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Abstract

Petroleum custody transfer measurement errors of 0.1
to 0.25 percent are typical today. Sources of these
errors, and techniques for reducing them, are de-
scribed. The factors affecting the choice and accuracy
of P.D. meters and turbine meters are specifically
addressed. Also discussed are factors affecting temper-
ature compensation and air elimination.

Introduction

During the past decade the value of petroleum has
increased ten fold. This has fostered great concern over
its accurate measurement.

The two most common methods for measuring the
volume of petroleum liquids are: (1) Metering and (2)
Tank Gauging. A detailed discussion of the relative
merits of these two techniques is found in Reference 1.
Suffice it to say here that metering is normally much
more accurate (and convenient} than tank gauging for
measuring the volume of petroleum liquid transferred
from one vessel to another over a period of time. How-
ever, tank gauging is best for verifying the volume
{inventory)} conlained in a tank at a specific momentin
time (e.g., month end).

The justification for improving petroleum measurement
accuracy can be illustrated by a simple example. A
moderately busy ten {10) meter position petroleum tank
fruck loading terminal (load rack) may load about 10
million gallons per month (120 million galions per year)
- worth about $100 million per year at today’s prices.
The potential annual loss due to the indicated volume
measurement error would thus be:

Potential Avg. Loss/
Error Total Loss Load Position
1.00% $1,000,000 $100,000
0.25% 250,000 25,000
0.10% 100,000 10,000

Volume measurement errors of 0.1 to 0.25 percent are
typical at today’s load racks, as well as in many other
petroleurn custody transfer installations.

Some of the causes of these costly measurement errors
will be discussed in this paper. Included will be a discus-
sion of errors caused by inadequate:

1. Correction for the effects of varying operating condi-
tions (temperature, pressure, flow rate, and viscos-
ity} on meter performance.

2. Correction for liquid density changes due to varying
temperature (i.e., temperature compensation).

3. Metér calibration procedures.

4. Air (vapor) elimination.

Measurement Accuracy Terminology

The terms “volume measurement accuracy” and “meter
accuracy” are not the same. “Volume measurement accu-
racy” is the absolute accuracy of the volume measured;
whereas “meter accuracy” is simply the accuracy of a
meter relative to its prover, usually for a constant set of
operating conditions.

The terms “repeatability” and “linearity” are usually
used to define “meter accuracy.” Referring to Figure 1,
repeatability is the variation in meter performance over
several (.., five) consecutive proving runs at constant
operating conditions (e.g., constant flow rate, viscosity,
temperature, etc.). Linearity is the variation in meter
performance over a range of flow, or “tumdown ratio,”
for otherwise constant operating conditions (e.g., con-
stant temperature, viscosity, etc.).
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Figure 1 — Meter Accuracy Terminology

Absolute volume measurement accuracy is thus deter-
mined by the following factors:

Meter repeatability.

Prover calibration (e.g., waterdraw) accuracy.
Meter proving procedure.

Variations in gperating conditions from those during
meter proving, and their effect on meter performance.
Adequacy of air (vapor) elimination.

Accuracy of correction(s) for liquid density changes
due to varying temperature (and pressure).

Do AW

Meter Selection

Custody transfer metering of petroleum liquids is nor-
mally done with high performance versions of either
positive displacement (P.D.}) meters or turbine meters.
There are many situations where one or the other is
definitely preferred, and other situations where either
type meter could be satisfactorily used. A key thing to
remember, though, is that in custody transfer metering,
it almost never pays to sacrifice measurement accuracy
1o save on meter cost. Normally, the payback from the
increased measurement accuracy will guickly offset
any initial extra cost.
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Liquid viscosity is the major factor affecting whether a
P.D. meter or a turbine meter will provide the best over-
all accuracy for a particular custody transfer applica-
tion. Figure 2 provides a guideline for P.D. and turbine
meter selection as a function of viscosity and flow rate.
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Figure 2 — P.D. and Turbine Meter Selection Guide
P.D. Meter Performance

The factors affecting the performance of P.D. meters
can be described in terms of their effect on:

1. Volume of liquid displaced per rotor revolution.

2. Slippage through meter clearances.

3. External devices such as mechanical calibrators and
pulse transmission lines.

Volume Displaced

The volume of liquid displaced per rotor revolution can
be affected by: (1) Temperature, (2} Pressure, (3) Vis-
cosity, (4) Wear, and (5) Deposits. Forexample, increas-
ing temperature causes the measuring chamber volume
to expand per the cubical expansion coefficient of its
metal parts. When dissimilar metals are used (e.g., alum-
inum blades in a cast iron measuring element), the
clearance between the dissimilar metal parts (e.g., blade
tip ciearance) changes with temperature, affecting dis-
placement voiume. The effect of temperature on tiquid
volume displaced is typically about 0.02 percent for a
10°F fluid temperature change, or about 0.10 percent
for a 50°F change.

A substantial change in operating pressure will affect
dispiacement volume in a single case meter, but notina
double case meter (where the pressure differential
across the walls of the measuring chamber is nil). This
effect varies with meter design. However, as a guideline,
where operating pressure changes of over 20 psi are
expected, the use of either a double case meter or a
pressure adjusted meter factor should be considered.

With low viscosity fluids, as the relative velocity between
adjacent surfaces increases, the liquid boundary layer
on the moving surface (e.g., blade tip) becomes thinner,
reducing the effective displacement volume. At higher
viscosities and lower velocities, this boundary layer
- thickness remains constant.

Wear on bearing surfaces can cause measuring chamber
boundaries to shift, usually causing an increase in dis-
piacement volume, as well as a decrease in meter
repeatability.

Deposits such as paraffin on measuring chamber sur-
faces will reduce the volume displaced up to the point

where clearances become nil. Then meter performance
should remain very constant as long as the deposit
remains in place.

Slippage
The “stippage” of fluid through the clearances between
the stationary and moving parts of the measuring ele-
ment, bypassing the measuring chamber, can be defined
by the following relationship:
q-= 1 XS ap
12 ulc

Where (see Figure 3):

q = Bypass or slippage flow rate.

Xc = Clearance width.

LC = Clearance length.

AP = Differential pressure across clearance.
& = Absotute viscosity, cP.

Xc —-—-E
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Figure 3 — Typical P.D. Meter Clearance

The slippage through the clearances of a typical high
performance P.D. meter at normal flow rates will vary
from near zero for viscosities exceeding aabout 20 cPto
about 0.5% to 1% on gasoline (about 0.6 cP viscosity).
Figure 4 shows a typicali variation of meter performance
with viscosity. The viscosity of petroleum products
decreases with increasing API gravity and increasing
temperature (see Figure 5). Thus, for lower viscosity
fluids, it is important to prove a P.D. meter at its normal
operating temperature, viscosity, and flow rate. How-
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Figure 4 — Slippage vs. Flow Rate and Viscosity
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ever, for higher viscosity fluids where zero slippage is
approached, P.D. meters can normally be proved at
viscosities and/or fiow rates substantially different than
their normal operating conditions without creating sig-
nificant error.
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Figure 5 — Viscosity vs. Temperature for Petroleum Liquids

The factors mentioned in the previous section affecting
meter clearances — namely temperature (when dissimi-
iar metals are used in the measuring element), pressure
(in single case meters), wear, and deposits — also affect
slippage to the 3rd power of the resuitant clearance
change. Forexamplg, if a clearance width (Xc) doubled,
the slippage through it would increase by a factor of
eight (i.e., 23 equatls 8).

External Devices

Devices outside the P.D. meter, but directly involved in
the registration of volume throughput, can be adversely
affected by environmental conditions or wear o cause
significant errors in meter registration. For example,
some mechanical calibrators will slip at high torque
loads, or drift with temperature and wear. Remote count-
ers may misregister due to induced noise on signal
transmission lines.

Turbine Meter Performance

The factors affecting the performance of turbine meters
can be described in terms of their effect on:

1. Flow area (through the rotor), and
2. Rotor velocity.

Flow Area

A turbine meter, being an inferential type of volumetric
flow meter, is actually sensing flow velocity by measur-
ing the rotational velocity (diplacement) of a bladed
rotor. The volumetric flow rate (Q) is assumed to be
proportional to this measured flow velocity (V) by
assuming a constant flow area (A). This is described
mathematically by the classical continuity equation.

Q=(V) (A)
(ft3/sec) = (ft/sec) (H2)

Some of the factors that can affect this constant flow
area assumption are:

1. Deposits (e.g., paraffin).

2. Boundary layer thickness.

3. Cavitation.

4. Debris.

5. Ope)rating conditions (e.g., pressure and tempera-
ture).

A very thin coating on all internal surfaces of a turbine
meter can change the flow area through it very signifi-
cantly. For example, a one mil (0.001 inch) coating onall
internal surfaces of a 4-inch turbine meter will reduce its
flow area, and thus its meter factor, by about 0.5%. This
effect is proportional to the square (2nd power) of meter
size. Thus, for a 2-inch meter, a one mil coating will
affect meter performance by about 2%.

One of the reasons turbine meters are not recom-
mended for high viscosity liquids is the substantial
increase in boundary layer thickness, and thus reduc-
tign inflow area, that occurs as laminar flow is approach-
ed.

When the following dimensionless relationship, called
Reynold’s Number, drops below about 6,000, the bound-
ary layer thickness begins to increase rapidly:

Re=_Vd

vy

Where: Re = Reynold’s Number
v = Velocity
d = Pipe Diameter
v (nu) = Kinematic Viscosity

(e.g., centistokes)

Thus, this laminar flow (boundary layer thickness) prob-
tem occurs at lower viscosities as meter size decreases.
The recommended viscosity range for turbine meters,
shown in Figure 2, reflects this fact.

A liquid will vaporize when subjected to pressures
below its vapor pressure. At the high velocities through
a turbine meter rotor, the local static pressure at the
rotor can drop below the fluid’s vapor pressure, result-
ing in the phenomena called cavitation {formation of
vapor bubbles), even though the static pressure in the
pipeline is above the vapor pressure. These vapor bub-
bles occupy much more flow area than would the equiv-
alent fluid in liquid form, resulting in a significant rotor
velocity increase (see Figure 6), and thus a significant
metering error. To eliminate cavitation, the back pres-
sure on the meter must be increased. API (Reference 2)
recommends that the minimum back pressure on a
turbine meter be 1.25 times absolute vapor pressure,
plus two times the pressure drop through the meter. For
example, a turbine meter on gasoline having a vapor
pressure of 10 psia, flowing at a rate resulting in 3 psi
drop across the meter, should be operated above a
minimum downstream line pressure of 18.5 psig (ie.,
1.25x10psi+2x 3 psi =125+ 6 =18.5).
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Figure 6 — TM Performance with Cavitation

Reference 3 describes the effect of pipeline debris on
turbine meter performance. Obviously, any debris which
blocks off part of the flow area through the rotor wil
drastically affect meter performance.

Turbine meters will undergo changes in flow area with
significant changes in operating pressure and tempera-
ture. The fiow area through a typical turbine meter will
increase only an insignificant 0.002% for a 100 psi
increase in operating pressure; but, a significant 0.02%
for a 10°F increase in temperature.

Rotor Velocity

The assumption that the measured rotor velocity is
directly proportional to the axial velocity through the
turbine meter can be affected by the following factors.

1. Bearing friction.

2. Viscous friction.

3. Rotor blade configuration.
4. Flow conditioning.

One of the distinguishing characteristics of a high per-
formance petroleum pipeline turbine meter is extremely
low bearing friction. Also, because of their typical high
speed continuous duty operation, pipeline turbine meter
rotor bearings must be very wear resistant. Thus, a very
precise, highly polished tungsten carbide journal bear-
ing is normally used. The clearance between the mov-
ing rotor bearing and stationary platform bearing must
be very precise to assure rotation on a thin film of liquid
(i.e., like hydroplaning) to further minimize friction.

High performance pipeline turbine meters usually have
a floating rotor, which has litlle or no thrust bearing
friction over the meter's rated operating range. Figure 7
illustrates the floating rotor principle used in the Smith
Sentry Series Pipeline Turbine Meters.

The frictional drag on a turbine meter rotor is nearly
constant at all rotational speeds. However, rotor driving
torque is proportional to the fluid density (p) and the
flow velocity squared (V2), Thus, at high flow rates, the
low frictional drag is insignificant compared to the high
driving torque. But, as flow rate decreases, the rotor
driving torque decreases rapidly, while the rotor fric-
tional drag remains the same. For example, at 10% of
maximum flow rate, the rotor driving torque (pV2) is only
1% of its value at maximum flow rate. Now, frictional
drag starts to become significant. As flow rate decreases
further, the rotor/fluid velocity relationship becomes
more non-linear (see Figure 8). Eventually, the rotor
stops turning.

Figure 8 also ilustrates the effect of viscous drag on the
rotor/fluid velocity retationship. The flow rate at which
rotor velocity begins to become disproportionate to
fiuid velocity increases as viscosity increases.

Should the effective angle of attack of just one retor
bilade be changed slightly due to being struck by debris
in the flowing stream, the rotor/fluid velocity relation-
ship will be changed significantly. Also, any significant
change in the edge geometry of the rotor blades due to
erosion, corrosion, or debris adherence, will alter the
rotor/fluid velocity relationship, and thus meter per-
formance.
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Figure 7 — Floating Rotor - Sentry TM

Figure 8 — Rotor/Fluid Velocity

As with other inferential (velocity sensing) types of flow
meters, turbine meters require flow stream conditioning
immediately upstream and downstream of the meter.
API's detailed recommendations for turbine meter flow
conditioning are found in Reference 4. Typical flow
conditioning (see Figure 8} consists of an upstream
straightening section ten (10) pipe diameters long, the
same diameter as the meter, with a tube bundle located
therein 5 to 8 pipe diameters ahead of the meter, and a
downstream straightening section five {5) pipe diame-
ters long. If the tube bundle is omitted, the length of the
upstream straightening section should be increased to
20 to 30 pipe diameters.

The purpose of the tube bundle is to eliminate any
“swirl” in the flow stream before it reaches the meter.
Swirl will add to, or subtract from, the roter's normal
angular velocity. An extra long run of straight pipe will
also help dampen out any angular velocity component
in the flow stream.
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Velocity profile distortion, caused by elbows, valves,
strainers, etc., (see Figure 10) should also be eliminated
by the straightening section. A distorted velocity profile
is unstable. Any changein fluid velocity and/or viscosity

will alter its shape and affect turbine meter perfor-
mance. A symmetrical velocity profile is needed to
obtain good turbine meter performance over a range of
operating conditions.
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Figure 10 — Velocity Profile Distortion After Gate Valve

Meter Proving

The best meter in the world is worthless unless it is
properly calibrated. The most common devices for cali-
brating meters are as follows:

1. Volumetric prover can.

2. Mechanical dispiacement prover.
3. Weigh tank.

4. Master meter.

A detailed discussion of meter provers and proving
techniques is beyond the scope of this paper. Suffice it
to say here that any of the above meter proving devices,
when properly calibrated (e.g., waterdrawn), and oper-
ated with good proving techniques, can be satisfactorily
used to calibrate high performance custody transfer
petroleum meters.

Temperature Compensation

A characteristic of all liquids is that as temperature
increases, density decreases. For example, aunitvolume
(e.g., 1.000 gallon) of 60 degree APl gasoline at 60°F
occupies 0.68% more volume at 70°F, and 0.68% less
volume at 50°F (see Figure 11).

The Coefficient of Expansion (C of E) of a liquid is
defined as the change in volume (AV) per unit volume
(V) per change in temperature (AT):

CotE= AVV
AT

Thus, the slope of the volume - temperature curve in
Figure 11 gives the C of E for 60 degrees AP| gasoline
(i.e., 0.00068/°F or 0.068%/°F).

Figure 9 — Typical Flow Run

The worth of a specific petroleum liquid is proportional
to its energy content, mass, or equivalent (net) volume
at a reference temperature {e.g., 60°F); not to its gross
volume at whatever temperature it may happen to be
when measured. Thus, accurate temperature compen-
sation of gross measured volume is crucial to accurate
custody transfer petroleum measurement.
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For 80° API| Gasatine
C of E = 0.00068/°F or 0.068%/°F

Figure 11 — Volume Versus Temperature for 60° APl
Gasoline at 60°F

The key to accurate temperature compensation is accu-
rate temperature measurement, applied to the correct C
of E for the liquid being metered. In September 1980,
new, more precise values for the C of E of petroleum
liquids were published (Reference 5). The tables of
Reference 5 give Volume Correction Factors (VCF)
directly as a function of temperature and API gravity.
The VCF is the factor by which the gross volume is
multiplied to obtain the correct net {temperature com-
pensated} volume. For example, using the gross volume
values from Figure 11, Table 1 shows the VCF values
(same as found in Reference 5) needed to vield the
1.000 gallon net volume at 60°F used in Figure 11.

Temp. Gross Net Volume @
Degrees F | Volume X VCF = 60°F
70 1.0068 X 09932 = 1.0000
60 1.0000 X 1.0000 = 1.0000
50 08932 X 1.0088 = 1.0000

Table 1 — Volume Correction Factors for 60° APl Gasoline
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Table 2 is a listing of the approximate C of E values for
several commen petroleum liquids at 80°F. Note that as
AP! gravity increases, the C of E value increases.

Typical AP CofE
Liquid Gravity {%/Degree F)
No. 6 Qil 10 0.037
No. 4 Oil 25 0.043
No. 2 Qil 37 0.047
Kerosene 42 0.050
Gasoline 60 0.068
Butane 100 0.10
Propane 150 0.18
Table 2 — Coefficient of Expansion of Various
Petroleum Liquids (At 60°F)

Accurate temperature measurement is important as
even a one degree F error results in a substantial (e.g.,
0.37% to 0.18%) net volume measurement error. One
major advantage of metering versus tank gauging is the
potential for much better temperature compensation
accuracy, since all of the liquid transferred passes by
the temperature probe at the meter. Temperature meas-
urement errors of several degrees F are typical when
using tank temperatures for temperature compensation
of delivered voiume (see Reference 1).

Atinstallations (e.g., load racks and LACT units) deliver-
ing relatively small batches with relatively long time
periods between some batches, response time of the
temperature probe becomes important. Some tempera-
ture probes take several minutes to fully respond to a
step change in temperature.

In locations where wide ambient temprature fluctua-
tions occur, the initial probe temperature can be sub-
stantially different that the temperature of the bulk of the
product to be delivered from the storage tank. Thus, for
a small batch, the probe may never reach the tempera-
ture of the bulk of the fluid delivered. However, there are
highly responsive electronic temperature probes which
will respond to a sudden temperature change in 10to 15
seconds. These probes should be used In situations
where slow probe response creates a substantial temp-
erature measurement error.,

Where computers are used in electronic temperature
measurement systems, their temperature sampling rate
must be considered. For example, in a typical terminal
automation system with temperature compensation,
the temperature is usually measured every 100 or 200
gallons. In extreme winter weather, such an infrequent
temperature sampling rate can result in over registra-
tion errors of up to one or two gallons per batch (which
could be several gallons per truck load). Dedicated
microprocessor-based units, such as the Smith Accu-
Load, overcome this problem of sampling temperature
every half to one second.

Most automatic temperature compensating devices
assume a constant C of E for a given product at all
temperatures. If a wide range of product temperatures is
encountered, particularly for gasoline and lighter petro-
leum liquids, a substantial error can result. For example,
60 degree API gasoline has a C of E at 0°F, 60°F, and
100°F of 0.067, 0.068, and 0.069%/°F rather than
0.067%/°F at 0°F, creates a net volume over registration
. error of 0.06%. The error becomes worse for lighter

products (e.g., butane, propane, etc.). This problem is
overcome in some microprocessor-based temperature
compensation devices (e.g., Smith Accuload) by includ-
ing a second order term in the temperature correction
equation.

Performance independent of ambienttemperature is an
important factor for an automatic temperature compen-
sator (ATC). A mechanical ATC usually has some sort
of ambient temperature compensating device (e.q.,
ambient bellows assembly) to compensate for the
effects of ambient temperature change. However, they
are not 100% perfect and some error due to ambient
temperature variation does occur. For example, a net
volume measurement error of 0.1% or more due to a

- 50°F ambient temperature change wouid not be unus-

ual for a mechanical ATC.

The performance of an electronic temperature com-
pensator, on the other hand, is virtually unaffected by
ambient temperature change. Thus, for best accuracy,
electronic temperature compensation should be used.

Air (Vapor) Elimination

Any air or vapor passing through a P.D. or turbine meter
will be registered (in error) as additional liquid. Thus, it
is essential for liquid metering systems, where air or
vapor can be present in lines ahead of the meter, that
appropriate steps be taken to assure its elimination prior
to metering.

Sources of air or vapor in liquid metering systems
include:

1. Completely emptying the supply tank, or at least
emptying it close to its outlet level, allowing air to be
sucked into the delivery line.

2. A dry hose or line on start-up.

3. Lines being blown down with air after the previous
delivery.

4. Product shrinkage between two closed valves, dueto
temperature drop after the valves are closed (e.qg.,
overnight), leaving vapor to fill the void.

5. Sucking in air through leaks in the suction line.

6. Fiashing light end (i.e., high vapor pressure) constit-
uents due to high pressure drop, and resultant high
velocity (causing cavitation), through throttled valves
or clogged strainers.

7. Dissolved gas (in gas saturated liquids) coming out
of solution as pressure is reduced.

An air eliminator must perform three (3) basic functions:
First, it must separate the air from the liquid; second, it
must sense the air level; and third, it must discharge the
air.

Sensing and discharging the air is relatively simpie, but
separating the air efficiently can be difficult, especially
for higher viscosity liquids such as fuel oils and crude
oils. Air separation efficiency is a function of the time
available, and the time needed, for air bubbles to rise to
the top of the vessel. Bubble rise time increases with
increasing viscosity and/or decreasing bubble size.

The time available for air separation is essentiaily the
liquid stay-time in the air eliminator vessel, which is
determined by vessel capacity and liquid flow rate.
Thus, to provide sufficient stay-time for complete air
separation in systems encountering substantial quanti-
ties of air, either the air eliminator tank must be large, or
the flow rate must be reduced or stopped when air is
sensed. Usually the latter approach is most cost effective.
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The basic Smith Petro-gard System, shown in Figure
12, is an example of this latter approach. When air is first
sensed and starts to exhaust to atmosphere through the
air release head (valve), it also pressurizes and shifts the
3~way pilot causing the main line valve to close. Flow
remains stopped while the air is being discharged,
allowing time for air to separate (bubbles to rise) in the
relatively small tank.

03A

Customer to Connect {Opening Speed)

Internal Orifice ™y

[aiutetatetie B T bt

- 23PG*

: (1]
I [

3/8”  Petro-gard
vent Air Release Head

"Set @ 10 PS| 202,

Figure 12 — Petro-gard System for Efficient Air Elimination
Conclusions

Efforts to improve petroleum volume measurement
accuracy, particularly in custody transfer applications,
is certainly justified at today's prices for petroleum lig-
uids. Attention particularly should be given to improv-
ing meter accuracy by correcting meter performance
for changes in operating conditions such as fluid
temperature, viscosity, flow rate, and (at times) pres-
sure. The accuracy of automatic temperature compen-

sation can beimproved significantly by using dedicated
microprocessor-based electronic temperature compen-
sating devices. Good meter proving equipment and
procedures must be used. Effective air (vapor) elimina-
tion is essential when air (vapor) is present.
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