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1: Items Completed During this Quarterly Period:

	Item #
	Task #
	Activity/Deliverable
	Title
	Federal Cost
	Cost Share

	13
	5
	Quasi transient pack sensitivity analysis
	Summary analysis report of quasi transient pack performance
	$11,395
	$11,395

	16
	2
	Overlapping zone description and documentation
	Results to be included in quarterly report
	$9,615
	$9,615

	19
	1
	Quarterly project management & status update
	Submit 5th quarterly report
	$1,246 
	$3,446


2: Items Not Completed During this Quarterly Period:

	Item #
	Task #
	Activity/Deliverable
	Title
	Federal Cost
	Cost Share

	7
	4
	PODS draft SCADA interface data model
	Results to be included in quarterly report
	$23,796 
	$23,796 

	13
	5
	Quasi transient pack sensitivity analysis
	Results to be included in quarterly report
	11,395
	11,395

	17
	7
	Simplified equations of state and CHDP estimation
	Summary report comparing simplified equations of state to detailed methods
	$22,510
	$22,510

	18
	2
	Host site implementation of overlapping zone balancing
	Results to be included in quarterly report
	$16,678
	$14,478


3: Project Financial Tracking During this Quarterly Period:
Note that this chart reflects Federal share only.
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4:  Project Technical Status 
Host Site Data

The data quality review of the host site data has been completed. Some very minor issues were identified; none that would substantially impact LAUF calculations. 

The host data has been added to a database and blinded of operator specific identification information per the terms of PRCI’s non-disclosure agreement with the host site. Stored procedures have been generated to retrieve the data based on a specified time period and the operational zone where the data resides. 
PODS draft SCADA interface data model

Work was started but has been halted as the model should be built upon lessons learned from receiving and processing the operator data as well as the Quasi transient pack sensitivity analysis. This is not expected to alter the planned completion date of the project. A meeting is planned for the first week in May to kick-off this portion of the project.
Flow Pattern Matching

Flow pattern matching analysis proof of concept has been completed and is being codified in a software library. The development of this software library is not part of the scope of this project but is being done at PRCI’s expense as (1) a method to more efficiently process the host site data and (2) to better facilitate potential integration of the methods into end user environments.
The details of performing flow pattern matching has been included in the draft final report as Appendix D.

Overlapping zone description and documentation
The following content has been drafted as an Appendix to the draft final report and outlines the process for ‘calibrating’ inline flow meters.

Process to Calibrate Inline Meters

The simplest process to calibrate inline flow meters is to take a set of data that is known to be reliable and excludes abnormal events such as pipeline blowdown/purge; datasets where steady state (or near steady state) operation is preferred. It also assumes that the system is generally well behaved in that the measurement uncertainty is presumed to be small and approximately randomly distributed across all meters with some meters measuring high and others low. The process to perform calibration of all inline meters within a system involves:

1. For a specified flow period (e.g., hour, day, month, etc., a set) sum the apparent receipt and sum the apparent delivery flows.

2. Average the receipt and delivery sums.

3. Normalize the receipt point values such that they sum to the average of the system receipt and delivery flows.

4. Normalize the delivery point volumes.

5. Calculate the flow through the inline meters required produce LAUF for each zone to zero. This will produce the corrected flows for the inline meters.

6. Repeat calculations for additional flow periods with variability in flow rates.

7. Perform a regression using the apparent flows and corrected flows for the inline meters.

a. If there is a low correlation of fit between the apparent and calculated flow through the inline meters, the inline meter may not be repeatable and/or there are significant errors in the system measurement data.

Example Calculations

A sample (subset) of the adjustments made for the simulated system can be found in Table 1. Note that the receipt and delivery adjustments should be close to the value of 1.0. If they are significantly different than 1, the dataset should be evaluated for gross errors. 

Table 1 – System/Zone adjustments for inline meter calibration

	Meters
	Avg Receipt Delivery
	Receipt Adjustment
	Delivery Adjustment
	A Receipt Adjusted
	A Delivery Adjusted

	Set 1
	23.259
	1.000
	1.000
	13.255
	1.037

	Set 2
	24.621
	1.001
	0.999
	15.204
	1.010

	Set 3
	21.861
	1.001
	0.999
	12.840
	1.030

	Set 4
	22.748
	1.001
	0.999
	12.699
	0.977

	Set 5
	24.557
	1.000
	1.000
	15.473
	1.065

	Set 6
	24.034
	1.001
	0.999
	14.572
	0.940

	Set 7
	19.946
	1.001
	0.999
	11.902
	0.919

	Set 8
	20.130
	1.001
	0.999
	12.446
	0.963

	Set 9
	21.230
	1.000
	1.000
	12.839
	0.884

	Set 10
	20.123
	1.001
	0.999
	12.303
	0.975

	Set 11
	18.978
	1.001
	0.999
	11.553
	0.867

	Set 12
	21.044
	1.001
	0.999
	12.968
	0.915

	Set 13
	25.557
	1.001
	0.999
	15.808
	1.087

	Set 14
	25.260
	1.001
	0.999
	15.432
	1.074

	Set 15
	25.883
	1.001
	0.999
	16.473
	0.999

	Set 16
	24.869
	1.001
	0.999
	15.090
	1.163

	Set 17
	24.574
	1.001
	0.999
	15.159
	1.117

	Set 18
	25.290
	1.000
	1.000
	14.773
	1.049

	Set 19
	30.165
	1.001
	0.999
	16.633
	1.341

	Set 20
	31.807
	1.001
	0.999
	18.090
	1.331

	Set 21
	28.778
	1.001
	0.999
	16.209
	1.273

	Set 22
	31.265
	1.001
	0.999
	18.060
	1.294

	Set 23
	31.155
	1.001
	0.999
	17.137
	1.300

	Set 24
	31.721
	1.000
	1.000
	18.944
	1.227

	Set 25
	28.959
	1.001
	0.999
	16.170
	1.315


The corrected inline flows were then fit using a linear regression as shown in Table 2. Note that the root mean square (RMS) values for all of these meters are close to the ideal value of 1.0.

Table 2 – Calculated linear correction coefficients for simulated system inline flow meters

	Type
	Inline 1
	Inline 2
	Inline 3
	Inline 4
	Inline 5
	Inline 6

	Slope
	0.98378
	0.99736
	1.02462
	1.01766
	0.99679
	0.99102

	Intercept
	-0.01476
	-0.00273
	-0.05387
	-0.00042
	-0.02903
	0.00480

	RMS
	0.99998
	0.99989
	0.99993
	0.99989
	0.99995
	0.99994


Using the calibrated values for the inline flow meters (rather than the apparent flows), the zone LAUF values can then be recalculated to obtain a truer picture of the actual zone balances. Note, however, if there are one or more receipt or delivery meters with high errors, recalibration of the inline flow meters may be warranted after the meter errors are corrected. 

[image: image2.emf]y = -5.204E-05x + 1.845E-02

y = -3.123E-04x + 4.578E-03

y = -3.081E-04x - 1.604E-02

y = -8.342E-04x - 1.600E-02

y = -5.469E-05x + 5.819E-03

y = 2.931E-05x + 8.351E-03

-2.50%

-2.00%

-1.50%

-1.00%

-0.50%

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

0.0000 5.0000 10.0000 15.0000 20.0000 25.0000 30.0000

Inline 1

Inline 2

Inline 3

Inline 4

Inline 5

Inline 6

Linear (Inline 1)

Linear (Inline 2)

Linear (Inline 3)

Linear (Inline 4)

Linear (Inline 5)

Linear (Inline 6)


Figure 1 – Inline Meter 'System Calibrations'
Note, the slope /intercept calculated for Inline 4 is not reliable as there is not sufficient variation in the flow for a good regression. 
Figure 2 shows the change in zone balance calculations after the ‘calibration’ of the inline flow meter. The shift in the zone balance after the calibration is an indication of the amount of error in the inline flow meter in its uncalibrated state. Prior to the inline meter calibration process, the inline flow meter was reading approximately 2% high.
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Figure 2 – Example Zone A LAUF change after calibration.
. Note that the calibration of the inline meter for the zone didn’t change the absolute flow of the meter by much (dashed lines, left scale) but had a significant impact on the zone balance (dotted lines, right scale). 
Standardized Methods for Calculating LAUF

While not part of the original scope of the project, it has been identified that there are at least six different methods to calculate lost and unaccounted for (LAUF). We are drafting a document that (1) documents the various methods, (2) recommends nomenclature for indicating which method was used for LAUF calculations, and (3) recommendations on the preferred method. This work is being done as an extra to the project and covered by PRCI. The report will be provided to PHMSA under this project at no incremental cost. PRCI will work with API, AGA, and/or GPSA with an attempt to convert the developed document into an industry recognized standard. This report is approximately 75% complete.
Quasi transient pack sensitivity analysis
A significant amount of analysis has been completed utilizing PRCI transient data. The PRCI data was selected over host site supplied data because it has more granular data and purposely induced transients. The data shows that significant errors in lost and unaccounted are generated is pipeline pack (inventory) is not properly accounted for in gaseous systems. 

Although the work anticipated for the project has been completed, PRCI is working to identify a simplified model that is more accurate than the commonly used steady-state pipeline pack calculation methods. This will require a modification to the databases typically used by pipeline operators for pack calculation in that most existing pack calculation use a volume factor; that will have to be replaced by diameter and length factors to better model the transient effects of pack. PRCI intends to do more work than originally proposed at no additional cost PHMSA. This may impact the project schedule but it is not currently anticipated that it will impact the overall completion date. This will delay the PODS work as compared to its original planned completion date.

The work to date has shown that the existing method of calculating Transient modeling for parametric analysis has been completed. Based upon actual transient data, the LAUF can be significantly in error based on current methods as shown in Figure 3.
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Figure 3 – LAUF Trend during transient conditions

If the pack were properly accounted for, the LAUF would have shown 0% across the board. It is useful to note that the currently used method (LaufInstPkSimple) did not (in this example) produce better results that ignoring line pack changes (LaufInstant) with the note that neither of them performed very well. Splitting out changes in line pack as separate inflows and outflows (LaufInstantWPackAdj) did perform better but still has more error than desirable. 

All of this shows how complicated it is to properly account for line pack inventory during transient flow conditions.

Simplified equations of state and CHDP estimation
Significant work was completed in this area in this period. Multiple ‘simplified’ equations of state were evaluated for compressibility calculations. 
To assess the capabilities of the equation of state models, 80 natural gas compositions were selected, the majority of which were garnered from the informational postings of interstate natural gas companies in the United States. The compositions were wide ranging as indicated in Table 3.

Table 3 – Gas composition ranges

	Parameter
	Maximum
	Minimum
	Average

	Carbon Dioxide
	15.00%
	0.00%
	0.76%

	Nitrogen
	16.81%
	0.00%
	3.26%

	Methane
	100.00%
	68.54%
	86.11%

	Ethane
	24.76%
	0.00%
	7.59%

	Propane
	6.32%
	0.00%
	1.46%

	Normal Butane
	2.87%
	0.00%
	0.36%

	Iso Butane
	1.67%
	0.00%
	0.17%

	Normal Pentane
	1.30%
	0.00%
	0.11%

	Iso Pentane
	0.81%
	0.00%
	0.08%

	Hexane
	0.87%
	0.00%
	0.06%

	Heptane
	0.87%
	0.00%
	0.05%

	Total Inerts
	17.35%
	0.00%
	4.02%

	Specific Gravity
	0.7793
	0.5539
	0.6398

	Higher Heating Value
	1297.3
	900.3
	1075.5


It should be noted that some of these parameters are outside the stated ranges of some of the equations of state. For example, NX-19 has a limit of 15% of total inerts. Pressures for the calculations ranged from 14.73 to 2350 psia (0.1016 to 16.202 MPa) and temperatures from -220 to 300 °F (-140 to 149 °C). Conditions where liquid drop-out was indicated were excluded from the dataset (single phase gas conditions only). In total, more than 20,000 state points were calculated. 

There was more work performed in this area then expected due to the underperformance of many of the methods evaluated. For example, some very common methods used to perform gas compressibility calculations, which are critical for pipeline inventory (pack) calculations had significant errors as shown in Figures 4-6. These represent the performance of the evaluated models against a REFPROP calculations performed with full detailed gas compositions as a reference.
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Figure 4 – Gas compressibility unity comparison, CNGA method
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Figure 5 – Gas compressibility unity comparison, NX-19 method
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Figure 6 – Gas compressibility unity comparison, AGA-8 Gross Methods 1 and 2

Ultimately, the effort lead to the creation of a modified (tuned) version of an existing method, the performance of which is shown in Figure 7 below. 
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Figure 7 - Gas compressibility unity comparison, tuned Kareem method

Details of this analysis has been documented in a standalone report that has been drafted and is currently under peer review. When the review has been completed, a copy will be supplied as part of the contractual requirements of this project.
International Pipeline Conference Paper
As a contractual requirement, presentation of the research efforts must be presented. An abstract outlining the process of performing system calibration of inline flow meters and using flow pattern matching to identify meters with measurement errors was submitted for consideration to the 2024 International Pipeline Conference. The abstract was selected for consideration. A draft paper has been prepared and submitted and is under peer review, the review period is scheduled to be completed April 15.
5: Project Schedule
The project is on slightly behind schedule based upon the work completed despite having some tasks lag behind. Overall, the project is estimated at 58% complete on a plan of 61% by end of project Q6. The lag is largely associated with PODS model work which is not a critical path to the completion of the balance of the project. 
