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Welcome to SIMS 59

Oslo Metropolitan University (OsloMet) in collaboration with University of South-Eastern Norway
(USN), NTNU — Norwegian University of Science and Technology, the Norwegian Society of
Electric and Automatic Control (NFEA), and the Scandinavian Simulation Society are proud to
arrange the 59th International Conference on Simulation and Modelling (SIMS 59) in Oslo,
Norway.

This 1000-year-old Norwegian capital sits at the head of the Oslo Fjord and has a municipal
population of about 670 000. The city offers visual delights such as the Vigeland Sculpture Park, the
Viking Ship Museum, the Munch Museum and Holmenkollen, as well as more challenging content
such as the new Nobel Peace Centre and the Holocaust Center. The Oslo Pass allows free travel on
public transport, free parking and many museum and sight admissions.

The Scandinavian Simulation Society consists of members from five Nordic countries: Denmark,
Finland, Norway, Sweden, and Iceland. The goal of SIMS is to develop further the science and
practice of modelling and simulation in all application areas and to be a forum for information
interchange between professionals and non-professionals in the Nordic countries.

The SIMS 59 conference will cover broad aspects of simulation, modeling and optimization in
engineering, especially in energy applications. Central themes include:

* modeling and simulation for design, planning, optimization, control, monitoring and diagnostics
* modeling tools, numerical methods for simulation, simulation tools, and technology
* visualization of modeling and simulation results

Application areas include: Automotive energy systems, Bio energy and biofuels, Biosystems and
medical systems, Carbon capture and storage, Chemical process plants, Electric power systems,
Energy storage, Energy and climate, Environmental impact, Fuel cells, Geothermal systems, Health
and Welfare, Heat pumps, Hybrid and electrical vehicles, Hydro power, Industrial energy systems,
Marine energy systems, Mechatronic energy systems, Oil and gas exploration and production,
Photovoltaics, processing plants, Power stations, Refrigeration systems, Solar thermal systems,
Thermal power plants, Wave and tidal power, Wind power.

A key component of the SIMS conference is the opportunity to socialize and make new
connections. The conference offers several possibilities for networking including a conference
dinner at the restaurant Olivia at Aker Brygge, a conference study visit to the VEAS water treatment
plant, and last but not least several coffee and lunch breaks.

On behalf of the organizers, we wish to thank all participants, authors, keynote speakers and
presenters for their contribution to this conference! We also want to acknowledge the support we
have received from the conference board, the program committee, NFEA, and the SIMS board.

Tiina Komulainen, Lars Erik @i, Robin T. Bye, and Lars O. Nord
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Exergy Analysis of Combined Heat and Power (CHP) Plants

Jairo Rda Lars O. Nord

Department of Energy and Process Engineering, NTNU - Norwegian University of Science and Technology,
Trondheim - Norway, jairo.r.pazos@ntnu.no

Abstract

Combined heat and power plants are an efficient technol-
ogy for waste heat recovery applications where both heat
and power are demanded. Steam Rankine cycles are nor-
mally utilized when high temperature exhaust streams are
available. Different heat demands and temperatures might
be expected depending on the application. Thus, design-
ing a power system capable of meeting the heat demand
and producing the maximum possible power supposes a
challenge. This work aims at providing some guidelines
to properly select, from a second law perspective, a CHP
plant configuration depending on the heat demand and
temperature. Two plant configurations are considered and
broad ranges of heat demand and temperature are stud-
ied. A software developed in MATLAB was utilized for
all thermodynamic property calculations. Optimization of
the thermodynamic cycle was carried out for each set of
conditions and the best possible scenario was always eval-
uated. An exergy analysis of the components integrating
the power plant was then performed, pointing out where
irreversibilities were more predominant and where there
was more potential for improvements. Results showed
that extracting process heat in the condenser was more
beneficial than utilizing a supplementary heat exchanger
in series with the heat recovery steam generator.
Keywords: steam Rankine cycle, waste heat recovery,
gradient-based optimization, Second law analysis.

1 Introduction

Uncontrolled and prolonged emissions of anthropogenic
greenhouse gases (GHG) have increased by 40% the at-
mospheric concentrations of CO, with respect to pre-
industrial levels. Combustion of fossil fuels is the main
source of these anthropogenic GHG emissions, which ac-
counts for 78% of the total emission increase in the period
from 1970 to 2010. Accordingly, there is a scientific con-
sensus that this irresponsible human behaviour is one of
the major drivers of global warming and climate change
(IPCC, 2014). However, power generation and industry
are expected to rely on fossil fuel combustion until the
end of the century (IEA, 2016). Efficiency improvement is
considered a promising mitigation alternative that aims at
reducing the CO; emissions on these sectors (IEA, 2016).

Waste heat recovery from both power generation sys-
tems and energy intensive industries is expected to lead
to higher efficiencies and lower CO; emissions (Nord and

https://doi.org/10.3384/ecp1815301

Bolland, 2013; Quoilin et al., 2013). Combined heat and
power (CHP) plants are suitable alternatives for waste heat
applications where there is a demand of both heat and
power. Nevertheless, the design of these systems is a ma-
jor challenge due to the broad range of exhaust gas tem-
peratures and the different heat demand and temperature.

Exergy analysis accounts for the irreversibilities that
take place in each component of the cycle and leads to
designs where maximum use of the available exergy is
achieved. Many studies analyse complex systems in or-
der to identify such irreversibilities. However, some of
them do not motivate, economically or thermodynami-
cally, the selection of a specific plant configuration. From
an engineering perspective, both adequate thermodynamic
performance and plant structure are fundamental choices
that determine the efficient operation of a power or CHP
plant. Consequently, it is not possible to ensure peak per-
formance of any power system if only one of these two
factors is motivated. Ertesvag (2007) defined a parameter
to compare the exergy improvements that are achieved us-
ing a CHP plant with the separate production of heat and
power. Results showed that industrial CHP plants with
gas turbines, bypass in the condenser for heat production,
and back-pressure steam turbines are beneficial from a ex-
ergy perspective. Wang et al. (2009) carried out an exergy
optimization and analysis of different types of cycles and
configurations for waste heat recovery in a cement plant.
They concluded the Kalina cycle leads to the highest effi-
ciency, although the simple flash steam cycle leads to good
performance with a simpler cycle configuration. Ahmadi
and Dincer (2010) performed an exergo-economic analy-
sis of an existing CHP plant where heat demand and tem-
perature were defined. The effect of power demand and
fuel cost on different parameters of the cycle was studied
through a sensitivity analysis. It was found that economic
saving may be achieved if the suitable turbomachinery and
an adequate CHP plant design are selected according to a
expected power demand.

This work aims at providing some guidelines for the se-
lection of optimal CHP plant configurations for waste heat
recovery applications at high temperature. In Section 2
two different CHP plants for producing a wide range of
temperature and heat demands are described, the exergy
analysis methodology is presented, and the optimization
procedure for maximizing the power output is detailed.
Results for both CHP plant configurations are shown and
compared in Section 3.

Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway



2 Analytical Procedure
2.1 Case Study

The case study analysed in this work is a combined cycle
where a flow of exhaust gas at 550 °C is utilized to pro-
duce the steam that drives the turbine in a simple Rankine
cycle and the process heat required. Water is selected as
working fluid due to the high temperature of the hot fluid
(Hung et al., 1997). Waste heat recovery applications,
such as those on offshore platforms or ships are normally
subjected to weight and space limitations. Therefore, a
single pressure once-through steam generator is utilized
as a trade-off between compactness and heat exchange ef-
ficiency (Nord and Bolland, 2012, 2013). Two different
configurations, whose layouts are shown respectively in
Figure 1 and Figure 2, are studied:

1. Process heat is generated in the condenser with the
heat rejected by the steam during its condensing be-
fore being pumped to restart the cycle. In this sce-
nario, a back-pressure steam turbine may be utilized
in order to leave some energy in the steam that en-
ables the production of the demanded amount of heat
at the required temperature. As process heat is pro-
duced in the condenser, the exhaust flow is entirely
utilized to generate the maximum amount of steam
for a certain temperature at the inlet of the turbine.

2. A supplementary heat exchanger is installed after the
heat recovery steam generator (HRSG) to produce
the required process heat. Therefore, it is not possi-
ble to employ all the exhaust gas energy for the gen-
eration of steam as there must be some available for
the production of process heat. However, in this case,
the generation of power is not limited by the back-
pressure of the steam turbine as no useful energy is
going to be obtained from the condenser. Maximum
possible expansion is hence occurring in the steam
turbine.

Expander

hy fa

4® Generator

f Condenser
4
4[ 03

> .
g @

Pump 2

h,
f,

Primary heat exchanger

Pump1

Figure 1. Simple Rankine cycle layout with heat extraction in
the condenser.
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Table 1. Specification assumed for the case study.

Variable Nomenclature Value
Ambient Temperature To 10°C
Ambient Pressure Po 1 atm
Heat Source Temperature Ty, 550 °C
Heat Source Mass Flow Rate iy, 80 kg/s
Heat Source Outlet Pressure Dhy OT P, 1 atm
Process Heat Fluid Temperature T, or T, 25°C
Process Heat Fluid Outlet Pressure Des OF Pp, 2.5 atm
Process Heat Fluid Inlet Pressure Pe; OF P, 1.5 atm
Cooling Fluid Temperature T, 10°C
CO, 5.23 mol-%
. H,O0 4.29 mol-%
Heat Source Composition 0, 15.24 mol-%
N> 75.24 mol-%

Almost all exhaust gases originated from the combus-
tion of fossil fuels contain sulphurs that may condensate
and cause corrosion when the temperature is excessively
low. Thus, in practice, a minimum temperature at the out-
let of the heat exchanger is fixed in order to avoid such
problems. In this case, a "clean" gas stream was assumed.
Limitations related to practical operation issues were not
considered and hence a exhaust gas low temperature limit
of 40°C was used. Pressurized water at 2.5 bar was uti-
lized as both fluid media in the process heat generation
and as cooling fluid in the condenser for configuration 2.
Process heat demand and temperature were varied during
this study so the effect of these variables on the exergy
utilization and efficiency may be observed. A summary of
the specifications assumed in this work is in Table 1.

2.2 Exergy Analysis

Steady-state mass and energy conservation laws are im-
plemented in every component so the inlet and outlet
states of every component may be calculated. The REF-
PROP library (Lemmon et al., 2013) is utilized to deter-
mine the required thermodynamic variables in every state

Primary heat exchanger

hy
f 4@ Generator

f Condenser
4
J C3

f, @ L—ﬁ
Dl’ l hz o

Supplementary heat exchanger

Expander

Pump1 Pump 2

Figure 2. Simple Rankine cycle with supplementary heat ex-
changer layout.
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(IAPWS formulation for the thermodynamic properties of
water and steam). Once the thermodynamic states that
specify the components’ operation are known, exergy cal-
culations can be performed. Exergy content is calculated
in every state and thus, by means of exergy balances, the
exergy transfer and destruction that occurs in the compo-
nents integrating the cycle are calculated. More details
about the implementation of this procedure in MATLAB
can be found in the work done by Agromayor and Nord
(2017).

Thermo-mechanical exergy was exclusively consid-
ered. When exergy balances are considered for every com-
ponent, the chemical exergy between two different states
cancels out. Point A is the only state where it could be
considered, being included in the exergy losses associ-
ated to the exhaust gas that is released to the atmosphere
and thus reducing the second law efficiency of the plant.
However, special ideal membranes that allow the individ-
ual expansion of the components integrating the exhaust
gas stream would be needed (Kotas, 2012). This is un-
realistic for a power plant and therefore chemical exergy
is not utilized in the proposed case. In addition, kinetic
and potential energies, and its contribution in the exergy
calculations, were neglected.

2.3 Optimization

Second law plant efficiency, defined in Eq. 1, was selected
as the objective function to be maximized in the Rank-
ine cycle optimization. The numerator represents the net
exergy extracted from the turbine in the process, which ac-
counts for the net power produced in the bottoming cycle.
Process heat, i.e. the thermo-mechanical exergy contained
in the process heat stream (EC3 for configuration 1 and E Dy
for configuration 2), is considered as a constraint in the op-
timization problem since power plant operators normally
prefer to produce electricity rather than heat. The denom-
inator is the thermo-mechanical exergy contained by the
heat source at the inlet of the primary heat exchanger, Ej, .
Selecting this parameter as denominator allows to know
how well the exergy content of the hot stream is utilized
for the desired purposes, which is one of the main objec-
tives of a waste heat recovery application.

Wnet
E,

1

nll,planl = (1)
Net power is defined in Eq. 2 as the difference between
the power produced by the steam turbine and the power
consumed by the pumps. Process heat exergy, Ejeq:, ac-
counts for the work that could be obtained if the fluid was
taken reversibly to restricted equilibrium (Kotas, 2012)
(see Eq. 3).

Wnet = |VVturb| - |Wpump£yl.l(,| - |Wpumpc| - |Wpumpmp| (2)
Eheat = mheat Cheat = mheat [(h - hO) - TO (S - SO)] (3)
During the optimization many variables are kept constant.

A summary of the values of these variables is presented in
Table. 2.
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Table 2. Fixed variables during the Rankine cycle optimization.

Variable Nomenclature ~ Value
HRSG Pressure Drop Heat Source Side Appypsc [ %] 2
HRSG Pressure Drop Working Fluid Side Pwirsg %] 2
Condenser Pressure Drop Cooling Fluid Side Apc[%] 2
Condenser Pressure Drop Working Fluid Side Apyy,,al%] 1
Supplementary HE Pressure Drop Working Fluid Side Apyg,, [ %] 1
Supplementary HE Pressure Drop Heat Source Side App,,,, [%] 1
Expander Polytropic Efficiency Nrurv[ %] 80
Pump Polytropic Efficiency Npumpl %] 70
HRSG Minimum Temperature Difference ATin.arsc[°Cl 10
Condenser Minimum Temperature Difference AT pin.c[°C] 10

In the model employed in this work, five degrees of
freedom are enough to sequentially calculate all the ther-
modynamic states without solving any system of algebraic
equations. These degrees of freedom are:

1. Outlet temperature of the heat source.
2. Pressure at the inlet of the turbine.

3. Pressure at the outlet of the turbine.
4. Enthalpy at the inlet of the turbine.

5. Enthalpy at the inlet of the HRSG.

3 Results and Discussion

Simulations for process heat demand varying between 30
and 42 MW, and temperature requirements ranging from
50 to 90 °C were performed. The temperature interval
was selected based on a low quality heat demand where
the produced heat will be used for low temperature appli-
cations. The choice of the process heat demand range was
based on an optimization of the cycle without any con-
straint on the heat demand and an outlet temperature of
50 °C at the outlet of the condenser. It was observed that
the heat flow rate in the condenser was 25 MW and hence
higher values had to be tested. An upper limit to the maxi-
mum process heat that could be produced was found close
to 44 MW, where the cycle needed to consume power in-
stead of producing it, i.e. a negative second law efficiency
was obtained. The selected range was 30 - 42 MW in order
to ensure that sufficient heat (limited by the lower bound)
and power (limited by the upper bound) were produced in
all cases.

3.1 Simple Rankine Cycle

Second law efficiency variation with heat demand and
temperature may be observed in Figure 3. As it could be
expected, increasing temperature and heat demand have a
negative effect on the second law efficiency. From Fig-
ure 4 can be observed that two opposite tendencies are
found in the cycle. Irreversibility becomes larger in the
HRSG and the condenser as the heat demand increases,
but less exergy is destructed in the turbine and the pump
(not shown due to small scale) when the demand of heat is

Proceedings of The 59th Conference on Simulation
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Oslo Metropolitan University, Norway
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Figure 4. Irreversibility variation of the components of the sim-
ple Rankine cycle.

raised. The increase of both heat exchanger’s irreversibil-
ity with the heat demand outweighs the reduction in ex-
ergy destruction that occurs in the turbomachinery and
hence the overall effect of the heat demand on the sec-
ond law efficiency is negative, i.e. it is reduced as the heat
demand raises.

Mathematically, the connection between the reduction
in the turbine’s irreversibility with the increase in the pro-
cess heat can be proven. Combining the polytropic effi-
ciency of the turbine 1), shown in Eq. 4, and Eq. 5, where
subscript s stands for isentropic,

dh
= — 4
nP dhs ( )
Tds=dh—vdp and dh;=vdp 5)
the following expression is obtained:
Tds+vdp Tds
M vdp + vdp ©

https://doi.org/10.3384/ecp1815301

If ideal gas behaviour of the steam is assumed (only for
qualitative analysis purposes), Eq. 6 becomes:

ds=R(n,— 1)(1;

)
Integrating between the inlet and the outlet of the turbine:

As=R(1-n,) In(22) ®)
P4

It is possible to observe that entropy increment, and hence
irreversibility (see Eq. 8), depend on the pressure ratio in
the turbine and the polytropic efficiency. Since the poly-
tropic efficiency is considered constant, the exergy de-
struction in the turbine only depends on the pressure ra-
tio. From Figure 5 it can be seen that the pressure ratio
decreases with increasing heat demand. Therefore, it is
shown that the irreversibility in this case decreases with
higher heat requirements.

In the pump’s case the ratio between the specific vol-
ume and temperature in Eq. 6 is constant, and hence the
following expression is obtained:

As=K(1-1,)(p2— p1) ©)
with K being a constant that represents the ratio between
the specific volume and temperature, where the former is
constant because water is an incompressible fluid and the
variation in the latter is neglected since it is small. Thus, it
is shown that, as it occurred in the turbine, the irreversibil-
ity in the pump decreases as the process heat demand in-
creases.

From a second law analysis of a heat transfer process
between a hot and a cold stream it can be shown that the
entropy generation &, and thus the irreversibility, are pro-
portional to the temperature difference and the heat ex-
changed. This can be proven assuming a heat exchange
process between constant hot and cold flows without fric-
tion. The control volume is set so the heat transfer process
occurs at Ty, and all the entropy generation is included.
For the cold fluid, the first and second law, and the T-s
equations are, respectively:

0= 8Q + mcdhc (10)
ozaég-%mcdq¢+6¢ (11)

Ty

Tedse = dhy (12)

Combining these three equations the following expression
showing the relation between the entropy production and
the existence of a finite temperature difference is obtained:

Ty-Tc

56 = Tl (13)
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Figure 6. Effect of process heat temperature on the optimal cycle configuration for the simple Rankine cycle.

Consequently, for the heat recovery steam generator,
the heat transferred increases with the process heat de-
mand and so does the irreversibility. In addition, high
process heat demand implies less pressure ratio, which in-
creases the temperature difference between the hot stream
of exhaust gases and the pressurized working fluid along
the HRSG, leading to higher entropy generation. Lastly,
smaller pressure ratios mean that the overall cold stream
temperature in the heat recovery steam generator is re-
duced, and hence the denominator in Eq. 13 is smaller for
larger process heat demands.

https://doi.org/10.3384/ecp1815301

The irreversibility in the condenser is also increased
with the process heat demand because the heat transferred
is larger. This effect may be observed in Figure 4, where
there is a linear tendency for the condenser irreversibility
lines. Different back-pressures at the outlet of the turbine
originated by different process heat demands may lead
to different hot temperatures along the condenser, which
would imply different temperature differences and mod-
ifications in the denominator’s product. However, these
changes balance each other and the linear tendency due to
the heat transferred dominates the exergy destruction.
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Temperature influence in the second law efficiency of
the power plant can also be understood if irreversibility
in each component is analysed. High temperatures lead
to smaller pressure ratios in the cycle for a given process
heat demand (see Figure 6). Therefore, the irreversibil-
ity in the turbine and the pump decreases as the required
temperature increases (see Eq. 8 and Eq. 9, respectively).

The effect of temperature in the heat recovery steam
generator and the condenser can be clearly observed in
Figure 4. The temperature in the process heat stream has
a strong effect in the high and low pressures of the cycle.
These pressures influence the temperature difference be-
tween the hot and cold streams in each heat exchanger and
hence affect the exergy destruction taking place in both
components.

In case of the heat recovery steam generator, the high
pressure increase associated to the raise in the tempera-
ture of the process heat stream leads to a reduction of the
irreversibility. Larger high pressures imply higher satura-
tion temperature and hence the overall temperature differ-
ence along the component decreases, leading to smaller
exergy destruction. The saturation temperature increase
in the heat recovery steam generator also indicates larger
overall cold temperature along the component, which en-
hances the reduction in entropy generation (see Eq. 13).

High temperatures in the outlet of the cold stream of the
condenser lead to larger temperature differences along the
component. This effect outbalances the increase of the de-
nominator product associated to the increase of the overall
temperature of the cooling fluid. Therefore, the entropy
generation is boosted by the increase in the temperature
requirements for the process heat stream.

From this analysis, it could be thought that the temper-
ature raise of the process heat stream could lead to an im-
provement of the second law efficiency as the irreversibil-
ity of the heat recovery steam generator, the component
with larger effect on this parameter, decreases for higher
temperatures. However, in addition to an exergy destruc-
tion analysis, it is important to take into account the uti-
lization of the exhaust gas stream and the power produced
in the turbine. Exergy flow to the cycle and power genera-
tion in the turbine decrease as the temperature is increased.
Thus, albeit the smaller irreversibility in the HRSG, high
temperature requirements in the heat stream lead to lower
values of the second law efficiency because a larger frac-
tion of exergy leaves with the exhaust gases without being
recovered by the cycle. The exergy content of the exhaust
gases is simply destroyed in the ambient without being
utilized.

3.2 Rankine Cycle with Supplementary Heat
Exchanger

Second law efficiency variation with process heat demand
and temperature are shown in Figure 7. Similarly to what
occurred with the simple Rankine cycle configuration,
second law efficiency decreases as the process heat de-
mand is raised. However, temperature has no effect on this

https://doi.org/10.3384/ecp1815301

e
o

Second Law Efficiency, n;r [%)]
o o o o o o
1= 1= e = = = =
(= 3] — [V S (=) [ed]

o
o
=

0.02 L L L L L
30 32 34 36 38 40 42

Process Heat Demand, Q [MW]

Figure 7. Second law efficiency variation of the Rankine cycle
with Supplementary HE.

parameter as it can be clearly observed. In addition, and as
it could be expected from the non-variation of the second
law efficiency with process heat temperature, irreversibil-
ity in each of the cycle’s components is also independent
from the process heat temperature. This behaviour may be
observed in Figure 8a.

Invariance of the second law efficiency with process
heat temperature can be explained from an optimization
perspective. Described before, during the optimization
procedure, the outlet temperature required for the process
heat stream is fixed while the amount of demanded heat is
set as an equality constraint. When the required tempera-
ture is the lowest, i.e. 50 °C, a maximum for the efficiency
is found with an associated temperature at the outlet of
the HRSG of the exhaust gases close to or above 400 °C.
Thus, when the temperature requirements are increased,
the same optimum point, which is the best possible point
for the established conditions, is achieved since the energy
contained in the exhaust gases at the outlet of the HRSG
is enough to produce the demanded heat at higher tem-
peratures. The obtained results lead to the same thermo-
dynamic cycle. Consequently, as the objective function is
the produced power in the turbine divided by the exergy
content of the hot stream at the inlet of the HRSG (see
Eq. 1), the second law efficiency does not change.

Identical thermodynamic cycles for different process
heat temperatures imply that the pressure ratio in the
turbine and the pressure difference in the pump do not
change. Therefore, according to Eq. 8 and Eq. 9, ex-
ergy destruction in both components does not vary with
the temperature of the process heat stream.

On the contrary, the irreversibility in the supplementary
heat exchanger does change with the process heat temper-
ature as it can be observed in Figure 8b. Different tem-
perature in the process heat stream implies that, for the
same hot inlet temperature in the supplementary heat ex-
changer, distinct temperature differences occur along the
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component. Hence, the higher the process heat temper-
ature requirements the smaller the "overall" temperature
difference and the irreversibility in the component. This
behaviour is explained mathematically by Eq. 13.

Heat demand has a clear linear influence in the second
law efficiency of the power plant and in the irreversibil-
ity in each component. On the contrary to what occurred
for the simple Rankine cycle, exergy destruction in all cy-
cle components decreases with the increase in the heat de-
mand. Big changes in the high and low pressures of the
cycle do not occur and hence the irreversibility is reduced
as the heat demand is raised. Heat transferred in the heat
recovery steam generator and the condenser decreases as
the heat demand increases. Eq. 13 shows the linear rela-
tion between heat transferred and entropy generation (and
consequently exergy destruction), and hence it can be un-
derstood why the irreversibility in these heat exchangers
is decreased as the process heat demand increases. The
"overall" hot temperature and thus the temperature differ-
ence are higher for larger heat demands, however, this ef-
fect is clearly outbalanced by the changes in the heat trans-
fer. The weight of the heat transfer increase in the entropy
generation and the linear behaviour it produces is easily
observable in Figure 8.

3.3 Configuration Comparison

From the previous discussions in the sections above two
distinguishable behaviours may be observed. The simple
Rankine cycle is affected by both process heat demand
and temperature since this heat is produced in the con-
denser and consequently affects the thermodynamic cycle
directly. On the other hand, having a supplementary heat
exchanger after the HRSG together with the low temper-
ature requisites allows the second configuration to be in-
dependent of the process heat temperature. This feature

https://doi.org/10.3384/ecp1815301

could be regarded as an advantage for the second configu-
ration but, due to the requirements imposed during the op-
timization, the cycle design is strongly penalized, reaching
much lower efficiencies (both first and second law) than
the simple Rankine configuration.

From the efficiency definitions and the results presented
it can be deduced that the simple Rankine configuration
produces more electric power than the configuration with
supplementary heat exchanger for an equal set of process
heat requirements. Larger irreversibilities are found in
the components of the first cycle than in the second one
for this reason, as more working fluid is circulating, more
power is produced in the turbine, more power is consumed
by the pump and larger temperature differences are en-
countered along the HRSG and the condenser. Exergy de-
struction is thus concentrated in the supplementary heat
exchanger in the second configuration, being its magni-
tude almost as large as all the irreversibilities of the cycle’s
components in the simple Rankine cycle configuration.

4 Conclusions

In this work two different configurations of a combined
heat and power plant were proposed for waste heat re-
covery applications. The first configuration produced the
process heat in the condenser by utilizing a back-pressure
steam turbine. In the second alternative, a supplemen-
tary heat exchanger after the heat recovery steam gener-
ator was considered. An optimization procedure of each
cycle for different process heat demands and temperature
was done in order to obtain the best possible design for
each case. The second law efficiency was employed as the
objective function and, in addition to the thermodynamic
states, the irreversibility was calculated in each compo-
nent.
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Both qualitative and quantitative analyses from a sec-
ond law perspective were done for both power plant con-
figurations. It was found that in both cycles the HRSG
design was the main source of entropy generation due to
the large heat that was transferred and the big tempera-
ture differences. However, when the second power plant
configuration was analysed, the largest irreversibility oc-
curred in the supplementary heat exchanger as a conse-
quence of the large heat transferred and the temperature
difference. Heat demand, and not process heat tempera-
ture, was the process heat parameter that had the largest
effect on both efficiencies, being the variable that limits
the most the power generation in the steam turbine.

The power plant with supplementary heat exchanger
was independent of the process heat temperature due to
the nature of the optimal solution, leading to poor effi-
ciencies and low power production. As a consequence,
the simple Rankine cycle is considered as the best of the
two proposed alternatives because it does not only have
better first and second law efficiencies but it is also able to
generate more power for a specific process heat.
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Abstract

The digital twin offers a potentially powerful way of
using simulation to support business and change the
way industrial operations are done. The idea of the
digital twin is not new but recent changes in
information technology make implementation of
digital twins a natural next step in the application of
simulation technologies. Simulation practitioners will
find that their models are increasingly embedded in
complex systems that combine simulations with
operational data to solve a business problem.
However, the successful adoption of this approach is
challenging. This paper asks the question: “How can
digital twins be made sustainable, maintainable and
useful?”. We focus primarily on the development of
twins in the oil and gas industry. Most academic work
in this area has been done in the manufacturing
industries. We review this literature and propose a
simple model of digital twins. This allows us to
identify challenges with current implementations and
propose a research agenda that will allow future twins
to be sustainable, maintainable and usable.

Keywords:  digital twin, semantics, integration, on-
line simulation, Industrie 4.0, hybrid analytics.

1 Introduction

The digital twin is one of the buzzwords of the last
year. For example, Gartner group identified digital
twins as one of the top ten strategic technology trends
for 2017 (Panetta, 2016) and 2018 (Panetta, 2017). As
Gartner themselves note, the idea of a digital twin is
not new, as the discipline of engineering simulation is
at least thirty years old. Klostermeier, Haag & Benlian
(2018) attribute the twin concept to researchers in
NASA, with roots back into the Apollo program. They
also note that the digital twin may be seen as a fourth
milestone in the application of simulation technology,
as shown in Figure 1. This model is useful, but it
obscures work done in the last decades where
simulations were aligned with operational data to
solve localized control and monitoring tasks.

https://doi.org/10.3384/ecp181539

Digital twin
concept
2015+

Simulation-based
system design

2000+
Simulation tools
1985+
Individual

applications
1960+

Figure 1. Milestones in simulator application (from
Klostermeier et al. (2018))

For example. in the oil and gas sector, it is now
twenty years since the first implementation of an on-line
flow assurance system (Hyllseth & Cameron, 2003).
This provided a digital twin of a multiphase pipeline
from the Oseberg field in the North Sea.

As simulation and automation engineers, we should
welcome this new, high level focus on using simulation
to support operational decisions. However, we see that
there are important issues related to sustainability,
maintainability and usability that must be addressed if
digital twins are to realize their potential in industrial
operations. This paper presents these challenges and
proposes a program of research, standardization and
best practice that addresses them.

We propose the idea of a semantic backbone that
supports the integration of several different types of
digital twin application around a shared understanding
of a facilities design. To be successful, this backbone
will need to find a pragmatic balance between
comprehensiveness and maintainability. It will also
need to build on standards in a way that prevents
reinvention of the wheel and allows modular
construction of semantic models.

A successful digital twin also requires the correlation
of structured data from designs, measurements and
simulations with unstructured data from logs and
documents. In addition, there remain many issues to be
resolved around hybrid modelling: the linkage between
data science - applied statistics and empirical modelling
- and physical and engineering simulations. Our
conclusion is that useful digital twins require the
building of an interdisciplinary collaboration between
computer scientists, data scientists and their engineering
and operational colleagues.
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2 Materials and Methods

This paper builds on the authors” own and diverse
experiences in the field of integration of complex
technical systems and online simulation. Each author
brings a different perspective to the problem. One of
us is a computer scientist, while the other two are
chemical engineers with experience from developing
and implementing on-line simulation systems. The
analysis is supported by a literature search performed
around Industrie 4.0 and digital twins (in English and
German) using ScienceDirect, OnePetro and Web of
Science, with a focus on recent papers.

Digital twins have been identified as a core research
topic by the SIRIUS Centre for Research-Based
Innovation. This centre held a workshop on digital
twins, with participants from oil companies, system
vendors and consultancies on 20" March 2018. This
paper is a partial summary of discussions at this
meeting.

3 What is a Digital Twin?

3.1 Defining a Digital Twin

As noted above, the digital twin term had its origin
in the American aerospace industry. Thus, the Defense
Acquisition University defines a digital twin to be “An
integrated multi-physics, multi-scale, probabilistic
simulation of an as-built system, enabled by Digital
Thread that uses the best available models, sensor
information, and input data to mirror and predict
activities/performance over the life of its
corresponding physical twin.” (DAU, 2018a). This
definition references another concept, namely the
digital thread. This is defined as “An extensible,
configurable and component enterprise-level
analytical framework that seamlessly expedites the
controlled interplay of authoritative technical data,
software, information, and knowledge in the enterprise
data-information-knowledge systems, based on the
Digital System Model template, to inform decision
makers throughout a system'’s life cycle by providing
the capability to access, integrate and transform
disparate data into actionable information.” (DAU,
2018b). This definition then points to a specific data
model., namely the Digital System Model, which is “A
digital representation of a ... system, generated by all
stakeholders that integrates the authoritative technical
data and associated artefacts which define all aspects
of the system for the specific activities throughout the
system lifecycle” (DAU, 2018c).

We can work this definition into the framework
shown in Figure 2. In this figure we use concepts from
the oil and gas industry to identify the parts of a twin.
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Figure 2. A conceptual framework for a digital twin, with
concepts from the process industries.

Three types of data must be coordinated in a digital
twin: (1) measurements of a system and its
surroundings, (2) a description of the system’s
configuration and construction (the asset configuration)
and (3) simulations and analyses of the system. We
combine these three data sources to produce information
about the system state that is useful for one or more
users of the system.

For an oil platform or process plant, the asset
configuration is contained in a Life-cycle Information
(LCI) system. This allows a digital twin to exploit the
virtual reality possibilities of a detailed 3D geometric
model. Measurements come from the facility’s control
and automation system, specialized monitoring systems
and the laboratory information management system.
Many types of simulation and analysis are possible. We
need to ask, what are we simulating? Are we interested
in structural integrity? Then we need a structural
simulation. Are we interested in process behaviour?
Then we need a dynamic process simulator. Are we
interested in the state of rotating equipment? Then we
need an analysis tool that finds events in vibrational,
temperature and tribology data.

3.2 Digital Twins in Oil and Gas

Explicit references to digital twins in the oil and gas
industry are few and are often high-level, non-technical
presentations. This may be due to the term only having
come into use in the last few years, as a commercial term
used to transfer technology from the “digital sector”.
Poddar (2018) defines a twin as a “virtual and simulated
model or a true replica of a physical asset”. What a true
replica is, is left undefined. A list of design, operations
and optimisation applications is given without examples
and commercial integration platforms are listed. Sharma
etal. (2017) give a longer but similar presentation. They
describe a twin of a supply boat that can be used to
optimise operations and maintenance. They also note
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that a twin can support real-time barrier analysis for
risk assessment.

A recent textbook on digital oil and gas
technologies (Carvajal et al., 2018) does not mention
digital twins. However, the concept is implicit in the
on-line use and updating of an integrated asset model
(p236ff) and in introducing the not-yet-realized
concept of a closed loop asset model (p336). They
point out challenges in implementing such a
framework. We will return to this in section 4.

An early description of on-line integrated asset
surveillance is given by Deaton et al. (2007). Their list
of challenges is still valid: disparate data sources, non-
integrated and unfiltered data. They note that data
problems can be overcome, but a successful system
requires embedding in the operators work processes.

Ten years later, Sankaran et al. (2017) describe
Anardarko Petroleum’s implementation of an
integrated performance and optimization system that
integrates control data and telemetry with simulation
and optimization to support operational decisions.
They noted that care and system design was needed to
ensure that the application remained scalable and
maintainable.

Digital twins for specific disciplines, such as
structural and marine performance of floating
platforms (Renzi et. al., 2017), drilling fluids in a well
(Mayani et al., 2017) and flow assurance in a gas
pipeline (Lunde et al., 2013) emphasise further that the
idea of the digital twin is not new. What is new is the
idea of the comprehensive, interdisciplinary twin.

3.3 Digital twins in manufacturing

As noted above, the digital twin had its origin in
manufacturing, in particular aerospace. It is therefore
worth looking at the literature from this domain in
considering how digital twins can work in the oil and
gas domain. Digital twins in manufacturing focus on a
product and its lifecycle, from concept generation and
to recycling or disposal (Tao et al. 2017). A digital
twin can make a product smart, personalized,
sustainable, green, and service-oriented in an
interconnected and interactive way (Tao and Zhang
2017). In oil and gas, we rather focus on the asset and
its lifecycle, from concept through engineering,
procurement and construction to operations and,
eventually decommissioning.

The data for a product twin comes from the design
and from the production process. Production data
includes equipment states, materials and work-in-
process. It is collected in real-time from RFID tags,
sensors, actuators, controllers, lasers, vision systems,
scanning systems and coordinate measuring machines.
(Tao and Zhang 2017, Grieves 2014).

This product focus is supported by product life
cycle management (PLM) systems. This approach was
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first proposed by Grieves in 2003 (Mayani et al., 2018;
Grieves 2014; Grieves and Vickers 2017).

Industrie 4.0 is a German initiative in developing and
applying cyber-physical systems in manufacturing (Lu
2017, Trappey et al. 2017). The digital twin is a core
component in these systems (Uhlmann, Hohwieler, and
Geisert 2017, Parrott and Warshaw 2017). These
authors note that two types of twins can be built: a
product twin, that simulates the product’s form and
function, and a process twin that simulates how a
product is made. These twins converge for the digital
twin or an oil and gas platform.

According to Tao et al. (2017), a digital twin is a real-
time reflection of a physical system in virtual space, as
per the DAU definition above. It can interact and
converge with historical data, interacts seamlessly with
real-time data and updates its models continuously (self-
evolution). In the conceptual design phase, a digital twin
can give quick overview of the different product-related
data and customer’s feedback, enable communication
between customers and designers, and thereby, help the
designers to determine the product functionalities. At
the detailed design phase, the digital twin enables
repeated simulation tests and ensure that the desired
performance is achieved for the product design scheme
and the production line. At the verification stage the
digital twin allows virtual verification of the different
aspects of the product, and thereby cut costs for
extensive physical verification and testing.

A wide variety of architectures have been proposed
for digital twins (Tao and Zhang 2017, Alam and Saddik
2017, Uhlemann, Lehmann, and Steinhilper 2017, Yun,
Park, and Kim 2017, Rosen et al. 2015, Parrott and
Warshaw 2017). It is difficult to find a consensus
architecture, but we can see that digital twin is placed in
the automation hierarchy between level 3 and 4, as
shown in Figure 3.

Enterprise resource planning

!

Manufacturing execution system +———

!

Information system /Data analysis level «— Digital twin

!

Supervisory Control And Data Acquisition

!

Field control = HMI, PLC, bus/ ethenet

!

Field devices — sensors, actuators, vision

!

Manufacturing machines, production processes

Figure 3: Digital twins in the automation hierarchy.

The digital twin acquires physical plant data through
the SCADA system or the process database: what is now
the Industrial Internet of Things (Il1oT). This data is
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compared with design data and is used to drive
simulations of product and process behaviour. Results
from these analyses are sent to the information and
data analysis system of the manufacturing process to
provide recommendations to operators and
management.

Peer-reviewed papers on digital twins seem to focus
on the mechanical behaviour of single products. Thus,
Schroeder et al. (2016) report a very simple digital
twin for a valve. The different components of the valve
including sensors and actuator, were modelled using
an AutomationML tool. The data was made available
for the user applications via FIWARE middleware.
Cai et al. (2017) presented a digital twin for a CNC
machine. The graphical simulation of the machine was
CAD modelled in SolidWorks software, transferred
into STL format and the graphical simulation was
created with OpenGL library. The manufacturing data
and sensory data were stored in a PostgreSQL
database. Analytical tools were used to monitor the
operation conditions, extract machining features and
to predict product characteristics.

The opposite extreme of a manufacturing digital
twin is the F35 digital twin. West and Blackburn
(2017) describe the ambitions of Lockheed and the US
government to build an on-line structural and
functional model of each F35 fighter and its
components. West and Blackburn’s analysis is deeply
sceptical to the feasibility of this approach. It is simply
too complex and too computationally intensive. We
will return to these challenges in the next section.

So, what can we learn from the manufacturing
industry? Manufacturers of the components in and oil
and gas platform — instruments, valves, pumps,
compressors, transformers — will offer twins of these
components that will support capture of operation data
for improving designs and optimising maintenance.
These individual product twins will need to be
incorporated into the oil company’s facility or process
twin. The facility twin, on the other hand is more than
the sum of its components. It will need to simulate the
processing of oil and gas, the electrical, mechanical
and structural behaviour of the facility. This
integration of diverse and complex components into a
complex system is difficult.

4 Challenges in digital twins

We noted above West and Blackburn’s justified but
slightly polemic scepticism to the F35 digital twin. We
share some of their fears. A digital twin of an oil and
gas facility is a complex system. It requires the
integration of a patchwork of different solutions from
multiple vendors.

In this section we will describe eight challenges that
need to be addressed to allow digital twins to fulfil
their promised potential.
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1. Business Models, Security and Confidentiality.
The first challenge is to find a business model that is
sustainable. Who benefits from a digital twin? We
believe that all participants in the supply chain can
benefit from digital twins. However, this requires clarity
in the sharing of data and new models for procurement
of facilities and services. An operator has a strong
incentive to have a comprehensive twin for monitoring
and optimization. It is linked to their license to operate.
They are responsible for the asset and its data. Vendors
can benefit from using operational data in their product
twins. This sharing and collaboration for simulation and
analytics is a good thing. However, mechanisms must
be found for fair rewards, allocating responsibility,
ensuring secure access and protecting IPR.

2. Work practices. The digital twin can change work
practices, but only if it offers the users tangible and
measurable benefits. The user must be convinced that
the system gives benefits, is safe and is usable. The twin
must help, not hinder. Carvajal et al. (2018, p236) also
pointed to this challenge: the digital twin must support
the engineering and management organization.

3. Scope. A digital twin that aims to do everything is
likely to do nothing well. We need to use fit for purpose
modelling, and the principle of parsimony (i.e. just
enough for functionality, but no more). However, we
cannot do this at the cost of capturing necessary
interactions and interdisciplinary effects. We need to
support models with different granularity, that allow a
user zoom in our out on the digital twin as needed. We
also need different, but consistent models for processes
with widely varying time constants, e.g. compressors
(milliseconds) compared with a multiphase pipeline
(days) or a reservoir (weeks).

4. Usability. How do |, as a user, get the information
I need without being distracted by the information I do
not need? How can | do this quickly and easily? A
comprehensive digital twin has multiple concerns and
can produce massive amounts of data. A specialized
user must be able to find the information she needs
quickly, easily and without distraction.

5. Integration. A digital twin will consist of many
data sources and simulation models. How can we
connect different models together without creating a
“point-to-point nightmare”? Many vendors are offering
platforms for data integration (Poddar, 2018).
Commercial platforms are offered by vendors as diverse
as GE, SAP, Siemens, Kongsberg, DNV GL,
Schlumberger and Cognite (just to focus on the
Norwegian market). An operating company will have
to cope with several vendor platforms, both proprietary
and open access, in addition to their own, internal
platform. Carvajal et al. (ibid.) note that data is stored in
“disparate locations, are in structured and unstructured
formats, are not linked to a common data base, span long
production and acquisition times, and have not been
adequately and consistently quality checked”.
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6. Maintenance. A digital twin is a complicated
software and hardware system. How can the
maintenance of the necessary data, software and
hardware be cost-effective? As noted above, a twin
combines life-cycle information, measurements of the
assert state and simulations. All these must be
maintained so that they reflect the as-built state of the
facility. They must be included in the facility’s
management of change.

7. Computational overload, edge and cloud. A
comprehensive digital twin will require extensive
computational resources. These resources will likely
be distributed over a hybrid cloud that combines
private clouds with vendor platforms and HPC
resources. This system needs good design and
operation to work. This design will need to carefully
define what should be done at the edge of the system
and what is done in the cloud.

8. Uncertainty, Validation and Data Science.
Finally, a digital twin is only as good as the data and
models used in the system. Data must be cleaned and
reconciled. Models must be validated and tuned to
ensure that they follow the state of the facility. Even
“first principles” models must be tuned. Setting up
effective methods for tackling uncertainty and model
alignment should be a fruitful area for collaboration
between control and process engineers and the data
science community.

5 A research program for digital
twins

How can digital twins be made sustainable,
maintainable and useful despite these challenges? We
believe that a solution will collaboration between
computer scientists, control and simulation engineers,
data scientists and end-user technical specialists. Here
we will present the computer science and data science
parts of solution. This research program combines the
sub-disciplines of knowledge representation, natural
language technologies, formal methods, scalable
computing and data science. This knowledge of
technologies must be informed by the deep domain
knowledge that is embedded in the digital twins’
simulation models and is owned by the facility’s
engineers — chemical, petroleum, mechanical,
electrical and control — and managers.

Challenges related to scope, usability, integration
and maintenance can be addressed if we adopt a
semantic backbone that supports the integration of
several different types of digital twin application
around a shared understanding of a facility’s design.
To be successful, this backbone will need to find a
pragmatic balance between comprehensiveness and
maintainability. It will also need to build on standards
in a way that prevents reinvention of the wheel and
allows modular construction of semantic models.
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Recent advances in the construction of ontologies using
templates (Forsell, 2017) promise to allow this.

Simulation providers can use these ontologies to
allow exchange of model configurations with
engineering databases and the exchange of calculated
results with the monitoring and optimization layers of
the digital twins. Point-to-point connections through tag
cross-reference lists can be replaced with declarative
mappings — where data in the simulation results or
configuration is mapped to items in the semantic
backbone.

Pragmatic standards are needed. Unfortunately,
semantic standards such as 1SO15926 have not lived up
to their promise as tools for integration and data
exchange. This is partly due to a lack of tool support and
to a choice of technology, Express, that became dated
and hampered progress. We also believe that the
standard development attempted to be comprehensive at
the expense of solving smaller, realistic problems along
the way. Semantic models used by our group aim to take
the best from 1SO15926 where it is possible. We also
will take account of the industry initiatives in DEXPI
(www.dexpi.org) and CFIHOS (http://uspi-global.org/).

Good semantic models can also address the usability
problem. Mapping data to concepts that are used by the
end-user allows automatic generation of graphical
interfaces that meet a specific user’s needs. The
OptiqueVQS (Soylu et al., 2018) framework is just such
a tool. Our research group is working further with this
approach to implement faceted search (Klungre &
Giese, 2017).

A successful digital twin also requires the correlation
of structured data from designs, measurements and
simulations with unstructured data from logs and
documents. This requires the structured data to be
interpreted and transformed into structured data in the
process model. There are now many commercial and
academic tools for parsing and processing text. The IBM
Watson framework is one such commercial offering
(Chen et al. 2016) and can be used to parse and process
texts. However, language algorithms that are trained on
general data sets do not perform well when confronted
with oil and gas terminology. A process of domain
adaption is needed to improve performance. This
process is made difficult by the smaller corpuses of data
that are available for training. The SIRIUS centre is
working on this domain adaption challenge, with
promising results and good performance in solving
standard challenge problems (Nooralahzadeh, @vrelid
and Lgnning, 2018).

The challenges of maintenance and computational
overload can also be addressed through using formal
methods to design and monitor the deployment of a
digital twin. As we noted above, a digital twin is a
collection of interacting computational components,
deployed across one or more cloud platforms and
including edge devices. The behaviour of this system is
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difficult to predict, especially at design time.
However, simulation tools for the computer systems
themselves can be used to test different deployment
plans and resolve challenges. The same model can also
be used as a monitoring tool for the deployed system
—a digital twin of the digital twin (Johnsen, Lin & Yu,
2016).

Finally, there remains the challenge of uncertainty,
validation and data science. The digital twin is built on
models. To quote George Box (Box, 1979), all these
models are wrong, but some are useful. A digital twin
will contain many models. Some will be based on
physical principles: structural, geometrical and
process simulations. Others will be purely empirical,
based on machine learning. These models must be
validated against observed facility behaviour and
aligned so that they mirror observed normal
behaviour. Aligning models to observed data is
difficult and remains an art. Finding out whether a
discrepancy is due to an error in data, a wrong
parameter, poor model structure or an actual
malfunction in the facility requires a good
understanding of the facility and well-developed
judgment. This is true whether the models a rigorous
physical model or a machine-learnt empirical
representation.

nd Vendors

O Companies, £PC 2

Figure 4. A research agenda for digital twins in the oil
and gas industry.

A maintainable digital twin will contain structured
tools that allow validation and tuning of all the models
in the system. We believe that hybrid analytics — the
combination of data science with physical and
engineering simulations — is a valuable and fruitful
area of research. Machine learning can benefit from
being constrained by the laws of physics, while the
laws of physics contain parameters that are uncertain
or expensive to measure. Good statistical practice is

needed in the engineering communities and
engineering knowledge is needed among data
scientists.

We are working on two problems related to data
science for digital twins. The first of these is related to
data access. Data science projects in industry are
currently not scalable. Each new implementation
needs to start from scratch, finding data, checking it
and making it available. Our proposed semantic
backbone will allow data science solutions to be
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rapidly transferred to similar sites in an organization
(Kharmalov et al., 2017).

The second area of research is related to the use of
sensor data in data science. When a data scientist talks
about streaming data, they usually mean a sequence of
discrete event records — like tweets or sales transactions.
The stream of data from analogue sensors is subtly
different. The underlying signal from a sensor is
continuous. The process of digitization itself introduces
uncertainty and error in the calculation. Filtering and
data compression provide further sources for error.
Common data science frameworks expect data in
vectors at common times. Production of this from a time
series data base requires interpolation. All these details
increase the cost and decrease the usefulness of data
science work. A well-defined semantics and query tool
for time-series data from sensors could solve many of
these challenges.

Companies in the oil and gas sector are installing
digital twins now, using commercially available
platforms and siloed applications. This provides
academics with an opportunity to engage with the
observed problems of our colleagues in operations and
maintenance. This means that we need a research
program that engages with operations and today’s
digital twins through pilots.

Each pilot has a narrow enough focus to be tractable.
The companies we are collaborating with have linked
these installations to a well-defined business case.
Current pilots are ambitious: if successful they will
bring previously unachieved levels of
interdisciplinarity, effectiveness and access to data in
design, operation and maintenance. At the same time,
the pilots are focused on one specific business problem.
By working with existing pilots and proposing new
pilots we plan to establish a virtuous cycle, where
shortcomings in today’s technology and methods can be
filled with research-driven innovations.

6 Conclusion

This paper has attempted to give a synthetic overview
of an important, if hyped, element of today’s
digitalization landscape. The digital twin is, in many
ways a rebranding of several generations of on-line
systems for simulation and decision support.

Marketing and vendor communication is raising
expectations about digital twins. We welcome this
interest and believe that it gives an opportunity to
integrate  operations technology and information
technology. However, we also believe that
implementing digital twins is inherently difficult.
Solving the challenges that we have identified will
require the best efforts of many computer scientists, data
scientists, engineers and managers. The role and
importance of simulation can only be expected to grow
in the next decade. Our research agenda can help ensure
that we do not disappoint our managers.
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Abstract

This paper dealt with simulating a typical occupied
office equipped with displacement ventilation using
CFD method. The STAR-CCM+ commercial software
was employed for performing the simulations in order
to analyze the trend of the indoor air temperature profile
in the office occupied space. Understanding this trend is
a key parameter to ensure that the occupants are
comfortable and thereby further conclusions on energy
efficiency could be extracted. The simulations were
carried out for incompressible, turbulent, and constant
property air flow in the steady state condition. The
results showed that increasing the number of occupants,
while Archimedes number was constant, would increase
the throw length of the incoming cold jet leading to an
overall lower temperature profile for the case with five
occupants.

Keywords: Ventilation, CFD, Archimedes number,
Temperature stratification

1 Introduction

Ventilation system effectiveness plays a prominent role
in the improvement of indoor air quality (IAQ) of
buildings (Sundell, 1988). In modern societies, people
spend a lot of their time (on average more than 90%) in
indoor environments (Bruinen de Bruin, 2008),
therefore the need for good IAQ is considered as
imperative. In addition, ventilation stands for 20% to
40% of total building energy use in modern countries
(Pérez-Lombardm, 2008). This can undeniably justify
the importance of special care for mechanical
ventilation system, especially in countries characterized
with cold climate such as Norway, where using natural
ventilation is seldom possible.

There are two common methods implemented in
ventilation systems for replacing the used air with fresh
air: mixing and displacement ventilation. The mixing
ventilation has the capability to remove considerable
amounts of excess heat without risk of draft and the air
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temperature is almost well mixed (Hestnes and Eik-Nes,
2017).

In displacement ventilation, the system delivers fresh
air directly to the occupied zone leading to an efficient
removal of pollutants and excess heat. However, this
results in a thermal stratification of air in the occupant
zone that in turn may cause discomfort if the gradient
exceeds a certain level (Nielsen, 2000). Therefore,
understanding the air temperature profiles and the
influencing parameters are crucial to assess the comfort
conditions in displacement ventilation systems.

Modelling of temperature and velocity flow fields is
challenging in ventilation systems. It requires a
knowledge of both 1) impact of each room component
on the room physics, and 2) the interaction of all of these
effects simultaneously. Nevertheless, Computational
Fluid Dynamics (CFD) is a well-established method and
has proven its competence in simulating the ventilation
system performance (Nielsen, 2009; Menchaca-
Brandan et al, 2017).

As a common practice in most of CFD studies, a set
of dimensionless parameters are defined to better
investigate the effect of a parameter on the flow field
and thermal stratifications. Using the dimensionless
parameters will make the results functional for all the
parameter combinations as long as they do not influence
the physics of the flow in the room, e.g. they do not
change the turbulence regime to laminar and vice versa
etc. (Sonin, 2001).

The dimensionless parameters that are often
considered for studying the flow field characteristics,
e.g. vertical temperature gradient and velocity
distribution are the Archimedes, Reynolds, and Prandtl
numbers. Previous numerical and experimental studies
demonstrated that the effect of Reynolds and Prandtl
numbers are trivial on the temperature variation
especially in displacement ventilation (Nielsen, 1988).
However, the Archimedes number has shown a great
potential to affect the thermal stratification considerably
(Nielsen, 1988; Corgnati et al, 2009). The Archimedes
number is defined as Eq. (1).
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_9 ﬁquTh (1)
where the g is the gravity acceleration, £ is the air
volume expansion coefficient, u is the supply velocity,
AT is the temperature difference between outlet and
inlet, and % is the height where the supply terminal is
placed (Nielsen, 1988). In order to better predict the

Ar

thermal stratification (Menchaca-Brandan, 2012)
considered the following model:
gBATh3
== 2
Ar WA, (2)

where A is the area of supply terminal.

This paper examined the effect of the Archimedes
number on the air temperature stratification and velocity
distribution in a typical occupied office equipped with
displacement ventilation using CFD. The most
important contribution of this study was to indicate how
CFD could be used to investigate the combined effect of
different heating rate due to occupancy and Archimedes
numbers (for high buoyancy and high supply
momentum) on the air temperature stratification and
velocity distribution. The aim was to test the capability
of the simulation software in capturing the phenomena
happen in extreme condition.

2 Methodology and case study

2.1 Geometry specifications

In order to study the effect of different parameters on the
temperature stratification, the office building model
proposed by (Menchaca-Brandan, 2012) was used. The
building is an open plan office. Due to symmetry, only
one repeating part of the open plan office was
considered for simulations in order to reduce the
computational cost. The office was ventilated using the
displacement method.

Figure 1 shows the geometry and dimensions of the
model used for CFD simulations. The room has two
inlets and one outlet. The outlet area was fixed (2 m
width and 0.2 m height) and its upper edge was placed
0.1 m from the ceiling. The inlets were placed 1 m from
the floor with constant total area of 0.06 m?.

The heating source was a seated occupant modelled
as a cylinder with round-top shape having 1.13 m height
and 0.62 m diameter and located centrally in the office
(Menchaca-Brandan and Glicksman, 2011). Three and
five (Figure 1) occupants were considered for
simulations. In both cases, the distance of the first
occupant was 2 m from the inlet wall and the distance
between each one is 2 m and 4 m in the case of five and
three occupants, respectively.

Figure 1. Dimensions and geometry of case study

2.2 CFD model

The commercial code STAR-CCM+ (Version
12.04.010) was used for the numerical solution of the
RANS (Reynolds-Averaged Navier-Stokes) and energy
equations. The software has In-Situ Adaptive integral
Tabulations and a number of other methods to speed up
computation. The whole CFD workflow including
CAD, meshing, solving, optimization, and post-
processing can be automated in one macro. The
software solves the RANS equations in their integral
form, by means of Finite Volume (FV) method. The
simulation cases were run in steady state condition. The
segregated solver was chosen that uses the SIMPLE
pressure-velocity coupling algorithm where the mass
conservation constraint on the velocity field is fulfilled
by solving a pressure-correction equation. It should be
noted that the segregated solver has its roots in constant-
density flows (STAR-CCM+ User Guide, 2017).

In order to check if the steady state condition was
reached, the mass flow rate difference between outlet
and inlet as well as the outlet temperature were
monitored during the simulations, which the first one
should be approximately zero and the latter should be
nearly equal to the outlet temperature calculated from
energy conservation equation.

2.2.1 Boundary conditions

Figure 2. indicates the boundary conditions of the CFD
model implemented in STAR-CCM+. At inlets, a
constant air velocity boundary condition was defined.
The inlet temperature was 19°C. The outlet was
modelled as pressure outlet with zero gauge pressure.
Due to symmetrical conditions, the side wall surfaces of
the office were modelled with symmetry boundary
condition as shown in Figure 2. Ceiling was considered
as the surface with constant heat flux of 8 W/m? (around
25% of total heat flux in a typical office) representing
heat gain due to lighting (Menchaca-Brandan, 2012).
Other walls and surfaces were considered adiabatic.
This study focused on the ventilation during working
hours. The heat gain due to occupant was modelled as a
heating source emitting a fixed amount of 120 W, which
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is associated with a seated person with metabolic rate 1
Met (Fanger, 1972).

Heat flux at ceiling (8 W/ni') Prutlel

Middle plane o

Plane
(5m)

Heat source (Occupancy)

each 1200

Vodelled Shde mllsl ndary conditi . g
o th symimelry boundary condition

VLI{)(IZ} inlet il

Figure 2. Boundary conditions and measured planes of
CFD models in STAR-CCM+

2.2.2 Simulation specification

The flow regime was considered fully turbulent.
Therefore, the Shear Stress Transport k-omega (SST k-
w) turbulence model was adopted for simulations due to
its decent performance regarding supply jet behavior,
prediction of buoyancy turbulence interaction, and
temperature stratification in ventilated buildings (Gilani
et al, 2016). The computational domain discretization
was obtained by means of a polyhedral-shaped mesh
(Figure 3a). It is numerically more stable, less diffusive,

T LT =SSN e HA/’:D”‘ KA BN )
SESemnntin

and more accurate than an equivalent tetrahedral mesh
(STAR-CCM+ User Guide, 2017). In order to perform
a grid independence study, four meshes with 2033458,
1203867, 526027, and 119742 cells were investigated.
The mesh with 1203866 cells was chosen, giving lesser
computational time, because the maximum discrepancy
between the temperature value for this mesh and the
largest mesh with 2033458 cells was less than 2.5%, as
shown in Figure 3b. An inflation layer around the
surface was also used to capture high gradients
generated within a small region near the walls and
surfaces accurately with a y+< 5. Figure 3c illustrates
the frequency of y+ near the heating source surfaces.
Maximum frequency of y+ occurs at y+~0.023, which
is much less than 5 indicating the mesh properly
resolved the viscosity-affected region near the wall and
recaptured the heat transfer from surfaces to the flow in
the human thermal plume. The radiation was modelled
using surface to surface (S2S) model behaving the air as
transparent to radiation. The emissivity of all walls was
defined to be 1 owing to typical materials used in an
office have usually an emissivity approximately 1
(Menchaca-Brandan, 2012).

1.4
f 2033458 cei!ﬁ
1203867 cell
12— 119742 cellq
526027 cells |

9 0.8
air

0.6

0.4+

0.2

0 T T T
0 0.5 1 1.5 2 2.5 3
Room height (m)
Figure 3b. Vertical temperature profile for different mesh cell numbers
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2.3 Validation and verification

The method was validated by previous experimental and
numerical studies. The first simulation was performed
in order to replicate the experimental results of an air
flow in a rectangular room in the presence of radiation
(Figure 4a) (Olson et al. 1990).

: Measurement

T/ line
// o %
o Adiabatic walls

Tcoid

];wf
¢ #

L

Figure 4a. Configuration of rectangular enclosure. The
rectangle in dotted lines corresponds to the location where
measurements were performed (Olson et al, 1990).

The experimental setup used for validation purpose
has been shown in Table 1. The Rayleigh number, which
is a dimensionless number indicating whether the
natural convection boundary layer is laminar or
turbulent, was defined as follows:

3
— g.B (Thot Tcold)L (3)
va

Where L, v, a, and f are the length of the room,
kinematic viscosity, thermal diffusivity, and thermal
expansion coefficient of the air, respectively. According
to the calculated Rayleigh number in Table 1, the flow
was considered turbulent.

Ra;

Table 1. Experimental setup used by (Olson et al, 1990)

Room Length (L) 7.9 (m)
Room Width (W) 3.9 (m)
Room Height (H) 2.5 (m)
Thot (Temperature of cold wall) 36.6 (°C)
Teotd (Temperature of hot wall) 19.9 (°C)
Rayleigh number (Rar) 6.98x10!"

0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028

Wall V+

Figure 3c. Wall y+ frequency on the thermal heating walls

Il Fifth Occupant
[ First Occupant
Il Fourth Occupant
[ Second Occupant
I Third Occupant

0.03 0.032 0.034 0.036 0.038

Figure 4b shows the comparison of present numerical
simulation with previous experimental and numerical
works. As it can be noted, the present numerical method
fairly replicates the experimental results, even better
than previous numerical study especially for the points
near the ceiling. This shows that STAR-CCM+ can be
used to study displacement ventilation in an office
building, where both the radiative and convective heat
transfers are present.

1

09 ® Experimental (Olson et al. 1990)

0.8

~ — “Numerical (Menchaca Brandan 2012)

= CFD (current study)

0.7
0.6
0.5
0.4
0.3

0.2
0.1

(T-Tcold)/(Thot -Tcold)

0

0.3 0.4 0.5 0.6 0.9

Dimensionless Height of Room

0 0.1 0.2 0.7 0.8
Figure 4b. Comparison of dimensionless temperature

variation on the vertical line

2.4 Archimedes number analysis

Four cases were considered for simulations in terms of
combination effects of two different Archimedes
number and two different heating rates. Two sets of
three and five number of occupants were considered.
Furthermore, two Archimedes numbers of 60 and 0.5
were selected. In order to better interpret these
combined effects, the Archimedes number was rewritten
using energy conservation equation in the space as
follows:

_ gBQR?

Ar =
" pcpudA?

“
where Q is the total heat gains in the room. The
geometric properties in Eq. 4 (k and A5) were considered
constant. Therefore, with regard to the selected
Archimedes number, the inlet velocity in each
simulation case was chosen so that the supply
volumetric air flow rate was always kept higher than the
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minimum standard air amount for Norwegian non-
residential buildings (TEK17).

Temperature profiles were measured at three
different measuring planes, located at 5 m, 9 m, and 10
m from the inlet wall respectively (see Figure 2).
Temperature gradients were compared using the
following dimensionless form:

T —Ti

=0 5
Tout_Ti ( )

eair

3 Results and discussion

Figure 5 indicates the effect of different Archimedes
number and different number of heating rates on the
dimensionless temperature variation. As can be seen
from Figure 5, at high Archimedes number (cases (c)
and (d)), there almost existed a two-structured zone with
lower stratified temperature profile in the occupancy
zone and upper destratified temperature profile formed
due to convective effect of human thermal plume.
However, at the low Archimedes number (cases (a) and
(b)), the higher velocity of supply jet mixes the cold
supply air with thermal plume of heating rate causing
the uniform temperature zone to be distorted and the
temperature near the ceiling to increase. Furthermore, a
higher heating rate (more occupants) would result in a
lower air temperature value in the space when the
Archimedes number is kept constant (compare the cases
(c) and (d)).

fr————
71 081 0.86

@o, I

05 0. 8 089 094 102 107

Figure 5. Temperature distribution contour for cases: (a)
Ar=0.5, N=3, (b) Ar=0.5, N=5, (c) Ar=60, N=3, and (d)
Ar=60, N=5. Results were given along the middle plane.
Inlet and outlet have been specified with blue and red
arrows, respectively.

Figure 6 illustrates the combined effect of heating
rate and the Archimedes number on the velocity
distribution in the office space. At the low Archimedes
number, the inlet supply air moving across the space
reached the outlet wall and rises to higher heights and
then return to the inlet until it is entrained by the supply
air flow. This phenomenon is less pronounced at the
high Archimedes number, since the lower velocity of
supply jet returning from the outlet wall cannot
overcome the human thermal plume rise. It is worth
noticing that the simulation tool could properly capture
the recirculating zones created due to interaction of the
human plume and the cold supply jet.

Veloci

- wor 0.080 0.16 024
®) Velocity (nvs) I

o 0.080 0.16 02 0.10

.
© Velocity (m/s)

Figure 6. Air velocity distribution and vectors along the
middle plane: (a) 4r=0.5, N=3, (b) 4r=0.5, N=5, (c)
Ar=60, N=3, and (d) Ar=60, N=5. Inlet and outlet have
been specified with blue and red arrows, respectively.

Figure 7 indicates the development of temperature
profile for different Archimedes numbers and heating
rates. Due to high velocity of the supply jet, the low
Archimedes number shows a larger overall vertical
temperature variation than the high Archimedes
number. Increasing the number of occupants, while
Archimedes number was constant, would increase the
throw length of the incoming cold jet leading to an
overall lower temperature profile for the cases with five
occupants. In addition, the air temperature near the floor
was higher than its neighbor region due to radiation
from the ceiling.

Figure 8 indicates the vertical temperature variation
in three measured planes in one specific case.
Temperature near the floor was lower at x=5 m
compared to the other cases due to the effect of the cold
supply jet. Likewise, the temperature near the ceiling
was higher at x=5 m owing to the fact that the cold

https://doi.org/10.3384/ecp1815317 21 Proceedings of The 59th Conference on Simulation

and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway



supply jet after reaching the outlet wall returned to the
inlet and was mixed with the thermal plume near the
ceiling and was accumulated near the inlet wall until it
was entrained by the supply jet. The temperature
variation, in general, in the occupancy zone was less at
x=9 m and 12 m compared to x=5 m, because it was less
influenced by the incoming cold jet at these planes.

eair
——Ar=60 ,N=3 = = -Ar=0.5, N=5
0.2 - = -Ar=0.5 ,N=3 —Ar=60,N=5
0 T T T T T
0 0.5 1 15 2 25 3
Room Height (m)

Figure 7. Dimensionless temperature profile at the plane
x=5m

1.4

‘ —x=5m —x=9m —x=12m

1.2

1

0.8

gm'r
0.6

0.4

0.2 T T T T T

0 0.5 1 15 2 25
Room Height (m)

Figure 8. Dimensionless temperature profile at the planes
x=5m, 9m, and 12m for 47=0.5, N=5

The effect of cold supply jet for different Archimedes
numbers and heating rates is illustrated in Figure 9. At
the low Archimedes number (cases (a) and (b)), the high
momentum of the cold jet results in longer throw length
and larger vertical temperature variation. The throw
length of the cold jet in cases (a) and (b) was longer due
to higher inlet velocity in these cases. However, at the
high Archimedes number (cases (c¢) and (d)), the
incoming jet fallen and reached the floor near the inlet
due to strong buoyancy force of the warm air in the
proximity. Consequently, a stratified layer was formed
in the occupancy zone, while a convective recirculating
zone was formed due to buoyancy effect of human
thermal plumes in the upper part.
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Figure 9. Temperature distribution contour for cases: (a)
Ar=0.5, N=3, (b) 4r=0.5, N=5, (c) Ar=60, N=3, and (d)
Ar=60, N=5. Results were given along the symmetry
plane.

4 Conclusion

In this study, four cases of combinations of the
Archimedes number and the heating rates were
investigated by means of CFD method. Simulations
were performed using STAR CCM+ software. The
results indicated that the high Archimedes number
resulted in the dominant phenomenon of the buoyancy
of convective flow induced by the human thermal
plume. Therefore, two structured areas were formed in
the space: a lower zone with stratified temperature
profile due to interaction of the incoming cold jet and
the thermal plume and an upper recirculating zone with
the destratified temperature profile due to convective
effect of human thermal plume. For the low Archimedes
number, high momentum of the incoming jet disrupts
the flow field resulting in mixing of the cold jet with
convective flow of the thermal plume in the space.
Increasing the number of the heating sources decreased
the overall vertical temperature. Furthermore, the results
indicated that the software properly captured the
convective recirculating regions created by thermal
plume as well as the vertical temperature gradient in
both buoyant and high momentum flows.

It is worth mentioning that the present results in this
study showed the capability of STAR CCM+ for
numerical study of buildings ventilated by displacement
ventilation. As further study, STAR CCM+ will be used
to investigate the effect of the high and low Archimedes
numbers in mixing ventilation systems.
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Abstract

In this CFD (Computational Fluid Dynamics) study, the
turbulent flow of a non-Newtonian fluid through an
industrial scale transportation pipeline is modelled in
Ansys Fluent®, with a focus on the fluid solidification
due to heat transfer on the pipe walls. The turbulence
was modelled using two different turbulence models: a
standard low-Reynolds-number k-¢ turbulence Chan-
Hsieh-Chen (CHC) model and a modified Malin’s
turbulence model. Simulations were performed with
fluid viscosity depending both on the shear rate as well
as on the temperature. However, according to the
simulation results, as long as the inlet fluid velocity is
maintained sufficiently high (turbulent flow), the
occurrence of fluid solidification is not significantly
affected by the viscosity dependence on the temperature.
All turbulence models show fluid solidification on the
pipe walls, and not inside the pipe itself. The standard
CHC model shows more pipe wall zones that are
solidified, while the modified Malin’s turbulence model
shows a more diffusive behavior. The latter model has
an effect on the velocity distribution across the pipeline
in such a way that the fluid flow between the pipelines
become more evenly distributed. The simulation results
of pipe insulation and liquid flow rate, on the fluid
solidification were used to give recommendations of
improvements to avoid blockages in the transportation
pipelines in the industrial process. According to the
simulation results, the use of pipe insulation can
minimize the occurrence of fluid solidification on the
pipe walls.

Keywords:  non-Newtonian fluid, turbulent pipe flow,
solidification, Malin turbulence model, CFD

1 Introduction

The solidification of fluids in pipe flows is an important
topic in many practical engineering problems, especially
in manufacturing industries where material phase-
change may occur. The change of phase of the fluid may
cause damages to the pipelines due to blockages that
may eventually lead to unforeseen plant shut downs and
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additional cleaning procedures. Due to heat transfer the
phase-change of the fluid usually occurs first on the pipe
wall where a solid phase develops and increases its
radial size with time causing possible pipeline blockages
(Conda et al., 2004; Wei and Giiceri, 1988). The
modelling of this phenomenon is very challenging since
they are time-dependent and factors such as flowrate and
temperature directly affect its formation.

Despite the problems caused by fluid solidification in
various engineering processes, very few research works
about fluid solidification have been published in
literature. Early studies devoted to the solidification
phenomena were performed by Hirschberg (1962) and
by Zerkle and Sunderland (1969). In these works, the
solidification of the fluid was studied by assuming a
laminar flow regime at the steady-state (Hirschberg,
1962; Zerkle and Sunderland, 1969). Wei and Giiceri
(1988) conducted another significant study where an
attempt was made to develop a numerical model for
describing the solidification in fully developed internal
pipe flows. Almost 20 years later, Conde et al. (2004)
have developed a 2D numerical model for describing the
solidification of water, olive oil and aluminum in
cylindrical ducts. Interestingly, this is the only available
study where solidification in internal pipe flows was
conducted using Ansys Fluent®. During the past ten
years only few works were devoted to the solidification
in internal flows, and these mostly focus on the
enhancement of phase-change in heat pipes (Motahar
and Khodabandeh, 2016; Sharifi et al., 2014). To our
knowledge, only Myers and Low (2013) has published
on the solidification of the non-Newtonian fluid flows
in pipes. They have developed a mathematical model
for the solidification of the Power-Law fluids (shear-
thinning) in narrow pipes and have assumed a laminar
flow regime as well as using MATLAB to solve their
model equations (Myers and Low 2013).

This study investigates the solidification during fluid
transport around a final stage of fertilizer particulation
process. One of the -challenges faced in the
manufacturing of complex fertilizers is the efficient
transportation of the process fluids from one stage of the
process operation to the next. This relatively simple
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operation can be a major issue as the fluid has non-
Newtonian behavior. The complex behavior of the
process fluid affects the efficiency of pumps causing
pipe blockages due to pre solidification in the pipes,
leading to loss of production. The understanding of this
rheological behavior of the non-Newtonian fluid is of
fundamental importance for proper operation of the
plant. Detailed knowledge of non-Newtonian fluid
solidification can also be useful for designing layout of
the pipelines and for proper selection of pipe insulation
to reduce the risk of pipe blockages. Hence, in this
paper, the authors have contributed with the modeling
and numerical simulations of the solidification of a
highly non-Newtonian fluid in turbulent flow regime in
3D. The focus is on the flow of an industrial case non-
Newtonian fluid through complex geometry pipelines in
turbulent flow regime.

2 Model development

2.1 Solidification of the fluid

In this study, “Enthalpy-Porosity” formulation is used to
model fluid solidification. This approach is based on the
studies by Voller and Prakash (1987) and the method is
also available in Ansys Fluent® User's guide (2006).
According to this technique, the melt interface is
computed implicitly. In this method, a liquid fraction
that is linked with every cell in the computational
domain is used to track the interface. The liquid fraction
indicates the fraction of the cell that is in the liquid state.
Ansys Fluent® uses the “mushy zone” which is
modelled as a “pseudo-porous media” in which the
porosity (or liquid fraction) ranges from one to zero.
When the porosity is equal to one, the fluid is in fully
liquid-state, and when it is equal to zero, the fluid is in
solid-like state with zero velocity (Ansys Fluent®,
20006).

The corresponding energy equation and enthalpy
formulations solved in Ansys Fluent® (2006) are
represented with Equation 1 and Equations 2 to 4
respectively. The liquid fraction is calculated using
Equation 5 and the solution for the temperature is found
iteratively using Equations 1 to 5:

%(pH) + div(vpH) = div(k grad T) + S; @)

H=h+AH @)

h = Ryes + fTTM ¢, dT 3)

AH = BL 4)
0,if T < Tsouia

B = Lif T > Tiiquia )

(T-Tsotia)
(Tliquid_Tsolid)

where p is density, H is total enthalpy, ¥ is velocity
vector, k is turbulent kinetic energy, T and is absolute
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temperature, S, is shear rate component, h is sensible
enthalpy, AH is latent heat, and c,, is specific heat.

2.2 Rheology of the fluid

The particular fluid used in this study is a shear-thinning
slurry whose viscosity depends on both the shear rate
and the temperature. The rheological properties of the
fluid taken into consideration were obtained
experimentally using Anton Paar Modular Compact
Rheometer 302. The experimentally obtained flow
curve was fitted to different rheological models. The

100
10

Viscosity, [Pa*s]
[Ey

0,1 1 10

Shear rate, [1/s]

100 1000

Figure 1. Fluid viscosity dependence on the applied shear
rate (log-log scale).

best fit was obtained with the Power-Law model for
non-Newtonian fluids. The fitted flow curve used in this
study is illustrated in Figure 1.

The effect of the temperature on the viscosity of the
fluid was characterized using cooling curve illustrated
in Figure 2. It indicates that the temperature
significantly affects the viscosity of the given fluid. The
higher the temperature, the lower is the apparent
viscosity of the fluid. Therefore, to obtain a better model
of the given process, the changes in the viscosity due to
the temperature, in combination with its dependence on
the shear rate, should be included when modelling
solidification.

10000000
1000000
100000
10000

1000
0,0025

Viscosity, mPa*s

0,0026 0,0027 0,0028

A

Figure 2. Fluid viscosity dependence on temperature.

It is possible to model the effect of both the
temperature and the shear rate on the viscosity of the
fluids in Ansys Fluent®. For this, an activation energy
constant (also known as activation temperature) and a
reference temperature should be known. In this study,
the activation temperature was estimated using the Least
Square fitting method. Least Square fitting was
performed by using the modified Arrhenius law
(Equation 6) showed in Rojas et al. (2008) and was fitted
to the cooling curve polynomial (Figure 2) obtained
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experimentally. The estimated value of the activation
temperature () is listed in Table 2.

E
1= oo exp () (©)
where p is apparent viscosity, [y is infinite viscosity, £
is energy, and R is universal gas constant.
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The standard k-¢ turbulence model is widely used in
modelling of internal turbulent pipe flows due to its
simplicity and applicability. However, the standard k-&
turbulence model does not account for drag reduction
effect and may have unsatisfactory results and
predictions at the near wall zones where eddy viscosity
changes rapidly with the distance from the pipe wall
(Mathur and He, 2013; Versteeg and Malalasekera,
2007). This might have a crucial role in modelling
solidification since the solidification of the fluid is
expected to occur on pipe walls. One solution to
overcome this problem is to use low-Reynolds-number
k-¢ turbulence models that are specifically developed to
account for near-wall phenomena. However, the fluid
taken into consideration exhibits a highly non-
Newtonian behaviour. To account for this phenomena,
in this paper Malin’s turbulence model for Power-Law
fluids has been modified (Vesjolaja, 2016).

Malin (Malin, 1997; Malin, 1998) has developed a
model where the damping functions are specially treated
to describe the non-Newtonian fluid flow in the
turbulent flow regime (Reynolds number (Re) up to
10°). Malin’s model is based on low-Reynolds-number
k-¢ turbulence models like the Lam-Bremhost (LB)
model (Lam and Bremhost, 1981). The only and the
most important difference between these two models is
in the way the eddy/turbulent viscosity is calculated. For
both models, the transport equation for the kinetic
energy is formulated as in the standard k-¢ turbulence
models and can be founded in earlier works (Malin,
1997; Lam and Bremhost, 1981). However, the eddy
dissipation rate formulation that carries turbulent
viscosity term differs between the two models. With the
Malin’s turbulence model, the formulation of eddy
viscosity includes the power-law index (that carries the

Turbulence model

non-Newtonian characteristics) in the damping function
term, while this is not present in the Lam-Bremhost
model.

The transport equation for the eddy dissipation rate
is given by Equation 7, meanwhile the turbulent
viscosity is calculated by Equation 8 using damping
functions (f;, f; and f,) defined in Table 1 (Malin,
1997).

a(pe) . _ g M
5 T div(peU) = div (as grad s) +
€ &2
f1C1; UeS.S _fzcng (7
Uy = C#f#kz/g )

where € is turbulent dissipation rate, U is velocity
component, y; is turbulent viscosity, and C;, C; and C,
are turbulence adjustable constants.

Malin’s turbulence model is not readily available in
Ansys Fluent®. It is possible to implement Malin’s
turbulent model by using User Defined Functions
(UDF), however the computational time for the
convergence of the solution is prolonged significantly.
The increased computational time is even more
pronounced when modelling thermal effects
(solidification in this case). Hence, the Malin’s
turbulence model was implemented in a robust way by
enabling and modifying the built-in low-Reynolds-
number k-¢ model. For this, Malin’s eddy viscosity
formulation was coupled to the built-in CHC (Chang et
al., 1995) turbulence model using a UDF. The CHC
model was preferred to the LB model as well to other
turbulence models available in Ansys Fluent® e.g.
Launder-Sharma, Abid, Yang-Shih and the Abe-
Kondoh-Nagano models. This choice is based on the
fact, also supported by previous studies (Vesjolaja,
2016) that the CHC model exhibits more stable
solutions during the simulations. Both the standard CHC
and the modified Malin’s models were compared in this
study (see Equations 7, 8 and Table 1 for the algebraic
equations used in different models).

Table 1. Turbulence model damping functions used in Equations 7 and 8.

Turbulence Model fi fa fu Wall
boundary
conditions

Malin original 0.05, 1 — exp(—Re?) (1- eXp(—0.0165Rek/n1/4))2 N de

Malin, 199 1+ (=) —==0

(Malin, 1997) " (1+20.5/Re,) dy

CHC original 1.0 (1 — 0.01 exp(—Re?)) (1 — exp(—0.0215Rey))? = (1 + 0%k

(Chang et al., % (1 — exp(—0.0631Rey)) 31.66/Re™*) &w = V(a—yz)

1995)

Modified Malin’s 1.0 (1-0.01exp(—Ref)) * (1 (1 — exp(—0.0165Re;/n/*))? 0%k

(Vesjolaja, 2016) — exp(—0.0631Rey)) (1 +20.5/Re,) &w = V(a—yz)
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3 Fertilizer process as a case study

A case study has been performed where the modified
Malin’s model and the CHC model described in Section
2.2 is used to simulate the flow of a non-Newtonian fluid
in 3D. The case study consists of the flow through a
bended pipeline as shown in Figure 3. Geometry of the
pipelines for the process taken into consideration.Figure
3 and is a part of a process from a fertilizer production
plant.

Recirculation

0.9m

Transportation line 2

Transportation line 1 J\.

0 0.800 m)
—

]
—
0200 080

Figure 3. Geometry of the pipelines for the process taken
into consideration.

The pipework consists of the main pipeline which has
a bend of 90° and two additional pipelines (denoted as
“Transportation line 1” and “Transportation line 2 in
Figure 3) that are attached right after the main pipeline
bend. The diameter of the main pipeline is 150 mm and
that of the two transportation lines is 75 mm each. The
thickness of the pipe walls is 5 mm and the pipe material
is stainless steel. The characteristics of the pipe wall
material are listed in Table 2.

The process fluid is pumped through the main
pipeline inlet (denoted as “Inlet” in Figure 3) and is
transported to the next stage of operation through the
Transportation lines 1 and 2. The remaining process
fluid is recirculated using the “Recirculation” line as
denoted in Figure 3.

During the operation of the fertilizer plant, reduced
pump capacity at the inlet of the pipe was observed. It is
suspected that this could be due to the solidification of
the fluid in the pipelines. This study thus focuses on
understanding as to where and how such solidification

occurs in the pipelines. For this, a suitable model
capable of taking into account the rheology of the non-
Newtonian fluid is simulated in Ansys Fluent®. Detailed
3D simulations have been performed to observe where
and how such solidification occurs for a given operating
condition of the process giving a result for steady state
under the selected boundary conditions.

4 Methods and materials

General settings: The simulation of the given process
were performed using commercial CFD tool, Ansys
Fluent® Academic Research, Release 16.2. The
geometry was designed using Ansys DesignModeler
and mesh was generated using sweep mesh method with
the element size of 5 mm and 10° curvatures (1681179
cells in the simulation domain). The simulations were
performed for the 3D steady-state regime using pressure
based solver and absolute velocity formulation.

Momentum Boundary Conditions: The inlet
velocities were varied from 3.0 m/s to 5.0 m/s in
accordance to the different simulation case studies. The
inlet velocities were defined to be the same over the
whole cross sectional area of the pipe inlet. The pipeline
outflows were defined as pressure outlets and gauge
pressure was set to zero.

The estimation of the Reynolds-number for the
internal pipe flow under consideration is challenging
due to the non-Newtonian behavior of the fluid. In this
study, the “generalized Reynolds-number” has been
calculated using the Dodge and Metzner correlation
(Dodge and Metzner, 1959) for the Power-Law fluids
(Equation 9). For the calculation of the Reynolds-
number, the inlet velocity (vp,;;) Was taken as a bulk
velocity.

(P*Viylk *D™)
= 025, 1
K(075+T) *8

)

where D is diameter of the pipe, n is non-Newtonian
index, K is consistency index.

Turbulence model: Turbulent flow was modelled
using the standard CHC turbulence model and the
modified Malin’s model as described in Section 2.3. The
modified Malin’s turbulence model was implemented
using UDF.

Thermal Boundary Conditions: The inlet fluid
temperature as well as the temperature for the backflow

Table 2. Thermo-physical properties of the materials used in this study.

Material p Cp Kih Tiig Tsol Tref o
(kgm’)  (J/(kgK)) (W/(mK)) X) ) S) X)
Fluid 1400 1470 0.3 403 393 303 18100

P.lpe Wall 7900 515 16.6 Not used Not used Notused  Not used

(stainless steel)

Wal'l 1nsu'1 a}t1on 210 840 0.08 Not used Not used Not used Not used

(calcium silicate)
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of the fluid at the outlets was set to 413 K. The wall heat
transfer was modelled using “Thin Wall approach” and
the wall temperature was set to 296 K.

Solution methods: The simulations were performed
in a steady-state regime. The Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) method was used
as a pressure-velocity coupling scheme. The first order
upwind scheme was chosen as a spatial discretization
method. The standard solution initialization was used
for the standard CHC turbulence model. However, when
simulating with the modified Malin’s turbulence model,
the solution was initialized with the end results of the
corresponding CHC model (simulated with the standard
settings). The mesh sensitivity study was performed and
the solution was assumed to be converged when the
scaled residuals become constant. In addition, mass
flowrates were checked and the solution was assumed to
be converged if the mass flowrate imbalance was less
than 10*. Mass outflow rates were computed using
Surface Integrals available in Ansys Fluent®.

Material properties: The non-Newtonian behavior
of the fluid was characterized with the Power-Law
model for non-Newtonian fluids (n = 0.05). The thermo-
physical properties of the fluid and the wall material
(including wall insulation) used for simulations are
summarized in Table 2.

5 Results and Discussion

5.1 Effect of temperature on fluid’s viscosity

To have a better understanding of how the temperature
affects the viscosity of the non-Newtonian fluid and how
this further influences the fluid solidification,
simulations were modelled using standard CHC
turbulence model. To start with, the fluid flow rate
corresponding to the transient flow regime (with Re =
6796 and the inlet velocity of 3.0 m/s) was considered.
Two cases were studied: (a) viscosity dependent only on
the shear rate and, (b) viscosity dependent on both the
temperature and the shear rate, and results are shown in
Figure 4.

Blue colour - solid; Red colour - liquid
(@) (b)

Figure 4. Solidification profiles using CHC model with 3
m/s inlet velocity for fluid with: (a) shear rate dependent
viscosity; (b) both shear rate and temperature dependent
viscosity.

Both simulations showed fluid solidification on the
pipe walls, meanwhile no solidification occurred inside
the pipe itself for both cases. Moreover, at the pipe
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walls, observable differences in the solidification
profiles were seen for the two cases. For the first case
(viscosity not affected by temperature), smaller
solidification zones were observed (Figure 4a)
compared to the results obtained for the latter case (see
Figure 4b).

When the flow was fully turbulent in nature (Re =
18497 with inlet velocity 5 m/s), the solidification
profiles between the two cases did not reveal any
significant differences (Figure 5). This might be due to
the generation of higher turbulence inside the pipe and
hence higher eddy viscosity. Therefore, changes in the
molecular viscosity will not affect the solidification
results significantly. Hence, if there are no perturbations
in the actual process inlet velocity and is maintained at
5 m/s, the fluid solidification will not be significantly
affected by the viscosity dependency on the
temperature.  Furthermore, for performing the
simulations, the computational time is significantly
smaller for case (a) than for case (b). Due to these
reasons, the only case (a) will be studied further on and
case (b) will not be discussed in the remaining part of
this paper.

Blue colour - solid; Red colour - liquid

(a) (b)

Figure 5. Solidification profiles using CHC model with 5
m/s inlet velocity for fluid with: (a) shear rate dependent
viscosity; (b) both shear rate and temperature dependent
viscosity.

5.2 Different turbulence models for
solidification

The solidification of the fluid was studied using the
standard CHC and the modified Malin’s turbulence
models. The viscosity dependency on the temperature
was ignored in the simulations due to the reasons
described in Section 5.1.

Both the standard CHC and the modified Malin’s
turbulence models showed fluid solidification on the
pipe walls, meanwhile no solidification occurred inside
the pipe itself. However, the location of the
solidification zones and their sizes were different for
these two models.

The standard CHC model showed more pipe wall
zones that are susceptible to fluid solidification. The
“risk zones”, i.e. the zones where the probability of the
occurrence of fluid solidification is higher are the pipe
wall towards the main pipe outlet, the transportation
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pipeline walls and the backside of the pipe wall just
before the main pipe bend (denoted as “zone 1, “zone
2” and “zone 3” respectively in Figure 6). The
occurrence of the fluid solidification on “zone 17 can be
explained with the presence of a larger surface area of
the wall that is exposed to the ambient air temperature.
The larger the surface area, the larger will be the heat
transfer between the ambient air and the fluid and hence
more fluid will be solidified. Solidifications on “zone 2”
and “zone 3” can be explained with the occurrence of
lower fluid velocities at these zones. The lower the
velocity, the slower the fluid molecules are moving
inside the pipe and hence these molecules have
comparatively more time to exchange heat with the
ambient air through the pipe walls.

The modified Malin’s turbulence model showed
different and smaller “risk zones” for solidification
compared to the CHC model. The solidification of the
fluid occurred after the main pipe bend and near the
outlet of the transportation Pipelines 1 and 2 (denoted as
“zone 4” and “zone 5” respectively in Figure 7). From
the velocity profiles it can be seen that these zones are
the low-velocity zones or the “dead zones”.

The occurrence of solidification on these zones can
also be explained with a longer residence time of the
fluid molecules (due to lower velocity) in these zones
and hence more transfer of heat from the fluid to the
ambient air through the pipe walls. Interestingly in
contrast to the standard CHC model, the modified

Welocity
Symmetry

h

g

Malin’s model can capture these “dead zones” which are
the “risk zones” for fluid solidification. The occurrence
of less solidification along the pipeline walls can be
explained with the diffusive behaviour of the modified
Malin’s model (see velocity profiles on Figure 6a and
Figure 7a). The higher the turbulence, the higher is the
velocity and hence the less is the residence time of the
fluid molecule inside the pipeline. Therefore, this causes
fewer fluid molecules to solidify on the pipe walls. The
modified Malin’s model shows more evenly distributed
mass outflow rates and hence evenly distributed
velocities along the pipelines.

5.3 Effect of pipe wall insulation on
solidification

To investigate if the insulation of the pipelines would
minimize the occurrence of fluid solidification, the
simulations were also performed with the changes in the
thickness of the pipe wall insulation. The properties of
the insulation layer are summarized in Table 2. The
solidification was simulated using both the standard
CHC and the modified Malin’s turbulence models.
Both turbulence models showed similar simulation
results revealing that no solidification occurred when
the pipe wall was insulated with a 50 mm-thick
insulation layer jacket. This behavior was observed for
the higher fluid velocity (5 m/s) as well as for the lower
fluid velocity (3 m/s). However, without pipe insulation,
the fluid solidifies at different places along the pipeline

Figure 6. Simulation results with the CHC model (3 m/s inlet velocity): (a) velocity profile; (b) fluid solidification.

Velocity
Symematry

4.202e+000
q 3.030e+000 (a)
I 3.67Te+000
3.414a+000
3.151e+000
2 BB9e+000
2.626e+000
B 2-364e+000
B 2.101e+000
1.838a+000
1.57Ge+000
1.313e+000
1.050e+000
7.870e-001
5.252e-001 ‘
2.626e-001
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[m 5*-1]

< zone §

Figure 7. Simulation results with the modified Malin’s model (3 m/s inlet velocity): (a) velocity profile; (b) fluid

solidification.
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as described in the previous sections. Thus, the absence
of the pipe wall insulation could be a probable reason
for the detected reduced pump capacity during the
operation process.

6 Conclusions

The solidification model was coupled to the non-
Newtonian turbulence model in Ansys Fluent® by using
UDFs. The “Enthalpy-Porosity” formulation was used
to model fluid solidification, meanwhile modified
Malin’s model was used to model turbulent fluid flow.
The Malin’s eddy viscosity model was combined with
the low-Reynolds-number k-¢ turbulence Chan-Hsieh-
Chen model to account for the non-Newtonian
behaviour of the process fluid.

As long as the inlet fluid velocity is maintained
sufficiently high (turbulent flow), the occurrence of
fluid solidification is not significantly affected by the
viscosity dependence on the temperature. According to
the simulation results, both the CHC and modified
Malin’s turbulence models showed fluid solidification
on the pipe walls, and not inside the pipe itself. The
location and the size of fluid solidification zones were
different for these two models. Modified Malin’s model
showed more diffusive behaviour. It is difficult to
conclude which of these models better represents the
real process. Validation of the simulation results should
be considered as a potential future work.

According to the simulation results, the use of pipe
insulation can minimize the occurrence of fluid
solidification on the pipe walls. Without insulation,
solidification occurred on the pipe walls. Thus, the use
of pipe insulation is beneficial and is highly
recommended for the investigated process.
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Abstract

Raw biogas typically contains 60 % methane, 40 % COa,
small amounts of other components and is saturated with
water. It is a question whether raw biogas can be
compressed to high pressures without condensation.
The aim of this work is to calculate the condensation
limit under different conditions with varied temperature,
pressure and gas composition using different
equilibrium models. Traditionally, gas mixtures of
methane, CO; and water are calculated in a process
simulation program with standard models like Peng-
Robinson (PR) and Soave-Redlich-Kwong (SRK). PR
and SRK with the a-function replaced with a Twu o-
function were also evaluated. For mixtures with only
methane and CO (dry biogas) all the models gave
similar results. Under normal ambient temperatures
(above 0 °C), a dry mixture with more than 40 %
methane will not give any condensation. For biogas
saturated with water, the different models gave similar
results up to about 70 bar when binary coefficients were
included, but above this pressure there were significant
deviations between the models. The PR and SRK with
standard or Twu a-function gave reasonable results for
the dew-point predictions, but above about 70 bar the
uncertainty increases.

CO,, methane, water,
envelope, Aspen HYSYS

Keywords: biogas, phase

1 Introduction

Biogas is a mixture of methane, CO, and usually small
amounts of other components like water and H,S. Bio-
methane (purified biogas) contains typically 97 %
methane, and raw biogas typically contains 60 %
methane, 40 % CO; and is saturated with water. Purified
biogas is transported in cylinders under high pressure
(typically 230 bar) or is injected into natural gas
pipelines. It is a question whether raw biogas can be
compressed to such high pressures because of the
possibility of unwanted condensation. CO; and water in

https://doi.org/10.3384/ecp1815331
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the liquid phase is very corrosive, and may lead to
operating problems. Hovland (2017) has concluded that
condensation will normally be avoided when
compressing dry biogas, but that it is dependent on the
water concentration when compressing raw biogas.

Traditionally, gas mixtures of methane, CO;, and
water are calculated in a process simulation program
with standard models like PR (Peng and Robinson,
1976) and SRK (Soave, 1972). It is known that these
models simulate the gas phase and the condensation
point quite accurately at least below the critical point (46
bar for methane and 74 bar for COy), but the resulting
liquid phase may be questionable. Equilibrium models
like HV (Huron and Vidal, 1979) and TST (Twu et al.,
2005) have more parameters, and these models have
been shown to give good results also for the liquid
composition in CO; and water condensate in a mixture
with methane. Other more complex models like SAFT-
VR (Al Ghafri et al., 2014) and CPA (Austegard et al.,
2006) have been used to describe this system.

There are a number of articles available studying the

calculations and models for vapour/liquid equilibrium in
the methane/COa/water-system (Austegard et al., 2006;
Privat and Jaubert, 2014; Al Ghafri et al., 2017; Legoix
et al., 2017). Austegard et al. conclude that a simple
equation of state like SRK is satisfactory to describe the
vapour phase, but only more complex models like e.g.
SRK combined with a HV model is necessary to
describe the liquid phase.
Water solubility in CO, gas or a mixture of CO; and
methane shows a minimum for a constant temperature
between 50 and 100 °C at a pressure in the range of the
critical pressures (Austegard et al., 2006; Aasen et al.,
2017; Privat and Jaubert, 2014). For this system, a
minimum solubility is equivalent to a maximum dew
point temperature. The water solubility in pure CHs is
close to constant over a large pressure range close to the
critical pressure (Privat and Jaubert, 2014).

Circone et al. (2003) have studied hydrate formation
in COz/water mixtures and compared with methane
hydrates. Hydrates in equilibrium in this system have
been observed up to 13 °C (Al Ghafri et al., 2014) but
will probably not be a practical problem above 0 °C.

There are several authors studying models for the
system CO»/water (Spycher et al., 2003; Longhi 2005;
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Aasen et al., 2017). Aasen et al. have compared several
different models including combinations of different
equilibrium models. They conclude that a PR model in
combination with HV and a volume shift gives the best
results when also prediction of phase compositions and
densities should be included.

The first aim of this work is to calculate the
condensation limit for dry biogas and raw biogas under
different temperature, pressure and gas composition
using different equilibrium models. The last aim is to
evaluate whether the selected models are satisfactory to
predict the condensation limits for biogas compression
and condensation.

2 Simulation Programs and Models

Commercial process simulation programs which have
been used for calculating gas and liquid properties
including condensation for mixtures of methane, CO;
and water are Aspen Plus, Aspen HYSYS, Pro/ll and
ProMax. Process simulation programs are useful for
simulation of such processes because several
vapour/liquid equilibrium models are available in the
programs.

In Aspen HYSYS, the equilibrium models SRK
(Soave, 1972), PR (Peng and Robinson, 1976) and TST
(Twu et al., 2005) are available for systems containing
methane, CO; and water. In the SRK-Twu and PR-Twu
models, the original a-function is replaced by a function
from Twu et al. (1991). The PR model has only one
adjustable parameter for each binary component pair
while TST has 5 adjustable parameters for each binary
pair. In Aspen Plus, the SRK model combined with HV
is available, but this model is not available in Aspen
HYSYS.

The equations for the SRK equation of state are
shown in equations 1-8.

_RT _  a
P=325" vw+h) @
b =3, xb (2)
0,08664RT,
b; = TC (3)
05
a=3 Y (aa)  (1—ky) (4
a; = aa; (5)
0,42748R?*TZ
=T (6)
1y 2
a; = [1 + m; (1 - TT 2)] (7)
m; = 0,48 + 1,574w; — 0,176w;2 @)

P, T, v and R are the pressure, temperature, molar
volume and universal gas constant, respectively.
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Te is the critical temperature, o is the acentric factor and
T: is the reduced temperature defined as the ratio
between T and T.. The binary interaction parameter kij;
(equal to kj) is a constant that may be fitted for a binary
component pair and x; is the mole fraction for
component i. In the PR equation, equation 1, 3, 6 and 8
are replaced by equation 9, 10, 11 and 12.

RT a

P=3=p~ v(v+b)+b(v—>b) ©)
b = 0,077;96RTC (10)
0,457235R?TZ
0= (11)
m; = 0,37464 + 1,54226w; — 0,26992001-2 (12)

In the SRK-Twu and PR-Twu equations, the a-
function is replaced by equation 13. Fitted values for
the parameters L, M and N for CO, and water can be
found in (Twu et al., 2005).

— _m NM
a; = (TTN(M 1))eL(1 ) (13)

The TST equation of state (equation 14) use the Twu
a-function. Equation 3 and 6 in the SRK equation are
similar for the TST equation except for the numerical
constants which are 0.07407 (for b;) and 0.47051 (for a;).

RT a
P = T omoshwian (14)

The TST equation can be combined with the NRTL
activity coefficient model to include non-ideal
components. In the case of calculating the dew point of
only methane, CO, and water, the use of NRTL
coefficients is not necessary. A combined TST and
NRTL model is used in Aspen HYSY'S when modelling
glycol dehydration (Twu et. al, 2005) including the
highly non-ideal binaries between glycol and other
components. The TST model must have model
parameters fitted to experimental values to be accurate,
especially when it is combined with a liquid model like
NRTL.

In the standard version of SRK and PR, kj is a
constant for each binary pair. When utilizing the default
kij values in Aspen HYSYS, the k; values are constant
for all component pairs except for water/CO, where it is
a temperature dependent function. In literature, different
optimized values for the k;; values can be found because
the parameters may be optimized for different
conditions, e.g. for accurate prediction of either the gas
phase or the condensate phase. For the calculation of
dew points, it is reasonable to use binary interaction
coefficients optimized for the gas phase.
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3 Process Description and Simulation
Specifications

3.1 Process description of raw biogas
compression

Biogas for
Compressor
| — local use or
Raw _— di
biogas [ upgrading
| Separator Separator

Figure 1. A traditional raw biogas compression process

A simplified diagram for a traditional raw biogas
compression process is shown in Figure 1. Raw biogas
is produced by anaerobic digestion where the
temperature will typically be in the range 37 - 55 °C.
Typical concentrations are 50-70 mol-% CH4 (Petersson
and Wellinger, 2009). The rest is mainly CO, but traces
of H,S and organic components containing nitrogen and
sulphur can be expected. The raw biogas will normally
be saturated with water.

When the raw biogas production is above 100 Nm?/h,
it can be reasonable to upgrade it on-site. However, with
lower volumes it can be too expensive to have on-site
upgrading. For volumes below 100 Nm?Mh, Hovland
(2017) suggests that it may be of interest to compress the
gas to a high pressure, typically above 100 bar, and
transport it to a facility for upgrading to biomethane (>
97 mol-% methane). Before or during compression, the
raw biogas may be treated to remove some of the
impurities. To reduce the amount of water, it can be
cooled to remove some of the water as condensate before
compression.

Possible removal options for different components in
biogas cleaning and upgrading can be found in Petersson
and Wellinger (2009).

Condensed water formed after compression will
normally be separated from the compressed gas. If the
compression is performed in several stages with cooling
between the stages, condensate may be removed after
each stage. In most cases, condensation during
compression is regarded to be a problem, and should be
avoided.

3.2 Simulation specifications

Process simulations are performed for 4 conditions
relevant for biogas production. For most of the cases the
models PR, SRK, TST, PR-Twu and SRK-Twu are used.
For all the conditions, calculations with the default
parameters (especially the k;j; for water) are used. For
some conditions other kj; values are also used. In some
cases, phase envelopes are calculated. In the dry gas
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cases, the HYSYS 2-phase option was selected. In the
cases including water, the ComThermo 3-phase option
was selected. The 4 cases for the different conditions
are specified as case A to D.

A) Dry biogas with 60 mol-% methane and 40 mol-
% CO, starts at 37 °C and 1 bar, is cooled to 10
°C and is compressed in three stages to 64 bar.
The specifications are listed in Table 1.

Dry biogas with 40 mol-% methane and 60 mol-
% CO starts at 37 °C and 1 bar, is cooled to 10
°C and is compressed in three stages to 64 bar.
60 kmol/h methane, 40 kmol/h CO. and 10
kmol/h water is mixed at 37 °C and 1 bar and
cooled to 10 °C, then the liquid phase is removed
and it is then compressed in three stages to 64 bar.
The resulting water concentration was then
approximately 1.2 %.

59.9 kmol/h methane, 40 kmol/h CO; and 0.1
kmol/h water is mixed at 37 °C and 1 bar, cooled
to 10 °C, and then compressed in three stages to
64 bar.

B)

C)

D)

Table 1. Specifications for the case A simulation

Parameter Value
Inlet gas temperature 37°C
Temperature before compression 10°C
Inlet gas pressure 1 bar
Pressure after compression 64 bar
Inlet CHa4 flow 60 kmol/h
Inlet CO2 flow 40 kmol/h

4  Process Simulation, Results and
Discussion

4.1 Simulation of compression of dry
methane/CO:2 mixture (Case A and B)

The Aspen HYSYS flow-sheet model for the base case
simulation is presented in Figure 3.

Table 2. Dew point at 64 bar, cricondenterm and
cricondenbar for a mixture of 60 mol-% methane and 40
mol-% CO; (Case A)

Model Toew (°C) | Teric (°C) | Pcricoar)
PR 236 225 83.2
SRK 233 221 82.6
TST 215 -20.3 79.6
PR-Twu 24.7 -23.6 83.0
SRK-Twu -24.0 229 835
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All the models calculate that condensation in dry gas
with 60 % methane does not appear above -20 °C. This
is below normal process and operating conditions. In a
cold climate temperatures may be lower than -20 °C.
The possibility for such low temperatures is also
possible under depressurization, e.g. through a valve. It
is expected that all the models in Table 2 are capable of
calculating condensing conditions for dry biogas under
depressurization reasonably accurate.

Case B is of interest because a 40 % methane and 60
% CO; has a dew point close to 0 °C. Based on earlier
evaluations mainly based on measurements and
calculations from Yang et al. (2015), Hovland (2017)
concluded that below 58 % CO2, no condensation would
appear if the temperature is kept above -3 °C.

Table 3. Dew point at 64 bar, cricondenterm and
cricondenbar for a mixture of 40 mol-% methane and 60
mol-% CO; (Case B)

Model Toew Tcric (°C) | Pcric (bar)
PR 54 17 89.5
SRK -5.2 -1.3 88.4
TST -3,9 -0.5 82.6
PR-Twu -6,3 -2.7 90.0
SRK-Twu -5,8 -1.8 90.5

The calculated cricondenterms with different models
have a maximum deviation of 2.2 °C. From this it is
concluded that the results can be expected to be fairly
accurate for all the models evaluated. No condensation
will appear above 0 °C in a dry biogas with less than 60
mole-% CO,. This conclusion is consistent with the
conclusion from Hovland (2017) that no condensation
should appear above -3 °C in a mixture with less than 58
mole-% CO..

It was checked whether changing the k;; parameter for
methane/CO; would change the results. It was found
that the results in Table 3 were only slightly influenced
by varying the kj; parameter.

A phase envelope from Aspen HYSYS is shown in
Figure 2. The important part for the evaluation of
condensation is the dew point curve to the right. The
point with the highest temperature is the cricondenterm.
The point with the highest pressure is the cricondenbar.
In the critical point for the mixture, slightly to the left of
the cricondenbar, the compositions in both phases are
equal. The calculated envelopes are similar up to about
70 bar, but above 70 bar, the decrease in dew point is
different dependent on the model and dependent on the
model parameters, especially the binary interaction
parameters.

2000 ‘q\

6000 ¥

- / ;
: __// P d

_-—""/ ]
0,000 T T T T T T T T

-1800 -1600 -1400 -1200 -1000 -80.00 -6000 4000 -20.00
Temperature (C)

Pressure (kPa)
'l

Figure 2. Phase envelope, Peng-Robinson, CH4=0.6,
C0,=0.4, default kj=0.1
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Figure 3. Aspen HYSYS flow-sheet for compression with intercooling and separation
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4.2 Simulation of compression of a raw
biogas including water, Case C and D

In Case C and D, the process was simulated with water
included. In Case C, biogas saturated with water at 10
°C is simulated. The stream then contains
approximately 1.2 mol-% water before the compressor.
In Table 4, the dew point, cricondenterm and the
pressure at the cricondenterm are shown using different
models with default values from Aspen HYSYS. The
first results for TST, PR-Twu and SRK-Twu in Table 4
were performed without k;; for the water binaries. When
the option including kjj’s for water binaries was used,
the dew point temperatures were much closer to the PR
and SRK models.

Table 4. Dew point at 64 bar, cricondenterm and
pressure at cricondenterm for a mixture of 60 mol-%
methane and 40 % CO, saturated with water at 10 °C
(Case C)

The phase envelope calculated with SRK was similar
to the envelope in Figure 4. However, with the other
models, especially those calculated without k;; values for
water binaries, the dew point decreased significantly
when the pressure increased above 70 bar. Using other
kij values for water/CO, the envelope curve changed
considerably above 70 bar. The reason for different
binary coefficients is that they may be optimized for
either the gas phase or the condensate phase. The CO;
concentration in the condensed water phase was
compared for the different models, and the difference
was up to a factor of two. The difference between the
calculated results from the different models above 70
bar are significant, so the uncertainty in this region must
be regarded as large. There are few experimental points
for the three component system in this region (Al Ghafri
etal., 2014).

In Case D, the water mole fraction was specified to
0.001. This water concentration is possible to obtain if
condensate is removed after intercooling steps in the

Model Toew (°C) | Tcric Pcrict (bar) compressor. Results are shown in Table 5. The phase

PR 82.9 - - envelope for PR is shown in Figure 5.

SRK 82.9 - -

TST 76.6 78.8 96 Table 5. Dew point at 64 bar, cricondenterm and

PR-Twu 76.6 78.9 99 pressure at cricondenterm for a mixture of 60 mol-%

SRK-Twu 77.0 79.7 101 methane and 40 mol-% CO, with 0.1 % water (Case D)

TST+kij 85.6 - - Model Toew (°C) Tcric (°C) | PcricT(pan

PRTwu-+ki 85.5 - - PR 26.5 276 89.7

SRKTwu+ki 858 - - SRK 26.9 28.0 89.2

A phase envelope from the calculations in Aspen TST+ki 288 32.1 122
HYSYS is shown in Figure 4. The curve to the right is PRTwWuU-+kij 285 32.1 121
the dew point curve. The other lines are phasg bc_;undary SRKTwU+ky 8.8 522 122
lines without importance for the condensate limit.
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Figure 4. Phase envelope for PR, 60 kmol CH4, 40 kmol
COg, saturated with water at 10 °C. Default k;; values.
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The envelopes in Case D are similar for the different
models up to about 70 bar, but above 70 bar, the
decrease in dew point is different dependent on the
model and dependent on the model parameters,
especially the k;; for water and CO,. As for the case with
a higher water concentration, the difference between the
models above 70 bar is significant, so that the
uncertainty above 70 bar must be regarded as large. The
deviation is more than 5 °C for the calculation of the
cricondenterm and more than 30 bar for the calculation
of the pressure at the cricondenterm.

When using an equation of state, it is reasonable that
the non-ideality and uncertainty increases when the
pressure increases, and also when the mixture is close to
condensation and close to the critical point which is
order of magnitude 70 bar. The prediction of
vapour/liquid equilibrium becomes more uncertain
when water is added to CO, and methane because the
physical interactions become more complex. The
binary parameters which are meant to adjust for non-
ideality are normally fitted in the region of vapour/liquid
equilibrium which is below order of magnitude 70 bar.

5 Conclusion

The condensation limit for dry and raw biogas under
different conditions with varied temperature, pressure
and gas composition and using different equilibrium
models were calculated.

For dry biogas, all the models Peng-Robinson (PR),
Soave-Redlich-Kwong (SRK), PR-Twu, SRK-Twu and
Twu-Sim-Tassone (TST) gave similar results. Biogas
with 60 mol-% CH4 and 40 mol-% CO; will have a
condensation temperature less than -20 °C. Under
normal ambient temperatures (above 0 °C), a mixture
with more than 40 % methane will not give any
condensation.

A process is simulated where raw biogas is cooled to
10 °C to remove water before compression. The results
with biogas saturated with water at low pressure, the
different models gave similar results up to about 70 bar,
but above this pressure, different models gave different
results. The results were dependent on the chosen value
of the water/CO; binary interaction coefficient. The
deviation in dew point temperature was about 6 K.

Both the standard PR and SRK models and the PR
and SRK with the Twu a-function and with water/CO,
binary coefficients included, gave reasonable results for
the dew-point and to predict the conditions where it
should be safe to avoid condensation.

For the calculation of dew points, it is recommended
to use binary interaction coefficients optimized for the
gas phase. If accurate calculations of the liquid
composition after condensation is needed, a more
advanced model like TST or HV with fitted parameters
is recommended.
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Abstract

This paper introduces FMI4j, a software package for
working with Functional Mock-up Units (FMUs) on the
Java Virtual Machine (JVM). FMI4; is written in Kotlin,
which is 100% interoperable with Java, and consists of
programming APIs for parsing the meta-data associated
with an FMU, as well as running them. FMI4;j is compat-
ible with FMI version 2.0 for Model Exchange (ME) and
Co-Simulation (CS). Currently, FMI4;j is the only software
library targeting the JVM supporting ME 2.0. In addition
to provide bare-bones access to such FMUs, it provides
the means for solving them using a range of bundled fixed-
and variable-step solvers. A command line tool named
FMU2Jar is also provided, which is capable of turning any
FMU into a Java library. The source code generated from
this tool provides type-safe access to all FMU variables
explicitly through the API (Application Programming In-
terface). Additionally, the API is documented with key
information retrieved from the FMU meta-data, allowing
essential information such as the description, causality and
start value of each variable to be seamlessly exposed to
the user through the Integrated Development Environment
(IDE).

Keywords: FMI, Co-Simulation, Model Exchange, JVM

1 Introduction

Recently, several research projects at NTNU Aale-
sund (Hatledal et al., 2015; Chu et al., 2017, 2018) and
others (Skjong et al., 2017; Sadjina et al., 2017) involve
co-simulation and virtual prototyping. Virtual prototyping
refers to a vision where models, or virtual prototypes, of
complex systems can be developed, tested, and amended
with a trial-and-error approach. As computer technology
develops it becomes possible to make an increasing part
of the necessary tests based on simulations. However, as
complex models often require components from several
different domains, perhaps developed in separate domain-
specific tools, a standard is required to fit them all together.

FMI (Blochwitz et al., 2011, 2012) is a tool independent
standard to support both Model Exchange (ME) and Co-
Simulation (CS) of dynamic models. The first version of
the standard, FMI 1.0, was released in 2010. In 2014,
version 2.0 was released, which merged the two standards
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and incorporated some major enhancements compared to
the initial release. As such, version 2.0 is not backwards
compatible with version 1.x.

A model implementing the FMI standard is known as a
Functional Mock-up Unit (FMU), and is distributed as a
zip-file with the extension .finu. It contains:

e An XML-file containing meta-data of the packaged
model, named modelDescription.xml.

e C-code implementing a set of functions defined by
the FMI standard.

e Other optional resources required by the implemen-
tation.

FMI4j, the software package introduced in this pa-
per, aims to simplify interaction with FMUs, and consists
of easy to use software APIs for parsing and simulating
FMUs on the JVM, as well as a tool for wrapping FMUs
into Java libraries, named FMU2Jar. Kotlin was chosen as
the implementation language as it is 100% interoperable
with Java, while offering several language improvements
such as null safety and less boilerplate code. From a us-
ability perspective, invoking FMI4j code from Java feels
no different than calling any other Java library.

The source code is published online under the permis-
sive open-source MIT license and can be accessed through
GitHub!. Here, pre-compiled FMU2Jar binaries are also
available. The APIs are available on maven central?. Only
version 2.0 and upwards are planned to be supported.

The rest of the paper is organized as follows. First some
related work is given, followed by a presentation of the
FMI4; software package. Finally, a conclusion and future
work are given.

2 Related work

Since the release of the FMI standard, several software li-
braries implementing the standard have been published.
An overview of such libraries for importing/invoking
FMUs is given in Table. 1.

https://github.com/SFI-Mechatronics/fmi4dsj
2http://mvnrepository.com/artifact/no.
mechatronics.sfi.fmid]
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Table 1. Software libraries providing FMI import

FMI support
Language (N ME

Name C | C++ | Java | Python | v1.0 | v.2.0 | v1.0 | v2.0 | Version | License
FMI Library | x X X X X 2.03 | BSD
FMU SDK X X X X X 2.04 | BSD
FMI++ X x? x? X X xP xP - BSD
PyFMI X X X xP xP 2.4 LGPLv3
FMPy X X X xP x? 0.2.5 | BSD
JFMI X X X 1.0.2 | MIT
JavaFMI X X X 2.24.5 | LGPLv3

4 Through SWIG
b Can solve ME FMUs

The FMI Library (FMIL) (JModelica, 2017) and FMU
SDK (QTronic, 2014), written in C and C++ respectively,
provide basic access to low-level FMI functions and is of-
ten used as base for creating more high-level libraries.

FMI++ (Widl et al., 2013) is a high level utility package
for FMI based on FMIL for ME and CS, written in C++,
that aims to bridge the gap between the basic FMI spec-
ification and the typical requirements of simulation tools.
Interfaces for Python and Java can be generated using
the Simplified Wrapper and Interface Generator (SWIG).
While the Python interface for Windows comes pre-built,
other packages must be built from source.

PyFMI (Andersson et al., 2016) is a high-level python
library for interacting with FMUs, maintained by Mode-
lon AB. It contains co-simulation masters for simulation
of weakly coupled systems and provides a connection to
the simulation package Assimulo (Andersson et al., 2015),
a Python package for solving first or second order explicit
ordinary differential equations (ODEs) or implicit ordi-
nary differential equations (DAEs). PyFMI is available
as a stand-alone package or as part of the JModelica.org
distribution.

FMPy (Dassault Systems, 2017) is a free python library
from Catia Systems for simulating FMUs. FMPy sup-
ports both FMI 1.0 and 2.0 for ME and CS. Using solvers
from the Sundials package, FMPy can be used to solve
ME FMUs. It also features both a command line utility
and a GUI for running and presenting simulation results.
FMPy and PyFMI may seem very similar, however there
is a major difference in that FMPy is implemented in pure
Python, whereas PyFMI acts as a wrapper for FMIL, with
additional high-level features.

JFMI (Broman et al., 2013b) is a low-level wrapper for
FMI 1.0 for CS and ME. The latest version, 1.0.2, was
released in 2013. Although the library supports both FMI-
CS and FMI-ME, a flexible solving mechanism for FMI-
ME is not provided.

JavaFMI (Cortes Montenegro, 2014) is a set of com-
ponents for working with the FMI standard using Java,
developed by SIANI institute (Las Palmas University).
JavaFMI is still actively maintained and offers cross plat-
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form support for FMI version 1.0 and 2.0 for CS. A neat
feature of JavaFMI is the ability to export Java code as CS
FMUs.

While several FMI implementations exist, also for the
JVM. Only JavaFMI is maintained, however it lacks FMI
for ME support. It could be argued that FMI++ is avail-
able on the JVM by means of SWIG bindings, however,
the library must be built from source which is not straight-
forward and requires a number of native dependencies.

As such, it can be argued that there is still room for an
alternative, easy to use FMI implementation for the JVM
that supports both CS and ME FMUs.

3 FMI4j

This section introduces FMI4j, a software package for
working with Functional Mock-up Units on the JVM, de-
veloped by researchers at NTNU Aalesund. It is imple-
mented from scratch in Kotlin and provides a high-level
API for interacting with FMUs on the JVM (Java, Scala,
Groovy, Kotlin etc.) that implements FMI 2.0 for CS
and/or ME. When provided with an solver, FMI4;j is able
to solve ME FMUs. Such instances share a common in-
terface with ordinary CS FMUs, that expose the most im-
portant FMI functions related to stepping a FMU forward
in time.

Furthermore, FMI4;j through the FMU2Jar tool is, to the
best of the authors knowledge, the only publicly available
software that utilizes the provided meta-data in an FMU
in order to generate a high-level API tailored towards it.
E.g provide type-safe and documented access to named
variables directly through the APL

The different components available in the package is:

1. fmi-modeldescription - A library for parsing the
meta-data found in the modelDescription.xml located
within an FMU.

2. fmi-import - A library for loading and running FMUs
on the JVM. Supports FMI 2.0 for CS and ME.

3. FMU2Jar - A command line tool for turning an FMU
into a Java library (.jar).
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FMU?2Jar is dependent on fmi-import, which again de-
pend on fmi-modeldescription. Artifacts from both li-
braries are hosted on The Central Repository® hosted by
Sonatype. A collection of the most notable FMI4j classes
are shown in Figure. 1, some of which are described in
more detail in the following sections.

3.1 fmi-modeldescription

fmi-modeldescription is a lightweight API for parsing the
meta-data found in the modelDescription.xml located in-
side an FMU. Useful when only static information about
the FMU is required. For instance if you only want to
display static information about the FMU in a web-app or
when generating source code tailored towards a particular
FMU, as in the case for FMU2Jar.

FMI4j can parse the model-description given both a file
and URL reference to the FMU location. It can also handle
raw XML input. Usage is demonstrated in Listing. 1. For
brevity, code snippets are provided in Kotlin.

As seen in Figure. 1 there are several different inter-
faces representing the model-description. The Common-
ModelDescription interface represents common meta-data
found in both CS and ME FMUs, while the SpecificMod-
elDescription interface contain additional common infor-
mation found in the <ModelExchange> and <CoSimula-
tion> XML elements for ME and CS FMUs respectively.
Furthermore, the ModelExchangeModelDescription and
CoSimulationModelDescription interfaces contains type-
specific information located within the same entries.

Listing 1. Parsing the model-description file from an FMU.

File fmuFile = File("path/to/fmu.fmu")

//includes common FMI entries only

val md = ModelDescriptionParser.parse (
fmuFile)

//includes also CS specific entries

val cs_md = md.
asCoSimulationModelDescription ()

//includes also ME specific entries
val me_md = md.
asModelExchangeModelDescription ()

3.2 fmi-import

fmi-import is responsible for loading and simulating
FMUs. It relies on fmi-modeldescription for parsing
and Java Native Access (JNA) for invoking the native
FMI functions written in C. For integration of differen-
tial equations, it relies on the Apache Commons Math li-
brary (Apache, 2017).

The API for reading and writing variables is given in
Listing. 2 and 3 respectively. For convenience, FMU vari-
ables can be accessed through the ScalarVariable instance
representing the variable entry from the XML. As seen,
variables can also be accessed in a more FMI idiomatic

Shttps://search.maven.org/
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way using the variableAccessor handle found within an
FMU implementation.

Listing 2. Read APIL.

instance: FmiSimulation =
speed:
= instance.variableAccessor

.readReal ("speed")

val
val

Listing 3. Write APL.

instance: FmiSimulation = .
speedVariable: RealVariable =
status: FmiStatus

= speedVariable.write(1.0)

val
val
val

// or

val status: FmiStatus
= instance.variableAccessor
.writeReal ("speed", 1.0)

A description of some of the most notable classes found
within the fmi-import module are given below.

e Fmu - Represents an FMU file on disk. Responsible
for extracting the FMU, and acts as a factory for new
FMU instances. This allows extracted FMU content
to be re-used across instances. On JVM shutdown, it
will handle any necessary clean-up related to previ-
ously instantiated FMU instances and will also delete
the extracted FMU contents.

o Fmulnstance - Represents a generic FMU instance,
exposing some of the most common functions.

o FmiSimulation - Extends the Fmulnstance interface
with time stepping. Common interface for CS FMUs
and self-integrating ME FMUs.

o AbstractFmulnstance - Base class for all imple-
mented FMU classes. Wraps the model description
and a handle to the underlying native code belonging
to the loaded FMU. Also contains common boiler-
plate code.

o CoSimulationFmulnstance - Represents a CS FMU
instance. Implements the FmiSimulation interface.
Example usage is given in Listing. 4. Implements
the FMI extension for predictable step sizes proposed
in (Broman et al., 2013a), enabling step-size negoti-
ation between FMUs. More specifically, the exten-
sion adds the capability flag canProvideMaxStepSize
and a CS specific C procedure, fmiGetMaxStepSize,
which is an upper bound on the step-size that the
FMU can accept.

e ModelExchangeFmulnstance - A bare-bones class
for interacting with instances of ME FMUs. The re-
sponsibility of solving the FMU is left to the user,
as the class simply provides access to the underlying
FMU functions. Instantiated as seen in Listing. 5.

o ModelExchangeFmuStepper - Wraps an instance of
a ModelExchangeFmulnstance, while implementing
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Figure 1. Simplified UML view of core FMI4j classes.

the FmiSimulation interface. Allows ME FMUs to
be treated similar to CS FMUs. As seen in List-
ing. 6, it is instantiated very similarly to the Mod-
elExchangeFmu, although a solver is required. For
this purpose, FMI4j comes bundled with the Apache
Commons Math package, which includes a range of
both fixed and adaptive step-size solvers. A complete
overview of the available solvers is given in Table. 2

Table 2. Fixed-step solvers available in the Apache Commons

Math package.

Name

Integration Order

Euler

Midpoint

Classical Runge-Kutta

Gill

and 3.

Listing 4. Loading and running an CS FMU

val fmuFile =

= File("path/to/fmu.fmu")
val slave =

Frmu. from (fmuFile)
.asCoSimulationFmu ()
.newlInstance ()
values here

// assign start

slave.init () //throws on error

val dt = 1.0/100

val stop = 10.0

while (slave.currentTime < stop) {
slave.doStep (dt)

}

slave.terminate ()

Listing 5. Instantiating an ME FMU.

val file =
val slave =

File("path/to/fmu. fmu")
Fmu.from(file)
.asModelExchangeFmu ()
.newInstance ()

Listing 6. Instantiating an self-integrating ME FMU.

val solver =
val slave =

EulerIntegrator (1E-3)
Fmu.from(file)
.asModelExchangeFmu (solver)
.newInstance ()
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Table 3. Adaptive step-size solvers available in the Apache
Commons Math package.

Name Order Error Estimation
Order

Higham and Hall 5 4
Dormand-Prince 5 5 4
Dormand-Prince 8 8 5and 3
Gragg-Bulirsch-Stoer | variable | variable
Adams-Bashforth variable | variable
Adams-Moulton variable | variable

3.3 FMU2Jar

FMU2Jar is a command line tool for packaging an FMU
into a Java library, allowing the FMU to be used as any
other Java library. The generated library also exposes all
variables from the FMU through a type-safe API. That is,
named functions for getting and setting typed variable val-
ues are generated for each accessible variable in the FMU.
These are documented with information retrieved from the
associated entry in the model-description. This makes it
easier to use the FMU, as all variables and associated doc-
umentation can be browsed from within an IDE, as seen in
Figure. 2. Also, variables are grouped by causality for eas-
ier look-up. Both CS and ME FMUs are supported, with
ME FMUs being wrapped as CS FMUs and subsequently
solved using the solver provided on initialization, as seen
in Listing. 7.
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ControlledTemperature ct = ControlledTemperature.nevInstance();

ct.getParameters() L

getHeatCapacityl C()

FruRead<Double>

getHeatCapacityl p dd int initial() FmuRead<Double>
getHeatCapacityl TO() FmuRead<Double>
getOnOffController bandwidth() FmuRead<Double>
getRamp offset() FmuRead<Double>
getRamp slope () FmuRead<Double>
getRamp start time() FmuRead<Double>
getRamp stop time() FmuRead<Double>
getSwitch R1 R{) FmuRead<Double>
getSwitch R2 R{) FmuRead<Double>
getSwitch Resistancel? Roff() FmuRead<Double>
Uze Ctrl+_5-r"i-ft: E"ter_;a ;‘;;t; :ti_:;l;y“:_a;r;:r; };I;l: ;::I e after completing {balance ;;re:tl: ;5;5‘ ;t; .-]-‘£- )

public final fun getHeatCapacityl C(): FmuRead<Real /* = Douk
MName:HeatCapacity1.C
Start=0.1
Causality=PARAMETER
Variability=TUNABLE
Description: thermal capacity
Gradle:
no.mechatronics.sfi.fmu2jarControlled Temperature: 1.0-5SMAPSHOT *

T

Figure 2. FMU named ControlledTemperature wrapped as a Java library using FMU2jar, then imported into IntelliJ IDE. From

within the IDE, the user can browse and read documentation on all available variables.

Listing 7. Instantiating both a CS and a self-integrating
ME FMU generated by FMU2Jar.

// Given an FMU that supports
// both CS & ME:
// First instantiate a CS FMU

ControlledTemperature
.newInstance ()
.use { fmu —->

}

// and then a self-integrating ME FMU
val solver = EulerIntegrator (1E-3)
ControlledTemperature

.newlInstance (solver)

.use { fmu ->

}

The Command Line Interface (CLI) is shown in List-
ing. 8. When supplying -mavenLocal as an argument, a
maven artifact is published to the local maven repository
(.m2 folder). This allows the user to easily include the
library in a software project using a build system such as
Apache Maven or Gradle. The user may also save the gen-
erated .jar into a specified folder and reference it explicitly.

Listing 8. FMU2Jar CLI

Path to the FMU

-help Prints this message

-mavenLocal Should the library be
published to maven local?

-out <arg> Specify where to copy the
generated .jar

-fmu <arg>

FMU2Jar is most useful when working with FMUs pro-
grammatically, as its advantages such as variable look-up,
type-safe variable access and in-IDE documentation has
little to no function in common GUI based simulation en-
vironments such as OpenModelica, SimulationX, etc.

3.4 Performance

Table. 4 shows how FMI4j compares to some of the other
FMI libraries in terms of performance. The table shows
the time required in order to step two different test FMUs
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Table 4. Performance comparison

Execution time [ms]
Library | bouncingBall.fmu | TorsionBar.fimu
FMIL 4 2801
JavaFMI 54 5843
FMI4;j 53 5979
FMPy 60 9662

forward in time. Both FMUs implements the CS standard
and was downloaded from the official SVN repository for
test FMUs. A step-size of 1E — 2 and target time equal
to 100 seconds is used for the bouncingBall.fimu exported
from FMUSDK, while a step-size of 1E —5 and target
time equal to 12 seconds was used for the TorsionBar.fmu
exported from 20Sim. For each time-step, a read call on
a real-valued output variable is performed. The tests were
performed on a i7-4770 CPU running Windows 10. From
the results we see that the native FMIL library is faster
than FMI4j by a good margin. This is to no surprise as
there is some overhead related to calling native functions
from Java (Kurzyniec and Sunderam, 2001). Performance
wise, FMI4j and JavaFMI are practically identical as they
both relies on JNA to handle native code execution. FMPy,
which runs in an interpreted language, is slower in both
test cases.

4 Conclusion and Future Work

This paper presents a high-level software package for
working with FMUs on the JVM platform. It includes
both a library for parsing the model-description file and
also for running the FMUs, as well as a tool for wrap-
ping FMUs as Java libraries, named FMU2Jar. Both FMI
2.0 for Co-simulation and Model-Exchange is supported.
Currently, it is the only library implemented for the JVM
to support version 2.0 of the ME standard. Using one of
the bundled solvers from the Apache Commons Math li-
brary, such FMUs can be solved directly by the library.
The FMU2Jar tool makes it easier to work with a spe-
cific FMU by wrapping it as a Java library, and generate
maven artifacts for it, which facilitates easy integration
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with popular build tools such as Maven and Gradle. Fur-
thermore, variables are exposed through the API as type-
safe method calls with documentation retrieved from the
model-description.

Recently, the FMI steering committee released a feature
list for version 3.0 of the FMI standard (FMI steering com-
mittee, 2018). As a future work, we aim to support this
standard some time after it has been officially released.

In the future FMI4j may also include the option to ex-
port FMUs from Java byte-code.

A request to list FMI4j on the official FMI tools page
has been submitted, and is pending approval. If or when
new features are added to the software, the capabilities
shown in this entry will be updated accordingly.
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Abstract

District heating system (DHS) is a widely used and in-
creasingly popular energy source in cities. The uncer-
tainty in the heat load (HL) due to customer demand fluc-
tuations makes unit commitment (UC) and heat produc-
tion unit (HPU) control a complex task. This case study
of the DHS at Fortum Oslo Varme AS (FOV) aims to find a
strategy to optimize and fully automate UC and HPU. Our
results suggests this can be accomplished by using model
predictive control (MPC) to control HPU power and flow
rate, mixed integer linear programming (MILP) optimiza-
tion to solve UC problem, and multiple linear regression
(MLR) model to predict the HL. We also show that the
fuel cost can be reduced significantly.

Keywords: district heating, model predictive control, sys-
tem identification, unit commitment problem, heat load
prediction

NOMENCLATURE
Symbol  Explanation
Plant variables

K1—-4 HPU1-4

T Temperature, outlet HPU

T Temperature, outlet heat exchanger

Tyr Temperature, inlet HPU

T.r Temperature, inlet heat exchanger

Vv Volume flow, consumer side of heat ex-

changer
0 Power input to HPU
Heat load prediction

a constant
y predicted value, dependent variable
Xi independent variables
Bi regression constants
¢ error term
Unit commitment optimization
T, Time horizon

N Number of HPU

c Energy cost for HPU n at time ¢
Pé Power production HPU 7 at time ¢
Py Initial power HPU n

P! Predicted combined heat load

https://doi.org/10.3384/ecp1815343

Minimum power output for HPU n
Maximum power output for HPU n
P’ Maximum ramp rate for HPU n

o) Binary variable for HPU n at time ¢ (on/off)
8! Initial binary state of HPU n (on/off)
SU,  Start up cost for HPU n
7¢  Minimum down-time for HPU n if cur-
rently stopped
7!  Minimum on-time for HPU n if currently

on
Model predictive control
k time step
T Prediction horizon
y Measured output at sample time k = 1
¥«  Estimated output at sample time k

A Set point process state at time k
X state vector at time k
u; input vector at time k
state matrix
input matrix
output matrix
output weighting matrix
input weighting matrix
number of states
number of inputs
number of outputs
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1 Introduction

District heating is a widely used technology for supply-
ing hot water and space heating to consumers. The ba-
sic District Heating System (DHS) consists of Heat Pro-
duction Units (HPU) applying energy to a closed system
of circulating water. The energy is transported through
the DHS to the customer substation that exchanges energy
with the internal customer network, Figure 1. Early dis-
trict heating networks were typically fueled by fossil fuels
and supplied high temperature water or steam to the net-
work. The last decades the focus has shifted towards re-
newable heat sources and maximizing operating efficiency
(Lake, Rezaie, and Beyerlein 2017). In 2016 the distri-
bution of energy sources for Norway was 50.1% waste
incineration, 28.3% wood byproducts, 13.0% electricity,
5% fossil fuels and 3,6% from other sources. (Statistisk
Sentralbyra 2017).
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Fortum Oslo Varme AS (FOV) owns and operates the
DHS in Oslo and provides annually 1.7 TWh to over 4000
consumers produced by 36 HPUs situated at 11 different
Heat Production Plants (HPP). FOV provides 36% of the
national combined power by DHS, making it the largest in
Norway (Fortum Oslo Varme 2018).

FOV is continuously optimizing the DHS to minimize
human resources, reduce fuel cost and improve opera-
tional reliability. One aspect that can contribute to this
is to fully automate HPU commitment and control. FOV
executes the HPU commitment problem and control man-
ually by human resources, and due to the system com-
plexity, the resulting commitment plan and HPU control
is occasionally not optimal.

Considering the size of the FOV’s DHS and number of
HPUs, taking the entire system into account when solving
these problems would be a large task. Therefore this pa-
per aims to develop a strategy for automatic HPU control
and commitment of a minor subsection of the DHS. The
subsection selected for this project is separated from the
rest of the DHS by a heat exchanger, and can easily be
considered a separated system, Figure 1.

To optimize and automate HPU control and commit-
ment, there are several aspect that need to be taken into
consideration. The UC problem is dependent on knowing
the future HL, which is a variable that is customer con-
trolled and fluctuates heavily depending on several factors
such as season, temperature, wind, sunlight, time of day
among others. A HL prediction is therefore necessary for
achieving optimal UC results. Typically the UC problem
in DHS operates with an hourly resolution and operators
and simple controllers will handle any deviation from pre-
dicted value. The pitfall of this strategy is that it relies on
operators executing the actual plan of the UC algorithm
and making the right decision of which HPU to increase
or decrease power. To eliminate this, a MPC can use the
UC algorithm output to control all HPU on a shorter hori-
zon based on the feedback from differential pressure at the
substations.

2 Heat load prediction

In order to properly use predictive control and solving the
UC problem, an estimate of future heat load is needed.
Hagalid (2018) has as a part of his project thesis in col-
laboration with FOV developed a HL prediction based on
multiple linear regression (MLR) for FOV’s DHS. Other
methods for predicting HL. were not considered. A MLR
model can be expressed as:

n
y=a+Y B (1)
k=1
Hagalid (2018) shows that, by selecting HL as depen-
dent variable (y) and air temperature, month of the year as
12 categorical variables, hour of the week as 168 categor-
ical variables, heat production 24 hours prior, air temper-
ature multiplied by month of the year, and air temperature
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multiplied by hour of the week as the independent vari-
ables (xx), results in robust and good performing model.

Hagalid kindly provided the MATLAB scrips used to
create the MLR model. With minor adjustments the script
was adapted to create a MLR model for the subsection. To
find the the regression coefficients, the function fitlm was
fed historical temperature and power data, The outdoor
temperature is recorded at HPP 1 and power data is the
hourly mean power transferred from HPP 1 and 2 to the
subsection’s substations.

3 Unit commitment

For district heating systems, involving more than one
HPU, the state and how much power they should produce
needs to be optimized. This will typically be influenced
by variable fuel cost, restrictions on up/down-time, startup
costs and ramp restrictions. Mixed integer linear program-
ming (MILP) can be used to formulate a cost function to
be minimized along with a number of constraints on the
solution. Several strategies for solving this can be found
in (Saravanan et al. 2013). Mixed integer problems are
NP-hard and an efficient solver is therefore necessary.

Yalmip(Lofberg 2004) is a free MATLAB add-on
which allows easier mathematical formulation of opti-
mization problems. Optitoolbox (Currie and Wilson 2012)
add-on provides an easier interface to MILP solver SCIP
(Gleixner et al. 2017).

The cost function in (2) was implemented in MAT-
LAB 2017b through the Yalmip/Optitoolbox add-ons us-
ing SCIP as solver. Constraints were applied to the solu-
tion in order to ensure correct initial conditions (3,5), that
power demand is met (6), power output is between HPU
limits (7), ramp rate restrictions (8) and that up/down-time
restrictions are met (9,10).

7
min J =} Z C Py + Z Z 84SU, 2)
t=1n= t=2n=
PP=P=! VneN 3)
8'€{0,1} VneN,teT, 4)
8 =68=" YneN 6))
N
Z Vie T, (6)
5 pmin < 5tP’ <8P NteT,VneN @)
PI>|P—P7Y VteT,VneN (8)
8>8 —87" VreT,VneN 9)
614 [6’ ami’l(Thsf*TnH*U]
80 <1871 -8 VteT,VneN (10)
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Figure 1. Operational sketch of the subsection of FOV’s DHS. All substations are represented as one large. HPP 1, containing four
HPUSs(K1-K4), is the controlled plant. The subsection is separated from the rest of the DHS at HPP 2. Although not shown here,

the HPUs have an internal loop that exchanges heat with the DHS

4 System dynamics and identification

The MPC is dependent on a model for predicting future
system states. The models need to describe the dynamics
of each HPU in the subsection. Although the HPUs use
different fuel and are structurally diverse, they are all uni-
formly connected to the DHS, illustrated by Figure 2. This
allows us to use the same model structure for all HPUs.

The variables of importance is the supply line tempera-
ture (7;,) and flow (V,,) to the DHS, hence selected as the
model output. The flow in the internal loop is constant and
is therefore omitted. The HPU outlet temperature (7;,) is
not of interest of controlling to a given value. However
MPC can provide predicted value for all outputs for the
length of the simulation horizon, and 7, can be useful to
calculate the HPU inlet temperature (7;,). Therefore T}, is
also selected as model output. The variables affecting the
selected outputs, hence selected as inputs, are the supplied
HPU power (Qy), Ti,, the return line temperature from the
DHS (7;,,) and the reference flow value (V. ) for the DHS
flow via the flow controlled valve.

There are multiple model types that fulfills our require-
ments. We have chosen to model our system as a pro-
cess model transfer function (PMTF), defined as H(s) =

—ts
(ty15+1)(T25+1) -+ (Tus+1)
k, time delay ¢ and time constants 7, . The resulting model
structure for a HPU gives a multi-variable PMTF matrix
is described in (11)

for nth order model with system gain
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T () Hyi(s) Hia(s) 0 0 gkgi))
Tu(s)| = |Hai(s) Ha(s) Ha(s) Hoals) Tkr(s)
Va(s) 0 0 0 Hil(s) Vref 8

an

MATLAB System Identification Toolbox was used for
model identification. Data with 2 second sample time was
selected from the period September 2016 to April 2017.
Emphasis was put on finding periods with varied opera-
tion where the HPU parameters showed sufficient dynam-
ics. The HPUs have different dynamics during start-up
and shut-down, due to by pass valves are open. These pe-
riods were avoided as estimation and validation data. Low
order process models were sought, typically first order.

5 Model predictive control

MPC is a widely used concept. The basic principles in-
volve calculating future response of outputs from a set of
inputs based on a dynamic model of the plant. Both inputs
and outputs are subject to constraints such as value and
ramp rates. Measured or estimated disturbances can be in-
corporated in the system. MPC has the benefit of being
able to keep inputs and outputs within specified operating
ranges while keeping input variation to a minimum.

There are numerous ways to implement MPC, but it is
most commonly applied as a linear quadratic cost opti-
mization problem. Given a system described by the state
space model Xy = Ax; + Buy, a quadratic cost optimiza-
tion problem can be formulated as
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Figure 2. A operational sketch for HPU K1. The figure shows the internal loop of the HPU that exchanges heat to the DHS
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Bec R CecRP*"

for

The model for one HPU consist of four inputs, how-
ever only Oy and V,, ¢ are controllable and set as manip-
ulated variables (MV). T, and T,,, is set as measured dis-
turbance (MD). A measured disturbance is often set to the
present measured value for the whole simulation horizon.
For T, this is sufficient, as the temperature is stable with
little variation. Tj, on the other hand fluctuates heavily,
which might reduce the MPC performance. To compen-
sate for this, as mentioned in section 4, future 7}, values
can be calculated using the predicted values Ty, T, the
MD T,,,, the energy equation Q = cpV AT and the assump-
tion Ongin = OnEow as shown in (13)

Vn (T;z - an)
"/l.l’ll

The HPUs are parallel to each other, meaning the total
flow Vi = Vi1 + Vo + Vi3 + V4. By combining the indi-
vidual HPU flow outputs the resulting system model is a
16 by 9 PMTF matrix.

The MPC controller was made using MATLAB mpc-
function and simulated on the internal plant using mpc-
move. Weights for the measured variables were tuned to
allow considerable slack in T;; while keeping T,; and dotV
as close to setpoint as possible. In order to handle the con-
tinuously fluctuating flow and at the same time foresee the
largest time constants in the system, the sample time is
set to 20s. With the simulation and control horizon set to
respectively 100 and 50 samples, the MPC foresee 2000
seconds, about 33 minutes.

Ty = — + Ti (13)
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6 System control strategy

The simulation horizon of 33 minutes is sufficient to con-
trol the HPUs, but too short to make decision regarding
UC, hence a control hierarchy with differing time ranges
is proposed. The prediction algorithm will run hourly and
return predicted total power demand. The UC algorithm
uses the predicted HL as input and returns operational
state of each HPU to the model predictive controller. The
UC algorithm can be run every 10-60 minutes or called
when necessary from MPC. To integrate the UC and MPC
algorithm, a function is needed, illustrated by Figure 3.

The function calculates Refy, for the length of the sim-

: . : 9 7 Qpred :
ulation horizon using Q¢ and V = PTT)? knowing

the present and predicted values of 7,; and 7,,.. The cal-
culated Ref}, value might deviate from real time measure-
ments of V. The function creates a stipulated trajectory
by regression towards V. r- The function also updates the
MYV cost and constraints to force the MPC to follow the
UC algorithm plan.

The MPC is dependent on feedback to correct any devi-
ation in predicted HL. There are no direct real time mea-
surement of the HL available, but the differential pressure
over the substations can work as a substitute. The cus-
tomer controlled valve in the substations will open and in-
crease the flow through the substation HE if the customer
require more power. If all substations combined open their
valves, and the total flow and temperature in the DHS are
static, the differential pressure will drop. To compensate
for this, one can either change the supply line tempera-
ture or the flow. Changing the supply line temperature
implies large transport delays up to several hours, as the
water flow average speed is 2-5m/s. Changing the flow
leads to a quicker response as the pressure wave in the
pipes travels with speed up to 1200 m/s. To counter the
deviations in the predicted HL, the total flow reference for
HPP 1 can be adjusted by integrating the deviation from
a set value for the substations differential pressure. The
MPC will decide which of the enabled HPUs to increase
power and flow. Consequently, the UC algorithm is not
controlling the HPU power is directly, but decides which
HPU to be active, start up or shut down.
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7 Results
7.1 Heat load prediction

The HL predictions were made for three separate periods
and compared to actual historical data. Plots of predicted
values and actual data for the period 12-16. Jan 2016
is shown in Figure 4. Errors were calculated using Root
Mean Square Error (RMSE), Mean Average Percent Error
(MAPE) and Mean Error (ME), shown in Table 1.

From the error data from June 2017-February 2018 the
mean error is negligible, this indicates that on average the
model performs well. For shorter periods(16-20 Jan 2018)
a significant bias is seen which might impair predictive
control of the network. The MAPE and RMSE values are
quite high but it is important to note that very short term
deviations without bias can be tolerated in a district heat-
ing system. The short time deviations might not be model
errors, but actually caused by variations in the operating
mode of the HPUs so that the training data is flawed. A
better model could probably be made by using consumer
energy use instead of produced energy as inputs to the
model.

Table 1. Errors for heat load prediction

RMSE MAPE  ME
Period [MW]  [%] [MW]
Jun 17-Feb 18 1.5 7.1 0.04
12-16 Jul 17 0.8 9.5 -0.09
16-20 Jan 18 1.7 4.9 0.8

7.2 Unit commitment

The unit commitment algorithm was tested against actual
data from 20-24 Jan 2016 using the method described in
section 3. Real, time dependent fuel prices were used.
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Prediction
Actual data
0 L L L
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2018

Deviation [MW]

Jan 17

Jan 18 Jan 19 Jan 20

2018

Figure 4. Predicted and actual power output for the period be-
tween 16-20 January 2018. Absolute deviation from actual data
is shown in the lower part of the plot.

Since no data for consumer power usage were available
power demand was calculated by summing the power out-
put of all HPUs from historical data. The algorithm was
also tested with the same numerical results, but slightly
slower processing time using CBC (Lougee-Heimer 2003)
and MATLABES intlinprog-solver.

Power output of each HPU from the algorithm and ac-
tual historical data are shown in Figure 5. Fuel prices are
shown in the same figure for reference.

Fuel costs were calculated for actual data and the pro-
posed solution. A potential fuel cost saving of 20.5% was
seen for this period. However this was a known problem-
atic period, similar savings are not to be expected rou-
tinely. The UC algorithm is powerful and returns good
results, however this subsection of the district heating net-
work is quite simple; only two types of HPUs of which
none have difficult operating constraints nor any signifi-
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Table 2. Parameters for unit commitment optmization

HPU (n) KI K2 K3 K4
Pr*IMW] 10 10 26 13
PMnMW] 05 05 05 05
P’ [MW/hr] 48 48 60 60
T [hr] 1 1 1 1

T¢ [hr] 1 1 1 1

SU[NOK] 200 200 500 500

cant start up costs. It might seem that the UC algorithm
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Figure 5. Top: Proposed solution from algorithm for the period
20-24 Jan 2016. Mid: Actual power output from historical data
for the same period. Bottom: Actual fuel prices from the same
period.

7.3 System identification

All four HPU loops were modeled separately as described
in section 4, for brevity complete data will just be pre-
sented for HPU K1. Data for estimation was collected
from the period 8-11 Feb 2017 and the resulting model
was validated against data from 12-16 Jan 2016. The Nor-
malised Root Mean Square Error (NRMSE) of 0.932 for
Ti: and 0.787 for T,, indicates a good fit between identi-
fied model and actual HPU dynamics. Plots of simulated
response from model and validation data are shown in Fig-
ure 6 and 7 for respectively T;, and T,;.

All models were process models as shown in (11), max-
imum model order was set to 2. Parametrization of all
non-zero transfer functions for HPU 1 is shown in Table
3.

Table 4 shows a summary of NRMSE fits from system
identification of all four HPUs. The electrical HPU (K1-
2) yielded a good fit between model and actual data but
larger deviations was seen for the bio oil HPUs (K3-4).
The bio oil HPUs are rarely in use, and when in operation
they are set at a static power level yielding poorer dynamic
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actual data for 7Tj,. NRMSE: 0.932.
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Figure 7. Plot of simulated response from identified model and
actual data for 7,;. NRMSE: 0.787.

Table 3. Parameters for process model matrix

Parameter Transfer function
Hyy(s) 1J3r'15262s€75‘zs
Hia(s) e
Hy, (s> %eqms
sz(s) llféi”zs
Ho (S) %Koﬁ
H24(S) Mﬁ%est
Hiy(s) KT

quality of the estimation data. There might also be a larger
nonlinear dynamic due to combustion process which our
models does not represent properly. Further investigation
into this should be done.
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Table 4. NRMSE fits for all identified HPU models.

NRMSE [%]
HPU Ty, Ty
Kl 932 787
K2 944 808
K3 644 96
K4 360 455

7.4

Figure 8 and 9 show the MPC performance compared to
the existing PID cascade. The MPC use the identified
model presented in section 7.3 as internal and external
plant. The simulation use the historic 7, as MD. The his-
toric V is set as Refy;. The simulation shows that MPC
better able to keep 7;; to the reference temperature. Fig-
ure 9 shows outputs and disturbances for HPU K1 in the
upper section and controlled variables V and Q for HPU
K1 in the bottom plot.
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Figure 8. Comparison of closed loop control performance be-
tween MPC simulation and present PID cascade of K1 in respect
to temperature.

8 Discussion

The load prediction algorithm worked quite well. Signifi-
cant deviations from actual values are seen but averaged
over longer periods the deviation is canceled. It is be-
lieved that a better prediction could be made if power used
by consumers was used instead of power produced at the
plants. Power production data may be influenced by the
operators and may not correspond to actual consumer de-
mand. There are also other methods using neural network
that look promising, as shown by (Verrilli et al. 2017).
The unit commitment algorithm works well but may
not be necessary for this system seeing as the HPUs
have fast ramp rates and few restrictions. A combined
optimization/MPC-scheme would likely be the best solu-
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Figure 9. Comparison of closed loop control performance be-
tween MPC simulation and present PID cascade of K1 in respect
toQand V.

tion, but would require writing a custom non-linear MPC
algorithm.

Good correlation between model and plant was seen for
the electrical HPUs. For the bio oil HPUs somewhat poor
correlation was seen. This is mainly caused by lack of,
and less dynamic estimation data which is detrimental for
model estimation. There might also be differences in oper-
ation or some nonlinear dynamics in the combustion pro-
cess which is not reflected in the estimation variables.

The MPC simulation shows that the temperature refer-
ence tracking may be improved by implementing MPC to
control the HPU. However, the simulations was carried out
using the identified models as internal and external plant,
meaning there is 100% fit between the MPC’s predicted
response and the simulated system response. The MPC’s
actual performance is expected to be poorer.

Simulating the complete control hierarchy was difficult
for a number of reasons. Currently the closed loop feed-
back used to indicate power demand is differential pres-
sure across select customer heat exchangers. This is con-
trolled by the customers and can therefore not easily be
simulated without modeling the entire DHS. The relation
between differential pressure and power demand is also
not very clear. A simulation of the complete control hier-
archy has therefore not yet been performed.

Further work is needed to complete the project, and our
suggestions is to develop a nonlinear model of the HPUs
and the DHS, which allows simulation of the control hier-
archy and provides a more realistic MPC results.

9 Conclusion

Methods for load prediction and unit commitment per-
formed quite well and are thought to be useful in a real
implementation of the control hierarchy. The model pre-
dictive controller is likely to improve temperature refer-
ence tracking. The complete control hierarchy has not
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been tested and is necessary to complete the project.

10 Acknowledgements

The authors would like to thank Marius Hagalid for sup-
plying the load prediction model and helping with our im-
plementation. Karine Huuse, Ingeborg Sauge Torpe and
Patrik Myrendal at Fortum Oslo Varme have aided our un-
derstanding of district heating systems in general and pro-
vided specific data necessary to complete the project.

References

Currie, Jonathan and David I. Wilson (2012). “OPTI:
Lowering the Barrier Between Open Source Optimiz-
ers and the Industrial MATLAB User”. In: Foundations
of Computer-Aided Process Operations. Ed. by Nick
Sahinidis and Jose Pinto. Savannah, Georgia, USA.

Fortum Oslo Varme (2018). Fjernvarme i Oslo. Retrieved
15.04.2018. URL: https : //www . fortum. no/
fjernvarme-i-oslo.

Gleixner, Ambros et al. (2017). The SCIP Optimiza-
tion Suite 5.0. eng. Tech. rep. 17-61. Takustr.7, 14195
Berlin: ZIB.

Hagalid, Marius Jean Bischof (2018). “Development of
Models for Automatic Control of the Facilities of For-
tum Oslo Varme in Regard to Reliability and Optimal
Operation”. In: Unpublished preliminary report.

Lake, Andrew, Behnaz Rezaie, and Steven Beyerlein
(2017). “Review of district heating and cooling sys-
tems for a sustainable future”. In: Renewable and Sus-
tainable Energy Reviews 67, pp. 417-425. ISSN: 1364-
0321. pol: https://doi.org/10.1016/ 7.
rser . 2016 .09 . 061. URL: http : / / www .
sciencedirect . com/ science / article /
pi11/S1364032116305585.

Lofberg, J. (2004). “YALMIP : A Toolbox for Modeling
and Optimization in MATLAB”. In: In Proceedings of
the CACSD Conference. Taipei, Taiwan.

Lougee-Heimer, Robin (2003). “The Common Optimiza-
tion INterface for Operations Research”. English. In:
IBM Journal of Research and Development 47(1),
pp. 57-66.

Saravanan, B. et al. (2013). “A solution to the unit com-
mitment problem—a review”. In: Frontiers in Energy
7.2, pp. 223-236. 1SSN: 2095-1698. DOI: 10.1007/
s11708-013-0240- 3. URL: https://doi.
org/10.1007/s11708-013-0240-3.

Statistisk Sentralbyra (2017). Fjernvarme og fjernkjgling
i Norge. Retrieved 17.01.2018. URL: https://www.
ssb.no/fjernvarme.

Verrilli, F. et al. (2017). “Model predictive control-based
optimal operations of district heating system with ther-
mal energy storage and flexible loads”. English. In:
IEEFE Trans. Autom. Sci. Eng. (USA) 14.2, pp. 547-57.
ISSN: 1545-5955. URL: http://dx.doi.org/10.
1109/TASE.2016.2618948.

https://doi.org/10.3384/ecp1815343 50

Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway


https://www.fortum.no/fjernvarme-i-oslo
https://www.fortum.no/fjernvarme-i-oslo
http://dx.doi.org/https://doi.org/10.1016/j.rser.2016.09.061
http://dx.doi.org/https://doi.org/10.1016/j.rser.2016.09.061
http://www.sciencedirect.com/science/article/pii/S1364032116305585
http://www.sciencedirect.com/science/article/pii/S1364032116305585
http://www.sciencedirect.com/science/article/pii/S1364032116305585
http://dx.doi.org/10.1007/s11708-013-0240-3
http://dx.doi.org/10.1007/s11708-013-0240-3
https://doi.org/10.1007/s11708-013-0240-3
https://doi.org/10.1007/s11708-013-0240-3
https://www.ssb.no/fjernvarme
https://www.ssb.no/fjernvarme
http://dx.doi.org/10.1109/TASE.2016.2618948
http://dx.doi.org/10.1109/TASE.2016.2618948

Process Design of a Novel Low Temperature Methanol Synthesis
Process Using an Air-blown Autothermal Reformer

Christian Ahoba-Sam, Lars Erik @i, Klaus-Joachim Jens

Department of and Process, Energy and Environmental Technology, University College of Southeast Norway,

Norway
lars.oi@usn.no

Abstract

Methanol (MeOH) synthesis at low temperature (100
°C) presents an opportunity for full syngas conversion
per pass. This presents a cheaper alternative for MeOH
synthesis using an air-blown autothermal reformer
(ATR) rather than the conventional high temperature
(>250 °C) MeOH synthesis approach which requires an
expensive cryogenic Oz-blown ATR. The aim of this
work was to use the process simulation program Aspen
HYSYS to simulate and optimize the reactor conditions
for a complete MeOH process design using an air-blown
ATR. Our results revealed that, while syngas produced
from ‘normal’ air-blown ATR (syngas composition
0.20C0:0.40H2:0.39N>) required 100 bar to obtain full
conversion per pass, syngas produced from enriched air-
blown ATR (syngas composition 0.31C0:0.62H,:0.07
N2) required 60 bar total syngas pressure to achieve the
same. Even though the energy generated in both
processes was enough to cover the heating demand in
the total process with surplus, the enriched air-blown
system provides a better energy recovery if the surplus
energy is not used for extra power generation. The total
process energy demand due to compression was
estimated to be 2270 and 983 MJ/ton MeOH product for
the normal air-blown and enriched air-blown systems
respectively. A process design was proposed based on
the optimized conditions for the enriched air-blown
process.

Keywords: Air-blown reformer, syngas, methanol, low
temperature, simulation, Aspen HYSYS

1 Introduction

Methanol (MeOH) is a multi-purpose molecule widely
used as a base chemical, and for storage of energy and
CO; (Olah, 2005). MeOH can be used as a fuel blend or
directly converted to valuable hydrocarbons such as
gasoline over acidic microporous materials (Olsbye et.
al., 2012), thereby providing an alternative source of
petrochemical feedstock used today.

The current technology for MeOH synthesis is
based on conversion of syngas and operates around 250-
300 °C and 50-100 bar (Hansen & Hgjlund Nielsen,
2008). While this technology is highly optimized, the
relatively high operating temperature limits conversion
to barely 20 % per pass due to thermodynamics of the
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exothermic MeOH synthesis reaction (Equation (1)). As
a result, the current process requires several recycling
steps to optimize production (Lange, 2001).

Furthermore, the low conversion per pass of this
process requires the use of a rather ‘pure’ syngas other
than a No-diluted syngas for the MeOH synthesis. Such
pure syngas production alone accounts for more than
half of the total operation and capital cost in current
methanol processes (Marchionna et. al., 1998). This is
due to the use of expensive cryogenic O for partial
oxidation of hydrocarbons. The lowest cost of syngas
production is by the use of either an ordinary air or an
O enriched air rather than a cryogenic O.-blown
autothermic reformer (ATR) (Hansen & Hgjlund
Nielsen, 2008). The highly exothermic syngas
conversion to MeOH requires a relatively low
temperature to achieve a full conversion per pass.
Hence, such a low temperature process will allow for the
use of Na-diluted syngas for MeOH production, with
reduced capital and operation cost as there will be no
need for recycling.

k
AH = -90.6 —]

CO + 2H, = CH;0H
+ 2l 3 mol

ey

Alternatively, a low temperature MeOH synthesis
(LTMS) process which proceeds rapidly in a liquid
medium at about 100 °C presents the possibility for full
syngas conversion per pass (Christiansen, 1919). The
LTMS process is known to occur in two steps
(Equations (2) and (3)), via a methyl formate
intermediate (Ohyama & Kishida, 1998). Typically
alkali alkoxide is known to catalyse the carbonylation
step (Equation 1) and Cu based materials catalyse the
hydrogenolysis step (Equation 2). Cu nanoparticles due
to largely exposed surface area accelerate the
hydrogenolysis step in the LTMS process (Ahoba-Sam,
Boodhoo, et. al., 2018). For example, in diglyme
solvent, Cu nanoparticles in combination with sodium
methoxide led to up to 92 % conversion per batch with
20 bar syngas composed of 0.33C0:0.67H, at 100 °C
(Ahoba-Sam, Olsbye, et. al., 2018).

CO + CH;0H = HCOOCH,
HCOOCH; + 2H, = 2CH;0H

(2)
3)

In this paper, our focus was to design a complete process
for the LTMS reaction using Aspen HYSYS simulation
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program. Considering that the LTMS process can
tolerate N> diluent, the use of ordinary air and other O,
enriched air can be simulated for the syngas production,
and subsequently be used to design a complete MeOH
plant. Even though the concept has been described as a
‘dream reaction’ (Hansen & Hgjlund Nielsen, 2008), the
current work demonstrates that the suggested concept is
feasible. The specific aim of this work was to simulate
and optimize the reactor conditions in order to propose
a complete design of the LTMS process using an air-
blown ATR. Different parameters such as chemical
compositions, temperature and pressure in the reactors
were varied to optimize the process parameters.

2 Process Description

2.1 Principles of the Syngas Production

The syngas production process involved partial
oxidation of methane (CH.) using air, illustrated in
Equation (4). The Figure 1 shows a syngas production
process using air as the source of O,. The process
consists of a reactor (ATR), compressor and heat
exchangers. Compressed air was used to make-up for
the stoichiometry between CHs to O,. The CH4 feed
used was assumed to be pure, without any sulphur or
heavier hydrocarbon present, while the air feed
consisted of only Oz and N to simplify the simulation.
The compressed air together with the CH4 feed were
pre-heated and fed directly into the reactor.

1 kJ
H,+=-0,= 2H, AH = —36 — (4
C 4+202 CO + 2H, 36m0l (4)

/J\—v Syngas + N,

Air
N—
Reactor
Figure 1. Principle for the syngas production process

Mixer Gas effluent

Syngas + N, ?

Solvent

31

Liquid effluent
MeOH
reactor

Figure 2. Principle for the low temperature MeOH
synthesis process
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2.2 Principles of the MeOH Synthesis
Process

Figure 2 shows the MeOH synthesis process using N2
containing syngas as feed. The LTMS process involved
a MeOH reactor and a mixing unit. Since this step is
highly exothermic (see Equation (1)) and requires lower
operating temperature, the process is often carried out in
liguid medium to absorb excess heat to minimize
adiabatic rise in temperature beside other solvent’s
polarity role for the catalysis (Ahoba-Sam et. al., 2017).
The syngas feed is mixed with a liquid solvent and fed
into the MeOH reactor. For simplicity of the model, we
have taken MeOH as a solvent and due to the 100 %
thermodynamic syngas conversion, we have neglected
the effect of MeOH solvent in the equilibrium
calculations.

3 Models

All the simulations were performed using the Aspen
HYSYS (version 8.6) program. Gibbs reactors were
employed for both the syngas production and LTMS
processes. A Gibbs reactor calculates the composition
with the theoretical free energy minimum, which is the
theoretical equilibrium composition. The Peng-
Robinson equation of state (Peng & Robinson, 1976)
fluid package was used in all the simulations. The
equilibrium for the partial oxidation of CHs was
calculated for the process in the ATR reactor, while CH4
was assumed to be inert in the MeOH reactor. After the
individual reactors were optimized, an overall system
was designed.

Separating units were added in the overall system to
represent, (i) a pressure swing adsorber (PSA) and (ii)
H20/CO, absorber. The PSA was included to help
regulate the O2/N, composition that is fed into the ATR.
The H,0/CO;, absorber was used to separate the H.O
and CO; from the syngas effluent before the MeOH
reactor. After establishing reasonable pressure and
temperature conditions in the individual reactors, the
total compression, and heating requirements were
simulated, to find out whether additional heating was
necessary for the total process.

4 Process Simulations

4.1 Simulation and Optimization of the
ATR for Syngas Production

To optimize the feed composition, different mole
fractions of the CHa: air (containing Oz and N7) were fed
into the ATR reactor. The O2/N; ratio was kept constant
at air composition of 21/79. The Figure 3 shows the
effect of the ratio of CH4/O2 on the syngas produced at
600 °C. The highest amount of CO + H; coupled with
the least H,O and CO; side product (3 and 1 %
respectively) was observed at CH4/O,=2. While H,O
and CO; side products increased below the CH4/0,=2
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ratio due to increase in oxidation, lower CH4 conversion
was observed at higher CH4/O: ratio as the amount of
O, became limiting. When the ratio of CH./O2 was kept
constant and O2/N; ratios were varied (not shown), no
variation was observed in the composition of the
products. Overall CH4/O,=2 was chosen as a reasonable
composition as this gave the highest amount of syngas
(CO+Hy) with H,/CO=2.

The temperature was varied to determine a
reasonable temperature required for the feed inlet.
Figure 4 shows the effect of temperature on the syngas
produced between 600 to 1600 °C. This was done at
0.30CH4:0.150,:0.55N; feed composition set to 20 bar.
Generally, the overall CH4 conversion increased while
side products decreased with increasing temperature.
After 1200 °C, subtle changes were observed in the main
products such that both the amount of syngas and
H2/CO=2 were similar. The amount of H,O and CO;
side product at 1200 °C decreased from 0.36 and 0.06 %
to 0.06 and 0.01 % respectively at 1600 °C.
Nevertheless, considering the exothermic nature of the
process and its significance on the reactor material, 1200
°C was the temperature of choice for the syngas
production.
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Figure 3. Effect of feed composition on the
production, at 600 °C and 10 bar.
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Furthermore, the total inlet pressure was varied to
determine a reasonable pressure required for the optimal
feed inlet. Figure 5 shows the effect of pressure on the
syngas produced between 10 to 100 bar. This was done
using similar syngas composition as was done for the
temperature (0.30CH4:0.150,:0.55N>) at 1200 °C. The
overall CH4 conversion increased while side products
decreased with decreasing pressure. After 30 bar, no
significant changes were observed as both the amount of
syngas produced and H./CO=2 remained the same.
Therefore 20 bar was a reasonable pressure of choice for
the syngas production.
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Figure 5. Effect of pressure on the syngas production

4.2  Simulation and Optimization of the
MeOH Synthesis Process

The operating conditions for MeOH production was
simulated to optimize the LTMS process. Figure 6
shows the effect of temperature on conversion at 20 and
100 bar syngas pressure. This was calculated using
syngas ratio of 0.21 H,: 0.41 CO : 0.39 N2. The syngas
conversion rose exponentially from 300 °C to 120 °C
and then increased slightly with decreasing temperature.
The optimum temperature however depends on the
operating pressure as the 20 and 100 bar syngas

pressures showed similar trend but different
conversions.
100 —C— 20 bar |
—O— 100 bar

o<}
o
1

o
o
1

40 -

Conversion (%)

20 4
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Figure 6. Effect of temperature on the LTMS process
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Figure 7 shows the effect of pressure with and
without N> at 100 °C. The conversion with N, was
calculated using 0.21H2:0.41C0O:0.39 N2 syngas ratio
while the conversion without N> was calculated based
on 0.67H2:0.33CO composition. The syngas without N»
showed more than 99 % conversion from 5 to 100 bar
total syngas pressure. The syngas with N> however
exponentially increased with pressure such that about 99
% conversion was achieved at 100 bars. This indicated
the importance of N2 diluent on the partial pressures of
the syngas composition required for optimal conversion.
Nevertheless, a reasonable pressure chosen for
achieving optimal conversion in the presence of 39 %
N2 syngas diluent was 100 bar.
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Figure 7. Effect of pressure on the LTMS process
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Figure 8. Effect of N, diluent concentration on LTMS
process at different pressures

Furthermore, the importance of N diluent was
determined by varying its composition in the syngas.
Figure 8 shows the effect of N> composition in the
MeOH synthesis at 100 °C at different syngas total
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pressures. Syngas conversion increased with decreasing
the amount of N> diluent in the syngas. Interestingly, a
slight decrease of the amount of N3 in the syngas from
39 % (from normal air composition) to 20 %, leads to
full conversion even at 60 to 100 bar. Further N
reduction below 7 % in syngas will thermodynamically
allow more than 99 % conversion at 100 °C and 20-100
bar. PSA for example can easily be used to enrich air up
to 90 % O3 content in air (Rao & Muller, 2007). Hence
for the enriched air, 7 % N2 in syngas, which can achieve
full conversion per pass at 60 bar was chosen for the
LTMS process.

4.3 Simulation of the Overall LTMS
Process

The optimized operation conditions for the two reactors
were put together as an overall LTMS process. Two
scenarios were considered; one involving ‘normal’ air-
blown ATR (0.21 02:0.79 Ny) and the other involving
an O enriched air-blown-blown (0.70 02:0.30 Ny)
system. Figure 9 shows the Aspen HYSYS flow-sheet
for the overall standard LTMS process for an enriched air-
blown ATR. The set-up in the Figure 9 differs from the
normal air-blown system by the inclusion of a PSA unit for
enriching the air.

The details of the selected operating conditions used for
the calculation is tabulated in Table 1. The partial oxidation
was carried out at 1200 °C and effluent from the ATR
cooled down to 30 °C in both systems. The 20 bar N>
containing syngas produced was compressed to either
60 or 100 bar in the compressor where adiabatic
efficiencies were specified to 75 %. Starting with 3990
kmol/h CH4 flow, the normal air-blown system yielded
3842 kmol/h MeOH at 100 bar syngas pressure while that
with the enriched air-blown yielded 3919 kmol/h MeOH
at 60 bar.

The heat/energy flow for the two systems is shown in
Table 2. The negative signs in the table represent heating
demands, while the positive represented heat release. For
the normal air-blown system, a surplus (after recovery) of
7.68x10% kJ/h heat was released as calculated from the
heating and cooling. The total energy demand for the
compressors was estimated to be 2.80x108 kJ/h or 2270
MJ/ton MeOH product for the air-blown system. For the
enriched air-blown system, a surplus (after recovery) of
6.10x108 kJ/n heat was released when the heating and
cooling streams were considered. The energy demand due
to compression was estimated to be 1.23x108 kJ/h or 983
MJ/ton MeOH product required for the enriched air-blown
system. Overall the heat demand is covered by the surplus
heat in both air-blown ATR systems.
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Figure 9. Aspen HYSYS flow-sheet for the overall standard LTMS process

Table 1. Specifications of Operation Conditions for the Overall LTMS Process as used in Figure 9

Air-blown ATR system Enriched air-blown ATR system

Parameter | Molar flow  Pressure  Temperature Main Molar flow  Pressure  Temperature Main
(kmol/h) (bar) (°C) composition (kmol/h) (bar) (°C) Composition
CHaFeed 3990 20 20 1CH, 3990 20 20 1CH,
CHaFeed2 < © 1200 © © ¢ 1200 ¢
AirFeed 9500 1.01 20 0.210,:0.79 N, 14250 1.01 20 0.21 02:0.79 N,
AirPress s s - = © 1.50 66.5 ¢
O:Enrich - - - - 2850 1.10 67 0.70 0,:0.30 N,
AirFeed2 9500 20 515 0.210,:0.79 N, @ 20 595 @
AirFeed3 @ @ 1200 @ @ © 1200 ©
Syngasl 19375 © 1356 0.20 CO : 0.40 H, 12727 ¢ 1439 0.31 C0:0.62
:0.39 N, H2007 N,
Syngas2 < < 652 < © © 687 "
Syngas3 © © 30 © o ¢ 30 ¢
Syngas3pure - - - - 12678 20 335 <
Syngas4 19375 100 265 0.20C0:0.40H.:0. © 60 186 ©
39N,
Syngasb < < 30 < < 60 100 <
Mix1 < < < @ < © < <
MeOH out 11642 © 100 0.33CH;0H: 4839 © © 0.81CH;0OH:
(Liquid+Gas) 0.64N, 0.18 N,

Table 2. Heat/Energy flow for the overall LTMS process
in reference to Figure 9

PSA was preferred for the model since membrane
separation is usually economical only at small scale (i.e.

Heating Air-blown Enriched-air < 20 ton/day). When an enriched air is used, the cost of
(10°%3/h) (10°%k3/h) production using a PSA will be cheaper than the use of
CH4HEATER (-) 306 306 a cryogenic air separation (Rao & Muller, 2007)
AIRHEATER () 219 60.2 considering the 70 % O, (in air) purity estimated for the
DUTY1AFTERATR (+) 451 315 partial oxidation in this work.
DUTY2AFTERATR (+) 366 252 The exothermic partial oxidation reaction for the
DUTY3AFTERCOMPR (+) 141 32.2 syngas production generates excess energy. The
HEATL (+) 335 377 reaction specified at 1200 °C indicates outlet
Compression temperatures between 1350-1440 °C. This can raise
PSAEFFECT - 19.4 concerns about the choice of the reactor material.
AIRCOMPREFEECT 144 47.6 Nevertheless, a typical ATR reactor has a burner
SYNGASCOMPREEEECT 135 56.4 operating above 2000 °C (Dybkjaer, 1995), and hence a

5 Discussion of the Process

The air-blown ATR process for LTMS technology differ
from conventional MeOH synthesis technology by the
inclusion of N2 diluent. The use of normal air for syngas
production presents a cheaper alternative rather than a
cryogenic O, which is more capital intensive.
Alternatively, cheaper O enriched air can be produced
either by PSA or membrane separation technologies.
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1440 °C stream outlet with a good heat transfer does not
pose extra danger compared to the existing reactors. It
is also important to note that the partial oxidation
process is already a commercial process in ammonia
plants (York et. al., 2003) and considering the high
operating temperature, the conversions obtained are
practically close to equilibrium.

Furthermore, the difference in energy input and
output due to heating indicated surplus of 7.68x108 and
6.10x108 kJ/h released in the normal air-blown and the
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enriched air-blown processes respectively. This
indicated that heat generated in the process was enough
to cover the heating demand in the total process. If the
surplus energy is not recovered, the heat lost will be
higher in the normal air-blown system. The surplus
energy can however be used for power production for
example in steam turbines (Ganapathy & Faulkner,
2002). The energy demand will therefore be due to feed
compression, which can be reduced by the power
generated from the surplus energy.
Thermodynamically, a full conversion per pass can
be attained at lower temperatures below 120 °C. This
however, depended on the partial pressure of the syngas
components. When 39 % N (from normal air-blown) in
syngas was used as feed, full syngas conversion was
possible at 100 bar. One disadvantage is the need for
larger reactor volumes due to the space occupied by the
N. diluent. However, with the enrichment of the air,
same conversion could be attained with 7 % N2 in
syngas at 60 bar. The energy demand from compression
relative to MeOH production was therefore estimated to
2270 and 983 MJ/ton MeOH product for the normal air-
blown and the enriched air-blown systems respectively.
The optimized LTMS process was put together and a
complete process design proposed. The Figure 10 shows
a simplified diagram of the proposed air-blown LTMS
process. Even though full syngas conversion can be
achieved at 100 °C and 60 bar, there are a few
experimental drawbacks. H>O and CO; for example are
catalyst poisons, and are required to be less than 10 ppm
(Liu et. al., 1988; Ohyama, 2003). The amount of
methoxide diminishes by reacting with H,O and CO; to
produce hydroxide and carbonate respectively. As a
results, there is a need to have an absorbing unit to
remove H,O and CO; from the syngas. Moreover, as
MeOH is separated from the product stream some of the
catalyst system which has undergone recycling can be
reintroduced into the reactor. Overall, the air-blown
ATR for a complete LTMS process design is a
promising process for cheaper MeOH production.

CH,

Absorber Catalyst/Solvent

Separation

MeOH
Reactor

Figure 10. Simplified flow diagram of a complete LTMS
process design
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6 Conclusion

Simulations and optimizations of air-blown ATR and
MeOH synthesis were performed to design a complete
LTMS process. A normal air and an O enriched air-
blown ATR were optimized for syngas production in the
low temperature MeOH synthesis process. Overall, the
air-blown system containing 39 % N> (from air) in the
syngas required about 100 bar to achieve full
conversion, while the enriched air-blown system which
contained 7 % N in syngas could achieve same
conversion at 60 bar. In both cases, the energy generated
in the process was enough to cover the heating demand
in the total process. When the surplus energy is not
recovered, the heat lost will be higher in the normal air-
blown system than the enriched air-blown system. The
energy required for compression was therefore
estimated to be 2270 and 983 MJ/ton MeOH product for
the normal air and enriched air-blown systems
respectively. An overall design was proposed based on
the optimized conditions for the air-blown process.
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Abstract

In order to remove CO from power or process industry,
a  well-known  method is absorption in
monoethanolamine (MEA) followed by desorption, and
this technology has been in operation for decades. The
major challenge is the high energy demand for CO;
desorption. In many industrial cases, a limited amount
of cheap waste heat is available and this makes partial
CO; capture an interesting option. It is not obvious
whether a high removal efficiency from a part of the
exhaust or a low removal efficiency from the total
exhaust is the optimum solution. In this work,
simulations of traditional amine-based CO; capture
processes are performed with full-flow and part-flow of
flue gas. The cost of CO- capture is estimated using a
detailed factor method and a Lang factor method. It is
found that a full-flow alternative is the energy optimum
while a part-flow alternative treating 80% of the exhaust
gas is the cost optimum. This work shows that the
calculated optimum is dependent both on the criteria
used and on the selected method.

Keywords: CO; capture at cement plant, Aspen HYSYS
simulation, Partial capture, Cost estimation

1 Introduction

Global warming due to increased greenhouse gas
emissions, especially CO, emissions has become a
major environmental issue. CO, emissions have been
tripled from fossil fuel, cement industry and flaring
since 1970 (IPCC, 2014). The cement industry accounts
for around 5% of anthropogenic greenhouse gas
emissions. CCS (Carbon capture and storage) is
urgently needed along with other energy efficiency
measures to reduce the industrial emissions to a level
that will meet the 2°C goal (IEAGHG, 2013). United
Nations has set this long term goal to limit the global
average temperature to well below 2°C above pre-
industrial levels since this would reduce the risks and
impacts of climate change (IEA, 2015).

1.1 Aim

The aim of this work is to investigate the energy
optimum and cost optimum conditions for CO. capture
from a cement plant with the use of limited excess heat
available from the process. Besides, a task is to compare
two cost estimation methods, i.e., detailed factor method
and Lang factor method.
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The subsequent challenge is to perform a cost-benefit
analysis of different cases to evaluate whether it is cost
optimum to treat all the exhaust gas or only a part of it.
Some previous studies (Park, 2016; @i et al, 2017) have
concluded both that a part-flow alternative is optimum
and that a full-flow alternative is optimum. The
objective of this work is to analyze whether the
calculated optimum is dependent both on the criteria
used and on the selected method.

1.2 Literature

There have been numerous studies that perform techno-
economic analysis of different CO, capture concepts,
not only for power industry but also for process
industries (Rao et al, 2002; Kuramochi et al, 2012) but
detailed studies that investigate waste or excess heat
potential from process industries to power post
combustion CO; capture plants are rare.

(Dong et al, 2012) performed a study of the
possibility to utilize waste heat from a cement plant to
capture CO;, effluent from the plant. Up to 78 % capture
could be achieved using only waste heat by integrating
heat recovery with CO; capture.

A techno-economic analysis of an oil refinery with
amine-based based carbon capture plant has been
performed (Andersson et al., 2016). In this work, excess
heat from the refinery was shown to decrease specific
cost of carbon capture.

The (NORDICCS, 2017) project has evaluated the
potential of using waste heat from cement industry to
cover the reboiler duty of the stripper for an amine-
based CO- capture plant and concluded that utilisation
of waste heat is necessary in order to lower the cost of
CO; capture. The CO.stCap project (Skagestad et al,
2017) is in progress in Norway and Sweden to evaluate
different possibilities for partial CO, capture from
industrial sources.

At the University College of Southeast Norway there
have been performed simulations of possible CO.
capture from Norcem cement plant in Brevik (Svolsbru,
2013). (Park, 2016) simulated partial CO> capture and
concluded that in case of partial CO, capture of
approximately 40 % of the CO; in the flue gas from a
cement plant, treating all the flue gas would probably be
more cost optimum compared to treat only a part of the
flue gas. (@i et al, 2017) have performed partial CO»
capture on a traditional amine-based process and a
vapour recompression process and concluded that the
process with a low absorption column treating the total
exhaust gives the lowest cost per ton CO; captured.
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1.3 Process description

Figure 1 shows a standard process for CO, absorption
into an amine-based solvent. It comprises an absorption
column, a stripping column including a reboiler and
condenser, circulating pumps and heat exchangers.

Purified gas Condenser
\ T\
/ e » e - \
/ \ Lean Amine cooler N\ “ Product
e Y e — ( | (CO,)
/, Rich |
| Lean/Rich | Amine
N Desorber
Heat Y ’
Absorber
Exchpinger
|
X
Steam 1n
S \ )
Sour gas \, .
- 3 Z / Reboiler
l—»’ ] Steam out

P

Rich Amine Pump ,
Lean Amine Pump

Figure 1. Process flow diagram of a standard amine-based
CO, capture process (Aromada and @i, 2015)

A sketch of a general post-combustion partial CO,
capture process is presented in Figure 2. The whole or
a part of a flue gas is sent to an absorber where CO; is
absorbed in a solvent. The solvent is regenerated by
releasing the CO; in a desorber and the regenerated
solvent is sent back to the absorber.

Off gas Co,

! |

Solvent + CO,
20% >

{untreated)

-

Figure 2. A schematic of partial CO, capture (Park, 2016)

Solvent

Absorber Desorber

80%

and the other with a plate & frame heat exchanger to be
used as lean/rich heat exchanger. The case studies in this
work are performed in two parts:

1. Simulation of amine-based CO; capture plant

2. Dimensioning and cost estimation of CO; capture
plant

2.1 Specifications and simulation of

standard CO2 capture process

All case studies were simulated for a standard process
as in Figure 1 using Aspen HYSYS version 8.6 by
selecting the Kent-Eisenberg vapour/liquid equilibrium
model. Aspen HYSY'S is a commercial general purpose
process simulation program from AspenTech. It
contains several equilibrium models, process unit
operation models and flow-sheeting calculation
alternatives.

The specifications for the full flow case simulation
(case C100) are presented in Table 2. The flue gas
(string 1) data are from a cement plant, and the excess
heat is assumed to be constant 24.5 MW (NORDICCS,
2017). The absorption and desorption columns are
simulated with equilibrium stages including a stage
efficiency.

Table 2. Aspen Model parameters and specifications for
the full flow alternative (Case study: C100)

Simulation parameter Value

Flue gas (string 1) temperature from 80 °C
process

Inlet flue gas temperature to absorber 40 °C

Inlet gas pressure to absorber 1.1 bar

Inlet flue gas molar flow rate 5788 kmol/h
COz in inlet flue gas 22.1 mol-%
Lean MEA temperature 40 °C

Lean MEA pressure 1.01 bar

Lean MEA mass flow rate
MEA content in Lean MEA

527500 kg/h
29.0 mass-%

COz in Lean MEA 5.5 mass-%
2 Methodology 2 °
. i Number of stages in absorber 15
Four case studies are analysed for partial CO, capture ——— -
using only excess heat as mentioned in Table 1. Murphree efficiency in absorber stages 011-021
. . Temperature in amine before desorber 101.2 °C
Table 1. Case studies description P
Number of stages in desorber 10
Case study Description Flow type — -
Murphree eff .
C100 All the flue gas from String 1 | Full-flow urp ree-e -|C|ency In desorber stages 05
goes to the CO2 capture plant Reflux ratio in desorber 0.3
C80 80% of flue gas from String 1 | Part-flow Desorber pressure 2.0 bar
goes to the CO2 capture plant - -
C60 60% of flue gas from String 1 | Part-flow Reboiler temperature 120°C
goes to the CO2 capture plant Reboiler Power (only excess heat) 24.5 MW
C40 40% of flue gas from String 1 | Part-flow : . b
goes to the CO; capture plant Pressure increase across Lean amine pump | 3 bar
The cost and energy optimum alternative from the Pump efficiency 0.75
above four case studies was selected for two more case ATomin in Lean/Rich heat exchanger 10 °C

studies, one with lower reboiler temperature (115 °C)
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Murphree efficiencies for CO; in the absorption column
stages are specified; efficiency is constant at 0.21 for
the first five stages and then decreases linearly down to
0.11 for stage 15 (@i, 2012). Murphree efficiency for
COz in the desorption column is constant at 0.5. The
Murphree efficiency for a stage is defined by the change
in mole fraction CO; from a stage to another divided by
the change on the assumption of equilibrium. Pumps
were simulated with an adiabatic efficiency of 0.75.
Figure 3 shows the representation of the standard
amine-based absorption desorption process in the
simulation program Aspen HYSYS. The calculation
sequence is similar to earlier works (@i, 2007; Aromada
and @i, 2015). First the absorption column T-100 is
calculated from the inlet gas and the lean amine (which
is first guessed). The rich amine from the bottom of the
absorption column passes through the pump P-100 and
the main rich/lean heat exchanger E-102 and gains heat
from the lean amine from the desorption column. The
heated rich amine is entering the desorption column T-
101 which calculates the hot lean amine leaving the
desorption column. The hot lean amine leaving from
bottom of desorber is being pumped to a higher pressure
via lean amine pump P101 and passes through the
lean/rich heat exchanger E-102 and is then further
cooled in the lean cooler E-101. Then this lean amine is
checked in a recycle block RCY-1. It is checked
whether the recycled lean amine is sufficiently close to
the earlier guessed lean amine stream, which may be
changed by iteration. This is completing the loop.

2.2 Dimensioning and cost estimation
calculations

2.2.1 Scope analysis

The cost analysis is limited to the equipment listed in the
flow-sheet Figure 3 excluding the flue gas cooler. No

15
Makeup
MEA

7

VLV-100

RCY-1 Recycle  ix100 16 Loy ien
Makeup

recycle
Water

5.
Sweet
gas

18 Lean
MEA

3. Sour

Q6-

Cool
13 12. Lean MEA

pre-treatment like inlet gas purification or cooling is
considered. And no treatment after stripping like
compression, transport or storage of CO; is considered.
The cost estimate is limited to installed cost of listed
equipment. It does not include e.g. land procurement,
preparation, service buildings or owners cost.

2.2.2 Dimensioning of equipment

The dimensions of the process equipment are estimated
based on typical dimension factors. The absorption
column diameter is based on a gas velocity of 2.5 m/s
and the desorption column is based on a gas velocity of
1 m/s (Park and @i, 2017). The packing height of the
absorption and desorption column is 1 meter per stage
with a specified stage efficiency. The total height of the
absorption column and desorption column is assumed to
be 40 m and 22 m respectively. The calculation of
absorber height includes packing, liquid distributors,
water wash, demister, gas inlet & outlet and sump while
calculation of desorber height includes inlet for
condenser, packing, liquid distributor, gas inlet and
sump.

The heat transfer areas of the heat exchangers are
calculated based on duties and temperature conditions
obtained from simulations. Overall heat transfer
coefficient values have been assumed, for lean/rich heat
exchanger 500 W/(m?K), lean amine cooler 800
WI/(m?K), reboiler 800 W/(m?K) and condenser 1000
WI/(m?K) (di, 2012). Shell and tube heat exchangers
were mainly considered for case studies but for one
alternative study plate & frame heat exchanger was also
considered.

Centrifugal pumps are selected for the rich amine and
lean amine pump. Volumetric flow rate and pump power
are required in order to calculate equipment cost for
pumps, which is available from the simulations.

E-101 to Lean
Cooler 9
Co2
and
Water
8 Rich
.
MEAto —
desorber

Q3-
Condenser

(e

7. Ri
to Ri
heat
exch

h MEA
h/Lean

Q4-
Reboiler

hinger

gas from
Separator

T-100

Q1-
our S
%uur E-100 gggler gag?gr
gas

separator

4
Water

10.|Lean

degorber

11. Lean MEA
toRich/Lean
Heat excanger

Q5-
Lean
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Figure 3. Aspen HYSYS flow-sheet of a standard amine-based CO, capture process
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2.2.3 Capital cost estimation methods used

The equipment costs are taken from the Aspen In-plant
Cost Estimator (v.10), which gives the cost in Euro (€)
for Year 2016 (1%t Quarter). A generic location that has
good infrastructure and easy access to a workforce and
materials, e.g. Rotterdam, is assumed. Stainless steel
(SS316) with a material factor of 1.75 was assumed for
all equipment units. To calculate capital cost, two
methods were used.

In the detailed factor method, each equipment cost (in
carbon steel) was multiplied with its individual
installation factor to get equipment installed cost, as in
earlier works (@i, 2012; Park, 2016). The total capital
cost was then calculated by adding all the individual
equipment installed costs. The detailed installation
factor is a function of the site description, equipment
type, materials, size of equipment and includes direct
costs (such as the costs for erection, instruments, civil,
piping, electrical, insulation, steel and concrete),
engineering costs, administration costs and the costs for
commissioning and contingency. The updated
installation factors for year 2016 (Eldrup, 2016) were
used that decreases with increasing equipment cost. This
cost estimate is expected to have an accuracy of £40%.

In the Lang factor method (named after Hans J. Lang
in 1947) the idea is to have overall installation factors,
called Lang factors, depending upon the type of process
plant. In this study, a Lang factor for a fluid process
plant which is 4.74 (Turton et al, 2013) has been
multiplied with the sum of all equipment costs to
estimate the total capital cost.

2.2.4 Operational cost calculation

The electricity cost is set to 0.12 €/kWh. The cooling
water cost is set to 0.02 €/m®, and the excess heat is
specified to be free although the excess/waste heat
always comes with a cost. The annual maintenance cost
was set to 4 % of the equipment installed cost. Annual
operator cost is added on basis of shift work (6
operators). One operator is assumed to cost 77000
€/year which includes salary as well as employer’s
expenses. The yearly operating time was 8000 hours, the
calculation time was set to 25 vyears (2 years
construction) and the interest was set to 7.5 %.

2.2.5 Capture efficiency and cost calculation

The CO capture efficiency is calculated using
equation (1) and the CO- capture cost is calculated using
equation (2) shown below.

CO, sour gas—CO, sweet gas
CO, sour gas

Capture ef ficiency = x 100 (1)

€ )_ CAPEX+ OPEX (€/yr)

CO, capture cost ( =
ton CO, CO, captured (ton/yr)

@
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3 Results and Discussion

For the main four case studies of partial CO, capture,
Figure 4 shows the plot between captured CO; from full
flow (C100) to 40% flow (C40) and the cost of capture
per ton CO,. The lowest cost is obtained for C80 with
the detailed factor method. The cost results for the Lang
factor method has a higher cost per ton CO; captured
than with the detailed factor method for all the cases.
The reason for this is the fact that in the detailed factor
method, each equipment gets different installation factor
and when the installation factors for all the equipment
are combined, that was found to be less than the Lang
factor (4.74) used for this study.

Lang factor Detailed factor

22

o
=1

C40

-
@

60 c80 C100

CO, Capture Cost (€/t)
= =
= @

-
¥}
T

-
o

0.18 0.19 0.20 021 0.22 0.23 0.24 0.25
Captured CO, (Mt/yr)

Figure 4. CO; capture cost plotted against captured CO-
for full-flow and part-flow case studies

The curve in Figure 4 also indicates that the cost of CO»
capture initially goes down when the amount of CO;
capture decreases from 0.245 Mt/yr to around 0.23
Mt/yr but then the cost increases sharply as the captured
amount decreases further.

. CAPEX-Detail factor OPEX-Detail factor CAPEX-Lang factor

mmmm OPEX-Lang factor Capture Efficiency
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@
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C100 Cc80 C60 Cca0
Case study

Figure 5. Overall cost analysis of four case studies

Detailed cost analysis and capture efficiency for the
main four case studies is shown in Figure 5. The
CAPEX dominates in all the case studies. The best
capture efficiency is for case study C100 but the capture
efficiency does not fall down drastically from C100 to
C60 (49.6 to 45.5%). While for C40, the efficiency falls
down to 37% and this case study has also the highest
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capture cost as well. The energy optimum case study
proves to be C100. The cost optimum case study when
it comes to Lang factor is C60 (16.87 €/t) but capture
cost of C80 (16.90 €/t) is not far away from the lowest.
With the detailed factor method, the lowest capture cost
comes for the case study C80 (14.46 €/t) while capture
cost for C100 (14.54 €/t) is close to that of C80. Hence,
the case study C80 with the detailed factor method is
cost optimum and selected for further analysis.

Equipment Cost CAPEX for each equipment

6000

5000 |

P
=]
3
=1

Capital Cost (k€)
Detail factor method

o w

5] S

3 3

5] 5]

1000 [

Figure 6. Capital cost overview of case study C80 (STHX,
Shell & tube heat exchanger)

Since CAPEX dominates the capture cost, it will be
worthwhile to have a detailed look on the capital cost of
case study C80 that helps in optimization, which is
shown in Figure 6. There are four major equipment,
lean/rich heat exchanger, reboiler, absorber shell and
packing that are contributing significantly and the
efforts should be directed to reduce this cost.

An alternative to reduce the lean/rich heat exchanger
capital cost is to replace the shell and tube heat
exchanger (STHX) with a plate and frame heat
exchanger (PFHX) (Marcano, 2015). That has also been
performed for all the case studies, with the name PFHX
and the results are presented in Figure 7.

CAPEX m OPEX

PR e e
| N

CO2 Capture Cost (€/t)
-
(=]

ceo C80REB115 C100PFHX  CBOPFHX C60 PFHX C40 PFHX

Case study

Figure 7. Cost overview of alternatives with PFHX, Plate
& frame heat exchanger and with lower reboiler duty

The results clearly indicates that by replacing shell &
tube heat exchanger with plate & frame heat exchanger
(for lean/rich heat exchanger), the capture cost further
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decreases for all the cases. The lowest capture cost in
this scenario remains to be case study C80 that
decreased from 14.46 €/t (with STHX) to 13.11 €/t (with
PFHX).

In another alternative on case study C80, the reboiler
temperature has been decreased from 120 °C to 115 °C.
By doing this, more excess heat can be available and it
might help in reducing the capture cost. The results of
this new case study C80 REB115 is also presented in
Figure 7. For this case study, excess heat was increased
to 25.1 MW since we can utilize further excess heat of
5 °C from hot exhaust gas. Table 3 contains some
important input parameters and outputs for case studies
C80 and C80 REB115.

Table 3. Input Parameters and results for case study C80
and C80REB115

Case Study
Parameter Unit C80 C80REB115

Flue gas flow rate Kmol/h 4630 4630
Excess heat to reboiler MW 245 25.1
Lean MEA flow rate kg/h 535000 845900
Lean loading 0.26 0.35
Rich loading 0.51 0.50
COz capture efficiency % 479 46.3
CO2 removed per year 0.236 0.228
Reboiler energy | MJkg 3.27 3.47
demand CO2

The results in Figure 7 shows that the capture cost has
increased from 14.46 €/t to 16.46 €/t for case study C80
REB115 even though the excess heat has been
increased. Besides the capture cost, reboiler energy
demand has also increased for this lower reboiler
temperature case study, while the capture efficiency and
CO; removed per year decreases as shown in Table 3.

3.1 Sensitivity analysis

The sensitivity analysis has been performed on capital
cost, specifically on the installation factors of the four
most costly equipment identified i.e., lean/rich heat
exchanger, reboiler, absorber shell and packing.
Installation factors for these equipment have been
decreased by 50% to see the impact they have on capture
cost of main four case studies.

Another analysis has been performed on civil
installation sub-factor. This sub-factor of the detailed
installation factor is expected to cover additional cost
due to equipment cost (and size). This sub-factor has
also been decreased by 50% for all the equipment
installation factors and its effect on capture cost has
been analysed.

The results are presented in Table 4, which shows that
by decreasing the installation factors for absorber
packing, the full flow case C100 becomes the cost
optimum case although the lowest cost 12.82 €/t is
achieved for case C80 when installation factor for
lean/rich heat exchanger is reduced. For all other
scenarios, case C80 continues to give lowest cost per ton
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when the installation factor or civil sub-factor is
decreased by 50%. The greatest impact on capture cost
is by the lean/rich heat exchanger and the reboiler, the
capture cost goes down significantly from 1.4 — 2.5 €/t
for all the cases. The lowest impact is by the civil sub-
factor where the capture cost decreases by only 0.13 €/t
for cases C100 to C60 apart from for the C40 case where
the increase is 0.96 €/1.

Table 4. Effect of installation factors (IF) and civil sub-
factor (factors decreased by 50%) on capture cost

Case study C100 | C80 C60 C40

Capture Cost, €/t 1454 | 1446 | 14.67 | 18.06
IF-Abs. Packing, €/t 13.77 | 1382 | 14.17 | 17.66
IF-Abs. Shell, €/t 1347 | 1346 | 13.79 | 17.15
IF-Reboiler, €/t 13.07 | 1292 | 13.05 | 16.10
IF-I/r heat exch., €/t 1286 | 12.82 | 13.02 | 15.48
Civil sub-factor, €/t 1441 | 1433 | 1454 | 17.10

In a more detailed analysis for cost optimization, the
number of stages in the absorber should be optimized
but this is not included in the scope of this study.

3.2 Comparisons with earlier work

(Dong et al, 2012) calculated that it was possible to
capture 78 % CO; in a cement case under other
conditions. The amount captured was dependent on the
degree of integration. (Park, 2016) concluded that the
lowest total cost per ton CO, captured was calculated for
the standard full-flow process with 5 absorption stages.
This conclusion was however based on the assumption
that transport and treating of the gas before or after CO,
capture was not considered. (@i et al, 2017) worked on
partial capture from flue gas of cement industry and
concluded that the energy optimum case and the lowest
total cost per ton CO; captured was calculated for the
standard full-flow process with a low number of
absorption stages.

4 Conclusion

Different case studies from full flow of the flue gas from
String 1 to part flow for partial CO2 capture in a cement
industry were simulated with only excess heat using the
process simulation tool Aspen HYSYS. These case
studies were cost estimated using the Aspen In-plant
cost estimator along with two cost estimation methods
i.e., detailed factor method and Lang factor method.
The highest CO, removal efficiency is obtained for
the full flow alternative which is regarded as the energy
optimum process with a reboiler energy demand around
3.2 MJ/kg COa. The cost optimum case was with 60%
of the flue gas flow into the capture plant, when the Lang
factor method was used. When using the detailed factor
method, the case with 80% of the flue gas flow is the
cost optimum alternative. This is valid for all the
different case studies performed via detailed factor
method with the exception when the installation factor
for absorber packing was decreased, the full flow
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alternative becomes the cost optimum. This clearly
shows that the selection of the cost estimation method
and the assumptions made have a great impact on the
results.

The greatest impact on capture cost was by the capital
cost, specifically by the lean/rich heat exchanger,
reboiler, absorber shell and packing. The capture cost
can be reduced by selecting a plate and frame heat
exchanger as the lean/rich heat exchanger.
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Abstract

The beam equation describes the deflection of a beam sub-
ject to point loads and / or distributed loads, while being
supported at both ends. The beam equation is commonly
derived in the scientific literature using force- and moment
balances, which lead to a boundary value problem. The
present paper derives the beam equation using the mini-
mum total potential energy principle and solves the op-
timization problem numerically. The motivation behind
this work is to ease future extensions of the beam equa-
tion into larger deflections and nonlinear materials. These
future extensions are necessary to model subsea power ca-
bles and umbilicals during bending stiffness tests which is
the author’s final goal.

Keywords: Beam Equation, Bending Stiffness Test, Mini-
mum Total Potential Energy Principle, Numerical Analy-
sis, Subsea Power Cable, Umbilical.

1 Introduction

The offshore oil and gas industry, as well as power grid
companies, require increasingly accurate analyses and
physical testing of subsea power cables and umbilicals to
be able to install them in deeper waters, in colder envi-
ronments, and during harsher weather conditions. This
challenges engineers, scientists, and software developers
working in the cable manufacturing industry and among
service- and software providers.

Subsea power cables and umbilicals are complex struc-
tures consisting of a large number of individual elements,
such as the umbilical shown in Figure 1. For some cable
designs the number of individual elements exceeds 200.
The relative displacements between these elements and
complex nonlinear material characteristics are among the
main challenges in modeling cables’ mechanical proper-
ties. As both the cable geometry and the material proper-
ties are highly complex, there will inherently be uncertain-
ties in the cable models. It is therefore essential to validate
the models through physical testing.

The scientific literature on physical bending stiffness
tests of cables is very sparse. Hence, there is very lim-
ited information on various test rig designs; Maioli (2015)
and Tarnowski (2015) both present results based on rigs
with a design as sketched in Figure 2. In Maioli (2015)
the arrangement is horizontal, i.e. the force is applied in
the horizontal plane, while in Tarnowski (2015) the force
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Figure 1. Umbilical with steel tubes, electric- and fiber optic
signal cables, and armor wires.

is applied vertically.

The author and his colleagues have developed a bending
stiffness rig which is also based on the principle illustrated
in Figure 2. This work is presented in Jordal et al. (2017)
and Kompergd et al. (2017). The rig is vertical and the
force can be applied in both directions, i.e. up and down,
in a sinusoidal manner, making the cable oscillate.

In Kompergd et al. (2017) the beam equation is used
to calculate the cable’s bending stiffness based on mea-
surements of the cable’s deflection and the force required
to achieve this deflection. This equation is derived for
beams under the assumptions of small deflections and lin-
ear, elastic material in the beam. The exact same equation
is also used in Maioli (2015). Tarnowski (2015) presents
another model that intends to handle larger deformations.
However, also this approach considers the cable as one
solid object, rather than a compound object consisting of
a large number of individual cable elements.

When cables are bent, there are relative displacements
between the cable elements. A large number of scientific
publications consider the effect of shear forces between
cable elements due to friction, for example Lutchansky
(1969) and Kebadze (2000), and show that this effect has
major impact on the cables’ bending stiffness. Over the
last few years, also shear forces due to bitumen-coating
on the armor wires have got attention in the scientific lit-
erature. Among the publications on this topic are Hedlund
(2015), Kompergd (2016a,b), and Martindale et al. (2017).

Analyses of cables’ mechanical properties are com-
monly (i) assuming constant cable bending curvature
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Figure 2. Sketch of bending stiffness rig. Illustration from
www.wikimedia.org.

along the cable’s length direction and (ii) neglecting the
boundary conditions at the cable ends. However, to the au-
thor’s knowledge, it is not possible to perform a physical
bending stiffness test of a cable in such a way that the ca-
ble’s physical boundary conditions will not influence the
test results. Also, the condition of constant bending cur-
vature is challenging to meet in real-life test rigs. Hence,
the bending stiffness calculated in analyses and the bend-
ing stiffness identified from physical tests are not directly
comparable because they are based on different assump-
tions.

To close the gap between analyses and physical testing,
the author develops models of cables subject to the loads
and the boundary conditions of the bending stiffness rig.
These models can then be directly compared to, and hence
validated against, the results of the physical tests. When
the models have been validated, changing their loads and
boundary conditions allows the same models to be used
in the case of constant curvature and no boundary condi-
tions as discussed above. This way the author intends to
bridge the differences between analyses and physical test-
ing which are currently preventing the analyses from being
verified against physical testing in a consistent way. Due
to the high complexity of the overall problem, the work
will be split into 4-6 milestones.

This paper presents the results of the first milestone,
which is to derive the beam equation using the minimum
total potential energy principle and to solve this equation
numerically. Using the minimum total potential energy
principle, rather than force- and moment balances, is be-
lieved to simplify future extensions of the beam equa-
tion into large deflections, nonlinear materials, and cor-
rect modeling of shear forces between the cable elements.
It is further believed that it will be impossible to reach an
analytical solution to the overall problem. It is therefore
desirable to develop a numerical solution during the first
milestone which can later be extended when working to-
wards future milestones.

https://doi.org/10.3384/ecp1815365

2 Nomenclature

Table 1 presents the main nomenclature used in this paper.
Variables without a specific physical meaning are defined
in the main text where they first appear. Vectors are de-
noted with lower case, bold font. Matrices are denoted
with upper case, bold font. Square bracket are used to de-
note parts of a vector or a matrix. For example A[l : 4,3]
means the first four rows of the third column of A. Ex-
ponent notation applied to vectors, for example x%, means
element-by-element exponent.

Table 1. Nomenclature.

c Vector with Clenshaw-Curtis quadrature

weights.
D; Chebyshev first-derivative matrix.
D, Chebyshev second-derivative matrix.

EI  Bending stiffness [Nm/(m™ ).
Acceleration of gravity [m/s?].
Length between beam supports [m].
Bending moment [Nm].

8

L

M

m  Mass per unit length [kg/m].

N Number of discretization points [-].
N

Number of discretization points over a
half beam [-].

P Total potential energy [J].

P,  Gravitational energy [J].

Ps  Strain energy [J].

S Beam length parameter [m].

u Vertical deflection of beam [m].

u,  Vertical deflection of piston [ml].

u  Vector containing discrete points of u.
X Coordinate along x-axis [m].

k  Bending curvature [m~1].

A;  Lagrange multiplier no. i.

Figure 3 shows the Cartesian coordinate system used in
this paper.

3 Assumptions and Simplifications

The mathematical derivation in this paper is subject to the
following assumptions and simplifications:

1. The beam is subject to infinitesimal deflections only.

2. The beam is made of a linear, elastic material and has
identical cross section over its entire length.

3. Only the beam length between the supports shown in
Figure 2 is considered. That is, possible beam length
outside these supports is disregarded.
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Figure 3. The Cartesian coordinate system used in this paper.
Based on illustration from www.wikimedia.org.

4. The beam is assumed not to move horizontally at the
center of its length, i.e. where the F' arrow points in
Figure 2.

5. The developed model is quasi-static, i.e. inertia and
kinetic energy are disregarded.

6. The beam’s height is much smaller than the length
between the supports, L.

4 Mathematical Model

This section derives the mathematical model of the total
potential energy of the beam, as well as the constraints
that follow from the physical test rig and the beam’s phys-
ical properties. How to formulate the model and the con-
straints numerically, and how to numerically solve for the
minimum total potential energy are derived in Section 5.

4.1 Strain Energy in the Beam
The bending stiffness of the beam, EI, is by definition

def M
El= —. 1
. (M
Solving Eq. 1 for the moment, M, and integrating w.r.t.
the curvature, k, gives the beam’s strain energy, P, per

unit length, i.e.

(2)

oP, [
s —O/Mdic

1
= —EI k2.
2

Hence, the total strain energy in the beam is

1
/ EEI k2 ds

beam length

1
= JHI / k2 ds,

b= 3)

beam length
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where K = K(s). The integration limits will be discussed
in more detail in Section 5.

4.2 Gravitational Energy

When choosing u = 0 as the reference level for calculating
the gravitational energy, P, the gravitational energy per
unit length is

)

Hence, the gravitational energy over the entire beam is

Py =

beam length

=g / uds,

beam length

&)

mguds

where u = u(s).
4.3 Total Potential Energy

The beam’s total potential energy, P, is the sum of the
strain energy and the gravitational energy, i.e.

P=F+ Pg (6)
1
—_EI K’ d
> s
beam length
+ g uds.

beam length

4.4 Constraints

The purpose of finding the total potential energy in Eq. 6
is to minimize this expression w.r.t. the beam’s deflection
u(s) over its length, s, which will give its total potential
energy and its deflection profile. However, the beam is
not completely free to move and deform; it is constrained
by the test rig and by its own physical properties. In math-
ematical terms this translates into constraints that apply
when minimizing Eq. 6 w.r.t. u(s).

The bending stiffness rig developed by the author and
his colleagues is as sketched in Figure 2. As the rig is
designed to oscillate between positive and negative values
of u (i.e. up and down), the supports are made to both
prevent the beam from being pushed down and from being
lifted up. Similarly, the force F is generated by a piston
which can both push the beam down and lift it up. Hence,
the constraints are
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u(left end) =0, (7
u(center) = uy, (8)
u(right end) =0, &)

where uj, is the piston’s position.

From beam theory it follows that the function u(s) and
its first- and second derivatives are continuous. This is
also a constraint which can mathematically be expressed
as

u(s) € C?, (10)
where C? is the set all functions which are continuous and
have continuous first- and second derivatives (and possi-
bly continuous higher order derivatives). The mathemat-
ical importance of the latter constraint will be further ex-
plained in Section 5.

5 Numerical Solution

Section 4 derives a mathematical model of the total po-
tential energy in the beam, as well as the associated con-
straints. The present section solves the constrained opti-
mization problem, i.e. finds the minimum total potential
energy, using numerical mathematics.

5.1 Implications of Assumptions and Simplifi-
cations

Assumptions 1 of Section 3 implies that the beam’s length
parameter s will be identical to the x coordinate. Assump-
tions 1 and 4 combined mean that the beam will not move
horizontally at any point. Hence, the beam’s length ex-

actly spans the interval [—’5 , % ] . It is then convenient to

replace s by x, and consider the beam over x € [—% , %] .
It then follows that the integration limits of Egs. 3, 5, and
6 are —15 and %

From the mathematical literature, the curvature of a
graph u(x) is known to be

u
dx2

(1+ ()

K=

(1D

Under assumption 1, % is very small compared to unity.
Eq. 11 can then be approximated by

d%u

(12)

https://doi.org/10.3384/ecp1815365

5.2 Calculating the Strain Energy

The overall purpose of the numerical solution of the beam
equation is to find the u(s) that minimizes the total po-
tential energy subject to the constraints. To the author’s
knowledge, numerical methods are not able to find the ex-
act function u(s). What these methods instead do is (i) to
find u(s) at discrete points which allows subsequent inter-
polation, as well as numerical differentiation and quadra-
ture (numerical integration), or (ii) to find the coefficients
of a polynomial or a series, for example a Fourier series
or a Chebyshev series, which then serves as an approxi-
mation to u(s). In this paper it has been chosen to base
the calculations on discrete points that are Chebyshev-
distributed along x, because this distribution gives excel-
lent convergence properties both in interpolation, differ-
entiation, and quadrature.

The constraint of Eq. 10 requires u(s) to be continu-
ous and to have continuous first- and second derivatives.
However, u(s) does not have continuous third derivative
at the point where the piston, i.e. the force F, pushes or
pulls the beam. This is because the force gives an abrupt
change in the beam’s shear force. To prevent the abrupt
third derivative from disturbing the excellent convergence
properties of Chebyshev series for smooth functions, the
function u(s) is split in two halves; one half to the left
of the force F, i.e. in the interval [—% ;0 > and one half
to the right of the force, i.e. the interval <0, %] Eq. 10
then imposes constraints on how the two halves should be
connected.

The numbers of Chebyshev nodes over the left half and
the right half are the same, namely N. Then the total num-
ber of nodes is

N=2N—1, 13)
because the center node is common for both halves. The
nodes are organized in a column vector u € RV,

The following text explains how to calculate the strain
energy in the left half of the beam as function of the
discrete-point deflections of the vector u. Let u be the
first N nodes of u, i.e.

ﬁdéfu[l :N] e RY.

(14)

Let k be the vector with curvature values, k, at the
Chebyshev nodes. The curvature can be approximated by
the second derivative as stated in Eq. 12. Hence, the cur-
vatures can be calculated as

k=D 1, (15)
where D, is the Chebyshev second-derivative matrix of
dimension N x N. The structure of this matrix is derived
in Reid (2014).
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From Eq. 3 and the reasoning of Section 5.1, the strain
energy in the left half of the beam can be approximated by

0
P, (left half):%EI / K2dx. (16)

-L)2

Eq. 15 gives that the strain energy per unit length at
the Chebyshev nodes is % EI(D,i1)?, where the superscript
means element-by-element exponent. The strain energy in
the left half of the beam is then given by Clenshaw-Curtis
quadrature, i.e.

L\ /1 .
P, (left half) = <4c> (ZEI(Dzu) > 7

where € is the vector containing the Chenshaw-Curtis
quadrature weights for the standard quadrature interval
[—1, 1]. In the first parenthesis of Eq. 17, a factor % is
the quadrature interval width, while a factor % is to can-
cel the width 2 of the standard interval. Clenshaw-Curtis
quadrature is explained in Reid (2014).

Eq. 17 can be rewritten to

EIL
P, (left half) = == o' D,  diag(e)Dr@,  (18)
where the operator diag(-) returns a diagonal matrix with
the argument vector’s elements on the diagonal. It is now
convenient to define the symmetric matrix W as

- EIL VIV
] - D,” diag(c) D, € RV*V. (19)
Eq. 18 can then be written as
l_T - _
P (left half) = Su Wa. (20)

Eq. 20 gives an expression for the strain energy in the
left half of the beam which is easy to handle, and in partic-
ular easy to differentiate. Differentiation is important for
later finding the minimum. However, it is not straight for-
ward how to extend the equation to also include the right
half of the beam, while keeping it easy to differentiate,
because the center node is included in the calculations of
both halves. The following presents a simple solution. A
block matrix Wy, is defined as

w 05 (v-1)
Ov—1)xv OF—1)x@m-1)]’

def

WL = 2

where the subscript L means left, and 0 means the zero
matrix of the dimension indicated by the subscripts. The
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strain energy in the left half of the beam can then be writ-
ten as

1
P, (left half) = 5uTWLu. (22)
Please note that u, rather than a, is used in Eq. 22.
Making a similar reasoning as Eqgs. 14-22 for the strain
energy of the right half of the beam gives

1
P, (right half) = EuTWRu, (23)

where

def [Ov_1)xv—1) Ow—1)xm
Wi = - . 24
R 05 (v-1) W 9

In Eq. 24 the subscript R means right, and W is the matrix
defined in Eq. 19.

The strain energy over the entire beam is found by
adding the two halves, i.e.

1 1
P, = iuTWLu + EuTWRu

=_—u’ (WL +Wg)u

(25)

= EuTWu,

where

wWEW, +Wi.

(26)
Eq. 25 gives an expression for the strain energy in the en-
tire beam which is easy to differentiate w.r.t. u.

5.3 Calculating the Gravitational Energy

Numerical calculation of the gravitational energy resem-
bles numerical calculation of the strain energy, but it is
simpler, partly because it depends on u(s) rather than its
second derivative, and partly because it is linear rather
than quadratic.

Using Eq. 5 and Clenshaw-Curtis quadrature, the grav-
itational energy of the left half of the beam can be approx-
imated by

L T
Py(left half) — <4é) (g), @7

where 1 is as defined in Eq. 14, and ¢ is the vector which
elements are the Clenshaw-Curtis quadrature weights.
Eq. 27 can be rewritten to
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Py(left half) = q." u, (28)
for the vector qi, defined as
def ’/th C
= o~ . 29
v 4 l:O(N])xl:| 29)

Similarly, the gravitational energy of the right half of the
beam can be expressed as

Py (right half) = qr” u, (30)

for

def;ﬂ’L O(Nfl)xl
4 { _ . (31)

qr = :

The gravitational energy over the entire beam is then given
by adding Eq. 28 and Eq. 30, i.e.

P, = qLTu + qRTu (32)
=(qu +QR)T“
=q'u,
where
def
q=qL+ g (33)

5.4 Calculating the Total Potential Energy

The total potential energy is calculated by adding Eq. 25
and Eq. 32. Hence the total potential energy is

1
P=_—u'Wu+qu.

5 (34)

5.5 Constraints

The constraints of Eqs. 7-9 are straight forward to convert
to the vector notation used in the numerical calculation.
The constraints become

u[l] =0, (35)
u[N] = uy, (36)
ulN]=0 (37

The constraint of Eq. 10 must be handled carefully: In
the open intervals ( —% ,0) and (0, % ), u(x) is described

https://doi.org/10.3384/ecp1815365

by the polynomials which interpolates {u[0],...,u[N]}
and {u[N],...,u[N]}, respectively. Please recall that the
corresponding x-values are Chebyshev-distributed, which
means that the interpolating polynomials are guaranteed
to converge to the true u(x) as N and N — N increase. As
u(x) is described by polynomials in these open intervals,
it meets C*°, and hence also CZ, in the intervals.

At the left endpoint, u (—%) and its right-sided limit
will be equal, because the limit is given by a polyno-
mial which interpolates through the point ( —]5 , u(—’i) )
Hence, u(x) is at least C* at the left endpoint. As u(x) is
not defined for x < —%, derivatives of any order only ex-
ist on the right side of x = —%, where they are given by
the polynomial interpolation. Hence, u(x) is C* at the left
endpoint. A similar reasoning applies for the right end-
point as well, which concludes that also this endpoint is
c.

At x = 0, two polynomials that both interpolates
through the point (0, #(0) ) meet. Hence, u(0) and the
limits from both sides will be equal, which means that
u(x) is C° at x = 0. However, there is no inherent effect
that forces the two interpolating polynomials to have the
same derivatives at x = 0. This is true for derivatives of
any orders. Therefore, for u(x) to be C> at x = 0, equal
first- and second derivatives at both sides of x = 0 must be
explicitly enforced as constraints, i.e.

du du
lim — = lim —.
x—1>%1* dx x—lgl‘*' dx (38)
0%u 2%u
lim — = lim ——. 3
in(I)I* o0x2 xir(l;r ox2 ( 9)

In terms of the discrete-point representation of u(x),
Eq. 38 can be approximated by

D [N,:]u[l : N =Dy[1,:]u[N: N], (40)

where D is the Chebyshev first-derivative matrix of di-
mension N x N. Eq. 40 can be written as

T

p u=0, 41)
where the vector p is defined by
def ~ T
pL= [DIN,] 0oy, 42)
def T
PR= [0 v—1y Di[l]]", (43)
PdéfPL — Pr. (44)

A similar reasoning for the second derivatives gives
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ru=0, (45)
where
& [D2[N,1] le(ﬁ—l)fa (46)
R E 0w Daf11]]", 47)
rdéer —TIR. (48)

5.6 Minimization subject to Constraints

The total potential energy given by Eq. 34 should be min-
imized w.r.t. u subject to the constraints given in Eqgs. 35,
36, 37, 41, and 45. An intuitive approach is to use the five
constraints to eliminate five elements from the vector u,
and then minimize for the remaining N — 5 elements of u.
This is indeed a decent and feasible approach. However,
the elimination process will disturb the simple formulation
of Eq. 34 and complicate the solution process somewhat.
From the author’s point of view, implementing the con-
straints using Lagrange multipliers is a simpler and more
elegant approach that does not obscure the formulation of
Eq. 34. Also, the Lagrange multipliers are themselves in-
teresting variables, many with physical interpretations.

The Lagrange function of the constrained optimization
problem is

L(u,?LlJLz,M,M,/k):%uTWu—quu (49)
—Aul]

— A2 (u[N] —up)

— Az ulN]

—ApTu

—Asrlu.

The expression of Eq. 49 is quadratic. Hence, it can be
written on the form

1
L(v)= EVTAV +bly, (50)

where the vector v is the vector u augmented with the five
Lagrange multipliers, i.e.

e RVF, (51)
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Further, the matrix A of Eq. 50 is the block matrix

W 7i1 7i}v 7iN 7[) —r
-y o0 0 0 0 0
. T
def | —iy 0 0 0 0 0
A= —iyt 0 0 0O 0 0 (52)
—-p’ 0 0 0 0 0
I 0 0 0 0

€ RIVED)x(V+5)]

where i; is the jth column of the N X N identity matrix.
The vector b of Eq. 50 is

S

o
o)
<,
<

el

e RN, (53)

(=N e i)

The solution of the constrained optimization problem is
the v vector that gives a stationary point to the Lagrange
function. The derivative of the Lagrange function is

dL
— =Av+b.

dv (>4)

Hence, the solution of the constrained optimization prob-
lem is the solution of the linear system with N + 5 equa-
tions and N 4 5 unknowns

Av = —b. (5%)

6 Results and Interpretations

The numerical calculations derived in this paper, which
are based on the minimum total potential energy princi-
ple, have been compared to the formulas based on force-
and moment balances. The two approaches give identi-
cal results for N > 5, while they differ for lower values
of N. This conclusion is to be expected because the force-
and-moment-balances approach gives u(x) as a forth order
polynomial, and it requires five interpolation points from
the numerical calculations to give a forth order polyno-
mial.

Figure 4 presents a comparison of the two approaches
for a steel tube with bending stiffness 124.1 kNm? and
specific mass 8.257 kg/m. The length between the sup-
ports is 3.000 m and the vertical deflection of the piston
is up = —3.200 x 1072 m. These input values are from a
steel tube tested in the physical bending stiffness rig. The
physical test is presented in Jordal et al. (2017).

The first N elements of the v vector found from Eq. 55
is u, i.e. the nodes shown in Figure 4. The latter five
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Deflection u(x)

0.000 A

—— Minimum Total Potential Energy
——- Force- and Moment Balance

—0.005 4

—0.010

—0.015

u[m]

—0.020 1

—0.025 4

—0.030

~05 0.0 05 10 15
x [m]

-15 -1.0

Figure 4. Comparison of u(s) found from (i) the minimum to-
tal potential energy principle as derived in this paper, and (ii)
from the approach based on force- and moment balances. The
blue dots represent the values calculated by the former method,
and the blue, solid line represents the polynomial interpolations

between these points. N =5 is used in the example.

elements of v are the five Lagrange multipliers defined
in Eq. 49. The physical interpretation of each Lagrange
multiplier is the derivative of the total potential energy, P,
w.r.t. the constraint associated with the multiplier. Hence,
A1 and A3 are the forces from the left and right beam sup-
ports, respectively, toward the beam, as shown in Figure 2.
Similarly, A; is the force from the piston toward the beam,
i.e. the force F in the figure. Multiplier A4 can be shown
to be the beam’s bending moment at x = 0.

The last multiplier, A5, expresses the total potential en-
ergy’s sensitivity to discontinuities in the bending curva-
ture at x = 0. To the author’s knowledge, this formulation
does not correspond to a well-known physical variable.
As is a factor 10! smaller than the other multipliers, mea-
sured in absolute value. Hence, A5 is assumed to be zero in
the case of infinite arithmetic precision, which means that
the corresponding constraint would have been met even if
it was not enforced.

7 Conclusions and Further Work

The present paper derives numerical calculation of the
beam equation based on the minimum total potential en-
ergy principle under the assumptions of linear material
and small deflections. The calculation gives identical re-
sults as the derivation based on force- and moment bal-
ances which is commonly presented in the literature.

The work presented in this paper is the first milestone
towards the author’s final goal of modeling subsea power
cables and umbilicals during bending stiffness tests. The
future milestones are to include the effects of large deflec-
tions, nonlinear materials, and shear forces between the
cable elements.

It is believed that the minimum total potential energy
principle is more suitable for the future extensions than
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force- and moment balances. It is further believed that it
will be impossible to reach an analytical solution of the
overall problem due to its complexity, which is the reason
for using numerical mathematics.
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Abstract in a batch reactor (Narang et al., 2016; Meng et al.,
2016; Pan et al., 2014; Wang et al., 2012; Qin et al.,
2003). However, understanding of flow characteristics
(density and viscosity) of product streams with the
variation in process parameters (pressure, temperature,
and concentrations) is crucial for optimal product yield
and economic opportunity for industrial synthesis of
PPC. Prior attempts of formulating analytical models of
the density and viscosity based on the thermodynamic
theories by this research group at Norner Research were
unsuccessful due to the complexity of polymer
characteristics thereby causing difficulties in obtaining
precise measurements of the concentration of the phases
involved. In this research, the design of experiments
(DOE) was used to plan, conduct and analyse the
experiments and then formulate a statistical model of
viscosity and density of PO-CO»-PPC solutions.

In this research, experimental design was used to
formulate the empirical models of viscosity and density
of poly(propylene carbonate) (PPC), propylene oxide
(PO), and carbon dioxide (CO) solutions by designing
experiments at key values of the process variables;
concentration of PPC between 0 to 34% (% wiw),
temperature in the reactor between 50 to 75°C, and gas
phase manometric CO; pressure between 20 to 40 bar.
A bench scale reactor (2000 ml) comprising an external
circulation loop equipped with in-line viscosity and
density measurement devices was used to carry out the
tests. The results show that the equilibrium viscosity and
density of the solution increased with the concentration
of PPC and decreased with the pressure and temperature
in the reactor. The density model has Rﬁdjusted value
close to unity indicating that the model can predict the
variation in the density with very high accuracy. In 1.2 Experimental Design
comparison, the viscosity model has a lower RZ, justed

value indicating a need for additional experiments to Experimental design is a systematic approach to
improve the model. However, both empirical models perform experiments and discover the effect of
predict the general trends of the density and viscosity controllable factors on the response variables.
characteristics in the selected range and can be used as Experimental factors are variables which have a direct
a viable alternative to thermodynamic models. impact on the response variables. They assume a set of

discrete values known as levels of the factors. There are
diverse types of experimental design based on the
objective, levels, resolution, and the total number of
. runs. The general full factorial design is one of the key
1 Introduction design where tests are performed at all the possible
combinations of levels of experimental factors. It is a
suitable approach to discover the general behaviour of

Keywords: Carbon dioxide polymers, poly(propylene
carbonate), experimental design, statistical modeling

1.1 Background

With recent development in the field of polymer the processes, formulate an empirical model and
science, CO, as a feedstock in a synthesis of the validate analytical models (Davim, 2016; Montgomery,
biopolymer, poly(propylene carbonate) (PPC), has been 2001; Montgomery et al., 2007).

viewed as an attractive alternative. The research In this study, a general full factorial design of
community is further motivated to explore and optimise experiments with three factors (initial concentration of
the copolymerization of CO;and propylene oxide (PO) PPC, the temperature in the reactor and gas phase CO>
to produce PPC, as, CO: is relatively cheaper, abundant, pressure in the reactor) at three levels is used to study
and environmentally friendly in comparison to the viscosity and the density of the solution and
petroleum-based feedstocks (Arakawa et al., 2001). Till formulate second-order empirical models with 9
date, the studies have specifically focused on parameters.

understanding the effect of catalyst on the selectivity of
the copolymer product and optimizing copolymerization
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2 Experimental

2.1 Chemicals

Table 1 is a list of the chemicals used in the tests. PPC
was purchased from Empower Materials with the
product name QPAC® 40 and a range of molecular
weights between 100-300 kmol/g. PO with a purity of
99.5% w/w was supplied by Acros Organics. Acetone
and heptane from Sigma Aldrich were used to wash up
the set-up.

Table 1. List of chemicals.

Chemical Symbol
Propylene oxide PO
Heptane C7H16
Acetone (CH3),CO
Carbon dioxide CO,

Poly (propylene carbonate) PPC

2.2 Set-up

Figure 1 shows a bench-scale batch reactor set-up used
in the tests. The reactor was equipped with temperature
control, stirrer to maintain homogenity of the chemical
mixture and inlet for pressure controlled CO; feeding. A
pump was used to ensure continuous flow in the
circulation unit (CU). The unit was equipped with inline
viscometer to measure viscosity and density of the
solution. Furthermore, the unit was equipped with a flow
meter to measure flow in the circulation unit.

CO2

| | '
Circulation
il
X
LL
X

-

loop

Figure 1. A bench scale reactor equipped with in-line
measurement devices for density and viscosity
characterisation of the reactor solution.

2.3 Design Space

Table 2 shows the design space of factorial experimental
design. The design space includes the relevant operating
window for the polymer synthesis.

https://doi.org/10.3384/ecp1815373

Table 2. Design space for the experimental design

Factors Max | Min

Initial concentration of PPC (C) 340 0.0
(% wiw)

Temperature in the reactor (T) (°C) 75.0 | 50.0
Gas phase CO; pressure (P) (bar) 45.0 | 20.0

2.4 Factorial Experimental Design

Table 3 is a full factorial design implemented to study
the flow characteristics of the PO-CO-PPC solutions.

Table 3. Full factorial experimental design.

Testruns | C [% w/iw] T[°C] P [bar]
1 0 50.0 20.0
2 0 50.0 32.5(30.0)
3 0 50.0 45.0 (40.0)
4 0 62.5 20.0
5 0 62.5 325
6 0 62.5 45.0
7 0 75.0 20.0
8 0 75.0 325
9 0 75.0 45.0
10 17 50.0 20.0
11 17 50.0 325
12 17 50.0 45.0
13 17 62.5 20.0
14 17 62.5 325
15 17 62.5 45.0
16 17 75.0 20.0
17 17 75.0 325
18 17 75.0 45.0
19 34 50.0 20.0
20 34 50.0 325
21 34 50.0 45.0
22 34 62.5 20.0
23 34 62.5 325
24 34 62.5 45.0
25 34 75.0 20.0
26 34 75.0 325
27 34 75.0 45.0

2.5 Procedures

The test runs were separated into three distinct groups
based on the concentration of PPC (0 %w/w, 17 %w/w,
34 %w/w). Before performing tests of each group, the
set-up was cleaned with heptane/acetone and dried with
N2 gas/ vacuum.

After the equipment was washed and dried, the
reactor was loaded with the required amount of PPC.
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The reactor was then assembled, and N2 was purged out
followed by feeding of PO into the reactor, stirring and
increasing the reactor temperature to the set-point.
Viscosity and density responses were measured at
equilibrium (steady state) in distinct combinations of
gas-phase CO; pressure and temperature. At the end of
tests of each group, the set-up was cleaned and prepared
as described above for the next loading of PPC with the
accompanying group of tests.

3 Results and Discussions

3.1 Summary of Experimental Observations

Table 4 shows an overview of viscosity (1) and density
(p) responses of the solution after the complete test runs
(according to full factorial design, test runs 1-27),
preliminary tests at 0% PPC concentrations (test runs
28-30) and the replication tests at 17% PPC
concentration (test 31-38). The experimental factor
values were controlled according to the factorial design,
but there were minor deviations between design values
and experimental values due to random noise.

Table 4. Viscosity (1) and density (p) responses.

Test C T P p U
runs | % ww | °C bar | kg/m® cP
1 0.0 50.0 19.7 811.0 0.6
2 0.0 50.0 29.6 816.0 0.6
3 0.0 50.0 40.0 822.0 0.8
4 0.0 62.5 20.0 791.0 0.7
5 0.0 62.5 32.5 797.0 0.6
6 0.0 62.5 40.0 799.0 0.7
7 0.0 75.0 20.0 772.0 0.7
8 0.0 75.0 32.5 774.0 0.4
9 0.0 75.0 | 40.0 776.0 0.8
10 17.0 50.0 20.0 862.0 45
11 17.0 50.7 32.5 858.0 2.0
12 17.0 50.0 38.5 883.0 2.0
13 17.0 62.5 20.0 846.0 45
14 17.0 62.5 30.0 845.0 3.1
15 17.0 62.5 40.0 846.0 1.2
16 17.0 75.0 20.0 830.0 4.7
17 17.0 75.0 30.0 828.0 3.3
18 17.0 75.0 40.0 827.0 2.3
19 34.0 50.0 20.3 916.0 80.5
20 34.0 50.0 325 918.0 44.0
21 34.0 50.0 | 45.0 923.0 | 180.0
22 34.0 62.5 20.7 900.0 80.0
23 34.0 62.5 32.5 899.0 48.0
24 34.0 62.0 45.6 888.0 35.0
25 34.0 75.0 20.0 882.0 76.0

https://doi.org/10.3384/ecp1815373
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Test C T P p H

runs | %ww | °C bar | kg/m? cP
26 34.0 75.0 32.5 883.0 50.0
27 34.0 75.0 45.0 881.0 34.0
28 0 50.0 20.0 810.0 0.6
29 0 50.0 32.5 817.0 0.6
30 0 50.0 | 40.0 820.0 0.72
31 17% 50 20 856 3.4
32 17% 50 19 858 4.6
33 17% 50 29.3 860 5
34 17% 62.5 19.6 840 4.5
35 17% 62.5 29.6 845 3.3
36 17% 62.5 39.3 856 3.4
37 17% 75 19.5 825 4.5
38 17% 75 31 829 3.3

As regression coefficients of statistical model
formulated using coded factors can be directly
compared to determine the relative significance of
coefficients, factors values were transformed to coded
value using Equation (1).

XActual - XMin -1 (1)

X =2
Coded XMax - XMin

Where,
Xcoded Factor values in the coded form
Xactual Actual factor values in Table 4
Xuvin Minimum factor values in Table 2
Xyax Maximum factor values in Table 2

3.2 Density Model

Equation (2) is a density model formulated using coded
factor values.
p =846.5+51.5C — 19.6T + 2.8P
+0.62C? + 1.2T? + 0.9P2
+ 1.6TC + 3.3TP + 2.6PC

()

In statistical modelling, analysis of variance
(ANOVA) and goodness of fit is used to test the
significance of a model. The goodness of fit (R?)
measures the error in fitting experimental data in the
regression model. Its values are between 0 and 1, and
higher values mean better fit and vice versa. However,
for a certain set of data used in the formulation of a
regression model, R? value is entirely model dependent
and increases with the inclusion of additional
parameters even if the parameters are insignificant
(overestimation). To deal with this problem, Rﬁdjusted

is used. It measures the percentage of variation due to
the significant parameters and decreases with the
inclusion of additional insignificant model parameters.
Together with the determination of R? value, ANOVA
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is performed to test that the selected parameters in the
model are jointly responsible for the wvariation in
response variable (Montgomery, 2001; Montgomery et
al., 2007).

Table 5 presents the analysis of variance (ANOVA)
and summary of statistics in the formulation of density
model. As Significance F-test value (P value of F test)
is 0.0, it can be concluded with 95% confidence that the
model parameters in the density model are the primary
cause of variation in density responses of the mixture.
R ajusteq Value is closed to unity, which indicates that
the error in fitting experimental density responses in the
regression model is negligible and the predicted and
measured density responses are statistically identical.
This is also evident in the root mean squared prediction
error o = 4.51 kg/m3 which is merely 0.53% of the
mean density response. Based on ANOVA and
RZ, justea Value it can be statistically concluded that the
model can explain most of the variations in experimental
density responses and it can be used to predict the
density responses in the vicinity of the design space.

Table 5. ANOVA analysis and summary of statistics of
density model.

Description Values
Multiple R 0.995
R-squared 0.990

Adjusted R-squared 0.987

F-value 323.9
Significance-F (P-value) 0.0
Variance (%) 20.4

Figure 2 shows a plot of density residuals and Figure
3 shows the normal probability plot of density residuals.
Both plot are symmetrical about X-axis except few
outliers indicating that model predicted density values
and measured density values are statistically identical.
However, the residuals are relatively higher at higher
PPC concentrations.

Density Residuals
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Figure 2. Residual plots of density model.
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Figure 3. Normal probability plot of density model

Table 6 presents a significance test (t-test) of
regression coefficients in the density model. P-values of
regression coefficients in the t-test shows that linear
terms (C, T, P) and a second-order term (T-P) have a
significant impact on the density responses while other
second-order terms do not contribute significantly in the
model.

Table 6. t-test of coefficients in density model.

Coefficients | t-stat | P-value
C 48.4 0.0
T -20.5 0.0
P 2.2 0.0
c? 0.4 0.7
T? 0.7 0.5
pP? 0.4 0.7
TC 1.3 0.2
TP -2.5 0.0
P.C -1.8 0.1

Equation (3) is reduced density model considering
only significant terms with 95% confidence (P value
less than 0.05) in the model.

p =846.5+51.5C — 19.6T + 2.8P —3.3TP (3)

The reduced density model shows that the density
varies linearly with the factors. Among the factors,
density increases linearly with the concentration of PPC
and density decreases with an increase in the
temperature. However, pressure contribution to the
variation in density responses is relatively low in
comparison to other factors.

3.3 Viscosity Model

Equation (4) is the viscosity regression model
formulated using coded factor values.
U =—-59+325C—9.5T + 3.67P + 29.7C?
+ 6.6T% + 13.3P?2
—10.6TC — 13.8TP
—0.8PC

(4)

Table 7 presents ANOVA and summary of statistics
in the formulation of viscosity model. Similar to the
density model, Significance F-test value is 0.0, and it
can be concluded with 95% confidence that the model
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parameters in the viscosity model are the primary cause
in a variation of viscosity responses of the mixture. On
the other hand, Adjusted R-squared value (0.710) is
relatively lower, and the root mean square prediction
error (o = 19.3 cP) is considerably high in comparison
to most of the viscosity responses (all viscosity
responses at 17% PPC and 0% PPC are equal or lower
than 5.0 cP). In order to formulate model with better fit
and lower prediction error, additional tests with smaller
PPC concentration changes at higher PPC concentration
is essential as the residuals are substantially higher at
higher PPC concentrations. However, the model can still
sufficiently explain and predict the general trends of the
viscosity responses of the mixture in the selected
operating range.

Table 7. ANOVA and summary of statistics of viscosity
model.

Description Values
Multiple R 0.884
R-squared 0.781

Adjusted R-squared 0.710
F-value 11.10
Significance-F (P-value) 0.00
Variance (¢°) 372.8

Figure 4 shows a plot of viscosity residuals and
Figure 5 shows the normal probability plot of viscosity
residuals. Both plots consist of outliers with higher PPC
concentration indicating that the model is unable to

represent  viscosity responses at higher PPC
concentrations.
Viscosity Residuals
100
50 ’
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0 . .. s ae e .... . ... : . ..
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Figure 4. Residual plot of viscosity model.
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Figure 5. Normal probability plot of viscosity residuals.
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Table 8 presents a significance test (t-test) of
regression coefficients in the viscosity model. Linear
terms (C, T), as well as second order term (C?, T-C,
T-P), have a significant impact (95% confidence) on the
viscosity responses with P-value less than 0.05. The
remaining terms (P, T2, and P?) do not contribute
significantly to the model.

Table 8. t-test of coefficients in viscosity model.

Coefficients | t-stat | P-value
C 7.2 0.0
T -2.3 0.0
P 0.7 0.5*
c? 4.5 0.0
T? 1.0 0.3
P2 15 0.1
T.C -2.1 0.0
TP -2.5 0.0
P.C -0.1 0.9

Equation (3) is a reduced density model excluding
insignificant terms with 95% confidence in Equation
4).

u=-59+325C—9.5T + 29.7C?
+ 13.3P2 — 10.6TC
—13.8TP

()

The reduced viscosity model shows that the viscosity
primarily depends on the concentration of PPC in the
mixture. It increases quadratically with the
concentration of PPC and decreases with temperature in
the reactor. On the other hand, viscosity changes
guadratically with the pressure at constant temperature
and concentrations. Besides, the pressure-temperature
combination has an inverse effect on the viscosity
response of the mixture.

4 Conclusions

The full factorial design of experiments is an efficient
approach to formulate empirical models of the viscosity
and density of a mixture of PPC, PO and CO, under
varying concentration of PPC, temperature in the reactor
and gas phase CO, pressure. The reduced
empirical/regression model of density obtained from
statistical analysis is highly efficient in the prediction of
density response of the mixture in the design space. The
density decreases insignificantly with increase in the gas
phase CO. pressure at the higher temperature and
increases at low temperatures due to second order effect
of (TP), and increases linearly with PPC concentrations.
On the other hand, the viscosity of the mixture
predominantly depends on the concentration of PPC in
the mixture. The viscosity increases with an increase in
the PPC concentration and decreases with an increase in
the temperature of the reactor. The residual analysis of
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viscosity shows that more experiments are required to
predict the impact of the selected factors on the viscosity
to obtain lower root mean squared prediction error (o <
19.3 cP). However, both models explain the impact of
pressure, concentration, and temperature in the viscosity
and density responses of CO2-PO-PPC solutions in a
relevant process operation window and will be useful in
the process development in the future.
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Abstract

Control room operators remotely monitor the process
data coming from the field, guide field operators and
take corrective actions using highly automated and
complex distributed control systems. Operators have
to intervene during abnormal conditions in the
process and bring operations to safe conditions.
Human errors remains the top contributor for
industrial losses and the challenge is to prevent or
address them by training and competency
development. Operator training simulators are widely
used in the industry to provide hands-on training to
operators. Carefully analyzing simulator training
effectiveness by predefining standard evaluation
models in advance is one method to address the
success of the training. Simulator training provides an
understanding of the different process logical
relationships in order to be able to accurately identify
and quickly respond to problems before they escalate.
In the current low oil price environment,
organizations are facing number of challenges in
developing exceptional workforce to sustain the
business. The findings of this study re-emphasizes the
need to develop training evaluation models integrated
with the simulator configuration to effectively
analyze the desired outcomes of each training session.
This might further contribute to the reduction of
operational errors in the hydrocarbon industry.

Key words: Control room operators, Human errors,
Simulation training, Operator training simulator,
Training effectiveness.

1. Introduction

The oil and gas industry is meeting the world’s
growing energy needs in an environmentally and
socially responsible way in partnership with different
governments and local communities as per

https://doi.org/10.3384/ecp1815379
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international, local and environmental regulations
(British Petroleum Outlook, 2017). An expanding
population, economic growth, new technology
development and scope of regulations transforming
the energy landscape of the world. Industrial growth,
retiring and ageing workforce, an influx of new
workers mean that the organizations must get new
employees trained and competent as quickly as
possible to sustain in the current low price
environment.

1.1 Human errors in process control

Process plant operators control, monitor, operate and
maintain the plant machinery and equipment during
the production and different unit operations. They are
able to navigate through piles of DCS (Distributed
Control Systems) graphic pages, monitor hundreds of
process parameters, make corrective actions and
handle abnormal conditions. The ever increasing
automation in the industry leading to more
sophisticated processes that are more complex for the
operators to understand. Consequently, the more
sophisticated processes have a tendency to reduce
human reliability (Wiener etal, 1989). The
implementation of new technology and automation
brings changes to the interface design in control
rooms and in the field. This brings to fore possible
acclimatization issues faced by workers who may
have a high level of familiarity with legacy systems
from their experience.

The Center for Chemical Process Safety (CCPS)
of American Institute of Chemical Engineers
(AIChE), observed that in many incidents, the
employees are not fully prepared for a major
emergency or incident at the facility and they are not
having any formal training on the plant control
systems (www.hydrocarbonprocessing.com). The
Marsh/McLennan compilation report for business
impact shown in Figure 1. shows the losses in
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hydrocarbon sector breaking up into different
reasons. It points out that, over 28% are from
operational errors and about 40% of abnormal
operations are caused by human errors.

Loss in SMM
Sabotage/arson [N
Design error I
Natural hazard |
Process upset I
Unknown I—
Mechanical failure I
Operational error I
0 25 50 75 100

Source: Chemical Safety Topical Committee sponsored by the Department of Energy (DOE)

Figure 1. Causes & Losses in the Industry

The “abnormal” situations, in particular during the
start-up and turn-around, or unscheduled shut-down,
are subject to a very substantial part of the significant
incidents occurring in many plants. The recurring
accidents in the process industry ae due to lack of
learning from earlier incidents and applying the
lessons learnt from the accidental data and reports.

1.2 Role of operator training simulator

Simulators are used for instruction and training in
areas such as commercial and military aviation, battle
field management, chemical industries, building
construction and first responder agencies. They
provide a safe alternative in replicating the high-risk,
real-world training scenarios. Real world renditions
of these situations are too costly and dangerous to
provide opportunities for staff to repeatedly practice
in the high stress workplace situations (Tichon et al.,
2003).

Training simulators are used in the oil and gas
industries to train the operators for both routine
operations, startup, shutdown and abnormal
situations related to the process. The benefits are
repeated training on rare events, process upsets,
validate or test new procedures, practice startup etc.,
which in turn increases confidence, enhances their
effectiveness and decreases work-related stress. The
difference between the operator response with and
without appropriate training compiled is in Figure 2.
It shows that the response skills are dropping with
time after the initial training and practice, typically
during the commissioning of the units
(www.invensys.com). Response skills of the
operators can be sustained with proper training of the
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simulated scenarios and practice them repeatedly
using a suitable training simulator.

HIGH END OF IMITIAL TRAINING AND PRACTICE
W ‘/ . R
A \ . \\ ‘|' —_| -
=N |
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o .
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LoW . 1 r ! 1 t i f

TIME—P

Figure 2. Operator response with and without
appropriate training

The confidence in simulators might be due to the
fact that most research on their effectiveness has been
based on the subjective evaluation of trainees rather
than on objective performance data (Salas-2006). The
overall goal of training via simulation is to build
confidence in staff in their own ability to perform
under adverse conditions (Stetz et al., 2006). Due to
the advent of modern automation and control
systems, operators have less autonomy because they
are driven by routine equipment operations,
performance and further operators have less
opportunity to experience abnormal situations and
those situations can be more complex than is the case
for manual operation (Hans-2015). A major
perception among the managers is that a simulator is
a luxury that cannot be justified in financially hard
times.

To know that the training is effective, the program
needs clear evaluation criteria and process for
evaluating the impact on the performance of specific
individuals by testing and observing the feedback
using defined methodology (Peter-1997). With many
similarities to the military, medical and aviation
industry, the performance and effectiveness research
in these sectors can be applied to the oil and gas
industry process control (Kindervarter-2014). The
evaluation of training effectiveness is the final stage
of developing an effective simulation training
program. Process training specialists did not know
the impact of their simulator training programs on the
effectiveness of individuals or operations teams
(Peter-1997) as most of them are not formally trained
on evaluation techniques and behavioral based
methods.
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2. Summary of Literature Review

Training is defined as the planned learning experience
that trains the employees how to perform the current
and future jobs. Workplace learning improve the
profitability of different departments while cultivating
more positive attitudes toward profit orientation across
an organization. Mostly the training is focused on what
needs to be known, rather than the application of skills.
Further technological support is one of the most
critical support factors to the transfer of learning
(Yamnill-2001). The objectives of training determine
the most appropriate criteria for assessing the
effectiveness of training (Winfred et.al, 2003). The
trainee’s  capabilities, personality, motivational
factors, previous work experience will affect the
learning process. Training of non-technical skills may
help reduce the risk of human error and trained
personnel are more prepared to react in case of an
emergency situation. The main goal of training is to
prepare participants for the tasks they are going to
perform on their jobs (Barnard et.al, 2001).

Learning is the process of acquiring the ability to
respond adequately to a situation which may or may
not have been previously encountered. This means it
is a change that occurs in our behaviour (more
specifically in our work behaviour) as a result of
some experience or practice. The training must focus
on this change in behaviour, which gets reflected in
performance (Raja-2010) Therefore any training
(technical or behavioral) must focus on making the
experience a learning one rather than just an
enjoyable event. They must be motivated and willing
to engage completely in the learning process through
a “reflective self-discovery” in order to recognize
weaknesses in  decision-making and clinical
reasoning skills and to be humble enough to correct
those weaknesses with the guidance of the instructor
(S. Yamnill-2001).

Evaluation is considered as an ongoing
process, rather than done only at certain intervals. A
number of barriers exist that prevent organizations
from evaluating operators at various levels. The three
major reasons to evaluate training programs are i) to
improve the program, ii) to maximize transfer of
learning and achieving subsequent organizational
goals and iii) to demonstrate the value of training to
the organization, which is effectiveness. In addition
to monetary benefits, most training programs will
have intangible, non-monetary benefits and the key
challenge is to monitor and identify them. When the
trainee experiences success or a sense of mastery, it
translates into being less aroused physiologically, less
distracted and more likely to focus on the task.

Variable-priority training led to better multitasking
performance, and a trend for a reduction in the
automation complacency effect (Raja-2010).

2.1 Effectiveness of OTS Training

Measuring effectiveness is the process of determining

whether or not the desired results have been produced.
Opinion-based surveys, questionnaires, ratings and
checklists are best used in combination with objective
measurements (e.g., time, speed, error) of trainee
(learning) performance. There is significant change in
seafarer attitude, skill level and knowledge due to the
usage of simulation training in the shipping industry
for different tasks in operations and Kirkpatrick’s
model is most suitable model for measuring the
simulator training effectiveness (Surender-2015). A
simulator does not train; it is the way the simulator is
used that yields the benefit and the desired results.
What is more important than the simulator technology
is that how educational methodology is applied and
whether it increases training  effectiveness
significantly or not (Drown-1995).

The simulation literature lacks significant research
how the different elements of simulation training can
be used to create a learning environment that
encourages active learning and engagement in the
work place. The training evaluation and effectiveness
on the individuals or across operations teams is not
studied in the perspective of an operator across the
industry using available models. With many
similarities with the military, medical, transport and
aviation industries, the simulation training
effectiveness research in these sectors can be applied
in the oil & gas industry.

3. Research Methodology and Design

For the purpose of training assessment, the cause-
and-effect relationships of interest are those between
the process, learning outcome and its impact on
training. In these relationships, the process variables
(e.g., training methods and mediums used) are
indicators of the outcomes, for example, knowledge
gained among trainees, learning from incidents and
competency etc. The key to identify the essential
elements of effective training lies in understanding
the correlation of these variables with the intended
impact of training (Cohen & Colligan-1998).

The research objective is to measure the
effectiveness of simulation training using proven
methods from the literature and apply the
methodology to some training sessions in the industry
to validate the findings. Based on the literature review
and subsequent gap and factor analysis, different
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research questions are formulated as, what is the
effectiveness of the operator training using
simulators, how to evaluate the effectiveness and
really is there a change in knowledge, attitude and
skill levels after training and the knowledge acquired
being used in work place.The first step to show the
value of an training program is to create a program
that has organizational value. Based on the review of
literature and study of different models Donald
Kirkpatrick’s Four Level Training Evaluation Model,
shown in Figure 3. is adapted as the base model.
Kirkpatrick’s framework consists of four levels of
evaluation. Reaction (Level 1) is a measure of how
participants react to the training program and it is a
measure of customer satisfaction. Learning (Level 2)
is measuring the knowledge gained during the
program. Job behavior (Level 3) is measuring how
well the participant applies the new knowledge or
skills back on the job. This level of evaluation is
important as it addresses the issue of training transfer.
Level 3 evaluations often show that even though
learning took place (Level 2), the skills are seldom
fully applied back on the job (Robinson, 1998).

Level 3 Level 4
Behavior Results

Level 1
Reaction Leal

Figure 3. Kirkpatrick's Training Evaluation Model
(https://www kirkpatrickpartners.com/Our-
Philosophy/The-Kirkpatrick-Model).

Conducting a Level 3 evaluation can help uncover
the reasons that participants do not apply the new
skills on the job. Results (Level 4) reflects the
evaluation of training’s impact on the organization’s
business results. At this level of evaluation, questions
regarding improvement on the organization are
answered. The model also assumes that each level is
important and that all levels are interlinked. Most
importantly organizations change in many ways, and
behaviors and results change depending on these as
well as on training.

Survey method is used as the primary data
gathering tool by using structured questionnaire.
Different questionnaires are prepared based on the
four levels of Kirkpatrick’s evaluation model and the
simulator training participants are asked to respond
accordingly. The questions are validated by peer
review and focused group discussion between five
different training specialists in the oil and gas
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industry. The participants experience is ranging from
10-30 years with an age bracket of 30 to 56 years.
Some of the questions have multiple answers and
participants are asked to choose what is relevant to
them. The central tendency is analyzed to derive the
results (P.A. Bishop -2015). Some of the questions
are marked using five point Likert’s scale, consisting
of the scale range is 1= strongly disagree, 2= disagree,
3= neither agree nor disagree, 4= agree and 5=
strongly agree with the same weighted score. The
weighted mean score of the data is calculated as
below.

[(number of people who selected response
1)*(weighting of response 1) + (number of people
who selected response 2)*(weighting of response
2)... (Number of people who selected response
n)*(weighting of response n)] / (total number of
respondents) 1)

The survey is carried out during the months
February-March 2018 at three sites consisting of
around fifty (corresponding to an population of 100,
precision level of £ 10%, (Smith, 1983)) respondents
using two different training simulators supplied by
two different OTS. The simulated processes include
Heat Exchangers, Distillation, and Natural Gas
processing units with the different processing
equipment modelled along with the process shutdown
systems similar to the operating plant. The
demographic data is kept confidential along with the
names of the companies as per the internal agreement.
The results are analyzed and presented in the next
section and the corresponding questions are presented
in sub-sections.

4. Findings from the Survey

Training effectiveness will depend on a number of
factors, such as time spent, motivation, learning
efficacy and cognitive ability. Behavioral based
standard assessment of operators is more important to
mitigate the risk of human error and needs to be
integrated with the modern simulators as a standard
option, which will reduce the dependency on the
instructor and same can be applied to all training
sessions using the same simulator. The four levels of
evaluation is summarized as below.

4.1 Reaction

Based on the survey results in Figure 4. we can
conclude that prebriefing is necessary to give a brief
idea of planned training sessions and the limitations
of the training models used for training. Prebriefing
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increases the confidence of trainees and it was overall
beneficial to them.

4.1.1 Questionnaire

QL. Prebriefing increased my confidence and was
beneficial to my overall learning experience

Q2. Prebriefing is necessary to know what is planned
in the exercise and the simulator limitations.

Q3. I have lost interest during the prebriefing as we
already know what we have to do during the exercise.
Q4. Prebriefing is not required as we already know
what is in the simulation training.

Q5. We need to update the simulators continuously in
tandem with the real plant to have updated model for
training.

Reaction

Mean
OFRPNWMOOIO

T O

Q1 Q2 Q3 Q4 Q5
Figure 4. Reaction level

Some of the operators mentioned that prebriefing
is not required, as they already know what is expected
of them during the training. More than 90% of
operators responded that the skills learned in the
simulation training reflected in the actual happenings
in the job and repetitive training helped them to
handle the situations. Some of the low scores are
related directly to the low level of experience of some
operators responding to the survey. Majority of the
respondents agreed that the OTS models to be
updated simultaneously with the plant so that they can
practice before the actual implementation of control
loops in the OTS and refresh their skills.

4.2 Learning

All the questions related to learning are rated highly
by the participants as captured in Figure 5. The
simulator training directly related to their job
responsibilities and participants are motivated to
learn new things due to this similarity. Some of them
mentioned that they were confident of
troubleshooting and understanding of the complex
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control loops better than the theoretical sessions in the
class room. This concludes that the current training
helped them to develop a better understanding of the
process control and exposure to the critical
operations. OTS also gave an opportunity to trainees
to practice their decision making skills in a controlled
atmosphere and gain confidence in executing the
tasks.

4.2.1 Questionnaire

Q1. I am better prepared & respond to changes in
process conditions.

Q2. | developed better process control and exposure
to critical operations.

Q3. I gain more confidence in trouble shooting.

Q4. | can make critical interventions using complex
control loops.

Q5. | am more confident to contribute for process
optimization.

Q6. | had the opportunity to practice my decision
making skills.

Q7. I am more confident to prioritize operations.

Q8. I learned from observing my peers and actively
involved due to collective learning.

Learning

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

Figure 5. Learning level

The results from learning level emphasizes the
trainee’s motivation, behavioral strength and
confidence in executing different tasks during the
actual operations after the training. Interaction with
other peers during the training helped them to use the
OTS as an observational tool to gain confidence and
motivated to make their workplace better.

Mean
O L N W B~ U

4.3 Behavior

There is significant change in the behavior of the
participants during and after the training as noted by
the instructor and is further envisaged from the
feedback. The results compiled in Figure 6. provided
an opportunity to introspect individual performance.
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4.3.1 Questionnaire

QL. Debriefing contributed to my learning and was
valuable in helping me improve my judgment.

Q2. Debriefing allowed me to verbalize my feelings
before focusing on the next scenario.

Q3. Debriefing provided opportunities to introspect
my performance during simulation.

Q4. 1 am more confident in communicating with my
supervisors & engineers during critical operations.
Q5. | am more confident to train & can be able to
guide others in the control room operations

Q6. Debriefing was a process of constructive
evaluation of the simulation session.

Behaviour
Q6 —_——
Q4 I —
Q3 M—
Q2 I —
0 1 2 3 4 5
Mean

Figure 6. Behavior level

The discussions during simulation sessions helped
them to communicate with their superiors in more
efficient way and work as a team to further
consolidate their learning. During critical operations
they are more confident to act and handle the process
upsets and might seek opinion with support staff to
achieve desired results. The participants considered
debriefing as a constructive evaluation of the
simulation session. The confidence gained during the
training is useful to guide others in the panel
operations after practicing repeated sessions using a
simulator.

4.4 Results

Most of the participants believe that simulation
training helped them to understand the process in a
better way. Further the practice sessions helped their
ability to integrate the theoretical knowledge in to
practical experience. The OTS investment can be
supported by the reduction of human errors,
production quality improvements, performance
improvement and the most rated being the startup &
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shutdown without incidents. The questionnaire and
their corresponding answers Figure 7. are compiled
as below.

4.4.1 Questionnaire

Q1. This training can be used in all process operator
trainings.

Q2. The knowledge acquired is used in the workplace
effectively.

Q3. I am more confident in using evidence based
practice and hands on approach in control room
operations.

Q4. I am more confident in carrying out interventions
that foster operational safety.

Q5. There is significant change in application of
skills, attitude and confidence levels before and after
simulation training.

Q6. | am more confident in critical control loops,
advanced process control and optimization due to
experience gained from simulated operations.

Q7. Simulator training is the most effective training
for operators among all other types of training
available in the Oil & Gas Industry.

Q8. Simulation evaluation can be effectively used as
a competency testing tool for promotions and career
planning.

Results
Q8. o —
Q7. —
(6.
(D, I —
Q4. I —
Q3. I ——
Q2. I —
QL. o —

0 1 2 3 4 5
Mean

Figure.7. Results level

As per the results, the simulation sessions should
be planned soon after the theoretical class room
sessions to have effective learning and hands on
application. Well planned simulation sessions using
updated simulator voted in Figure 8. For maximum
utilization of the OTS. The qualified instructors
preferably from the same domain experience can help
the trainees to run scenarios, which are actually
happened in their process operations. They can be
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taken from the incident reports and corrective action
reports or similar case studies developed in the
simulator, as an exercise preferably by the OTS
supplier.

Key for Maximum
OTS Utilization

u Support from Management

Qualified Instructors with same domain
experience

m Up to date Simulator Model

m Classroom training followed by Simulation
training

m Well planned and executed training sessions

Figure 8. The Key for successful utilization of
simulation training

The operators are better prepared to handle the
process upsets, reduction of human errors Figure 9.
By replicating the lessons learnt during actual panel
operations and, safer startups. This will effectively
justifies the OTS investment for the organization. The
OTS training sessions helped participants to analyze
the process better and improved their ability to take
corrective actions during emergencies. This will
further improve operational safety and helps them to
gain more confidence in executing the complex tasks.
Over the course of time one can see the reduction of
human errors due to repeated training and more than
30% of response’s from the participants validate the
same.
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Figure 9. Supporting the OTS investment
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due to simulator training
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Figure 10. Results level findings

More than 80% of the participants, as per Figure
10. agrees that there is significant improvement in
actual handling of operations after the training. The
knowledge acquired from the training is effectively
used at the work place and the OTS training is the
most effective training across the industry to the
operators.
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Based on the findings, we can conclude that the
simulator training enhance operator skills, behaviour
, performance, helped to reduce downtime, faster and
more efficient startup and finally improve overall
competency of staff.

5. Limitations, Conclusions & Future
Outlook

The survey is limited to a small group of participants
and is relatively small size for proper statistical
analysis. The results are analyzed using the data
captured before and immediately after the training.
Post training survey data after a certain period of time
is not considered due to very low response for emails
sent to the individuals. Further the analysis is not
capturing the capability of the OTS process models in
executing the tasks and the competency of instructors.

The simulator can be used to verify the procedures
and they can then be optimized, rewritten to insist on
critical points. The operators are confident in
executing the complex tasks, leading to product
quality, skill improvement and one might see a
reduction in human errors due to the competency
based approach. By integrating the training
evaluation models with the OTS, the instructor can
easily measure each and every session without being
depend on questionnaires and infer the results. This
methodology can optimize the trainings delivered and
improve future sessions.

A combination of skilled instructors, immersive
simulation, cloud technologies coupled with up-to-
date high-fidelity simulators and pedagogical course
material are essential for ensuring the best possible
training for the new and experienced operators in the
oil and gas industry. The operators have to take
objective based decisions based on real time data,
strive to contribute process changes, and needs to be
competent for the ever changing new cyber security
protocols. The instructor role is changing due to new
virtual & augmented technologies, automated and
objective based decisions. They also need to be
trained to update with the technology, which is often
missing due to various organizational reasons. There
are number of challenges in the development of
exceptional workforce to sustain the business.
Staggered industrial growth, retiring and ageing
workforce, an influx of new workers forcing the
organizations to get new hires quickly trained and
competent in the current low oil price environment
and simulation training continues to be the best
among the available trainings for operators and most
cost effective way.

https://doi.org/10.3384/ecp1815379

86

6. References

ARC Insights-2007, T. Fiske, ARC Advisory Group,
Maine. (www.arcweb.com/market-studies/)

Bishop, R.L. Herron, 2015. Use and misuse of the Likert
item responses and other ordinal measures.

Down, D.F., & R. Mercer. “Applying marine simulation
system to improve mariner professional development®.
PIANC, Port 95, TAMPA Florida, March 1995.

E. Salas., 2006. Design, delivery and evaluation of
training systems. Handbook of human factors and
ergonomics. Hoboken, NJ: Wiley and Sons, 472-512.

G. Tichon Jennifer & Guy M. Wallis, Stress training and
simulator complexity, why sometimes more is less by,
The School of Human Movement Studies, University
of Queensland, Australia.

Meshkati, International Journal of Occupational Safety
and Ergonomics (JOSE) - 2006, Vol. 12, No. 1, Page
79-93.

Raja-2010, Complacency and Bias in Human Use of
Automation: DOI: 10.1177/0018720810376055.

Smith, 1983. Sampling Considerations in Evaluating
Cooperative Extension Programs, University of

Florida.
Surender kumar, Effectiveness of seafarers training,
Doctoral thesis-2015, COMES, LSCM, UPES,

Dehradun, India.

Stetz. M., Wiederhold, B.K. and Wildzunas, R., 2006.
Usefulness of virtual reality stress inoculation training
for military medical females. Cyber psychology and
Behaviour.

Taro Yamane, 1967. Statistics, an Introductory Analysis,
2nd Ed., New York: Harper and Row.

T. Bullemer Peter -1997, A New Training Strategy:
Design the Work Environment for Continuous
Learning, Honeywell Advanced Solutions centre.

Tichon et al., 2003. Proceedings of the World Conference
on Educational Multimedia, Honolulu, Hawaii.

Winfred, Winston & Pamela, Journal of Applied
Psychology, The American Psychological Association
Inc. 2003, Vol. 88, No. 2, Pages 234-245.

Wiener, 1989; Bainbridge, 1983; Wiener & Curry, 1980,
Flight-deck automation: promises and problems.

www.sciedu.ca/jnep (Designing the simulation learning
environment: Journal of Nursing Education and
Practice)

Www.aveva.com/engineer-procure-construct/simulation-
and-training/ operator-training-simulators

www.kirkpatrickpartners.com/Our-Philosophy/The-
Kirkpatrick-Model

www.taproot.com/ archives/699 & 6410

Yamnill. S. & McLean, G. N. (2001), Theories supporting
transfer of training, Human Resource Development
Quarterly, pages 195-208.

Y.F. Barnard, Veldhuis, G.J., & Van Rooij, J.C.G.M,,
(2001), “Evaluation in practice: Identifying factors for
improving transfer of training in technical domains”,
Studies in Educational Evaluation, 27:269-290.

Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway


http://www.sciedu.ca/jnep

Dynamic model of a heat pump based house heating system

Shobhana Singh Kim Sgrensen

Department of Energy Technology, Aalborg University, Denmark
{ssi,kso}@et.aau.dk

Abstract
Heat pumps have gained a huge popularity as an efficient
indoor heating system including several other

applications due to relatively low installation cost and
energy consumption, and high potential mitigation of
global warming than conventional heating systems. The
present work aims to develop a modeling tool to
investigate dynamic behavior of heat pumps for heating
applications. A vapor-compression, air-source HP house
heating system with a zeotropic refrigerant R-407c is
developed using MATLAB®based SimscapeTMlanguage.
The system components such as the evaporator,
compressor, condenser, expansion valve, house and the
controller are modeled using a combination of
SimscapeTM foundation libraries. Each component model
has a set of tunable parameters that can be adjusted by
user preferences in order to simulate the real-time
operation. The dynamics of the system and its response
to variable ambient temperature is investigated and
discussed. The model depicts the expected behaviour
under the simulated operating conditions and is capable
of maintaining a comfortable user defined heating
temperature inside the house. The model developed will
be used to gain insight into performance characteristics of
heat pump systems used for local production in the
district heating. Keywords:  Dynamic modeling,
vapor-compression heat pump, Simscape, two-phase
fluid, R-407c, coefficient of performance, house heating

1 Introduction

Heat pumps (HPs) are becoming one of the highly
sustainable systems around the world as they can be
operated in both, centralized and decentralized power
generation. They are highly efficient and economical
component of modern heating and cooling systems which
not only use less energy but also mitigate greenhouse gas
emissions. Due to the availability of a variety of external
energy sources, HP based systems are widely used for
both domestic and industrial applications. Air-source
HPs are often used for air-conditioning in moderate
climatic conditions. They absorb heat from the outside
air at low temperatures into a fluid, which passes through
a compressor, where its temperature is increased, and
transfers heat at its highest temperature to the heating and
hot water circuits.

In the European Union, space and water heating
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account for approximately 79% of the total energy
consumption (192.5 Mtoe!) out of which exclusively
64.7% comes from the residential sector (Europa 2016).
Reduction in the energy consumption, in buildings and
industries, can be achieved by several means such as
innovative construction and design, energy efficient
heating systems, and smart control strategies. However,
HP based heating can solely reduces the electricity
consumption by approximately 50% than the
conventional heating sources such as gas or oil boilers
and direct electric heaters. Increasing popularity of HP
systems for space heating applications has impelled the
need to investigate HPs and their dynamic behavior in
response to the varying load in order to make
improvements in system design and control.

Mathematical modeling and simulation are one of the
best tools for analyzing system’s behavior and controlling
it for the given operating conditions. Dynamic modeling
of vapor-compression systems has been a topic of broad
research interest since last three decades.  Several
modeling efforts, transient and steady-state, have been
made to simulate HP and its components, and to
approximate their behavior for heating applications. The
transient response of evaporating and condensing flows
was first investigated by Wedekind and Stoecker
(Wedekind and Stoecker 1968). Later, more research
focused mainly on two main modeling approaches, the
moving boundary (MB) and finite volume (FV), was
conducted to predict the accurate evolution of dynamics
in the systems (Wedekind, Bhatt, and Beck 1978; Beck
and Wedekind 1981). A detailed review of both
approaches for dynamic modeling of vapor compression
systems is provided by Bendapudi et al. (Bendapudi,
Braun, and Groll 2008). It has also been reported that the
FV formulation is more robust for start-up and
load-change transients, however, computationally slower
than MB method (Bendapudi, Braun, and Groll 2008).
Rasmussen and Bhaskar (Rasmussen 2012; Rasmussen
and Bhaskar 2012) reviewed the dynamic modeling of
vapor-compression systems in detail and presented
examples of physical models of the system components.
Koury et al. (Koury, Machado, and Ismail 2001)
presented two models to simulate the steady-state and
transient behavior of water-water type refrigeration
system where the condenser and evaporator were

Imillion tonnes of oil equivalent
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modeled as control volumes (CVs). Haberschill et al.
(Haberschill, Guitari, and Lallemand 2007) developed a
model to simulate the operation of a CO, air-to-water HP
under transient conditions. = Dynamic modeling of
vapor-compression systems and maintaining the right
balance between the complexity and accuracy is
challenging. However, the evolution of advanced
simulation softwares has significantly reduced the
modeling effort.

The use of object-oriented modeling approach has
increased during past few years due to the ease of
implementation, computationally efficient and reasonable
robustness (Rasmussen 2012). The most common
simulation platforms available for dynamic modeling of
complex physical systems are Dymola, Modelica,
MATLAB-Simulink®, Simscape " 2. Torge and Gerhard
(Torge and Gerhard 2004) developed a steady-state model
of CO;-refrigeration cycle with two different types of
heat exchangers in Modelica and showed a fair agreement
of the results with measured data. Griber et al. (Graber
et al. 2010) used an object-oriented thermodynamic
library written in Modelica to model novel HP systems
for domestic hot water supply. Bin and Alleyne (Bin and
Alleyne 2010) developed a dynamic model in
Simulink®to describe the transient behavior of heat
exchangers (condenser/evaporator) for vapor
compression cycle systems used in Air Conditioning and
Refrigeration.  They validated the model with the
experimental system and concluded that the model well
predicts the system dynamics in shut-down and start-up
transients. Mortada et al. (Mortada et al. 2012) developed
a dynamic model of a HP system in the Dymola
environment and validated each component by
comparison with test results of a heat pump prototype. In
addition, Chamoun et al. (Chamoun et al. 2012) adopted
both MB and FV approaches to develop a high
temperature HP model in Modelica using water vapor as
a refrigerant.

2 Problem definition and approach

A physical modeling approach provides several benefits
among other approaches available for modeling
multi-domain systems. It enables the design engineer to
evaluate multiple system configurations and design
options, predict system performance, and cost-effectively
test control strategies. = Models based on physical
approach also provide a virtual prototype which can be
scaled relatively faster than other conventional
approaches.  The sub-system or component models
developed for one system can also be utilized in
multi-domain system models of different application.
The objective of the present work is to develop a platform
to simulate the dynamic behavior of typical air-to-air
vapor compression HP using a physical modeling

2Simscape is a toolbox in Simulink which supports modeling and
simulation of multi-domain physical systems.
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approach. Development of the system model in the
chosen simulation environment for a house heating
application is presented. Results from the model are
discussed with the concluding remarks in the end. The
main difference between the previous studies and the
present work is mainly the choice of modeling platform
and the controlling approach.

3 Dynamic modeling

The primary objective of developing a physical model is
to capture the physical behavior of the HP system and its
dynamic response to the heat consumption application.
For the purpose here, air-to-air vapor-compression HP is
simulated with R-407c as a refrigerant. The simulated
application is useful as it captures the standard household
utility of space heating.

3.1 Methodology

The modeling platform chosen in the present work is
Simscape  (MATLAB 2018a) which is based on the
physical modelling approach. Simscape offers a much
stronger simulation environment in combination with
MATLAB and Simulink functionalities. It strengthens the
model capabilities and enables users to reuse the model in
multiple physical domains and applications. For example,
the physical system and controllers can be optimized
simultaneously in one environment. Additionally, the
physical system model can be converted into C-code
which can be deployed for other tasks such as
hardware-in-the-loop (HIL) testing.  In the chosen
approach, the whole system is simulated as a set of
components (sub-systems) represented by physical
blocks where the dynamic equations are expressed as
partial differential equations. The model is developed by
assembling the system components (sub-systems) of
different domains using physical connections represented
by lines and control signals into a single schematic. The
output of each component is generated based on input
parameters, states at a given time and the connection
between them. The graphical scheme of the system and
the interconnections between components can be seen in
Figure 1.

The components of the HP system, i.e., evaporator,
compressor, condenser expansion valve, along with the
indoor space and the outdoor environment are created
using the ‘Two-phase fluid (2P)’ foundation library of
Simscape. The model includes necessary sensors to
measure the temperature, pressure, and mass flow rate at
the desired locations. Simscape blocks that are used in
developing the different components are also shown in
Table 1. The description of each Simscape block with
corresponding governing equations can be found in the
reference (MATLAB 2018b). Table 2 illustrates the
parameters used in developing the current model.
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Figure 1. The graphical scheme of the system model in Simscape.

3.2 Physical component modeling

This section describes the modeling approach adopted to
model different physical components of the heat pump
system, the physical blocks adopted from the Simscape
library, and the assumptions made to simulate system’s
dynamic behavior.

3.2.1 Evaporator

Evaporators are heat exchangers that are used in HPs to
absorb heat from the low-temperature source and transfer
it to the refrigerant. In the present study, outdoor ambient
air is the low-temperature source and is simulated as the
environment). For air-to-air systems, fin and tube type of
heat exchangers are well suited evaporators as they have
larger surface area and thus provide better heat transfer.
In the present work, a finned copper tube of the constant
circular cross-sectional area is modeled using the ‘Pipe
(2P)’ block. The block models the flow dynamics of a
two-phase fluid due to friction losses and the convective
heat transfer within the rigid pipe wall. The evaporator

cv2

Vapor phase T,

Figure 2. Tllustration of the evaporator.
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model is described by the geometrical data as shown in
Table 2. The following assumptions are considered in the
model:

e Two control volumes

e The liquid and vapor phase are in equilibrium

Fully developed flow

Negligible gravitational force

Heat transfer at constant pressure

The refrigerant enters the evaporator in two-phase and
leaves in the form of superheated vapor. To capture this
dynamic change in the phase, the evaporator is modeled
as two fluid CVs with a set of differential equations based
on temperature and phase of the refrigerant in each
segment (lumped model) which approximated a linear
behavior. The illustration of the evaporator dynamics is
shown in Figure 2. The pressure and temperature evolve
according to the compressibility and thermal capacity of
the fluid volumes. The model also accounts for heat
convection from the ambient air i.e., the environment to
the outer pipe wall, heat conduction through the pipe wall
and heat convection from the evaporator pipe wall to the
refrigerant. This approach satisfactorily describes the
dynamics inside the heat exchanger.

3.3 Compressor

The compressor is a principal pressure source in HPs.
When the superheated vapor leaves the evaporator, the

Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway



Table 1. Description of Simscapemblocks.

Physical SimscapeTMblock
component
Table 2. Details of model parameters.
= A
Evaporator Value
Be
Evaporator oH Pipe length 30 m
oo (2P Pipe diameter 0.01 m
ipe (2P) Pipe thickness 0.005 m
a Fin area 1 m?
ol BT Convective heat transfer coefficient 150 W /m*K
Compressor Phase-change time constant ls
Controlled Mass Flow
Rate Source (2P) Condenser
oA Pipe length 30 m
. Pipe diameter 0.01m
Condenser aH Pipe thickness 0.005m
' Convective heat transfer coefficient 20W /m*K
Pipe (2P) Phase-change time constant ls
=A Expansion valve
Expansion >AR B . - 5
valve Variable Local Minimum restriction area 0.1mm
Restriction (2P) Maximum restriction area 1.5mm?
Thermal Mass House
Height 4m
House sA 1B - z ZBa .
R AeE e Width 5m
Convective Conductive Convective
Heat Transfer Heat Transfer Heat Transfer Length 5 m
from Condenser  through Wall to Ambient Wall thickness O 15 m
Set temperature 294.15K
. a Convective heat transfer coefficient 20 W /m?*K
Refrigerant ¢ from air to wall
T}}_’)"O'P*r‘f}se ';';id Convective heat transfer coefficient 30 W /m?K
foperties (2P) from wall to atmosphere
Environment TP P Environment
Constant  Sine Wave Environment temperature 288.15K

compressor performs an isentropic work on it, which
means that entropy at the evaporator outlet is equal to the

entropy at the inlet of the condenser.

It conveys

superheated vapor of the refrigerant from a low pressure
and low temperature state to a high pressure and high
temperature state. In the present model, the compressor is
modeled by using ‘Controlled Mass Flow Rate Source

(2P)’ block,
assumptions:

which 1is

based on the following

e Negligible friction losses

e Isentropic compression

e No heat exchange with the surroundings, i.e.

adiabatic

The compressor is simulated as an ideal mechanical

source that maintains the

desired mass flow rate

https://doi.org/10.3384/ecp1815387

Atmospheric pressure

0.101325 MPa

Refrigerant

Refrigerant type R-407c
Initial pressure 0.6 MPa
Initial vapor quality 0.05

Mass flow rate 0.005 kg/s
Material properties

Specific heat of air 1005.4 J/kgK
Density of air 1.2250 kg/m?
Specific heat of Copper 390 J/kg.K
Thermal conductivity of copper 400 W /m.K
Density of copper 8940 kg /m?
Thermal conductivity of brick wall 0.03W/m.K
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regardless of the pressure difference. The mass flow rate
is provided as a physical input signal. It is worth to
mention that the time-constant of the mass flow rate
through the compressor is smaller than that for the heat
exchangers. Since the start-up and shut-down period
dynamics is not the focus of the present modeling,
time-constant of 0.1 s is assumed sufficient to simulate
the temperature variation through the compressor.

3.4 Condenser

The condenser is similarly modeled as the evaporator.
However, necessary adjustments in parameters and
construction modifications are made. The corresponding
geometrical data is keyed into the ‘Pipe (2P)” block. The
assumptions are similar to the evaporator but the
condenser is simulated with one fluid CV (lumped). The
dynamics of the condenser modeled is illustrated in
Figure 3. The superheated high-pressure vapors enter the
heat exchanger and condense at constant pressure leaving
it in two-phase. The heat rejected by the condenser is
transferred to house for heating consumption.

3.5 Expansion valve

The two-phase refrigerant from the outlet of condenser
passes through the expansion-valve which reduces the
refrigerant pressure to a level that maintains the
superheating in the evaporator. The expansion is
isenthalpic, which means the enthalpy at the condenser
outlet is equal to the enthalpy at the evaporator input. The
‘Variable Local Restriction (2P)’ block is used to
simulate the expansion valve in the present model. The
block models the pressure loss across the restriction by
controlling the restriction area as a physical signal. The
model is based on the following assumptions:

e Negligible friction losses
e Isenthalpic expansion

e No heat exchange with the surroundings i.e.,
adiabatic

3.6 House

The house model is simplified in order to simulate a
space heating consumption. The house is therefore
simulated as a single, small-sized square room which
needs to be heated up to a user desired temperature. The

hout hin
—
—
PE—
— Two-phase *
—
—
—
] R —
Mout iy
ir

Figure 3. Illustration of the condenser.
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model is characterized by the thermal mass of air and
thermal properties of the materials. It is assumed that the
house is empty and that no internal heat transfer takes
place (i.e., no heat generation). However, losses to the
ambient are considered. The indoor air exchanges heat
with the environment (ambient air) which is simulated as
a combination of thermal convection, and thermal
conduction through exterior walls. The house model is
developed using the ‘Thermal (T)’ library of Simscape.

3.7 Environment

The environment is modeled as a low-temperature heat
source of infinite capacity to the heat pump with a
defined ambient temperature. In the present work, blocks
named ‘Constant’ and ‘Sine Wave’ are used to emulate
ambient air temperature profiles.

3.8 Refrigerant properties

R-407c is preferred as a refrigerant to simulate the
heating system as it is commonly used in both residential
and commercial HPs. It is a non-flammable zeotropic
blend of three refrigerants namely difluoromethane
(R-32), pentafluoroethane (R-125), and
1,1,1,2-tetrafluoroethane (R-134a) with a mass ratio of
23%, 25% and 52% respectively (ASHRAE 2017). It is
environmentally acceptable with zero Ozone Depletion
Potential (ODP) however has a considerable Global
Warming Potential (GWP) of 1530. The property tables
of both phases, liquid and vapor, are generated using the
REFPROP database developed by National Institute of
Standard and Technology (NIST). The ‘Two-Phase Fluid
Properties  (2P)’ block is wused to import the
thermophysical properties of a two-phase refrigerant in
the modeling platform and use during the simulation.

3.9 Operation mode and control

Since the present work focuses only on heat pump
operation for space heating application, the critical
feature of the model is heat flow control, which ensures
the effective use of heat pump and its heating output.
Two control strategies are utilized to simulate the desired
behavior and are described in the following sections:

3.9.1 On/off control

In the model, the heating system is controlled by an
on/off controller which keeps the indoor space
temperature at a desired level by turning the system on
and off to satisfy the load requirements. The on/off
control is chosen because the heat pump system which
will be later used to validate the model has the same
controller. This is also the most common variation of
thermostats for space heating. The temperature set-point
is modeled using a ‘Constant’ block which specifies the
temperature that must be maintained inside the house.
The set-point is 294.15 K with a differential of +1° in the
present simulation. When the temperature in the house
falls below 293.15 K, the controller turns on and the
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compressor runs with full power; when the temperature
exceeds 295.15 K, the controller turns off the compressor.

3.9.2 Expansion valve control

The compressor in the heat pump is a core component,
and also expensive which needs to be chosen carefully for
the given application. Therefore, it must be controlled
against any kind of failure under the operational limits. It
is critical to control the temperature to ensure that only

superheated vapors exit the evaporator to avoid
malfunctioning and mechanical damage to the
COmMpIessor. The control checks the evaporator

temperature using a temperature sensor, and continuously
feeds it back to control the restriction area of the valve
desired to maintain the superheat.

3.10 Solver

The complete model of the system is obtained by
combining the sub-models of the components.
Simulation time, step size, and solver type are defined as
global model configuration parameters. The system is
simulated for 24 hours (~ 86400s) with a time step of 1 s.
The implicit fixed-step solver ODE14X is selected as the
solver for the simulation system. The present model
simulates known physical system, such as heat exchanger
and house designs. Whereas, unknown parameters like
initial values, heat transfer coefficients are tuned to
achieve the desired response and convergence.

4 Simulation results

In this section, the output results based on the simulated
system design are presented and discussed. Since the
ambient temperature has a significant influence on the
thermal behavior of the house, results with two ambient
temperature profile are analyzed.

Figure 4(a-b) presents the performance results of the
system at constant ambient temperature of 288.15 K.
Figure 4(a) shows the house temperature (represented by
solid line ‘——-") as a function of time and the ambient
temperature (represented as solid line ° ) as
predicted by the model. It can be seen that as the house
temperature falls 1° below the user set temperature level,
which is 294.15 K (represented by dashed line * "),
the HP starts and runs until the house temperature reaches
1° above the set-point, and then it stops until the
temperature drops 1° below the set-point. The heating
performance of the HP is assessed by the total heating
effect produced and the amount of power consumed in
producing that effect. Figure 4(b) shows the heat flow
from the condenser to the house, i.e. power output
(represented by dotted line* ’) and the corresponding
power input (represented as solid line ‘—’). The
results show that approximately 1040 W heating effect is
produced at a power consumption of 170 W by the
system. The system behaves similarly over the simulated
time and thus the heat consumption profile remains same
for a period of 24 hours due to constant ambient
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Figure 4. Performance characteristics at constant ambient

temperature.

temperature.

The system’s response is also analyzed with variable
ambient temperature. To serve the purpose here, the
sinusoidal temperature profile is chosen to emulate the
variable ambient temperature. Figure 5(a-b) shows the
corresponding results predicted by the model. The
variation in the house temperature (represented by solid
line‘ ’) with time is shown in Figure 5(a) where it is
seen that when the ambient temperature (represented by
solid line* ’) is higher, the HP does not run or runs
relatively less frequent than at lower ambient
temperature. This effect is attributed to lower heat loss
from the house due to higher ambient temperature which
in turn reduces the house heating demand. As expected,
the house temperature is maintained within 1° of the set
temperature (represented by dotted line ° ’) even
when the outdoor temperature varies sinusoidally. The
impact of varying ambient temperature on the power
input (represented by solid line‘——") and output
(represented by dotted line* ’) is shown in Fig. 5(b).
It is observed that the heating effect, i.e. power output is
slightly lower, approximately 1000 W, at low ambient
temperatures and increases gradually to approximately
1070 W as the ambient temperature increases leading to
no flow of heat at the peak. The results confirm that the
model developed satisfactorily predicts the dynamic
behavior of the HP system, thus can be utilized at varying
loads.
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5 Limitations and future work

The model developed demonstrates the dynamic behavior
of a typical air-to-air vapor-compression HP for domestic
space heating application. However, the results are yet to
be verified by the laboratory experiments to ensure the
reliability. The laboratory scale set-up of the HP system
to test the accuracy of the model and various thermal
effects based on the model are currently under
construction. Once built, the model will be verified and
used in developing and testing new control strategies, and
the overall system design to achieve better performance
and energy consumption results. It will further be
extended using the same approach to simulate the
dynamics at various load profiles. The model developed
is considered useful in determining HPs feasibility to the
heating demands in existing or new district heating
system.

6 Conclusion

The present work focused on physical modeling of the
HP based heating system dynamics. The model simulates
the performance outputs such as evaporator, condenser
and heating temperature, compressor, expansion valve
operation as well as the thermal behavior of the heat
consumption. The results obtained show that
SimscapeTMis a robust tool for both evaluating and
controlling the dynamic behavior of the system, however,
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limited to the design simulated and the input parameters
used. The developed model provides a framework to
build multiple model strategies with different available
sources and integrated renewable energy systems (buffer)
that will deliver better heating performance and flexibility
of a HP at a lower cost. Moreover, different scenarios of
heating applications can be investigated by adopting
different control designs in the model which can
positively contribute to the district heating systems and
power grid balancing.
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Abstract

Few granulation plants are operated optimally. It is com-
mon to operate granulation plants below their maximum
design capacity, and in many cases, periodic instabilities
may also occur. From a process control and optimiza-
tion point of view, it is desirable to develop a dynamic
model that can show the dominating dynamics of a gran-
ulation process and can be used for design of optimal op-
eration of the granulation plant. In this paper, a dynamic
model of a drum granulator is developed using population
balance (PB). Different simulation scenarios are used to
analyze various granulation mechanisms that are charac-
teristic to drum granulators. Simulation results show that
for the drum granulator, the particle agglomeration has a
greater impact on the change in particle size distribution
(PSD) compared to the particle growth due to layering.
In addition, coarser particles are produced when a size-
dependent agglomeration kernel is used in the granulator
model. For combined processes, i.e., processes where the
particle growth due to layering and agglomeration are con-
sidered simultaneously, coarser particles with a wider PSD
are obtained with the size-dependent agglomeration ker-
nel.

Keywords: granulation, population balance, agglomera-
tion, layering

1 Introduction

Granulation is a particle enlargement process during
which fine particles and/or atomizable liquids are con-
verted into granules via a series of complex physical pro-
cesses. In a typical granulation plant, the main operational
goal is to produce granules with improved properties com-
pared to their ungranulated form, and therefore, to meet
product quality requirements (e.g., produce granules with
the desired PSD, moisture content, porosity, etc.). Gran-
ulation processes are used in a wide range of industrial
applications, such as in pharmaceuticals, chemicals, and
fertilizer industries (Litster and Ennis, 2004). However,
the operation of granulation plants in an industrial scale
can be challenging. Many granulation plants have a high
recycle-to-product ratio, and it is common to operate gran-
ulation plants below their maximum design capacity. In
addition, periodic instability associated with the operation
of the granulation circuit have been reported (Radichkov
et al., 2006; Heinrich et al., 2003). This causes the PSD of
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the particles flowing out of the granulator to oscillate, thus
making it difficult to maintain the desired product qual-
ity. An increase in the production of off-spec particles
(oversized and undersized) gives rise to a higher recycle-
to-product ratio, and the plant does not operate in an opti-
mal manner. One way to address these problems is to de-
velop a mathematical model of the granulator that can be
used to study and understand various dynamics occurring
in the granulator. The model can further be used to design
optimal control structures to increase the efficiency of the
plant.

The most widely used approaches for modeling gran-
ulation processes include Discrete Element Modeling, as
well as PB modeling. In this study, since the focus is on
the development of a dynamic model suitable for control
purposes, PB modeling has been used to develop a math-
ematical model of a drum granulator. A rich literature re-
lated to PB modeling of a granulation process is available
(Randolph and Larson, 1962; Wang et al., 2006; Wang and
Cameron, 2007). In these works, (i) the effect of differ-
ent granulation mechanisms to the PSD of the granulator
outflow is neglected, (ii) the numerical scheme (Hounslow
discretization method) used for solving the population bal-
ance equation (PBE) is relatively inaccurate (shows over-
prediction as also mentioned in (Kumar, 2006; Kumar
et al., 2006)) , and (iii) many of the processes are only
batch processes. In this paper, a dynamic model of a con-
tinuous drum granulator using the PB framework is de-
veloped. The resulting integro-differential PBEs are dis-
cretized using an accurate numerical scheme, namely the
cell average technique (Kumar, 2006) and the flux limita-
tion scheme (Koren, 1993). The developed model is simu-
lated to understand and analyze how different granulation
mechanisms affect the PSD of the granules formed in the
granulator.

2 Granulation Mechanisms

According to (Iveson et al., 2001), the granulation pro-
cess is divided into three basic mechanisms: (i) nucleation
and wetting, (ii) growth and consolidation, and (iii) break-
age and attrition. Different granulation mechanisms are
predominant depending on the type of the granulator be-
ing used. For continuous drum granulation with recycling,
effects of nucleation, breakage, and attrition mechanisms
are believed to be negligible compared to particle growth
due to layering and agglomeration (Fig. 1). Particle nu-
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Figure 1. Main granulation mechanisms characteristic to drum
granulators.

cleation is insignificant for this particular process as it is a
continuous process in which the recycle feed acts as seeds
for the granulator. Particle breakage is mainly important
in a high shear granulators, e.g., granulation mechanism
due to breakage can be significant in pharmaceutical in-
dustries where high shear granulators are typically used.
As to the attrition, this granulation mechanism might give
significant changes in PSD only when high velocities (e.g.,
fluidized bed spray) granulators are used (Litster and En-
nis, 2004). Layering occurs due to a successive coating
of a liquid phase onto a granule. As a result, the gran-
ule grows in its mass, and the volume increases, but the
number of granules in the system remains unchanged. No
collision between granules is assumed during this particle
growth (Litster and Ennis, 2004). Layering is a continuous
process (differential growth), and an assumption of size-
independent linear growth rate is common in the PB mod-
eling of granulation processes. This simplification implies
that each granule has the same exposure to a new fertil-
izer spray feed material, and a volumetric growth rate is
proportional to a projected granule surface area (Litster
and Ennis, 2004). Binary agglomeration refers to a parti-
cle growth mechanism that occurs due to successful colli-
sion of two particles, resulting in the formation of a larger
composite particle. Agglomeration is a discrete (sudden)
process that changes the total number of particles: two
particles die, and a new particle is born as a result of col-
lision of two particles. Thus, the agglomeration results in
a reduction in the total number of particles, while the total
mass remains conserved (Litster and Ennis, 2004).

3 Model Development

3.1 Population Balance Principles

Balance laws such as mass and energy balances are often
used in process modeling to describe dynamics of differ-
ent physical and chemical processes. With particulate pro-
cesses, PB is frequently used to describe dynamics of par-
ticle property distribution. A detailed derivation and ex-
planation of the PBE can be found in Ramkrishna (Ramkr-
ishna, 2000). The general form of a PBE with particle
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diameter (L) as the internal coordinate is represented as,

an(al;t) _ _% (Gn(L,t)]+B(L,t) —D(L,t)
_aaz Bjn@,z,t)], (1)

where n(L,t) is the number density function. The first
term on the right hand side represents the particle growth
due to layering, the second and the third terms stand for
particle birth and death respectively, and the last term rep-
resents a continuous process and gives the flow of par-
ticles through the granulator. G is the growth rate and
z represents the distance along the axial direction of the
drum granulator. The birth and the death terms usually in-
clude integrals which make the solution of the population
balance equation complicated. In this paper, a plug flow
along the axial direction of the drum granulator has been
assumed. For simplifying the model complexity, a concept
of output equivalent (perfect mixing) inside the granulator
can be assumed. Thus, Eq. (1) can be simplified to

an(al;t) _ _% (Gn(L,t)]+B(L,t) —D(L,t)

+7;li% - '.le')/e~ (2)
Here, 7; is the number flowrate of particles entering the
granulator (influent), 7, is the number flowrate of particles
leaving the granulator (efluent), ¥ is the size distribution
function of the inlet flow of the particles (influent), 7. is
the size distribution function of the outlet flow of the par-
ticles (efluent).

In addition, for the PBE of Eq. (2), the following as-
sumptions are made:

e The concept of perfect mixing inside the granulator is
applied: particle property (size) inside the granulator
is the same as at the outlet of the granulator.

e Particle breakage in neglected since the drum granu-
lator is operating at low shear forces. Thus, the birth
(B) and death (D) rates are only due to binary ag-
glomeration.

e Particle size reduction due to attrition is neglected
since the granulation drum does not operate at high
velocities.

3.2 Growth Rate for Layering

The formulation of the particle growth rate for layer-
ing (G) is based on combination of the work of (Morl,
1981) and (Morl et al., 1977), as summarized in (Drechsler
et al., 2005). This model assumes linear size-independent
growth rate, meaning that a small particle gets less slurry
per unit time than a larger particle, but the growth rate
(the change of particle diameter over time) is constant for
all particle sizes. Thus, the growth rate due to layering
depends on a slurry rate (fresh fertilizer spray rate, rig)),
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moisture fraction in the slurry (X ;), and the total surface
area of the particles (Ap (or) as given by Egs. (3) and (4).

_ 9L _ (1 —Xqs)

G= 22—
ot PAp ot

; 3)

L—co
Apot = Ttn / L2dL. 4)
L

=0

3.3 Particle Agglomeration

Particle agglomeration is a discrete event, which is chal-
lenging to model. One of the most widely used formula-
tions of the agglomeration process was introduced by (Ka-
pur and Fuerstenau, 1969). The general form of a length-
based agglomeration is represented by Eqs. (5) and (6),

2
B(L,t) = —

B [(L3—/l3)3 ,/1] n {(ﬁ—)&)% ,z] n(A,1)

2
3

—A3)3

dx,
(L3
(5)

D(L1) = n(L,t)/Omﬁ (LA)n(A0)dA.  (6)

Here, f is the agglomeration (coalescence) kernel. The
agglomeration kernel is a key parameter that controls the
overall rate of agglomeration. Despite more than 50 years
of research, only empirical and semi-empirical agglomer-
ation kernels are available. Thus, these should be fitted to
experimental data. Some of the most frequently used ag-
glomeration kernels for two colliding particles with vol-
umes v and w in granulation processes are summarized in
Table 1. Here, By is the part of the agglomeration ker-
nel which usually depends on the operating conditions of
the granulator such as the drum speed, bed depth and the
moisture content in the particles. In this paper, the value
of By has been taken to be a constant (however tunable) for
simplifying the model development. For a more detailed
analysis, By should be expressed as a function of process
parameters and fitted with the experimental data. This has
been left as a potential future work.

Table 1. Overview of agglomeration kernels.

Agglomeration kernel — References
B = Po Random kernel
B=PBox(v+w) Golovin (Golovin, 1963)

B = Bo x (%) Kapur (Kapur, 1972)
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Figure 2. Size discretization into classes (cells).

4 Numerical Solution

Various discretization techniques/schemes can be used to
discretize the continuous PBE of Eq. (2) into a set of or-
dinary differential equations (ODEs) which can then be
solved with an appropriate ODE solver. In this work, the
particle size is represented by the diameter of the parti-
cle. To obtain the particle size distribution, the particles
are classified into i € 1,2,...N, classes or cells as shown in
Figure 2. Here, i represents the /" particle class, L; is the
diameter of the particle of the i’# class, L., 1 is the left and

the right boundary of the i’ class and AL =L, 1 L 1

is the size of the classes. The dots in each class represent
the cell center. As was discussed in Section 2, the particle
size change inside the drum granulator can be considered
to be due to

e pure layering (agglomeration mechanism ignored),
e pure agglomeration (layering mechanism ignored),

e combined process (both layering and agglomeration
considered).

In this paper, all the three cases of granulation mecha-
nisms are considered separately and described in detail in
the subsequent subsections.

4.1 Pure Layering

If the growth of particles is considered to be only due to
layering, Eq. (2) reduces to,

LD — 2 (G (L)) i — e
The PDE represented by Eq. (7) can be discretized into
a system of ODEs using a finite volume scheme. In this
paper, a high resolution scheme, based on the flux limiting
approach, is chosen as the numerical scheme for particle
size discretization. Particularly, the Koren flux limiting
method (Koren, 1993) is used in this paper. The high res-
olution flux limiting methods attain higher accuracy than
the first order upwind scheme. In addition, these meth-
ods also avoid spurious oscillations by applying a high or-
der flux in the smooth regions and a low order flux near

(N

Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway



discontinuities. Equation (7) can be discretized with the
Koren scheme as

dN;
dt

where,

1
n(ntig)~ 5

=Gn(tL, ) =Gn(tLyy) +N%—Nexe, (®)

[Nil + %(b (5,-_9 (Ni-1 _NiZ)] ;
)

1 1 [/~
n (t,LH%) ~ oz [N,-+ 50 (9,.+%) (Ni —Nil)} . (10)
Here, ¢ is the limiter function defined as
2))] . (1D

~ ~ 1 20
0 (e) — max [O,min <2e,min <3 +3
z+1 Nl+8

Parameter 8 is defined as
Py Ni—Ni-1+¢e ~
3" N;—Ni_1+¢

6. = 12
} TN Niate (12)

=3
with a very small constant € to avoid division by zero.

In an industrial application, it is relatively easier
to work with mass-based population balance equations
(PBEs) instead of number-based PBEs due to: (i) PSD in
a real plant is typically measured by sieving and weight-
ing, and (ii) mass-based PBE is more convenient to use
from a numerical point of view (huge number of particles
compared to their masses). To convert the number-based
formulation given by Egs. (8)-(12) to a mass-based for-
mulation, Eq. (13) is applied,

6M;
npL}

i = (13)
Equation (13) was derived assuming that all particles are
ideal spheres with constant density. After rearranging, the
growth due to layering in a mass-based PBE can be repre-
sented as

dM; 3
g~ om(nLiy) —om (st
+Mi7i_MeYea (14)
where,
1 (M, 1
s [ (o)
m( i~ AL | Li— +2¢ i=3
(15)
o (Mi—l _Mi—2>}
g, L,))
1 (M 1
m (1) a7 {,- +20(03)
(16)
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with

M; M;_ M M;
i L te o ot
e g—— 0., 1 = d (17)
i*j Mi*l M ) i+§ M; M;_ +e
3 3 3 3
Lifl Lif Li Lifl
Here M; is the total mass of the particle in the i class.

The growth rate G is considered to be size-independent
as described in more detail in Section 3.2. The growth
rate due to layering is modeled using Eqs. (3) and (4). In
addition, if 7y is the retention time, then, M.}, = ]Vl[{

4.2 Pure agglomeration

If the change in the particle size is considered to be due to
agglomeration only, Eq. (2) reduces to

on(L,t)
ot

:B(Lvt>_D(Lat)+’;liyl_neYe- (18)

Analytical solutions of the pure agglomeration problems
can be found in some simplified cases. Thus, numerical
techniques are needed to solve the resulted PBEs. How-
ever, the discretization of agglomeration terms (B,D) is
more challenging compared to the growth due to layering.
Agglomeration is a discrete event and the birth and death
of particles can be considered to be source and sink terms,
respectively. A suitable numerical scheme that is simple
to implement and produce exact numerical results of some
selected moments is the cell averaging technique (Kumar,
2006; Kumar et al., 2006). The cell average scheme is
referred to as a sectional method, and assigns all the new-
born particles within a cell more precisely compared to
other sectional methods. Using the cell average scheme,
Eq. (18) can be discretized with respect to the particle size
as

dN; o
o =B (L

+BiA; (Li)H (Li— L) + BA (L) H (L — L;)
+Biv1 A (Liy1)H (Liv1 —Lit1)

1)H (Li-1 —Li—1)

Ne
—Ni Y BaNi+ Ny — Nee.
k=1

19)

Here, N, is the total number of particle size classes or
cells. B; is the birth of particles in the i cell due to bi-
nary agglomeration of two particles from the j** and k'
cell respectively, and can be expressed as

1 i i
=3 Y Y BN,

j=lk=1

(20)

1
where condition L, 1 < (Lf + L,%) ’ <L, 1 should be ful-
filled. Bjx is the agglomeration kernel for binary agglom-
eration of particles from the j* and the k' cells. L; is the
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average diameter of all the new-born particles in the /"
cell, and is given as

1

[T BN (L4 17)
Li = i i ) (2 1)
j=1 L1 BixN;Ne

with dimensionless term A.~(L) given as

A (L) = 5—5+ (22)
l L} =L},
The Heaviside step function H is defined as
1, ifL>0
H@): 1 fL=0 23)
0, ifL<O.

The cell average technique can be used to preserve any
two moments. Here, we have chosen to preserve the ze-
roth moment (total number of particles conserved) and the
third moment (total mass conserved) taking the diameter-
based formulation. Using Eq. (13), the mass based form
of the PBE can be written as

dM; - -
— = LB (L) H (Lioy = Lia)
+BiA; (Li)H (Li — L) +B:A" (L )H(Z-—L-)
+Bii A" (Lis1) H (Livt —Liv1)] = M; Zsz
+Mi%_MeYea (24)
where the birth of the particles B; are given as
1 &, MM,
Bi= > Bix— 5 (25)
2];,; oL

and the average diameter of all the new-born particles in
the i class is

W=

. . M 5
) ;zlzzzlﬁjk;;% (L? +Lz)
L= . (26)

With 7 being the retention time, M.y, = %".

In this paper, agglomeration kernels (B, and B;) are
defined using the Kapur model (Kapur, 1972) with a = %
and b = 0; this is one of the most widely used kernels for
drum granulation. With the diameter-based formulation,
the agglomeration kernels are given as

2 2
6\ 1 6\%1 !
By = () 3 EBony = () ’ EBO (L+L))%. @7

T v/
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The term (%)7 % arises during the conversion from the
number-based formulation to the mass-based formulation
of PBEs. Subscript xy means either jk or ik. Py is the
particle size independent part of the agglomeration kernel.
K and Ky are the parts of the agglomeration kernel which

J
are particle size dependent as shown in Eq. (27).

4.3 Combined Process

In the case of the combined process, a change in the par-
ticle size is a result of both particle growth due to layer-
ing, and particle binary agglomeration. The number-based
PBE for the combined process is represented by (2). For
conversion to the mass-based PBE, (13) is used. Size dis-
cretization for the growth term (G) is performed using the
Koren flux limiting scheme as discussed in Section 4.1.
Particle birth (B) and death (D) terms are size discretized
using the cell averaging technique as was discussed in de-
tail in Section 4.2. The resulting size discretized mass-
based PBE for the combined process is written as

dM;

a =vlom(nry) -om(or,)]
+LBi1A7 (Lio1)H (Liy —Lioy)+BiA7 (L) H (Li — Ly)
+BiA;" (Li)H (Li — Li) + Bii ;" (Li1) H (Lig1 — Lig1))]

~M Z Buc 4 My — Moy, (28)
k=1 Lk

where all symbols in (28) are described in previous Sec-
tions 4.1 and 4.2.

5 Simulation Results and Discussion

5.1 Simulation Setup

The discretized PBEs for a continuous drum granulation
process described by Egs. (14), (24), and (28) are solved
using a 4" order Runge-Kutta method with fixed time
step. Dynamic simulations are performed using MATLAB
(MATLAB, 2017). Simulations for continuous drum gran-
ulation are performed using parameters summarized in Ta-
ble 2.

Table 2. Simulation setup parameters.

Parameter Value
Range of L [mm] 0-8
Number of classes 80

p lkg-m™3] 1300

Bo s~ 1] 8.5-10~ 1
Tk [s] 360

g [kg s 250

Xs1i 0.1

Time step for RK4 [s] 10
Simulation time [/] 2.5
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Figure 3. Influent and effluent PSD of the drum granulator for
pure layering.
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Figure 4. Change of the average particle size for pure layering.

5.2 Simulation Results for Pure Layering and
Pure Agglomeration

In this paper, simulations results are compared by analyz-
ing the PSD at the inlet (Gaussian distribution) and the
outlet of the drum granulator. In addition, the evolution
of the average size of the particles represented by their
dso diameter (median diameter that corresponds to inter-
cept for 50% of cumulative mass) are also studied. Fig-
ure 3 compares the PSD of the inlet flow and the outlet
flow from the granulator after the system has reached the
steady state. The only granulation mechanisms affecting
the PSD is layering. Clearly, the PSD at the outlet of
the drum granulator has changed and has become slightly
wider compared to the inlet distribution. The fraction of
coarser particles increases due to layering, and, thus more
of large particles are produced. Figure 4 shows that the av-
erage size of the particles has increased from 1.45 mm to
1.52 mm when only the layering is the driving mechanism
for particle size change. Thus, in average, particles have
grown by ~ 5% using the model parameters summarized
in Table 2.

However, when agglomeration was chosen as a gran-
ulation mechanism, the average particle size has grown
by ~ 30% compared to its initial value (Figure 5). This
increase in particle size (dso to 1.85 mm) was observed
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Figure 5. Change of the average particle size for pure agglom-
eration.
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Figure 6. Influent and effluent PSD of the drum granulator for
pure agglomeration.

when agglomeration was modeled using a constant (size-
independent) agglomeration kernel. The inclusion of par-
ticle size-dependency on the agglomeration rate has in-
creased the average particle size even more (Figure 5).
The dsg has grown from 1.45 mm (at the inlet) to 2.28
mm at the outlet of the granulator (with size-dependent
agglomeration kernel). This gives ~ 58% increase in the
average particle size. As expected, the same trend is ob-
served in PSDs of the inlet and outlet mass flow rates (Fig-
ure 6).

Granulation produces larger particles when the agglom-
eration rate is assumed to be dependent on particle size
compared to size-independent agglomeration rate. As
shown in Figure 6, agglomeration with the size-dependent
kernel has produced particles whose size are as large as 5
mm, while no particles with this size are produced with
the size-independent kernel.

5.3 Simulations Results for Combined Process

To simulate the combined process, simultaneous particle
binary agglomeration and particle growth due to layer-
ing is considered to be taking place in the drum granu-
lator. In Figure 7, a comparison of the PSDs between pure
agglomeration (with constant agglomeration kernel) and
combined process is shown.
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Figure 7. PSDs for pure agglomeration and combined process
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Figure 8. Change in ds5( for pure agglomeration and combined
process with size-independent kernel.

For the combined process, the PSD at the outlet is wider
compared to the pure agglomeration granulation process.
The mass fractions of coarser particles (>2 mm) become
larger, and hence, larger particles are produced with the
combined process. The comparison of these two granu-
lation processes with the dsg plot (Figure 8) confirms the
PSD shown in Figure 7. With the combined process, a
higher value of dsg is obtained as compared to the pure
agglomeration.

The ds of the particles has increased by ~ 7% (with a
constant agglomeration kernel) for the combined process
compared to the pure agglomeration process. A similar
trend of the particle size change is observed for processes
when a size-dependent agglomeration kernel is used in the
simulations (Figures 9 and 10). The PSD is wider, and
larger particles are produced when the combined process
is simulated (Figure 9). The latter is also reflected in the
dsqo plots (Figure 10). Interestingly, the value of ds( has
grown from 2.28 mm for the pure agglomeration process
to 2.52 mm for the combined process (Figure 10). This
gives ~ 10% difference in average particle size for the
pure and the combined process compared with the size-
dependent kernel. This difference is ~ 7% when simula-
tions are performed with the constant agglomeration ker-
nel. Thus, particle enlargement and hence the total change
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Figure 9. Comparison of PSD for pure agglomeration and com-
bined process.

d50 of influent and effluent

L
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Figure 10. Comparison of ds( for pure agglomeration and com-
bined process.

in PSD for the combined process is more intensive if par-
ticle agglomeration is driven by a size-dependent agglom-
eration kernel.

The plots of PSDs (Figure 9) reveal the same pattern
(larger particles are produced with the combined processes
compared to pure agglomeration). The PSDs of differ-
ent processes start to deviate from each other when par-
ticle size fractions are larger than 1.2 mm. Granulation
processes that are simulated with the constant agglomer-
ation kernel produce more particles that are in the range
of [1.2, 3.2] mm of size, compared to those processes that
are simulated with the size-dependent agglomeration ker-
nel. In contrast, the processes that are simulated by as-
suming size-dependent agglomeration kernels, result in a
larger amount of coarse particles (> 3.2 mm), e.g., simu-
lations with the size-dependent kernel produces particles
with sizes as high as 6 mm, while no particles with such
size is produced when the size-independent kernel is used
(true for both pure agglomeration and combined process).

Based on the simulation results discussed above, the
particle growth in drum granulators due to layering seems
to play a minor role compared to the granulation mech-
anism for the particle binary agglomeration. This trend
was indicated in others works (Wang et al., 2006; Wang
and Cameron, 2007).
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The agglomeration kernel is indeed an important pa-
rameter for modeling drum granulation processes. Not
only the proper formulation of the size-independent part is
needed, but also the dependency of agglomeration rate to
particle size should be analyzed in order to obtain a proper
model of the real plant.

6 Conclusions

In this paper, a comparative study on various model forms
for representing a drum granulation process is given. Dif-
ferent granulation mechanisms are compared based on
simulation results represented by particle size distribu-
tions and the dso diameter (to reflect the average size of
particles) at the influent and the effluent of the drum gran-
ulator. For the drum granulator under consideration, the
simulation results lead to the following conclusions:

e Particle growth due layering has very small effect on
the change of the particle sizes compared to particle
binary agglomeration.

e Inclusion of the particle size dependency on the
agglomeration kernel affects the mass distribution
function, i.e., particles with a wider PSD and larger
particles are produced compared to simulations with
a constant agglomeration kernel.

e The combined process increases the growth of parti-
cles by ~ 7% (with size-independent kernel) and by
~ 10% (with size-dependent kernel) compared to a
pure agglomeration process.

The choice of the agglomeration kernel directly affects the
PSD of the particles. The size-independent part of the ker-
nel should be calculated by taking into account the opera-
tional parameters of the actual drum granulator.
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Abstract

The present study conceives a numerical model for phase
change materials following the apparent heat capacity
method where the phase change occurs within a chosen
temperature interval. A multiphysical modeling approach
to satisfy the coupled momentum, energy and continuity
conservation equations whilst avoiding numerical singu-
larities is applied. By means of a 2D test-case geome-
try with variable boundary heating the influence of nat-
ural convection within the melted liquid zone is visual-
ized. Corresponding non-dimensional governing equa-
tions are analysed to quantify the dominant contributing
terms. It turns out that for sufficiently small Grashof num-
ber, or consequently small Rayleigh numbers the influence
of natural convection can be neglected, thus simplyfing the
problem substantially. The modeling approach has been
adapted to a 2D-axisymmetric geometry within the scope
of experimental validation. The simulation results and ex-
perimental data show reasonably good agreement.

The model is numerically stable and suitable to facilitate
design of latent heat storage systems.

Keywords: Phase Change Materials, Fluid Flow, Heat
Transfer, Phase Transition, Natural Convection, Melting,
Latent Heat Storage

1 Introduction

Phase change material (PCM) finds an increasingly wide
range of applications in thermal energy management due
to their energy storage capabilities. The choice of a suit-
able PCM should satisfy physical, technical and economic
requirements. In essence, these consist of materials with
a characteristically large enthalpy of fusion in a temper-
ature range smeared over a phase transition region. In
order to appropriately design latent heat storage applica-
tions using PCMs, it is important to predict the complex
behavior of the materials well enough. In the present
study, a numerical model for implementation in COM-
SOL Multiphysics™ is conceived. Natural convection is
accounted for by the Boussinesq approximation which al-
lows the fluid to be treated as incompressible for inertial
forces and compressible for buoyancy forces. The cho-
sen material in this study is n-eicosane as specified in ta-
ble 1, whose thermophysical properties come with great
deal of experimental coverage (Muhammad et al., 2015;
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Jones et al., 2006; Sparrow and Broadbent, 1982).
2 Physical Model

To model the physical nature of PCMs it is necessary to
consider the disciplines of heat transfer and fluid flow.
The strong coupling occurs due to natural convection and
phase change effects constrained by the PCM container
geometry as illustrated by figure 1.

Heat Transfer

Phase Change
Natural
Convection

Fluid Flow

Geometry

Figure 1. Coupled Physics.

The chosen geometry is a 2D square enclosure with 1
cm side-length (H). Figure 2 shows the computational
setup. On the right wall a Dirichlet boundary condition for
three different temperatures is applied: Tz = 40/50/70°C.
The three remaining boundaries represent thermal insula-
tion. Boundaries are also prescribed as no-slip walls wher-
ever applicable.

% % %
7 n-eicosane
Y,
Tr
Y,
() 0.01x0.01 m? y
V4 ZZ4 % |— x

Figure 2. Geometry of the 2D model.

The melting process occurs within a time-range of
0 < ¢t < 1000 s for all temperatures.
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mushy zone coefficient
specific heat capacity at con-
stant pressure

Gaussian distribution
volumetric force on fluid
gravitational acceleration
domain length

thermal conductivity
latent heat / heat of fusion
pressure

radius

radial coordinate
temperature

phase transition temperature
range

melting temperature

wall temperature

time

velocity

characteristic velocity
x-coordinate

y-coordinate

z-coordinate

thermal diffusivity

thermal expansion coefficient
Carman-Kozeny constant
dynamic viscosity

kinematic viscosity
dissipation function

density

melt fraction

Brinkman number
Grashof number
Prandtl number
Rayleigh number
Reynolds number
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reference quantity
solid
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Table 1. Properties of n-eicosane

Solid Liquid
p 910 769
k 0423 0.146
C, 1926 2400
B - 8.161 x 1074
T, 364 -
L 248000 -
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3 Numerical Model

Modeling of phase change phenomena can be achieved
by splitting the computation domain € into a subdomain
for the solid fraction and a subdomain for the liquid frac-
tion. A major numerical drawback hereof is the difficulty
of tracking the solid/liquid interface which require deli-
cate adaptive meshing methods to guarantee both conver-
gence and reasonable representation of the physical pro-
cesses (Lewis et al., 2004). The predominant state-of-art
approach for the modeling of phase change materials is
based on enthalphy methods, i.e. the enthalphy-porosity
formulation (Dutil et al., 2011). The enthalphy-porosity
formulation requires only one mathematical model. By
means of temperature-dependent material laws the mate-
rial is considered both as solid and liquid while the phase
transition region is denoted as mushy region.

3.1 Material description

The enthalpy-porosity method bases all material proper-
ties such as melt fraction, heat capacity, density and ther-
mal conductivity to the current temperature 7' of the ma-
terial. The enthalpy-porosity formulation quantifies the
melt fraction 6(T) in terms of a temperature-dependent
ramp function from O to 1 over a chosen phase transition
temperature interval AT . It is centered around the melting
threshold temperature 7;,, (Kheirabadi and Groulx, 2015)
as,

0, for T < T,,—AT /2
0(T)={ TUnAT2) - for T,, —AT/2 < T < T, +AT/2
1, for T > T,,+ AT /2.

ey

A graphical representation of the melt fraction function

is shown in figure 3a. To account for the contribution of

latent heat over the phase transition region, a Gaussian dis-

tribution function D(T') ensures energy conservation over

the chosen temperature interval as illustrated in figure 3b.
D(T) is given by,

(T~T)?
e (AT/4)2
D(T) = ——. (2)
/(AT /4)?
The definitions according to equation (1) and (2) allow
the modification of the heat capacity C,, of the PCM as,

CP(T) = Cp,s + Q(T)(Cp,l - Cp.s) +D(T)L' (3

Note that, the heat capacity increases notably in the
mushy region due to the latent heat contribution as seen
in figure 3c. Temperature-dependent thermal conductivity
and density are defined analogously like the heat capacity
without latent heat contribution term.

In numerical point of view, the choice of the temperature
transition range AT requires careful consideration. The
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sharp gradients of the modified heat capacity may lead
to convergence issues if AT is small (i.e. ~ 0.1 K) and
the mesh resolution at the interface does not cover the im-
posed range. A small AT means greater accuracy com-
ing with greater computational effort. A qualitative ini-
tial choice in the range of 5 K may be used (Murray and
Groulx, 2011). A reasonable trade-off between accuracy
and computational effort in the test-cases of the present
study is the chosen value of 2 K. The work is carried
out with the commercial tool COMSOL Multiphysics™
which offers a suitable user-input environment for imple-
menting the enthalpy-porosity method.

3.2 Governing Equations

The governing equations to describe the physics include
the laminar Navier-Stokes equations, the continuity equa-
tion and the energy conservation equation. Here the set of
equations for a successful implementation in COMSOL
Multiphysics™ is presented.

3.2.1 Continuity equation

The continuity equation assuming constant density is de-
fined as follows

V-u=0. “4)

3.2.2 Momentum equation

The incompressible momentum equation assumes con-
stant density yielding

du
P +pw-Viu=—-Vp+V-(u(T)Vu)+S(T)u+F,
(&)
where S(7 )u is an additional modeling term to account
for the flow within the mushy zone. Its component S(7')
is described by the Carman-Kozeny equation as

(1-6(1))
S(T)=Ap—75——, 6
() =An 0(T) +¢ ©)
with the modeling constants A,, = 10® kgm—3s~! and

€ = 1073 (Samara et al., 2012; Kheirabadi and Groulx,
2015). The function S(7) forms a sink-term in the mo-
mentum equation. For the solid fraction, the momentum
equation (5) shall return the trivial # = O solution to en-
sure immobility. As illustrated in figure 3d, the S(7)
affects the solid fraction as well as the solid-dominated
part of the mushy zone (I" < 7;,;). The modeling term
S(T) overrides every other terms in the momentum equa-
tion in the solid region. To achieve convergence in the
model, however, it is recommended to additionally modify
the viscosity (Kheirabadi and Groulx, 2015) in COMSOL
Multiphysics ™ as below

u(T) = w(14S(T)), )

with the empirical viscosity-temperature relation
(Muhammad et al., 2015) for n-eicosane,
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W= (9% 107472 —0.6529T +119.94) x 107>.  (8)

where 7 is given in [K] and the dynamic viscosity t; in
[Pa s]. Consequently the dissipation term in the momen-
tum equation overrides the other terms within the solid
regime. That way it is guaranteed that flow is induced only
in the liquid fraction within the computational domain de-
spite of solving the momentum equation for both solid and
liquid fraction.
The force term accounting for gravity and natural convec-
tion is given by the Boussinesq approximation. This is
implemented as (Bird et al., 2007),

F=p/(1-B(T—Tn)g
3.2.3 Energy equation

€))

The energy equation in terms of the temperature distribu-
tion T is defined by

PT)CH(T) I 4 p(T)Cy(Tu- VT =V - (KT)VT).

(10)
3.3 Mesh

The mesh for the test-case geometry is a mapped mesh
with 40000 quadrilateral elements. The mesh is strategi-
cally refined towards the heated right boundary and on the
top boundary to tackle potential complications with no-
slip walls during early stages of melting when the veloci-
tites within the fluid fraction are close to zero.

On a high-performance cluster with 16 CPUs and 94
GB RAM the computational runtime amounts to approxi-
mately 7.5 hours for a simulation time of t = 1000s. To en-
sure convergence it is recommended to use a fully coupled
direct solver configured for the Newton nonlinear method.

4 Results

The results for all test cases are summarized in figure 4. It
appears that the melt fraction has a strong dependence on
temperature, indicating that the natural convection plays
an important role. To quantify the importance of natu-
ral convection the non-dimensional forms of the govern-
ing equations for non-isothermal flow are investigated. A
temperature-independent liquid viscosity of y; = 0.008
Pas (Kheirabadi and Groulx, 2015) in the simulation and
the following non-dimensional variables are used (Bird
et al., 2007)

x.zﬁ ~:1 p.:p_pref
H YT H Ditg?

- t - T—-T,

F=" =2 Fo__ref
H uo TR — Ty

D (H\D
Df \uy /) Dt
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Figure 3. Temperature-dependent modeling functions as presented by (Kheirabadi and Groulx, 2015) for the chosen PCM n-
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with up = v/H being the characteristic velocity. Thus
the continuity equation yields

V.i=0.

The momentum equation is expressed in terms of the
total derivative and contains two dimensionless groups

%’: ——Vp+ [MO‘;H} Vi
e gy

whereas the energy equation features a dissipation term
and writes

DT k 2 Mu() I~
— = + | D
Drt uppHC,, pHC,(Tg — T)
The values of the four dimensionless groups for the

present test-case are summarized in table 2 with the fol-
lowing relevant dimensionless numbers

2
. Huo
Brink Br=
rinkman Br= ",
ATH?
Grashof Gr= gﬁiz
v
Prandtl Pr= X,
o
ATH?
Rayleigh Ra= SPATH” _ oy,
av
H
Reynolds Re= PMTO.

As can be seen from the evaluation the sharpest increase
with temperature is the buoyancy term in the momentum
equation. Comparing with the simulation results in fig-
ure 4, it is safe to assume that natural convection can be ne-
glected for Gr/Re? < 266 which reduces the model com-
plexity substantially as the energy equation alone is suf-
ficient to investigate the phase change without CFD cou-

pling.
4.1 Validation

The implemented model is validated using experimental
data of (Jones et al., 2006). Their experimental setup with
n-eicosane in a cylindrical enclosure as illustrated in fig-
ure 5 with the wall temperature T = 45 °C and simulation
time ¢t = 18000 s. Additionally we set a subcooling wall
at the bottom with 7 = 32 °C with the effect that a part of
the enclosure shall remain solid according to (Jones et al.,
2006).
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e
*\

n-eicosane

= o
H =59.8 mm Tr=45°C

Ty =32°C

2R = 63.8 mm

Figure 5. 2D axisymmetric geometry for experimental valida-
tion

The computational cost on the same high-performance
cluster increases for the validation case to approximately
25 hours.

Time=6964 s Melt Fraction

Figure 6. Melt fraction at t = 6964 s with temperature labels.

The evolution of the melting front show reasonably
good agreement with the experimental results as shown
in figure 7.

4.2 Discussion

The dimensionless estimation of the terms as indicated in
table 2 can be of useful guidance when setting up a phase
change related model. In fact, for low Gr and Ra numbers,
the model might deliver acceptable results solving the en-
ergy equation only. Low Gr and Ra numbers are achieved
when the temperature difference Tz — T;, has approxi-
mately the same order of magnitude as the phase tran-
sition temperature range AT. The analysis with dimen-
sionless numbers presented here targets the liquid fraction
only. Within the mushy zone a different behavior can be
expected, i.e. the dissipation term in the energy equation
will override the other terms due to a sharp increase in vis-
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Table 2. Dimensionless groups in non-isothermal flow equations

Dimensionless group Tr
40 °C 55°C 70 °C
£ ] L 1 1 |
| uopH Re
(2B (Tr — T, ) H ¢ R
‘gﬁ(’ez)} - == 266 1376 2486
i ug Re PrRe
[k 1
= 0.008 0.008 0.008
| uppHC), RePr
B
Hity = 125 x 10719 242 x 107" 134 x 107!
| pPHC,(Tr — Tp) RePr
cosity due to the Carman-Kozeny porosity function S(7) References

as seen in equation (7).

Nonetheless, the modeling approach can seamlessly be
adapted to other materials. The validation case shows rea-
sonably good agreement between simulation and experi-
mental results. The deviations can be explained by uncer-
tainties in the retrieval of experimental data (Jones et al.,
2006) and in the choice of modeling parameters, e.g. AT.
Smearing out the phase transition over a temperature range
AT is questionable in terms of physical accuracy as its pur-
pose and necessity is the handling of numerical singular-
ities. Further points to consider for model improvement
include

e mesh independence study

e quantification of viscous dissipation in the mushy
zone

e volumetric expansion during melting

e aging of the material.

5 Conclusion

This work provides a modeling guideline for computing
phase change phenomena on a stationary grid, coupling
heat transfer and fluid dynamics. From the results it can
be seen that the increasing influence of natural convection
also increases to the amount of molten material. While the
dimensionless estimation delivers reliable reference val-
ues for an estimation, the simulation provides visuals to
spot further design improvements. Of particular interest
are the local (grid) Gr resp. Ra numbers which indicate
the exact region of influence within the geometry.

The presented model for the implementation of phase
change phenomena in COMSOL Multiphysics™ is nu-
merically stable and physically accurate enough to facili-
tate the design of latent heat storage systems.
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Figure 4. Simulation result of the grid Grashof number with white isoline tracking the melting front. As expected from the
computed values in table 2, Gr increases strongly with temperature. Due to the constant viscosity f; and thermal diffusivity o
the Gr number is directly linked to Rayleigh number by a scaling factor of 1/Pr = ap;/p;. Thus, values of Gr can be used as
reference to measure the intensity of buoyancy resp. driving force of natural convection. The simulation results visualize the main
regions of influence of the convective flow; for Tg = 40 °C the front moves parallel away from the heated boundary insinuating no
contribution from the momentum equation. On the other extreme, the Tz = 70 °C case clearly shows how the phase interface bends
under influence of convection.
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Abstract

This work presents a numerical analysis of a planar mo-
ving shock wave with Mach number M, = 1.3, travel-
ling through a square cavity geometry with rigid boun-
daries. A high-order artificial viscosity based Disconti-
nuous Spectral Element Method (DSEM) is used for this
purpose. The explicit numerical scheme utilizes entropy
generation based transport coefficients to solve the conser-
vative form of the viscous compressible fluid flow equati-
ons. Numerical prediction of the shock propagation and
diffraction is found to be in excellent agreement with the
experimental results of the literature. The stable numerical
scheme resolves the detail of the complex flow dynamics
for varying reference Reynolds number (Re¢). The range
of values of the artificial coefficients and the relative con-
tribution of the components of the artificial energy dissipa-
tion rate are investigated and compared for different cases.
Artificial energy dissipation is less for low Res. The dila-
tational dissipation dominates over other components till
the incident shock wave resides in the flow domain.
Keywords: shock propagation, shock diffraction, shock re-
flection, DSEM, artificial viscosity

1 Introduction

Shock/Blast wave mitigation is an important research
domain for disaster management. Shock wave propa-
gation through solid structures are associated with com-
plex shock-shock/shock-vortex/shock-boundary layer in-
teractions. Understanding the fundamental features of
shock wave propagation and diffraction is important for
design of suitable mechanism for shock wave/ blast wave
attenuation. Attenuation can be achieved by various me-
ans, e.g. utilising solid obstacles, foams, textiles, porous
materials, granular filters, metallic grids, perforated pla-
tes, branched/bend duct, duct with rough walls, etc. Inves-
tigation related to shock/blast wave interaction with vari-
ous configurations is consequently remaining as an active
research field.

Apart from the experimental measurements, numerical
approach can predict much more detailed flow evolution
of such applications. Igra et al. summarizes both expe-
rimental and numerical works for many of these approa-
ches (Igra et al., 2013). A detailed computational study
of shock wave attenuation through solid obstacles are pre-
sented in (Chaudhuri et al., 2013). Application of abrupt
changes in tunnel geometry is shown in (Igra et al., 1996,
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1998, 2001). Most of the numerical simulations of shock
diffraction problems of literature relied on inviscid simu-
lations. However, viscous interactions become significant
for shock-boundary layer/boundary layer-shear layer inte-
ractions and for long term shock-vortex dynamics. For ex-
ample, the classical shock diffraction over 90° sharp cor-
ner requires the consideration of no-slip walls in numeri-
cal approach to predict the secondary vortex and long-time
evolution of flow dynamics (Sun and Takayama, 2003;
Skews et al., 2012; Law et al., 2014; Chaudhuri and Ja-
cobs, 2017).

It is desirable to use high-order numerical schemes to-
gether with stable shock capturing property to resolve
the shocked flow dynamics. Numerical studies exploiting
high-order schemes successfully reveal the general wave
characteristics and complex flow dynamics of various phe-
nomena associated with shock wave interaction with rigid
bodies/boundaries like shock diffraction, reflection, focu-
sing etc. (Chaudhuri et al., 2012; Glazer et al., 2011; Shad-
loo et al., 2014; Soni et al., 2017). The present work is
aimed to perform viscous simulations and detailed analy-
sis of shock propagation through the cavity like geome-
tries/bend duct with cavities. A numerical analysis of a
planar shock (M = 1.3) travelling through a two dimen-
sional square cavity is carried out. A high-order artificial
viscosity based DSEM is used for this purpose (Chaudhuri
et al., 2017). A particular focus on the estimation of en-
tropy generation based artificial viscosity coefficients and
artificial viscous energy dissipation for various flow Rey-
nolds number has been made.

The paper is organized as follows. A brief description
of the governing equations is given in section 2. The over-
all numerical approach is presented in section 3. In section
4, the problem setup for the present study is illustrated.
Comparison of the findings with experimental results and
flow analysis are discussed in section 5. Finally, conclusi-
ons are drawn in section 6.

2 Governing equations

Shock wave propagation through a gaseous medium is go-
verned by the compressible Navier-Stokes (NS) system of
equations. The non-dimensional form of the governing
equations with artificial transfer coefficients is given by,

V. FQ) - —V-F%(Q) =0,

9Q
Fr Rey M
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where Q is the conservative solution vector, .%? and .#"
are the inviscid and viscous flux respectively. p is the den-
sity, v is the velocity vector, and E; is the total internal
energy. p is the static pressure and 7 is the temperature. y

is the ratio of specific heats. § is the Kronecker delta ten-
sor. Here, M, Rer and Pry are the reference Mach number,
Reynolds number, and Prandtl number, respectively.
Assuming Stokes’ hypothesis with zero bulk visco-
sity the viscous shear stress tensor can be written as,

— 2 =
T = 2UeftS — gﬂeff(v -v)0, where Uefr = upRer + p is the

1
effective dynamic viscosity and S = 3 [(VV)T—FVV} is

the symmetric part of the velocity gradient tensor. The
superscript “T” designate a transpose. Similarly, Keg =
khRer + K is the effective thermal conductivity. Note that,
Un and kj, are yet to be determined artificial transfer coef-
ficients. For NS system of equations ¢t = ¥ = 1. In this
study, y=1.4, My = 1 and Pry = 0.72 are prescribed. The
ideal gas equation of state, p = pT/(yM?), closes Eqn. 1.

3 Numerical approach

The staggered Chebyshev collocation method is used to
approximate the compressible NS system of equations
with explicit time marching algorithms. In the nodal col-
location formulation of the DSEM, the physical domain
is subdivided with hexahedral physical elements. Each
physical element is then mapped to a unit cubic compu-
tational element in the computational domain by an iso-
parametric transformation.The solution vector is colloca-
ted at the Chebyshev-Gauss quadrature points while the
fluxes are collocated at the Chebyshev-Lobatto quadrature
points. The detail of the discretization procedure can be
found in (Kopriva, 1998; Jacobs et al., 2005).

The numerical scheme utilizes entropy generation ba-
sed artificial transport coefficients to address Gibb’s oscil-
lation. Artificial viscosity coefficients are scaled with vis-
cous and thermal entropy generation terms of the entropy
transport equation. A shock sensor based switch is used to
optimize the artificial coefficients. Also, the upper bound
of artificial coefficients ensures that the inviscid time step
remains smaller than the viscous time step. The basic idea
of an artificial viscosity method is to explicitly add even-
order dissipation term to stabilize the scheme. However,
artificial viscosity methods require arbitrary model con-
stants as flow-dependent tuning parameters for the opti-
mal solution. A brief description of the method of cal-
culation of the artificial viscosity coefficients is presented
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here again for better clarity. The artificial momentum and
thermal conductivity are linked with the viscous and con-
ductive, entropy generating terms ® and I respectively. In
non dimensional form this yields the following expression
for the artificial viscosity coefficients: (Spurk and Aksel,
2008)

p(Ah)? [CD]
o= o s — sl | T
and
p(Ah)? [ 1 r]
" e s—pslle [Prr, (y— DMZ T

where C; and Cy are model parameters, Ah is the mesh

}/()/—pl)Mlen <;y) and ps is the spatial
average of p 5. Here ||p s — P 5| is the globally computed
supremum based on the global average entropy. The arti-
ficial viscosity coefficients defined above ensure the posi-
tivity (thus dissipative behavior) and py, and kj, scale with
the grid spacing and vanish as Ah — 0.

A shock sensor 6 (Ducros et al., 1999) is used to con-
trol the artificial viscosity coefficients as u, 0.7 (—V -v),
and ;0. This in turn reduces the dissipation in rotation-
dominated regions. The purpose of the Heaviside function
A (—V -v) is to ensure that the dissipation is small in regi-
ons of isentropic expansion fans and contact discontinui-
ties. The coefficients are controlled so that the inviscid
time step Atiny = CFLiyAR/(|v|4-+/T), is smaller than the
viscous time step. Here, CFL;,, is the corresponding CFL
number for the inviscid time step. The upper limit of the
artificial coefficient becomes U m = CmpAh(|v] +VT),
where Cy, o< CFL,;s/CFLj,, represents another model pa-
rameter for the upper bound of py. Note that, kj, is also
bounded by the un . The complete description of the
scheme is reported in (Chaudhuri et al., 2017).

size, p§s=

4 Problem setup

The geometry of the cavity flow configuration is taken si-
milar to that presented in the experimental and the invis-
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Figure 1. Schematic description of the cavity.
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Figure 2. Density contours for Rey = 10°, top left: # = 1.0, top right: £ = 1.5, bottom left: = 2.0, and bottom right: # = 2.5.

cid study of (Igra et al., 1996). Figure 1 shows the se-
tup for the non-dimensional physical domain in the two-
dimensional (2D) x —y plane. A shock wave with a Mach
number Mg = 1.3 is allowed to pass through the cavity ge-
ometry. The initial shock location is at x; = 0.8 and the
conditions are prescribed using the Rankine-Hugoniot re-
lations for stagnant state (1) and shocked gas state (2). The
left and right boundaries are set by the initial states. The
other boundaries (top and bottom) are assigned with no-
slip wall conditions. The reference state ¢, is taken as
the stagnant state conditions ¢y, to satisfy M¢ = 1 and the
reference length is taken as the height of the shock-tube
of the experiment (Igra et al., 1996) L = 60mm. 50,000
P3 (fourth order) elements with a total of 0.8 x 10° de-
grees of freedom are considered in the domain. In the pre-
sent study, the value of the CFL number is taken as 0.9
and the model constants for artificial viscosity are set as:
(Cy,Cx,Cm) = (0.5,0.25,0.15) like our previous studies.
A very weak filter is used, filter order of 64 (Chaudhuri
et al., 2017) to enhance the stability of the method. The si-
mulations are performed on Supermicro X9DRT compute
nodes (dual Intel E5-2670). A typical test case utilizes 12
nodes consuming about 860 CPU hours.

5 Results and Discussion

In subsection 5.1, first a discussion the flow evolution
associated with the shock propagation and diffraction
through the cavity geometry will be given. The analysis
of artificial viscosity based DSEM methodology in light
of the artificial dissipation will be given in the following
subsection 5.2. Simulations are carried out with varying
Rey, namely 10°, 10°, and 10*. The same mesh in all ca-
ses has been used.
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5.1 General flow evolution

Figure 2 shows the density contours for Re; = 10° at diffe-
rent time instants. The incident shock (IS) is first gets dif-
fracted in the left corner of the cavity. Subsequently, the
corner primary vortex and shear layer instability evolves
while incident shock propagates further downstream. The
primary vortex grows and moves away from the corner of
the cavity. The secondary vortices arising due to viscous
effects on the no-slip wall, interact with shear layer and
influence in the evolution of the unstable shear layer. This
secondary vortex interaction is similar in nature to those
reported for classical My = 1.5 flow over 90° diffraction
corner, see e.g2. (Sun and Takayama, 2003; Skews et al.,
2012; Law et al., 2014; Chaudhuri and Jacobs, 2017). The
incident shock further gets diffracted in the right corner of
the cavity and produces the reflected wave which rebounds
back and forth in the cavity section and intensely perturbs
the growing primary vortex and the shear layer. Several
transverse waves arise from the multiple reflections/dif-
fractions within the cavity and the top wall of the flow
configuration. The incident shock leaves the domain at
t = 2.1. Note that, the present viscous simulations capture
the viscous effects of no-slip boundary interaction, toget-
her with the complex shock dynamics. To resolve these,
refined elements are generated using standard stretching
functions (Chung, 2010) near the wall regions. Artificial
viscosity based DSEM scheme is capable of resolving all
the features of the complex flow dynamics.

Figure 3a shows the evolution of the pressure profile al-
ong the flow direction at y = 0.5. The initial pressure jump
associated with M; = 1.3 is P, /P; = 1.805. Incident shock
propagates with inviscid speed while leaving the domain
boundary with a little lower intensity of P/P; ~ 1.68. The
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Figure 4. Comparison of experimental Shadowgraph (Igra et al., 1996) with numerical Schlieren at f = 1.9.

propagation and diffraction through the cavity geometry
exhibit an attenuation effect. Flow quantities are recorded
at a probe location situated at the middle of the bottom
wall of the cavity. Figures 3b and 3c show the pressure
and density evolution at this probe location. The signa-
ture of the reflected waves passing through this probe is
clearly seen in this figure. The signals show the incident
shock and several reflected shocks (RS’s).The RS1 from
the right wall of the cavity bounces between the cavity
walls and produces the subsequent RS’s. The pressure
peaks agree very well with the experimental and the in-
viscid numerical work of (Igra et al., 1996; Igra and Igra,
2016). Note that, this shock dynamics remains essentially
similar irrespective of the Res. This is expected, as the
shock dynamics is very fast compare to the slow viscous
effects. Only little variations are observed once the inci-
dent shock is out of the domain. The overall shock dyna-
mics are found to be in excellent agreement with the expe-
rimental (Igra et al., 1996) results (see Figure 4). Based on
reference length Ly = 60mm, the Re; for the experimental
setup of (Igra et al., 1996) lies in the range of 10°. Fi-
gure 4 clearly depicts that the experimental shadowgraph
is essentially similar to the numerical Schlieren pictures.
The resemblance is most for Ref = 10°. For lower Reg
viscous effects stabilize the shear layer and the secondary
vortex interaction is less dramatic compared to the cases
with higher Re¢. Evidently, the shock structures are much
thicker for Rey = 10%,

5.2 Artificial dissipation of DSEM

In the artificial viscosity based DSEM formulation uy, and
K, are calculated explicitly (see section 3). These are de-
signed to achieve optimal dissipation in shock dominated
regions of the flow-field by the use of a shock sensor and
the Heaviside function (see section 3). Figure 5 shows
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that the range of values of Ly, (see left column) remains
similar in all cases. The contribution of u, and kj, pre-
dominantly lie in the regions with shocks/shocklets. The
contours are in accordance with the shock structure of the
flow-field. For higher Res, one can notice shock thicknes-
ses are much less (in accordance with Figure 4). The
contours of the local mesh Reynolds number, Rey (de-
fined as Rey, = Ah|v|p Rey) are also shown in Figure 5.
Note that, here the mesh remains the same for three ca-
ses. These contours look very similar in nature with ex-
pected difference in order of magnitude. For Re; = 10°,
the Rep, < 2800, for Re; = 10°, the Rey, < 280 and for
Res = 10%, the Rey, < 26. As mentioned in (Chaudhuri
et al., 2017; Chaudhuri and Jacobs, 2017), the inverse of
the uy, is a measure of the local effective Reynolds num-
ber. In previous studies, it is observed that, for high Re¢
the maximum of the added artificial viscosity lies in the
order of the inverse of the local Rey,. This is being illus-
trated in the contours of uyRey, in Figure 5. For cases with
lower Rey the maximum of the yyRey, gets reduced. This
clearly depicts the fact that the added dissipation is opti-
mal in all cases. The relative contribution of artificial dis-
sipation is less for low Re;. Note that the range of values
of k&, always remains smaller than yy, (not shown). The
artificial viscosity based DSEM is thus capable of adding
a controllable amount of dissipation for capturing shocks
and yields stable solutions.

A further investigatation of the components of the arti-
ficial energy dissipation rate associated with the transport
equation of the instantaneous kinetic energy. The energy
dissipation rate & associated with py consists of rotatio-
nal &;, non-homogeneous &, and dilatation dissipations
&y as:

& =6+ + 4. “4)
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where, &; = Uy Q, & =2uUp [(VV)TVV — (V- V)z], and previous literature. An artificial viscosity based DSEM is
&= % (V- V)Z, Here, Q is the enstrophy. Figure 6 shows used for this purpose. The findings can be summarized as:

the area-weighted (entire domain) dissipation rates as a e The study with 50,000 P3 (fourth order) elements
function of time. For any property ¢, the area weighting resolved all flow fez’itures well. The results are in ex-

is defined as (¢) = ffd)%‘ It can be seen that (&) is lower cellent agreement with experimental results of lite-
for lower Rer. Each contributing term follows the same rature. Accounting the viscous effects, the boundary
behavior. Clearly, the dominant contributing term for total and shear layer interaction with shock wave is well
kinetic energy dissipation rate is &y till the incident shock predicted by the present simulations. The pressure
remains in the flow domain i.e., # < 2.1. Evidently, the signal at the mid location of the bottom wall of the
component terms become comparable for 7 > 2.1 (see Fi- cavity shows multiple shock reflections on the cavity
gure 7 for different Rer). One can notice that the, (&) walls. The signals are similar irrespective of Rey.
becomes Signiﬁcant in all cases ~ 30% — 50%. On the ot- The pressure peaks agree very well with (Igra et al.,
her hand, &; remains 5 20% in all cases. Note that, the va- 1996) and the recent work (Igra and Igra, 2016).
lues of (&) remain typically two-order of magnitude lower
than the pressure dilatational term as found in (Chaudhuri e Estimation of artificial viscosity coefficients for vari-
and Jacobs, 2017). ous Re¢ reveals the consistency of the entropy gene-
ration based formulation. The time evolutions of area
6 Conclusions weighted average quantities of the components of the
artificial energy dissipation rate are in accordance of

In this work a study of shock propagation and diffraction
of a planar shock (M; = 1.3) travelling through a square
cavity is performed. The geometry is taken similar to a Dissipations dictated by entropy generation in the pre-

the shocked flow physics.
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sent artificial viscosity based methodology in a way ac-
count the effects of turbulence models. In the future, stu-
dies with 3D Large eddy simulations will be performed for
further, deeper analysis related to the role of the artificial
viscosity coefficients.

Acknowledgement

This work utilized the supercomputing facility of Abel
computer cluster (University of Oslo) under the project
NNO9542K at Notur, UNINETT Sigma2 AS (National in-
frastructure for scientific computational science in Nor-
way). The author greatly acknowledges the collaboration
with G.B. Jacobs of San Diego State University, W. S. Don
of Ocean University of China and F. Mashayek of Univer-
sity of Illinois at Chicago.

References

A Chaudhuri and GB Jacobs. Dynamics of shock wave dif-
fraction over sharp splitter geometry using entropy-based ar-
tificial viscosity method. Shock Waves, pages 1-15, 2017.

A Chaudhuri, A Hadjadj, O Sadot, and E Glazer. Computa-
tional study of shock-wave interaction with solid obstacles
using immersed boundary methods. International Journal for
Numerical Methods in Engineering, 89(8):975-990, 2012.
doi:https://doi.org/10.1002/nme.3271.

A Chaudhuri, A Hadjadj, O Sadot, and G Ben-Dor. Nu-
merical study of shock-wave mitigation through matrices
of solid obstacles.  Shock Waves, 23(1):91-101, 2013.
doi:https://doi.org/10.1007/s00193-012-0362-2.

A. Chaudhuri, G.B. Jacobs, W.S. Don, H. Abbassi, and
F. Mashayek.  Explicit discontinuous spectral element
method with entropy generation based artificial viscosity
for shocked viscous flows. Journal of Computatio-
nal Physics, 332:99 — 117, 2017. ISSN 0021-9991.
doi:http://dx.doi.org/10.1016/.jcp.2016.11.042. URL
http://www.sciencedirect.com/science/
article/pii/S00219991163063409.

TJ Chung. Computational fluid dynamics. Cambridge university
press, 2010.

F Ducros, V Ferrand, Franck Nicoud, C Weber, D Dar-
racq, C Gacherieu, and Thierry Poinsot.  Large-eddy

E Glazer, O Sadot, A Hadjadj, and A Chaudhuri. Velocity sca-
ling of a shock wave reflected off a circular cylinder. Physical
Review E, 83(6):066317, 2011.

Dan Igra and Ozer Igra. Planar shock-wave diffraction into a
square cavity filled with different gases. AIAA Journal, pages
1798-1802, 2016.

O Igra, J Falcovitz, H Reichenbach, and W Heilig. Experimental
and numerical study of the interaction between a planar shock
wave and a square cavity. Journal of Fluid Mechanics, 313:
105-130, 1996.

O Igra, L Wang, J Falcovitz, and W Heilig. Shock wave propa-
gation in a branched duct. Shock Waves, 8(6):375-381, 1998.

O Igra, X Wu, J Falcovitz, T Meguro, K Takayama, and W Hei-
lig. Experimental and theoretical study of shock wave propa-
gation through double-bend ducts. Journal of Fluid Mecha-
nics, 437:255-282, 2001.

O Igra, J Falcovitz, L Houas, and G Jourdan. Review of met-
hods to attenuate shock/blast waves. Progress in Aerospace
Sciences, 58:1-35, 2013.

Gustaaf B Jacobs, David A Kopriva, and Farzad Mashayek. Va-
lidation study of a multidomain spectral code for simulation
of turbulent flows. AIAA Journal, 43(6):1256-1264, 2005.

David A Kopriva. A staggered-grid multidomain spectral met-
hod for the compressible Navier-Stokes equations. Journal
of Computational Physics, 143(1):125-158, 1998.

C Law, AO Muritala, and BW Skews. Unsteady flow
with separation behind a shock wave diffracting over
curved walls. Shock Waves, 24(3):283-294, 2014.
doi:https://doi.org/10.1007/s00193-013-0486-z.

MS Shadloo, A Hadjadj, and A Chaudhuri. On the on-
set of postshock flow instabilities over concave surfa-
ces. Physics of Fluids (1994-present), 26(7):076101, 2014.
doi:http://dx.doi.org/10.1063/1.4890482.

Beric Skews, Craig Law, Adam Muritala, and Sebastian
Bode. Shear layer behavior resulting from shock wave
diffraction.  Experiments in fluids, 52(2):417-424, 2012.
doi:https://doi.org/10.1007/s00348-011-1233-9.

simulation of the shock/turbulence interaction. Jour- 'V Soni, A Hadjadj, A Chaudhuri, and G Ben-Dor. Shock-wave

nal of Computational Physics, 152(2):517-549, 1999. reflections over double-concave cylindrical reflectors. Jour-

doi:https://doi.org/10.1006/jcph.1999.6238. nal of Fluid Mechanics, 813:70-84, 2017.
https://doi.org/10.3384/ecp18153111 116 Proceedings of The 59th Conference on Simulation

and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway


http://dx.doi.org/https://doi.org/10.1002/nme.3271
http://dx.doi.org/https://doi.org/10.1007/s00193-012-0362-2
http://dx.doi.org/http://dx.doi.org/10.1016/j.jcp.2016.11.042
http://www.sciencedirect.com/science/article/pii/S0021999116306349
http://www.sciencedirect.com/science/article/pii/S0021999116306349
http://dx.doi.org/https://doi.org/10.1006/jcph.1999.6238
http://dx.doi.org/https://doi.org/10.1007/s00193-013-0486-z
http://dx.doi.org/http://dx.doi.org/10.1063/1.4890482
http://dx.doi.org/https://doi.org/10.1007/s00348-011-1233-9

Joseph H. Spurk and Nuri Aksel. Fluid Mechanics. Springer-
Verlag Berlin Heidelberg, 2008. ISBN 978-3-540-73537-3.
doi:https://doi.org/10.1007/978-3-540-73537-3.

M Sun and K Takayama. A note on numerical simulation of
vortical structures in shock diffraction. Shock Waves, 13(1):
25-32, 2003. doi:https://doi.org/10.1007/s00193-003-0195-
0.

https://doi.org/10.3384/ecp18153111 117 Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,
Oslo Metropolitan University, Norway


http://dx.doi.org/https://doi.org/10.1007/978-3-540-73537-3
http://dx.doi.org/https://doi.org/10.1007/s00193-003-0195-0
http://dx.doi.org/https://doi.org/10.1007/s00193-003-0195-0

Comparison of different state estimator algorithms applied to a
simulated anaerobic digestion reactor

Shadi Attar!

Finn Aakre Haugen °

1.2 Faculty of Technology, Natural Sciences and Maritime Sciences, University College of Southeast Norway, Norway
shadi.attar@usn.no, Finn.Haugen@usn.no

Abstract

This study deals with a simulator-based comparison of
different state estimators of an anaerobic digestion
process. A simulated biogas reactor based on the AM2
model is considered. Extended Kalman Filter,
Unscented Kalman Filter, Particle Filter and Moving
Horizon Estimator are four state estimators studied. The
investigation is on both states and parameters
estimation. The maximum number of parameters can be
estimated equals the number of the measurement.

Keywords: Anaerobic digestion, state estimation,
Kalman filter, particle filter, moving horizon estimator,
simulation

1 Introduction

Anaerobic digestion (AD) is a biological process to
produce biogas consisting of methane and carbon
dioxide in the absence of oxygen. There are several
biogas models to represent the behaviour of the AD
reactor. In this study, the Anaerobic Digestion Model
number 2 (AM2) (Bernard, et al., 2001; Dochain, 2008)
with 6 states and 13 parameters is applied. The model is
implemented in MATLAB.

The main goal of this study is states and parameters
estimation for a simulated AD reactor based on the AM2
model. Estimation of states and parameters is useful for
monitoring and control purposes. Four states estimation
methods consisting of Extended Kalman Filter (EKF),
Unscented Kalman Filter (UKF), Particle Filter (PF) and
Moving Horizon Estimator (MHE) are considered.

State estimation for large-scale wastewater treatment
plants is studied in (Busch, et al., 2013). UKF state
estimation is surveyed for a biogas rector (Haugen, et
al., 2014). A state estimator is developed using a
calibrated simulation model of a full-scale biogas plant,
which is based on the Anaerobic Digestion Model NO.1.
(Gaida, et al., 2012). A number of software sensor
design methods, including extended Kalman filters,
receding-horizon observers is studied in (Bogaerts &
Vande Wouwer, 2003).

The outline of the article is as follows Section 2
includes the process description and the AM2 model
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equations and observability analysis method. Section 3
explains about state estimation consists of four methods
and comparison their results. Parameter estimation are
described in Section 4 regarding different number of
measurement for estimating both environmental
parameters and model parameters. Section 5 presents
and discusses about the simulation results. Conclusions
are given in Section 6, and future work is suggested in
Section 7.

2 Materials and methods

2.1 Process description

The biogas reactor model applied in this article is the
AM?2 model with parameter values as presented in
(Bernard, et al., 2001). The reactor has the form of a
cylindrical tank with effective volume of 948 litres. The
temperature of reactor will be constant due to a
temperature control system.

2.2 Mathematical model

The mathematical model which is the basis of this
simulator, is generated from mainly mass balance and
bacterial kinetics equations. Moreover, ionic balance,
affinity constant, bacterial kinetics, ideal gas law and
Henry’s law are considered in the model (Dochain,
2008).

2.2.1 Material balances

In Anaerobic digestion process, organic material is
converted by microorganisms in two phases are called
acidogenesis and methanization. In the first phase, the
acidogenic bacteria (X;) consume the organic substrate
(S;) and produce CO; and volatile fatty acids (S,). In the
second phase, the population of methanogenic bacteria
(X,) uses for produce the methane. Z and C are the total
alkalinity and total inorganic carbon, respectively.

Mass balances gives the following differential
equations, which constitute a state space model of the
AD reactor:

dx,
dt

[.U1 - a’D]X1 ©)
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ax
d_tz = [u; — aD]X, 2
az
EZD(Zin_Z) 3)
as
d_tl = D(S1in — S1) — ki Xy “)
as
d_tz = D(Szin — S2) + kap1 Xq — kapp X, (5)
dc
Frin D(Cin — C) = qc + kapy Xy + kspp X, (6)
D is the dilution rate defined as:
Ffeed
D=—— 7
v (7)

where Ffeqq 1s the infeed flowrate and Vis the effective
volume of medium in the reactor. D represents a
normalized flow. Zin, Stin, S2in, Cin in (3) - (6) are
respectively concentration of the inflow of alkalinity,
substrate, VFA and dissolved inorganic carbon.

qc represents the flow of inorganic carbon form liquid
phase to gas phase is calculated accordance to (8) - (10):

qc =ka(C+ S, —Z — Ky Pe) )

where k;a and K are liquid-gas transfer constant and
Henry’s constant, respectively. P is partial carbon
dioxide pressure and it can be calculated as:

PP —4KyPr(C+S$2-2) (9
B 2Ky,

Pc
with
ke
(Z)=C+52—Z+2KHPT+EMZX2 (10)
L

Methane flow is directly related to the methanogenic
rate (U,):

Im = ket2 X2 (11)
The model equation for the pH is:

c+52—z)

H=-1 <K
P gk ——5,

(12)

where K}, is an affinity constant.

2.2.2 Bacterial Kinetics

The models to describe the growth of microorganism are
assumed Monod-type and Haldane-type (Dochain,
2008). The growth of acidogenic bacteria, pq, is
considered based on Monod type kinetics:.

1 = Himax S+ K51

Iz (13)

The growth of methanogenic bacteria, p,, is assumed
based on Haldane kinetics:

https://doi.org/10.3384/ecp18153118

Sy
U2 = Uzmax

2 14
52+K52+5L 19

K;
where Uymax and Uomayx are respectively the maximum

growth rate of acidogenic biomass and methanogenic
biomass.

2

2.3 Observability

The standard method to check the observability of a
linear model is used in this study. At first, the AM2
model is linearized and the model coverted to (15):

dx
—=Ax+BD
dt
(15)
y=Cx+ED

The observability matrix for (15) is computed
according to (16)

[ €]
CA
CA.TL—l
n is the number of elements in the state vector. If the
rank of the observability matrix is less than n, the system

is non-observable, i.e. there are state variables that are
non-observable.

3 State estimation

3.1 Introduction

In the practical systems, we are not able to measure
some of variables which have effects on control and
monitoring purpose. To have reliable monitoring and
control, we need to estimate these variables as far as
possible. A suitable state estimator is essential for this
aim. As shown in Figure 1, the state estimation is used
in the control system. However, the controller is not
described in the present article.

Control system

v

Biogas reactor

A

A 4
® State
Estimator

Ly

Figure 1. A state estimator scheme.

The state vector of the AM2 model is:

x=[X1, XZ!lellSZ!C] (17)
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It is decided to estimate some of parameters such
as Syin, S2in as the environmental variables and k¢ as
the model parameter in the parameter estimation section.
Four states estimator methods consisting of EKF, UKF,
PF (Simon, 2006) and MHE (Boegli, 2014) are
implemented based on the AM2 model.

The dilution rate, D is as an input variable, and q,,, is
considered as process measurement.

Y =qm (13)

Where y is measurement vector.

The observability of the state vector is tested
regarding the standard method of observability analysis
and only four state variables are observable.

Initial values of the states for the simulated model are
based on a steady state condition and shown in Table 1.
Initial value of all state estimators are determined with
considering a large initial estimation errors in X4, X5, Z
to check the convergence rate of the methods. See
Table 1.

We need to determine P, Q and R which are state
estimation error covariance, process noise covariance
and measurement noise covariance, respectively. They
are computed as:

P = diag(Kp Xnit*)
Q = diag(Kq Xinit*) (19)

R = diag(Ky Yinitz)

where x;,;; 1s assumed as an initial values of augmented
state vector, Y;,i: 1S an initial values of measurement
vector. Kp, K, and K, are coefficients equal 0.1, 0.01
and 1 respectively, select by trial and error.

Table 1. The initial values for the simulated model and the
state estimators

Initial Simulated State Unit
values (Xin;t) model estimators

Xiinit 0.39 1.39 g/L
Xoinit 0.85 1.85 g/L
Zinit 62.2 72.2 mmol/L
Siinit 1.17 3.17 g/L
Soinit 2.78 2.78 mmol/L
Cinit 67.9 70.9 mmol/L

The amount of biogas depends on the dilution rate.
During the simulation, dilution rate would be changed
to check its effect and it is assumed that the dilution rate
is always known.
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The model parameters are known and considered based
on (Bernard, et al., 2001).
Noise is added to the simulated measurements.

3.2 Extended Kalman Filter

This method is based on linearizing the non-linear
system around a nominal state set. The linear model is
only used for calculation of Kalman gain.

The procedure of implementation of EKF method in
the simulation follows the principle of the discrete-time
extended Kalman filer presents in (Simon, 2006). The
outcomes of this method for 15 days is shown in
Figure 2 with the magenta curves.

3.3 Unscented Kalman Filter

The EKF is based on linearization to propagate the mean
and covariance of states. UKF is an enhancement of the
Kalman filter to reduce the linearization error of the
EKF.

The procedure of implementation of UKF method in
the simulation follows the principle of the discrete-time
unscented Kalman filer resent in (Simon, 2006).
Figure 2 presents the results of UKF state estimator for
all six state variable in AM2 model with the black
curves.

3.4 Particle Filter

This method is based on statistical approach. The
particle filter is a probability-based estimator as an
enhancement on Bayesian estimator (Simon, 2006). The
number of particles is assumed to be 100. The results of
particle filter in the same condition on UKF and EKF
are shown in Figure 2 with the green curves.

3.5 Moving Horizon Estimator

This method is an optimization problem over the
specific horizon, N, which is shifted in terms of time.
The procedure of implementation of MHE method in
the simulation follows the principles in (Boegli, 2014).
The horizon, N, in this simulation equals to 10.
The objective function to minimize is:

t
min >l = G DOIP,
k=t—N
t

£ e —hGaDOIZ, (2
k=t—N

+ |-y — Ze-nll?p

subjectto: C —S, —Z >0

Yy 1s the process measurements.

Since C — S, — Z equals to CO», this term should be
positive. The first to third sums in (20) represents
dynamical system mismatch, measurement mismatch
and arrival cost, respectively.
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The arrival cost term represents the error of the state

estimate at the “end” of the horizon.
implementation, the state at k = t - N is estimated,
thereby implicitly minimizing the arrival cost term.

In our

Therefore, we have omitted the arrival cost term as an

explicit term.
The results of MHE are shown in Figure 2 with the
red curves.
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3.6 Comparison of the various state

estimators

All four state estimators are executed on the same
conditions and with the same initial values. It is assumed
that dilution rate, D, changes after one day from 0.34 to
1 d'and after 7.5 days, D is changed to 0.5 d!.

Two criteria are supposed for comparison among of

the state estimation methods. The first criterion is the
Mean Squared Error (MSE), and the second criterion is
computational time is represented by the simulation
execution time for each state estimation method.
MSE relative to EKF for four state estimators is shown
in Table 2. Regarding the relative MSE, the minimum
MSE belongs to MHE methods so the MHE method
have fittest curve by smallest MSE. However, the
computational  time has  remarkable larger
computational burden of other methods, refer to
Table 3.

2

X2

A

1.5

lglL]

30

[mmol/L]
- N N
o o o

-
o

[mmol/L]

250 T T

200 1

150 1

100

[(mmol/L)/d]

50 4

t[d]
Figure 2. The results of four state estimation strategies when augmented vector consists of all six state variables and the
methane gas flow rate is the only measurement.
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The convergence rate for the MHE strategy is fastest
comparing with other methods in all estimated states.
EKF has faster computation but the Jacobians need to be
calculated.

Table 2. MSE relative to EKF for four state estimation
methods regarding one measurement and six state variables

variables and the assumed parameter variable in
Figure 3. However, there are two non-observable states
based on the rank test, EKF, UKF and PF methods can
estimate the states. It is shows that standard
observability analysis are not effective for non-linear
systems.

Table 4. MSE relative to EKF for four state estimation

Relative EKF UKF PF MHE . ;
MSE methods for one measurement and six state variables plus
Siin as the estimated parameter
X1 1 1.48 4.10 0.16 Rolai
elative
X, 1 0.5 3.82 0.27 msg | EKF | UKF PF MHE
Z 1 1 1.02 0.54 X, 1 9.82 9.54 4
S1 1 1.28 2.06 0.03 X, 1 2.43 9.73 0.87
S, 1 1.35 1.60 0.02 Z 1 1 1.02 7.48
C 1 1 2.25 0.44 S1 1 2.06 2.58 718.758
dm 1 0.55 3.08 0.48 S, 1 0.67 4.44 31.84
qc 1 1.36 2.83 0.83 C 1 1 1.14 7.55
Siin 1 0.67 1.48 2.34
Table 3. The relative computational burden to EKF
measured with simulation time. qm 1 0.867 1.829 8.280
EKF | UKF | PF | MHE qc 1 1.099 1.99 58.13
Computational
time 1 13 62 14892 Table 4 shows the EKF and the UKF have better

4 Parameters estimation

Some parameters are not known nor measured while
they are essential parameters for control and monitoring.
Such parameters should therefore be estimated.

4.1 One measurement and one estimated
parameter

The organic substrate concentration of the inflow, Syip,
is considered as a first parameter for estimation. The
augmented state vector is:

x=[X1, X2,Z,51,52,C, Syin] (21)
The parameter state variables are here denoted
augmentation state variables.

Initial values of Sy, for the simulated model and state
estimators are 9.5 and 14.5 g/L, respectively. The
methane gas flow rate is assumed as measurement, so
measurement vector is (18). All conditions are the same
as mentioned in Section 3. When one measurement is
considered, two states are non-observable.

Table 4 shows the relative MSE to the EKF for all
four methods. Based on the relative MSE, the MHE
method is not reliable approach to estimate the
parameters.

Since the error is remarkably large with MHE, this
method is ignored to be able to compare other
estimators. We focus on the result for S; and S, state
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results for the parameters estimation. In the following
sections, we focus on just the EKF and UKF.

t[d]
S2
30
) 20
°
£
£
=10t
0
15
10
—_— -
=
s |
5

] 2 4 6 é 1‘0 1‘2 1‘4 1‘6 1‘8 20
td]

Figure 3. The results of the state estimators consisting of

EKF, UKF and PF for an augmented state vector with 7

elements and one measurement.
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4.2 One measurement and two estimated
parameters

The VFA concentration of the inflow, S,,, is
considered as second parameter for estimation. So the
augmented state vector is:

x =[Xy, X2,Z,51,52,C, S1in, S2inl (22)

All conditions are the same as mentioned in Section 4.1
plus the initial values of S,;, for the simulated model
and state estimators are 93.5 and 133.5 mmol/L,
respectively. Three states are non-observable when
there is just one measurement.

X1 X2
15, 2
- : 1 ——5im
6 0—0—0—0—06~ 15 = EKF
= 1 = . UKF
) )
2 2!
05
o 05
0 0
0 5 10 15 0 5 10 1
t[d] t[d]
$1 S2

(gL
?
b
[mmol/L]

t[d] t[d]
z [+
80 80
1 4
T 60T 60
g g
Ea Eanl XS :
20 20
o 5 10 15 o 5 10 15
t[d) t[d]
S1in Szin
N =506 00— 1804

0 5 10 15 0 5 10 15
t[d] t[d]

Figure 4. The results of the state estimators consisting of

EKF , UKF for a augmented state vector with 8 elements
and one measurement.

The results states that it is not possible to estimate two
parameters with one measurement. This lack the
measurement ruins also the state estimation, refer to
Figure 4. The states X;, Z, C are not possible to
estimate.

In the Section 4.5, it will be checked the possibility
of the estimation of two parameters with two
measurement.

4.3 Two measurements and one estimated
parameter

It is of interest to investigate the case when the number

of measurement is greater than the number of estimated

parameters. Carbon dioxide gas flow rate is considered

as the second process measurement. so the measurement
vector is :

y=Ilam,q] (23)
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One state is non-observable based on the rank test. The
results are shown in Figure 5.

s1

—— Sim
EKF
——a—— UKF

tid]
s2

[mmol/L]

t[d]
s1,

lglL]

o] 5‘ 1‘0 15
t[d]

Figure 5. The results of the EKF, UKF state estimators for

an augmented state vector with 7 elements and one

measurement.

4.4 Three measurements and one estimated
parameter

All conditions are the same as the mentioned

condition in Section 4.3 except considering pH of the

reactor as third measurement. The measurement vector
is:

y = [@m 4., pH] (24)

S$1
———— Sim

: "
/ e
6 A SIEING - EKF

/ w"”\-»m,\,\ — % UKF J

[mmoliLl]

t[d]

[ol]

0 5‘ 1‘0 15
tid
Figure 6. The results of the EKF, UKF state estimators a
augmented state vector with 8 elements and three
measurement.
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All state become observable. The results are shown in
Figure 6 for the EKF and the UKF.

Regarding the results in Section 4.3 and 4.4, we can
estimate parameters if the number of measurements is
larger than the number of the estimated parameters.

4.5 Two measurements and two estimated
parameter

It is supposed the augmented state vector and the
measurement vector are according to equation (22) and
(23), respectively. There is one non-observable state
based on the rank test of the observability matrix.

The results of the simulation are shown in Figure 7.
Regarding to the results, two measurements are required
at least to estimate two parameters.
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b 1004
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Figure 7. The results of the EKF, UKF state estimators for
an augmented state vector with 8 elements and two
measurement.

4.6 Two measurements and three estimated
parameter

Until now, the environmental parameters are estimated,
namely inflow concentrations Syj, and Sy, . It is
assumed that third estimated parameter is selected
among of model parameters. One of the most important
model parameters which has a direct effect on the
methane production is k4. The augmented state vector is

x=[X1, X2,Z,51,52,C, S1in Szin » ke (25)

The initial values of k¢ for the simulated model and state
estimators are 435 and 300 mmol/L. the measurement
vector is assumed as (23). All states are observable. The
results are shown in Figure 8. Since the number of
measurements is less than the number of estimated
parameters, it is not possible to estimate the parameters.
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Figure 8. The results of the EKF , UKF state estimators for
an augmented state vector with 9 elements and two
measurement.

4.7 Three measurement and three estimated
parameter

The augmented state vector and the measurement vector
are according to equation (25) and (24), respectively.

X1

tid]
s1

40

[mmol/L]
5

[mmol/L]
[mmol/L]

Figure 9. The results of the EKF, UKF state estimators for
an augmented state vector with 9 elements and three
measurements.
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All state are observable based on the rank test on
observability matrix.

The results shows in Figure 9 and presents that three
parameters can estimate with three measurements.

5 Discussions

The results shows that all four methods can estimate all
states of AM2 model for a biogas reactor.

In this case, the MHE is the best state estimation
method to estimate the all six states, but computational
times is excessive comparing with other methods.
However, the MHE is not suitable for estimating the
parameters, we assume this is because the optimization
problem is not well conditioned. We have calculated the
Hessian of the objective function during the estimation.
The Hessian is positive definite, but with a large ratio of
its eigenvalues, and hence the MHE has found a
minimum. However, this may well be a local minimum.

Both the EKF and the UKF give a good estimation
with lower implementation effort. Both methods are
good for state and parameter estimation. For the EKF,
there is an extra computation demand related to
calculation of the Jacobians needed for calculation of the
Kalman gain. While the UKF straightforward approach
and Jacobian free algorithm.

In this study, PF can estimated both states and
parameters, but the accuracy is lower comparing to EKF
and UKF.

In EKF and UKF, the maximum number of parameter
can be estimated is related to the number of the
measurements. The maximum number of parameters
can be estimated equals the number of the measurement.
See Table 5.

Table 5. Assessment of the state estimation based on the
number of measurements and estimated parameters

Meast# 1 (1 |1 ]2 {2 |3 ]2 |3
Orig. states# |6 |6 |6 |6 |6 |6 |6 |6
Aug. states# |0 |1 |2 |1 (2 |1 |3 |3
Non-ob. state#t |2 |2 |3 |1 (1 [0 |0 |O
Assessment | P |P |F |P |P |P |F | P

*p= Pass, F=Fuail

6 Conclusions

In this study, the four model-based state estimation
methods regarding the AM2 model are investigated.
These methods are EKF, UKF, PF and MHE which are
evaluated in the simulation case study.

Further parameter estimations are verified regarding
to different number of measurement and different
number of parameter to estimate.
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7 Future work

Plans for future work are: Observability analysis for
nonlinear models; Analysis of robustness of the
estimators; Application to real AD reactor data.
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Nomenclature

C total inorganic carbon concentration (mmol/L)

D dilution rate (d")

ki yield for substrate degradation

ka, ks  VFA yields (mmol/L)

ks, ks CO2 yields (mmol/L)

ke yield for CH4 production (mmol/L)

Ks Affinity constant (mol/L)

Ku Henry’s constant (mmol/L per atm)

kra liquid-gas transfer constant (d-")

K, inhibition constant (mmol/L)

K, half-saturation constant (g/L)

K, half-saturation constant (mmol/L)

Pr total pressure (atm)

dc, gm CO; and CHy flow rates (mmol/L per d)

Si organic substrate concentration (g/L)

S> volatile fatty acids concentration (mmol/L)
Xi, X» concentration of acidogens and methanogs (g/L)
A% effective volume of medium in the reactor (L)
Z total alkalinity (mmol/L)

o fraction of bacteria in the liquid phase

Wmax maximum specific growth rate (d!)
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Abstract

This study conceives a FVM-based model for ioniza-
tion processes coupling the incompressible Navier-Stokes
equations to Maxwell’s equations adjusted for electrostat-
ics. Modeling instructions for the opensource tool Open-
FOAM™ are presented within the scope of defining a cus-
tomized solver which calculates the distortion of electrical
current by an external fluid flow.

By means of a simplified test-case the neglegibile im-
pact of external convection on the distribution of space

NOMENCLATURE

charge for many engineering applications is confirmed b ion mobility m2v-lg-!
while pointing out the limitations of negligible convec- Eo Corona onset field strength Vm-!
tion. The study shows that peak velocities beyond 100 £ dimensionless electric field )
ms~! within the flow field might have an impact on the £ fatigue factor i
Sﬁ;r;r;tdgiférglt;liggip:?;ﬁs'requmng careful evaluation of g gravit.ati onal accel erat.i on m sizl

: ) . . 1 electric current per unit length Am
The approach described in the modeling guide proves to i dimensionless electric current -
be numerically stable. The results for the electric field ; current densit Am-2
distribution have been analytically verified. Jm relative oas deynsit i
Keywords: Corona Discharge, Fluid Flow, Electrodynam- , y radius g Y m
ics, Space Charge Density, Convection ri charging electrode radius m

. rp  ground electrode radius m
1 Introduction » pressure Pa
Corona discharge describes the effect where a non- po  standard pressure Pa
conducting gaseous carrier such as air is ionized in prox- Ty  standard temperature K |
imity of an electrode with strong electrical field. On u  fluid velocity field ms
molecular level the air molecule receives electrons from uy  radial fluid velocity ms~!
the electrode (negative polarity) or loses electrons to Y volumetric flow per unit length  m*s~!
the electrode (positive polarity). In either case the ion- V' dimensionless volumetric flow -
ized molecule is accelerated away from the electrode to- 8  boundary cell layer height m
wards the grounded electrode. The sum of all ionized €  vacuum permittivity Fm~!
molecules traveling approximately on electric field lines g relative permittivity }
are described as a continuum and as such it is subject to v kinematic viscosity m2s—!
macroscopic transport phenomena. Ionization processes ¢ electric potential KV
are widely used i.e. to reduce the environmental impact P space charge density Cm=3

of combustion-based pollution. To assist the design of
such applications numerical models prove to be a cost-
effective and powerful tool. Among numerous considera-
tions for the numerical modeling of Corona discharge and
ionization processes as such, the assumption of negligible
external convection is prevalent. This study tackles the
widespread convention of excluding convection by means
of a geometrically simplified test-case run by a customized
solver which includes fluid dynamics and electrostatics in
a coupled way.
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2 Physical Model

The physical nature of electrical charge in a gaseous en-
vironment is best explained by electrostatic precipitation -
a widely used application area for the control of airborne
particle emissions. In practice, a high-voltage electrode
(typically 10-50 kV) is immersed in exhaust gases from
i.e. cement plants. By ionizing the surrounding air, soot
particles are being electrically charged and accelerated out
of the main exhaust gas flow. Thus, cleaning the gas from
toxic components. Figure 1 illustrates the multiphysical
coupling of such systems.
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Figure 1. Multiphysics coupling of electrostatic precipiators
(Rubinetti et al., 2017)

In this study the interdependence of flow field and elec-
tric field is studied. The production and acceleration of air
molecules leads to a strong influence of the electric field
onto the flow field via Corona wind. Hereby, an initially
stagnating fluid (# = 0 m/s) undergoes an acceleration it-
self. The reverse effect, when the flow field distorts the
propagation of ions, is often neglected due to its assumed
weak influence (Rubinetti et al., 2015). As a characteris-
tic scale on molecular level it can be stated that ions move
with a velocity of ~1000 ms~! on electric field lines while
the surrounding fluid in most applications has a signifi-
cantly lower characteristic velocity.

Th