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Executive Summary
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PHASE Il : TESTING ON ENGINE
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The ‘target analogy’ introduced in the Phase Il report is revisited to graphically indicate the relative
performance of the fuel flow measurement systems incorporating the flow meters under
investigation. On the targets, the distance of the centre of the circle for a given meter represents
the accuracy of the device, the size of the circle represents the repeatability of observations. The
LHS target shows the relative situation before calibration of the devices, the RHS target shows the
same, after calibration. The upper targets reflect the Phase Il investigations, the lower targets

reflect the Phase Il investigations.
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The lower RHS target of the diagram (also Figure 29) illustrates that it is possible to use three of
the five meters subjected to testing in Phase Ill in an effective fuel metering role for the CSM
Engine Dynamometer test cell engine. It is believed that the full scale flow rating of the Emerson
CMF025M used with a turn down ratio of 50 would make it unsuitable for fuel metering on the CSM
Engine Dynamometer test cell engine. The reason for the poor performance of the Floscan fuel

meter is unknown.

At the end of Phase Il of the overall study, it was stated that the essential distinction between the
fuel meters and their measurement systems reduced to considerations of the ease of undertaking
a calibration exercise on a working fishing vessel. According to the Phase Il results, the Oval Mili
Flowmate device is likely to produce valid observations of fuel flow without requiring calibration in

situ. For this reason, it is our favoured fuel meter.

The objective for the Phase IIl work, stated at the end of the Phase Il report was stated as needing
to investigate whether the relative rank of any particular sensing device changes when the meter is
installed on an engine and subjected to, for example, vibration and pulsating flows. The following

listing addresses this objective:

Device Change when operating on a working engine
Oval MIll Flowmate Slightly lower accuracy and repeatability
Macnaught M1 Slightly lower accuracy and repeatability

Kobold DRZ Much improved accuracy and precision
Emerson CMF025M Slightly lower repeatability, lower accuracy
Floscan Cruisemaster 65000 Lower repeatability and lower accuracy

In making this assessment, we have used figures for accuracy applying after calibration of the

sensors has been undertaken.

Erratum
In the original release of this document, in certain locations in the text and diagrams the Oval Mlll Flowmate fuel meter was referred to
as the “Flowtech Oval MIII”. This was an error for which the authors apologise. The relevant entries and diagrams have been updated to

reflect the correct text in this document which is “Oval Mlll Flowmate”.
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Introduction

During phase | research the team conducted a review of diesel injection engines, fluid flow
metering theory and available fluid flow transducers, highlighting a number of factors that should
be considered when selecting a fuel flow metering solution for use in the field - aboard small to
medium sized commercial fishing vessels. A number of devices were chosen that represent a
sample of various transducer types, suited to the application (see Table 1). The selection covers

gear and piston positive displacement, variable aperture, inferential and coriolis mass flow meters.

The purpose of phase Il testing was to assess the performance of the meters under controlled
laboratory conditions. Flow tests were performed across the full-scale range of each device, with a
view to assessing their performance in terms of accuracy and precision. The results of Phase Il
excluded the use of the Kobold VKM variable aperture meter in Phase lll, due to stiction issues,

and found oval gear type flow meters to be the most accurate “out of the box” and after calibration.

Phase Il now reports on tests indicating the performance of the flow transducers when installed

within the fuel lines of a running engine.
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The Engine Test Cell
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Figure 1: Perkins 6354 Engine Test Cell (Calibration arm pictured on dynamometer)

Installation of fuel meters

In order to evaluate the performance of the fuel flow meters when metering an engine supply, they
were installed within the fuel line of a Perkins 6354 90kW diesel engine. This engine has been
used in the past by the University of Exeter to evaluate various potential fuel-saving technologies
for SeaFISH. The CP engineering CADET 3099 SCADA system that the engine and the driven
Schenck W230 Dynamometer are controlled by, has been programmed with a number of engine
speed/load “test points” that correspond to stages in a trawler excursion.
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The engine was run at these set points while the fuel consumed was logged by a CP Engineering
FMS 1000 fuel weigher. The SCADA system was modified such that simultaneous logging of the

fuel consumed as indicated by the meter under test could be undertaken.

Before testing began, the return line was broken to examine the proportion of return flow. The only
flow returned was leakage from the injectors, and was essentially unmeasurable, so it was decided
to close the return line and measure only the delivered fuel. This simplified the scope of the
practical investigation; it is known that conditions for the return fuel are far more variable than for
the fuel feed line for engine where the return flow is appreciable, for example, there can be greater

pulsations in the flow, higher proportions of entrained air and altered temperatures.

To facilitate fast switchover of fuel meters tested, a fuel meter mounting rack was prepared and
fixed to the fire control support frame around the engine. A break-out box was mounted on this that
relayed signals back to a remote terminal unit (RTU, as detailed in the Phase Il report and outlined
below) so that signal processing methods were consistent between the Phase Il and Phase Il
work. The fuel feed line was broken after the lift pump, routed by hose to the mounting rack to the

meter under test and then back to the engine fuel filter.

The decision to install the meters under test at this location was made because of the presence of
another fuel filter on the fuel line before the lift pump, so particulates were not of concern. Proximity

to the engine fuel filter would allow easy bleeding of the fuel system after each meter change.
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Figure 2) Engine test facility schematic
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Data acquisition system

The engine and dynamometer test facility is built around a Cadet 3099 Supervisory Control and
Data Acquisition (SCADA) system, provided by CP Engineering. This provides a minimum update
frequency of 10Hz on each channel, and provides a corresponding timestamp resolved to 0.1s

when the channel is logged.

The SCADA system was extended to meet the requirements of flow meter testing by the addition
of two analogue signal inputs for the flow-rate transducers. The channels are recorded at up to 16
bit resolution, over user-selectable voltage ranges. Generally, a voltage range of —0.25V to 10.25V

was selected for logging the indicated flow rates from the meters under test.

As various transducer types produce different kinds of output signal (i.e. voltage output, current
output, pulse count output or frequency output) a Remote Terminal Unit (RTU) was constructed

that converted all of the possible transducer outputs types into 0-10V analogue voltage signals.

The RTU is built around a DataTrack 284, dual-channel, panel mount indicator that can accept
pulse, time to live, relay contact and encoder signals (~ cost: £330 + VAT). It also provides one
analogue output, which was routed into the CP SCADA system. In the case that the output signal
of the meter under test was a pulse output, the DataTrack 284 was used to convert this to an
analogue voltage output, corresponding to pulse frequency. In the case that the output signal of the
meter under test was a current in the range 4-20mA, this was passed through a 500 Q precision
resistor. In the case that the output signal of the meter under test was a voltage output in the range

0-10V, this was patched straight through the RTU to the latter’'s analogue output channel.
The RTU can be fully programmed via RS-485 communication.
The meters under test also had varying power requirements. Consequently, the RTU was

additionally constructed to provide local connection points for regulated transducer excitation

voltages of 10V, 12V and 24V, for convenience in testing.

10
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Figure 3: a) Remote Terminal Unit b) Remote Terminal Unit Schematic Diagram

CP Engineering FMS 1000 Fuel weigher

The FMS-1000 Gravimetric Fuel Measuring System is a compact, high precision instrument for
measuring specific fuel consumption of diesel and petrol engines developing up to 1000 kW. The
fuel weigher uses a 20N load cell to measure consumed fuel. It also cancels any vibration
mechanically, as the construction is stiff and has no moving parts. The fuel cell has a mass
capacity of ~1 kg, is mounted on top of the 20N load cell and has four fuel ports all connected by

lightweight bellows. These ports are for: fuel feed, fuel supply, fuel return and vent.

The FMS1000 system employed is relatively simple in concept and operation. The system
functions by dosing approximately 1 kg of fuel into a vessel that is in the fuel delivery line between
the header tank and the engine. Return fuel from the engine is also delivered to this weighing
vessel. When the predefined fill level is achieved, the fuel delivery from the header tank to this
vessel is suspended. The vessel sits upon a load cell and the mass of the vessel is logged at
predefined time intervals to derive the mass fuel consumption. When a predefined lower level of
fuel is achieved, data logging is suspended and the vessel is re-filled. The operation of the FMS is
controlled by the SCADA system software but has hardware settings that intervene when

appropriate.

11
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Figure 4: Fuel measurement system main display panel

Selecting the Calibration button within the main display panel of the FMS1000 initiates an
automatic calibration sequence. Firstly the FMS checks that the engine is at zero speed and that
the fuel level is between the operating masses with no fuel flowing. Calibration is achieved by
automatic application of a 100g calibration weight on to the fuel vessel. The resulting increase in
the analogue output signal is used to calibrate the system at the prevailing fuel level. Pressing the

Save Calibration button stores the calibration results for all future test runs.
The flow range of the FMS100 fuel weigher is 0 to 300 kg/hr and it can operate over a temperature

range of 0 to 65°C. After calibration, according to manufacturers specifications, the accuracy of the

physical FMS1000 apparatus and channel is quoted at £0.05% of reading, +0.03 g.

12
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Phase lll Test Procedure

The SCADA system was first used to develop a program that would demonstrate the flow rates
and engine loads experienced during a trawling excursion. These test run engine set points when

reduced down to prevent repetition, numbered six separate test points, outlined in Table 1.

Table 1: Engine set points for flow meter test runs

Set point Engine Speed | Dynamometer Load | Nominal Fuel Consumption
Description (rpm) (Nm) (litre/hour)

ldle 1100 0 2.00

Gentle Cruise 1300 36.7 2.50

Steam 2000 47.0 5.85

Cruise & Shoot 1500 38.2 3.75

Trawl 1750 278.1 13.90

Haul 1400 82.5 4.60

This formed the basis of the test cycle. The idle test point was repeated at the end, to ensure that

nothing within the system had changed over the course of the test.

The engine test cell SCADA system works by setting the current in the dynamometer coils to
provide a torsional load, measuring the load via a load cell, and adjusting the engine rack position
until the correct engine speed and dynamometer load are achieved. Between each test run set
point ten seconds are given to allow the system to “ramp” to the new values. Then a further 50
seconds settling time are given before logging starts. Average values for the 5 second period from

the FMS 1000 and the fuel meter under test are then logged every five seconds for four minutes.

The test procedure involves the simultaneous acquisition of:
o the timestamp from the SCADA system
¢ the output signal of the flow meter under test, mapped to the range 0-10V by the RTU
e the fuel consumption recorded by the FMS1000, and;
e ambient temperature, (to permit a fuel density correction to be applied)

at 5-second intervals throughout each each test run.

Since a thermometer was not installed in the fuel line, the fuel is taken to be at ambient

temperature of the test chamber as it passes through the meter.

Each sequence of test run set points was repeated in full three times for each fuel meter tested.

13
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Data Analysis

In operation, after a short settling time, the net mass of fuel in the vessel is measured. The CP128
card samples data from the physical apparatus at 10 kHz and returns average values back to the
SCADA system at 10 Hz. Thus one of these average values is itself an average of 1000

observations, each such observation being subject to the sensor accuracy specifications.

Through Monte Carlo simulation, the standard deviation associated with these averages was found
to be 0.0008% of the observation, equivalent to 0.0078g when the vessel is full (~1000g). The
SCADA software uses these 0.1 second averages to determine so-called ‘instantaneous mass flow
rates’ by taking differences of masses over 0.1 second intervals. So called ‘cycle mass flow rates’
are determined by differencing masses across a defined cycle period. As the SCADA system clock
(equivalently a pulse counter) operates in the MHz range, the uncertainty associated with timings
across the cycle period is effectively nil and the cycle mass flow rate is arithmetically equivalent to
the average of the instantaneous mass flow rates—providing the physical flow rate remains

constant.

For Phase Il of this work, cycle durations of 5 seconds, 20 seconds and 240 seconds were
considered. By means of Monte Carlo analysis, the standard deviations of cycle mass flow rates
were established for an initial mass in the fuel weigher of 1000g, and varying mass flow rates.

These are reported in Figure 5 below.

An example interpretation, by way of illustration, is as follows. The graph indicates that at a mass
flow rate of 10 I/h (2.417 g/s), the standard deviation of observations from the FMS1000 (in the
absence of other effects such as fuel pulsation) will be:

o 0.11/h (0.024 g/s), if the cycle period is 5 seconds,

e 0.023 I/h (0.0056 g/s), if the cycle period is 20 seconds (equivalent to the standard
deviation of averages of sets of 4 contiguous 5 second cycle mass flow rates),

e 0.002 I/h (0.00048 g/s), if the cycle period is 240 seconds (equivalent to the standard
deviation of averages of sets of 48 contiguous 5 second cycle mass flow rates, or the
standard deviation of averages of sets of 12 contiguous 20 second cycle mass flow rates).

The reason for the equivalences is due to the fact that cycle mass flow rates determined over any

cycle period are all based on the uncertainty associated with the mass values recorded at 10 Hz.

14
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Figure 5: Standard deviation of cycle mass flow rates versus flow rate, for an initial fuel weigher

mass of 1000g.

The result of the analysis of uncertainty associated with observations made using the FMS1000
fuel weigher is that mass flow rate observations of very high precision can be obtained with 240
second cycle durations, but these must assume that the physical flow rate remains absolutely
steady over this 4 minute period. As the cycle duration reduces, so the proportion of variance in
observations that must be attributed to the characteristics of the FMS1000 system must increase.

An example used to illustrate this idea follows.

Suppose that the nominal fuel consumption rate of the test engine at a given set point is 10 I/h
(2.417 g/s). If the cycle duration is 20 seconds then the standard deviation of the cycle mass flow
rate would be expected to be 0.023 I/h. If the actual standard deviation of the 20 second cycle
FMS1000 mass flow rates is computed to be 0.056 I/h, then half of the variance in the data could
be attributed to the FMS1000 sensor and its channel, and the other half of the variance attributed
to external factors, such as engine stability. As four minutes was the total duration of logging of any
set point in the tests, it is not possible to compute the standard deviation of cycle flow rates from

observations using this cycle period (because there is effectively only one observation). If a cycle

15
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duration of 5 seconds was used, then the variance associated with the FMS1000 and its channel

may swamp additional variance arising from external factors.

For these reasons, a cycle duration of 20 seconds was chosen for each set point of each test with
the flow meter. In the test results sheets that follow, the measured flow rate values are averages of
12, 20 second cycle FMS1000 flow rates and hence should be expected to have a standard
deviation following the 240 second curve in Figure 5. This means they will be very accurate. The
variance of measured flow figures presented, are computed on the same set of 12, 20 second

cycle flow rates and hence should be compared with the 20 second curve in Figure 5.

While this may seem unusual (to quote an average value and a standard deviation on different
cycle duration bases) it is consistent with the ultimate objective to compare the relative
performance of the various flow meters tested. Data from these sensors and their channels are
processed in an identical manner as described for the FMS1000, i.e. 10 Hz averages of analogue
signals are themselves averaged over their number in the cycle period. The central difference is
that the accuracy and precision of the physical sensor and its channel are assumed unknown, but

are to be determined.

For each test and each set point within each test, the FMS1000 and the meter under test face the
same variance arising from external factors. As the variance arising from the FMS1000 has been
determined for a 20 second cycle period, this can be subtracted from the variance in FMS1000
observations to allow the variance in external factors to be characterised. In turn, the variance in
external factors can be subtracted from the variance in the 20 second cycle period indicated flow

rate values to isolate their precision.

The 240 second cycle period used for the FMS flow rate values and the indicated flow rate values
will allow permit an independent assessment of accuracy of the flow meters under test to be made,
for both the ‘out-of-the-box’ situation, and for the ‘after calibration’ situation. In the latter, the
calibration parameters determined from the Phase Il calibration are used; the flow meter under test

does not undergo a second recalibration against the FMS1000 standard.
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