown down to atmospheric pressure and the LOW_ADC
value will be adjusted. Then the PIT is pressurize to its maximum range (500 psig for
PIT1) and the HIGH_ADC value is adjusted. Afterwards, the pressure is released down to
the mid-range pressure (250 psig for PIT1) and verification that the above calculation is
delivering an EU reading of 250 psig is performed. In the event that EU is reading
incorrectly at mid-range, a second calibration test will be performed. In the event that
EU reads incorrectly a second time, the PIT will be replaced and all calibration steps for
this specific PIT will be repeated.
The engineering unit value from the analog transducer is determined (e.g. for PIT1 in this case)
in the PLC using equation (4-2):
(𝑃𝐼𝑇1

−𝑃𝐼𝑇1

)

𝑃𝐼𝑇1 = {[(𝑃𝐼𝑇1 𝑅𝑎𝑤_𝐴𝐷𝐶 −𝑃𝐼𝑇1𝐿𝑜𝑤_𝐴𝐷𝐶 )] ∗ 𝑃𝐼𝑇1𝑅𝑎𝑛𝑔𝑒 } + 𝑃𝐼𝑇1𝐿𝑜𝑤_𝐸𝑈
𝐻𝑖𝑔ℎ_𝐴𝐷𝐶

𝐿𝑜𝑤_𝐴𝐷𝐶

(4-2)

Where:
PIT1Raw_ADC is the current reading of the ADC
PIT1Low_ADC is the reading of the ADC at the bottom of the range
PIT1High_ADC is the reading of the ADC at the top of the range
PIT1Range is the total range of the analog device (e.g. 0 psig to 500 psig  Range = 500 psig)
PIT1Low is the calculated pressure at the bottom of the range
4.2.4 Summary of calibration results
The manufacturer did not produce a calibration certificate for this meter.
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An “as-found” test performed on the transducer post-summer testing was carried out in-situ.
The actual pressure readings were compared with five pressure points: 0 psig (smallest range),
175 psig (low pressure group category), 225 psig (medium pressure group category), 260 psig
(high pressure group category) and 500 psig (maximum range) as illustrated in Figure 4-1.

Figure 4-1. As-found test of PIT1
As illustrated from Figure 4-1, the as-found test indicates that the pressure transducer was
over-reading the pressure by approximately 10 psig for the desired pressure ranges pertinent to
the study. Nevertheless, since the as-found test carried out three months after the conclusion
of the summer phase testing, the effect of time on the transducer’s reading is unknown.
4.2.5 List of related files / documentation


Instruction manual for I/A Series Pressure Transmitters (Foxboro).
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4.3

PIT2

4.3.1 Description and principle of operation
PIT2 is a pressure transducer manufactured by Ashcroft. It is located at the bulk tank
headspace, measuring the gas headspace pressure (in oz/in2). The upper range of PIT2 extends
up to 24 oz/in2, therefore implying that the typical gas pressures experienced at the tank
headspace is well within its measurement range (i.e. ~14-15 oz/in2 maximum).
4.3.2 Output specifications
Table 4-2: Specifications of PIT2
Specification
Pressure range
Analog input flow
Analog output flow
Temperature range
Accuracy class

0–1.5 psig
10–30 VDC
1–5 VDC
(-)4–185oF
±0.5% of span (total error band)

4.3.3 Summary of calibration procedures
The pressure transducer is logged into a temperature compensated oven and is leak tested at
full scale. The transducer is then run through calibration at different temperatures and is
linearized at zero pressure, mid pressure and full scale pressures. This is done several times
over the temperature specification range.
The manufacturing company of PIT2 (Ashcroft) performs the calibration process based on 9
point individual NIST-traceable chart. Nine different pressure points are selected so that the
output (in VDC) is recorded. The certified calibration chart made per ASME B40.100 2013
(“Pressure gauges & attachments”) includes an accuracy range that was determined after
considering non-linearity (terminal point method), hysteresis7, non-repeatability, zero offset
and span setting errors.
For in-situ calibration, see guidelines set forth in sub-section 4.2.3.
4.3.4 Summary of calibration results
Using the calibration procedure discussed above, the transducer’s accuracy was tested using
nine pressure points. Calibration results indicated that all nine points were within the ±0.5%
accuracy reading, with the highest uncertainty margins being between 45% and 75% of the
7

The maximum deviation between the increasing and decreasing characteristic curves.
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pressure (10.8 and 18 oz/in2, respectively). All nine points had a positive error band, meaning
that the instrument was over-reading the pressures. Summary of the calibration results is
illustrated in Figure 4-2.

Figure 4-2. Calibration result of PIT2
An “as-found” test performed on the transducer post-summer testing was carried out in-situ.
The actual pressure readings were compared with eight pressure points that are typical with
the pressure reading of the tank headspace: 0 oz/in2 (smallest range), 2 oz/in2, 4 oz/in2, 6
oz/in2, 8 oz/in2, 12 oz/in2, 16 oz/in2 and 24 oz/in2 (maximum range) as illustrated in Figure 4-3.

Figure 4-3. As-found test of PIT2
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The as-found test performed on the transducer indicates a similar trend of having higher
percentages of error for increasing pressure. Additionally, all data points are over-reading the
pressures, which is another similarity to the original calibration certificate (i.e. a positive error
band).
4.3.5 List of related files / documentation


Calibration certificate from manufacturer.
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4.4

PIT3

4.4.1 Description and principle of operation
PIT3 is a low-pressure transducer manufactured by American Sensor Technology, located at the
tank VOC burner line (also known as “riser”). It has a very low pressure range (0-2 psig), which
makes it suitable for the pertinent measurement of flash gas pressure exiting the storage tank.
4.4.2 Output specifications
Table 4-3: Specifications of PIT3
Specification
Pressure range
Analog input flow
Analog output flow
Accuracy class

0–2 psig
10–28 VDC
1–5 VDC
< ±0.5% of measured value for 0-1 psig

4.4.3 Summary of calibration procedures
One test voltage between 10 and 28 VDC is selected, as the sensors will operate the same
throughout this range. The pressure transducer is final tested in room temperature at zero
pressure, midpoint pressure (1 psig) and full pressure (2 psig) with the corresponding output
signals listed at zero pressure, full span and non-linearity. If the transducer meets the
specifications in the data sheet (e.g. 1 VDC for zero pressure and < 5 VDC for max rated
pressure etc.), the calibration report would read “Pass”.
4.4.4 Summary of calibration results
A test voltage of 17 VDC was used to test the sensor functionality during the calibration
process. At zero pressure the voltage reading was 0.998 whereas at full span the voltage
reading was 4.005, with very small non-linearity (0.06%). This indicates that the sensor passed
the calibration test.
In addition to the calibration test, an in-site as-found test was carried out post-summer testing
at the test site, using the procedure discussed in sub-section 4.2.3. Similar to PIT2, the actual
pressure readings were compared with eight pressure points that are typical with the pressure
reading of the tank headspace: 0 oz/in2 (smallest range), 2 oz/in2, 4 oz/in2, 6 oz/in2, 8 oz/in2, 12
oz/in2, 16 oz/in2 and 32 oz/in2 (maximum range) as illustrated in Figure 4-4.
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Figure 4-4. As-found test of PIT3
The as-found test on PIT3 has indicated that the pressure transducer reads very accurate values
to the test pressure, as indicated by the small pressure differences. Based on the test, the
average percent difference between the as-found and the calibrated values is approximately
0.45%, which is within the accuracy listed by the manufacturer, therefore giving a confidence
that the pressure transducer has measured accurate pressure readings during the study.
4.4.5 List of related files / documentation



Calibration certificate from manufacturer
Data sheet of pressure transducer
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4.5

PIT4

4.5.1 Description and principle of operation
PIT4 is a low-pressure transducer manufactured by Dylix Corporation. PIT4 measures the
atmospheric pressure at the test site, and is located in the automation stand at the south-east
corner of the storage tanks.
4.5.2 Output specifications
Table 4-4: Specifications of PIT4
Specification
Pressure range
Analog input flow
Analog output flow
Accuracy class

0–1 psig
8–38 VDC
1–5 VDC
< ±0.25% of full-scale output (FSO)

4.5.3 Summary of calibration procedures
Calibration of PIT4 is performed in accordance to ISA-37.3-1982 (R1995) “Specifications and
Tests for Strain Gage Pressure Transducers”. Two or more complete calibration cycles (each
with at least 11 data points) are run consecutively, using both ascending and descending
directions.
From the data obtained during the calibration test, the following characteristics are
determined: (1) end points; (2) full-scale output; (3) zero measured output; (4) linearity; (5)
hysteresis; (6) hysteresis and linearity; (7) repeatability and (8) static error band.
Repeated calibration cycles over a specified period of time should establish both zero shift and
sensitivity shift for this period of time.
4.5.4 Summary of calibration results
PIT4 was calibrated by using six different pressures with increments of 0.2 psig between each
one (no check for hysteresis). The output (in VDC) was recorded for each pressure, indicating
that for zero pressure the voltage was 1.017 VDC, whereas for the maximum pressure (1 psig)
the recorded voltage output was 5.027 VDC. Additionally, the determined static accuracy (BFSL)
was smaller than 0.25%.
In addition to the calibration test, an in-site as-found test was carried out post-summer testing
at the test site, using the procedure discussed in sub-section 4.2.3. Since PIT4 is an ambient
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pressure, only three pressure points (zero, mid-range and full-range) were tested in the asfound test, using a base pressure of 12.20 psia. The as-found results are illustrated in Figure 4-5.

Figure 4-5. As-found test of PIT4
Results of both the calibration and the as-found tests indicate that the pressure transducer
reads accurate values. However, this pressure transducer is different than the other
transducers used in the test site since it needs to use a certain base pressure (12.2 psia = 0
psig), instead of measuring the barometric pressure. This implies that this pressure transducer
may read inaccurate pressure readings that are not representative of the true ambient
pressure.
4.5.5 List of related files / documentation


Calibration certificate from manufacturer
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4.6

PIT5

4.6.1 Description and principle of operation
PIT5 is a pressure transducer manufactured by Ashcroft. It is located at the point where the
separator-to-oil tank pipeline comes to the surface (base of up-comer). It measures the oil
pressure inside the pipe. This pressure transducer was used during the winter test period
(Figure 3-1) until it was discovered that during active well cycles, the oil pressure exceeds the
transducer’s pressure ranges, therefore it was replaced by PIT8 during the summer phase
testing period.
4.6.2 Output specifications
Table 4-5: Specifications of PIT5
Specification
Pressure range
Analog input flow
Analog output flow
Temperature range
Accuracy class

0–1.5 psig
10–30 VDC
1–5 VDC
(-)4–185oF
±0.5% of span (total error band)

4.6.3 Summary of calibration procedures
See sub-section 4.3.3.
For in-situ calibration, see guidelines set forth in sub-section 4.2.3.
4.6.4 Summary of calibration results
Using the calibration procedure discussed above, the transducer’s accuracy was tested using
nine pressure points. Calibration results indicated that all nine points were within the ±0.5%
accuracy reading, with the highest uncertainty margins being at around 50% of the pressure
range (0.75 psig). All nine points had a positive error band, meaning that the instrument was
over-reading the pressures. Summary of the calibration results is illustrated in Figure 4-5.
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Figure 4-6. Calibration result of PIT5
No as-found test was performed on this pressure transducer.
4.6.5 List of related files / documentation


Calibration record from manufacturer

90

4.7

PIT6

4.7.1 Description and principle of operation
PIT6 is a pressure transducer manufactured by Ashcroft. It is located at the separator dump leg,
just upstream of the Coriolis meter. It is used in conjunction with PIT1 to monitor the separator
pressure, as well as to calculate any potential losses between the bulk separator pressure and
the dump pressure.
4.7.2 Output specifications
Table 4-6: Specifications of PIT6
Specification
Pressure range
Analog input flow
Analog output flow
Temperature range
Accuracy class

0–500 psig
10–30 VDC
1–5 VDC
(-)4–185oF
±0.5% of span (total error band)

4.7.3 Summary of calibration procedures
See sub-section 4.3.3.
For in-situ calibration, see guidelines set forth in sub-section 4.2.3.
4.7.4 Summary of calibration results
No calibration certificate exists for this meter.
An “as-found” test performed on the transducer post-summer testing was carried out in-situ.
The actual pressure readings were compared with five pressure points: 0 psig (smallest range),
175 psig (low pressure group category), 225 psig (medium pressure group category), 260 psig
(high pressure group category) and 500 psig (maximum range) as illustrated in Figure 4-7.
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Figure 4-7. As-found test of PIT6
As indicated from the as-found test, the pressure transducer under-reads the actual pressure.
For the pressure ranges applicable to the study (i.e. 175, 225 and 260 psig), the drift in
transducer’s response is, on average, 6 psig below the actual pressure. However, as indicated in
the previous sub-sections, the effect of drift in transducer’s response with time is unknown.
Nevertheless, an external Crystal pressure gauge (provided by SPL) was used during both the
winter and summer phase testing weeks, and showed close resemblance with PIT6 and PIT1.
4.7.5 List of related files / documentation
No documentation is available on this pressure transducer.
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4.8

PIT7

4.8.1 Description and principle of operation
PIT7 is a pressure transmitter manufactured by Barksdale. It is located at the separator dump
leg, downstream of the Coriolis meter. It was used in conjunction with PIT6 to check the
pressure drop across the Coriolis meter, therefore indicating whether a two-phase flow existed
during active well dumps.
4.8.2 Output specifications
Table 4-7: Specifications of PIT7
Specification
Pressure range
Analog input flow
Analog output flow
Accuracy

0–100 psig
12–28 VDC
4–20 mA
±0.25% of measured pressure

4.8.3 Summary of calibration procedures
Calibration procedure is proprietary. However, the room sum square root of the linearization,
hysteresis and repeatability is computed to produce the transducer’s accuracy. In addition, the
output at 4 mA and 20 mA is tested and compared with the transducer’s pressure range.
4.8.4 Summary of calibration results
Neither calibration certificate nor as-found record exist for this pressure transmitter.
4.8.5 List of related files / documentation



Manufacturer data sheet
Manufacturer’s installation and maintenance instructions
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4.9

PIT8

4.9.1 Description and principle of operation
PIT8 is a pressure transmitter manufactured by Barksdale. It is located at the point where the
separator-to-oil tank pipeline comes to the surface (base of up-comer). It measures the oil
pressure inside the pipe. This pressure transmitter was used during the summer test period
(Figure 3-2) after it was discovered that during active well cycles, the oil pressure exceeded
PIT5’s pressure ranges.
4.9.2 Output specifications
Table 4-8: Specifications of PIT8
Specification
Pressure range
Analog input flow
Analog output flow
Accuracy

0–100 psig
12–28 VDC
4–20 mA
± 0.25% of measured pressure

4.9.3 Summary of calibration procedures
See sub-section 4.8.3.
4.9.4 Summary of calibration results
Neither calibration certificate nor as-found record exist for this pressure transmitter.
4.9.5 List of related files / documentation



Manufacturer data sheet
Manufacturer’s installation and maintenance instructions
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4.10

PIT9

4.10.1 Description and principle of operation
PIT9 is a pressure transducer manufactured by Ashcroft. It is located at the separator-to-tank
pipe, just prior to entering the tank on the horizontal section. It measures the oil pressure at
the top of the tank, a useful measurement for estimating the flow rate of the two-phase oil
exiting the siphon hole8 located one foot below, as illustrated in Figure 4-8.

Figure 4-8. Illustration of the siphon hole location within the down-comer
4.10.2 Output specifications
Table 4-9: Specifications of PIT9
Specification
Pressure range
Analog input flow
Analog output flow
Temperature range
Accuracy class

0–1.5 psig
10–30 VDC
1–5 VDC
(-)4–185oF
±0.5% of span (total error band)

8

The siphon hole is 3/8” in diameter, and is supposed to avoid separator over-fill in case of an upset conditions
where the oil flow is reversed from the tank back to the separator.
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4.10.3 Summary of calibration procedures
See sub-section 4.3.3.
4.10.4 Summary of calibration results
No calibration certificate exists for this meter.
However, the observed pressure exceeded the transducer’s range by one order of magnitude,
therefore any pressure readings from this transducer need to be flagged. Nonetheless, the
pressure readings are considered (in bulk part) to perform estimate of flow discharge through
the siphon hole.
4.10.5 List of related files / documentation
No documentation is available on this transducer.
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5.0

Resistance Temperature Detector (RTD)

5.1

Background

A resistance temperature detector (RTD) is a temperature sensor that contains a resistor that
changes resistance value as its temperature changes. The majority of the RTD elements consist
of a length of fine coiled wire wrapped around a ceramic or glass core that is placed inside a
sheathed probe to protect it due to its fragility. The RTD element is made from a pure material
whose resistance at various temperatures has been documented [18] (e.g. a platinum RTD has a
typical resistance of 100 ohms at 00C).
The relationship between an RTD’s resistance and the surrounding temperature is highly
predictable if the temperature coefficient (denoted as α), it allows an accurate and consistent
temperature measurement. Although various manufacturers may specify α differently, it is
defined over the temperature span of 0-100°C and is expressed as ohm/ohm/0°C. The formula
for determining α is shown in equation (5-1):
𝑅

−𝑅

0
𝛼 = 𝑅 100
∗1000 𝐶
0

(5-1)

Where:
α is the temperature coefficient (ohms/ohms/oC)
R100 is the resistance of the RTD at 100oC (ohms)
R0 is the resistance of the RTD at 0oC (ohms)
In order to correct for the departure from linearity at temperatures other than 0-100°C, a curve
fitting is required. The Callendar-Van Dusen (CVD) equation (5-2a) is commonly used to
approximate the RTD curve for temperatures of the range -200oC ≤ T ≤ 0oC, while equation (52b) is used for T > 0oC:
𝑅𝑇 = 𝑅0 [1 + 𝐴𝑇 + 𝐵𝑇 2 + 𝐶(𝑇 − 100)𝑇 3 ]

(5-2a)

𝑅𝑇 = 𝑅0 [1 + 𝐴𝑇 + 𝐵𝑇 2 ]

(5-2b)

Where:
T is the temperature in oC
RT is the resistance of the RTD at temperature “T” (ohms)
A, B, C are coefficients of the CVD equation shown in Table 5-1.
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Table 5-1: Callendar-Van Dusen Coefficients Corresponding to Common RTDs [18]
Standard
DIN 43760
American
ITS-90

α (Ω/Ω/oC)
0.003850
0.003911
0.003926

A
3.9080 x 10-3
3.9692 x 10-3
3.9848 x 10-3

B
-5.8019 x 10-7
-5.8495 x 10-7
-5.870 x 10-7

C9
-4.2735 x 10-12
-4.2325 x 10-12
-4.0000 x 10-12

The CVD constants can be also calculated empirically, as shown in equations [18] (5-3a-c).
𝛼𝛿

𝐴 = 𝛼 + 100
−𝛼𝛿

𝐵 = 1002
−𝛼𝛽

𝐶 = 1004

(5-3a)
(5-3b)
(5-3c)

Where:
β is obtained by calibration at a negative temperature (e.g. triple point of mercury and argon,
or liquid nitrogen), and is determined by the manufacturer if T < 0oC, otherwise it is zero.
δ is obtained by calibration at a high temperature [19] (e.g. freezing point of zinc or aluminum),
and is determined by the manufacturer, or empirically from equation (5-3d):
𝛿=

𝑅0 (1+𝛼∗260)−𝑅200
4.16∗𝑅0 ∗𝛼

(5-3d)

Where:
R200 is the resistance of the RTD at 200oC
For temperature range of 0oC ≤ T ≤ 661oC, equation (5-2) is reduced to a quadratic form. Thus,
by supplying an RTD with a constant current and measuring the resulting voltage drop across
the resistor, the RTD’s resistance can be calculated, and the temperature can be determined
based on equation (5-4) [18]:
𝑇=

2(𝑉0 −𝐼𝐸𝑋 𝑅0 )

(5-4)

(𝑉 −𝐼
𝑅 )
𝐼𝐸𝑋 𝑅0 [𝐴+√𝐴2 +4𝐵 0 𝐸𝑋 0 ]
𝐼𝐸𝑋 𝑅0

Where:
V0 is the measured RTD voltage (VDC)
IEX is the excitation current (ampere)

9

For temperatures below 0° C only; C = 0.0 for temperatures above 0° C
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5.2

RTD1

5.2.1 Description and principle of operation
RTD1 is a 100 ohm platinum RTD manufactured by Thermocouple Technology (TTEC), located
within the separator oil layer. RTD1 conforms to the European Curve / DIN 43760 standards,
therefore using a temperature coefficient of 0.00385 (See Table 5-1).
5.2.2 Output specifications
Table 5-2: RTD1 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

0–250oF
12 VDC
1–5 VDC
±2oF

5.2.3 Summary of calibration procedures
Calibration procedure was not provided by manufacturer.
In-situ calibration procedure
The RTD is calibrated with a calibration bath to signal exactly 1 VDC at bottom of range and 5
VDC at top of range. After installation, in order to remove variables from signal resistance, a
1VDC is sent individually through the signal wire to the PLC where LOW_ADC value is compared
to RAW_ADC value and adjusted to match RAW_ADC value. Afterwards, a 5VDC is then sent
through the signal wire to the PLC where HIGH_ADC value is compared to RAW_ADC value and
adjusted to match RAW_ADC value.
5.2.4 Summary of calibration results
No calibration record exists for this RTD.
An in-situ, “as-found” test was performed on RTD1 based on the in-situ calibration procedure
discussed in sub-section 5.2.3. The as-found test was performed by varying the voltage
between 1 and 5 VDC and recording the output temperature, as shown below in Figure 5-1.
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Figure 5-1. As-found test results on RTD1
It is illustrated from Figure 5-1 that the deviation in temperature is almost identical for both the
low end of the temperature spectrum (1 VDC, 0oF) and of the high end of the temperature
spectrum (5 VDC, 250oF). Since RTD1 may under-read the temperature, it may be suspected as
a bias.
5.2.5 List of related files / documentation
No documentation is available on this transducer.
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5.3

RTD2

5.3.1 Description and principle of operation
RTD2 is a 100 ohm platinum RTD manufactured by Thermocouple Technology (TTEC), located
within the separator gas headspace. RTD2 conforms to the European Curve / DIN 43760
standards, therefore using a temperature coefficient of 0.00385 (See Table 5-1).
5.3.2 Output specifications
Table 5-3: RTD2 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

0–250oF
12 VDC
1–5 VDC
±2oF

5.3.3 Summary of calibration procedures
See sub-section 5.2.3.
5.3.4 Summary of calibration results
No calibration certificate exists for this meter.
An in-situ, “as-found” test was performed on RTD2 based on the in-situ calibration procedure
discussed in sub-section 5.2.3. The as-found test was performed by varying the voltage
between 1 and 5 VDC and recording the output temperature, as shown below in Figure 5-2.
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Figure 5-2. As-found test results on RTD2
In contrast to Figure 5-1, it is evident that for RTD2 there is a large drift in the high temperature
range of the RTD sensor.
5.3.5 List of related files / documentation
No documentation is available on this transducer.
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5.4

RTD3

5.4.1 Description and principle of operation
RTD3 is a 100 ohm platinum RTD manufactured by Thermocouple Technology (TTEC), located at
the top of the storage tank. RTD3 conforms to the European Curve / DIN 43760 standards,
therefore using a temperature coefficient of 0.00385 (See Table 5-1).
5.4.2 Output specifications
Table 5-4: RTD3 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

(-)25–175oF
12 VDC
1–5 VDC
±2oF

5.4.3 Summary of calibration procedures
See sub-section 5.2.3.
5.4.4 Summary of calibration results
No calibration certificate exists for this meter.
An in-situ, “as-found” test was performed on RTD3 based on the in-situ calibration procedure
discussed in sub-section 5.2.3. The as-found test was performed by varying the voltage
between 1 and 5 VDC and recording the output temperature, as shown below in Figure 5-3.
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Figure 5-3. As-found test results on RTD3
5.4.5 List of related files / documentation
No documentation is available on this transducer.
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5.5

RTD4

5.5.1 Description and principle of operation
RTD4 is a 100 ohm platinum RTD manufactured by Thermocouple Technology (TTEC), located at
the separator-to-oil tank pipe, just prior to entering the tank on the horizontal section. RTD4
conforms to the European Curve / DIN 43760 standards, therefore using a temperature
coefficient of 0.00385 (See Table 5-1).
5.5.2 Output specifications
Table 5-5: RTD4 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

0–250oF
12 VDC
1–5 VDC
±2oF

5.5.3 Summary of calibration procedures
See sub-section 5.2.3.
5.5.4 Summary of calibration results
No calibration certificate exists for this meter.
An in-situ, “as-found” test was performed on RTD4 based on the in-situ calibration procedure
discussed in sub-section 5.2.3. The as-found test was performed by varying the voltage
between 1 and 5 VDC and recording the output temperature, as shown below in Figure 5-4.
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Figure 5-4. As-found test results on RTD4
5.5.5 List of related files / documentation
No documentation is available on this transducer.
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5.6

RTD5

5.6.1 Description and principle of operation
A resistance temperature detector (RTD)
5.6.2 Output specifications
Table 5-6: RTD5 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

0–200oF
< 30 VDC
4–20 mA
±2oF

5.6.3 Summary of calibration procedures
See sub-section 5.2.3.
5.6.4 Summary of calibration results
No calibration certificate exists for this meter.
5.6.5 List of related files / documentation
No documentation is available on this transducer.

107

5.7

RTD6

5.7.1 Description and principle of operation
A resistance temperature detector (RTD)
5.7.2 Output specifications
Table 5-7: RTD6 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

(-)30–150oF
9–30 VDC
1–5 VDC
±2oF

5.7.3 Summary of calibration procedures
See sub-section 5.2.3.
5.7.4 Summary of calibration results
No calibration certificate exists for this meter.
An in-situ, “as-found” test was performed on RTD6 based on the in-situ calibration procedure
discussed in sub-section 5.2.3. The as-found test was performed by varying the voltage
between 1 and 5 VDC and recording the output temperature, as shown below in Figure 5-5.
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Figure 5-5. As-found test results on RTD6
5.7.5 List of related files / documentation
No documentation is available on this transducer.
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5.8

RTD7

5.8.1 Description and principle of operation
A resistance temperature detector (RTD)
5.8.2 Output specifications
Table 5-8: RTD7 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

(-)25–175oF
12 VDC
1–5 VDC
±2oF

5.8.3 Summary of calibration procedures
See sub-section 5.2.3.
5.8.4 Summary of calibration results
No calibration certificate exists for this meter.
5.8.5 List of related files / documentation
No documentation is available on this transducer.
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5.9

RTD16

5.9.1 Description and principle of operation
RTD16 is a 100 ohm platinum RTD manufactured by Thermocouple Technology (TTEC), located
at the top of the storage tank. RTD3 conforms to the European Curve / DIN 43760 standards,
therefore using a temperature coefficient of 0.00385 (See Table 5-1).
5.9.2 Output specifications
Table 5-9: RTD16 Output Specifications
Specification
Temperature range
Analog input flow
Analog output flow
Accuracy class

(-)25–175oF
12 VDC
1–5 VDC
±2oF

5.9.3 Summary of calibration procedures
See sub-section 5.2.3.
5.9.4 Summary of calibration results
No calibration certificate exists for this meter.
5.9.5 List of related files / documentation
No documentation is available on this transducer.
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7.0

Calibration Records

Crystal Certification Calibrating Total Flow DP and SP
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Thermoprobe Certification for Calibrating Total Flow Temp
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Test It Report Total Flow Calibration Documentation
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Fox Flow Meter 21773 Certification Documentation, Pre-Winter Testing
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Fox Flow Meter 21775 Certification Documentation, Pre-Winter Testing
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Fox Flow Meter 21776 Certification Documentation, Pre-Winter Testing
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Fox Flow Meter 21773 Certification Documentation, Pre-Summer Testing
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Fox Flow Meter 21775 Certification Documentation, Pre-Summer Testing
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Flow Meter 21776 Certification Documentation, Pre-Summer Testing
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Flow Meter 21773 Certification Documentation, Post-Summer Testing
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Flow Meter 21776 Certification Documentation, Post-Summer Testing
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Coriolis Serial ID 14267449
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Coriolis Serial ID 14430099
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Volumetrics Water Draw Volumetrics Water Draw
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Volumetrics Water Draw Volumetrics Water Draw
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Volumetrics Hank

161

162

163

164

Hoentzsch Certificate

165

