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Abstract

he increased rates of research on complex fuel blends

in engine applications poses a need for more efficient

and accurate fuel blending processes in engine labora-

tories. Making the fuel blending process automatic, effective,

accurate and flexible saves time, storage space and cost without

compromising the tests of future fuel alternatives. To meet

these requirements, an automatic fuel blending system,

following a sequential batch process, was designed and tested
for engine laboratory application.

The fuel blending system was evaluated in terms of func-

tionality, safety, accuracy and repeatability. The functionality

Introduction

he interest in using renewable fuels for on-road trans-

portation has increased due to the effect fossil fuels

have on the environment, as well as concerns about
future petroleum supplies [1, 2, 3, 4, 5]. As a result biofuels,
such as ethanol and fatty acid methyl ester (FAME), are
blended into the fossil fuel blend stock in many countries,
either by legal enforcement or through subsidies [3, 6]. Another
result is the introduction of new biofuel-based alternatives
such as E85 and ED95 in the global fuel market.

Following the introduction of renewable fuel alternatives
in the fuel market, research has expanded to include investiga-
tions on additional fuel alternatives and fuel blends [2, 5, 7, 8,
9]. The increased variation in fuel compounds and blends in
engine research has resulted in the need for multiple fuel blends
to be prepared accurately and effectively. Today the most
common procedure is to manually splash blend the amount of
fuel needed. In splash blending the fuel components are added
into a container and mixed moderately (if mixed at all) [6, 9, 10].

The splash blend approach is well suited for the occasional
preparation of fuel blends. However, it requires certain resources
to ensure safe handling and storage of the fuels. This includes
adequate space with appropriate ventilation, containers for

and safety was evaluated through a risk analysis. Whereas,
the accuracy and repeatability of the system was investigated
through blend preparation tests. The results show that the
minimum fuel mass limitation of the system is 0.5 kg. This
allows for blends with fuel ratios as low as 7 vol-% to
be prepared by the system. The mean relative errors for all
tested fuels are below 5% by mass, enabling a wide range of
fuels to be used in the system. The absolute error in fuel ratio
is 0.5 vol-% or less. In addition, the relative error in fuel ratio
of the prepared blends is below 4% for all but one of the tested
blends. Moreover, the system can prepare all of the tested fuel
blends in 5 minutes.

preparation of the mixtures and enough storage capacity to store
the individual fuel components as well as the fuel blends. Hence,
the splash blend approach can become ineflicient in terms of time
and space. Moreover, the method introduces uncertainties in the
fuel ratios, the homogeneity and the quality of the fuel blends,
especially if stored over a long time [11]. A nationwide study in
the USA showed that in the case of biodiesel/petroleum diesel
blends the measured volumetric content for the fuels where incor-
rect in 36% of the tested cases [6].

This article describes the development and evaluation of
a batch blending developed to facilitate testing of multiple
liquid fuel blends, to ensure accuracy, repeatability and homo-
geneity and to decrease the time and space needed for mixture
preparation. This paper presents the chosen hardware and
software design, as well as results on the functionality,
accuracy and repeatability of the system.

Blending Liquids (Theory)

Mixing or blending is necessary in many chemical processes
to ensure homogeneity [12]. For fuel blends, this is of course

© 2020 Tara Larsson, Anders Christiansen Erlandsson. Published by SAE International. This Open Access article is published under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits distribution, and reproduction in any medium, provided that the original author(s)

and the source are credited.
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important to ensure steady performance of the engine, espe-
cially for research purposes. The mass of each fuel component
can be determined either gravimetrically or by using mass
flow controllers (MFCs). One option is Coriolis mass flow
meters, which are commonly used in industries due to their
high accuracy [13, 14]. However, the accuracy of these MFCs
can be affected by vibrations within a specific frequency range
[13, 14]. Sources of such vibrations could be pumps, motors
or air-conditioning [14]. In this application, the MFCs for the
batch blending system would have to be within an environ-
ment where several of those sources are present hence, did not
seem like a suitable option for this application.

Another option of MFCs are thermal MFCs, which have
shown to be a good choice for the mixing of gaseous fuels [15,
16]. However, as the thermal MFCs could only be used with
limited differential pressures they may not work within an
application where the flow is not constant [17], such as the case
for blending multiple liquid fuels. Therefore, the third approach
using a gravimetric method to measure differential fuel masses
seemed more fitting with regard to this specific application.
Neither the vibrations from surrounding equipment nor the
variations in fuel flow would heavily affect the scale response,
and it was also considered the cheapest option of the three.
Moreover, a gravimetric approach for fuel blending has exhib-
ited high accuracy when used in other studies [10].

Once the fuel is added, it has to be mixed to ensure homo-
geneity. Mixers or vessels where non-reactive and reactive
processes occur can be separated into three main reactor
types: continuously stirred tank reactors (CSTR), tubular flow
reactors and batch reactors [18, 19, 20]. In this article, only
batch reactors are discussed since the batch blending system
is built based on a sequential batch blending process.

The applied process is similar to that used in the chemical
industry and oil refineries [21, 22, 23]. A batch blending
approach offers advantages in flexibility of fuel formulation and
allows all fuel components to be added and properly mixed
before the fuel is introduced to the engine [18, 22, 23, 24, 25].
However, the main drawback is the time-dependence of the
chosen process as every step of a batch process has to occur for
a set amount of time before the products can be retrieved [25].

Fuel Blending System
Design

The design target is an easily adaptable system that can be used
either on its own or in direct connection with engine testing. The
system design should be able to be applied to different engine
types and sizes. However, this specific system was developed for
alight-duty (LD) spark ignited (SI) engine and for engine labora-
tory purposes only. For vehicle application, specific constraints
other than the ones evaluated in this article need to be considered.

The batch blending system also needs to be able to
perform with a high enough accuracy independent of the fuels
used in the blend. The properties that could affect the fuel
flow, and hence the accuracy of the system, are density and
viscosity which may vary a lot between different fuels (see
Table 1). Therefore, the system needed to comply with
these variations.

TABLE 1 Fuel properties for the four different fuels at 20° C.
Density for gasoline and ethanol was measured.

Fuel Gasoline Ethanol Methanol Iso-butanol
Density (kg/m3) 728 796 798 [26] 801[26]
Viscosity (mPa-s) 0.4 [2] 1.5[2] 0.6[26] 8.3[2]

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 2 The system requirements for the fuel batch
blending system.

Hardware requirements:

1. Handle corrosive fuels
EX-class electrical equipment
Possibility to change parts
Alarms in case of fire, leakage or blending issues
Scale precision of 1 gram
Software requirements:
Automatic fuel preparation
Continuous monitoring of the batch blending process
Possibility to log system data
. User notifications in case of fire, leakage or blending issues
Functional requirements:

Mixing fuels while simultaneously running engine tests
2. Relative errors in fuel mass < 5%

Ability to mix different fuels (concentrations and
components)

Relative errors in fuel concentration < 5%
Concentration consistent throughout prepared blends
Blend preparation time of less than 5 minutes
Minimal manual handling of fuel

User safety

G NATRN

N N
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System Requirements

The requirements set for the system to fulfill the design target
are divided into three categories: hardware requirements,
software requirements and functional requirements (including
safety requirements). All of the system requirements are listed
in Table 2. Since this specific system was developed for a LD
SIengine, other requirements might be needed for heavy-duty
(HD) applications.

Hardware Design

A schematic drawing of the overall hardware design of the
batch blending system is presented in Figure 1. The proposed
design is based on feedback of added fuel mass from a scale.
This approach was chosen as the scale response is generally
not disturbed by vibrations, unlike MFCs. The system contains
three fuel inlets; however, it can be adapted to contain more
inlets if desired. Inlet 1 and 2 can be directly connected to the
existing fuel storage and utilize the already existing pumps
of the test cell to pump fuel to the system. Whereas, inlet 3
can be connected to a specific fuel container inside the test
cell for the addition of specific fuels to the blend; hence inlet
3 is connected with its own separate pump.

© Tara Larsson, Anders Christiansen Erlandsson.
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m Sketch of the hardware setup for the fuel blending system, where 1-3 are the system inlets, 5-7 are solenoid valves, 8
and 14 are fuel pumps, 9 is a pneumatic motor, 10 is the mixing vessel, 11 is the agitator, 12 is the scale, 15 is a pressure regulator, 16
is the fuel return line, 17 is the system outlet, 18 and 20 are pressure sensors, 4,13 and 19 are thermocouples, 21is a liquid level

switch and 22 is the buffer tank.

INLET 18.

© Tara Larsson, Anders Christiansen Erlandsson.

The fuels are added automatically, using pumps and
valves, to a mixing vessel, in this case a cylindrical container
in stainless steel. A rotary blade agitator is located in the
container, which mixes the components in both vertical and
axial planes [19].

A buffer tank is placed between the mixing system and
the engine to ensure that the fuel blend is available at the
engine fuel pump inlet at all times. In this case, (LD engine)
the buffer tank consists of a 2 1 AVL fuel scale (see 22. in
Figure 1). In the case of HD applications, there is a need for a
larger buffer tank, since the fuel consumption will
be significantly higher.

All of the materials in the system are compatible with
Class 1 fuels as well as resistant to aggressive fuels such as
methanol, dimethyl ether (DME) and oxymethylene dimethyl
ethers (OME) [27, 28, 29]. Hence, the material of the system
consist of mainly stainless steel piping and PTFE hoses with
stainless steel covering. The solenoid valves, pressure sensors
and pneumatic motor for the stirrer (5-7, 18, 20 and 9 respec-
tively in Figure 1) are all EX-classed. A spill plate is located
underneath the system connected with a liquid level switch
alarm in case of fuel leakage.

The container is custom-built with a diameter of 250 mm
and a height of 350 mm. A tap is located at the side to empty
the container or to retrieve fuel samples. The lid above the
container prevents flammable gases leaking into the
surrounding air. The lid rests on a stand above the container,
not on the container itself, to avoid interference of changes in
fuel flows on the scale output. The scale is a load cell scale
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(OHAUS Ranger 7000) with a max capacity of 35 kg and a
precision of 0.5 g. A mass value is retrieved by the system
software every 100 ms. Detailed information on all hardware

is presented in Appendix 1.

Software Design

The software requirements for the batch blending system are:
automatic fuel preparation, potential to log system data,
ability to monitor the blending process and alarms in case
of fire, leakage or blending issues. Therefore, a system
software was developed for automatic fuel preparation with
a graphical user interface (GUI) to facilitate the overview of
the fuel blend preparation process. The system control and
the GUI were developed in National Instruments (NI)
LabVIEW. The I/O-signals connected to the system hardware
are processed using a CompactRIO (cRIO) and related
modules from NI.

Control Strategy The system is controlled in LabVIEW
using a so-called “Moore machine”, which is a form of finite
state machine (FSM), where the output only depends on the
current state [30] rather than all previous operations as is
typical for an FSM [31].

The batch blending system is controlled through 5 states
(see Figure 2). The default state is ‘Initiation’, thus the control
system returns to this state whenever the fuel has been
consumed or the system is restarted. At start-up, the system
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m Schematic of the batch blending system
control algorithm.

Initiation Consumption
User inputs Actual fuel densities

Initial scale reading and blend ratios

All valves closed

|
| Fillfrell |»| FiIIerIZ |-| Fi[IfreIS |

Detected fuelmass | oju | Detected fuelmass || Detected fuel mass |
and and | and temperature i

Agitation
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waits for the user command to start the fuel preparation
process before it enters the initiation state. During this state
the initial condition of the system is confirmed (temperatures,
user inputs, mass etc.). The following states (‘Fill fuel I, Fill
fuel 2’ and °Fill fuel 3’) handle the addition of the different
fuel components.

The software always fills the fuels in this order. However,
if any of the fuels are disabled, the state will continue directly
to the next fuel. The fuel mass of each fuel component is calcu-
lated by the system using the fuel ratio input (vol-%) and the
fuel densities at the reference temperature (20°C). The inlet
valve is opened (inlet 1 for ‘Fill fuel 1’ etc.) and kept open until
the signal from the scale reaches the value of the calculated
fuel mass. Subsequently the valve is closed and the system
detects the actual fuel mass and fuel temperature before going
into the next state.

After all the fuels have been added the system calculates
the fuel ratios based on feedback signals from the scale and
thermocouples in the fuel inlets. These values are displayed
to the user (and logged) immediately after the blend prepara-
tion has been completed. Thereafter the system goes into the
state ‘Agitation’. In this state, the fuels are mixed to prevent
inhomogeneity throughout the batch. The last state is
‘Consumption’. The outlet pump of the system transports the
fuel blend to the buffer tank and on to the engine. The
‘Consumption’ is stopped when the mass of the fuel is equal
to or below the set minimum level of the mixing vessel.
Consequently, the system returns to the default state
(‘Initiation’).

Graphical User Interface A graphical user interface
(GUI) was developed to give the operator an accessible
overview of the system and the process (see Figure 3). In the
GUI the user can specify how many fuels (1-3 fuels in this
set-up) should be mixed and what fuels and fuel ratios the
blend should consist of. The valves and pumps that are active
are shown using LED indicators.

The amount of fuel in the mixing vessel is displayed both
in volume (I) and in mass (kg). The user can follow the fuel
flow continuously (using the chart) and log the data using the
“Save data” button. Moreover, if needed, the user can change
the volume of the prepared blend.

Alarms for vessel overflow, fuel leakage, faulty fuel mix
settings and log-file problems are all added in the program.

The program gives a warning message and is stopped by the
user in case of any of these events.

System Evaluation
Method

The functionality of the fuel batch blending system was evalu-
ated based on how well the system met the requirements set
in Table 2. The evaluation focuses on three areas: the measure-
ment accuracy of the scale, the system related errors and limi-
tations, and the preparation of fuel blends (including risk
analysis). For every test a 95% confidence interval was calcu-
lated using t-student distribution to ensure the statistical
validity of the reported results. If not otherwise mentioned,
the tests were repeated 5 times and gasoline was used as the
tested fuel.

Evaluation of Measurement
Accuracy

The measurement accuracy of the fuel batch blending system
relies on the accuracy of the response of the feedback signals.
For the control of the batch blending system, the most impor-
tant feedback signal is the mass signal from the scale.
Therefore, it is important to establish the highest measure-
ment accuracy possible for this signal while filling, and to
implement signal-processing strategies to optimize
this accuracy.

Influence of Mass Averaging on Measurement
Accuracy The signal response from the scale is rapid
and precise enough to detect small changes in added fuel
mass, which is important for accurate control of the system.
However, it also results in intermittent peaks in the signal
when the fuel flows into the mixing vessel. This could cause
random errors in the mass signal, which affects the system
control. The chosen approach to minimize the signal noise
is to apply a moving average to the scale signal (see
Figure 4).

The signal was evaluated using a moving average with a
window of 1 to 10 data points (moving average using 1,2, 5, 8
and 10 data points were tested). The valve was closed when
the averaged mass measurement reached the value of the
demanded mass (see Table 3). Thereafter, the actual mass
added was compared to the demanded mass. All the tests were
performed using inlet 3.

System Related Errors and
Limitations

Random errors, systematic errors and system limitations for
the batch blending system were detected and quantified.

Random Errors Theidentified random errors of the batch
blending system are the variation in fuel flow, inlet pressure,
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m The graphical user interface (GUI) of the system software.
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outlet pressure and temperature (both fuel temperature and
test cell temperature). All of these variations affect he flow
rate of fuel mass into the mixing vessel, hence affecting the
accuracy of the implemented control logic. The random errors
cannot be accounted for in the control of the batch blending
system. Therefore, they are quantified to ensure that they do
not significantly affect overall system accuracy.
Temperature, pressure and fuel flow were monitored
during all tests to detect mean values and variations.
Temperatures were measured with thermocouples located on
each fuel inlet, above the fuel container and above the spill
plate. Pressures were measured using pressure sensors. The
inlet pressure sensor is located after the junction of all fuel

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 3 The tested mass values for test on the influence of
mass averaging on measurement accuracy and for quantifying
random errors.

Relative mass Actual mass (kg)

Minimum mass 0.5
Minimum mass*1.1 0.55
Minimum mass*1.2 0.6
Minimum mass*1.5 0.75
Maximum mass*0.25 1.8
Maximum mass *0.5 3.65
Maximum mass *0.75 5.5
Maximum mass *0.9 6.6
Maximum mass *0.95 7.0
Maximum mass 73

inlets and the outlet pressure sensor is located on the outlet
after the return line (see Figure 1). The fuel flow was calculated
from the mass signal retrieved from the OHAUS load
cell scale.

Systematic Errors The main systematic error of the fuel
batch blending system was identified as the inertia of the
system in regards to the inlet valves and pump, especially
during valve closing. The control of the valves and pumps in
the system is dependent on accurate detection of when the
fuel mass is equal to the calculated desired fuel mass. When
this occurs the software sends a signal to the system to close



Downloaded from SAE International by Technical University of Denmark, Thursday, February 17, 2022

- A BATCH BLENDING SYSTEM FOR CONTINUOUS PRODUCTION OF MULTI-COMPONENT FUEL BLENDS

m Fuel mass flow and valve activation/deactivation
over time. The marked sections in the graph are the offsets for
the valve activation and the valve deactivation.
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the valve. However, due to inertia in the system the valve is
not fully closed immediately after this signal has been sent.
The time between sending out the signal to close the valve and
the valve being fully closed is defined as the valve deactivation
(and valve activation for the event of opening the valve). These
events are displayed in Figure 5.

During valve activation less fuel is added as the valve is
not fully opened. During valve deactivation additional fuel is
added to the mixing vessel as the valve is not yet fully closed.
This causes a systematic error, which affects the accuracy of
the actual added fuel mass. The fuel mass added during valve
activation or valve deactivation is defined as valve offsets. As
this is a systematic error, it can be accounted for in the system
control if quantified.

The systematic errors were quantified by measuring the
change in fuel mass in the mixing vessel during valve activa-
tion and deactivation 10 times for each inlet. Mean values for
the detected valve offsets were calculated for activation and
deactivation for each inlet.

System Limitations

Evaluation of Linearity and Accuracy of System
Inlets The main limitation of the system is the minimum
fuel mass that can be added while still obtaining the requested
accuracy (see Table 2). This limitation can be said to depend
on two factors. The first is the limit of minimum fuel mass
that can be added to the mixing vessel. This is the mass value
at which the system deviates from the linearity between added
fuel mass and demanded fuel mass. The second factor is the
limit at which the accuracy of the added mass is lower than
required. These limits could occur at the same mass value, but
it is not certain and thus they were evaluated separately.

The system linearity and the accuracy limit of each inlet
were determined by comparing the actual mass added in the
mixing vessel to the demanded mass. The tests were conducted
for each inlet and for 9 different masses close to what is
assumed to be the minimum mass that can be added to the
mixing vessel with good enough accuracy: 0.05, 0.1, 0.12, 0.15,
0.2,0.5,0.75, 1.0 and 2.0 kg (the maximum weight for gasoline
would be approximately 7.3-7.5 kg).

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 4 Demanded masses during fuel property tests.

Relative mass Actual mass (kg)

Minimum mass 0.5
Minimum mass*1.2 0.6
Minimum mass*1.5 0.75
Maximum mass*0.25 1.8
Maximum mass *0.5 3.65
Maximum mass 73

© Tara Larsson, Anders Christiansen Erlandsson.

Effect of Variation in Fuel Properties on System
Accuracy Another limitation of the system control is the
capability of the system to comply with different fuels and fuel
properties without a significant effect on the accuracy of the
control system.

The effect of fuel properties on the accuracy of the added
mass was evaluated. The demanded fuel masses were varied
according to the values in Table 4. The tested fuels were
gasoline, ethanol, methanol and iso-butanol. The viscosity
and density of the tested fuels are shown in Table 1. All the
tests were performed using inlet 3.

Evaluation of Fuel Blend
Preparation

The requirements for fuel blend preparation (see Table 2) are
a maximum relative error in fuel ratio of 5%, homogeneity
throughout the prepared fuel blend, and that fuel preparation
takes no longer than 5 minutes. Moreover, the fuel batch
blending system should offer fuel blend preparation with
minimal manual handling and increased safety. The evalu-
ation of the blend preparation of the fuel batch blending
system is based on how well the system meets
these requirements.

Accuracy in Concentration between Blends The
batch blending system calculates the fuel mass that should
be added for each component based on a set reference temper-
ature (20°C). Assuming there are variations in the fuel temper-
atures between —5°C and 60°C (affecting the fuel density), this
could impose an error of maximum 3% relative to the expected
fuel ratios of the demanded fuel blend.

The accuracy and the variation in ethanol concentrations
between prepared blends were tested. These parameters were
evaluated for four different fuel blends of ethanol and gasoline
at room temperature (16-20°C). The tested blends were E5,
E20, E50 and E95 (the number indicates the ethanol ratio of
the blend in vol-%). The volume of each of the prepared blends
was 10 liters. Gasoline was added using inlet 1 and ethanol
was added through inlet 3.

The ethanol ratio was evaluated by gravimetric analysis
of the fuel density compared to a linear interpolation of pure
ethanol and pure gasoline (786 kg/m® and 730 kg/m? respec-
tively). Moreover, the estimated ethanol ratio from the gravi-
metric analysis was compared to the expected ratio.
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Variation in Concentration within a Batch The
homogeneity in the fuel ratio of the blends was tested for four
different concentrations (E5, E20, E50 and E95) to establish
the agitation time needed, defined as the necessary time for
agitation to ensure homogeneity throughout the mixing
vessel. The samples were retrieved by pipette from the mixing
vessel at different times (0, 30, 60 and 90 seconds) and spatial
locations (2, 6 and 10 cm from the mixing vessel bottom). The
concentrations were evaluated by gravimetric analysis for
each sample.

Fuel blends containing ethanol and gasoline was chosen
since ethanol has low miscibility in gasoline [32] and due to
the limitations of fuels available for testing.

Fuel Blend Preparation Time One of the requirements
listed in Table 2 is the time it takes to prepare one fuel mixture
using the batch blending system. The preparation time needs
to be lower than the time it takes to empty the buffer tank.
Therefore, the maximum fuel blend preparation time
was investigated.

The fuel blend preparation time was defined as the
maximum time to fill 10 liters of a fuel mixture plus the agita-
tion time. The time to fill a fuel from each inlet was estimated
using the mean fuel mass flow of each inlet with gasoline as
fuel. Since the computational time of the system is lower than
1 second, this time was considered to be negligible.

Risk Analysis To ensure minimal manual handling and
safe usage of the system a risk analysis was performed for the
chosen batch blending system design using U.S. National Fire
Protection Association (NFPA) classification for different
fuels in combination with Hazards and Operability studies
(HazOp) [33, 34].

Results and Discussion

The result section will present and discuss results mostly
related to the accuracy of the fuel mixing system. However,
in the risk analysis some areas related to the system function-
ality and safety will be briefly evaluated.

Evaluation of Measurement
Accuracy

For the measurement accuracy to be optimized the effect of
a number of samples for mass averaging on the system
response was investigated according to Table 3.

Influence of Mass Averaging on Measurement
Accuracy The effect of the moving average on the mass
signal can be seen in Figure 6. The inertia of the detected mass
average increases if more data points are used for the moving
average. Therefore, the moving average using 8 or 10 data
points gives a delayed response to close the valves. The delay
could be adjusted for using a mean value for the time as well;
however, as the control of the system is dependent on real-time

m Magnified mass signal during a fuel fill event.
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data it is not possible in this case. The result instead becomes
a constant underestimation of the actual mass value.

If only one data point is used the oscillations of the signal
response are still detected by the system (see Figure 6). The
peaks in the signal lead to increased uncertainty of the true
mass value. This may cause a premature detection of the
threshold value which closes the valve before the demanded
fuel mass has been obtained. For a moving average using 5
data points the local peaks are filtered out from the signal,
decreasing uncertainty, but without an underestimation of
the true signal due to inertia.

The absolute error for the different numbers of data points
used for the moving average can be seen in Figure 7. The
absolute error is approximately constant for all averages over
the tested fuel mass range (+ 5-30 g). Hence, there is no effect
on the absolute error from the fuel mass. The case with the
highest error in accuracy (Figure 7) is for a moving average
of 10 data points.

The results in Figure 7 agree with the findings in Figure 6.
The absolute errors for 1 or 2 data points show negative error
values consistent with a premature valve closing. Whereas 8 or
10 data points show positive error values, consistent with an
underestimation of the mass signal. The lowest absolute error
was seen for a moving average of 5 data points. The same case
also exhibited the lowest standard deviation, which indicates
that a moving average can be used to increase the measurement
accuracy of the feedback signal. From the performed test it is
concluded that implementing a moving average of 5 data points
would yield the highest accuracy for this system.

System Related Errors and
Limitations

The random and systematic errors, the system limitations and
the system response to different fuels were examined to find
the optimal control settings for the batch blending system.

Random Errors The mean values and absolute variations
of the pressures and fuel flow in the batch blending system
can be seen in Table 5. The variation for pressure was 0.01 bar
and for fuel flow 0.1-0.4 kg/min. These values were considered
to be low and not have a significant effect on the accuracy of
the system control. However, as the presented results are only



Downloaded from SAE International by Technical University of Denmark, Thursday, February 17, 2022

i A BATCH BLENDING SYSTEM FOR CONTINUOUS PRODUCTION OF MULTI-COMPONENT FUEL BLENDS

m Absolute error with standard deviation for
different number of samples for average.

0.08 T T
-1 sample

_. 006 |~}+2 samples
&) |-F 5 samples
% 0.04 |~1-8 samples
o 10 samples
9]
° 0.02 q
=]
3 o
Q
<

-0.02

-0.04 - ! ! '

0 1 2 3 4 5 6 7

Demanded mass [kg]

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 5 The measured mean values and absolute variations
for pressure and fuel flow in the batch blending system.

Pressure (bar) Fuel flow (kg/min)

Inlet Mean Variation Mean Variation
1 2.36 0.01 5.2 0.4

2 2.36 0.01 53 0.4

3 2.36 0.01 31 0.1

Outlet 11 0.01 3.5 0.1

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 6 The mean values, variation interval (95% confidence
interval) and the repeatability (percentage of samples within
the confidence interval) for valve activation (A) and valve
deactivation (D) for all system inlets.

Mean [kg]

Variation [kg] Repeatability [%]

Inlet A

1 0.29 012 0.04 0.03 70 80
2 0.28 om 0.04 0.03 70 90
3 0.38 0.08 0.14 0.01 60 80

© Tara Larsson, Anders Christiansen Erlandsson.

based on gasoline it could be expected that the variation in
fuel flow with regard to different fuels exhibit higher variation.

The temperature variation within the engine test cell is
within 10°C and the variation in fuel temperature is between
9 and 18°C. The fuel density is not significantly affected by
temperature variations detected during tests [35, 36].
Therefore, no significant effect on system accuracy due to the
temperature variations is expected.

Quantification of Systematic Errors (Mass
Offset) The mean values for the mass offset for valve activa-
tion (open) and valve deactivation (close) for each inlet can
be seen in Table 6. As the changes in fuel flow were relatively
low it was surprising that the repeatability for valve activation
was only 60-70%. The low range of the confidence interval
might explain this. The ranges are small compared to the flow
variations detected (see results on ‘Random errors’). The confi-
dence interval for valve deactivation was smaller than for valve
activation, and the repeatability was higher (80-90%).

Since the system only controls the valve deactivation
based on the mass signal the offset during valve activation is
not affecting overall system accuracy. However, during valve
deactivation additional fuel is added to the mixing vessel and

cause a systematic error to the added fuel mass. Since the
repeatability for valve deactivation was high, the results
indicate that a high enough accuracy throughout system
operation can be achieved, but only if adjustments of the
control logic for the mass offsets at valve deactivation
are implemented.

An interesting result is that inlet 3 shows the highest
variation for valve activation, but the lowest for valve deactiva-
tion. This is probably due to the design of the system, where
inlet 3 is equipped with an internal fuel pump, while the flows
ininlet 1 and 2 are controlled with external pumps. The results
suggest that the internal pump has a varying response at start-
up, but as the output signal is controlled via a relay this gives
amore accurate response than the valves alone at deactivation.
The pump outlet is also located closer to the mixing vessel
than the valves; hence the effect of remaining fuel in the pipes
is lower for inlet 3 than for inlet 1 and 2.

System Limitations The system limitations are the
linearity limit of the system, the accuracy at low added masses
and the system response to different fuel properties. All of
these were tested and evaluated.

Evaluation of Linearity of System Inlets The minimum
fuel mass that can be added to the system is detected by evalu-
ating when the system response can no longer meet the value
of the demanded mass. This causes the actual mass value to
deviate from the linear line between added mass and
demanded mass. As can be seen in Figure 8, the system
response deviated from the linearity at target masses below
0.15 kg for inlets 1 and 2 and below 0.1 kg for inlet 3. This is
due to the inertia of the system (see ‘Quantification of system-
atic errors’). Hence, the system response is not rapid enough
to ensure accuracy of demanded fuel masses below the limit
of the valve response for each inlet. Inlet 3 has the lowest limit
of linearity, which is consistent with the fact that inlet 3 has
the lowest systematic error for valve deactivation.

m Comparison of actual mass with standard
deviation and demanded mass for the different system inlets.
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Evaluation of Accuracy of System Inlets The mass limit
for the maximum relative error in mass (5%, see Table 2) was
investigated. This limit is a result of the linearity of the system,
such as the systematic errors and the signal delay. As can
be seen in Figure 9, the error is higher than the required 5%
at target masses below 0.5 kg. For this value, the mean values
of all inlets are close to the required accuracy. However, the
response is not repeatable for masses below 0.5 kg, as can
be seen for the increase in standard deviation at lower
demanded mass.

The inlet exhibiting the highest accuracy is inlet 3, which
is coherent with the stability of the flow of this inlet (see results
on ‘Random errors’). For inlet 1 and 2 some of the measured
values show errors above 5% at 0.5 kg. Therefore, adding the
fuel with the lower fuel ratio from inlet 3 would ensure higher
accuracy in the prepared fuel blend.

Effect of Variation in Fuel Properties on System
Accuracy The effect of different fuels on mass accuracy and
the valve response error were investigated. The results can
be seen in Figure 10 and Table 7.

The absolute error for all the tested fuels is within the
range of —0.02 to 0.05 kg and there is no correlation to the
demanded mass value. Hence, the relative error decreases with
the demanded mass as can be seen in Figure 10.

The mean relative errors for all the tested fuels are lower
than the required 5%. However, the standard deviation is
outside the limits for methanol and ethanol for the lowest

IETILIEEN The relative error of the added mass for different
demanded mass and system inlets.
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m The relative error of the added mass for four
different fuel components.
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TABLE 7 The mean values, variation interval (95% confidence
interval) and the repeatability (percentage of samples within
the confidence interval) for valve activation (A) and valve
deactivation (D) for four tested fuels.

Mean [kg]

Variation [kg] Repeatability [%]

Gasoline 018 008 004 0.01 70 60
Ethanol 0.21 0.08 006 0.01 70 90
Methanol 0.21 0.08 006 0.03 70 60
Iso- 019 007 005 0.03 30 70
butanol

© Tara Larsson, Anders Christiansen Erlandsson.

demanded mass value of 0.5 kg. This could cause lower accura-
cies for blends containing those fuel components in low ratios.

The results of the effect on the valve offset of the different
fuels can be seen in Table 7. It was established that the devia-
tions due to different fuels were relatively small (<0.06 kg) in
terms of absolute values. Hence the effect on overall blend
preparation accuracy is not expected to be significant.
Moreover, all of the tested fuels exhibit a mean value close to
the previously established 0.08 kg at valve deactivation (see
results on ‘Systematic errors’). Thus, this value can be consid-
ered a valid offset regardless of the fuel component used.
However, the valve response for valve activation is much lower
than the previously established 0.4 kg. This indicates that the
effect on valve response at valve activation is more sensitive
to changes (demanded mass or fuel component) than the valve
response at valve deactivation.

Methanol and ethanol exhibit the highest variation in the
measured offset for valve deactivation (see Table 7), which
causes higher insecurities in the blends prepared with these
fuels. Furthermore, the lowest repeatability for valve deactiva-
tion is seen for methanol, in combination with gasoline.
Therefore, methanol would be the fuel component introducing
the highest uncertainty to the system control when mixed. It
was found that this behavior does not correspond to the differ-
ences in density and viscosity between the fuels (see Table 7).
However, it has been found that at 25°C the lubricity of pure
alcohols are similar to each other and worse than hydrocarbon
based fuels [37]. The effect of this on the fuel pump might
explain the increased variation and lower repeatability of the
alcohols compared to gasoline.

Evaluation of Fuel Blend
Preparation

The established improvements (moving average) and correc-
tions (compensation of systematic errors) were applied to the
control system of the batch blending system before the fuel
blend preparation tests were performed.

Accuracy in Concentration between Blends The
measured density of the blends compared to the baseline of
gasoline (E0) and ethanol (E100) is shown in Figure 11. The
dashed red lines represent the linear interpolation of the range
in which the measurement varied for the pure fuel compo-
nents, hence the uncertainty range of the analysis method.
All of the blends are within or close to the expected density
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m The measured density of the prepared ethanol/
gasoline blends compared to the baseline density.

800 T
- X
=780 _:==’:=% J
€ LB
> 2R
=, Bl
2,760 P
‘@ SEE=
& B e
Q740+ = e ¥ 1
S
720 : !
0 20 40 60 80 100

Ethanol ratio [vol-%]

© Tara Larsson, Anders Christiansen Erlandsson.

TABLE 8 The mean and highest relative errors of the
calculated blend ratio.

Mean relative Highest relative Highest absolute

Fuel blend error (%) error (%) error (vol-%)
E5 25 4.0 0.2
E20 0.8 1.5 0.3
E50 0.5 1.0 0.5
E95 4.2 8.0 0.4

© Tara Larsson, Anders Christiansen Erlandsson.

for the respective blend. For E5 the measured density is up to
4% higher than the expected value. In contrast, the opposite
trend is seen for E95 as this blend requires a low demanded
gasoline mass. Gasoline was added through inlet 1 and ethanol
through inlet 3. Both of the results indicate that for low fuel
ratios the corresponding inlet adds more fuel than demanded,
as expected due to previous reported limitations of these inlets
(see results on ‘System limitations’).

The calculated ethanol ratios of the blends are close to
the demanded value (see Table 8). The relative errors for E5
and E95 were higher than for E20 and E50, but the absolute
errors were smaller. The relative error of the prepared blends
was less than 4%, with one exception for E95 showing an 8%
relative error. However, the absolute errors were small: < 0.5
vol-% for all tested blends. Therefore, even though the required
maximum relative error of 5% was not fulfilled for all blends,
the accuracy of the batch blending system is considered high
enough for the intended system implementation.

Variation in Concentration within a Batch To
ensure that the prepared blends are homogeneous throughout
the mixing vessel, the effect of agitation time was investigated
by examining the variation in fuel density between different
levels in the mixing vessel. The spread in density of the
different levels is presented in Figure 12. The dashed lines
represent the linear interpolation of the range in which the
measurement varied for the pure fuel components (ethanol
and gasoline), hence the uncertainty range of the
analysis method.

All blends exhibit a wider spread when no agitation has
been implemented. The fuel with the widest spread is E5,
whereas for E95 the spread in density is relatively consistent
regardless of agitation time. It seems that the highest densities
at no agitation are at the top level of the tank, represented by

m The measured density at different levels in the
mixing vessel for the different prepared ethanol/gasoline
blends over four different agitation times.
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diamond markers in Figure 12. However this trend is not
visible for the remaining agitation times investigated.

The results in Figure 12 do not show exactly how long of
an agitation time is needed, only that agitation gives a slight
improvement to the homogeneity of the prepared blend. The
results show that the spread in density for the different levels
is decreased compared to when no agitation is implemented.
From the presented graph, no clear decrease in the spread of
the measured values is seen after 30 seconds. Therefore, it
seems that at least 90 seconds of agitation time would
be required to achieve homogeneity of the prepared fuel blend.
A longer agitation time would probably increase the homo-
geneity throughout the prepared blend; however, longer agita-
tion times than 90 seconds were not tested in this study.
Moreover, an increased agitation time would increase the time
needed to prepare the blend. Thus for each system one has to
decide which of these factors is the most critical for the
specific application.

Previous research has established that the level of separa-
tion of alcohol/gasoline fuels depends on the temperature,
water concentration, the composition of the gasoline and the
ratio of alcohol in the blend [38, 39]. Therefore, it is impossible
to say if these results would be repeatable with other fuels and
at other conditions. Moreover, other researchers has estab-
lished that a much longer mixing time is needed to ensure
fuel homogeneity from 120 min up to 7 hours [40, 41]. If those
results differs because of the mixing method applied, the
difference in fuel composition and water content or the
temperature conditions is hard to say but it confirms the need
for evaluating the spread in density for this mixing system
over a longer agitation time than 90 seconds. The test should
also be performed with immiscible mixtures as well, such as
methanol and iso-octane [42], and CI fuel mixtures, such as
hydrogenated vegetable oil (HVO) and diesel, to ensure
adequate agitation for all types of fuel blends.

The retrieved results might also have been affected by the
limitations of the applied method to retrieve the samples (a
pipette submerged to the different levels), which could have
disrupted the blend homogeneity, thus increasing the insecu-
rity of these results. Furthermore, with this method, no
randomization could be implemented when retrieving the
samples, which also could have affected the outcome of
the test.
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TABLE 9 The calculated time to fill the mixing vessel and the
delay between sending the control signal and fully open/closed
valves for each inlet.

Time to fill 7.3 kg [sec] 85 83 144
Time to open [sec] 4 4 9
Time to close [sec] 6 6 7

© Tara Larsson, Anders Christiansen Erlandsson.

Fuel Blend Preparation Time The fuel blend prepara-
tion time depends on which fuel blend is being prepared.
Hence the longest possible time is estimated. This time has to
meet the requirement set in Table 2 in order not to deplete all
the fuel available for the engine in the buffer tank during blend
preparation. However, the time requirement in Table 2 is
chosen based on this specific application (LD SI) and it might
need to be altered depending on the requirements , such as
fuel consumption, for each specific system.

The time to fill the mixing vessel and valve delays for each
inlet can be seen in Table 9. Since inlet 3 exhibits the lowest
flow rate, the maximum time is achieved when most of the
fuel is added through this inlet. Hence we assume 0.5 kg to
be filled through inlet 1 and 2. In the case of iso-butanol, since
ithas the highest density, 7.1 kg should be filled through inlet
3. The resulting maximum blend preparation time (assuming
90 s of agitation time) is approximately 4.6 minutes. However,
this time is dependent on the implemented agitation time and
since the necessary agitation time to ensure fuel homogeneity
could not be fully established (see results on “Variation in
concentration within a blend’), it cannot be determined if a
homogeneous fuel mixture can be prepared in the required 5
minutes or not.

Risk Analysis The results of the risk analysis of the system
design can be seen in Appendix 2. None of the investigated
fuels had a health factor higher than 1 in the NFPA classifica-
tion, indicating that none of the fuels is a high threat to human
health. Since the involved chemical components in this batch
blending system are fuels, they exhibited a combustion factor
of 3. Hence the risk of fire in the vicinity of the system is
greater than the risks related to human health.

Ensuring fire safety of the batch blending system has been
important. There are two ways to prevent a fire: preventing
the fuels from forming combustible mixtures or preventing
the initiation of a flame. There is ventilation in the engine test
cell to prevent the formation of combustible mixtures.
However, since this cannot guarantee that such mixtures are
not formed in the close vicinity of the mixing vessel, EX-class
equipment is used in the system to prevent electrical initiation
of fires. Moreover, fire alarms (triggered by increased tempera-
tures) and a spill guard are implemented to prevent the spread
of a fire if it did occur.

One additional conclusion from the risk analysis is that
a mistake resulting in a large deviation from the expected
blend results in a decreased cost compared to manual splash
blending. This is because only 10 liters of fuel is prepared at a
time. Furthermore, the direct feedback of the added fuel
masses and the blend ratios notifies the user immediately of
any deviations in the prepared fuel. Therefore, the time for a

mistake to occur in the blend preparation for the batch
blending system is restricted to the preparation time (5
minutes) and the related cost is only the cost of 10 liters of the
prepared fuel (depending on the cost of the fuel components).
However, it is important to note that the batch blending system
has a high initial cost, which could counteract the cost benefits
of the facilitated fuel preparation.

Conclusions

A fuel batch blending system for continuous production of
fuel mixtures for engine research was designed. The system
was able to prepare 10 liters of fuel blend with a maximum of
three different fuel components.

The fuel batch blending system meets the set require-
ments and enables the possibility to test various fuel blends
in engine testing facilities. It is considered to be fast, accurate
and repeatable and ensures safety and functionality
throughout fuel blend preparation.

The designed fuel batch blending system is able to:

* Automatically prepare different fuel blends in terms of
ratios and fuel components continuously.

* Automatically prepare blends with an absolute error of
0.5 vol-%.

¢ Facilitate the exchange of broken equipment by using
standardized hardware.

® Increased reliability and safety due to the use of adequate
materials and EX-class hardware, as well as the
implementation of various alarms.

* Facilitate the blend preparation for the user by the
implementation of a system program with the capability
to monitor the blend preparation process and to log
system data and notification of alarms.

Further development of the batch blending system might
include more inlets. These could not only allow for more fuel
components, but also lower the linearity and accuracy thresh-
olds of the system, thereby enabling the preparation of even
more complex mixtures.

Future work could also include development of the system
software to include fuel blend preparation based on the desired
fuel properties. This would enable for effective preparation of
e.g. primary reference fuels (PRFs) or other reference fuels
such as toluene-ethanol reference fuels (TERFs).
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Appendix 1

The table describes the hardware used for the fuel blending system in detail. The numbers visible under “Numbered items” are

referencing to the numbers in Figure 1.

TABLE A1 Detailed description of hardware used for the fuel blending system.

Numbered item:

Description:

Model/material:

Measurement/range:

1. Inlet pipe for fuel 1 Stainless steel pipe with quick coupling 2 10mm
2. Inlet pipe for fuel 2 Stainless steel pipe with quick coupling 2 10mm
3. Inlet pipe for fuel 3 Stainless steel pipe with quick coupling 2 10mm
4. Temperature sensors fuel Thermocouple type K, 2 1.5 mm -200-1260°C
(one in each inlet)
5. Inlet valve fuel 1 Solenoid valve, ATEX-class I Digital on/off 24 V
6. Inlet valve fuel 2 Solenoid valve, ATEX-class Il Digital on/off 24 V
7. Inlet valve fuel 3 Solenoid valve, ATEX-class I Digital on/off 24 V
8. Inlet pump for inlet fuel 3 Bosch 044 fuel pump 0-5 bar (200 I/h at 5 bar) 12 V
9. Motor for the fuel stirrer Pneumatic motor Buddeberg PLR28 Stainless max 6 bar max 400 rpm 10.4 Nm
steel ATEX-class Il
10. Mixing vessel Cylindrical container in stainless steel 2250, h 350 (mm)
1. Fuel blend agitator Stainless steel Radial flow agitator 2 80 mm
12. Scale Load cell OHAUS Ranger 7000 0-35 kg Precision 0.5g
13. Temperature sensor spill plate  Thermocouple type K -200-1260°C
14. Outlet pump for blended fuel Bosch 044 fuel pump 0-5 bar (200 I/h at 5 bar) 12 V
15. Fuel pressure regulator Bosch MiniA 2.2-3.5 bar 15-220 I/h reflow
16. Return line PTFE hose
17. Outlet Stainless steel pipe with quick coupling 2 10mm
18. Pressure sensor inlet GE Unik 5000 Gauge sensor ATEX-class Il 0-10 bar
19. Temperature sensor container ~ Thermocouple type K -200-1260°C
20. Pressure sensor outlet GE Unik 5000 Gauge sensor ATEX-class Il 0-10 bar
21. Level indicator On/off level switch Digital 5 V
22. Buffer tank AVL Fuel scale 2 liters (1850 g)

© Tara Larsson, Anders Christiansen Erlandsson.

Appendix 2

Full Hazard and Operability Studies (HazOp) risk analysis with consequences and safeguards. The analysis was made following
guidelines from [34, 43]. The NFPA classification for some fuels can be seen in Table A2. These factors were taken into consid-
eration when determining the consequences in the HazOp-analysis.

TABLE A2.1 NFPA classification for some fuels [43], original from [44].

Fuel Combustion factor (N;) Reactivity factor (N,) Health factor (N;)
nButanol 3 0 1
Diesel 2 0 0
Ethanol 3 0 0
Gasoline 3 0 1
Methanol 3 0 1

© SAE International. Data source: Ref. [44].
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The HazOp-analysis was performed with the guidewords listed below, and also included causes and consequences.

More

Less

None
Reverse

As well as
Part of
Other than

N =

The results from the full analysis can be seen in Table A2.2.

TABLE A2.2 HazOp analysis for the fuel blending system including consequences and safeguards.

Guide word Cause Consequences Probability Severity Safeguards
More Increased pump pressures Increased flow to blend Medium Low Container safety margin
container
Less Decreased pump pressures Decreased flow to blend  Medium Low No consequence
container
Less Leakage Fuel spill - hazardous Low Mediumto  Spill guard Thermocouples
fumes and/or fire high to detect fire
None Fuel is depleted Malfunctioning No flow to blend Low Medium Fuel mass observed in GUI
valves or pumps container Pressure sensor in inlet
Reverse Not possible
As well as Deviating concentration Fuel blend is not the Very unlikely  Medium Offsite fuel tests
expected one
Part of Fuel contamination in storage ~ Small deviation in fuel Medium Low Offsite fuel tests
or from pipes blend
Other than Another fuel is connected to The fuel blend is not the ~ Very low Medium Start-up protocol User
the inlet expected one responsibility

Guide word Cause Consequences Probability Severity Safeguards

More Increased pump pressure Increased flow out of Medium Low No severe consequences
blend container
Less Decreased pump pressure Decreased flow out of Medium Low No severe consequences
blend container
None No fuel in blend container No fuel to buffer tank, Low Medium Buffer tank Pressure
Malfunctioning pump or valve  engine sensors in outlet
Reverse Not possible
As well as In that case from inlet errors (see inlet flow section)
Part of Contamination in outlet pipe The fuel blend is not the  Very low Low Run engine before logging
or fuel blend container expected one test data to “clean out”
pipes Offsite fuel tests
Other than In that case from inlet errors (see inlet flow section)
Container level
Guide word Cause Consequences Probability Severity Safeguards
More Fuel inlets are not closed Overflow and fuel Low Mediumto  Spill plate beneath fuel
properly - malfunctioning leakage from container high container Vessel safety
valves margin Alarms in software

(Continued)
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TABLE A2.2 (Continued). HazOp analysis for the fuel blending system including consequences and safeguards.

Guide word Cause Consequences Probability Severity Safeguards
Less Fuel outlet is not closed All fuel in container is Low Low Monitoring container levels
properly - malfunctioning depleted and valves in GUI Refill fuel
valves and/or check outlet valves
None No fuel in the container All fuel in container has Very low Low Stop system and check
been depleted and no outlet valves
refill of fuel
Reverse Not possible
As well as The GUI level indication is Could lead to overflow Low to Low Container safety margin
wrong Scale signal is not or fuel depletion medium Alarms in software
correct Monitoring container levels

and valves in GUI Refill fuel
and/or check outlet valves

Mixing (motor + agitator)

Guide word Cause Consequences Probability Severity Safeguards

More Increased air pressure to Faster mixing Low Low Air flow regulator
pneumatic motor

Less Decreased air pressure to Slower mixing Low Low No severe consequences
pneumatic motor (mixing should still

be adequate)

None The pneumatic motor is Inhomogeneity of fuel Low Low to User checks that the motor

malfunctioning No pressurized medium is working at system start-

air to the motor

Reverse

Not possible the motor can only rotate in one direction - otherwise no effect on the mixing

up GUI monitoring of signal
to air valve

Temperature (above container)
Guide word Cause Consequences

More Fire of fuel gases above or Destroyed equipment
inside container Personal injuries

Less The lowest possible temperature is ambient.

Temperature spill plate

Probability
Low

Severity
High

Safeguards

Thermocouples + alarms to
monitor Forced ventilation
to avoid flammable gas

Guide word (o 111] Consequences Probability Severity Safeguards

More Liquid spill from the system Destroyed equipment Low High Thermocouples + alarms to
and ignition of flammable Personal injuries monitor Forced ventilation
gases from the spill to avoid flammable gas

Less The lowest possible temperature is ambient.

Liquid level spill plate

Guide word Cause Consequences Probability Severity Safeguards

More Fuel leakages somewhere in Could lead to the Low Mediumto  Liquid level guard on spill
the system formation of toxic or high plate connected to alarms

flammable gases
Less Not possible as normal level is none
None Normal operation

© Tara Larsson, Anders Christiansen Erlandsson.
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