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1 INTRODUCTION

Ultrasonic flowmeters (USFM) are often operated at pressure and temperature conditions that
are different from the pressure and temperature conditions under which the static (dry) or
dynamic (wet) calibration was carried out. During dynamic calibration, the systematic errors
are brought to zero by determining and then applying the meter flow calibration factor. The
meter’s reference conditions then become those of the dynamic calibration. Any subsequent
change in temperature or pressure will alter the physical dimensions of the meter and, if not
corrected for, will introduce a systematic flow measurement error.

Recent work ([1], [2]), has drawn attention to the lack of consistency and traceability between
International Standards [3] and Industry practice ([4], [5]) as to how to deal with calculation or
estimation of this type of systematic error in a manner that is suitable for a range of types of
USFM. Whilst occasional references to background work such as [6] are made, that work is
typically restricted to a narrow range of application or type of meter body and care needs to
be exercised in drawing general conclusions to the importance of these systematic effects in
a wider context. This lack of consistency and traceability is understandable given that
accuracy requirements have moved on since many of those standards and practices were
originally conceived when perhaps 1% error was an acceptable goal for USFMs. However,
due to improvement and development in USFM technology and extension of its areas of
application, the demand at fiscal metering level is now for correction of any systematic errors
greater than 0.1%. Hence there is a need for clarity, consistency and tracability in how these
corrections are calculated.

In the course of executing work [7] sponsored by the Norwegian Petroleum Directorate
(NPD), the basis of a methodology for direct calculation of these systematic errors was
developed as a means of checking the results of a Finite Element (FE) modelling project [1],
[2]. That basic methodology uses the fundamental equations of Roark [8] and has
subsequently undergone significant further development and simplification into the process
described in this paper.

The method can be used on its own or if the meter body is complex in shape, to supplement
or check the results of FE analysis and is now scheduled for inclusion in the forthcoming
release of ISO 17089-1 [9] and in a simplified form in the planned revision to BS 7965 [3].

2 THE METHODOLOGY
2.1 General Approach and Background

In the following Sections 2.2 through 2.5, a simple and quick approach is given to allow an
initial estimate to be made of the flow error caused by temperature and pressure conditions
that differ from the calibration reference condition. If this error is significant relative to the
uncertainty required for the particular class of meter being considered, a more detailed
calculation can be performed as described in Section 2.6 to obtain a more precise value for
the flow error. Annex A provides a more in-depth explanation of the detailed calculation
process and its background as well as a worked example.

The process provides a method of estimating the systematic errors due to meter geometry
changes regardless of the particular type, make or model of time-of-flight spool meter or of
the fluid being used. The methodology does not however apply to clamp-on USFMs such as
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those in BS 8452 [10] since these will generally measure pipe diameter and wall thickness
under actual operating conditions.

>

A simple time-of-flight layout is shown in d+ A X
Fig.1. For any given path, the indicated flow <A ' A
can be written in the following standard form AN
in terms of the meter internal diameter, D, 2 R ¢
the path-length, L, and the transducer axial I J/i_ ___________ D | _|lD
separation, X, rather than path angle, ¢ L

>V .
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Fig. 1 - Basic time-of-flight setup
For the simple meter arrangement shown in
Fig.1, X is obtained from simple trigonometry as X = L.cos¢

Geometry change causes two primary effects:

e |t changes the actual acoustic path length and path angle between a given transducer
pair and consequently, if uncorrected, introduces a path velocity error and hence gives
rise to a flow error.

e Any diameter change will result in an area change and, if ignored, will introduce a further
flow error.

Using equation (1), the ratio between Q, at a reference calibration condition and Q; at
different conditions can be written as a flow correction factor [4], Q1/Qo, given by:

2 2
& = (&j (ij [&] 2)
Qo Do L, Xy
This form is useful since it separates the flow area effect, D?, from the path-length effect, L2,
from the axial extension effect (or path angle effect), X.

Alternatively, the equivalent form to (2) but expressed as a relative flow error, 4Q/Q, can be

used:
AQp _ Q

-1 (3)
Q Q

Temperature and pressure are independent effects that need to be evaluated separately and
both effects need to be taken into account for a given situation. The respective effects can
work either in the same direction or in opposition to each other. For example, a pressure
increase associated with a temperature decrease will partly cancel each other whilst a
pressure increase in combination with a temperature increase (or pressure reduction in
association with a temperature reduction) will reinforce the correction effect needed.

In a multi-path flowmeter, the effect has to be calculated for each of the individual paths and
the effect on total flow obtained after integrating the flows once the path-weighting factors
have been applied.

As described in Annex A, Section A.1, the geometry-related correction calculations can either
be carried out as a single-stage or a three-stage calculation. A single-stage is preferred for
the initial estimate.
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2.2 Correction For The Body Temperature Change

For all meter types, the geometry-related temperature correction for the effect of a
temperature difference, AT, can be given as a straightforward analytical solution related to the
material thermal expansion constant and is relatively easy to account for since it expands the
dimensions according to:

L, =L,(1+aAT)
X, = X, ([L+a.AT) (4)
D, = D,(1+ a.AT)
Using equation (2), the flow correction factor due to a body temperature change is therefore
given by:

Q1+ aATP =+ 3.0AT +3(@AT) +(@AT)) (5)

0

Other than in extreme situations, a.AT is generally very small and equation (5) can be

simplified to:
(&j =1+3.a.AT (6)
QO bodytemperature
Or alternatively, expressed as a flow error:
A
[—QJ —3.a.AT 7)
Q bodytemperature

Table 1 gives typical values of thermal expansion coefficient for common body materials and
Fig.2 shows a graphical presentation of equation (7) for two of those materials.

Table 1 — Common Thermal Expansion Coefficients in the 0 - 100°C range

Material a (M/m°C)
Carbon Steel 12.10°
Stainless Steel (Austenitic) 10.10°
Stainless Steel (Ferritic) 13.10°
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Fig. 2 - Temperature related flow error for two example material types

Fig.2 can be used to quickly estimate the percentage correction required for a given
temperature change. The example point for a 23°C temperature change with an Austenitic
Stainless Steel body shows a 0.07% correction. If AT is positive, AQ/Q will be positive and
the meter will under-read the flow by the indicated amount. If AT is negative, AQ/Q will be
negative, i.e. the meter will over-read the flow.

For large temperature differences, for example in cryogenic applications, it is recommended
that the more exact form of temperature correction given by equation (5) is used in preference
to the simplified version of equation (7).

2.3 Initial Estimate For The Body Pressure Correction

The geometry related pressure correction is complex and depends on the design of the meter
body, its end connections and the way the meter ends are supported in operation.

The equations of Roark [8] for generally cylindrical bodies are used as the basis of the
analysis. These have for many years been taken as the fundamental basis for stress analysis
of pressure vessels and are derivations from the basic Lamé-Clapeyron equations of 1833.
Annex A, Section A.2 gives the detailed derivations used.

In the present USFM market, the various meter designs offered can be grouped into three
broad categories:

" Welded-in cylindrical body designs
" Meter bodies consisting of a pipe with welded-on flanges
" Non cylindrical meter body designs, for example those based on casting

The following sub-sections provide a means of making an initial estimate of the pressure
related flow error for any body type.

2.3.1 Initial simple estimate for any body type

As a first stage in estimating the pressure effects, a general basic expression can be derived
assuming the meter body consists simply of a cylindrical pipe. An estimate of the maximum
expected flow error due to a body pressure change, AP, is (as described in Annex A, section
A.7) given by:
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2 2
(&J :4.A_R:4.(a2;R2+JJ.A_P @
Q bodypressure,max imum R a”-R E

If the meter body is irregular or non-cylindrical (for example as might be the case for a cast
body), then for the purposes of this initial estimate the value of outside radius, a, should be
taken as the point where the wall is thinnest since this will give the largest estimate of flow
error.

Equation (8) can be presented in graphical form as shown in Fig.3 for a range of values of
d/R, i.e. the ratio of wall thickness to internal radius d/R = (a-R)/R = (a/R)-1, and provides a
rapid means of estimating the maximum expected flow error due to body pressure changes.

The figure is plotted for a body material with Young’s Modulus of 2*10"" N/m? and a Poison’s
Ratio of 0.3. The example of a 63 bar AP shows the maximum expected pressure induced
error to be 0.06% for a d/R = 0.25. If AP is negative, AQ/Q will be negative (i.e. the meter will
over-read the flow).

Since equation (8) and Fig.3 provide a maximum expected error, the reader can if they
desire, go straight to Section 2.5 (taking Kg = Ks = 1) to assess the significance of the error
without the need of the refinement in the initial estimate provided in the following Sections
2.3.2 and 2.3.3 since these will result in a lower value for the flow error.

0.24% " ,
£ 022% A 7
£ 0.20% - |~
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§ 0.16% - :
2 Zo.14% [
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= 2 ! -
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Fig. 3 - Maximum expected pressure related flow error for different d/R ratios
2.3.2 Refinement in initial estimate to account for different meter body designs

Flanged ends or irregular shape to the body will stiffen the body compared to the simple
cylindrical pipe approach used in Section 2.3.1. Consequently, the body expansion and
resulting flow error will be less than that given by equation (8) and Fig.3. To compensate for
this local stiffening effect a body “style correction factor”, Ks, is used to give a revised
estimate of the flow error:

AQ AQ
Q bodypressure, revl Q bodypressure, max imum

Ks will always be less than or equal to 1. The value of Kg to be used for a given body type is
as follows:
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e For a welded-in body with no flanges within 1.Dp of the ultrasonic transducer locations, Kg
=1, i.e. the meter body behaves as a simple pipe.

e For a flanged meter body (for example, consisting of two flanges welded to a pipe), or
welded-in design where neighboring flanges are within 1.Dp of the transducer positions,
the value of Kg has to be calculated as described in Annex A, sections A.3.

e For irregularly shaped meter bodies, for example cast bodies, Ks is obtained as follows
based on an average flow error:

i. Equation (8), or Fig.3, is used to obtain a 2" flow error, y, but this time based
on the thickest wall section.

ii. Ksisthen calculated as, Ks = 0.5 (1+ y/x) where x = the initial estimate based
on the thinnest wall section.

2.3.3 Refinement in initial estimate for effects of end loading and end support or
constraint

Equation (8) and Fig.3 are based on the worst case conditions for radial body expansion (no
end loads and free-ends). The effect of the best case conditions (pressure end loads and
free ends) for minimal radial body expansion can be taken into account by introducing an
“end correction factor”, Kg, given in Fig.4 (for a poison’s ratio = 0.3).

0.90

y =-0.1220x% +0.1913% + 0.8501

End correction factor, Kg
= = = = =
(] [mn} [mn} [mn} (]
m [n3] | [mn] [iu]
1 1 1 1 1

[aen]
.84 T T T T 0.:2s0
0.o0 0.05 010 015 0.20 0.25 0.30
Ratio of d/R

Fig. 4 - End loading and support correction factor Kg

This is derived simply from the ratio of equations (A.5) and (A.7) in Annex A. In the example
in Fig.4, Kg = 0.89 for a d/R ratio = 0.25. Note that the smallest value Kg can have is 0.85.

The combined flow error AQ/Q then becomes:

[&j :KE .KS(£] (10)
Q bodypressure Q bodypressure,max imum

Note, equation (10) gives an estimate of the expected minimum flow error. It can therefore be
used in combination with the maximum flow error (i.e. with Kg = Ks = 1) to provide an initial
estimate of the range or tolerance in expected flow error.

2.4 Effects Of Transducer Ports

The combined impact of the transducer and the transducer port are normally an order of
magnitude smaller than the effect on the meter body and can be neglected for most cases.
Any effects due to the speed of sound dependence of the recess are neglected for the
purposes of this method. However, for reference, Annex A, Section A.5 provides a simple
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calculation method that includes an estimate of port effects. The transducer material
coefficients have to be known and for these the manufacturer should be consulted.

2.5 Total Metering Error

The initial estimate of the combined flow error due to a temperature and a pressure difference
is given by:

(&J :(ﬂj +KE'KS'(£j (11)
Q combined ,estimate Q bodytemperature Q bodypressure,max imum

Table 2 provides suggested values as an aid to deciding whether a particular systematic error
is significant or not for particular classes of gas meter.

If the flow error is judged insignificant then it can be dismissed and no further calculation
needed.

If the flow error is deemed to be significant and hence requires correction, the detailed
calculation as described in Section 2.6 can be performed to obtain a more precise flow
correction factor. Note: If calculations in Sections 2.3.2 and 2.3.3 were omitted in the
estimate for pressure effect, a repeat estimate can be performed using those sections to
provide a lowered estimate before reassessing the need for the more detailed calculation.

Table 2 — USM Classifications and Suggested Systematic Error Significance

Typical volume flow SuEsi=d
- level of
e Typical Application FELE UMEERETILY (Trom significant
Class | ' /P PP BS 7965) at 95% 9 _
. systematic
confidence level
error
1 Custody transfer <0.7 % 0.1%
2 Allocation metering <15% 0.2%
3 Utilities/fuel gas <3.0% 0.4 %
4 Process/flare gas <7.5% 1%
2.6 Detailed Calculation Procedure

Sections A.2 through A.6 of Annex A describe the detailed calculation including the pressure
and temperature effects on the transducer ports as well as on the meter body. The detailed
calculation process also allows the effects that individual parameters have on overall flow
error to be assessed. Section A.8 of Annex A provides a worked example and observations
on the method.

The detailed calculation contains estimates of extremes and allows the flow error to be
described in either of the following equivalent forms:

Q1/Qp = X.XXXX £ X.XXXX (12)
AQ/Q = x.xX % £ XXX % (13)

Stating the final flow correction factor, Q4/Qo, to 4 decimal places and flow error, AQ/Q, to 2
decimal places is representative of the general level of accuracy of the calculation method.
Since there will always be some uncertainty as to the actual end-loading conditions on the
meter, the flow estimates will never be more precise than the tolerance values given in
equations (12) and (13).
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3 ADDITIONAL COMMENT

3.1 Use To Support or Check FE Models

Where the meter body is such that the body shape is not a simple cylinder, flanges take up a
significant proportion of the total body length or ports are not simple tubes, an FE model will
provide a more accurate estimate of the body and port dimensions and consequent flow error
obtained from equation (2) than given by the calculations described in this paper.

As a means of checking the values from the FE model, the results for D, X, L and port lengths
can be compared against those obtained from equations (A.5) through (A.8) including any
flange or body style correction effect as in Sections A.3 where relevant and port effects as in
Section A.5. If the meter body wall is irregular or non-cylindrical (for example as might be the
case for a cast body) then, for the purposes of checking against the FE model, the direct
calculations can be run for two scenarios: one where the outside radius, a, used in equation
(A.5) through (A.8) is taken as the point where the wall is thinnest and then for the case
where the outside radius is based on the point where the wall is thickest.

Since FE analysis deals with absolute change in physical dimensions, closer agreement with
the direct calculation method of Sections A.2 through A.6 in Annex A will be obtained for
actual meter dimensions D, X and L at given conditions if the calculation and FE runs are
carried out as a three-stage process as described in Annex A, Section A.1

Care however needs to be taken in choice of the boundary conditions used for the FE model
since these are often not easy to estimate for a given installation. It is recommended that
models are run for a variety of different boundary conditions so that the sensitivity to the
boundary conditions can be assessed. This is essentially similar to including the No-Ends
and Capped-Ends cases in the direct calculation approach of Annex A, Sections A.2 through
A.6.
3.2 Intentional Use of Thin-Wall Equations Beyond Their Normal Limits

In the fields of stress analysis and pressure vessel design, it is generally accepted that thin
wall theory is only applied where d/R < 0.1. The reasons for this are that as d/R increases
the difference with the more exact thick-shell theory grows unacceptably large at least as far
as prediction of wall stress levels are concerned. Fig.5 shows the effect on AR/R of the
various approaches (as given in equations A.5, A.7, A.9 and A.11) for different d/R ratios.

Fig.5 shows that d/R ratios higher than 0.1 give differences in AR/R of more than 10%
compared to the thick-shell theory for the same end loading conditions. For example, if d/R =
0.247 the differences are 21% to 27% depending on which loading configuration is applied.

1.4 0.247
Capéled Ends !

s34 Mo Ends i
T — = =Thick capped/Thin Mo ends A1 a7
o G Example T
% 1.2 4 {;} 1.21
2 : I
.E 1 1 : - T
£ ] 1.08
= T
i} ] - |
E 1.0 1 T T
[ =T .
=091 RS , —
= Ll Ratio of ARIR using different shell theory

DB T T T T II T T

0.00 0.05 010 015 0.20 025 0.30 0.35 0.40
d/R ratio

Fig. 5 - Comparison of thick-shell with thin-shell theory for different d/R ratios
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If one mixes the loading cases and uses the thin-wall No-Ends equations for a thick-wall
Capped-Ends situation, then one overestimates AR/R for d/R ratios < 0.16 and
underestimates for d/R ratios > 0.16. For example, if d/R = 0.247, the underestimate in AR/R
is 8%

Fig.5 shows that the thin-wall equations predict lower values of AR/R than the more exact
thick-shell theory for the same load conditions. This produces a similar effect to using thick-
shell theory plus an end load correction and body style correction as in Annex A, Section A.5
although how similar will depend on the actual geometry, flange-proximity and end loading
conditions for a given meter.

In combination with FE modelling it may, for these reasons be found that a simple thin-shell
theory gives adequate agreement to FE results for a given meter geometry and can
subsequently be used as a valid means of estimating metering error at other conditions. It
should be cautioned however that this will only apply to the specific meter on which the FE
analysis was shown to give agreement and should not be taken as a general rule that can be
applied to all meters.

4 CONCLUSION

A direct calculation method has been presented that allows estimates to be made of flow
correction for geometry related pressure and temperature effects. The method provides
traceability to its calculations and is applicable to a wide range of types and size of USFM and
should provide a rapid means of estimating these types of flow error either for liquids or gas.
The method also provides traceability to some of the correction equations used in earlier
Standards and industry practice documents. The method can be used as a tool on its own or
if the meter body is complex in shape, to supplement or check the results of FE analysis.

5 NOTATION

A Meter bore section area (m2) T Temperature (°C)

a Outside radius of meter body (m) t time (s)

b Chord diameter ratio % Flow velocity (m/s)

D Inner diameter of body (m) w Mid path ratio

Dp Outer diameter of body (m) W, Average path distance ratio

d Meter body wall thickness (m) X Axial separation of ports (m)
dpo Outer diameter of port tube (m) Y Left path distance ratio

dpi Inner diameter of port tube (m) Z Right path distance ratio

E Young’s modulus of body (N/m?) o Expansion coefficient (1/°C)
= Young’s modulus of port (N/m?) , ot Port expansion coef. (1/°C)

E Young’s modulus of transd. (N/m?) o transducer expansion coef. (1/°C)
Ke End load correction factor A Change in parameter

Ks Body style correction factor P Path angle (°)

L Path length (m) e : ;
L, Port length excluding flanges (m) c Poison’s ratio of body material
L¢ Transducer length (m) ot

N Number of bouznces on given path Subscripts:

P Pressure (N/m©) b
Q Volume flowrate (m3/s) (1) ; )2<e);c parameter at conditions 0,
R Inside radius of meter body (m) o
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ANNEX A
Detailed Calculation of Geometry-Related Temperature and Pressure Corrections
A.l Single-Stage Calculation or Three-Stage Calculation ?
Since the physical dimensions of the meter will most likely have been measured under static
calibration conditions, the flow calibration carried out under dynamic calibration conditions

and the meter used under field conditions, the calculation of the flow correction required
between dynamic calibration and field conditions can be carried out as a three-stage process

(1.

1) Calculate the flow correction from static calibration to dynamic calibration using:
2 2
&:(&j H (X_j A1)
Qo D, Lo Xy
2) Calculate the flow correction from static calibration to field conditions using:
2 2
& — (&] (i) (ﬁ] (A.2)
QO DO I‘0 X 2

3) Calculate the difference between dynamic calibration and field conditions using:

Q2 Q (D) (L)(X A3

Q Q @ D)L )X, '
Or:

Agz,l _ % 1 (A.4)

This three-stage approach is useful if a check on the actual physical dimensions at
intermediate stages within the calculations is required as, for example, might be the case if
specific dimensions are to be compared against FE modelling. However, as can be seen in
equation (A.3), the calculation can be carried out in a direct single-stage (i.e. from dynamic
calibration to field operation conditions) rather than the more lengthy three-stage process
since the actual flow correction between these two conditions involves the relative change in
dimensions, not the absolute values.

A.2 Direct Calculation — Body Pressure Expansion

The effect of a pressure change is to alter the diameter and length of the meter body but the
actual change in dimensions depends on a number of factors including:

The thickness/inner radius ratio of the meter walls {i.e. the ratio d/R = (a-R)/R = (a/R)-1}
The way the meter is supported and attached to or constrained by adjacent pipework
The rigidity of the adjacent pipework

Any axial loading

The general geometry of the meter body and whether it has flanges

The slenderness ratio of the meter (i.e. the overall body length/body diameter)

The way end constraining loads and end pressure loads are applied to the meter will vary
from one installation to another. We use two standard simple load conditions to provide the
extremes in load situation the body will be exposed to; we will refer to these as the “No-Ends”
case and the “Capped-Ends” case. In practice the particular way a meter is installed should
result in conditions somewhere between these two extremes.

11
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For a thick-wall body (i.e. d/R>0.1) with only radial internal pressure but no end loads (the No-
Ends condition) as show in Fig.A.1, for positions well away from ends Roark [8] gives:

AR AP(a*+R?
— = | 7 = +0 (A5)
R Ela"—R
AX —-APo 2.R? (A6)
X E a’-R? '
PN
Uniform radial internal pressure, Radius expands,
No end loads |||]|:j‘> Length shortens <::||]||
N
a) Applied Forces b) Body Movement

Fig.A.1 - Applied forces and resulting body change for No-Ends

And for radial internal pressure plus pressure end load (the Capped-Ends condition) as
shown in Fig.A.2, for positions well away from ends, Roark gives:

TUTy

AR _AP(a’(l+ 0')+ R 2(1 2.0) A7)
R E a*-R
AX _AP(R (21 2.20) "8
X  E| a’-R
PN
R =
Uniform radial internal pressure, Radius expands,
Uniform pressure end loads — <::||]|I Length expands m]l:

100010 = i

- N
a) Applied Forces b) Body Movement

Fig A.2 — Applied forces and resulting body change for Capped-Ends

For a thin-wall body (d/R<=0.1) for only radial internal pressure (No-Ends) and positions well
away from ends, Roark gives simpler equations as:

AR AP.R

—_——_ (A.9)
R Ed

AX —AP.Ro

= (A.10)
X Ed
And, for Capped-Ends:

AR —APR 1—— O.85AP'R forc =0.3 (A.11)

R E.d 2 E.d

12
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AX AP.R
TZE—d(OS—O') (A.12)

For all meter types, the meter ends are assumed to be unconstrained and free to move
axially.

It should be noted that the thick-wall equations (A.5 through A.8) are the more exact since
they also cover the simpler case of thin-wall pipe (equations A.9 through A.12).
Consequently, for all meter body types, thick-shell theory is the preferred approach since this
is more general than thin-shell theory. These equations are often the fundamental basis, but
not specified explicitly, of correction factors quoted in earlier Standards or industry
documents, e.g. [4], [5].

Essentially the choice of whether to use thin or thick-shell theory is based on the ratio d/R. In
practice this effectively means that the choice of equations is related to the pressure rating of
the body since meters for high pressure systems will have thicker walls than meters for low
pressure systems. Generally, meter spools up to ANSI 900 designed in accordance with
ASME rules and using one of the most common steel types (A333 steel), fall in the thin-wall
range. This is also true for many of the ANSI 1500 meters made from high tensile steel.

Thin-wall equations are generally not used where d/R>0.1 but can be used as described in
Section 3.2 for thick wall vessels in combination with FE modelling (Section 3.1) if the
limitations are understood as an alternative to applying a style correction as in Section A.3.

A.3 Direct Calculation — Correction for Body Style Effect or Proximity to Flanges

If portions of the ultrasonic path are closer than one outside pipe diameter, Dp, to flanges or
the body is of irregular shape, the radial expansion will be less than that indicated by
equations A.5 and A.7 (or A.9 and A.11 for a thin-walled body) due to local stiffening effects.
To compensate for this local stiffening effect a “style correction factor”, K, is introduced.

K, will always be less than or equal to 1 and the value used for specific body types is:

e For a welded-in body with no flanges within 1.Dp of the ultrasonic transducer locations,
Ks = 1, i.e. the meter body behaves as a simple pipe.

e For a flanged meter body (for example, consisting of two flanges welded to a pipe), or
welded-in design where neighboring flanges are within 1.Dp of the transducer positions,
the value of K is calculated as follows:

It is assumed that the diametral expansion varies linearly from zero at the flange to the value
given by equations (A.5) and (A.7) (or A.9 and A.11 for thin-wall) at one external diameter or
greater from the flange. It is also assumed for simplicity that the flange correction only affects
the radial expansion of the body, not the linear expansion in the vicinity of the ultrasonic
paths.

The transducer port positions are described as shown in Figure A.3 in terms of the body outer
diameter Dp.

A
i
A
Y
A

W.Dp

mid-path position

Fig. A.3 - Transducer port proximity to flanges
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Since the ultrasonic path covers a range in axial distance from a flange, the average path
distance, W,.Dp, is calculated from three positions on a given path; W, at the mid-path
position and Y and Z, at the actual transducer locations. W, Y and Z are distances to the
nearest flange from their respective positions.

If any of the values of W, Y or Z are greater than 1, then the value used for that parameter in
the calculation is limited to a value of 1.

Where the meter’'s transducers are clearly all closer to one flange than the other, the
alternative arrangement as in Figure A.4 is used.

Y.D

2 S 2o

| v |

De i W.Dp
|
Y i

mid-path position

Fig. A.4 - Transducer port proximity to flanges — long meter with offset ports

The average path distance, W,, from a flange is calculated from:

W,.D, = {W}.DP (A13)
The style correction, K, is obtained using:
W
Ks = 1a (A.14)

A stiffening effect will also occur near any part of the body which has features such as
branches or welds. These generally create less of an effect than proximity to flanges since
they typically occupy only a small portion of the body circumference.

A4 Direct Calculation — Combined Pressure Correction Effect

The radial expansion of the body, including flange correction, is calculated from:

D, =D, 1+ K, 22 :D0(1+ KS.A—RJ:&:1+ K AR (A15)
D, R) D, R

The axial expansion of the body is calculated from:

ij St (A.16)

X, = X0(1+— :>—=1+&
X X, X

Note as previously mentioned, the style correction effect is only applied for the radial
expansion of the body as in equation (A.15)

The path length is calculated from:

, , , b.DI D
L, =(N +1)?-b%.D,” + X, (A17)
|-12 =(N +1)2 'bz-Dlz + Xlz (A-18) Fig. A.5 Chord Ratio
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Note that, N = O for a single traverse path and from Fig A.5, b = 1 for a diametral path.

Hence, for a given meter with a known wall thickness, d, and initial geometry X,, Dy and Lo at
reference conditions, the revised dimensions X, D4 and L can be calculated for the pressure
difference using equations (A.15) through (A.18).

The flow correction factor is then calculated using:

2 2
D L X
QO bodypressure DO LO Xl
The error correction obtained from equation (A.19) for the No-Ends case and for the Capped-
Ends cases are calculated as described in Section A.2, to give a range of correction factor.

This range should generally be small and the process sufficient to provide an indication of the
flow correction required.

A.5 Direct Calculation - Expansion Effects in the Transducer Ports

In addition to the effects that pressure and \
temperature changes have on the meter body L)
they also alter the lengths of the transducer s
ports. This actually moves the position of the X

transducer face and hence affects the acoustic >4 A L
path-length. Although this effect is generally 7\ - N / L :
small, a simple procedure is included here to . P ¢ R
allow the effects on the ports to be estimated. " ¢

Fig. A.6 shows the port geometry dimensions LT\
used for this assessment.

Temperature and pressure corrections are
treated separately and for both, the only effect
that is considered here is the path length .
change. ‘ )

e Temperature Correction - Due to the Fig. A.6 - Port dimensions
way the transducer is secured into the
port, it is generally held at the end of the port. The consequence of this is that any
expansion of the port itself will occur in the opposite direction to the expansion of the
transducer; hence the expansions will to some extent cancel depending on the relative
thermal expansion coefficient of the port material, a,, and the transducer material, o.
The change in transducer face position, 4L, due to temperature is given by:

AL =L (@, AT —a, AT)= L (a, —a, AT (A.20)

This is the change in face position in each port so the effect on a given ultrasonic path
will be 2*AL;. Assuming there is no diameter change or axial change equation (2), solely
for the port expansion, simplifies to:

2 2 2
(&j _ [h] _ { L, + 2.ALt} _ {u 2L (@, - )AT oy
QO porttemperature LO LO LO
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For small values this gives:

4L \a, —a, AT
&] = {1+ i P J (A.22)
QO porttemperature LO
or alternatively:
L
ﬂj —4(a, —a )L AT (A.23)
Q porttemperature I‘0

e Pressure Correction — The pressure effect on the port and the transducer act in the
same direction; the port is stretched whilst the transducer is compressed. For this simple
approach the port and transducer are assumed to act as simple linear elastic materials.
The linear strain in the port walls is given by:

d.’ L d .’
AL :Lt.A—P+L AP % :Ap_hjL_P. pi

—_ — P 1| (A24)
p Et p Ep deZ_dpiZ Et Ep deZ_dpiZ

This is the change in face position in each port. Assuming there is no diameter change
or axial change equation (2), solely for the port pressure expansion, simplifies to:

2 2 2
L, +2.AL 2.AL
[&] = [iJ _ [M} - [1+ P } (A.25)
QO portpressure LO LO LO
this for small values gives:
(&] = {1+ AL, } (A.26)
QO portpressure LO
or alternatively to:
AL
(ﬂ} Y P (A.27)
Q portpressure LO

e Combined port correction — This is calculated using:

o) 68
QO ports QO portpressure QO porttemperature

A.6 Direct Calculation - Combined Flow Correction

The combined flow correction factor for a given set of pressure and temperature conditions is
obtained from:

&:(&] [Q_] [Q_] "29)
QO QO bodypressure QO bodytemperature QO ports
which can be expressed as the flow error:
A
& — Q_X -1 (A.30)
Q Q
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For small values of correction this simplifies to:

A A A A
Qo Z( ij { ij +[ ij (A.31)
Q QO bodypressure QO bodytemperature QO ports

Two values for the combined flow correction are obtained; one using the No-Ends pressure
correction and one using the Capped-Ends pressure correction described in Section A.2.
This allows the flow error to be expressed in either of the equivalent forms as in equations
(12) and (13), i.e. Q/Qp = x.xxxX £ X.Xxxx or AQ/Q = x.xx % £ x.xx %

A7 Calculation of an Initial Estimate for the Maximum Body Pressure Effect

To provide the initial estimate of the body pressure effects used in Section 2.3.1, for simplicity
the axial change in X and any flange proximity or body style effect, Ks, are neglected; i.e.
Ks=1. Using equations (A.15), (A.17) and (A.18), equation (A.19) reduces to:

pY(LY (p)Y(Dp,) (D) AR
(&j =[_1j (_1J =(_1J [_1j =(_1J =[1+_j (A.32)
QO bodypressure, estimate DO LO DO DO DO R

For small values of AR/R this reduces further, by ignoring higher order terms, to:

4
(&j =[1+A_Rj ~1+4.2R (A.33)
QO bodypressure,estimate R R

or in terms of AQ/Q gives:
Q AR

[ﬁj =<t-1=4.— (A.34)
Q bodypressure,estimate Q0 R

The No-Ends, Thick-wall equation (A.5) is used for AR/R to give a worst-case estimate
since it produces the largest change in AR/R for a given applied AP. Hence the
maximum expected AQ/Q due to body pressure change effects is given by:

2 2
(ﬂ] =4.A_R=4(32;R2+0_).A_P (A.35)
Q bodypressure,max imum R a - R E

A.8 Worked Example - a Flanged-Body Spool Meter
A.8.1 Meter details

Note, only details marked* are needed for the initial estimate

Body Inner radius* = 183.25 =R, (mm)
Body outer radius* = 228.6 =a (mm)
Wall thickness* = 45.35 =d (mm)
Transducer Port length = 230 =L, (mm)
Port outer diameter = 50 =dpo (mm)
Port inner diameter = 32 =dp; (mm)
Proximity of port to left hand flange* = 366 (mm)
Proximity of port to right hand flange* = 686 (mm)
Single bounce path = 1 =N --

Chord diameter ratio 1 (i.e. diametral path) =b --
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Path Angle

Path Length

Transducer Separation

Body Material Young’s Modulus*
(N/m?)

Poison’s ratio*

Thermal Expansion Coefficient*

Port length excluding flange

Transducer diameter

Transducer length

Transducer Thermal expansion

(estimated)

Transducer Young’'s Modulus

(estimated)

Static-calibration conditions

Dynamic-calibration conditions*

Field operation conditions*

Meter Class

These are first used to calculate some common basic parameters:

Wall thickness ratio, d/R
Meter external diameter
Flange proximity — closest

- further

- mid-path

Body style correction factor

A.8.2

Initial flow error estimate

70 =¢ ()
780.117 =L, (mm)
267.007 =X,  (mm)

= 2.00e+11 = E
0.3 =c

1.26e-05 =a (1/°C)
220 =Lp (mm)
32 = d; (mm)
230 =L (mm)
1.5e-05 = o4 (1/°C)
1.9e+11 =E (N/m?

0 bar gauge, 20 °C

63 bar gauge, 7 °C

230 bar gauge, 40 °C

1 (Custody Transfer)

0.2475 implies “thick-wall”
2%228.6 =457.2 =Dp
366/457.2 =0.8 Dp =>7=0.8
(366+267)/457.2 = 1.38 Dp =>Y =1
(366+0.5*267)/457.2 = 1.09 Dp =>W =1
(W+Y+2)/3 =2.8/3 =0.93 =Ks

Using the simple estimates from Figures 2 and 3 of Section 2.2 and 2.3.1, the expected AQ/Q
flow errors from dynamic-calibration to field operating conditions are +0.13% for AT=+33°C,

and +0.16%%0.93 = + 0.15% for AP=+167 bar.

From Fig.4, for d/R = 0.247, the end correction Kg = 0.89 and this gives a lower estimate of

0.13% (i.e. 0.89 *0.15%) for the pressure term.

This gives a combined initial estimate for the flow error of +0.26% to +0.28% (or 0.27% =+
0.01%) which is, referring to Table 2, significant for a Class 1 meter and therefore a detailed

calculation is needed.

A.8.3 Common elements to a detailed calculation

Common elements to the detailed calculation for any AP and E ratio are:

Port pressure length change from equation (A.24)

230

220

32°

AL, = AP[

_+_
19e+11 2e+11

R

AR [ 228.6% +183.252
228.62 —183.252

|

Equations (A.5) through (A.8) give, for No-Ends:

50% — 327

H =1.97367*107° * AP

AP

— =4.89585—
E

+O.3j
E
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2
A pas| 2218325 AP _ 4 7876 AP
X 228.6° —183.25 E E
and for Capped-Ends:
2 2
A_R: 1.3*228.62+0.4*1823.25 A_P_435647A_P
R 228.6° —183.25 E E
2
AX _ O.4=!2<183 .25 AP _071917A_P
X 228.6% —183.252 E

Note: the ratio between Capped-Ends and No-Ends, i.e. Kg, for AR/R is = 4.35647/4.89585 =
0.89 as would be obtained from Fig.4.

For interest, the thin-walled pipe equations (A.9) through (A.12) would give, for No-Ends:

AR 183 25 AP 04079A_P
R 45.35 E
AX _ _g3#183254P 21224£
X 4535 E E
and for Capped-Ends:
A—R =0.85x* —183 25 A—P =3. 43467A—P
R 4535 E E
AX 04 18325AP 00016 AP
X 4535 E E

The thin-wall results are only shown here for example since the actual d/R ratio being used is
0.247. Note however that the ratio of thick-wall to thin-wall AR/R = 4.89585/4.04079 = 1.21
for d/R = 0.247 for No-Ends and AR/R = 4.35647/3.43467 = 1.27 for Capped-Ends. These
were the values used in the example in Fig.5.

A.8.4 Single-stage detailed calculation

For the example, the temperature and pressure difference between dynamic-calibration and
field operation is: AT =40 —7 = +33 °C, AP = 230 — 63 = +167 bar. This gives:

AP/IE  =167*10%2*10" =83.5*10°
AL,  =167*10°*1.97367*107 =0.03295

1) Body temperature effect from equation (6):
Qi/Qy =1+3*1.26*10"*(33.0) =1.001247

2) Body pressure effect from equation (A.5) through (A.8) and equation (A.35):

No-Ends: AR/R =4.89585*83.5*10° =4.08803 * 10™
AXIX  =-1.07876*83.5*10° =-0.90076 * 10™

Initial body pressure estimate = 4. AR/R =0.164%

Capped-Ends: AR/R =4.35647*83.5 *10°® =3.63766 * 10™
AX/X =0.71917*83.5 *10° =0.60051 * 10™
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Combined body pressure effect from equations (A.15) through (A.19) with Ks=0.93:

No-Ends: Di/Dy = (1+0.93*4.08803*10™) = 1.000380

D, = 1.000380*366.5 = 366.6393

Xi/Xo =(1-0.90076*10%) =0.999910

Xi = 0.999910*267.007 = 266.9830

L, = {(2)**1*366.6393°+266.98307}°° = 780.3701

L/L, =780.3701/780.117 = 1.000324

Q./Q, =1.000380°*1.000324°/0.999910 =1.001499
Capped-Ends: Di/D, = (1+0.93*3.63766*10™) =1.000338

D, = 1.000338*366.5 = 366.6239

Xi/Xo = (1+0.60051*10) = 1.0000601

Xi = 1.0000601*267.007 = 267.02304

L, = (4*1*366.6239°+267.02304%)>° = 780.3548

Li/Ly = 780.3548/780.117 = 1.000305

Q./Q, = 1.000338°*1.000305°/1.0000601 =1.001226

3) Port effects from equations (A.23), (A.27) and (A.28):

Temperature  Q4/Qq
Pressure Q4/Qq
Combined Q4/Qq

{1+4*230%(1.25-1.5)*10°%(33)/780.117}= 0.999903
(1+4*0.03295/780.117) = 1.000169
0.999903*1.000169 = 1.000072

4) Overall combined flow correction from equation (A.29):

No-Ends: Q4/Qy =1.001247*1.001499*1.000072 =1.002820
Capped-Ends: Q4/Q, =1.001247*1.001226*1.000072 = 1.002547
Q4/Qq =1.002684+0.000136

=1.0027 + 0.0001
In terms of AQ/Q from equation (A.30) this is:

AQ10/Qo = +0.2684 % + 0.0136 %
= +0.27 % + 0.01%

A.8.5 Three-stage detailed calculation

For the sake of brevity, only the key outcomes of a worked example of a three-stage
calculation are included here. The three-stage calculation involves using the common
elements from Section A.8.3 (with Ks=0.93 and Kg=0.89) and a comparison of the difference
between a repeat of the calculations of Section A.8.4 but for the two conditions for the
temperature and pressure difference namely:

Case 1) - Static calibration to dynamic calibration, i.e. AT =7-20=-13 °C, AP = 63 bar.
Case 2) - Static calibration to field operation, i.e. AT =40 —-20 = +20 °C, AP = 230 bar.

Table A.1 shows the outcome of the calculations.

Table A.1 — Key outcomes of a Three-Stage calculation

Case 1) to
Parameter Q./Qq Case 1) Q./Qq Case 2)

Case 2)
Initial body pressure estimate | AQ/Q = +0.062% AQ/Q= +0.23% | -
Body Temperature 0.999509 1.000756 1.001248
Body Pressure No-Ends | 1.000557 1.002070 1.001512
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Capped-Ends | 1.000463 1.001690 1.001226
Ports (AP & AT effects) 1.000102 1.000170 1.000067
Combined Correction 1.00012+0.00005 1.00281+0.00019 1.00269+0.00014

Factor

+0.012%20.005% | +0-281%20.019

0, 0,
% Flow Error AQ/Q % +0.269%+0.014%

A9 Observations on the Example Calculation

Note that, for the sake of calculation accuracy, individual values during the calculations have
generally been quoted to six significant figures but it should be realised this does not reflect
the implied accuracy of the prediction method. It is felt that as stated in Section 2.6, the final
overall flow correction factor, Q,/Q4, should be quoted to 4 decimal places and AQ/Q value to
2 decimal places.

It can be observed that in terms of final flow correction error between the dynamic-calibration
conditions and operating conditions, the difference between the direct single-stage calculation
of section A.8.4 and the more complex three-stage approach of section A.8.5 are negligible.
As mentioned in Section A.1, the three-stage approach may however be more useful to
compare intermediate results and specific dimensions with those from an FE model.

It is also noticeable that the initial flow error estimate made in section A.8.2 using the simple
approach outlined in Section 2.3 is the same as the result of the more detailed calculation of
sections A.8. This is most probably a feature of the example chosen since it would be
expected there would be some minor difference.

The intermediate stages in the calculation are useful to gauge the relative sizes, and hence
importance, of the flow correction effects due to:

e Initial body pressure estimate — The initial body pressure effect estimates were 0.062%
and 0.23% for the two cases examined and these compare with values of 0.056% and 0.21%
from the more detailed calculation. In both cases, as expected, the initial estimate is higher
than the more detailed calculation.

e Meter end loading conditions — the variation in end loading only affects the change in
body dimensions due to pressure effects. The use of the No-Ends condition and the Capped-
Ends condition provides an indication of the sensitivity of the correction to the end loading
conditions. In the two cases looked at, the variation between the No-Ends and Capped-Ends
cases is only +0.05% to +0.06% for Case 1 and +0.17% to +0.21% in Case 2. This would
indicate that the end-loading conditions are of secondary importance.

e Body pressure effect — for the two cases considered, the body pressure was of the
order of +0.05% in Case 1 (63 bar) and +0.2% in Case 2 (230 bar). Of that, the area effect,
due to (D4/D,)*, was of the order of 0.027% and 0.09% respectively for the two cases; hence
the area effect accounts for roughly half of the flow correction.

e Body temperature effects — for the two cases considered, the body temperature effects
were -0.05% for Case 1 (-13°C) and +0.08% for Case 2 (+20°C). This would indicate that
temperature effects are as important as pressure effects. Note that in Case 1, because the
AT was negative, its effect partly cancelled the pressure effect whereas in Case 2, AT was
positive and its effect added to the pressure effect.

e Port effects — Due to the way transducers are held into the port it is possible for the
temperature effects to cancel (i.e. port extension is cancelled by transducer growth). The
combined pressure and temperature effect in Case 1 was +0.01% and for Case 2 was
+0.02%. This would indicate that transducer port effects are an order of magnitude smaller
than either the temperature or pressure effects on the meter body itself.
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e Comparison against the results of an FE model — The pressure and temperature
conditions and meter dimensions used in the worked example have been based on a meter
and conditions that have also been used in an FE model [1], [2]. Results from the FE model
show flow errors of +0.003% to +0.006% for single-bounce diametral paths for Case 1 and
combined flow error for the difference between Case 2 and Case 1 of +0.264% to +0.272%.
These compare very favourably with the +0.0121% * 0.0047% for Case 1 and +0.27% +
0.01% for the combined Case 2-Case 1 calculated above in section A.8. Agreement is to
within 0.01% on overall % flow error.

It is realised that these observations are made on the particular cases examined in this
specific example. It can consequently be expected there will be some variation between the
importance of different effects with different metering models and operating conditions. It is
however expected that the relative importance of specific effects will still be consistent with
the observations made from the example calculations.
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