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Abstract - The Computational Fluid Dynamic (CFD) code
GASFLOW was used to simulate Loss of Vacuum scenarios for
studying the safety performance of high-pressure hydrogen
vessels for vehicular storage applications. For these simulations,
the real gas equations of state (EoS) for hydrogen based on the
Leachman’s NIST reference model and a modified van der
Waals model were used. The GASFLOW simulations show good
agreement with previous simulation results and with data.

Keywords — Computational Fluid Dynamic Code, Real Gas
Equations of State for Hydrogen, High-pressure Hydrogen
Vessel Loss of Vacuum, Hydrogen Energy.

|. INTRODUCTION

Hydrogen represents one of the most favorable gases as a
future alternative energy source. However, in the automotive
field, several challenges must be overcome before the
introduction of hydrogen fuel cell vehicles on a large scale can
become possible. One key hurdle is the development of
efficient and safe hydrogen storage technologies and, in
particular, the realization of high-pressure hydrogen vessels
for long term viability.

The Computational Fluid Dynamic (CFD) code
GASFLOW [1, 2, 3] was used to simulate Loss of Vacuum
scenarios for studying the safety performance of high-pressure
hydrogen vessels for vehicular storage applications. The
simulations presented in this paper were carried out in the
frame of the “CryoSys” project [4], whose partners were the
Bayerische Motoren Werke (BMW) Group, the Karlsruhe
Institute of Technology (KIT), AIRBUS Operations and ET
Energie Technologie. The main aim of this project was the
development of Cryo-compressed Hydrogen (CcH2) vessels
for automotive applications (CryoSys vessels) and, in
particular, the realization of Al-liner carbon-fiber/epoxy tanks
of Type 111 [5]. GASFLOW has been extended to include real
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gas equations of state (EoS) for hydrogen [6,7]. These EoS
options include Leachman’s NIST reference model [8, 9] and
a modified van der Waals model [6,7].

Three simulations are presented in this paper as Loss of
Vacuum representative:

1. For a reference case, the outer steel shell of the vessel is
removed and the Carbon-Fiber-Epoxy (CFE) surface is
directly exposed to ambient air;

2. The outer shell is intact, but there is outside loss of
vacuum with the ambient air leaking into the annulus; and

3. The outer shell is intact, but there is inside loss of vacuum
with hydrogen leaking from the tank into the annulus.

An exact solution for constant volume heating can be found
for various initial conditions. Another exact solution for an
ideal discharge, the isentropic solutions, can be found for the
cryogenic tank blowdown into the vacuum volume. The time
required to achieve the equilibrium state is simulated and
presented.

All heating solutions require a temperature-dependent
natural convective heat transfer coefficient model to account
for the outer surface, either CFE or outer Aluminum shell,
boundary condition; this accounts for the cryogenic tank
cylindrical geometry interacting with ambient air conditions at
1 atmosphere and 300 K. This model has been implemented
into GASFLOW and is describe in detail in this paper.

The GASFLOW simulations show good agreement with
previous simulation results and with data.

1. AN EXACT SOLUTION HEATING MODEL

The idea behind the exact heating solution is that in a loss of
vacuum situation, the insulation of the tank is no longer
functioning because ambient air leaks in the vacuum space. In

T >
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time, no matter what the heat transfer, the tank will warm to
the ambient temperature (300 K) and the pressure in the tank
will be as the exact heating model solution shows.Leachman’s

NIST hydrogen equation of state [8, 9] can be used to
compute an exact solution for constant volume heating.We
present the solution in the following manner:

1. Select an initial temperature; for example, 40 K.

2. Select a range of initial pressures; for example, 2.5 MPa
to 25 MPa in increments of 2.5 MPa.

3. Compute the hydrogen densities for the selected initial
temperature and each pressure value by inverting the NIST
pressure equation

p=p(p.T). (1

4. Select a final temperature; for example, 300 K, or selecta
final pressure; for example 40.2 MPa (when the mechanical
safety vent opens [10]).

5. Compute the final pressure using the selected final
temperature or compute the final temperature using the
selected final pressure and the hydrogen densities found in
step 3.

We have plotted this exact heating solution in Figures 1 and
2.

Hydrogen pressure increase for constant volume heating
from various initial temperatures to 300 K
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Figure 1. An exact pressure solution for hydrogen constant volume
heating from a given initial temperature and pressure to the final
temperature at 300 K.

An example can be demonstrated by selecting an initial
pressure 30 MPa and temperature 65 K, and then reading from
Figure 1, we see the final pressure is roughly 170 MPa
(actually 169.46 MPa).

Perhaps a more relevant representation of this exact heating
solution is to select the final pressure based on the opening of
the mechanical safety vent at 40.2 MPa + 3% [10]. Figure 2
gives this result.

30 Journal of Energy Challenges and Mechanics

Hydrogen temperature increase for constant volume heating
from various initial temperatures to 40.2 MPa
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Figure 2. An exact temperature solution for hydrogen constant
volume heating from a given initial temperature and pressure to the
final pressure at 40.2 MPa.

The same example as before (initial conditions: 30 MPa
and 65 K) shows that heating the CryoSys Tank from 65 K to
80 K increases the pressure to 40.2 MPa where the mechanical
safety vent opens to protect the integrity of the tanks.

111. GASFLOW CRYOSYS TANK GEOMETRIC
MODEL, INITIAL CONDITIONS, AND BOUNDARY
CONDITIONS

The GASFLOW geometric model is a right-circular
cylinder. The inner diameter is 279 mm and the length is
1872.87 mm vyielding a free volume of 114.5 liters. The
interior structures have been removed for simplicity. The
mesh consists of 3 radial cells, 13 azimuthal cells, and 52 axial
cells for a total of 2,028 cells. As a mesh convergence test, we
doubled the number of cells in each coordinate (6 radial, 26
azimuthal, 104 axial: totally 16,224 cells without significant
differences between the coarse and medium mesh
representation.

For all reported simulations, the initial conditions inside the
tank are: pressure 30 MPa, temperature 65 K, and density
66.253 kg/m3.

The boundary conditions are as follows:

1. For the case where the outer steel shell is removed, the
tank wall is a composite structure with 4.0 mm aluminum and
9.5 mm carbon-fiber epoxy.

2. For the case where the outer aluminum shell is intact but
the annulus is filled with air to a volume equaling 40 liters
(outside loss of vacuum) in less than 1 minute [10], the gap
width is 15mm with a 4 mm outer aluminum shell.

3. For the case where the Aluminum shell is intact but the
annulus is filled from the inside with hydrogen to a volume
equaling 40 liters (inside loss of vacuum) through an orifice
with a diameter of 0.18 mm [10].

©2015 North Sea
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In all cases, the outermost structural surface (CFE or
Aluminum) is coupled to the ambient (0.101325 MPa and 300
K) with the natural convective heat transfer coefficient
described below.

The first two cases, the reference bare CFE tank and the
outside loss of vacuum, are straight forward simulations, while
the inside loss of vacuum case is extremely complex. In the
next section, we will focus our attention to the inside loss of
vacuum scenario, and then return to the reference bare CFE
tank and outside loss of vacuum in section V.

IV. INSIDE Loss OF VACUUM

A. The Isentropic Scenario

As mentioned above, the CryoSys Tank, 114.5 liter volume,
is initially at 30 MPa, 65 K, and 66.253 kg/m?, which gives an
initial mass equaling 7.586 kg. Should one open an exit hole
(assumed to be an orifice with a 0.18 mm diameter [10]), an
isentropic expansion into the vacuum gap, 40 liter volume,
would result in pressure equilibrium with average density
equaling 49.1 kg/m®. Since the process is isentropic, one can
readily find the exact final thermodynamic state for both tank
and vacuum gap as 43.049 K and 5.6754 MPa. Table 1
provides a quick summary of the initial and final states.

Table 1. Summary of the Exact Isentropic Inside Loss of Vacuum

Solution.
CryoSys Vacuum Total Volume
Tank Volume 0.1545 m?
0.1145 m? 0.040 m?
P =30 MPa P =0 MPa P =5.6754 MPa
T=65K T=0K T=43.049 K
p =66.253 p =0 kg/m® p = 49.10 kg/m?®
kg/m?®

Figure 3 provides a simple schematic of the physical
processes, namely the discharge or blowdown of the CryoSys
Tank into the vacuum volume, while the T-S diagram in
Figure 4 shows the stated processes: initial condition in the
CryoSys Tank labeled “A”. initial condition in the vacuum
volume labeled “E”, and the final or equilibrium condition
labeled “B”.

The CryoSys Tank discharge and the vacuum volume filling
are as follows:

A —> B is the discharge path taken in the CryoSys Tank.

31 Journal of Energy Challenges and Mechanics

E —> D shows that initially the discharge expansion into the
vacuum volume results in temperatures and pressures less than
the triple point, which would produce solid hydrogen.

D —> C shows that as the vacuum volume filling continues a
two-phase mixture of liquid and vapor occupies this volume.
Figure 5 shows the quality and pressure as a function of
temperature during this process. Note that near “D” a
three-phase mixture can occur.

C —> B is the vacuum volume vapor condition as the final
equilibrium state is approached.

Volume = 114.5 Liters

(30 MPa, 65 K, 66.253 kg/m®)  |v/olume = 40 Liters
(Vacuum)
Leakage a
(0.18 mm)
(5.7 MPa, 43 K,
49 kg/m?®)

(5.7 MPa, 43 K, 49 kg/m®)

1.19/s

50-100 Minutes

Figure 3. Schematic diagram illustrating the Inside Loss of
Vacuum scenario.

Isentropic CryoSys Tank Blowdown into Vacuum Volume
70 1 1 1 1 1 1

m— Saturation

60 4| — Triple Point Line
=30 MPa Isobar
5.7 MPa Isobar
Unchoked Isobar
Tank State

Gap State (solid)
Gap State (two-phase)
Gap State (vapor)

50 4

40

30

Temperature [K]

20 A
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10 4 (13.957 K, 7.3578 kPa) D |

-4 2 0 2 4 6 8 10
Entropy [kJ/(kg*K)]

Figure 4. T-S diagram showing the Inside Loss of Vacuum
thermodynamic paths.
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Quality, Pressure and Vapor Volume Fraction
in the Vacuum Volume during the two-phase process
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Figure 5. Quality, Pressure and Vapor VVolume Fraction in the
Vacuum Volume during the two-phase process (D —> C in Figure 4).

As the CryoSys Tank discharges, the flow is at first choked
and then unchokes as will be seen later in this analysis. For
references purposes, the unchoked isobar condition is
presented in Figure 6. This means a choked discharge exists
until the choked pressure decreases to the pressure in the
vacuum volume, the unchoked isobar (1.77 MPa at 34.758 K),
at which time the discharge becomes unchoked. It is clear that
the discharge remains single phase at the discharge orifice and
after unchoking the conditions in both volumes are
single-phase.

We know the involved thermodynamic states, so what
remains to find is the time to achieve these states. This
requires determining the solution for the following system of
equations for the conservation of mass and energy:

d .

a(pTVT ) = _Cd m, (2)
d V2
—(pr)z—Cm(h+—j 3)
de T d'th 2 t

d .

E(pvvvvv ) =C,m, 4)
d V?

—(va| V, ):Cm(h+—j . 5
dt NAYAAAY) d'"t 2 )

During the discharge initial phase when the flow is choked,
one can determine the choked or critical mass flow rate, m, ,

by solving the coupled equations [11]

32 Journal of Energy Challenges and Mechanics
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S(TT,pT)=S(Tt,pt)
2[h(T 20 )-h(T2)]=W(T.0)’.

for the choked temperature, Ti, and density, o, and knowing
the tank temperature, Tr, and density, pr, gives the choked
mass flow rate as

m = p-A-w(T,, o). ®)

When the choke pressure, p(Ty, ), is less than the vacuum
volume pressure, p(Tw,pow), the flow unchokes and the
discharge velocity is found from

W(T. ) =2[n(Tr 1) N (T 2w )] 9)
where the unchoked mass flow rate is
m, =pn - A-W(T,p,). (10)

For the following solution of Equations (2-10), the
discharge coefficient, Cd, is unity. In Figure 6 the
time-dependent pressure is given for the CryoSys Tank,
Vacuum Volume, and choked (unchoked) orifice pressure.
Note that the flow becomes unchoked when the orifice
pressure is less that the Vacuum Volume pressure. This occurs
at approximately 2100 s.

Isentropic CryoSys Tank Inside Loss of Vacuum
30 | | | | | |

= Tank Choked

254 === Tank Unchoked r
Vacuum Choked

== \/acuum Unchoked

204 === Unchoke Pressure

Pressure [MPa]

T T T T
1500 2000 2500 3000

Time [s]

T T
0 500 1000

Figure 6. Time-dependent pressures for the isentropic Inside Loss of
Vacuum solution of Equations (2-10).
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In Figures 7-9, the densities, temperatures, and discharge
mass flux are presented, respectively, for the isentropic Inside

Loss of Vacuum solution of Equations (2-10).

70

Isentropic CryoSys Tank Inside Loss of Vacuum

60

50

404

304

Density [kg/nf]

204

104

Observe that the final state is reached in about 3200 s with
final state values identical to those given in Table 1. One can
see from Figure 8 the timings for each of the vacuum volume
processes given in Figure 4. We summarize these timings in
Table 2.

TABLE 2. TABULATION OF THE VACUUM VOLUME PROCESSES

SHOWN IN THE T-S DIAGRAM (FIGURE 4) AND OBSERVED IN FIGURE 8.

= Tank Choked

== Tank Unchoked
Vacuum Choked

m—\/acuum Unchoked

Vacuum Volume processes Observed time from

0

Figure 7. Time-dependent densities for the isentropic Inside Loss

T T T
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T T T
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Time [s]

of Vacuum solution of Equations (2-10).

65

Isentropic CryoSys Tank Inside Loss of Vacuum

shown in Figure 4 Figure 8
(seconds)
E —> D: Solid-phase 200
D —> C: Two-phase 1675
C —> B: Single-phase 1325
TOTAL 3200

60
55
50 -
45
40
35

Temperature [K]

30
25
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10

== Temp1Choked

= TemplUnchoked
partTemp2Choked

= Temp2Unchoked

0

Figure 8. Time-dependent temperatures for the isentropic Inside

T T T
500 1000 1500

T T T
2000 2500 3000

Time [s]

Loss of Vacuum solution of Equations (2-10).
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Isentropic CryoSys Tank Inside Loss of Vacuum
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35000 -

30000 -

25000 -
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15000
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10000

5000

= Choked Mass Flux
=== Unchoked Mass Flux

0

Figure 9. Time-dependent mass flux for the isentropic Inside Loss

T T T
500 1000 1500

Time [s]

T T T
2000 2500 3000

of Vacuum solution of Equations (2-10).
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B. The External Heat Transfer Scenario

In actuality, as the blowdown from the CryoSys Tank into
the vacuum volume occurs, there is heat transferred to the
outer Aluminum shell by natural convection from the ambient
conditions (1 atmosphere at 300 K).

Hydrogen thermal conductivity will play a major role
during the CryoSys heating. Using the serial mixing rule for
multiphase mixtures, we construct a typical hydrogen
temperature-dependent thermal conductivity in Figure 10 by

using the discharge results presented above.

Hydrogen Thermal Conductivity during Inside Loss of Vacuum
180 L L L L L L L L L L L L L

160 = Solid phase

140 ] — Li_quid»vapor phase [
= Single phase

120 4 r

100 o r

80 .

60 r

40 -

Thermal Conductivity [mW/(m*K)]

204 -

0 T T T T T T T T T T T T T
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Temperature [K]

Figure 10. A typical Hydrogen temperature-dependent thermal
conductivity behavior for the multiphase processes for the isentropic
discharge scenario shown above.
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Following the work of Spang [12], the average Nusselt
Number for a horizontal cylinder is given by

D ) Nop 800 |l Ny =036 (11
9

where the Grashof Number is

Gr(T ): D3‘g‘p(Tm)2'ﬂ(Tm)‘Tsurf _Tamb| , (12)
" (T, )
the Prandtl Number is
Pr (T ) = M ] (13)

where all fluid properties are evaluated at the mean
temperature

Tm = %(Tsurf + Tamb) ' (14)

Correlation (Equation 11) is judged to be valid for
10°<Gr-Pr<4-10" zpd 0.022<Pr<7640

The air properties at 101.325 kPa are required to compute
the time-dependent heat transfer coefficient between the CFE
or steel shell surface and ambient conditions. These
time-dependent properties are taken from Kays and Crawford
[13]. Least Squares approximations have been found and are
also shown in the following three Figures (11-13).

34 Journal of Energy Challenges and Mechanics ©2015

Prandtl Number of Air at 101.325 kPa
T T T T T

= Data (Kays and Crawford)
Least Squares Approximation

0.77

0.76

0.75

0.74

0.73

Prandtl Number

0.72

Pr=0.84725 - 6.65E-4 T+ 7TE-7 T°
0.71

T T T T T T T T T
140 160 180 200 220 240 260 280 300 320
Temperature [K]

Figure 11. Air Prandtl Number as a Function of Temperature at
101.325 kPa.

Thermal Conductivity of Air at 101.325 kPa
0.028

0.026
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Thermal Conductivity [W/(m*K)]

m  Data (Kays and Crawford)
Least Squares Approximation

0.014

0.012

T T T T T T T T T
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Temperature [K]

Figure 12. Air Thermal Conductivity as a Function of
Temperature at 101.325 kPa.

(gB/V’) part of the Grashof Number of Air at 101.325 kPa
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Figure 13. Air Partial Grashof Number as a Function of
Temperature at 101.325 kPa.
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A heat flow energy balance for a cylindrical system from
the ambient conditions to the inside of the CryoSys Tank can
be constructed as
2”L(Tx 7T|n5|de) (15)
1 In(r,/r) In(r,/r,) In(r,/r,) In(r/r,) 1

+ + + + +
Ky (T)  kee(T) K (T)  ky(T)  rh

5" ‘outside

rh

1" linside

where the temperature-dependent thermal conductivities are
given in Figures 14-16 and the outside heat transfer coefficient,
houtside, IS computed from Equation (11). Table 3 summarizes the
geometry given in Equation (15).

TABLE 3. GEOMETRY DESCRIPTION GIVEN IN EQUATION (15)

Radial Distance Description
Position (m)

rl 0.1395 Inner CryoSys Tank
<=rl

r2 0.1435 rl <=inner Al shell <=
r2

r3 0.153 r2<=CFE<=1r3

r4 0.168 r3 <= Mll <=r4

r5 0.172 r4 <= outer Al shell <=
r5

Ambient >=r5

With nearly stagnation conditions in the CryoSys tank,
the inside heat transfer coefficient, hinsice , Can be
approximated by hinsice = ki2/r1, where the single phase

hydrogen thermal conductivity can be found as a function of
pressure and temperature from Figure 17.

35 Journal of Energy Challenges and Mechanics

Aluminum Thermal Conductivity
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Figure 14. Aluminum thermal conductivity as a function of
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NIST Normal Hydrogen from 1.5 MPa to 51 MPa in 1.5 MPa Increments
0.24 P S S S S T S ST S ST

0.22 4 Increasing
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0 25 50 75 100 125 150 175 200 225 250 275 300 325

Temperature (K)

Figure 17. Single phase hydrogen thermal conductivity as a
function of pressure and temperature.

As the discharge from the CryoSys Tank into the vacuum
volume destroys the multi-layered insulation effectiveness, the
thermal conductivity changes as a pure insulating material as
shown in Figure 16 to a thermal conductivity described by
Figure 10 in the multiphase states for temperatures less than 33
K. For temperatures greater than 33 K, the single phase
thermal conductivity given in Figure 17 is incorporated into
the analysis.

Since little is known about the discharge coefficient, we
have simulated the inside loss of vacuum using three values;
namely, 1.0, 0.6, and 0.3. The time-dependent internal
CryoSys Tank pressure and average temperature are shown in
Figures 18-19, respectively. Note the pressure in Figure 18
when the mechanical safety vent opens.

Inner CryoSys Tank Pressure for Inside Loss of Vacuum
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Figure 18. Inner CryoSys Tank pressure during the inside loss of
vacuum for three discharge coefficients.
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Inner CryoSys Tank Average Temperature for Inside Loss of Vacuum
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Figure 19. Inner CryoSys Tank average temperature during the
inside loss of vacuum for three discharge coefficients.

The initial temperature of the outer Aluminum shell is
nearly at the ambient temperature because of the multi-layered
insulation’s super-efficiency. During the 5 hour simulation
times presented in Figures 18-19, the outer shell is cooled by
the very low temperature occurring in the vacuum volume. In
Figure 20, we present the outer shell’s average temperature.

CryoSys Tank Outer Surface Average Temperature for Inside Loss of Vacuum
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Figure 20. Outer shell average temperature during the inside loss
of vacuum for three discharge coefficients.

V. BARE SHELL AND OUTSIDE L0OSS OF VACUUM

The time-dependent CryoSys Tank pressures and average
tank temperatures for the bare CFE shell and the inside loss of
vacuum are presented in Figs. 21 and 22. The exact constant
volume heating solution from Section Il is seen to be fulfilled
in both cases.
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Figure 21. GASFLOW Outside Loss of Vacuum simulation for the
CryoSys Tank Pressure.
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Figure 22. GASFLOW Outside Loss of Vacuum simulation for
the CryoSys Tank Average Temperature.

V1. DISCUSSION

As expected, the fastest tank heating case is the bare CFE
(steel shell removed) where the CFE surface is exposed
directly to ambient conditions. The loss of vacuum from
inside, where hydrogen fills the annulus, heats and pressurizes
faster than the loss of vacuum from outside, where air fills the
annulus.

With the thermal diffusivity for hydrogen being roughly 7
times that of air, the loss of vacuum heating time for the air
filled annulus is longest, showing that air is a far better
insulator than hydrogen.

The simulations show that the steel shell removed loss of
vacuum case heats to within 25 K of the ambient temperature
(300 K) in a little more than 5 hours where the inside loss of
vacuum (hydrogen filling the annulus) requires nearly double
that amount of time (> 10 hours). The outside loss of vacuum
(air filling the annulus) then shows about 30 hours to heat
within 25 K of the ambient.
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Abstract - In an increasing number of countries sewage sludge
must be disposed of using thermal treatment. Currently, the
necessary drying of the sewage sludge, after mechanical
dewatering, is often accomplished using thermal methods that
need large amounts of heat energy.

In this study we investigated hydrothermal carbonization (HTC)
on industrial scale as an energy efficient alternative to thermal
drying processes. An energy balance calculation and an
assessment of the environmental effects of HTC compared to
current sludge treatments were performed for a sewage
treatment plant in Emmen, Switzerland. Furthermore HTC coal
was burned in a sludge combustion plant, where fossil fuels could
be temporarily substituted by HTC coal. Compared to the
current sewage sludge drying process, it was possible to reduce
the heat demand by up to 62 % and the electricity demand by up
to 69 % by using HTC. A detailed life cycle assessment showed
little differences of HTC compared to the thermal drying process
using waste heat. However there are significant advantages of
HTC compared to the thermal drying process using fossil fuels.
HTC shows the most promise in terms of minimising
environmental impact, provided optimization measures are
applied, such as reducing phosphorus and nitrogen in the HTC
process water, recycling phosphorus, using the waste heat or
using renewable energy sources (e.g. sewage gas, wood chips or
green electricity). Significant environmental benefits can be
achieved if the HTC coal produced is used as a substitute for
fossil fuels, for example in the cement industry, lignite power
plants or sludge combustion plants.

Keywords — Hydrothermal carbonization, sewage sludge, energy
balance, life cycle assessment, combustion.
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l. INTRODUCTION

Every year, about 10 million tons of dry matter (DM) of
sewage sludge is produced in the European Union, of which
37 % is recycled in agriculture [1]. However the application of
sewage sludge to agricultural land is increasingly being
restricted due to contamination with heavy metals,
microorganisms, and a range of hazardous organic substances
which can pose a threat to the soil, vegetation, animals, and
humans. The thermal treatment of sewage sludge has emerged
as an attractive disposal solution. Thermal treatment
alternatives include mono-combustion and co-combustion in
waste incineration plants and the use of dried sewage sludge
matter as a surrogate fuel in cement kilns. Dewatering is a very
important pretreatment step for sewage sludge before
incineration. However, the established mechanical
dewatering technologies for sewage sludge yield a maximum
of 35% dry matter [2]. To further dry the sewage sludge by
thermal methods, a large amount of energy is necessary, most
of which is used to remove the moisture by evaporation [3].

The energetic benefit of mechanical expression coupled with
the hydrothermal carbonization process (HTC) as compared to
a conventional mechanical expression coupled with thermal
drying of sewage sludge has been confirmed on laboratory
scale [4]. HTC is a hydrothermal process where the solids are
converted to a char-like product called HTC coal. The
chemical reactions take place with the biomass fully
surrounded by water. Under high temperature (180 — 220 °C)

T -
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and a pressure of approximately 20 bar, water is separated
from the organic biomass by dehydration, one of the main
reactions in the entire process. After carbonization, the
mechanical dewaterability of non-stabilized and stabilized
sludge is increased significantly. During chemical dehydration
hydroxyl groups are eliminated. The calculated energy
consumption for drying non-stabilized sewage sludge was
lowered by up to 62 % by HTC [4].

However, no such evidence has been collected on an industrial
scale and it is not clear if the laboratory scale results can be
extrapolated to industrial scale plants. Moreover,
comprehensive investigations of the environmental impact
related to this process are still scarce. While several studies
assessed the environmental impact of different sewage sludge
treatment options [5-9], the authors of these studies did not
include a scenario using HTC. This study therefore compares
the environmental impacts of HTC with those of conventional
thermal treatment options. For this purpose, an energy balance
was calculated for HTC and five conventional sewage sludge
disposal options were compared to three alternatives including
HTC using a life cycle approach.

There is currently no combustion plant exclusively designed
for HTC-coal combustion. As an alternative, co-incineration
experiments were carried out at a sludge incineration plant.
The goal of these experiments was to investigate if the sewage
sludge combustion plant could be operated with HTC-coal
without harming the plant and if HTC coal could be a
substitute for fossil fuel.

Il. MATERIAL AND METHODS

Carbonization of sewage sludge

— v £ »
Fig.1, AVA-CO2 Industrial hydrothermal carbonization pilot plant in
Karlsruhe, Germany

The stabilized sewage sludge used in this study was collected
from a wastewater treatment plant near Karlsruhe (Germany)
with a dry matter content of 21 % and an original pH of 7.9.
The pH was stabilized at 6.5 by the addition of sulphuric and
acetic acid. The carbonization of the sewage sludge was
performed in a 14 m? carbonization tank run by AVA-CO?2 in
Karlsruhe (Fig. 1). The process time was close to 5 hours at a
median temperature of 210 °C and a pressure of 21 to 24 bar.
The slurry produced was cooled to 20°C and then
mechanically dewatered using a membrane filter press. A
pressure of 7.5 bar was applied and HTC coal with 55% to
70% dry matter was produced. The upper heating values of
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the sewage sludge and the HTC coal (precision 120 kJ/kg)
were analysed before the combustion experiments.

Life Cycle Assessment

The environmental impacts of the HTC of sewage sludge were
analysed using life cycle assessment (LCA), following the 1SO
14040-14044 guidelines [10, 11]. LCA modelling was
performed using SimaPro 7.3.3 software [12] and background
data from the ecoinvent Centre [13]. The goal of the LCA was
to identify the most relevant factors contributing to the life
cycle environmental impacts of the HTC process and to
compare the HTC process with other sewage sludge treatment
processes from an environmental perspective. The modelling
was based on virtual and real installations at a sewage
treatment plant (STP) in Emmen, Switzerland. The functional
unit of the LCA was defined as “the disposal of one annual
population equivalent sewage sludge from the catchment area
of the Emmen sewage treatment plant”, which is equal to a
sewage amount of 27.5kg dry matter. The alternatives
analysed for the disposal of the sewage sludge are listed in
Table 1. The non-HTC alternatives are based on [14].

TABLE 1, ALTERNATIVES ANALYSED FOR SEWAGE SLUDGE DISPOSAL

HTC 1A | HTC process, combustion in

cement industry

1B | HTC process, combustion in lignite
power plant

1C | HTC process, mono-combustion
and phosphorus recovery

Non-HTC | 2A | Digestion, on site
mono-combustion and phosphorus

recovery

2B | No digestion, on site
mono-combustion and phosphorus
recovery

2C | Digestion, sewage sludge disposal
in municipal waste incinerator

2D | Digestion, sewage sludge drying on
site and combustion in cement
industry

2E | Digestion, sewage sludge drying
and combustion in cement industry

Inventory data on the material and energy consumption in the
HTC process as well as the composition of the process water
were obtained from AVA-CO2 using a questionnaire. The
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steam required for the HTC process is produced by burning
sewage gas. For the non-HTC systems, the included processes
are inputs and emissions from the sewage sludge
pre-treatment, the digestion, the combustion of sewage gasin a
combined heating and power system, the purification of
sewage gas for feeding into the natural gas grid, the gas flare,
the sewage dewatering, the sludge drying (with waste heat),
transportation processes, as well as the disposal of the sewage
sludge through combustion in a sludge incinerator, a
municipal waste incinerator, or a cement plant.

TABLE 2, CREDITS FOR RENEWABLE PRODUCTS

Renewable products Credits in model

Heat fed into district
heat grid

Heat from natural gas

Combustion of natural
gas in cars

Sewage gas fed into
natural gas grid and
burned in cars

Application of
recovered phosphorus
for agriculture use

Application of
conventional phosphorus
fertilizer for agriculture
use

Cement from
conventional cement
plant

Cement from cement
plant using HTC coal

Electricity from
burning HTC coal in
lignite power plant

Electricity from
conventional lignite
power plant in Germany

In addition to the above mentioned processes, the HTC
alternatives include the HTC process itself and the HTC
process water treatment. HTC coal could be burned in a
mono-combustion plant, a cement plant or a lignite power
plant. For the renewable products from the different disposal
routes, environmental credits were given using an
avoided-burden approach (see Table 2).

In addition, an alternative scenario was considered in which
natural gas is used for both the conventional thermal sludge
drying and the HTC process. The selected life cycle impact
assessment (LCIA) indicators and the methods used are
presented in Table 3.
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TABLE 3, LIFE CYCLE IMPACT ASSESSMENT (LCIA) INDICATORS

Criterion Indicator Unit Source
Conservation of Cumulative energy
demand of
non-renewable MJ-eq. [15]
non-renewable energy
energy sources
source
Conservation of | Cumulative energy
non-renewable demand of materials and MJ-eq. [16]
materials minerals
Climate Global warming potential | kg CO,-eq [17]
Change e
Eutrophication Eutrophication potential kg PO4-eq. [18]
Human toxicity | Human toxicity potential | kg 1,4-DCB-eq. | [18]
. Aquatic and terrestrial
Eco- toxicity eco-toxicity potentials kg 1,4-DCB-¢q. | [18]
ng_hly . Volume of highly 3 Element
radioactive o cm
radioactive wastes ary flow
wastes

Combustion experiments

At the sewage sludge incineration plant (SVA) in Switzerland,
approximately 2.7 tons of sewage sludge (approximately
30 %DM content) is usually burnt per hour.

Fig.2, Screw conveyor for transporting sewage sludge and HTC coal
into the oven of the sewage sludge incineration plant (SVA)

Approximately 150 m® of natural gas was required per hour.
On 17" September 2013, a dose of approximately 7.5kg
HTC-coal per minute was added to the combustion process
during three different time periods (from 12:55 to 13:02 h;
from 13.15 to 14:03 h and from 15.10 to 17:02 h) (Fig. 2).

I1l. RESULTS

Life Cycle Assessment

The thermal energy balance of the hydrothermal carbonization
of sewage sludge is compared to the conventional sludge
drying process in Fig.3. The energy required by the
conventional drying process to increase with a dry matter
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(DM) content of the sewage sludge from 20 % to 92 % was
6.8 MJ heat and 0.26 kWh electricity per kilogram DM [14].
92 % DM is the target value for sewage sludge in order for it to
be burned in cement kilns.

MJ/kg DM

8 .

7 M Coal drying to
92% DM

6 -

5 B HTC-process

4 (70% DM)

3 B Thermal drying
to 92% DM

2 -

1 -

0

Conventional sludge drying HTC process

Fig.3, Comparison of the heat requirement for conventional sludge
drying and hydrothermal carbonization for the drying of sewage
sludge with a dry matter content of 21.3 % to a dry matter content of
92 %

The hydrothermal carbonization of sewage sludge produces
HTC coal with a 70 % DM and requires 2.6 MJ heat and
0.08 kWh electricity per kilogram DM. In order to achieve a
92 % DM in the HTC coal, another 0.34 litre of water per
kilogram DM must be evaporated, which requires an
additional 0.6 MJ of heat and 0.02 kWh of electricity. In total,
hydrothermal carbonization reduces the heat consumption for
sludge drying by 53 %. Since there is sufficient waste heat
from the HTC process to increase the DM content of the HTC
coal from 70% DM to 92 % DM, the heat energy requirement
to achieve a DM content equivalent to the convential process
is reduced by an additional 9 % (62 % in total). These results
confirm the laboratory results from [4], which reports a 61 %
heat energy reduction potential for HTC of sewage sludge.

Similar to the reduction of heat energy, also electric energy
can be reduced by up to 69 %, if HTC is applied instead of
conventional drying.

The greenhouse gas (GHG) emissions resulting from the
different methods of sewage sludge disposal and the GHG
credits for the replacement of fossil fuels are presented in Fig.
4. The results show that the carbonization process (in black)
makes only a small contribution to the overall global warming
potential of the different disposal routes. In those cases where
dried sewage sludge or HTC coal can be substituted for fossil
fuels in cement kilns or power plants, the environmental
credits outweigh the GHG emissions from the sewage sludge
processing and disposal.

An overview of the life cycle impact assessment results for all
impact indicators and sewage disposal routes is presented in
Table 4. In several cases, the environmental credits exceed the
environmental burdens.

41 Journal of Energy Challenges and Mechanics

Mono-
combustion

kgCO,-
eq./population eq.

15

Global Warming Potential

» ® HTC process
1 Waste
* hd incinerator
1. 23 Siipl
c
gl s m Transport
l m General expen-
- ditures, trans-
port, biogas
combustion
w Dewatering &
dryin
(3) Ying
Biogas
combustion
(10)
a m Digestion
5
s
(15)
W Wastewater
treatment
(20) m Credit: lignite
v )
(25) m Credit: clinker
with with without with | dryingat dryingat HTC  digestion

digestion digestion digestion digestion  STP cement drying* and HTC*
and HTC* kiln
Waste Mono-cembustion Cement kiln lignite
incinerator power
plant
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Fig.4, Comparison of greenhouse gas emissions of different ways of
sewage sludge disposal. Environmental burdens (red colours) are
juxtaposed with environmental credits (green colours). Alternatives
with a HTC process are marked with a “*”.

Since the heat requirements for most processes are considered
to be met by waste heat from burning dried sewage sludge, the
main contribution to the non-renewable energy indicator
comes from the share of nuclear power in the electricity used
in the sewage treatment plant. The same share of nuclear
power also determines the results for the radioactive waste
indicator.

The mineral indicator value is heavily influenced by the
precipitating agent used in the STP. High credits are awarded
when phosphorus is recovered from the sewage and used as a
substitute for conventional phosphorus fertilizer.

Eutrophication also receives high credit for phosphorus
recovery due to the reduction in phosphorus emissions from
conventional phosphorus production. For this indicator the
alternatives with HTC show higher impacts than disposal
routes without HTC because HTC process water has increased
nitrate and ammonia concentrations.

The results for the different toxicity indicators are highly
influenced by the dioxin and heavy metal emissions from the
waste incinerators and the heavy metal input to the
environment from using the recovered phosphorus in
agriculture.

As shown in Fig. 4, there are only minor differences between
the environmental impact of HTC and of conventional sludge
disposal using recycled waste heat for the thermal drying step.
However, if treatment plants use fossil fuels for thermal
drying, HTC has significant environmental benefits (Fig.5).
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TABLE 4, LCIA RESULTS (ENVIRONMENTAL IMPACT VERSUS
ENVIRONMENTAL CREDITS) PER POPULATION EQUIVALENT

observed after adding the HTC coal to the combustion process.
Such effects would have been expressed by a massive increase

= < in the oven quoin temperature to a critical value of
§ E = % _| approximately 920°C (red chart in fig. 6).
'S IS € S
= § £ £3 TABLE 5, CALORIFIC VALUES (INCLUDING DRY MATTER) OF THE
= {=2}
§ <§‘-; o 3 MATERIALS USED FOR THE COMBUSTION EXPERIMENT
i = [= f= g
o - - g -
- . 1518 | B|8 Calorific value in | Calorific value in
Q <5 [} - - 3
2| £ |3 é gg > | o § ,§ 5 MJ/kg (kWh/kg) MJ/kg DM
£ | s |g&|s S |Sc g
= = R El & 85| & |2k at 85% DM for (kWh/kg DM)
Global warming  lympact | 140 | 95| 93| 105| 74| 69| 70| 73
potential e HTC-coal and 30 %
(kg CO, eq) Credits | 57| -41| -08| -49| -21| 23| 22| -25 DM for sewage
Non-renewable |impact | 247 | 298 | 354 | 326 | 248 | 197 | 190 | 195 sludge
energy
) Credits | -116 | -83| -14| -99| -221| -261| -251| -321
Minerals (exergy) |mpect | 20| 07| 07| 07| 08| 06| 06| 06 HTC-coal 12.5(3.5) 14.7 (4.1)
(M) Credits | -00| -36| -36| -36| -25| -25| -23| -0.0
Europhication  |Impact | 142 | 40| 43| 105| 32| 33| 90| 92 Sewage 3.3(0.9) 11 (3.1)
(9PO,” eq) Credits | -07| -51| -51| 51| -30| -32| -31| -16 Sludge
Human toxicity Impact 78 2.8 3.0 32 15 0.7 1.0 1.0
(kg14-DBed) Icredits | -02| -01| -01| -01| -05| -06| -05| -02
Aquatic ecotoxicity |ImPact | 0.29 | 277 | 278 | 277 | 005| 004 | 004 | 004
(kg 1,4-DB eq) Credits - R - - - - - Additional fuel [m?/h]

- ? . '\?0 ’ ZIEO 3 lO 500 " 6?0 . 700
Terrestrial Impact | 007 | 030| 030| 030| 0.15| 014 | 013 | 006 SV e < a— ‘ :
ecotoxicity - ? i i il iR ORI AR D
(kg 1,4-DB eq) Credits - - - - - - - g R@i\]{;ldta!oxygar\ emission “{2‘“" 55 g
Highly radioactive \jmpact | 104 | 161 | 187 | 174 | 136 99| 94| 95 F
wastes
) Credits | -24| -17| -01| 20| -46| 55| -52| -40

— (r'
5 =
kgCo,- 8 b

eq./populaton eq. GIObaI warmlng POtentlal W HTC process

20 4
,,,T 15 M General expenditures,
‘g transport, biogas
g 10 combustion
- M Dewatering & drying
5 4
M Digestion
(5) B Waste water treatment
2 | (10) -
5 o B Credit: clinker
[
S
(15)
Credit: biogas
(20)
A 4
(25) - M Credit: district heat

Thermal drying at STP HTC drying with natural
with natural gas gas

Fig.5, Global warming potential of sewage sludge disposal in a
cement plant if the thermal drying and the HTC processes are fueled
by natural gas. Environmental impacts (red colors) are juxtaposed
with environmental credits (green colors).

Combustion experiments

The calorific value and the dry matter of the burned HTC-coal
were significantly higher than the sewage sludge (Table 5). No
negative effects on the sewage sludge incineration plant were
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00:9L

401 600 00 80 00 100
Temperature fluid bed [C)

Fig.6, Change in different parameters during HTC coal addition to the
sewage sludge combustion plant in Winterthur (17.10.2013); black:
fossil fuel in m3/h; red: oven quoin temperature, in °C; blue: residual
oxygen emission in VVol%; : combustion air in mé/h;
amount of sewage sludge on decanter in m¥/h; : fluid bed
temperature in °C. Approximately 7.5kg HTC-coal was added per
minute to the combustion process from 12:55 to 13:02 h; from 13.15
to 14:03 h and from 15.10 to 17:02 h.
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In this experiment the regular biogas was turned off entirely
for a total of almost 2 hours during all three periods of HTC
coal addition to the combustion process (black chart in figure
6) This is equivalent to an approximate saving of 300m?® of
biogas.

IV. CONCLUSION

Hydrothermal carbonization of sewage sludge reduced the
energy requirement compared to conventional drying of
sewage sludge by up to 62 %. These results correspond very
well to results from laboratory experiments [4]. Under the
following conditions, the hydrothermal carbonization of
sewage sludge is particularly environmentally favourable:

e Waste heat, if available, or other local renewable
energy sources, such as sewage gas, are used in the
HTC process.

e Green electricity is used for HTC process, e.g.
generated with sewage gas.

e  Further reduction of the nitrogen and phosphorus
freight in the process water.

e Phosphorous is recovered and recycled.

e HTC coal is used as a substitute for fossil fuels (e.g.
in cement kiln or power plant).

e The HTC process is implemented in situations where
the carbonization process can replace conventional
sewage sludge drying with fossil fuels.

The use of HTC coal as a substitute for fossil fuels and the
associated reduction in GHG emissions were also analysed by
[19]. They identified a large potential for mitigating
greenhouse gas emissions by substituting heating oil in
auxiliary sewage sludge incineration firings with HTC coal.
These findings support the results of the present study.

Under certain conditions, the HTC process can bring
significant  environmental advantages compared to
conventional thermal sewage sludge drying. This paper shows
that substituting fossil fuels in lignite power plants and cement
kilns with HTC coal is particularly environmentally
favourable.

Burning HTC coal in sewage sludge combustion plants is
feasible and can it can be used as a substitute for natural gas
for at least limited periods of time. In such plants, downstream
phosphorous recovery from the combustion residues is also
possible.
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Abstract - Physics-based lithium-ion cell models are a
promising alternative to equivalent-circuit models for future
battery management systems. However, they also have many
more parameter values that must be measured or inferred to
make the model match the behaviors of a real cell. This “system
identification” problem is significant, and in the past has relied
on cell teardown and complex and costly electrochemical
experiments to determine the required parameter values.

In this paper, we propose a methodology that minimizes the
need for cell teardown and any accompanying electrochemical
experimentation. Instead, the model equations are reformulated,
and specific cell-level laboratory tests are crafted such that the
current-voltage response isolates certain sets of parameter
values in the model. These tests are executed on standard cell
cycling equipment. Simple and fast optimization procedures then
compute the parameter values directly from the specialized
lab-test data.

We present results based on a virtual (simulated) cell, where
“truth” values for the electrochemical parameters are known for
comparison purposes. In most cases, the identified parameters
have relative identification error less than 1%.

Keywords - physics-based model; lithium-ion model;
measuring lithium-ion model parameters; system identification

. INTRODUCTION

Battery management systems require cell models to
estimate state of charge, state of health, available energy and
power. Presently, due to their computational simplicity and
robustness, equivalent-circuit models (ECMs) are very widely
used [1]. These models execute quickly and have relatively
few parameter values to optimize to make the model
calculations fit laboratory current-voltage cell-test data.
However, ECMs lack the predictive capability of
physics-based models (PBMs). For example, while
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equivalent-circuit models can predict a cell’s current—voltage
behaviors well, they cannot predict internal cell
electrochemical variables such as lithium concentrations or
electric potentials at different spatial locations internal to the
cell. Knowledge of these internal variables is critical to being
able to predict and control the instigators of premature aging
or unsafe operating conditions.

Physics-based models [2] present possible opportunities to
control cells to slow aging [3-4]. But, they come with a cost.
One challenge when using PBMs is their computational
complexity, but reduced-order models (ROMs) overcome this
concern [5-8]. Another challenge is that PBMs also have
many more parameter values that must be measured or
inferred to make the model equations match the behaviors of a
real lithium-ion cell. This “system identification” problem is
significant, and in the past has been done either:

1) By the cell builders, who know the materials and related
values because they chose them in their design, or

2) By cell teardown and electrochemical and physical tests
designed to measure specific parameter values. This option is
costly and requires operators having a high level of training.
Further, measured parameter values sometimes differ
significantly depending on the measurement techniques used
and it is not necessarily possible to measure all needed
parameter values, so some must be fit by optimizing model
predictions to current-voltage data collected from the cell.

More recently, Forman et al. reported work done to use cell
current-voltage data to identify these parameter values [9]. In
their work, they found that they could identify many but not all
parameters of a PBM. This paper presented an important
advance in the field—it showed that (at least many of the)
parameters can be identified from current-voltage data—but
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the method was not very practical since it took a
supercomputing cluster 3 weeks to solve the optimizations.

In this paper, we propose a new approach to PBM parameter
identification that significantly reduces the number of
electrochemical tests that must be performed. If electrode
materials are unknown, a cell teardown is still needed to find
electrode open-circuit potential (OCP) relationships.
Otherwise, no teardown is necessary and simple cell-level
laboratory tests are run to isolate groups of parameters in the
model to identify their values. Once data are collected, the
required CPU time for optimization is several minutes on a
desktop computer versus weeks on a supercomputer. This,
combined with a suitable ROM, makes PBMs accessible for
practical BMS.

We proceed by first reformulating the PBM in terms of new
dimensionless grouped parameters. The original set of
parameters is not completely observable from the current—
voltage data, but the grouped parameters are. This set of
grouped parameters is sufficient to be able to simulate all cell
electrochemical variables, so the simplified model does not
lose generality. The reformulation also removes the need to
identify 11 parameter values, which significantly simplifies
the system-identification problem. If the full original set of
parameters is needed for some reason, a cell teardown can
supply the missing dimensions relatively easily.

Next, we will describe cell tests to determine the cell static
OCP relationships. Then, we present a way to use pulse tests to
identify the majority of the PBM parameters. Finally, we show
how to use electrochemical impedance spectroscopy (EIS) to
find the remaining values.

We present results based on a virtual (simulated) cell, where
“truth” values for the electrochemical parameters are known
for comparison purposes. The virtual cell’s coupled PDE
model is simulated using COMSOL and the same set of
experiments that would be executed in a laboratory. The
current—voltage data from the simulation are used to identify
the cell’s parameter values: these identified values are
compared to the known “truth” values. In most cases, the
identified parameters have relative error less than 1%.

1. REFORMULATING THE PDE MODEL

2.1. ORIGINAL PDE MODEL

We assume a standard Doyle—Fuller—-Newman pseudo-2d
model of a lithium-ion battery cell. This model is derived in
detail in [8] and is reviewed here. It comprises four
partial-differential equations (PDEs) describing electrical
potential and concentrations of lithium in both the solid and
electrolyte, plus one algebraic equation describing lithium flux
density from solid to electrolyte. The PDEs have boundary
conditions at the cell edges and/or junctions between cell
regions. In the following, 1d spatial location x =0 is the
location of the negative-electrode current collector, x = L™ is
the negative-electrode/separator boundary, x = L"9 + L is the
separator/positive-electrode boundary, and x = L't = |0 + | 5P
+ LP* is the location of the positive-electrode current collector.
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1d radial location r = 0 is at a particle center and r = R is at the
surface of a particle.

Potential in the solid active materials at any point in the
negative and positive electrodes ¢(x,t) in V is defined by the
following PDE and associated boundary conditions:

0 7] )

aimaef‘f%(bs - (lst =0

0 0

FrAal N »ol I
0 0 Tapp
%st 2=0 ox ¢s 2= tot B AO’eﬂ"

In these equations, o is the effective electronic conductivity
of the solid matrix in S m™ and a; is the specific interfacial
surface area of the solid particles in m? m= (equivalently, in
m).

Potential in the electrolyte ¢(x,t) in V atany point in the cell
is defined by the following PDE and associated boundary
conditions:

(% (fieffaax% + KD,EH% In Ce) +asFj=0
0
f@eﬂafxqﬁe +hDei 5 Inc, - =0
0
Reﬁ%% + KDeft 7 Inc, e =0.

Here, xefr is the effective ionic conductivity of the electrolyte
in the porous media in S m?, and t$ is the unitless
transference number of the lithium ions with respect to the
solvent in the electrolyte. These equations use the shorthand

2RT(t9 — 1)
F

SO kp.eff IS NOt really a free parameter once all other parameters
are known.

KD eff = Reft,

Lithium concentration in the solid active materials cs(x,r,t)
in mol m= at any point in the negative and positive electrodes
is defined by the following PDE and associated boundary
conditions:

dc, 10 5 0cs
ot rZor (Dsr 6r>

e,
or

dc,
or

Dy and D, =0.

r=0

=
r=Rs

Here, Ds is the diffusivity of lithium in the solid in m? s,

Lithium concentration in the electrolyte ce(x,t) in mol m-3at
any point in the cell is defined by the following PDE and
associated boundary conditions:

deecs) O ) o
A\eete) “ p 7 1—
ot O e,eff o Ce + as( t+).]
dce =0 and dce =0.
ox 2=0 Ox 2= tot
©2015 North Sea



Jobman et al. (2015) Identification of Lithium-lon Physics-Based Model Parameter Values

Here, D¢ is the effective diffusivity of the lithium ion in the
electrolyte in the porous media, in m? s%, and & is the unitless
volume fraction of the electrolyte in the porous media (also
known as the porosity of the media).

Finally, lithium flux density from the solid active materials
j(x,t) in mol m2 st to the electrolyte at any point in the
negative and positive electrodes is defined by the following
algebraic equation:

j = kO(Ce)l_a(cs,max - Cs,e)l_(x(cs,e)a

oo (S ) oo (o)
p RT n p RT n
n= (;bs - (be - Uocp(cs,e) - FRﬁlm.j-

In these equations, ko is a reaction-rate constant, cse is the
concentration of lithium at the particle surface, csmax is the
concentration of lithium in the solid when all lithium sites are
occupied, Reim is the resistivity of a surface film in Q m? and
Uop is the open-circuit-potential function of the active
materials, in V.

Initial concentration of lithium in the electrolyte is denoted
by ceo. Initial concentration of lithium in the solid active
materials is determined from cell state of charge z via

Cs,0 = Cs,max (90 + 2(9100 - 90)) .

Here, & is the unitless electrode stoichiometry when the cell is
at 0% state of charge and G is the stoichiometry when the
cell is at 100% state of charge.

Table I lists the complete set of parameters that are required
if one wishes to simulate the PDE model. (The ordering of
parameters in the table is the same order with which they were
introduced in this section.) Further, one also needs to know the
open-circuit potential (OCP) functions for the two electrode
active materials. A total of 35 values must be identified, plus
the two OCP functions.

2.2. REFORMULATED PDE MODEL

A close examination of the PDE model reveals that a
number of the PBM parameters never appear in isolation but
always appear in groups. For example, et i always
multiplied by current-collector plate area A and divided by
cell-region length L in every equation in which it appears.
Therefore, we can make a lumped parameter i that combines
these three values into a single parameter. When we do this for
all such groups of parameters, neither A nor L appear by
themselves in any of the remaining equations. This means that
they, as well as several other individual parameters, are not
uniquely observable from current-voltage data. So we must
reformulate the PDE model in terms of grouped parameters
that can be observed from current-voltage data. When we do
so, we find that the resulting grouped parameters are
dimensionless.

We begin by defining a dimensionless spatial variable z
such that 0 < z < 1in the negative electrode, 1 < z < 2in the
separator, and 2 < z < 3 in the positive electrode:
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TABLE I, LIST OF PARAMETERS FOR ORIGINAL PDE MODEL

Negative | Separator | Positive
electrode electrode
neg pos
eff Oeft
ageg CLEOS
e [.5¢P ,pos
A
neg sep pos
Reff Keff Keft
D?Cg DEOS
Rgeg REOS
Ereleg 6Zep ESOS
neg SE€D pos
De eff De,eﬁ De,eﬁ
tO
+
kgeg kgo_s
neg pos
Cs,max Cs,max
"8 POs
neg pos
Rﬁlm Rﬁlm
Ce,0
e(r)leg Q(I))Ob
neg poOs
9100 9100
I/Lneg 0 S T S [ neg

r—L7e8
Lsep
o — [he8 _ [ sep
[ pos

Kl
Il

Lnes <z< Lnes 4 [sep
Lnes 4 [sep <z< Lpos.

Similarly, we define a dimensionless radial variable 7 = r/ R,
suchthat0 <7 < 1.

Next, we define “total” grouped parameters:

Ueﬁ'A K/eﬁ'A HD,ef‘fA
Otot = T7 Rtot = T, KD, tot = T )
D _ & D _ De,eﬁAce,O Re _ Reim
s,tot — R§7 e,mod — L(]. — t[jr)27 film,tot = CLSAL’
asko/Cco geALce
kstcp ) Lﬁ,mod = 77 _0\2°
Es (1 - t+)

We also define new electrochemical variables:
jtot = asALj7
ns = asALRscs/3,
Ce,ratio — Ce/ce,0~

These new parameter and electrochemical-variable definitions
allow us to reformulate the PDE model.

Electrical potential in the solid active materials at any point
in the negative and positive electrodes is now defined by the
following PDE and associated boundary conditions:

32
Utota,z ¢s — Fjrot =0
0 0
%(ﬁs - %(ﬁs ,7: =0
9] 0 _ app
&E ¢S =0 &i ¢S F=3 - Otot
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TABLE I, LIST OF PARAMETERS FOR REFORMULATED PDE MODEL

Negative | Separator | Positive
electrode electrode
Tiot o |
neg sep
’fg%tg Riot H;r,)(())t
Ds.tot ‘Ds.tot
Vneg Vsep Vpos
D%eg Dg'ep D%OS_
e,tot e,tot e,tot
il
neg pos
kstep kstep
ne, pOSs
nS,HglaX ns,max
I pneg POS
Rﬁlm tot Rﬁlm tot
eneg 9]:)05
egeg 9%05
100 100

Electrical potential in the electrolyte at any point in the cell
is now defined by the following PDE and associated boundary
conditions:

2 2
Htotﬁgbe + /{D,totﬁ In e ratio + F'jtor = 0

=0

z=0

Ktot %¢€ + KD tot G In c¢ ratio

=0.

Ktot £¢e + KD, tot G In cc ratio
=3

Normalized lithium concentration in the solid active
materials at any point in the negative and positive electrodes is
now defined by the following PDE and associated boundary

conditions:

3(;"? = 7_%% <Ds,totfzaa1is>
Ds,tot% . = —Jtot
Don o =0

Normalized lithium concentration in the electrolyte at any
point in the cell is now defined by the following PDE and
associated boundary conditions:

OCe rati 0 0 .
Le,mod ea,y;a = = %De,mod %Ce,ratio + ﬁjtot
8ce,ratio -0
ox =0
aCe,ratio =0
ox =3 '

Finally, lithium flux density from the solid active materials
to the electrolyte at any point in either electrode is now defined
by the following algebraic equation:

Jtot = 2Jo,tot Sinh SnT"

jO,tot = kstep\/ Ce,ratio\/ Ts,max — ns,e\/@
n= ¢s - ¢e - Uocp (ns,e) - FRﬁlm,totjtot-
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In this equation, we have assumed that « = 0.5, which is
common in the literature.

Initial normalized concentration of lithium in the electrolyte
is denoted by Ceraio= 1. Initial normalized concentration of
lithium in either electrode’s solid active materials is
determined from cell state of charge z via

Ns,0 = M max (80 + 2(6100 — 60)) -

Table 11 lists the complete set of parameters that is required
if one wishes to simulate the reformulated PDE model. (The
ordering of parameters in the table is the same as in Table I,
except that the reformulation removes some parameters from
the model.) We also still need to know the OCP functions for
the two electrode active materials. A total of 24 values must be
identified, plus the two OCP functions. The reformulation has
removed the requirement for finding 11 parameter values—a
greater than 25% reduction.

With this reformulated model, we are still able to simulate
the potential in the solid and electrolyte and the concentration
of lithium in the electrolyte exactly; further, we are able to
simulate the concentration of lithium in the solid as well as the
lithium flux density to within scaling factors. If we are
required to simulate these latter two quantities exactly, then
we still require a cell teardown to measure as, A, L, and Rs.
These geometric properties are relatively easy to measure
using SEM imaging. However, we often don’t need the exact
values of these variables: knowing them to within a scaling
factor is sufficient when computing power limits based on
lithium depletion, for example.

I11. OPEN-CIRCUIT VOLTAGE TESTS

We identify the model parameter values and functions using
specialized laboratory tests that isolate groups of parameters.
Equilibrium (thermodynamic) properties are found using
pseudo-static  open-circuit voltage tests; instantaneous
(resistive) properties are found using pulse tests; and
intermediate-frequency  properties are  found  using
electrochemical impedance spectroscopy (EIS) tests. These
tests, and the parameters that are identified by them, are
discussed in the following sections.

3.1. WHEN THE ELECTRODE CHEMISTRIES ARE KNOWN

The open-circuit potential relationships Uecp(ns) for both
electrodes are needed in order to compute the overpotential 7
in the model equations. Further, we require Nsmax, 6o, and Higo
for both electrode materials to initialize a simulation.

If the electrode chemistries are known, then some of these
parameter values are available from the literature. The OCP
functions Uep(#) will be known, and we can compute 6 =
Ns/Nsmax I We are able to determine nsmax. Therefore, we need
only find nsmax, G0 and G100 for both electrodes.

To do so, we first charge the battery cell to 100% SOC to
initialize the OCV test. The test begins by very slowly
discharging the cell down to 0% SOC. (The desire is for the
cell to be in a pseudo-equilibrium condition at all times;
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Full-cell OCV relationship

Positive-electrode coin-cell OCP
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Fig.1, Example showing relationship between electrode coin-cell OCP functions and cell OCV function.

however, that would require infinitely long test duration. A
good compromise is a discharge rate of about C/30.) Then, the
cell is very slowly recharged to 100% SOC. Voltage and net
ampere-hours discharged at every point in the test are
recorded. Cell open-circuit voltage can be approximated as the
average of the charge and discharge voltages at every SOC
during the test.

When the cell is at 100% SOC, then both electrodes will
have stoichiometry equal to their respective 1o Vvalues.
Similarly, when the cell is at 0% SOC, then both electrodes
will be at their respective 9y values. At every point in the test,
the OCV is equal to the OCP of the positive electrode minus
the OCP of the negative electrode at the present electrode 6
values. To find 6 and 6100 for both electrodes, we perform a
nonlinear optimization that matches the cell OCV curve with
the difference between electrode OCP curves. The
optimization is initialized with guesses for 8, and 100 for both
electrodes; then, these four values are adjusted to better match
the OCV to the OCP curves. In MATLAB®, the 1sgqnonlin
function from its Optimization Toolbox™ can be used, for
example. This optimization takes on the order of a few
seconds to complete.

Cell total capacity (in mol) is equal to
Q = ns,max‘eloo - 90|

So, once we have optimized the 8 values, we can use the
maximum discharged capacity Q from the OCV test and the
values to determine the values of nsmax for each electrode.

3.2. WHEN THE ELECTRODE CHEMISTRIES ARE UNKNOWN

Different steps are required if the electrode chemistries are
unknown. We are not aware of any way to avoid a minimal
cell teardown in this case.

To find the needed functions and parameters, the cell is
opened and coin cells are made of negative-electrode active
materials versus lithium metal and positive-electrode active
materials versus lithium metal. The same discharge/charge test
as was outlined in Sect. 3.1 is performed on these coin cells (in
addition to the full cell). However, for the coin cells, we don’t
know a priori the voltage limits for the electrodes that
correspond to 100% and 0% cell SOC. Therefore, we assume
some voltage limits and charge above the assumed maximum
voltage and discharge below the assumed minimum voltage to
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ensure that the OCP curves that we identify contain the range
of stoichiometries that will be needed by the model.

Averaging the discharge and charge voltages for the coin
cells at every net ampere-hour point in the test gives us OCP
relationships as functions of excess lithiation beyond the
(unknown) initial lithiation 77.;, Of the coin cell, measured in
ampere-hours. (When the coin cells are initially charged to the
starting voltage for the OCP test, there is a nonzero unknown
amount of lithium present, which must be identified to create
an accurate model.) The OCP relationships are not yet
functions of stoichiometry 6. Additional steps will be required
to convert the OCP relationships to functions of 6.

We convert net ampere-hours discharged in an OCP test to
moles discharged, denoted as ficoin by multiplying by 3600/F.
By optimizing the fit between the cell OCV and the electrode
OCP curves, we can find operating points ficino corresponding
to Gy and fcein100 COrresponding to Gigo. This is illustrated in
Fig. 1, which shows OCP curves for example negative- and
positive-electrode materials versus lithium metal, and the
OCYV curve for the overall cell. It also Shows ficeino and ficoin 100
values that optimize the fit between the OCV and OCP curves.

We have not yet found the initial lithiation of the coin cell,
leoin NOTr the maximum theoretic capacity of the coin cell,
Neoinmax. It turns out that we will not need to do so. However,
by the end of the pulse test, we will be able to calculate these
values from those that have been found, if it is of interest to do
s0.

In summary, by this point we have determined the general
shape of the OCP curves. If the electrode chemistries are
known, then we have also found nsmax, o and 1o for both
electrodes. If electrode chemistries are unknown, then we have
instead found ficoino and fcoin100 fOr both electrodes and still
need to find 7coin and Neoinmax t0 convert ficoino Values into 6
values. These remaining values will be found by pulse testing.

IV. PULSE TESTS

The OCV tests isolated the pseudo-static thermodynamic
properties of the cell. In contrast, the pulse tests are designed
to isolate the instantaneous response of the cell to a pulse of
input current. This corresponds to an ohmic resistance term.

In the model, lithium concentrations do not react instantly,
so parameters corresponding to the solid and electrolyte
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concentration equations are not identified by this test.
Parameters corresponding to the lithium flux density and the
two electric-potential equations are found instead.

Cell resistance is a function of cell SOC as well as the
magnitude of the input current (resistance is nonlinear). These
two facts allow us to collect sufficiently rich data to identify
the majority of the model parameter values using a simple
pulse test.

The test is simple. We first fully charge the cell. Then, the
cell is allowed to rest until it reaches equilibrium. Next, a
discharge pulse is applied, and the instantaneous change in
voltage is recorded. This process is repeated at multiple cell
SOC values and with multiple pulse magnitudes. Charge
pulses can also be applied, and the instantaneous voltage
change recorded. Resistance is then computed as the
magnitude of the voltage change divided by the magnitude of
the current pulse, and is tabulated versus SOC and rate.

To use these data to find model parameter values, we first
formulate cell resistance as closed-form equations in terms of
the unknown parameter values. Then we use nonlinear
optimization to adjust the unknown values until the predicted
resistances match the measured resistances as closely as
possible. By the end of this step, we will have identified 15 of
the 24 model parameter values, plus the two OCP functions.

4.1. CELL RESISTANCE

We are greatly aided by the reduced-order-model (ROM)
equations of Lee et al. when determining cell resistance [6,8].
In Lee’s ROM, the cell dynamics were approximated, but the
instantaneous response was computed exactly in closed form.
Since concentrations (and hence open-circuit potential terms)
don’t change instantaneously, we can write the immediate
change in voltage in response to a pulse input as

lim () = FIRE, 305 (3,) = it e (0,)
t—0+
+ 63,0+ [7*(3,0) = 050, )],

The lithium-flux-density and electrolyte-potential terms are
linear, so their limit can be written in terms of Laplace-domain
transfer functions as

lim v, (t) = lim F[RE”
are,et lin(2) soios [ film, tot

+ [&6(37 S)h

We will see how to evaluate this expression in Sect. 4.2. The
nonlinear terms can be computed by taking the limit of

) 2RT . jtot(x,t)>
I,t) = —— asinh [ =————=
@0 ="F <2ao,mt

JtF:)(és (37 S) - Rgleli,tot ‘]trzig(ov 5)}

where we will evaluate the instantaneous change in ji: using
transfer functions, and where we compute jo ot as

= kstep\/ Ce ratioy/ Ms,max — Tlsy/Ms-

For the pulse tests, Ceraioc = 1 since the pulse is applied when
the cell is in equilibrium. The parameter Ksp is an unknown to
be found by the pulse-test data. If the electrode chemistries are
known, then nsmax Was already found as part of the OCV test;

jO,tot

50 Journal of Energy Challenges and Mechanics

otherwise, it will be optimized as part of the pulse test. In
either case, the pulse test will optimize nso for both electrodes
such that we can compute ns from cell SOC z and capacity Q as

neg __ neg

ng® =ngy + 2Q
pos _ , POS

ng” =ngo — 2Q.

If the electrode chemistries are not known a priori, then the
pulse tests will optimize values for both nsmax and ns for both
electrodes, where the conversion between full-cell normalized
electrode concentrations and coin-cell normalized electrode
concentrations is done via:

~neg ~neg

Neoin — Meoin,0
n?eg = n[sl’S()g + Q ~Tieg ~Teg

Meoin, 100 ~ Meoin,0
~pos ~POs

pos __ , Pos Neoin ~ Meoin,0
ng = ns70 - Q ~Ppos — ~pos
coin,100 coin,0

This relationship also allows us to solve for 7., from ns to
look up an OCP value from the coin-cell experiments. It was
derived using:

~neg __ ~neg ~neg __ ~neg

Neoin = n’coin,O + Z(ncoin,lOO ncoin,O)

~pos __ ~pos ~ pos _ ~pos
coin — "“coin,0 Z(ncoin,IOO ncoin,O)'

Once we have found nsmax and nsp, We can compute ns in
both electrodes for any cell SOC of interest, and from that we
can compute the stoichiometric operating points via 6 =
Ns/Nsmax. Therefore, we can now compute the OCP curves for
both electrodes as functions of 4.

4.2. TRANSFER FUNCTIONS FOR PULSE TESTS

In Lee et al. [6,8], a cell ROM is made by linearizing the
PDE model and creating transfer functions of the
electrochemical variables. These transfer functions shared a
common impedance ratio

1 1
I/2 (S) — Ttot Ktot

)
1
Ns,0 1— /ﬁ coth( y5) St t)

1 OUscp
Rs,&tot"'_ FDs,tot |:0n5‘6

where

R e tot = Rettot + Rfilm,tot-

In [6], the charge-transfer resistance was found to be
RT

Rt tot = my

when expressed in reformulated parameters. However, this
equation was derived under the assumption that the cell
current is small, which is not true for the pulse-testing
system-identification step. In [10], Lee derived a different
charge-transfer resistance that applies even for large pulses:

RT
F2, /58 o1+ (iapp/ (2F))?

We use this formulation of Rttt in the following.

Rct,tot =
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TABLE 111, PARAMETERS FOUND BY END OF PULSE TESTING

Negative | Separator | Positive
electrode electrode
neg pos
Otot g ot
neg sep
ek Fiai, 8}
kstcp kstcp
neg oS
ns,r%ax ng,max
|~ pneg DOS
Rﬁlm tot Rﬁlm‘tot
egeg 9805
neg pos
0100 9100

By the initial-value theorem, we will need to find the limit
of several transfer functions as s approaches infinity. In the
limit, the impedance ratio (square root) becomes

1 1 1

Rs,e,tot

Voo =

Ktot Otot

This will be substituted into the following transfer functions.

The transfer function for lithium flux density in the negative
electrode can be written in terms of the reformulated
parameters as:

Jiot (2, 8) — (s
Lapp(s) (=)

where z = Z in the negative electrode. In the positive electrode,
the transfer function is multiplied by —1 and we substitute z = 3
— Z. When s approaches infinity, we have
Jiot,00(0) Voo (Ttot + Ktot COSh(Voo))

Lopp(s) F(Ktot + Otot) sinh(Vso)

at the current-collector locations.

Otot, cosh(v(8)2) + Kot cosh(v(s)(z — 1))
F (Kot + Otot) sinh(v(s))

)

The transfer function for the linear part of the electrolyte
potential at the positive-electrode current collector is

G (st (252))

Lapp(s) Kiot (Fior + ot )V %(s)

(o = sz banh (252
Kot (Fiot T Ttot JVPOS(5)
1 1 1

neg neg sep pos pos\ *
(Ktot T0t0t ) Ktot (Ktot T Otor )

In the limit as s approaches infinity, this becomes

neg neg vice
(0ot — For ) tanh ( 3

[56700(3)]1 _
Lop(5) — Rist(Riof + Ot A
(0% — wES?) tamh (5
GRS
1 1 1

In summary, pulse-test resistances can be expressed in
terms of all parameters found by the OCV tests plus the
additional parameters listed in Table Ill. Optimizing the
values in Table Il so that predicted resistances match
measured resistances at different levels of input current and
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cell SOC gives us a little over half of the model parameters.
Optimizing this set of parameters takes on the order of tens of
seconds using the MATLAB® Optimization Toolbox™.

V. EIS TESTS

The remaining model parameter values may be found via
EIS tests. To do so, we measure the frequency response of the
cell around different SOC values and optimize the remaining
model parameters so the model frequency response matches
the measured frequency response as well as possible.

The small-signal transfer function of a cell can be expressed
as [8]:

V(s s Jrot (3,8 nee  Jtot(0, 8 d.(3,s
T = PR ) - pr T SR
L 2RT(-1) [é(a) ~ @,m(o,s)}
F Iapp(s) Iapp(s)
FU@SS NPoS(3,5) {6U;‘§§ N2<(0, 5)
onge nP% Tapp(s) Onsé nioE Lapp(s)

This can be turned into a frequency response by making the
substitution s = joo. We have already seen transfer functions for
the lithium flux density and the linear part of the electrolyte
potential. To evaluate this frequency response, we further need
transfer functions for the electrolyte concentration ratio and
the solid concentration.

The transfer function for solid concentration in the negative
electrode can be found to be
Nie(z,s) |:0'tot cosh(v(s)z) + Ko cosh(v(s)(z — 1))}
Lpp(s) 3F D tot(Ktot + Otot) sinh(v(s))

) [ v(s) } |
1— \/S/Ds,tot COth(\/s/Ds»tOt)

In the positive electrode, the transfer function is simply
multiplied by —1.

The transfer functions for the electrolyte concentration ratio
are quite lengthy, and we don’t have room to reproduce them
here. They can be found by taking the transfer functions for
electrolyte concentration from [6,8], reformulating in terms of
the new model parameters, and dividing by ceo. The (1 —¢9)
term in the frequency response is absorbed into the transfer
functions such that only the lumped parameters defined to date
are needed to express it.

In summary, a cell’s frequency response can be expressed in
terms of all parameters found by the OCV and pulse tests plus
all additional unknown cell parameter values. Optimizing the
remaining unknown parameter values such that the predicted
frequency response matches the measured frequency response
at different cell SOCs give us the complete identified model
except for t9, which is a value that we assume in this work
(but, see discussion in Sect. VII, where we mention an
additional step that can be used to find this value as well).
Optimization of this set of parameters takes on the order of a
few minutes using MATLAB®s Optimization Toolbox™.
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TABLE 1V, PARAMETERS USED IN SIMULATION

Symbol | Units Negative | Separator | Positive
electrode electrode
L pum 128 76 190
Rs pum 125 — 8.5
A m? 1 1 1
o Smt 100 — 3.8
& mim3 | 0.471 — 0.297
& mim? | 0.357 0.724 0.444
brug — 1.5 — 15
Cs,max mol m? | 26 390 — 22 860
Ce0 mol m= | 2000 2 000 2 000
& — 0.05 — 0.78
G100 — 0.53 — 0.17
Ds m? s! 3.9x10 | — 1.0x1013
D. m? st 7.5x101 | 7.5x10 | 7.5x101!
tﬂ — 0.363 0.363 0.363
k mol¥2 | 1.94x101t | — 2.16x1011
m5/2 s-l
a — 0.5 — 0.5
Rfilm Q m2 0.0 — —
VI. RESULTS

As a feasibility test of the proposed approach, we
implemented the methodology in simulation. This has the
advantage that the actual parameter values are known exactly,
so identification results can be verified directly. It does have
several limitations, however, as discussed in Sect. VII.

The assumed cell parameter values are from [2] and are
listed in Table IV. In addition to the parameter values listed in
the table, we also model the effective conductivities and
diffusivities as
Ooff = crE?"lg
Keff = mesr“g

bru,
De,cﬂ = Degg g;

we model the electrolyte conductivity (in S m™) as
K(ce) = 4.1253 x 1072 + 5.007 x 10~ *¢, — 4.7212 x 10772
+1.5094 x 107193 — 1.6018 x 10~ ¢}

the negative-electrode OCP in V as
UL (9) = —0.16 + 1.32 exp (—3.00) + 10.0 exp (—2000.08),

ocp
and the positive-electrode OCP in V as
UL (0) = 4.19829 + 0.0565661 tanh (—14.55460 + 8.60942)
1
(0.998432 — 9)04924656
— 0.157123 exp(—0.0473865)
+ 0.810239 exp [—40(0 — 0.133875)] .

—0.0275479 —1.90111
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In this case, we assumed that we “knew” the chemistries of
the two electrodes, so simply must find the 9 values for both
electrodes via the OCV tests. These were identified with high
precision.

Data for the pulse tests were collected by simulating the
FOM in COMSOL Multiphysics for different equilibrium
SOC initializations and for different charge and discharge
pulse magnitudes. Care had to be taken to add second-order
smoothing to the input pulse to avoid problems with
simulation convergence. Resistance was measured as the
absolute voltage change between the equilibrium voltage and
the cell voltage measured shortly after the application of the
current pulse (the short delay was necessary to account for the
time lag of the second-order smoothing), divided by the
input-current pulse magnitude. These data, normalized to the
C rate of the cell, are plotted in Fig. 2. We see that cell
resistance is a nonlinear function of input-current magnitude
and SOC. The fact of this nonlinearity is critical for the pulse
testing to be able to extract multiple parameters from the same
test. If the resistance were linear, we would not be able to
distinguish between the components that comprise its
calculation; because it is nonlinear, we are able to do so.

Nonlinear optimization was performed to optimize values
for the parameters listed in Table Ill. Candidate values for
these parameters were inserted into the equations that predict
cell resistance; these resistances were then compared to the
measured resistances of Fig. 2; the candidate values were then
adapted to optimize the fit between the predicted and
measured resistances. At the end of the optimization, the
difference between the measured and predicted resistances
was very small (on the order of nQ2), and is plotted in Fig. 3.
Optimized pulse-test parameter values are presented in
Table V.

We see that the conductivities were identified very well.
The worst-case result was on the order of 2% relative error
(oot for the negative electrode). The ke, parameters were
identified with negligible error and the film-resistance values
had high relative error, but low absolute error: the errors were
not significant at the output of the model.

Data for the EIS tests were collected using a small-signal
reduced-order model [8], although different approaches could
have been used (e.g., see [11]). These data are plotted in
Figs. 4 and 5. We see some nonlinear variation with respect to
SOC, but not nearly as much as for the pulse-test data. (This
uniformity limits our ability to identify different parameters in
the model uniquely. In a physical cell, we would expect more
variation than this.)

Nonetheless, the identification results using this data were
quite good. Identified parameter values are listed in Table VI.
The biggest challenge at this point is in estimating the lumped
electrolyte values Lemod. All other parameters were estimated
well.
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VII. DISCUSSION
These results have demonstrated that the proposed

methodology works quite well in an ideal setting—when the
actual cell dynamics exactly match the model of the cell
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TABLE V, IDENTIFIED PARAMETERS VIA PULSE TESTS

Negative Positive

Symbol | Units | electrode | Separator | electrode
True parameter values
Ktot S 175.65 164.12 854.38
Ttot S 3.680x10° 5940
Rfilm tot Q 0 0
Kstep st | 2.077x10* 3.408x10*
Estimated parameter values

Ktot S 175.64 164.12 854.46
Ttot S 3.785x10° 5944
Ritmtot 1.07x107 8.60x101!
Kstep st | 2.077x10* 3.408x10*

TABLE VI, IDENTIFIED PARAMETERS VIA EIS TESTS

Journal of Energy Challenges and Mechanics

_ Negative Separator Positive

Symbol | Units | electrode electrode

True parameter values
Ds tot st 4.01x10° 7.23x10?
Demod | Mol st | 6.16x10* | 3.00x10% | 5.76x10*
Le mod mol | 2.25x101 | 2.71x10? | 4.16x10?
5 - 0.363

Estimated parameter values

Ds ot st 4.01x10° 7.23x102
Demod | mol s | 6.13x10* | 2.98x103 | 5.73x10*
Lemod mol | 2.04x1071 | 3.12x10? | 1.94x10?
t9 - Assumed to be 0.363

dynamics, when measurements are noise-free, and when the
input to the cell for different tests can be controlled accurately.
We have begun to apply this methodology to actual
lithium-ion cells and find that the method also works there,
albeit with a few caveats.

It turns out there is some difficulty associated with
collecting reliable pulse-test data, especially at high
pulse-current magnitudes. One possibility is that the
equipment used to generate the pulses is not capable of
producing ideal Heaviside step functions; in practice, an
oscillation is evident in the input current as the cell tester
attempts to converge to the commanded current level, which
biases the results. Therefore, we use the pulse testing to give
only approximate values to the parameters in Table 1, but
rely on data collected from the subsequent tests to refine the
estimates.

Due in part to the difficulty of collecting reliable pulse-test
data, we also conduct an additional steady-state resistance test.
The additional data is helpful in achieving convergence of
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consistent parameter value sets. Further, it allows us to
identify ¢ and ceo uniquely.

Additionally, the cell model used in the work presented here
did not consider the effects of a double-layer capacitance. It
turns out that this capacitance tends to charge and discharge
quickly so that from a practical point of view it does not have a
large impact on long-term model predictions. Nevertheless, it
does significantly change the EIS results at high frequencies.
We therefore find it necessary to include the double-layer
capacitance in our methodology to identify model parameters
for physical cells.

Finally, we do not address error bounds on the identified
parameters within this work. We plan to use the methods
proposed in [9] to do so in future research. Indeed, results of
system ID on physical cells is a topic of planned future
publications.

VIII. CONCLUSION

We believe that physics-based models of lithium-ion cells
will be required by future battery-management systems in
order to optimize the performance/lifetime tradeoff for large
battery packs. For this to be practical, we must be able to
identify the parameter values of the physics-based models. In
the past, manufacturers have been reluctant to disclose this
information, so we must find other ways to discover it.

This paper has proposed a methodology that can be used to
find physics-based lithium-ion cell-model parameter values.
We began by reformulating the equations to eliminate
redundant and unobservable dimensional parameters from the
model—these parameters are not necessary to being able to
simulate the model equations. We then proposed OCV, pulse,
and EIS testing to collect data to be used when finding the
parameter values. Each test isolated a group of parameters
such that the optimizations required to perform the parameter
fits was minimized in scope, which makes it quite fast.

If electrode chemistries are known, no cell teardown is
needed. The entire system-identification process can be
accomplished via cell-level testing only. If electrode
chemistries are unknown, a minimal teardown is required to
form coin cells from the electrode materials in order to
determine OCP data. This is a relatively straightforward and
inexpensive task.

We used simulation in this paper to create the data to be
used by the methodology so that we could have known “truth”
values for all parameters against which to compare results.
The identified parameter values agreed with the truth values
very well in all cases. For physical cells, we mentioned some
additional steps that should be taken to improve on these
methods. We plan to publish results for physical cells in the
near future.

VIII. DISCLAIMER

The information, data, or work presented herein was funded
in part by an agency of the United States Government. Neither
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the United States Government nor any agency thereof, nor any
of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represented that its use would
not infringe privately owned rights. References herein to any
specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not
necessarily  constitute or imply its endorsement,
recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of
authors expresses herein do not necessarily state or reflect
those of the United States Government or any agency thereof.
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Abstract — Governing the market entry of marine energy
represents a challenging endeavour that is confronted by a series
of obstacles. The harsh marine environment places considerable
demands on the quality of the deployed structures and devices.
Apart from technological difficulties, achieving funding is a
central problem as investors show a clear preference for more
mature, proven technologies. To overcome the present pre-profit
phase, two different solution approaches are required: one for
solving complicated technology-related or organisational tasks
and another for strategic remits. In the paper, a methodology to
systematically identify critical success factors is presented, and
propositions to tackle detail and dynamic complexity, correlated
with the commercialisation of marine energy, are made.

Keywords — Marine energy, market entry, detail and dynamic
complexity, system dynamics modelling.

. INTRODUCTION

Marine energy finds itself in a decisive transition phase with
operating full-scale demonstrators but an outstanding proof of
the technological concept in a commercial power generation
environment. Consequently, the industry goal to deliver
projects of up to 50 MW by 2020 [1] requires critical
evaluation, especially when considering the setbacks and
delays experienced in the last years.

Managing the market entry of tidal stream and wave power
represents an ambitious undertaking. In the course of a recent
expert interview series, the top-ranked risks for utility-scale
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project implementations were identified as uncertainty in
device performance and achieving funding. To ensure
continuous progress on the way towards subsidy-free
electricity generation, diverse problem-solving competencies
are necessary. On one side, we encounter technical difficulties
that require profound engineering know-how and on the other,
tasks of a more strategic nature that require qualitative
assessment capabilities and advanced management concepts.

The tasks correlated with the commercialisation of marine
energy can be sub-divided into questions of detail complexity
(also referred to as complicacy) and dynamic complexity.
Reducing the core problem uncertainty in device performance
is a challenging but conventional engineering task, whereas
achieving funding is more demanding and requires the ability
to cope with many interlinked impact factors at different time
scales (i.e. a classic example for dynamic complexity). In this
paper, the distinctly different strategies for solving
detail-complex problems and appropriately managing
dynamically complex tasks are described.

1. OBJECTIVE OF THE RESEARCH

The underlying objective of this research is to de-risk and
streamline the commercialisation of power generation by tidal
stream and wave power technologies. The provision of
problem-specific analyses and solution approaches aims to
rapidly achieve a solid and sustainable market breakthrough.
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The research is oriented around the hypothesis:

The market entry of marine energy can be de-risked by
symptom-adapted interventions: (i) reduction of detail
complexity; and (ii) managing dynamically complex tasks by
qualitative feedback modelling.

The long-term focus is on establishing marine energy as a
market competitive generation alternative with commercially
viable projects implemented on a regular basis.

I11. RESEARCH PRINCIPLE AND METHODOLOGY

In the scientific literature on complexity research, the
fundamental difference between detail and dynamic
complexity is underlined [2,3]. Studies in the field of system
dynamics revealed that in conventional management mainly
aspects of detail complexity are considered, but that the real
leverage lies in understanding dynamic complexity [4]. Senge
[5] states, that most planning tools and analytical methods are
not equipped to handle dynamic complexity.

In this contribution, a comprehensive approach to manage
dynamic complexity correlated with the maturation and
market entry process of marine energy has been chosen. The
integration of a wide spectrum of perspectives in a systematic
and transparent manner is a core principle applied in this
research®. Different sources of knowledge are compiled to
identify an optimum commercialisation strategy.

As for dynamically complex situations, a reduction of
complexity can be counterproductive, qualitative feedback
modelling is seen as the preferred approach [6]. In this case,
expert interview information as input data and numerical
modelling by system dynamics software is required.

In the course of the present research, several system
dynamics models were built to fulfil the requirements of a
qualitative feedback modelling process. In the initial model,
the effects of dynamic complexity were considered by
identifying the long-term top-level driving factors for the
commercialisation of marine energy. Based on the achieved
finding to focus on showcasing commercial-scale projects/
successful demonstrators, two further system dynamics
models, concentrating on aspects of detail and dynamic
complexity, were developed. In order to cross-check and
substantiate the results, diametrically opposite perspectives
were taken to analyse the supporting and hindering impacts on
the marine energy development and maturation process.

The following chronological tasks have been performed: (i)
elaboration of a target-oriented questionnaire; (ii) conduction
of expert interviews; (iii) compression of information by
ordering terms; (iv) configuration of system dynamics

! By contacting 136 selected representatives from 15 stakeholder groups, we
received 71 feedbacks out of which originated 11 personal and 15 telephone
interviews as well as 20 filled-out questionnaires. Two questionnaires had to
be discarded because they were incomplete. As a result, the knowledge of 44
managers, experts and specialists from 13 stakeholder groups was ultimately
retained for the analysis. A total number of 2,129 individual replies had to be
grouped in order to formulate higher-level correlations as the input for
computer-based system dynamics analyses.
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computer models; (v) calculated ranking of impact factors and
determination of top-level driving factors; (vi) allocation of
representative core statements; and (vii) elaboration of
strategies to de-risk the technology and to govern the market
entry process.

IV. WHICH TASKS ARE COMPLICATED AND WHICH
ARE DYNAMICALLY COMPLEX?

4.1. LARGE-SCALE ENGINEERING & CONSTRUCTION PROJECTS

Séderlund [7] formulates that large-scale transformation
projects (for which the maturation process and market launch
of marine energy is an example) are characterised by involving
several hundred individuals, different technologies, numerous
knowledge bases, complex contractual structures and a wide
range of development activities with parallel operations.

Sterman [8] demonstrates in the context of large-scale
engineering and construction projects, that they consist of
many interdependent components, involve multiple feedback
processes, non-linear relationships, accumulation or delay
functions, and belong, as such, to the group of complex
dynamic systems. He emphasises that cause and effect can be
subtle and obvious interventions can produce non-obvious
consequences.

Within a research on project management, Ahern et al. [9]
make the important distinction between detail-complex and
dynamically complex projects. They criticise that — in line
with the finding of Hayek [10] that dynamically complex tasks
cannot be completely specified in advance — traditional project
management privileges planning and downplays the role of
learning. Planning and problem-solving must be dealt with
differently, as summarised by Swinth [11].

4.2. DETAIL COMPLEXITY (TECHNICAL COMPLICACY)

Detail complexity is characterised by many interacting
elements and a large number of combinatorial possibilities.
The respective tasks are characterised by their high level of
technical or organisational complicacy. Nevertheless, they can
be planned and handled by the application of prior knowledge,
skills and tools. By definition, detail-complex tasks or projects
can be completely specified in advance. In the context of
marine energy, questions of detail complexity arise in the
framework of machinery/component design (blades, rotor,
nacelle, foundations, electrical system, protection, controls),
in subjects related to deployment, operation and retrieval or in
multi-facetted organisational tasks (legal permits, regulatory
and consenting process, finance applications).

A simplified formula to describe detail complexity is to
exponentiate the number of potential states of each element by
the number of elements [12]. This formula is not adequate to
calculate dynamic complexity.

4.3. DYNAMIC COMPLEXITY

In the course of a technology convergence process, a project
can change its respective characteristics. In aviation history, as
exemplarily described by Ahern et al. [9], aircraft design
progressed from being a complex project (when the
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technology was poorly understood) to a complicated project
(when detailed designs are documented for production
assembly). Nevertheless, as described by Snowden [13], a
one-off project may not transition from being complex to
becoming complicated until it is delivered and retrospectively
comprehended in its entirety.

Dynamic complexity can arise even in simple systems with
low combinatorial diversity and often shows aspects of
counter-intuitive behaviour [14,15]. In the course of working
on dynamically complex projects, continuous learning and

reliable knowledge formation are paramount. Engwall [16]
formulates this within a project management context by saying
that it is necessary to continuously create knowledge over the
complete project life cycle.

In Table 1, the most typical attributes of complex dynamic
systems are presented and correlated to their appearance in the
course of the commercialisation of marine energy. In this
context, the term system refers to a set of rules that governs the
market entry and commercialisation process of marine
energy.

TABLE 1, DYNAMIC COMPLEXITY IN COMMERCIALISING MARINE ENERGY [14,17 — BOTH ADAPTED]

Attribute Root cause

Form of appearance

On-going trans-
formations in the
embedding socio-

Innovation and change processes
occur at many levels and at different
time scales.

The unstable global economic situation constitutes a
dynamic environment and changing strategic priorities
(nuclear power phase-out, fracking) alter policy orientation.

technical system [18]

—» Considering a business environment in which other renewables operate price-competitive to
conventional sources and the epochal transformation of the European energy system, the
commercialisation strategy needs to be regularly adapted to socio-political developments.

effect is rarely proportional to cause.

Non-linear Non-linearity arises when (i) multiple
development and factors interact, i.e. by complicated
unsteady system information pathways with many
behaviour decision points; (ii) cause and effect

are distant in time and space; and (iii)

Leete et al. [19] and Wyatt [20] examined investor attitudes
and found that most of them are unlikely to make any future
investments in early stage device development. Venture
capital investors are not closed to the industry completely,
but the current level of risk and uncertainty about future
revenues are discouraging them from investing.

—» The commitment of investors is key for the commercialisation of marine energy. The present
unpredictability of the costs and the length of time required to develop the technologies limit
the incentive to invest and contribute to the unsteady and non-linear progress in the sector.

Counter-intuitive

effects and policy difficult to fully understand it. The

The complexity of the system makes it

The quality of challenges that the sector faces is illustrated
by the decision of Siemens to sell Marine Current Turbines

characteristics selection and proliferation of the best
concept(s) while others become

extinct. Achieving a milestone alters

to a new situation, which then
influences the next decisions.

resistance attention is often drawn to symptoms | (a key tidal stream device developers) only two years after
rather than to underlying causes. its acquisition. Siemens is looking to exit marine energy,
Many seemingly obvious solutions to | saying the development of the market and the supply chain
problems fail or worsen the situation. | has taken longer to grow than expected [21].
—» The recent decision of Siemens to divest of MCT is a concern for the sector [22] and reveals the
difficulty of forecasting the pace of development towards reaching commercial generation.
Adaptive Evolution and learning lead to the Marine energy represents a radical innovation and is driven

the state of the system, thus giving rise

by the need to de-risk the technology and achieve funding.
Before becoming recognised as a mature power generation
method, marine energy needs to prove a range of
referenceable application cases. The attainment of this
array-scale success will represent a major turning point and
is expected to finally trigger industry-scale deployment.

—» The economic success of marine energy depends on demonstrating market-readiness. By the
game-changing array-scale success, competition between suppliers will shift to a new set of
parameters of which the most important one is price [23]. The development trajectory adapts.

Tightly coupled Heterogeneous stakeholders interact
intensively with one another and the

natural world.

Interaction of diverge stakeholders such as governments,
certifiers, investors, academia, consultancies, developers,
owners, operators, manufacturers and test site operators.

—» To successfully realise the marine energy market launch, the regularly coordinated interaction
of the policy, technology and finance sectors is necessary.

V. GOVERNING THE MARKET ENTRY

In the course of this research, in total, three system
dynamics computer models were developed [24]. As the first
model serves as a strategic indicator, all reported positive and
negative impact factors on the final target of full commercial
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power generation by marine energy were coherently grouped
and inter-correlated. The model was built one-on-one to the
interview replies so that it directly reflects the experience and
expectations of a wide range of stakeholders. Out of a total of
234 qualitative replies, directly defining the positive and
negative impacts on the defined target, seven representative
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group terms were defined and the individual replies allocated
accordingly. In a subsequent step, 16 positive (supporting/
accelerating/reinforcing) and 22 negative (hindering/
delaying/countervailing) generic terms were formulated to
correlate the individual interview replies in a systematic
manner according to their number of occurrences [25,26]. The
calculated results of the simulations are presented in Table 2.
On the left hand side, the impact factors with negative effect

and on the right hand side the ones with positive effect on
achieving market-competitive generation are represented. As
the singular characteristics of government involvement and
decisions are outside the range of this research, the highest
ranked positive and negative top-level driving factors (strong
and long-term commitment from government and fluctuating
or unclear political support) were not examined in further
detail.

TABLE 2, SPLIT RANKING OF TOP-LEVEL DRIVING FACTORS (POSITIVE AND NEGATIVE IMPACT FACTORS)

Negative (hindering/delaying/countervailing) Rank [ Positive (supporting/accelerating/reinforcing) Rank
Fluctuating or unclear political support 47 | Strong and long-term commitment from government 100
Lack of investor confidence 45 | Showcase commercial-scale projects/demonstrators 51
Fragmented initiatives by unexperienced parties 44 | Engagement industry/academia 22
Conflicts of interest (fishermen, shipping routes) 23 | Cost-effective way to harvest marine energy 18
Low ability of developers to work together 17 | Collaboration and consolidation between companies 15

The need to showcase commercial-scale projects/successful
demonstrators and the identified lack of investor confidence
are directly interdependent as investment decisions depend on
track records of continuous device operation. In the centre of
this area of conflict, we find the eagerly-awaited array-scale
success, as passing this interim milestone will give confidence
in the innovative sector and de-risk investments.

Subsequently, two more precisely focussed models were
built to identify the top-level driving factors for achieving the
array-scale success. In order to cross-check and substantiate
the findings, diametrically opposite perspectives were taken
by processing the entities of supporting and hindering impacts.

V1. SYMPTOM-ADAPTED INTERVENTIONS
TARGETING ON RoOT CAUSES

6.1. REDUCTION OF DETAIL COMPLEXITY

For detail-complex (or complicated tasks), the application
of complexity-reducing measures is expedient [27]. Apart
from technology-related questions, detail complexity also
appears within stakeholder-internal business management and
in tasks of organisational nature. The following measures for
complexity-reduction were identified in the course of
processing the multi-disciplinary expert interview data:

(i) Standardisation and certification: Standards are one of
the most important elements in the development of any
industry [28]. A project developer’s head of offshore
operations emphasised, when asked for the most valuable
experience gained by the early movers, the experienced
negative impact of missing standardisation. One
interviewee summed up the situation by saying no
standards, no results. Considering the urgent need for
consensus over standardisation, the over-engineering in
oil and gas standards was addressed as being potentially
hindering for the development of marine energy.

(if) Multi-applicable technologies and joint concepts: In the
course of the interviews, a power utility ocean energy
manager outlined that one of the top-priority tasks in the
work of academia and research should be to concentrate
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on multi-applicable technologies and compatible devices
and components (e.g. moving parts, cable connectors,
controls). To ensure compatible component design,
effective supply chain management and leveraging
logistics are required. Significant benefits are seen in
joint deployment and maintenance programmes.
(iii) Systems engineering: When asked about the potential to
reduce the cost for utility-scale project implementations,
the CEO of a wave energy firm emphasised the
recognition to orientate their development and research
strategies at the US space-/aircraft industry and here
especially on the systems engineering principles?. In the
course of the design and deployment of marine energy
converters and correlated power infrastructure, regular
system functionality checks, focussing on operation in
open sea, grid-connected, multi-device arrays, are
recommended. This statement correlates with the central
objective in systems engineering to consider the finally
envisaged functionality already in early project stages.

(iv) Reliability modelling: As a key risk for reaching
commercial generation, senior members of classification
societies stressed uncertainty about reliability and
emphasised the necessity to focus on it. In order to
achieve a satisfactory technology reliability record, the
experts recommended concentrating on reliability in

system design and introducing reliability engineering.

6.2. MANAGING DYNAMIC COMPLEXITY

As a way of dealing with novel and complex tasks, Swinth
[11] proposes joint problem solving which comprises a
common goal-orientation, the linkage of organisational
centres and the definition of an overall consistent set of
actions. Within an inductive study on product innovation in
continuously changing organisations (which are considered by
the authors as complex adaptive systems), Brown and
Eisenhardt [29] proclaim the importance of extensive
communication and design freedom to create improvisation

2 The term systems engineering can be traced back to the Bell Telephone
Laboratories in the 1940s. A.D. Hall presented 'A Methodology for Systems
Engineering' (ISBN 0-442-03046-0) at Princeton University in 1962.
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within current projects. They summarise that successful firms
rely on experimental products and strategic alliances.

Due to on-going transformations in the embedding
socio-technical system, that encompass the co-evolution of
technology and society [18], the actual lines of strategic
development of the marine energy sector need to be regularly
re-adjusted. The following concepts are proposed by scholars
working in the field of complex systems research:

(i) System dynamics techniques: As an initial step in
approaching the characteristics of complex systems, in
the mid-1950s, Forrester [30] developed system
dynamics as a methodology and mathematical modelling
technique for framing, understanding and discussing
complex issues and problems. Richardson [31] defines
system dynamics as a computer-aided approach to
policy analysis and design. Wu et al. [32] introduce
system dynamics as a manner of systematic thinking that
integrates a large number of causal relationships among
variables and simulates real systems through high-speed
computer processing power. Forrester [33] describes the
system  dynamics approach as a tool for
knowledge-based decision-making. Yim et al. [34]
explain that system dynamics methods support
decision-making and enable managers to act under
dynamic and non-trivial environments.

(if) Qualitative feedback modelling: With a focus on power
projects, Groesser [35] argues that dynamic complexity
is often the root cause for non-successful projects and
introduces qualitative feedback modelling as a method to
effectively deal with dynamic complexity. In the course
of the present research, qualitative feedback modelling is
not realised in the original form of working based on
problem-specific relationship-diagrams, but by directly
targeting the final goal of commercial power generation
by marine energy. Feedback modelling is hereto realised
at a more fundamental level by considering the marine
energy commercialisation process as a complex system
of which the dynamic characteristics are captured by
semi-structured interviews with all active stakeholder
groups [26]. The obvious analogy of this process with a
closed-loop control circuit and its clearly defined
(technical) terms helps to remove barriers [36-39].

As the presented concepts to deal with detail and dynamic
complexity were successfully applied in similar environments,
they are suitable to support de-risking the market entry of
marine energy. The initial hypothesis is confirmed.

VI11. CONCLUSION

There are a series of obstacles to the market entry of marine
energy. Root causes for the slow commercialisation process
are concerns regarding device reliability and difficulties in
attracting investment. To successfully establish marine energy
as a mature power generation alternative, in-depth engineering
capabilities and advanced management skills are required. In
order to identify optimum measures, a particular task needs to
be assessed in its entirety and corresponding strategies
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selected. To solve machinery-related or organisational
challenges, a good standard of innovation management and
experience is required. Nevertheless, such specialist tasks are,
in their principal characteristics, comparable to routinely
executed R&D? activities in high-technology industry sectors.

The more comprehensive and strategically demanding tasks
are to attract financing and to successfully embed the
innovative generation method into the continuously changing
socio-technical environment. To be able to adapt to such a
discontinuous and non-transparent environment, systemic
thinking and evolutionary steering mechanisms are required.
The strategy must be flexible and re-adjustable to new trends
and priorities.

The commercialisation of marine energy can be regarded as
a complex dynamic system that has the capacity to change and
learn from experience. There is the necessity to be mindful of
the numerous time-driven impact factors and to enable
learning by strengthening collaborative problem solving
[40,41]. The use of cross-category expert interview data and
unbiased system dynamics modelling assure the important
open-integrative instead of detailed-specialist character of the
research. Based on such a multi-disciplinary attempt, an
all-encompassing appraisal becomes possible by avoiding
concentrating in a limiting manner on stakeholder-specific
views or interests.

Engwall [16] describes that project execution is seldom a
process of implementation, rather it is a journey of knowledge
creation. Reliable communication and efficient knowledge
integration are seen as keys for success. The motivation for
cooperative interaction to jointly de-risk the concept is given
by the aim to rapidly overcome the pre-profit phase [42].

The correct strategic alignment of the sector depends on the
input of all key stakeholders. The process of information
gathering by stakeholder-wide expert interviews and the use of
system dynamics tools to determine the currently relevant
top-level driving factors provide a reliable foundation for
governing the market entry of marine renewables.
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Abstract - In the Cellular Automaton Universe material
objects acquire the property of inertia automatically as
relocating formations driven by the underlying clocking
mechanism. In this way, the core effect of inertia reveals the
hidden source of all motions in the physical world. The
corresponding energy can be extracted by a process of
recurring transformations of material configurations
producing a sort of parametric amplification.
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I. INTRODUCTION

The world faces crisis of global sustainability with
complicated challenges on a scale never before seen in
human history. Those include various threats to ecology,
dearth of resources - primarily, energy, and serious
biomedicine problems. Unfortunately, the worldview of
contemporary science does not provide sufficient means to
confront these urgent existential challenges for the
humanity. The tremendous achievements in modern life are
the results of advancements in technology rather than a
breakthrough in science. Technology can thrive on
incorrect science; and even more, it can provide
inspirations to new theories.. Thus, the Industrial
Revolution was formed by the invention of the steam
engine considering heat as a caloric liquid before the
discoveries of thermodynamics and the Kinetic theory of
matter. As Lord Kelvin said, "The steam engine has given
more to science than science has given to the steam
engine”. Nowadays, we witness all-encompassing
Information Revolution, which allows to -effectively
portray the organization of the physical Universe and the
Life on Earth as a technological marvel of the “Internet of
Things” arising in the framework of a Cellular Automaton
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model [1] Beyond the ‘Big Data” environment for information
control as described in [2], this contraption may provide an
abundant supply of energy needed for actuation (see [3,4]). The
energy agitating the physical Universes comes ultimately from
the clocking activities of the underlying Cellular Automaton
infrastructure. In our current view, these clocking activities
reveal themselves at the physical level not directly, but through
the property of inertia. In this paper, we will discuss how the
extraction of clean and abundant energy from the workings of
the inertia in the Cellular Automaton Universe could be
effectually organized.

Il. THE CELLULAR AUTOMATON MODEL OF THE
UNIVERSE

2.1. THE ULTIMATE DRIVE OF THE MATERIAL
PROCESSES

“It is important to realize that in physics today, we have no
knowledge of what energy is” [5]. In our understanding, energy
is the ability to move matter. Energy appears in different forms
in physical chemical, and biological processes, and is evaluated
by the effects it has on matter. The conservation law states:
energy cannot come from nowhere, nor disappear into
nothingness; the total amount of energy in co-measurable terms
remains constant. A sarcastic depiction of this law: “Energy is
never created nor destroyed, it simply goes from one formula to
another” presents an ironic truth.

Traditional physics takes the property of inertia for granted, i.e.
it does not consider that realization of uniform motion is
associated with a continuous consumption of energy. Actually,
the uniform motion of the material formations in the Cellular
Automaton Universe appears free if one neglects the impetuses
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of the Cellular Automaton clocking. However, in the
general balance of the law of conservation of energy, these
impetuses have to be taken into account with some
corresponding conversion coefficient, similarly to Joule’s
balancing of heat with mechanical energy. In other words,
the hidden driving force of the Cellular Automaton
mechanism goes on par with all other forms of energy.
Moreover, it is the fundamental cause of all motions, and
thus, the innermost source of all energy in the Universe.

In fact, motion without an enduring motive power seems
perplexing. Thus, Aristotle believed that objects are moved
only as they were pushed, and any given motion is reduced
to a certain Prime Mover. A notorious problem for this
point of view was why arrows shot from a bow continued
to fly. A concrete explanation for the flying arrow problem
was proposed, assuming; for example, that the arrow
creates behind it a vacuum, into which air rushed and
applied a force to the back of the arrow. Nowadays, a
similar explanation is considered for the paradoxical
NASA Warp drive effect [6,7] employing hypothetical
pushing from the curved space time and quantum vacuum,
as proposed by M. Alcubierre. [8].

Recent NASA experiments have allegedly demonstrated a
new propulsion technology; it requires no propellant and
by electromagnetic radiation in a resonant cavity generates
a small amount of thrust that is not attributable to any
classical electromagnetic phenomenon. Thrust that was
produced was apparently just above the margin of error,
anywhere between 50 and 70 micronewtons, with a
reported error bar between 15 and 30 micronewtons. The
effect is incredible, like a famous adventure of Baron
Miinchausen who pulls himself out of a mire by his own
hair, since it violates the principle of momentum
conservation stating that the total linear momentum of an
isolated system remains constant regardless of changes
within the system. This follows from Newton’s second and
third laws.

What requires some revision is Newton's first law, the
“Law of inertia”, stating that every object will remain at
rest or in uniform motionin a straight line unless an
external force is applied to it. According to scrupulous
Poincaré analysis, the notion of inertia is neither an a priori
truth nor an experimental fact; it is rather a supposition that
“the movements of all material molecules of the universe
depend on the differential equations of the second
order”[9]. Also, a crucial support for our Cellular
Automaton approach gives Maxwell’s consideration that:
the law of inertia, would be without meaning, unless we
admit the possibility of defining absolute rest and absolute
velocity [10].
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2.2 THE CONCEPT OF CELLULAR AUTOMATON ETHER
INFRASTRUCTURE (CAETERIS)

A cellular automaton is a grid of nodes whose states are
transformed in discrete steps depending on the states of the
surrounding neighbors. The idea of representing the physical
world with cellular automata was conceived by K. Zuse and E.
Fredkin (see [11, 12] Potentials of the cellular automata for the
representation of the physical world are best envisioned with the
well known Conway’s “Game of Life”, where certain “patterns”
present stable relocating configurations. Thus, it is tempting to
find a Rule producing a collection of stable relocating
configurations, which could be identified with the elementary
constituents of matter. The cellular automaton model for the
physical Universe is a high-tech resurrection of the classical
concept of ether where motion of the material formations is
performed by reconfigurations over the medium rather than by
passing through it. Notably, such a construction avoids
confrontation with the postulate of relativity and induces the
property of inertia.

Realization of the cellular automaton model of the Universe
involves two major concerns. First: trying to find a cellular
automaton Rule that can produce the complex behavior of
physical objects seems impossible. Second: it is not clear
whether local transformations can account for the apparent non-
locality of the Universe. Indeed, to rely on brute force search for
the Rule is hopeless. But starting with the firm design
requirements rather than guessing upon the desired outputs one
immediately recognizes the necessity for a distributed
mechanism of clocks synchronization, which has to be robust
and fault-tolerant.

The indispensable design requirement for such synchronization
removes any arbitrariness in the choice of the primitive Rule.
The cellular automaton mechanism of Nature must contain a
grid of mutually synchronizing circular counters; the system is
characterized by a distribution of the phases 6 (0 < 6 < 2n)
defining the states of the counters. Astoundingly, but this
approach solves the problem: It turns out that the whole richness
of the physical world condenses in a plain sentence: “All
physical phenomena are different aspects of the high-level
description of distributed processes of mutual synchronization in
a network of digital clocks” [13]. The developed model was
named CAETERIS (Cellular Automaton EThER InfraStructure).
Workings of this model have been presented in several
publications starting [14], in many various aspects they are
described in [15-19]. For the purpose of our paper, we will
concentrate here mostly on the synchro activities of the model
producing basic material formations (Fig.1)
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Fig.1 Traveling wave helicoidal solutions

The given equation of synchronization includes a non-
linearity factor - a restriction from below on the spatial
derivative determined by the realization of fault-tolerance.
The collection of helicoidal traveling wave solutions
exactly correspond to the spectrum of the stable elementary

particles of matter (Fig. 2.)
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Both fundamental solutions of increasing exponent, for the
proton: exp(b/v)-s) and decreasing exponent; for the electron:
exp( (-v/Di)-s):depend on the velocity v in the same way.
Namely with the increase of v, both functions along the
generatrix - s become smaller; this implies that protons and
electrons reactions to the presumed manipulations for energy
extractions will be coordinated.

As to the neutron (Fig, 3), it is a composite semi-stable particle
with half-life of about 15 min.. The generatrix function of the
neutron presents a linear combination of the indicated
fundamental exponential solutions for the electron and the
proton connected with a sinusoidal segment of neutrino. These
components are weakly hold jointly at generatrix. The neutron
together with other less stable composite particles is presented in

Fig.3.
Neutron 15 min \ /
Muon 228 N \\

Tanon  29x 10785 ,./J. \

L

Fig.3. Semi-stable composite particles

The neutron decays as its geneartrix splits into joined
components: n = p* + e + v. Neutron is a proton trailed by
neutrino and electron, it has a greater mass than proton In a
similar way can be described the radioactive decays by weak
interactions of less stable particles - muons and taons. Muon is
an electron trailed by neutrino, it has properties similar to those
of electrons, but its mass is much greater; taon is an electron
trailed by neutrino and proton, it has higher instability and some
hadronic features due to the influence of a rear increasing
exponent.

The helicoidal synchro formations of the CAETERIS model
actually exhibit the basic properties of the fundamental physical
phenomena. Besides the discussed law of inertia those include:
an upper bound on the propagation speed — the speed of light,
antimatter as dual solutions having an opposite sense of rotation,
slight asymmetry between matter and antimatter - the enigmatic
prevalence of matter, which arises from the necessity for an
arbitration protocol, and much more.

Besides traveling wave helicoidal “synchro formations” creating
the basic componentry of the material world the CAETERIS
model includes an operational background of very fast spreading
diffusional solutions. The origin of these solutions is associated
with the paradox of instantaneous impact in parabolic equations.
This paradox shows that representation of spreading diffusion by
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parabolic equations is a mathematical idealization, behind
which there should be some very fast propagating wave
mechanism. The pop-up instantaneous impact produces
gravitation with amplification in cosmological scale [20].
This could resolve the conundrum of dark matter, see
article [21], worrying “How long can we keep on looking
for dark matter?”

The opinion that “the action-at-the-distance” is
inadmissible from the philosophical standpoint is flawed.
There is absolutely nothing outlandish in having a system
with two types of processes developing in substantially
different time scales. In fact, it is a typical situation for
relatively slow material systems under drastically faster
information control. The appearing effects of “nonlocality”
are decisively involved in the organization of the
Holographic Universe. . This holographic mechanism
reveals itself in the strangeness of quantum mechanics
behavior, and in the intricacy of biological information
processing [2,17].

2.3 EXTRACTING “INERTIA” ENERGY FROM
CELLULAR ATOMATON ACTIVITIES

As long as Cellular Automaton mechanism produces freely
propagating material formations as exemplified in Fig. 1
and 2 no deviations from the law of inertia, and hence no
mahifestation of force, appears at the level of the physical
world. Therefore, to enjoy the Cellular Automaton energy
it is necessary to diverge material formations from the
indicated traveling wave conditions. In a simplest way this
can be achieved by deflecting the axis of a helicoidal
kernel from the propagation direction. (Fig. 4)

—_—
& e
S WG
R

Fig.4. Extracting “inertia” energy by distortions of
canonical formations for uniform motion: from slight
deflections of a given direction to major disarrangements
in atomic fission

To reinstate canonical solutions the cellular automaton
mechanism has to employ supplementary activities. At the
level of the physical world reinstallations of a distorted
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material object to a required pattern appear as a result of an
action of a force, i.e. as utilization of some energy. Presumably,
the observed NASA Warp Drive effect could occur in such
circumstances as soon as the utilized electromagnetic radiation
scatters atoms directions. Cellular Automaton transformations
turning them back to a proper way would be felt as a small
thrust. Similarly, independent material bodies due to random
atomic fluctuations may also experience some miniscule
spontaneous pushes questioning the exactness of the law of
inertia.

For a massive extraction of the primal Cellular Automaton
energy the applied transformations of matter have to be radical.
The Fig.4 illustration presents a palpable example of the atomic
energy when the transformations of the involved matter are
substantial: one big nucleus fissions into many different
fragments - two smaller nuclei and additional particles to
maintain the process. Thus, to return these deeply disfigured
fragments to canonical Cellular Automaton matter would take a
lot of efforts resulting in the release of vast energy. In case of
extremely violent particle collisions the created debris may not
always be reconfigurable back to viable material formations, and
such situation may show up a defiance to basic conservation
principles.

An intermediate situation presents the unusual “excess heat”
effect associated with the mechanism of Low Energy Nuclear
Reactions (LENR). This widely considered mechanism raises a
number of concerns since it confronts the established body of
knowledge in nuclear physics. In our view; LENR devices get
their energy from the Cellular Automaton inertia through
relatively ~ milder  material reconfigurations. These
reconfigurations may just involve splitting the generatrix
function; as shown in Fig.3; this is associated with radioactive
decays due to weak interactions. According to our interpretation,
of the “excess heat” effect, its outputs are sensitive to the
direction of inertial propagation, i.e. to the changes of the
absolute positioning of the apparatus. This circumstance can be
used to withstand the serious problem of LENR instability.

I11. CONCLUSION

Apart from the exotic idea of the Cellular Automata, the
presented interpretation of inertia leads to a new conceptual
scheme for the interpretation of classical mechanics. Material
objects are uniformly propagating formations whose relative
interactions are described with respect to the frame of reference
where the motion by inertia occurs. In the Cellular Automaton
Universe, the hidden energy of inertia comes out as a real
physical energy when canonical cellular automaton formations
of material objects are disrupted.. The clocking efforts trying to
return the distorted material formations to a canonical form are
perceived as a force applied to the material object. According to
considered Poincaré deliberations upon inertia [9], such a
process should be described by second order differential
equations elucidating Newton’s Second Law of Motion:: F =
m= (d?x/dt?) = m*a , along with the additive characterization of

©2015 North Sea



Berkovich (2015) Law of inertia and the primal energy in the cellular automaton universe

the mass expounding its seemingly careless ‘circular”
definition as a product of density by volume. In a non-
inertial frame of reference the cellular automaton
compulsion to uniform motion may be interpreted as a
“fictitious™ force, like in Coriolis effect. In our
interpretation, the Foucault pendulum extracts its rotational
energy from the Cellular Automaton mechanism, not from
the impacts of the Earth, as becomes apparent in the
idealized case of a frictionless pivot. Variations of atom
alignments in macromolecule structures can be used to
accumulate the Cellular Automaton energy in the form of
chemical energy for muscles operations.

Consideration of the Cellular Automaton mechanical
implications can be extended to electromagnetism. It is a
well-recognized physical fact that energy from an electric
power station to a customer is not transferred through
electric lines, but rather enters the customer wires from
outside according to the Poynting vector of the
electromagnetic field. The absolute orientation of the wire
with respect to the Cellular Automaton propagation may
affect the electrical resistivity. This may produce an
anisotroy in the exploding wires phenomenon. In stationary
situations the suspected anisotropy in electrical wires may
be revealed if a miniscule heating from inertia energy
could cause a noticeable impact on the resistivity, e.g. for
high purity superconductors in the intermediate state. Thus,
in [22] there was observed a hysteresis bump on a
transition from normal to superonductive state, so for a
different orientation of the sample attracting to it less heat
energy from the inertia relocations, this bump may be
diminished.

This inertia energy is readily available everywhere on
Earth. The presented theory elucidates many paradoxical
situations in Nature when a source of operational energy is
difficult to identify (see [4]), in particular, for biology
(motility}, meteorology (turbulence), and geophysics (ball
lightning). Besides its academic significance, the given
theory is of obvious practical value for all energy
production technologies, primarily for the explanation of
LENR, specifically addressing its complication with
instability.
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Abstract - With the objective of energy harvesting by use of
vortex induced vibrations on a cylinder/plate configuration
different approaches for maximising the amplitude of oscillation
modes were pursued. By investigating the sound emissions of a
small-scale cylinder/plate setup, a maximisation of the
vortex-induced wall-forces on a rigidly mounted cylinder can be
described. The surface-forces induce pressure fluctuations that
propagate with the speed of sound and cause dipole shaped
Aeolian tones. Thus, the present wall-forces of the cylinder
directly correlate with the acoustic phenomena. Regression
functions were formulated to describe the effect of the
investigated parameters Reynolds number, turbulence intensity,
plate length, plate thickness and vertical displacement between
plate and cylinder, quantitatively for each analysed response
variable. An optimal set of parameters can be defined with
respect to the given boundary conditions that guarantees high
surface-forces on the cylinder and consequently leads to an
improved system.

Keywords - energy harvesting, vortex induced vibrations,
aeroacoustics, cylinder/plate configuration

. INTRODUCTION

Given an elastically mounted cylinder in a steady flow,
when exceeding a critical Reynolds number, vortices start to
separate from the cylindrical surface. If the vortex shedding
frequency (fvse), described by the Strouhal law in Eq. (1),
equals the eigenfrequency (feigen) of the
cylinder-spring-system, a transition to an excited mode takes
place and the cylinder starts oscillating.

feigen [H2) = fyse = *"/q Vo (1)
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Where Sr is the Strouhal number, dcyi. the cylinder diameter
and Uy the incoming flow velocity. Use of the idle strokes of
the cylinder, caused by vortex-induced vibrations (VIV),
enables the harvesting of energy, Fig. 1. Especially
energy-rich water flows offer great possibilities and good
efficiencies for this new technological approach, even at
low-speed conditions (Up < 3 m/s). Studies during the last
decade promise good results and a huge range of applications
such as wastewater flows or applications at riverbeds and
beneath the floating platforms of offshore wind energy parks.
One key issue of this system, when implementing in
environmental applications, is the dependency of the system
efficiency on a constant flow at a certain velocity, able to
provide the matching vortex shedding frequency to the
eigenfrequency of the system in order to guarantee the
excitement.

VIVACE Converter
Lab Model

ﬂ \\ \l \VIV
Generator \

Assembly

/7 >
)
A4

3
&

Qe

g

1

Fig.1, Energy harvesting with cylinder in self-excitement.
Technology of vortex induced vibrations for aquatic clean energy
VIVACE [1].

Recent investigations have revealed that placing a rigidly
mounted geometrical body such as a square cylinder or a plate
in the wake of the cylinder may stabilise the system behaviour
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over a wide range of incoming flow rates and enables the VIV
technology to be used at varying flow conditions. With
reaching an excited mode of the cylinder-spring-system the
vortex shedding frequency ‘locks-in’ to the eigenfrequency of
the dynamic system. Further increase of the flow velocity does
not lead to a dropout of the excited condition. Furthermore, the
oscillation amplitudes increase significantly with an attached
body in the cylinder wake.

This leads to a higher energy harvesting capability per
stroke. An alteration of the system behaviour takes place by
the reduction of the vortex shedding frequency caused by the
body in the cylinder wake. The resulting amplitudes are highly
sensitive to the gap between both bodies and the dimensions of
the downstream body itself. A small non-dimensional gap of
g/d (i.e. g/d = 0.5), where d is the cylinder diameter and g the
absolute distance, reveals the highest amplitudes, Fig. 2. Up to
now, the aerodynamic principles, which secure the
reinforcement of the oscillation amplitude and stabilisation of
the excitement mode, have been the topic of only few
investigations.
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Fig.2, Experimental results of Particle Image Velocimetry (PIV)
study. Trend of vibration amplitude (a/d) and vortex separation angle
as function of the reduced flow velocity Ur with flow velocity Uo,
cylinder-spring eigenfrequency feigen and cylinder diameter dcyi [3].

The lift forces on the cylinder wall, which are highly
dependent on the separating angles of the vortices (Fig. 2), are
causal for the oscillating movement. Low separation angles
result in longer energetisation durations of the vortices and
thus higher lift forces. The wake-body represents a damming
device and thus has an upstream effect on the separation
process of the laminar boundary layer on the cylinder.
Recapitulatory, it can be said that the resulting lift forces and
thus the efficiency of this cylinder/plate configuration depends
on a variety of aerodynamic and geometrical parameters.

The aim of the current study is to deepen the understanding
of the acting principles of a cylinder/plate configuration in a
steady flow and to provide an informative basis on how to
design geometrically beneficial wake-bodies as well as how to
manipulate aerodynamic parameters in order to receive the
most efficient system. Knowledge on the effect of different
geometric and aerodynamic parameters might contribute to an
optimal design and consequently to an improvement of the
energy efficiency and stability of the oscillating system. For
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this purpose, the reduction of the originally discussed system
from an elastically mounted to a rigidly mounted cylinder
simplifies the system and reduces the experimental
uncertainties in order to gain knowledge on basic acting
principles on the cylinder wall. Moreover, numerical flow
simulations and the analysis of the acoustic emissions of a
rigidly mounted cylinder in a flow offer a simple and accurate
method to characterise the acting forces on the cylinder wall
due to separating vortices [7].

The alternately separating vortices that constitute the cause
of the lift forces act as a pressure dipole, which induces
pressure differences into the surrounding fluid of the cylinder,
Fig. 3. These pressure differences propagate at sound velocity
and cause Aeolian tones with a peak frequency equal to the
vortex shedding frequency (fvsr), Eq. (2).

faeotian[Hz] = fysr = Sr/dcyl. “Uo )

Besides the VSF, the acoustic measurements provide
further information such as the sound pressure level (SPL),
which indicates the magnitude of the acting surface forces, Eq.
(3). The vortex shedding frequency as well as the resulting
sound pressure level are functions of the distance between
cylinder and plate.

SPL[dB] = 10-lg (%) po = 2-105Pa 3)

Where prms is the root-mean-square value of the sound pressure
and po the reference value. The acoustic treatment is
advantageous compared to the measurement of wall-forces
due to its simplicity and the possibility to carry out
measurements with disturbing quantities reduced to its
minimum. Furthermore, a variety of response variables can be
analysed by simultaneously keeping the experimental volume
manageable.

. 4e+007

3e+007

2e+007

Q-Criterion, 1/s?

Fig.3, Visualised Q-Criterion. Numerical analysis of a rigidly
mounted small-scale cylinder/plate configuration via ANSYS CFD
(8l

To enable extensive acoustic investigations of the
cylinder/plate configuration, a scaling to small cylinder / plate
dimensions has been necessary in order to prevent 3-D effects
as well as to treat the configuration in the anechoic chamber
that is restricted by limited dimensions of the open jet wind
tunnel at the ISAVE.
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1. EXPERIMENTAL SETUP

2.1. TEST RIG & MEASUREMENT FACILITIES

The conduction of the free field measurements of the
radiated cylinder/plate interaction noise took place in the open
jet wind tunnel in the ISAVE, situated in a4 m x 6 m anechoic
chamber. The nozzle exit is a quadratic section with a lateral
length of 0.15 m. The low speed wind tunnel can achieve
turbulence intensities as low as 1.5% and Mach numbers as
high as 0.12 while maintaining a very low background noise at
frequencies above 50 Hz.

A cylinder with d = 3 mm was aligned horizontally at the
nozzle exit of the low speed open jet wind tunnel. The cylinder
under investigation was fitted with endplates, four times the
cylinder diameter and Scruton helices on both sides’ outer
sections to avoid three-dimensional effects as well as to
supress vortex shedding aside from the test region.

A plate with varying geometric dimensions was placed in
the wake of the cylinder. Starting at a non-dimensional
distance between cylinder and plate of g/d = 1.5 the plate was
traversed in streamwise direction up to a distance of g/d = 12 at
a traversing speed of 0.4 mm's™.

The use of a Matlab®-controlled traversing system with
minimum steps of 0.1 mm allowed the continuous adjustment
of the distance between cylinder and plate. A %” ICP
condenser microphone was rigid-placed at a distance of 100
mm beneath the cylinder to measure the emitted narrow band
spectrum of the dipole noise while altering the cylinder/plate
gap. Data acquisition took place by use of Mueller
BBM-VAS-PAK acoustic software and a 24-channel frontend
at sampling rates of 16 kHz and a resulting frequency
resolution of 4 Hz while applying Hanning windowing and
overlapping of 36%.

Preliminary investigations into the influence of a variety of
different parameters on the noise radiation revealed a set of
five characteristic parameters, Table 1. Extensive hot wire
measurements were necessary to ensure an accurate
description of the turbulence intensity Tu and the open jet flow
velocity Uo. The mathematically description of the influence
of the parameters on response variables still to be defined,
took place by use of a statistical approach. The use of
non-dimensional parameters allows a comparison to
large-scale applications in future work. The flow speed range
under investigation is between 12 m/s and 29 m/s or Reynolds
numbers based on the cylinder diameter of 2200 to 5500
respectively. The turbulence intensity of the incoming flow is
a flow characteristic considered to have an outstanding
relevance. The use of turbulence grids results in a large range
of turbulence intensities between 2.4% and 7.8%. The
turbulence intensity is considered isotropic.
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TABLE 1, NON-DIMENSIONAL PARAMETERS, BASED ON THE CYLINDER
DIAMETER D = 3 MM.

Parameter Unit Min Max
Re [-] 2252 | 5520
Tu [%] 2.4 7.8
IPlate [“] 0.67 4.0
dPIate [“] 0.17 1.33
hO, Displacem. [“] -0.5 0.5

The definition of plate length and plate thickness bases on
the cylinder diameter to provide comparable values to
large-scale applications. The vertical displacement between
cylinder and plate defines the vertical distance between the
centrelines of both bodies. The values of investigation differ in
a non-dimensional range of -0.5 to 0.5 based on the cylinder
diameter.

2.2. EXPERIMENTAL METHODOLOGY

According to the n-permutation, the measurement of the
experimental system by varying the parameters (k) of interest
in five levels each (n), results in a number of 3125
measurement points, Eq. (4). Applying the statistical approach
of Design of Experiments (DoE) reduces the experimental
volume and the number of trials to measure (MT) ads up to 43
without relevant loss of information on the system behaviour,

Eq. (5).
MT,_,er = n* = 3125 (4)
MTpop =2 +2-k+1 =43 5)

The Design of Experiments methodology is based on the
definition of an experimental space, consisting of a full
factorial core, star points that label the upper and lower
experimental boundaries and a central point, defined as the
experimental adjustment where all parameters are on their
intermediary values [2], Fig. 4. Based on this experimental
composition of the DoE methodology, the analytical statistics
gathers on the population from a subset.

Fig.4, Comparison of a classical grid measurement design (left) and a
central composite design with pseudo-orthogonal and rotatable
features (right) [5].

Due to its structured composition the presented
methodology offers, apart from the remarkable reduction of
measurement points, the definition of regression function that
describes the response variable (RV) by means of all
influencing parameters (IP) in first and second order as well as
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interdependencies between the influencing parameters, Eq.
(6). Analyses of the statistical significance allow the
elimination of parameters with impacts on the response
variable smaller than the statistical spread.

RV; = £ {51, (1B +1P?) + Bp1 (P IPL0))} )

The execution of the experiment had to be divided into three
days and the utilisation of blocking compensated potential
perturbations. The trials of the strategically planned
experiment were performed in a randomised order within each
block. A randomised sequence secures the reduction or
elimination of unknown and uncontrollable disturbing
guantities.

I11. EXPERIMENTAL RESULTS

Analysing the measured narrow band spectrum while
altering the gap between plate and cylinder, results in the
definition of different response variables that are evaluated in
dependence on the investigated parameters, Table 2.

The first response variable is the non-dimensional distance
between cylinder and plate where the sound pressure level
starts to rise significantly and Aeolian tones are observed. This
variable defines the start of the vortex shedding process at the
cylinder (9/dswrt,spe). Secondly, the vortex shedding frequency
is of high interest to gain knowledge on its system behaviour
as a function of the investigated parameters. Division of the
VSF by the VSF of a single cylinder in a flow at the same
inflow velocity permits a direct comparison between both
systems, with and without attached plate (fvse config/fvsr single)-
Third, the maximum overall sound pressure level (OASPLwyax)
provides information on the magnitude of acting forces.
Finally, the distance at which the acoustic emissions reduce
significantly (d(g9/d)starstwp) IS Of interest due to its indication
as marginal distance where the plate influences the vortex
separation process at the cylinder. This response variable is
defined as the non-dimensional distance between start and end
of the sound pressure enhancement (SPE).

TABLE 2, RESPONSE VARIABLES TO BE ANALYSED VIA DOE
METHODOLOGY. NON-DIMENSIONAL PARAMETERS BASED ON CYLINDER
DIAMETER D = 3 MM.

Variable Unit
g/dStart, SPE ["]
Tvsr config/ fvsk single [--]
OASPL max [dB]
d(g/d)Start,Stop [“]

The Reynolds number under investigation causes in
combination with the other investigated parameters vortex
shedding frequencies 500 Hz < fysg < 2000 Hz, Fig. 5.
Attaching the plate in the immediate wake of the cylinder
supresses the separation of vortices and thus impedes the
generation of tonal noise. Exceeding a certain cylinder/plate
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gap, dependent on the individual parameter levels, the vortex
shedding process can take place.

dB
RMS

S T = I =) s IR (. SRR

“ ;[‘\F”"’_T“:‘L:::L —— £

80. A SRR — e —

ey, L. 1. L. L \FWE

7011 | | | [ 1 g
0 1000 2000 3000 4000

Fig.5, Spectrogram of the SPL over the measurement time,
representing the continuous increase of the distance between plate
and cylinder. Additional plot of the overall sound pressure level
OASPL. Central point trial.

The greater the gap between both geometrical bodies the
higher is the VSF until it reaches the VSF, described by the
Strouhal law for single cylinders with Strouhal numbers in a
range of 0.2 < Sr < 0.21 and 300 < Re < 10°.

The systematic Design of Experiments approach enables to
define regression functions that describe the influence of the
different parameters on the defined response variables, Table
3. Analyses of the statistical significance of the parameters and
elimination of the non-significant terms result in a high
accuracy of these functions.

TABLE 3, DEFINITION OF LINEAR COMBINATION FACTORS THAT
RESULT IN THE REGRESSION FUNCTIONS TO DESCRIBE THE RESPONSE

VARIABLES.
g/dStart, SPE fConfig/fsingIe OASPL max d(SP L)Max
[-] [-] [dB] [--]
-3.69E0 1.48E0 6.5E1 1.43E1
1.75E-3-Re -8.39E-5-Re 8.86E-3-Re 1.35E-3-Re
-9.57E-8-Re? -1.72E-2-Tu -7.08E-7-Re? -5.45E-1-Tu
7.45E-1-Tu 2.36E-3-Tu? -4.36E0-Tu -3.18E0 Ipjate
4.81E-1lpiae -8.56E-2"lpiate 1.6E-1-Tu? -5.54E0-dpjae
-4.89E-2-lpiate? 1.66E-2'lpae® | 2.78E0-lpjae -4.16E0-ho
2.75E-1-dpjate -2.28E-1-Opiae | -3.92E-1-lpjpe? | -4.87E0-ho?
8.92E-1-hy 7.19E-2-dpiate? | -9.33E0-piate -3.29E-4-Re-Tu
-7.61E-1-h¢? 1.14E-1-hp? 3.56E0-dpjare? 5.19E-1-Tu lpjae
-1.90E-4-Re-Tu 1.2E-5-Re'Tu | 5.84E0-he? 1.63E0-lpjate Upiate
-4.27E-2TU lpjage | -4.69E-3lpae'ho | 8.34E-4-Re-Tu | 1.38E0-lpjaeho
-3.13E-1-dpiateho
©2015 North Sea
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Carried out validation experiments in form of several
measurements at parameter levels deviant to the ones analysed
in the DoE analyses result in a good agreement and high
accuracy of the analysed system and regression functions.
Hence, the mapping of the obtained findings and dependencies
of the influencing parameters to large-scale applications for
further validation is approvable.

3.1. PLATE THICKNESS

Variation of the plate thickness results in a significant
change of the response variable. Increasing this parameter
causes a reduction of the vortex shedding frequency to lower
magnitudes following a primarily linear scaling with slight
influences of the quadratic term with opposing trend, Fig. 6.
The reduction of the vortex shedding frequency (VSF)
originates out of the raised flow resistance induced by the plate
and indicates an upstream effect. Due to the rise of the flow
resistance, the vortex separation angle in the laminar boundary
layer decreases and results in a longer vortex energetisation
duration, defined as the time duration between the separation
of the boundary layer from the cylindrical wall and the final
shed of the fully developed vortex. Vortices of high energy
induce strong pressure differences and thus emit a high SPL
what indicates high surface forces. Further, it leads to the
necessity of a higher cylinder/plate gap, correlated to the
vortex formation length, to achieve significant tonal noise.

The vortex formation length (VFL) that describes the
required streamwise space needed to enable the full
development and cut-off-process of the vortices restricts the
minimum distance between cylinder and plate.

(4)d_nondim(L) ' -27.2

(1)Re(L) 1 -14.4

I_nondim (Q) i 19.2
@)Tul %(L) :: 6.8
(3)_nondim(L) i -53

d_nondim (Q) i 4.9

3L°5L 1135

Tu/ %(Q) 1 134

Fig.6, Analyses of the statistical significance of the influencing
parameters on the response variable of the VVSF. Barrier of statistical
significance p = 5 %. Positive values enhance the response variable,

negative constrain the response variable.

3.2. PLATE LENGTH

The plate length was found to have a strong influence on the
emitted sound pressure level (OASPLmax). A significant rise of
the OASPL requires a minimum plate length. Further
investigation allocates this dependency as an acoustical
phenomenon, not transferable to the aerodynamic system
behaviour. At a certain plate length the separated vortices start
to impinge on the plate surface and generate, apart from the
cylinder surface, a second acoustical source what
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consequently leads to a rise of the OASPL, Fig. 7. With regard
to the aerodynamic performance of the cylinder/plate
configuration, the plate length only shows a negligible
influence.

S R

Fig.7, Schematic representation of the aeroacoustic effect of the plate
length.

3.3. TURBULENCE INTENSITY

The start of the vortex shedding process and thus the
generation of tonal noise highly depends on the turbulence
intensity (Tu). The isotropic turbulence intensity (Tuis),
defined as the quotient of standard deviation (Urms) and mean
flow velocity (Umean), EQ. (7), forms a perturbation in the
approaching flow of the cylinder and affects the linear
boundary layer on the cylinder wall.

— / z
wZ+vi2+wr2 u’ U,

Tu = /7,2 ——— = Tuy, = =17 (7
3x(U?+v%+w?) Umean Umean

Where [u’,v’,w’] represent the velocity fluctuation and
[u,v,w] the mean velocity components of the velocity vector.
The perturbation that acts similar to tripping of the flow results
in a low separation angle at the cylinder wall. Thus, high
turbulence intensities reduce the vortex shedding frequency
but result in low cylinder/plate gaps while the shedding
process takes place, Fig. 8. The influence on the VSF is mainly
of linear character. Analogue to the variation of the plate
thickness, low separation angles lead to vortices of higher
energy and accordingly to increased wall-forces. Besides the
important linear influence of the turbulence on the minimum
distance between cylinder and plate, the interdependency
between the Reynolds number and the turbulence has an even
higher importance. Either very small or high products of
turbulence intensity and Reynolds number effect low start
distances. The maximum of this interdependency lies in a
region of intermediate values (Tu - Re = 19800 + 5%).

Tu/ %

o/dstart

M >35
<32
<27
<22
<17
<12

B <07
6000
Bl <02

|
2 i |
2000 2500 3000 3500 4000 4500 5000 5500

Re

Fig.8, Contour plot, illustrating the influence of Reynolds number
and turbulence intensity on the minimum distance between plate and
cylinder (g/dstart).

This system behaviour has to be analysed very carefully due
to the fact, that the definition of the turbulence intensity bases
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on the velocity and showed a slight dependence on the velocity
magnitude in preliminary investigations.

3.4. VERTICAL DISPLACEMENT

The vertical displacement of the plate with regard to the
cylinder position shows an effect on the cylinder/plate gap
similar to the one existing at high turbulence intensities.
Moreover, a high vertical displacement influences the vortex
formation length (VFL) in a quadratic manner, increases the
vortex shedding frequency and reduces the cylinder/plate gap
at which the plate exerts influence on the separation process at
the cylinder.

In comparison to a horizontal aligned plate, in-line with the
cylinder, a high vertical displacement enables the vortex
separation at significant lower gaps. Due to the reduced
blocking ratio on one side of the cylinder, the vortices are
separating at early stages and start to interact with the
developing vortices on the opposite side of the cylinder [6].
The fact that the plate is displaced and therefore affects the
separation process at higher horizontal distances only with
minor forces, leads to a VSF similar to the ones of single
placed cylinders, described by the Strouhal law, Eq. (2). This
phenomenon is in accordance with the influence on the total
affecting distance, which is reduced in a quadratic manner the
higher the displacement.

3.5. REYNOLDS NUMBER

Aside from the plate thickness, the Reynolds number
represents the main influencing parameter on the vortex
shedding frequency. According to the Strouhal law, the flow
velocity and thus the Reynolds number influences the VSF
proportionally with a linear dependency, Eg. (2).

Analysing the non-dimensional response variable of the
VSF, divided by the VSF of a single cylinder reveals a
decrease of the response variable with increasing Reynolds
number. The underlying effect is reasonable. The higher the
Reynolds number the higher the VSF in both cases, with and
without plate but in case of an attached plate the rise of the
VSF turns out to be disproportional and thus the gap between
both divided parameters increases with increasing Reynolds
number. With regard to the overall sound pressure level
(OASPLwma), the Reynolds number represents the main
influence. With increasing Reynolds number, the absolute
VSF rises and more separated vortices per time unit induce
pressure differences in the surrounding fluid of the cylinder.
Consequently, the OASPL increases.

IVV. CONCLUSION

Answers to elementary questions regarding the evaluation
of the system response as a function of five parameters were
found. The key factors of the investigated process were
extracted and levels of the different parameters were analysed
to deliver an improved performance. Furthermore, key, main
and interaction effects were described accurately.

Key factors that affect the aerodynamic performance and in
particular the vortex separation angle in the laminar boundary
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layer on the cylindrical wall of the rigidly mounted
cylinder/plate configuration are the Reynolds number (linear),
the plate thickness (linear), the vertical displacement
(quadratic) and the turbulence intensity (linear plus
interdependencies with Reynolds number). The vortex
formation length which defines the necessary minimum length
to guarantee the development of the vortices (dependent on
Reynolds number and turbulence intensity) results in a value at
intermediate levels in a range of g/d > 22. This
non-dimensional distance defines the lower restriction of the
cylinder/plate configuration. The plate length does not
represent a significant aerodynamic issue while the plate
thickness highly affects the separation angle of the vortices at
the cylinder surface. Transferring the reduced rigidly mounted
system to the initially regarded oscillating system enables the
use of thick but short and aerodynamically optimised plates to
increase the resulting oscillation amplitudes by simultaneous
reducing the flow resistance of the body. The effects of
vertical displacement are expected but in case of an oscillating
system of debatable relevance due to the fact that the cylinder
strokes are of vertical direction. However, in case of transient
oscillation a plate displacement leads to lower cylinder/plate
gaps and thus to an increased effect of the plate on the
oscillation principle. The implied effect of contracting the
affectional distance would be a disadvantage without
consequence in case of an oscillating system.

A plate designed with the aim of enforcing the acting lift
forces on the cylinder surface due to flow separation would
require a high plate thickness (dpiate/dcyiinger > 1.3), @ moderate
vertical displacement to enable a transient oscillation at low
cylinder/plate gaps (0.2 < ho/dcyiinger < +0.4) and moderate to
high turbulence intensities (4.9% < Tu < 7.5%). The level of
vertical displacement and plate thickness contradict each other
in case of a rigidly mounted system because the high blocking
ratio of the thick plate causes low separation angles that
contribute to low separation angles where a vertical
displacement acts contrary. Given an elastically mounted
system, this conflict resolves due to the vertical movement of
the cylinder. The optimal Reynolds number represents a
parameter that should be designed in accordance to the
eigenfrequency of the cylinder-spring-system.

To verify the found dependencies, further numerical and
experimental investigations in the optimum configuration are
necessary by applying the defined optimal parameter levels to
an elastically mounted system. With regard to a practical
application of the cylinder/plate configuration instead of a
single oscillating cylinder, energetic considerations are
necessary. The attached plate reduces the vortex shedding
frequency of the system and thus the strokes per time but the
amplitudes of each stroke increases and the system is more
stable because of the previously described ‘lock-in’ effect in
Section 1. Of question is whether the increased amplitudes
compensate for the loss in frequency.
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