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ABSTRACT

Compensation for ultrasonic flow measurement has
increasingly become the trend for applications taditfor
higher accuracy and tighter repeatability. Temjueeais

a variable that tends to have a significant impaiwt
performance. Geometric dimension changes due to
thermal expansion and contraction, as well as fluid
dynamics, are impacted by temperature and thus &ave
influence on overall system accuracy. This papesgnts

a new method for measuring temperature by taking
advantage of well characterized material properties
change with temperature and utilizing existing sgst
capability. Integrated temperature measurement lmn
included as part of the diagnostic support package
used for compensation by using existing capability.

INTRODUCTION

This paper describes an alternate technique for
temperature measurement in an ultrasonic flow meter
compared to conventional temperature measurement
methods.

As metering technologies are being pushed to thigsliof
their accuracy, compensation needs to be taken into
account to be able to achieve high performance wide
operating conditions. There are several factoas tieed

to be considered for compensation, but temperasusae

of the more significant ones to consider. Thiggtwill
focus on a new technique to measure temperaturedha

be used for this type of compensation.

The analysis and data provided in this study whibw
that this technique is adequate for the thermal
compensation needed in high accuracy ultrasoniw flo

meters and discuss the additional benefits of luatiiis
method of measurement incorporated into the system.

BACKGROUND

Ultrasound measurement of flow has been widely
published and has been a well-known technique for
decades [1]. Over the years, many different types
ultrasonic flow meters have been developed—the
operating principle varies from transit-time to [Dogr

and to Transflection [2]. Among these, transit-tibesed
ultrasonic flow measurement has become the most
popular method due to its superior accuracy and
robustness.

Transit-time ultrasonic flow meters take advantajea
simple principle, called “time of flight”, as illasted in
Figure 1

Specifically, the time it takes for an ultrasonigral to
travel against the flow (i.e., upstrearq), is longer than
that it takes following the flow (i.e., downstreary). The
difference between upstream and downstream travel
times, At, is directly proportional to flow velocity as
follows [2][3]:

v, = P (L_L)z P (At )=P_2( At)
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where Vp is the flow velocity to be measureB, is the
ultrasonic path lengthg is the acute angle between the
ultrasonic path and the axis of the flow cell opepi
section, and. is the projected length & along the pipe
axis as shown ifrigure 1
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Figure 1 - Transit Time Example

For certain applications, such as where field regdble
transducers are desired or where the process medium
extremely hot or cold, ultrasonic buffers or ddiags are
often used to isolate transducers from procesd fiafer

to Figure 2.
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Figure 2 - Schematic showing}, tg, and Active T,,.

In this case, the time that it takes for ultrasotmdravel
through the two buffers, . needs to be compensated,
and Eq. (1) can be rewritten as:

P ZC};SQ [(tdn_Twﬁgtup_Tw):I - ;_L [(fdn‘Twiztup‘Tw) (2)

In cases where volumetric flow measurement, Q, is
desired, two more tasks are normally implement&piA(
K-factor is normally applied to correct the flowofite,
converting a line measurement of flow to an area
averaged flow across the cross-sections of the pipe
depending on the Reynolds number of the flow; @gP

ID needs to be plugged in, converting velocity to
volumetric flow. In this case, Eq. (2) can be mmtifto
incorporate both K and ID of the pipe as follows:

ID?> _ P? At
—_— x —_—
4 2L | (tagn—Tw) (tup—Tw)

Q=Kx @3)

For a multi-path flow meter an additional weightdan
correction factor can be applied as follows:

Q. =K. x Z?:l[vvt X K X V] 4)

WhereQ. is the composite volumetric flow ratd) is the
individual channel weight factork; is the individual
channel K-factorVp; is the individual channel velocity
from Eq. (2),K. is the composite K-factor anmd is the
number of channels.

The operation of an ultrasonic flow meter, as sieem
Egs. (1) through (4), relies on the accurate messeants

of typ tan, Tw, and At , while geometrical parameters, such
asP andL andID can be fairly accurately measured using
tools such as a CMM machine.

From Eq.(3), we can see that the accurate measnterhe
volumetric flow becomes complicated, especiallyshese

K, ID, P, L, Tw are all temperature dependeni,

typ and ty, are excluded here because ultrasonic flow
meters can measure these parameters in real tigpétale
the fact that they are also temperature dependerdrder

to compensate for these parameters, includin@, P, L,

Tw, an accurate measurement of temperature is often
needed, which is one of the reasons why many offigje
accuracy ultrasonic flow meters on the market tduzaye
temperature measurement or temperature input déapabi

While these geometrical parameters can be accyratel
measured they can also vary under process conglition
Real-time compensation of these parameters has been
shown to have an effect on system accuracy over
operating conditions and needs to be compensatedodu
changes in temperature and pressure. This is edlgeci
true for high accuracy flow meters applied in Cdgto
Transfer and Fiscal Metering. The effect of temperm

on the inner diameter of the pipe due to thermpbasion

is shown in Eq. (5):

ID' = ID, + ID,aAT, (5)

WherelD, is the original length, IDis the temperature
effected lengthg is the coefficient of thermal expansion
andAT is the change in temperature. In the same respect
the change in P and L caused by temperature can be
described as follows:

P' = P, + P,aAT, (6)
L' = Ly + LoaAT, @)



Eq.(3) can be rewritten to show the effect of terapure
on volumetric flow caused by the geometry changes:

2 2
D’ P’ [ At
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Q=Kx (7)
Where P’, L' and ID’ are the temperature effecteirts
as described in Egs.(5) through (7).

Temperature measurement in industrial applicatioas
been used for decades. This is typically accormetls
with the use of &esistance Temperature Detedt® D),

and in most cases, with the use of a thermowellntezl
sensor for measuring process temperatures. Im otdses
clamp-on sensors are used to determine surface
temperatures. Both of these can provide relatively
accurate measurement for their respective apmicsti
Careful consideration needs to be taken when logati
thermowells since they can disrupt the flow profildost
ultrasonic flow meter manufacturer's recommend
thermowells be placed several diameters downstream
the meter. Fluid temperature is useful for fluidreation
factors associated with standards like API MPMSpZéia
11.1 and similar.

For geometrical correction of the flow cell the atle
temperature measurement is of the pipe wall, not
necessarily the core fluid temperature. Underagert
operating conditions measurement of the process flu
temperature or the pipe wall surface temperatutienst
provide the most accurate results. Depending on
operating conditions the measurement of process flu
temperatures can vary compared to the actual pgle w
temperatures because of ambient conditions as aeell
flow rate. In addition, there will be a temperatur
gradient across the pipe wall from fluid to ambient
conditions outside the pipe as showrFigure 3 Other
factors to consider are when pipes are insulatetthwh
will minimize the gradient in the pipe wall

One method would be to measure both process fluid
temperature and pipe surface temperature and take a
average of the two to determine pipe wall tempeeatu
This technique unfortunately requires the measunérok

two temperatures which increases the system coiityplex
and cost. Another method would be to provide dipgge

wall measurement that some current products on the
market provide.

Figure 3 - Finite Element Analysis of Buffer in flav cell

A third option, the new technique proposed in Hiisdy,
provides an accurate temperature measurementingiliz
existing system capability that ultimately streama$ the
flow meter design and reduces system cost and
complexity [5].

MEASUREMENT TECHNIQUE

Leveraging the Active [J measurement we are able to
accurately measure the time spent in the buffeckvbhan
be utilized to get a temperature measurement. &&p
the length of the buffer at temperatdrgis BL,, then we
can writeTw as a function of Temperatufe longitudinal
speed of sound in the buff€r, as follows:

BLo+BLoa(T—Tp)

Tw =2X% o

: 9)

Where o is the linear thermal expansion coefficient.
Based on Eq. (9), T can be derived:

CLlTw_p 0
— 2
T = loa (10)
In Eqg. (10), the only unknown S for a given material,

which can be generally written as:

C, = E(1-0)
L=\ paa+o)1-20) '

WhereE is the modulus of elasticity,is density, ana is
Poisson’s ratio. With the measuregdnd known length
of buffer BL, the speed of sound can be calculated as:

+T0-

(11)

BLo
CL -,

o~ (12)
There are several ways to calculate temperature fhe
collected data. A few potential methods are desdrib

below. Ultimately several factors determine which



technique should be used includimgectronicssystem
resources and thmverall system accura requirements.

Algorithm Based

For different materialsk, p, and o as a function ¢
temperature have been investigated and are wellkmo
publishedliterature. For these well studied materi:C,
as a function of temperature can be tabulated en
formulated after some interpolation. Thereforepider
to get the temperature, take Eq. (E0)d assum¢C,_ at

certain temperature, say room tempere, and get a new

T based on Eq. (3Passuming Tw is measured in r
time. Then € is updatecht the new temperature. Bas
on the new ¢ another updated Ts calculate. This
process is continuedntil a temperaturis found that is
close enough tthe previous temperature calculat

Lookup Table

Another method to calculate the temperature isateetar
empirical table, temperature vs,,'embedded in the flo
meter firmware. Twcan be experimentally measuras a
function of temperature. The tabtan be constructed

firmware and interpolation would be used betwednes
in the table. The table would need to be comprsive
enough to cover the full process fluid temperatamge
for the product. Thelownside of doing this would that
many measurements for a given configura would be
needed.

Figure 4 shows the plot of Active , measurement
alongside temperature. As can be shown th,
measurement tracks temperature very clot
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Figure 4 — Active T, measurement vs Temperature Plc

Regardless of which method is chosleere are
advantages of using this new technique above jsistghe
temperature measurement.

ADDITIONAL BENEFITS

With the intoduction of theGE Sentinel LCT4 Figure
5) this measurement is now possible due to the &
features incorporated into the desi

Figure 5 — GE Sentinel™ LCT4 incorporating short buffer
design

With the builtin design feature for sensor removabi
the utilization of a buffer was implemented. Asciébed
above the inclusion of the buffer requires the gitatime
in the buffer T, to be accurately known to provide

accurate flow measurement as shown i1. (2). One of
the unique features of this buffer design is that digna
path portion is completely encapsulated in the fluody
which allows for a good indicator of pipe w

temperature as shown kigure6.

Figure 6 - Fully encapsulated buffer representing pipe wal
thickness

Other designs that incorporate  buffers have
disadvantages. Some are sort that a measurement of
Tw cannotbe made. Others are too long such thal
gradient across the buffer does not provide anrate
indication of pipe wall temperatu



The methodology described this paper focuses on t
details of an accurate temperature measurement
through ultrasonic time measurement in a buf
Consider, at a system level, the advantages ofyhis of
measurement.

Active Tw Diagnostics

Ultrasonic signals inherentlgrovide significantly mor
information about the health of an application thgk
diagnostis than most other types of flow meu
Diagnostic variables such as gain, si-to-noise and
criteria related tosignal shape can provide informati
regarding the health of thepplication and system. TI
active measurement of, Jprovides an additional layer
diagnostic information that the through transmissicay
not. Diagnostics provided by the activ,, measurement
can provide information specifically aut the health of
the sensors without the needtaking into account flui
operating conditions. In fact, these diagnoswould be
available evenwith an empty pip¢ Combining the
standard set of diagnostics with this additiongktacan
give a more clar indication if failures are sensor
application related.

Multiple Temperature Measurements

A typical high accuracy ultrasonic flow metewill

provide multiple paths of ultrasonic measuremelA
custody transfer system wouldontain somewhet
between 4and 8 paths or measurement spread throug
the pipe.Considering each path contains a pair of ser
and buffers this would result in providing 8 to

integrated temperature measurements per s (Figure
7). These measurements are spread out circumferer
around the flow cell and would provide an indicatiof
temperature across the entire sensor section qfiptee
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Figure 7 — Cross-section of 4-path.CT4 with labels

There are several ways this data can be interprete
simple approach would be to take all of the measargs
and provide an average temperature for

Another approach would be to consider system broken
into quadrantss shown irFigure 8 By considering the
values measured and their relative loce, it may be
possibleto understand more about the application
installation. Comparison otemperature at the top vs. the
bottom of the meter body can be attai, as shown in
Figure 8 This effectively provides temperatt
compensation that is independent of stratificaiiorthe

pipe.

Figure 8 —Temperature mapping cuadrants shown on 8-
path LCT4

Consider a practical example of the impact of tha
beating down on the top or side of a pipe. Tt
integrated temperature measurements may be ak
provide information on how much effect this fon flow
profile. Ultimately this information may bable to be
used to provide a correction or compensation ferfkbw
measurement.

You can also consider the case for epath system
where 16 temperature measuremerare available. In
addition to the wealth of informaticand diagnostics with
all of these measurementyou can also consider
redundancy built into the syste Typically a single RTD
would be installed for traditional temperati

measurement. If any failures were to occur with RTD

or electronics associated with making the measune

there would be no available temperature measure

until a repair is made. With the proposed intept

temperature measurement there are always mu

temperatures being measured which can be che

against each other.



Reduced System Cost

Typically with the introduction of new features and
capability come additional cost associated withsees
electronics and other components such as wiring, et
Considering that active , measurements are already
incorporated into the GE Sentinel LCT4 and alreasigd
for real-time transit time compensation, the inttgd
temperature measurement comes at no additionaryst
cost or complexity. Only the functionality needs lie
incorporated into the firmware.

CONCLUSIONS

The method described in this paper provides an
alternative to traditional temperature measurement
techniques for ultrasonic flow meters. In additionthe
reduced system cost and complexity the benefitthisf
technique include an enhanced set of diagnostiasedls

as multiple measurements taken across the entire
circumference of the spool, providing redundancyl an
validation of each measurement.

Ultimately the temperature measurement method elec
for a particular application needs to meet the esyst
requirements for the intended purpose.
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