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Abstract

Thermal mass flow meters for gas metering with
complicated gas composition are often a challerggé a
requires the real gas calibration. In many cases,
particularly for gases with dangerous or harmful
components the calibration is very costly and somes
even not feasible for re-calibration at field. isteven
worse that at the time gas composition varies, the
calibration would be erroneous. In this paper,désign,
theory and experiments for a MEMS thermal mass flow
meter that is capable to dynamically compensateyse
composition variation during measurement are diseals
The meter can also provide in situ measured gasdie
values.

I ntroduction

According to the worldwide energy consumption
outlook released in 2011 by US Energy Information
Administration, the worldwide annual natural gas
consumption is at an average growth rate of 1.6% an
will reach to 186.7 trillion cubic feet in 2035, nabst
doubled compared to that in 2003. This is not dhly
requirements of environmental pollution control laut
better life style as the natural gas via the pigekan be
directly delivered to the residence eliminating the
troublesome supply by tanked gases. Metering tageis
of natural gas is therefore a basic requirementgas
companies such that tariff can be fairly applied to
customers and the income can further support tle ga
company operation. The first dry gas meter thatvipes
guantitative measurement was invented in 1843 by th
British William Richards and improved by Thomas
Glover who established the first gas meter company
1944. These volumetric diaphragm meters are $tédl t
dominated players in the city gas metering.

Since 1980s, many efforts have been madeHer t
development of all-electronic gas meters that canige
compensations to volumetric metering due to theaichp
of the environmental changes. The development and
deployment of ultrasonic gas meter starting in E380s
has not overcome the cost issue but the efforte baen
nevertheless moving forward although slowly. MEMS
(micro electro mechanical system) mass flow mefrs

city utility industry have been developed in selera
countries since late 1990s. With the dramatic
advancement of the electronic technology in thisuey,

the all-electronic gas meters become more and more
close to reality and commercialization of such mete
already emerges. As of today, three technologéas h
been employed to develop the all-electronic mefers
city gas metering. Table 1 summarizes the majoitser
of these technologies.

Table 1. Comparison of current all-electronic gasten
technology

. Differential | MEMS mass
Ultrasonic
pressure flow
Temperatu.re Additional None Included
compensation
Pressure . Additional None Included
compensation
History d
(as of 2011) 20+ years 3 years 18+ years
Models Residential Small Commercial
& commercial | residential | & industrial

Markets UK, US, Russia China,

Japan Japan, ltaly
Caloric value No No Possible
Integration No No Yes
Cost High Low Low

The differential pressure gas meters have tdini
application history and a small dynamic range. &fare
it will not be discussed further. The ultrasonic gaeters
have a long history with established standard for
deployment, but it is a volumetric meter without
additional temperature and pressure compensation an
the cost is also an issue for residential appbecsti
MEMS thermal mass flow meters have the advantafjes o
automatic temperature and pressure compensatiag la
dynamic range and a low cost. The field data also
demonstrated its reliability. Nevertheless, the tmos
critical issue for the MEMS thermal mass flow meter
the gas composition sensitivity.

In USA, natural gas sold to residential custmsnis
measured by “thermo” that was based on the volumetr
metering and the monitoring of the gas propertietha
central gas gate station. Each month a differeatofa
shall be applied to the gas bill to match the gas
company’s internal data. These unilateral factarsndt
match to the fair play principle as the actual mateon



site does not provide such. Although it is thet fdxat
customers are consuming the that value of the natur:
gases not the volumetric value, it would be m
reasonable if the installed residential meters aanally
measure the thermal value of the natural gas idsté
the volumetric value. In the previous report, itswaund
that the measurement of natural gases with diffe
compositions by calorimetric MEMS gas meters s
have deviations but if the data were plotted agdatins
calorific value, the accuracy can be retained jreetve
of the composition except for inclusion chigh
concentration of nowralorific gases such as nitroge
Hence this report suggested that the MEMS mass
meters may provide an option for a better metrol
system based on the thermal value mete
Nonetheless, to meet with the current tarifftems, the
meters are required to be insensitive to the

compositions. In other words, a compensation sct
has to be provided for the purpose of fairness ss
regulation allows the phase in process differenaleie
the calorific value measurementatihserve as an a-

value for future tariff system.

In this study, we shall discuss the situ compensation
scheme for gas composition induced variation far
MEMS mass flow meters.

Experiment

A volumetric Roots (rotary) met&®Tz-40 with the
flow range of 0~65rihr and the uncertainty of +1.0
was used for the reference that was connectedrial
with a MEMS mass flow meter MF50GD designed
the utility applications. This MEMS meter had teme
flow range but an uncertainty af1.5%. Bdth of the
meters had a pipe diameter of 2 inches and a mirofr
10 inch pipeline was used for the in serial conoest
before and after the meter ends. Then natural gaith:
five different compositions were then flown throutjte
meters separately \itdifferent flow rates in the fu
dynamic span to test the capability of tin situ gas
compensation detection and develop the gas congao
compensation scheme. The rotary meter is equipjitc
a digital interface that sent out the pulses cpoading
to a volume at a specific time interval while th&aMS
mass flow meter had a standaRS485 Modbus digite
interface. Both of the meters sent the readingsutih
the interface to a computer that collected the dard
processed them for analysis. The compositionshe
five natural gases used in this study are listeGable 2.

Table 2.List of the test gas properties and measured

CH4 C2H6 C3H8 N2
A 89.29 7.57 2.29 0.25
B 94.65 0.05 0.02 5.25
C 89.00 8.00 3.00 0.00
D 80.71 6.68 1.90 0.00
E 97.55 0.43 0.06 1.02

In this table, the listed compositions are for thajor
components of the gases. Other minor constitudral
make up to the 100% of each gas.

Results and discussions

Gas conversion

In order to achieve the gas composition compensg
it is critical that the MEMS mass flow meter maintaa
singular or even better a linear correlation whetering
the gases with different compositions. In otherdgothe
gas conversion correlatioshould be established. The
current capability of the calorimetric gas metess the
calorific value comes from its measurement prirei
Therefore the measured flow rate shall depend dh
the mass flow rate and the calorific values or
compositionsof the gases. The gas conversion factc
the linear correction value that is obtained bymeficing
to the temperature and pressure compensated valal
values in air or a specific gas. In most cases,aihés
employed for obtain this value forsy accessibility. The
detailed process for the MEMS meter calibratiomimis
reported earlier. The calibrated MEMS mass flowtan
MF50GD was then placed onto the gas experime
bench that is equipped with a pressure and tempel
compensated highprecision volumetric meter rota
meter PTZ40. The natural gas of type A was then flg
through the gas pipeline of the test bench. Botlihe!
reference rotary meter and the MEMS mass flow n
output the readings to a computer that recordedi#ta
ard performed the further process for the compari
The correlation between the readings of the twesypf
meters, if it is linear, shall establish the gasvarsion
correlation. Figure 1 shows the data for gas Arsjaiir
collected from the test belnc
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Fig.1. Measurement of gas conversion correlations
against air using a rotary standard meter.

The data shown in Figure 1 indicated an exce
linearity for the correlation and hence suggested the
specific gas conversion was well estshed for the
MEMS mass flow meters in natural gas against
calibration, or the MEMS mass flow meter can bedus«
measure the corresponding natural gas with the
flow value that is equivalent to the temperatural
pressure compensated volumetralue. The measured
gas conversion factors (GCF) in this study aredisin
Table 3. This gas conversion can then b+programed
into the MEMS mass flow meter for the metrolc
applications. It should be noted that the gas emsiun
would be dependeéron the design of the electronics



the MEMS mass flow meters, therefore differ
manufacturers may have a set of the different G(

Table 3.The measured gas conversion for the five na
gases in this study

CH,4 GCF | HHV | R. Gravity P/Cp
A | 8929 | 0.7959 | 44.12 0.6138 20.85
B | 9465 | 0.8735 | 37.89 0.5773 21.86
C | 89.00 | 0.8199 | 39.18 0.6511 21.19
D | 80.71 | 0.7815 | 39.59 0.7137 20.68
E | 9755 | 0.8778 | 36.81 0.5761 21.92

In Table 3, the HHV stands for high heating ve
with a unit of MJ/m. The HHV values are obtained usi
gas chromatographyass spectrometer (GCMS) &
hence are notn situ values. The relative gravity (1
Gravity) values are referenced to air and are
measuredex situ. We will address these data in !
following discussions.

Thermal value and gas composition

For the actual applications, there shall be
possibility that the gas composition will be chathdiem
time to time due to the resources of supply. Gheegas
composition changed, the gas conversion shall
changed and the metrology against Wodumetric value
will be deviated as the calorific factor will plathe
critical role for the meters’ calibration againste
volumetric values when this happens.

In order to decouple the calorific values from tlosv
rate measurement, additionadensing elements
schemes are then necessary for acquiring the rel
parameters while the mass flow rate is measuree.
flow rate is proportional to the gas thermal cortolity
and thermal capacitance in additional to the flgpees,
and both of te thermal parameters are related to
calorific values. Therefore, if the thermal condvity
and the thermal capacitance can be meas
independently, it would be possible to differemgidhe
gas calorific value that can be further correlatedhe
gas composition. Since the gas conversion is
composition dependent, it is expected that if thierific
value can be determined for the specific gas, tiM@
mass flow meters calibrated based on a specific
conversion can then be correlated. Saauwrrelation or i
compensation scheme can be further applied to
measured mass flow rate resulting in a direct tation
to the pressure and temperature compensated valal
value. Consequently, the measurement could
consistent with the curretdriff system. For this purpos
additional two thermistors are integrated onto
previously discussed MEMS sensor chip, locatedher
membrane of the chip for better thermal isolatibhese
two thermistors can measure the thermal condugt
and themal capacitance of the gases. To demonstrat
capability of the proposed MEMS mass flow met
natural gases with five different compositions leermal
values as listed in Table 2 are selected for theeraehal
are pre-set with the gas calorific lva compensatio
scheme and calibrated with air.
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Figure 2. Correlation of the gas thermal value HHV* RG
(relative gravity) and in situ measured thermal
value with the gas conversion factor

Figure 2 shows the results that wen situ measured
from the proposed MEMS mass flow meter. The va
P/Cp are obtained from ttin situ measurements of the
thermal values via the additional thermistors irdged
into the calorimetric MEMS flow sensor. These val
can be measured either dynaally or statically. It can
be seen that the natural gas compositions (gascsion
factors) are in direct correlation to the thermalue
(thermal density) as well as the measured the
conductivities over the thermal capacitance.
proposed MEMSmass flow meter is based on
calorimetric flow sensing principle that has a ro-
heater at the middle and two thermistors are pl
symmetrically with respect to the mi-heater. The
temperature differenceT, is a measure of mass flc

rate, dn , thermal capacitanceC, , and thermal
conductivity,& , of the fluid: AT « —qp(i)c . Therefore
m XLp

the observed data confirmed the measurement pier
and that the measurement can be used for
compensation of the relative changes of the
compgsition based on calibration of any of the one
composition, or air can be used as the base fo
calibration whilst the measured P/Cp value candssl to
adjust the mass flow rate readings when the
composition changes during the service of theMS
gas meter. The direct correlation between the theasity
HHV*RG and the gas conversion factors suggest
the proposed MEMS mass flow meter can be furthed
for the direct measurement of the calorific valdette
natural gases providing an ion for the future
advancement in metrology should a standard (bast
value) could be assessed and appra

In the previous report, the actual calorific valuas
not reported, and the data shown strong dependefr
nitrogen inclusion. From tl gas composition value in
Table 2as well as the data shown in Figure 2, it cal
observed that the gas conversion factor correldatahe
gas thermal value had less impact by the nitrc
inclusion if the current thermal values were used
correlation since one of the gas (Gas Bs 5% nitrogen
inclusion.

To further verify the assumption of ttin situ gas
composition compensation scheme, a MEMS gas r
incorporated with the compensation algorithm tha



calibrated based on Gas D was used for the measat
in Gas A. It sees from Figure tBat a large error we
found without implementing the compensation sch
based on current volumetric tariff system, whilee
compensation could be successfully eliminating
thermal value or composition induced errors. Oneld/
suggst that the meter has the capability for thermale
measurement and the positive deviation is dueab®as
A has a higher thermal value, but for the curremifft
system such compensation scheme would be a

1

I ® Compensated

Error (%)
AN iForRrNMNWEUON®WOO

O As measured

0 20 40 60 80 100
% Max. Flow

Figure 3. Comparison of as measured and compensated
errors for a MEMS gas meter calibrated with Gas
E but applied for measurement of Gas A.

Concluding remarks

The present study shows that the proposed MI
mass flow meters for utility gas metering can meashie
calorific valuein situ in addition to the mass flow rat
The measured calorific values can be further us
adjustment to those that are equivalém the pressur
and temperature compensated volumetric flow r
Hence the proposed MEMS mass flow meters for i
gas metering shall be ready to apply for the ciag
metering with the current tariff system while theters
are opted for the futer calorific value tariff system ¢
well.

The major issue for the proposed MEMS mass -
meters compared to the current diaphragm metettsei
use of a power source. As particularly the gasersebr
residential applications requires a life t for over 10
years, the power failure would create additionalise
cost, and if it is in a large scale, it would bet
acceptable for the gas utility providers. Althougimote
data logging shall help to monitor each meter’'sustaa
remedy to poweraurce is still very much desired. O
of the promising activities could be the energybating
utilizing the flow energy inside the pipeline topgly the
electronics. As MEMS sensing chip has the room
integration that would add value to the cun
technology, the additional functions ideally shatilude
in situ calibration or verification, secleaning of
possible additives on sensor surface, and detajkes
composition information.  Further, for the mass
deployment of the MEMS mass flow mrs in the tariff
system, it is essential to establish the intermafi

standards that shall be particular for the techyplas
well as for the benefits of both the gas providard the
end users.
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