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ADAPTIVE FAULT LOCATOR FOR HIGH-VOLTAGE
TRANSMISSION LINES BASED ON THE ESTIMATION
OF POWER SYSTEM MODEL PARAMETERS
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This paper presents an adaptive transmission line fault location method, which incorpo-
rates fault location devices at both line ends and utilises data import from a supervisory con-
trol and data acquisition system without strictly requiring data synchronisation. The devel-
oped method aims at achieving a higher degree of robustness, adaptiveness and accuracy. The
adaptiveness is achieved by dynamic updating of mathematical models used on the basis of
network-wide information, such as data on the state of circuit-breakers and apparent power at
load and generation nodes. The robustness and accuracy are enhanced by incorporating two
stages of identification of model parameters with the goal of reducing the decision variable
space for the stage identifying fault parameters. Furthermore, in addition to utilisation of all
measurements available at a particular substation, the developed method partially employs
the measurements from the other end of the line by means of result cross-checks, but does
not require a full data set, unlike deterministic-model-based methods. An optimisation-based
approach, redundancy on the basis of extended measurement set, and cross-checks reduce the
risk of fault location errors due to measurement errors or “voids” in the data available. Testing
of the developed method demonstrates its accuracy and robustness in a wide range of pre-fault
and fault regime scenarios, even when considering various pre-fault contingencies.

Keywords: Fault location, modelling, optimisation, transmission lines.



1. INTRODUCTION

Research has led to the development
of various fault location (FL) techniques
for high-voltage (HV) overhead transmis-
sion lines (OHTLs). First, one-terminal-
measurement-based (OTMB) methods with
fault loop impedance measurements were
developed [1]. The improved digital device
adaptation of this approach [2] is still in
use in parts of the Baltic power systems. In
contrast to the developed one, these meth-
ods are simpler and easier to implement,
but they sometimes prove inaccurate due to
the reactance effect [3], [4]. Additionally,
if mismatching results of such FL devices
from both substations are used, it requires
experienced personnel to determine the cor-
rect fault location, which is avoided by the
developed method.

Introduction of communication net-
works between different substations made
measurements from both terminals avail-
able for use with corresponding fault point
voltage equations to directly calculate the
fault distance at once. One of these two-ter-
minal-measurement-based (TTMB) meth-
ods utilises negative-sequence (NS) current
and voltage phasors obtained at both line
terminals [2], a different one uses both the
positive-sequence (PS) and NS phasors [5].
TTMB methods are easy to implement and
in most cases, they are more accurate than
OTMB methods because they negate the
reactance effect. The two equations of the
voltage at the fault point are sometimes kept
separate and optimisation is used to mini-
mise the difference of the results obtained
from them [6]-[8]. Both approaches are
dependent on precise synchronisation of
measurements during the fault and the
reliability of the communication network.
Falling trees, with a high probability, can

damage not only the power line but also the
communication cable attached to it, making
such FL designs less reliable compared to
the presented method. A method similar to
[6]-[8], which also estimates the shift angle
of unsynchronised measurements, has been
proposed in [9]. This method can poten-
tially avoid the problem of measurement
synchronisation, but there is a risk that the
estimated angle will be shifted by one or
more periods, which could introduce errors
if the fault path resistance is not stationary
(e.g., faults caused by fallen trees, espe-
cially pines and similar trees).

Wide interest has also been devoted
to the travelling-wave (TW) FL methods.
Most TW methods determine the fault dis-
tance by either measuring the time required
for the transient fault wave with a known
wave propagation velocity to reflect from
the fault location [10], [11] or the differ-
ence between the wave arrival times at both
substations. TW methods are considered
accurate but they require good correlators
to recognise the actual fault wave and avoid
errors caused by wave distortions due to
irregularities of the power system or wave
decay [12], [13]. Methods that apply an
optimisation with measurements of fault
transients have been proposed for FL as
well [7], [14]; however, these methods,
as well as the original-type TW methods,
require a high sampling frequency result-
ing in more expensive devices, which is not
required for the developed method.

A different group of methods is based
on artificial neural networks (ANNSs) [15]—
[17]. ANNs provide an opportunity for per-
forming different functions simultaneously,
such as identification of the fault type and
fault location, with a satisfactory accuracy.



These methods are promising [18] but they
require an extensive training database and
can be complicated to implement. A similar
OTMB method using the k-nearest neigh-
bour technique [19], which only uses volt-
age signal measurements, obtains the har-
monic spectrum of this signal, and then uses
a database of similarly processed record-
ings to recognise the fault location. This
allows avoiding problems associated with
communication networks and potential cur-
rent transformer saturation; however, this
method requires a high sampling frequency
and a sufficient database of fault recordings.
In comparison to these methods, the devel-
oped method only requires basic network
data and periodic updates on the network
structure and the power generated and con-
sumed at the modelled nodes.

A FL method based on Monte-Carlo
optimisation is also known [20]. This
OTMB method replaces the unknown
impedance of the remote-end power sys-
tem with a probability distribution of its
values and filters out solution variants that
imply reactive power consumption at the
fault location. This approach can be easily
adapted to different fault types and retains
a satisfactory accuracy even in cases when
line-specific parameters vary, but it has a
very high computation cost and papers that
present this method do not consider com-
plex line configurations.

This paper presents a future study
on the parameter-estimation-based FL
method [13]. The goal of this research is
to make the previously developed method
more adaptive, robust and accurate, first,
by introducing automatic updates of the
models, corresponding measurement data
sets, and model outputs used, and by addi-
tional estimation of sequence impedances
of the equivalent power system when net-

work simplifications are employed. These
improvements provide an ability to reflect
changes of network topology due to dis-
connections of network elements prior to a
fault not only in the exactly modelled part
of the network, but also in network parts
represented by an equivalent power sys-
tem. Dynamic model updates are made on
the basis of data from a supervisory control
and data acquisition (SCADA) system. This
includes the state of circuit breakers (CBs)
to make the model graph match the actual
system in exactly the modelled part, and
apparent power at the connection nodes of
modelled equivalent generation and load is
also fetched from SCADA. Apparent pow-
ers are used directly in the model utilised
by the first parameter estimation stage and
later to determine generator electromotive
forces (EMFs) and to calculate equiva-
lent impedances representing loads for the
model used by the second estimation stage.
Furthermore, one extended model consider-
ing faults at any transmission line in a pre-
cisely modelled network part can now be
used for several substations. None of the
data requested from a SCADA system have
strict requirements regarding synchronisa-
tion or transfer speed. Secondly, a further
improvement is achieved by performing
cross-checks of results obtained by individ-
ual FL devices at both ends of the faulted
line before the selection of the best solution
variant. The case study, which considers not
only changes in network topology prior to
a fault but also different pre-fault and fault
scenario combinations, demonstrates the
capabilities of the developed method.

Section 2 presents the new adaptive fea-
tures and the methodology applied. Section
3 describes the case study network and dis-
cusses the obtained results. Finally, conclu-
sions are provided.



2. AN ADAPTIVE FAULT LOCATION BASED ON TWO STAGES OF
SYSTEM MODEL PARAMETER ESTIMATION

2.1. New Adaptive Features of the Developed Method

In order to overcome limitations
imposed by the incomplete scope of infor-
mation available to an OTMB FL device,
and to make the developed FL method
more adaptive while avoiding a require-
ment for exchanging precisely synchro-
nised data, several options are chosen.

First, an ability to adapt models
used for the two estimation stages prior
to a fault is integrated in the developed
method utilising indications of states of
CBs from a SCADA system and element
IDs assigned to each branch and at least
part of the nodes of the equivalent circuits
used. When disconnections of network
elements split a model of a pre-fault state,
the network parts that do not include
FL devices controlling a faulted line are
removed from the updated versions uti-
lised for both pre-fault and fault state
models to save computation time. While
the accuracy of many existing FL meth-
ods is unaffected (e.g., TTMB methods
[6]-[9],) or can even potentially improve
(e.g., simple OTMB methods [1], [2]) in
case of such pre-fault contingencies, the
accuracy of methods such as those using
ANNsS, if the training database used does
not include faults after contingencies, or
those estimating the impedance of the
equivalent power system as connected at
the end of the line [20], if the other end of
the line were to be disconnected, may be
degraded.

Second, the developed method also
requires the apparent powers of genera-
tors and loads available for correspond-
ing nodes in both of the models used.

These can be estimated [13], if necessary,
but that increases the computation cost
and the risk of errors, so measured data
will be welcomed. In the pre-fault state
model used by the first estimation stage,
all of these apparent powers are included
as power demand or injections at their
respective nodes based on element IDs
and node types (demand, power losses,
constant power generation, generation
with the possibility of power balancing).
The only exception is when a pre-fault
contingency breaks a link between a net-
work part including relevant FL devices
and an equivalent power system. In this
case, if there is at least one source capa-
ble of balancing power in the remaining
network part, one of the said sources is
modelled as a constant EMF (balancing)
source while others will remain as power
injections. In order to achieve this, the
model of the pre-fault state was changed
from the one used previously [13] to one
that operates with phase-to-earth voltages
and employs earth as the base node of
an equivalent circuit. The apparent pow-
ers of demand and generator nodes are
also used for the model of the fault state,
where equivalent load impedances are
updated and generator powers are used to
estimate generator EMFs at the moment
of fault occurrence. The described model
updates using SCADA data take place
periodically before the occurrence of a
fault, making both models updated near
real time but without a strict synchronisa-
tion requirement for data exchange.



2.2. Estimation of Unknown Model Parameters

Both estimation stages are defined as
optimisation tasks, which minimises the
difference between the measurements from
the controlled substation and the corre-
sponding outputs of a mathematical model
of the power system. The overall goal for
both estimation stages is to determine their
respective unknown model parameters
with the best possible accuracy and within
reasonable computation time. However, a
strict limit of a maximum error of 5 % is
only applied to the fault distance estimate,
as estimation of other parameters is of sec-
ondary importance.

The first estimation stage is active
before a fault occurs. and its purpose is to
reduce the number of unknown parameters
for the second estimation stage by deter-
mining the PS impedance of an equivalent
power system, if such a simplification is
used. As the NS current circulation paths
coincide with PS ones, an estimate of a PS
impedance also allows greatly limiting the
expected values of an NS impedance. This
is possible because the main reason for
their difference is the dissimilarity between
PS and NS impedances of rotating electric
machines, which are well defined [21]. This

{ 0.18|Zdys| < |Z&ys| < 0.42|Zys|

stage uses phasors of the calculation phase
obtained from processed measurement
recordings of substation bus voltages and
currents as well as power flows from all the
branches connected to the substation buses.

These values are automatically com-
pared to the corresponding outputs of a
mathematical model of a pre-fault state.
Next, a “difference” value, A, is calculated,
which is utilised here as a conceptual rep-
resentation of the actual objective function
Jos; (Subsection 2.3). When the conver-
gence criteria are met for the optimisation
at both ends of the faulted line, the obtained
solution variants are exchanged between
FL devices for a cross-check (Subsection
2.3) before the selection of a final estimate.
The PS impedance obtained is then used to
update the pre-fault state model utilised to
estimate generator EMFs. Next, the esti-
mated PS impedance of an equivalent power
system and generator EMFs are updated in
the fault state model. At the same time, the
PS impedance is used to set limits to poten-
tial values of the modulus and the X'/ R ratio
of the NS impedance of the power system
for the second estimation stage:

5 1
0.1 Xdys/Rsys — 2 < X&ys/Réys < 0.4 Xys/Rsys + 2 )

where Z3ys — the estimated PS impedance of an equivalent power system, Q; Z2,s — the NS
impedance of an equivalent power system, Q; Rays, Rays, Xays» Xays — the active and reactive

components of Z3ys and ZZys, respectively, Q.

The limits (1) are introduced by consid-
ering several factors. Firstly, on average for
different generators, moduli of Z constitute
approximately 10 %20 % of moduli Z&
and ratios X¢/R2 constitute 2 %13 % of
X&/R¢ at steady-state conditions [21]. Sec-

ondly, the difference between PS and NS
impedances is assumed lower than that for
generators, considering that there should be
a substantial number of connecting elements
between remote generators and the busbars
of an equivalent power system for one to



employ such a simplification. Thirdly, the
limits are then slightly extended by 2 % and
2 p.u. to account for potential errors of the
estimated |Z3ys| and Xy /Riys values.

As can be seen, the first estimation stage
both removes one decision variable for the
estimation of fault state parameters and
limits the search space for a second one,
thus improving the robustness and accu-
racy of the developed method. Addition of
this stage does increase the total computa-
tion cost; however, this is partially offset
by the reduced search space for the second
stage and it does not increase the FL time
as the first stage is active only before a fault
occurs.

The second estimation stage is activated
when a fault is cleared and measurement
signals have been processed by removing
the free decaying component (DC offset)
and extracting phasors of the fundamental
frequency [22] from the first full cycle. This
part of signal recordings is chosen to mini-
mise the possible differences between the
values of EMFs used in a fault state model
and actual EMFs due to potential electro-
mechanical transients. The second estima-
tion stage is tasked with estimation of fault
distance a, equivalent fault path resistance
R, NS, and zero-sequence (ZS) impedance
of an equivalent power system ZZys. For
calculating the objective function, the fol-
lowing phasors and values are determined
and used separately by FL devices at both

ends of a faulted OHTL:

* The phase voltages of busbars at the sub-
station where the FL device is installed,
and symmetrical components of the cal-
culation phase derived from them;

* Phase currents for each branch con-
nected to the substation and symmetrical
components of the calculation phase cur-
rents derived from them;

*  The symmetrical components of the cal-
culation phase apparent power for each
branch connected to the substation;

»  The fault distance that would be analyti-
cally calculated by an existing OTMB
FL method.

All of the phasors obtained from each
of the branches that are connected to the
substation are automatically arranged in a
vector using an updated “relay” terminal
(FL device) and element IDs. Thus, both
the set of the measurement phasors and
the results of the steady-state simulations
automatically retain correct order and
match an up-to-date pre-fault network
topology. The fault distance estimate
included as one of the measurements uses
apparent reactance for a distance calcu-
lation and is implemented in an existing
relay terminal [2]. For phase-to-earth
faults in parallel OHTL, this distance is
calculated according to the following
equation:

a= Im(Uth/igL)/(lm(Zﬁ1km [jth + kOFle(?)L + kOMjlg)L]/jl(:)L)LL): (2)

where a — the fault distance, p.u.; Uth and inh — the faulted phase voltage and current of the
faulted line, V and A; I2; and I9; — the ZS currents of the faulted line and the healthy paral-
lel line, A; Z{ 1), — the PS impedance of a one-kilometre-long section of the faulted line,
Q; kopy — a ZS compensation coefficient, p.u.; kqy — the ZS mutual induction compensation
coefficient (the ratio between the impedance of ZS mutual induction between both lines and

the PS impedance of the faulted line), p.u.



When other fault types are considered, instead.
a similar OTMB FL formula would be used
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Fig. 1. The flowchart of the developed method.

When the convergence criteria of the
optimisation for the second stage are met,
a more rigorous cross-check is performed
using the solution variants generated by
FL devices at both ends of the line before
selecting the most fitting solution overall.
Finally, the value of a is extracted from the
obtained group of decision variable values.
The described framework using two stages
of model parameter estimation with their

respective solution cross-checks is pre-
sented as a flowchart below (Fig. 1). In the
figure, X1, X2 represent decision variable
vectors for the first and second “relay” ter-
minal, respectively, which together provide
a PS impedance of an equivalent power
system, Zdys. X1F, X2F are decision vari-
able vectors for the second (fault state) esti-
mation stage. As can be seen in Fig. 1, an
alternative version of the developed method



is also considered in this study. It utilises
additional measurements of apparent power
flowing from an equivalent power system to
its busbars for both estimation stages. The
alternative version is analysed as a potential
solution for rare cases where errors of esti-
mated power system equivalent impedance
might impact the overall FL accuracy and in
order to see how much the additional mea-
surement data affect the parameter estima-
tion accuracy. However, it is still expected
of the developed method to provide fault
distance estimates with the aforementioned
5 % tolerance limit in all conceivable oper-
ational scenarios even without apparent
power measurements added. Regardless
of utilisation of the additional measure-

ment data used for the model, updates and
cross-checks do not require high-speed or
synchronised communication channels
between relay terminals at both ends of the
faulted line. As a result, the FL in these ter-
minals operate practically independently,
except for cross-checking the obtained
results.

Employing an optimisation, using mea-
surements available from all the branches
connected to a particular substation and in-
tegrating limited communication between
FL devices and the SCADA system, the de-
veloped method can provide accurate fault
distance estimates while avoiding depen-
dence on the exchange of high-speed, syn-
chronised measurement data.

2.3. The Optimisation Techniques and Cross-Checks Employed

An optimisation is utilised to determine
the unknown parameters of a mathematical
model by minimising the difference, A, be-
tween phasors obtained from measurement
data and those calculated by using updated

m
foBj€[0,0) [yl

where K, — the weight coefficient of the i-th measured parameter; N,

models of the considered network part. The
actual objective function is calculated as the
sum of squared relative errors of the real
and imaginary part of each phasor separate-
ly. Thus, the optimisation task is defined as

N Re(v)-Re(rm))? , ((Imy)-Imrm)))>
Mz [KWi : ((u) + (( )) )] 3)

[yl

MEA the number of

measurements used for the estimation process; y, — the phasor value of the i-th measured
parameter; y_ — the phasor of the corresponding model output of the i-th parameter.

If the modulus of a phasor obtained
from measurements is |y;| = 0, the relative
difference is determined by using |y,,:| as a
base in (3). Optimisation as shown in (3) is
applied for both estimation stages with deci-
sion variables being |Z§YS |; Xavs/Rays for

0-5|Z§YSN| = |Z§YS| = 2|Z§Ys Nl,
6 < X3dys/Rdys < 40 p.u.,

0.8Uy; < |Uj| < 1.5Uyj,j =1, ..., NyopEss

the first stage and a; R ; |Z s |; X&,s/Réys
|Z§)YS |; X3s/Rys for the second stage,
respectively. During the first estimation
stage, the optimisation has to adhere to the
following limits:

“4)
)
(6)



and during the second stage, the limits applied are as follows:

0.001 < « <0.999 p.u,
0.1 < Rp <200 Q,

0.5[Z8sn| < |Zévs| < 2|Z&vsnl,
3 < X&s/R3ys <30 p.u.,
0.5[Z8ysn| < |Z8vs| < 2|Z8ys .

3 < X§ys/Rys < 30 p.u.,

(7
®)
©)
(10)
(11)
(12)

where Zys n» Zéys y and Z3yg y — the PS, NS and ZS impedances of an equivalent power
system at nominal operation conditions, Q; U; — the steady-state voltage calculated at node
Jj of the pre-fault model, kV; Uy — the nominal voltage at node j of the pre-fault model, kV;
Nnopgs — the number of nodes in the pre-fault model.

Limits (4), (9) and (11) are chosen
assuming that the most notable possible
changes in these impedance values, besides
the loss of a link with an equivalent power
system, will be due to connection or discon-
nection of one of two parallel elements. The
loose limit (6) is adopted so that testing of
the developed method may include even
hardly possible post-contingency operation
conditions.

Minimisation (3) is achieved with the
help of a version of the genetic algorithm
(GA). The GA is a versatile optimisation
tool and it has been shown to be useful in
similar technical tasks with several different
types of GA operators and GA algorithm
structures known [7], [23]-[25]. This study
uses a modified version of the GA applied
in [13]; therefore, only the differences intro-
duced with these modifications will be dis-
cussed here. The most notable changes to the
GA used are to be found in the convergence
criteria. In addition to a base requirement of
minimum generation count minN there
are now three convergence criteria combi-
nations that lead to the end of the main GA
cycle. The first one remains as in [13] and
requires the relative difference between the

11

mean and minimum values of fitness or
objective function EPS and the maximum
Hamming distance to fall below certain
thresholds THI and TH2 (20 % and 5 % for
the first stage). The second option requires
a number of stagnating generations to reach
a set limit. The stagnation is recorded when
the change in EPS between generations is
smaller than TH2 and the change in a mini-
mum value of fitness between generations
is smaller than a different stagnation upper
limit. Thus, if no progress is achieved, the
GA cycle is stopped to save computation
time. The third group of criteria requires for
the mean and minimum values of the last
population fitness to be equal and lower
than the minimum fitness value obtained
from the initial group of solutions gener-
ated randomly before the beginning of the
main GA cycle. The first estimation stage
testing showed high tolerance, therefore,
most of the performance balancing for it
is aimed at computation time reduction as
indicated by the addition of the second and
third convergence criteria groups. Further-
more, the population size and the number
of population members chosen via the elite
selection approach [13] for this stage have



been reduced to 16 and increased to 75 %,
respectively. The step values for the estima-
tion of unknown parameters are set to 0.01
Q for | Z&ys| and 0.1 p.u. for the Xdys/Riys
ratio, respectively.

Due to the accuracy observed, a rela-
tively simple cross-check is applied for this
stage to balance any unlikely errors incurred

foBjtotal = (fOB]l/fOB]bestl) + (fosjz/fosjbestz),

by a FL device at one of the line ends. After
exchanging only the single best solution
variants and the corresponding values of the
objective function, each FL device calcu-
lates the value of the objective function for
a solution provided by the other device. The
relative total objective function (fitness)
value is then calculated for each solution:

(13)

where f oBjJtotal — the relative total fitness value of a particular solution variant; f opj1 and
fogjz — the fitness values calculated by the first and second FL device using the particular
solution variant; fogjbest1 and fogjbestz — the fitness values for the best solutions in the last
population of the GA from the first and the second FL device, respectively.

The solution variant with the lowest
foBjtotal value is chosen or mean values
from both solution variants are calculated
if both decision variable vectors (solutions)
have identical fogjtotal values.

The second estimation stage utilises
the same GA version, but with more strin-
gent settings for convergence criteria. The
balancing towards higher accuracy at the
expense of an additional computational bur-
den is chosen due to the importance of cor-
rect distance estimation and other factors.
The stagnating generation is registered if the
change in the EPS between generations is
lower than one-tenth of 7H2. Additionally,
here the third group of criteria is applied if
the mean and minimum fitness values are
less than one-tenth of the smallest fitness
value calculated for the initial randomly
generated solution group. The accuracy is
further increased by using 20 population
members and elite selection of only 50 %
of new members. The maximum thresh-
old value of the EPS for the first group of
convergence criteria is set to 0.5 % and the
maximum Hamming distance to 5 %. At the
same time, the size of the initially generated
group of random solutions is set to 5000 in
contrast to 1000 for the first stage.
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The step values used for the estima-
tion of unknown fault-state model param-
eters are 0.001 p.u. and 0.1 p.u. for a and
X3ys/Réys, X3ys/Rys ratios, and 0.01 Q
for R, |ZSYS |, |ZSYS| respectively. When
the GA has converged for both FL devices,
they exchange their last populations (solu-
tion groups). The maximum and minimum
values for each decision variable are deter-
mined from all of these solutions. Next,
a test group of solution variants is gener-
ated by combining pairs of a and R, values
with groups of [Z3ys| Xéys/ RSYS: Z3ys),
X3s/RY,s values from the top 10 solu-
tions provided by each FL device. Then,
the test group is extended with a large num-
ber of randomly generated solutions within
the previously determined minimum and
maximum values. The resulting test group
is then sent to both FL devices, which cal-
culate their objective function values. The
final solution is the one with the lowest total
relative objective function value calculated
according to (13).

As shown by Section 2, the developed
method can be described as an optimisa-
tion-based recognition of the most likely
model parameters utilising measurement
data. However, in contrast to other recogni-




tion-based methods [15]-[19], the reference
used is an adaptive mathematical model
rather than a set of prior measurement data
or simulation results. Furthermore, in con-
trast to OTMB methods, be they analyti-
cal [2] or probabilistic [20], the developed
method models a wider extent of the neigh-

3. THE CASE STUDY

bouring network and utilises measurements
from all the branches connected to the sub-
station. These differences together with the
cross-checks introduced in the developed
method reduce the risk of FL errors due to
errors or insensitivity of measurements at
any of the two substations.

3.1. The Case Study Power System

The power system used for studying the
operation of the developed FL is presented
in Fig. 2. Network sections controlled by
relay terminals with the developed FL are
shown in blue rectangles. Designations for
the modelled OHTL faults are included as
well. Detailed information about the net-

work elements is provided in [13]. Four
base scenario groups will be analysed with
and without utilisation of the additional
measurements of apparent power from the
equivalent power system S and one sce-
nario group, where the power system is dis-
connected from the analysed network.
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Fig. 2. The case study network.
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The scenario groups consider phase-to-
earth faults in an OHTL occurring while one
or two other lines are out of service (Table 11).
The scenario IDs consist of, first, the fault ID
and then, the IDs of the lines (according to

Table 1. Scenarios Modelled in the Case Study

Fig. 2.) considered offline before the fault. The
table also shows the maximum number of mea-
surement phasors available for the developed
FL from both ends of the line, if the additional
apparent power measurements are not used.

Scenario ID FIL3 FOLSL6 F5L3L4 | F7L2 | F7LI
ID of the faulted line L5 L11 L2 L12 L12
IDs of the disconnected lines L3 L5and L6 |L3and L4 | L2 L1
Available measurement phasors during the pre-fault state 11 9 9 9 9
Available measurement phasors during the fault state 52 43 43 43 43

For each group of scenarios, 1000 ran-
domised scenarios are generated. In these
scenarios, the active power is randomly
assigned to load and generation nodes
within the limits of 0 %—120 %. The lim-
its applied to the assignment of the reac-
tive power are the same in case of loads but
for generators it is =120 %—120 %. When
generating random pre-fault and fault state
scenarios, restrictions (4)—(12) are applied
as well. In cases when the connection with
the equivalent power system is lost and the
analysed network part has a power supply

3.2. Results and Discussion

The testing results for the defined sce-
nario groups are assembled in Table 2. The
table provides both maximum and mean val-
ues of the error moduli of estimates of the
equivalent power system sequence imped-
ances (moduli and X/ R ratios) for each group
of scenarios. The same values are provided
for the number of generations N, neces-
sary for the convergence of the GA during
the second stage of parameter identification,
as it would determine the FL computation
time after a fault is cleared. For fault distance
a and equivalent fault path resistance R, the
value of two standard deviations is calculated
from the moduli of the sub-scenario errors
as well. Combined with the mean value, it
shows the approximate upper limit of errors
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deficit, the upper limits of the randomly
assigned active and reactive power of loads
are set so that the remaining load together
with nominal network losses should con-
stitute 99 % of the power of the remaining
source capacity. After a possible pre-fault
state has been obtained, o and R, are ran-
domly selected, and a steady-state simula-
tion of a fault state is performed. The results
of the simulations are then utilised for FL
by the developed method as well as by one
existing OTMB method and one TTMB
method [2] for performance comparisons.

to be expected in 95 % of cases. “a REDI1”
and “o REDI2” in Table 2 stand for the fault
distances calculated by OTMB and TTMB
FL algorithms implemented in an existing
relay terminal [2].

The results in Table 2 demonstrate the
high tolerance of the first estimation stage
with only a few cases where the X' / R' ratio
estimation errors approached or exceeded
10 % and show that utilisation of additional
measurements would yield little improve-
ment in accuracy for this estimation stage.
The observed accuracy can be explained by
a low number of decision variables and a
sufficient sensitivity of measurement groups
to changes in the system PS impedance val-
ues. The results for the second estimation



stage show larger errors for estimates of NS
and even larger ones for ZS impedances
with occasional maximum errors exceeding
20 % and 50 % for |Z°| and X° / R°. How-
ever, the mean errors of the moduli of both
impedances remain within 5 % for almost
all the scenario groups. Furthermore, X / R
ratio estimation errors have a noteworthy
impact on impedance only when an actual X
/ R ratio value is small due to the use of the
tangent function with limited accuracy. The
lower tolerance in the NS and ZS impedance
estimates can be attributed to a three times
larger number of decision variables com-
pared to the first stage and a higher sensitiv-
ity of measurements to a and R, compared
to the system sequence impedances. The
fact that NS impedance estimates are more
accurate than ZS ones indicates the positive
impact of the search space limitation intro-
duced based on the similarities between NS

and PS networks. A comparison between the
results with and without utilisation of the
additional power flow measurements shows
the ability of these measurements to increase
estimation accuracy for the system sequence
impedances by offsetting the relative lack of
sensitivity of the measurement sets, espe-
cially to the ZS impedance.

The results of estimating fault path resis-
tance R, demonstrate that this parameter
can be estimated with sufficient accuracy
(maximum error 1.79 % when the additional
power measurements are used and 4.78 %
when they are not). It can also be noted that
for R, the use of the additional power flow
measurements may result in a slightly lower
estimation tolerance (F1_L3). However, for
the more difficult scenario groups F6 L5
L6, F5 L3 14 and F7 L2, the additional
measurements provided an increase of the
average accuracy by 34.8 %43 %.

Table 2. Case Study Results with Errors for Obtained Parameter Estimates

‘ScenarioID
F1_L3 F6_L5_L6 F5_L3_L4 F7_L2 F7 L1
Additional measure-
ments from the power | No Yes No Yes No Yes No Yes No
system used
maximum 042 | 041 | 035 | 046 | 067 | 069 | 071 | 055 -
2 error, %
S
f;eanm"r’ 0.022 | 0.021 | 0.023 | 0.024 | 0.022 | 0.027 | 0.029 | 0.032 | -
()
faximum 893 | 7.07 | 9.63 | 742 | 635 | 9.08 | 807 | 1197 | -
error, %
X'/R
?/zeanm"r’ 0390 | 0357 | 0381 | 0374 | 0445 | 0427 | 0.517 | 0.555 | -
faxim 526 | 475 | 1164 | 485 | 592 | 496 | 854 | 625 -
2 error, %
S
On/“ea”e”"r’ 0.404 | 0347 | 0593 | 0299 | 0.589 | 0381 | 0.839 | 0.519 | -
(]
fmaxmum 3456 | 35.00 | 39.73 | 29.17 | 4150 | 21.83 | 4037 | 2592 | -
error, %
X /R
f;eanermr’ 2293 | 1.177 | 2.675 | 0.299 | 2.964 | 1.540 | 3319 | 1.538 | -
()
faximum 55.66 | 18.14 | 5126 | 13.54 | 27.23 | 10.58 | 27.49 | 9.56 -
2 error, %
S
f}/leanem’r’ 7237 | 1506 | 3.088 | 1.073 | 1.739 | 0.971 | 1368 | 0.957 -
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faximum 86.50 | 42.40 | 83.67 | 46.30 | 68.17 | 40.57 | 68.63 | 39.17 | -
error, %
X/ RO
f]zea“emr’ 22.643 | 4.087 | 12.978 | 4.498 | 8.062 | 4.529 | 5854 | 3772 | -
faxim 708 845 958 915 | 1059 | 936 | 1111 | 1120 | 796
error, %
Noex mean error.
o © | 4274 | 4450 | 511.8 | 489.0 | 5469 | 5133 | 575.8 | 536.4 | 451.0
faximum 087 | 049 | 151 | 075 | 478 | 1.19 | 353 | 179 | 124
error, %
2 f;leanem’r’ 0.045 | 0.052 | 0.093 | 0.061 | 0.169 | 0.104 | 0.251 | 0.143 | 0.016
F 0
two standard
deviations of | 0.145 | 0.161 | 0.347 | 0201 | 0.709 | 0328 | 0.939 | 0.474 | 0.160
error, %
maximum
error, % 020 | 041 | 304 | 216 | 350 | 225 | 464 | 293 | 145
error, %
o
New f;leane“"r’ 0.030 | 0.043 | 0212 | 0.159 | 0240 | 0.174 | 0.469 | 0278 | 0.031
FL 0
two standard
deviations of | 0.078 | 0.123 | 0.687 | 0.472 | 0.799 | 0.542 | 1.517 | 0.811 | 0.199
error, %
fmaximum 5167 | 56.79 | 69.74 | 78.43 | 9639 | 102.12 | 112.67 | 121.34 | 94.08
error, %
a f,feanermr’ 7475 | 7.784 | 14.848 | 15.14 | 7.182 | 7.440 | 9.743 | 10.290 | 7.837
REDII |22
two standard
deviations of | 17.15 | 18.04 | 39.11 | 3929 | 21.36 | 24.47 | 2838 | 30.10 | 28.49
error, %
fmaximum 020 | 020 | 023 | 023 | 030 | 028 | 0.19 | 0.19 | 096
error, %
a f;eanemr’ 0.087 | 0.088 | 0.103 | 0.103 | 0.120 | 0.121 | 0.077 | 0.077 | 0.431
REDI2 | 22
two standard
deviations of | 0.102 | 0.101 | 0.115 | 0.114 | 0.165 | 0.147 | 0.108 | 0.110 | 0.491
error, %

Overall, the episodically significant
errors for estimates of the PS, NS and ZS
impedances of the power system and R,
did not critically affect the accuracy of the
developed FL. This is shown by a estimation
errors remaining within the 4.64 % margin,
if additional measurements are not used,
and 2.93 %, when they are. The scenario
group F1 L3 indicates that for “easier”
scenarios, where the measurements used
are more sensitive to changes in o, exten-
sion of the measurement group with the
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measurements from the equivalent power
system can be slightly counterproductive.
However, in “difficult” scenarios, the addi-
tional measurements provided a reduction
in the maximum error by 0.88 %—1.71 % of
faulted line length and narrowed the range
of most FL errors as shown by the drop of
the error standard deviation value, which
was 0.108 %-0.353 %. Data for scenario
group F1_L3 in Table 1 and Table 2 indicate
that after a sufficient number of available
measurements is reached, a further increase



of the measurement set provides little posi-
tive impact on the overall accuracy of the
developed FL method, matching the obser-
vation made in the previous study [13].
Instead, the number of parallel links and the
position of the faulted line within the net-
work seem to have a higher importance.
The obtained results (Table 2) also
show that the developed FL is significantly
more accurate than the existing apparent-
reactance-measurement-based FL (REDI1).
A comparison with the existing TTMB FL
(REDI2) shows that in easier scenarios (F1

L3, F7_L1), the developed FL algorithm is
more accurate on average and has a smaller
error dispersion as shown by the cumula-
tive distribution functions (CDFs) obtained
from scenario results (Fig. 3). However,
in the more difficult scenarios, the exist-
ing TTMB method outperforms the devel-
oped method but only by 0.11 %—0.39 % of
faulted line length, if the additional appar-
ent power measurements are disregarded,
and by 0.06 %—0.20 % when they are uti-
lised.

= = =Developed
—¥—REDI1
REDIZ
[’J 1 1 1 1 1 1 1 1 ]
0 0.5 1 1.5 2 25 3 3.5 + 4.5 5

Fig. 3. The CDFs of fault distance estimate error absolute values for scenario F1_L3
without additional apparent power measurements.

4. CONCLUSIONS

The developed method ensures adap-
tiveness, accuracy, and robustness with a
combination of several different approaches.
First, models of an analysed network part
are made up to date and the PS sequence
impedance of an equivalent power sys-
tem is estimated before fault occurrence.
This reduces potential causes for errors,
the number of decision variables, and the
search space for the optimisation operat-
ing after a fault is cleared, thus increasing
both the feasibility and accuracy of FL. The
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updates are performed by utilising informa-
tion from a SCADA system without strict
requirements for data synchronisation;
limited data such as the state of CBs and
power generation and demand at the main
“border” nodes are fetched. Second, the uti-
lised measurement group is extended from
just the faulted line to all branches within a
particular substation, which has the added
benefit of reducing the potential impact
of measurement errors. Third, the indirect
utilisation of measurement data from the



other end of the line is integrated without a
data synchronisation requirement by means
of result cross-checks. These allow the FL
devices to operate semi-independently and
to compensate for the potential lack of sen-
sitivity of a measurement group available at
one of the line ends.

The case study results show that the PS
impedance of an equivalent power system
can be determined with a very good toler-
ance, allowing the use of its estimate to
define the possible interval of NS imped-
ance values with only slightly extended
margins. Estimates of the NS impedances
are less accurate, but on average, their mod-
uli are determined with a 1 % error margin.
The ZS impedance estimates were the least
accurate ones due to both a larger search
space and a lower sensitivity of measure-
ments to this parameter. When considering
X / R ratio estimates, a similar situation is
observed, but their inaccuracy often has a
limited impact on the sequence impedances
due to the use of the tangent function. The
use of the additional power flow measure-
ments is most useful for estimation of NS
and ZS impedances as they offset the sensi-
tivity of measurement groups towards fault
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The article presents a hydraulic hydrogen compression solution designed to serve as a
booster compressor. It can be adapted to changing parameters of the inlet pressure of hydrogen
and allows stabilising the hydrogen accumulation process in the high-pressure storage.

The main results of this study were obtained using a numerical model developed to explore
the thermodynamic processes that occur during the hydraulic compression of hydrogen. The
modelling was carried out using COMSOL Multiphysics® 6.0 software with the CFD and heat
transfer modules. The compression chamber in the form of a cylinder with a volume of 1.14 /
and wall thickness of 5 mm was used in the computational model. The aim of these simulations
was to investigate the temperature change limits of hydrogen, cylinder walls and working fluid,
as well as to estimate the actual value of pressure inside the cylinder. The considered process
of pressure increase in the cylinder chamber was modelled as a continuous change of volume
filled with working fluid with discrete time step of 0.01 s, taking into account the increase of
temperature inside the cylinder. The derived modelling results for different durations of com-
pression stroke t_from 0.5 to 20.0 s were presented. The curves of energy consumption and
temperature rise during the compression process were calculated for initial hydrogen pressures
P, =3.0,10.0, 15.0 and 20.0 MPa and compression ratio K_= 5.0.

The results of simulation of thermodynamic processes and their analysis allowed estimat-
ing energy consumption in the system of hydraulic compression and determining conditions
which would lead to the increase in efficiency of hydrogen compression operation systems
under consideration.

Keywords: Heat transfer, high pressure, hydrogen, hydraulic compressors, numerical
simulations, refuelling stations.
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1. INTRODUCTION

A growing number of countries and com-
panies are engaged in intense competition for
leadership in clean hydrogen technologies.
Today, more than 30 countries have devel-
oped or are preparing hydrogen strategies,
indicating growing interest in developing
hydrogen value chains [1]. It is apparent that
hydrogen has the potential to make a signifi-
cant contribution to three of the most impor-
tant tasks concerning energy use: sustain-
able economic development of the European
Union, reducing greenhouse gas emissions
and curbing air pollution [2], [3].

In recent years, the use of hydrogen
energy in transport and the concept of a
hydrogen economy have benefited from a
fresh wave of strong political support. At the
same time, rapidly evolving technologies
have raised the possibility of using hydrogen
as a driver for a future carbon-neutral energy
system. At the heart of this initiative, there is
the desire for energy security and indepen-
dence. The European Union has set an ambi-
tious goal to become the first climate neutral
continent by 2050, which is in line with the
guidelines of the European Commission [4].

Depending on the production method,
hydrogen is conventionally labelled green,
blue, pink and grey, and specialised terms
like — safe, sustainable, low-carbon and
pure — are also used [5]. Utilisation of the
renewable energy sources, which are practi-
cally inexhaustible, for hydrogen generation
allows establishing continuous, sustainable,
ecologically clean energy production cycle.
Thus, “green” hydrogen is one of the most
promising approaches for future energy stor-
age infrastructure development projects.

Green hydrogen is considered to be one
of the most environmentally friendly energy
carriers and will be an important part of the
future 100% sustainable energy system [6].
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In the production of green hydrogen,
the main emphasis is on the use of wind and
solar energy. Current level of technological
processes ensures the production of hydro-
gen by electrolysis of water without emis-
sion of carbon dioxide into the atmosphere.
Thus, the entire process of water electrolysis
and hydrogen generation can potentially be
carbon free if renewable or nuclear electric-
ity is used [7], [8].

On the consumption side, the conver-
sion of hydrogen energy into electric cur-
rent bypassing combustion process makes it
possible to use this energy source to power
electric vehicles. Currently, there are plenty
of examples of successful implementation of
hydrogen technology for cars and trucks [9],
[10].

A schematic diagram of a refuelling sta-
tion using hydrogen at inlet pressure from 0.6
up to 25.0 MPa, either brought by trailer or
generated by electrolysis at the station itself,
is shown in Fig. 1. The proposed concept is
especially attractive when combined with
the use of green hydrogen produced by elec-
trolysis, fed from wind turbines, solar panels
or the electricity grid [11]. Using the booster
hydraulic compressor, the low-pressure
hydrogen is raised to the required 70.0 MPa
for cars and 35.0 MPa for trucks and pumped
into the storage tanks. The high-pressure
hydrogen is then filled into the vehicle fuel
tanks via a dispenser.

In articles [8], [12] currently existing
technologies of hydrogen compression, their
working principles, advantages and limita-
tions are reviewed and discussed. It should
be noted that, from a wide variety of com-
pressors, the compressors with a liquid pis-
ton have the lowest energy consumption,
as only this technology is able to provide a
quasi-isothermal compression process.
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Fig. 1. Schematic diagram of the delivery, storage and preparation of compressed
high-pressure hydrogen for use at refuelling stations.

The liquid piston is not a new concept,
as the earliest known application dates
back to 1906. This solution was used in an
internal combustion engine for pumping
water, known as the Humphrey pump [13].
The Humphrey pump followed the Atkin-
son cycle and demonstrated efficiencies of
between 5 % and 10 % [14].

The liquid piston gas compression con-
cept uses a column of liquid to directly com-
press gas in a fixed volume chamber. The
use of a liquid piston eliminates gas leakage
from the compression chamber and elimi-
nates the friction of the mechanical sliding
seals present in the cylinders of mechani-
cal compressors and allows increasing the
efficiency of gas compression. Using a sim-
plified model, it has been demonstrated that
this concept can increase the compression
efficiency from 70 % to over 83 % [15].

It should be noted that the gas com-
pression process is accompanied by high
heat generation and the temperature of the
gas has an effect on the working fluid. In
fact, the fluid and the gas are compressed
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together, but since the fluid has a higher
density and a higher heat capacity, the heat
generated during compression is effectively
absorbed by the fluid and the surrounding
walls of the compression chamber.

Once the compression stroke is com-
plete, the heated fluid is channelled from
the compression chamber into the heat
exchanger, where it is cooled. As a result,
hydraulic compressors have an advantage
over reciprocating compressors in terms of
cooling, as there is no need for external heat
exchangers on the compression chambers.
This reduces the weight of the compressor
and the cost of the entire system [8].

Nowadays, when deploying hydrogen
infrastructure for vehicle refuelling, it is
essential to take advantage of simple and
affordable devices for hydrogen compres-
sion tasks.

Research performed by the authors in
this direction has led to the development of
a number of technical solutions [16]-[18]
which are aimed at increasing the efficiency
of hydrogen hydraulic compression systems.



The study of thermodynamic processes ~ mining conditions which would lead to the
in the hydrogen hydraulic compression sys- increase in the efficiency of operation of the
tem performed by the means of numerical considered hydrogen hydraulic compres-
simulation and analysis of the results allow sion system.
estimating energy consumption and deter-

2. SIMULATION OF THE HYDRAULIC COMPRESSION PROCESS

The process of hydraulic gas compres-  pressure storage.
sion can be represented by simplified dia- To estimate the rate of pressure rise in
grams in Fig. 2. Figure 2a shows the state of ~ high-pressure storage, with some assump-
the system at the beginning of the process tions, one can use relations derived from
when gas with pressure P, = 3.0 MPa from  Boyle-Marriott’s law. In this case, we
the low-pressure tank through open valves assume that in the physical system under
fills the compression chamber with volume consideration the gas temperature at the

V', and the high-pressure storage with vol- beginning and at the end of the compres-
ume V,. The compressor is then filled with sion process remains constant.
working fluid via flow rate meter S, causing Figure 2b shows the state of the system

the gas to be compressed to volume 7, with  at the end of the compression process, when
pressure P,. Once the compression process the high-pressure storage is filled with gas
is complete, the compressed hydrogen is  up to a target pressure P = 15.0 MPa.
injected through the open valve to the high-

High-pressure Low-pressure
storage tank

Low-pressure

tank storage

Working fluid b) Working fluid

a)

Fig. 2a. A simplified scheme of the hydrogen hydraulic compression system at the start and 2b — at the end of
the compression process, where the compressor, using a working fluid, compresses hydrogen to volume ¥, with
pressure P..

During the cyclical repetition of the is determined by the following relations:

compression process the pressure in high- _ P3V34Pai-n)Vy

. . Py =2 (1)
pressure storage increases stepwise. Thus, 3tV2

gas pressure Rzl. orlglnatlpg at the epd of where

each compression stroke i after opening of

the Yalve and coml:?mmg gas volumes ¥, and P, = PVi_ oot 2)
V,with corresponding pressure values P, P, Vs
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In Eq. (2), the ratio of volumes corre-
sponds to the compression ratio of hydro-
gen in compressor and can be expressed as

follows:

K
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A target pressure of P, = 15.0 MPa
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Hydrogen pressure P»;, MPa
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Fig. 3. Increase of cumulative hydrogen pressure P,, in the high-pressure storage V,
for corresponding number of strokes N, at inlet hydrogen pressure P,= 3.0 MPa,
for different compression ratios K, = 5.0, 6.0, 7.0, 8.0 and 10.0.
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Fig. 4. Increase of cumulative hydrogen pressure P, in the high-pressure storage V', for hydrogen
inlet pressure P, varying from 3.0 to 4.5 MPa at a constant compression ratio K = 5.0 for corresponding
number of strokes N

The results of the calculations of pres-
sure change P, in high-pressure storage after
every compression stroke i=1, 2, 3...N_ for
compression ratios K = 5.0, 6.0, 7.0, 8.0,
10.0 are shown as curves in Fig. 3, where
it is seen that the curves have an exponen-
tial dependence and pressure growth rate in
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high-pressure storage decreases with every
compression stroke.

As can be seen on the curves of Fig. 3,
at high values of compression ratio K, the
number of compression strokes N, required
for achieving the target pressure in the high-
pressure storage (P, = 15.0 MPa) decreases.



For example, an increase of compression
ratio K_from 5.0 to 6.0 leads to an increase
of pressure P, by 20 %, but the number
of compression strokes N decreases from
21 to 7. However, in real conditions, the
increase of the compression ratio K is lim-
ited by technical characteristics of liquid
pump, valves and fittings used in the sys-
tem design.

The acceleration of the compression
process can also be achieved by increasing
the inlet pressure P, in the system. Figure
4 shows an example of how a change in
inlet pressure P, (varying from 3.0 to 4.5
MPa) at a constant compression ratio K =
5.0 affects the number of strokes required to
achieve a target pressure of P = 15.0 MPa.

3. DESIGN OF THE HYDRAULIC COMPRESSION SYSTEM

The device proposed in Fig. 5 is
designed for use as a booster compressor in
a refuelling station system that uses hydro-
gen brought in by truck in tubes with a pres-
sure of up to 25.0 MPa or produced locally
by electrolysis of water in limited quanti-
ties with a pressure of up to 4.5 MPa. For
example, an Enapter electrolyser can pro-
duce up to 500 //A or 1.0785 kg/h H, at 20
°C and 3.5 MPa[19]. For the production of
“green” hydrogen, wind and solar energy
can be used, converted into electrical power
utilising, for example, wind turbines and
photovoltaic panels.

The proposed device operates on the
principle of hydraulic compression of
hydrogen in closed chambers filled with a
working fluid suitable for the compression
of hydrogen. The cycling of the processes
of compression and filling with a new por-
tion of low-pressure hydrogen occurs in
accordance with a certain valve switching
algorithm. All valves in the device circuit
are controllable and connected to the con-
trol unit, which is not shown in the diagram.

The operation algorithm provides for
the joint operation of all stages of hydro-
gen compression, and this leads to a gradual
increase in pressure of hydrogen in the high-
pressure storage C,. In the first embodiment
of the device in the initial state, the tank 7,
is filled with hydrogen obtained from the
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source with an initial pressure, and working
fluid ' is poured into the reservoir 7.

At the same time, after switching on the
control unit, the controlled valves S, - S, S,
S, S, 1n the device are opened, the valve
S, closed, and the hydraulic pump K, does
not create pressure in the pipelines. In the
meantime, the compression chambers C,
C,, C,, the high-pressure storage C, and the
buffer storage C; are filled with the hydro-
gen from the tank 7', with the corresponding
pressure. After that the valves §, - S, S, S,
S, are closing.

The next step is to switch on the
hydraulic pump K, and open the valve S,
through which the working fluid F from the
reservoir 7, is supplied to the compression
chamber C, of the first compression stage
through the pipeline and through the flow
meter L,. Filling the compression chamber
of the first compression stage with working
fluid F leads to a decrease in the volume of
hydrogen, and its pressure increases pro-
portionally.

The amount of working fluid F entering
the compression chamber C, is measured
by the flow meter L,. When the predeter-
mined degree of hydrogen compression in
the compression chamber C, is reached,
the valve §,, is closed and the valve S, is
opened.

Through the valve S, compressed



hydrogen enters the compression chamber
C, of the second compression stage and
simultaneously through the valve S, and the
flow meter L, working fluid F enters the
compression chamber C,, where hydrogen
is compressed. At the same time, the trans-
fer of compressed hydrogen from the com-
pression chamber C, to the chamber C, of
the second compression stage is completed,
and then the valve S| is closed.

Further, the valve §; and the valve S,
are opened, as a result of which hydrogen
from the tank T, through the open valve
S, extrudes working fluid F from the com-
pression chamber C, into the reservoir T,
through the flow meter L, and the optical
sensor L, to control the fluid flow. The direc-
tion of the fluid flow through the flow meter
L, changes the direction; therefore, the said

R; E\r
I
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flow meter L, operates in the reverse count-
ing mode and issues a signal to close the
valve S., when the measured volumes of
fluid pumped in one and the other direction
are equalised.

In this state, the chamber C, is filled with
hydrogen and prepared for a new compres-
sion cycle, and hydrogen in the chamber C,
is in a compressed state. At this moment,
valve §, is opened, and compressed hydro-
gen from the chamber C, enters the cham-
ber C,. An additional volume of compressed
hydrogen from the chamber C, increases
the level of hydrogen pressure in the cham-
ber C,, after which the valve S, is closed. At
the same time, the valve S, is opened, and
the chamber C, is filled with fluid F, which
leads to the compression of a new portion
of hydrogen.

Fig. 5. Schematic view of a hydraulic hydrogen compression system for refuelling stations, using flow rate
meters and an additional booster storage for raising the pressure in the high-pressure storage.
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After closing the S, valve, the valve S,
and the valve S, are opened, and hydro-
gen from the tank 7', extrudes fluid F from
the first chamber C, into the reservoir T,
through the flow meter L, and the optical
sensor L. The flow meter L, also operates
in reverse counting mode and issues a sig-
nal to close the valve §, and S, when the
measured volumes of fluid pumped in one
and the other direction are equalised.

Hydrogen pressure in the chamber C,
through several repeated cycles reaches its
maximum and becomes equal to pressure
in the chamber C, and C,. After that, the
valves S, and S, of the second group are
closed, and the valve S, is opened, through
which fluid F is supplied to the chamber
C..

After the completion of the hydrogen
compression cycle in the chamber C,, the
valve §, is closed, and the valves S, S are
opened. Compressed hydrogen enters the
high-pressure storage C, and the buffer
storage C..

After the removal of the compressed
hydrogen from the chamber C,, the valves
S, S, are closed and the valve S, is opened,
as a result of which fluid F flows through
the flow meter L, and the optical sensor L ..
The flow meter L, also operates in reverse
counting mode and issues a signal to close
the valve §,,, when the measured volumes
of fluid pumped in one and

the other direction are equalised. Thus,
the process of accumulation of high-pres-
sure hydrogen in the high-pressure storage
C, and in the buffer storage C. is com-
pleted.

Optical sensors of fluid flow control
L, - L, duplicate operation of fluid flow
meters L, - L, to exclude ingress of hydro-
gen into the reservoir 7, in the case of rup-
ture of fluid flow F.
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In the process of cyclic switching of
valves, a situation may arise when valves
S, - §,, of the fourth group can simultane-
ously receive a command to close, since
the control of these processes depends
on signals from the output of flow meters
L, - L, and optical sensors L, - L. As a
result, simultaneous closing of valves S, -
S, is possible, which will lead to a sharp
increase in pressure at the outlet of the
high-pressure hydraulic pump K. Switch-
ing on the safety valve S, serves to bypass
the fluid flow F from the outlet of the
hydraulic pump K, and reduces the pres-
sure in the pipelines in this case.

Limited hydrogen reserves in the tank
T, lead to a decrease in the hydrogen inlet
pressure during the operation of the device,
which is supplied to the chambers C, and
C,. This raises the question how to main-
tain the high pressure of the hydrogen that
fills the high-pressure storage C, when the
pressure in tank 7', is low. To compensate
this effect, the device provides the abil-
ity to refill chambers C, and C, of the first
compression stage with hydrogen accu-
mulated in the buffer storage C.. In this
case, after hydrogen is compressed in the
chambers C,, C, and after that in chamber
C,, hydrogen is supplied only to the high-
pressure storage C, through the valve S.

This feature also makes it possible to
maintain a high pressure in the high-pres-
sure storage C, during the intermittent sup-
ply of hydrogen produced by the electroly-
ser E, from renewable energy sources such
as the wind turbine R, or the photovoltaic
panel R,. In this way, the operation of the
device can be adapted to varying pressure
settings at the inlet of the 7, tank, thus
accelerating the refuelling speed of the
vehicles.



4. THE NUMERICAL MODEL OF

HYDROGEN HYDRAULIC COMPRESSION

An increase in pressure in the closed
chambers of the hydrogen hydraulic com-
pression device leads to an increase in the
temperature of the compressed gas and
working fluid. This effect must be respected
in order to assess the possible influence of
temperature on the properties of the work-
ing fluid and to determine the energy con-
sumption for the compression process.

The thermodynamic processes asso-
ciated with hydrogen compression were
investigated using COMSOL Multiphys-
ics® 6.0 software with the CFD and heat

transfer modules. The compression cham-
ber used in the calculation model is a cyl-
inder shown in Fig. 6, with height 4 = 145
mm, an inner diameter d = 100 mm with a
volume of /, the chamber walls are made of
stainless-steel with thickness of 5 mm.

In the numerical model, the thermody-
namic process is implemented, which takes
into account heat exchange between the
gas, working fluid and the cylinder walls
and the model also reflects the process of
convective heat transfer into the surround-
ing space.
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Fig 6. A model of a steel cylinder shaped chamber where hydrogen is compressed
by the working fluid coming from below in the direction of the arrow.

The aim of the simulation is to inves-
tigate the temperature change limits of
hydrogen, cylinder walls and working fluid,
as well as to estimate the actual pressure
inside the cylinder. The process of increas-
ing pressure in the cylinder chamber is con-
sidered as a result of discrete changes of
volume, which is filled with working fluid,
taking into account the increase of gas tem-
perature.

Each step of the discrete volume change
increases the height of the fluid by a certain
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amount, determined by a given stroke time
¢ and a given compression ratio K . In this
case, we assume that at each time step of
hydraulic compression of hydrogen in the
model, properties of working fluid and gas
are uniformly distributed. Time of discrete
change of working fluid volume used in cal-
culations is constant and set equal to Az =
0.01 s.

The physical properties of hydrogen,
working fluid and stainless-steel cylinder
used in the model are shown in Table 1.



Table 1. Initial Parameters and Physical Properties of Hydrogen, Liquid Piston and Cylinder Used in the Model

Temperature of gas, working fluid, cylinder and surrounding air 77 = 300.0 K
Pressure P, = 3.0 MPa
Initial parameters used Volume V.: 114 lit.res _
in the simulation Gas. mass in .the cylinder=2.74 g .
Cylinder — air heat transfer coefficient h = 20.0 W/(K-m?)
The mass of the cylinder is — 2400 g
Wall thickness of the cylinder — 5 mm
The calculations use a compressible liquid with a Mach number < 0.3
Property and its variable used in COMSOL Value Unit
Molar mass (M) 2.016 g/mol
Degrees of freedom (f) 5.0
Properties of hydrogen | Ratio of specific heat (y) 1.4
Heat capacity at constant volume (cv) 10307.5 J/kg' K
Heat capacity at constant pressure (cp) 14429.6 Jkg K
Thermal conductivity (k_iso) 0.4 W/(m-K)
. | Density (rho) 918.0 kg/m’
;r;ﬂimes of the liquid Heat capacity at constant pressure (cp) 2060.0 J/(kg'K)
Dynamic viscosity (mu) 130.6 Pa-s
Ratio of specific heats (gamma) 1.0
P ies of th Thermal conductivity (k_iso) 45.0 W/(mK)
stra(;ﬁféslsfi;(;el c‘;linder Density (o) 77000 Jeg/m’
Heat capacity at constant pressure (cp) 800.0 J/(kg'K)

The volume of working fluid Vi in the
compression chamber after each step is
determined by the expression:

Vij = AV J,

v(i-w)

S

“

AV = At, (5)
where V — entire volume of the compres-
sion chamber;

AV, — the value of the discrete increase in
volume of the working fluid;

j=1,2,3 ... n— the number of the step
of the discrete increase of the working fluid
volume;

n=t /At — count of steps in the one com-
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pression stroke.

The developed numerical model of gas
compression considering thermal losses has
been successfully implemented and tested
in the COMSOL Multiphysics® 6.0 soft-
ware environment. The calculation results
were analysed and compared with the cal-
culations based on the analytical model and
the results of the adiabatic model.

Thus, the use of numerical simulations
made it possible to investigate and study
the thermodynamic processes occurring in
the cylinder of the device during hydrau-
lic compression of hydrogen with varying
degrees of initial pressure.



5. THERMODYNAMIC MODELLING

OF THE HYDROGEN COMPRESSION PROCESS

The investigation of different modes of
hydrogen compression depending on the
of compression process ¢, initial hydrogen
pressure P, and compression ratio K _allow
estimating the influence of these parameters
on temperature change inside the cylinder
and the value of energy consumption which
is spent for the execution of a compression
cycle.

Figures 7 and 8 show temperature dis-
tribution models derived from numeri-
cal simulations for fluid and gas confined

Os

10°s 15s

inside the cylinder body for a single 20-sec-
ond stroke (¢, = 20 s) for time intervals: 0,
10, 15 and 20 s. For better representation of
material temperatures with respect to their
different heating levels, colour palettes
with scale corresponding to the limits of
300-305 K for working fluid and 300-550
K for gas are used. Initial temperature of
hydrogen, working fluid and compression
cylinder body is 7, = 300 K, initial gas pres-
sure P, = 3.0 MPa, compression coefficient

K =5.0.
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Fig. 7. Distribution of the temperature of working fluid and steel of the compression cylinder during a single
20-second compression stroke. The average fluid temperature rises by A7, = 1.52 K, at initial pressure P, = 3.0
MPa and compression ratio K, = 5.0.
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Fig. 8. Distribution of the temperature of hydrogen in the compression cylinder during a single 20-second
compression stroke. The average gas temperature rises by AT, = 188.6 K, at initial pressure P, = 3.0 MPa and
compression ratio K, = 5.0.
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In this study, the superposition method
is used, and it is assumed that the compres-
sion process takes place without mixing of
media, which on the figures are separated
by a symbolic black line. Heat exchange
between hydrogen, working fluid and ves-
sel takes place only as a result of thermal
conductivity of these materials. For the con-
sidered example, calculations show that the
integral temperatures of gas and working
fluid at the end of the compression process
increase accordingly by A7,= 1.52 K and
AT,=188.6 K.

The results of the simulation of the
compression process make it possible to

estimate the temperature rise in the gas and
working fluid and consequently to deter-
mine the energy that is expended perform-
ing the hydraulic compression process. In
this context, it is of interest to consider
the changes that occur in the compression
process when varying duration of the com-
pression stroke 7 and initial pressures of
hydrogen P,. Figures 9-11 show how aver-
age temperatures of hydrogen AT, working
fluid AT, and steel cylinder AT,. change dur-
ing a single compression stroke, the time 7,
of which ranges from 0.5 to 20.0 s depend-
ing on initial pressure P, = 3.0, 10.0, 15.0
and 20.0 MPa.
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Fig. 9. Average temperature increase in hydrogen AT, for different durations of the compression stroke ¢, at
initial pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K = 5.0.
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Fig. 10. Average temperature increase in working fluid AT, for different durations of the compression stroke ¢,
at initial pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K = 5.0.
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Fig. 11. Average temperature increase in the cylinder body AT for different
durations of the compression stroke #, at initial pressures P, = 3.0, 10.0, 15.0
and 20.0 MPa and compression ratio K = 5.0.

The increase in temperature values,
previously determined in the model, corre-
sponds to the energy involved in the process
of hydraulic compression of hydrogen and
accumulated in hydrogen volume, work-
ing fluid and cylinder body. The amount of
energy deposited in the compressed hydro-
gen, working fluid and in the stainless-steel
walls of the cylinder is determined by an
equation according to the laws of thermo-
dynamics:

Q =mc AT, (6)
where m — the mass, kg;

¢ — heat capacity, J/JKg*K;

AT — the integral temperature increase in
the medium at the end of the compression
stroke, K.

The heat capacity values for hydrogen,
working fluid and stainless-steel cylinder
are provided in Table 1. The model takes
into account the change in mass of hydro-
gen with increasing initial pressure.

In order to estimate the total energy O,
required to compress hydrogen, at different
duration of compression stroke 7, at initial
pressures P, = 3.0, 10.0, 15.0, 20.0 MPa,
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the graphs shown in Fig. 12 have been
constructed. As can be seen, the curves of
energy consumption for hydrogen compres-
sion are slightly dependent on the rate of
filling of the cylinder volume with working
fluid. The energy consumption tends to sta-
bilise as the stroke time increases.

To estimate the dynamic changes of
energy consumption as a function of the
stroke duration, calculations are shown in
relative units where the whole compression
cycle is taken as 100 %. Figure 13 shows
the energy consumption during compres-
sion for stroke durations 7 = 2.5, 5.0 and
10.0 s. In this model, initial pressure P, =
3.0 MPa and the compression ratio K = 5.0.

The modelling of the compression pro-
cess with the use of a superposition method
allows representing temperature and vol-
umes of energy separately for each medium.
Thus, the distribution of the amount of
energy Q, which is spent for compression
process without taking into account losses
on convection, between working fluid Q,,
hydrogen @, and steel of cylinder body
Q.. depending on duration of compression
cycle ¢ can be presented in the form of a
graph shown in Fig. 14. The structure of



energy distribution for initial pressures P, =
3.0 and 20.0 MPa and the compression ratio
K = 5.0 shows that most of the energy is
concentrated in hydrogen.

In real conditions, hydrogen and work-
ing fluid inside the cylinder are constantly
being mixed and exchanging energy. In this

case, it is fair to assume that once hydrogen
and working fluid are mixed, the tempera-
ture of the medium inside the compression
chamber averages out, cooling the gas and
increasing the temperature of the working
fluid.
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Fig. 12. The energy O, consumed for hydrogen compression for different durations
of the compression stroke ¢, at initial pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa
and compression ratio K, = 5.0.
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Fig. 13. The dynamic changes of the energy O, consumption for compression
stroke durations ¢ = 2.5, 5.0 and 10.0 s, at initial pressure P, = 3.0 MPa
and compression ratio K, = 5.0.
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Fig. 14. Diagrams of thermal energy distribution O, between energies accumulated in hydrogen Q,, working
fluid O, and compression cylinder body Q.. for different durations of the compression stroke  at initial
pressures P, = 3.0 MPa (top) and 20.0 MPa (bottom) and compression ratio K, = 5.0.

To compare different compression sce- to the energy consumed for hydrogen com-
narios, including stroke duration, initial  pression, is employed. The overall tempera-
pressure and cylinder geometry, overall  ture AT, is defined as follows:
temperature of the system AT, equivalent

ATp = (Qr + Qu + Qc)/(Mmpcp + mycy + mecc), (7)

where O, m,, c¢,; O, m,, ¢,; O, m, c.— the energy, mass, and heat capacity of the work
fluid, compressed hydrogen and cylinder steel, respectively.

The changes of the AT, for the different ~ and compression ratio K, = 5.0 are shown
durations of compression stroke 7 at initial in Fig. 15. As the pressure in the compres-
pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa sion chamber increases, the AT, increases
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proportionally, as can be seen by compar-
ing the curves for an initial pressure from
3.0 MPa to 20.0 MPa. The temperature AT,
inside the compression chamber slightly
increases with increasing compression
stroke duration and mainly depends on the
initial pressure.

However, for the considered compres-
sion pressures overall temperature value is
within the range of less than 15.0 K. This
means that the temperature conditions
inside the compression chamber should not
exceed the temperature limits defined as
rated values for the working fluid.

According to these results, we also can
estimate the actual pressure of hydrogen in
the compression chamber. When the gas
is heated the pressure rises according to
Charles’s law, and its value will be higher
than the one calculated using relations
derived from Boyle-Marriott’s law accord-
ing to Eq. (2). Considering overall tem-
perature AT, values, given in Fig. 15, the

temperature-adjusted hydrogen pressure P,
can be obtained from Eq. (8):

Psr=Ps3 (T; + ATo)/ T;, (8

where 7' = 300 K — initial temperature
before compression;

P, — pressure in the compressed volume 7,
(Fig. 2.b), calculated using Eq. (2).

It is reasonable to assume that the actual
hydrogen pressure will be 5 to 10 % higher
than that obtained by Eq. (2). Bearing in
mind the uncertainty of the mixing of liquid
and gas inside the compression chamber,
the instantaneous temperature of hydrogen
and the corresponding pressure can have
much higher values at the moment of the
compression. Therefore, in order to handle
the compression process and control the
pressure rise, intensive cooling is required
at the top of the cylinder, as this is where
the maximum rise in hydrogen temperature
is observed, as can be seen in Fig. 8.
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Fig. 15. Increase of overall system temperature AT, for different durations of the compression stroke ¢, at
initial pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K, = 5.0.

Analysis of the energy required to
perform a hydrogen compression stroke
with a given compression ratio makes it
possible to estimate the power of the liquid

pump drive motor required to perform this
work in a given time. As the first approxi-
mation, the value of this power can be de-
termined from Eq. (9):



W = Qr/ts. (€))

The curves of total power W for the
examined models are presented in Fig. 16,

where power is calculated as a function of
duration of compression stroke 7, at initial
pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa
and the compression ratio K = 5.0.
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Fig. 16. The power W required for hydrogen compression for different durations of the compression stroke ¢, at
initial pressures P, = 3.0, 10.0, 15.0 and 20.0 MPa and compression ratio K_ = 5.0.

Apparently, increase of compression
stroke duration leads to a slight growth of
energy consumption Q,_but at the same time
the power W which is necessary to perform
compression work significantly goes down.

6. CONCLUSIONS

Consequently, the rated power of the liquid
pump drive motor can be reduced, and the
weight and dimensions of the pump can be
minimized.

A hydraulic hydrogen compression sys-
tem developed by the authors, employing
fluid flow sensors to control the degree of
compression, has been discussed.

The distinguishing feature of the con-
sidered system is that it can be adapted to
changing inlet hydrogen pressure which is
supplied from the external source. The pro-
posed design allows widely regulating the
speed of filling of high-pressure hydrogen
storage with gas and rapidly increasing out-
let pressure in the dispenser, performing
quick vehicle recharging.
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The developed numerical model of gas
compression was successfully implemented
and tested in the COMSOL Multiphysics®
6.0 software environment. This model can
be successfully used for research and para-
metric studies of processes in hydraulic gas
compression systems.

The thermodynamic process, which
considers heat exchange between gas, work-
ing fluid and cylinder walls, and the process
of convective heat transfer into surrounding
space is implemented in the model.

The results of the numerical simulation



were verified with an adiabatic case, with-
out heat exchange between gas and cylinder
and working fluid.

Results of simulation of thermody-
namic processes and their analysis allowed
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The article reviews the capacities of the acoustic emission method usage to assess the tech-
nical condition and integrity of thick-walled welded structures, the quality control of welded
joints in multilayer welding. As a result of the analysis of AE control data, the authors propose
a set of informative parameters of the AE method, which form a criterion space for separating

the reflected signals from defects and signals from interference.
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1. INTRODUCTION

The welded seam area is usually the
most probable epicentre for the occurrence
of fracture of the object due to various fac-
tors that reduce the efficiency of welded
joints. Timely detection of a defect and reli-
ability of measurement results using meth-
ods of non-destructive testing (NDT) are
the most important tasks in the inspection
of welded joints [1], [2].

Traditional testing methods such as
magnetic particle (MT), ultrasonic (UT)
and radiographic testing (RT) [2] are mainly
used for the inspection of welded joints.
These methods mainly aim at evaluating
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the degree of hazard of a defect, according
to the equivalence of the area or the size of
the imprint on the image. However, they do
not take into account the level of stress con-
centration generated by the defect, which
leads to an increase in the local operating
pressure system that actually determine the
degree of defect hazard.

The structural complexity of the object,
the laboriousness of performing a full-
fledged inspection by traditional NDT
types, even with complex application of dif-
ferent inspection methods, do not guarantee
the complete absence of potentially danger-



ous defects in the product. This leads to the
assertion that the task of improving NDT
technologies, especially in the production
of large-sized welded structures, is urgent.
Based on the experience of NDT special-
ists, it can be concluded that it is necessary
to include the method of acoustic emission
(AE) together with other methods in the
technological process of production control
[2], [3]. Moreover, this method should be
considered as equivalent and independent,
complementary to traditional methods [2].
The AE method has a number of distin-
guishing features and is based on the regis-
tration of elastic energy waves generated by
local destruction of the material during its
deformation.

4 _
3
3
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The AE method by its physical nature is able to
detect only developing defects, which are therefore
the most dangerous [2]. Figure 1 illustrates the
principle of recording an acoustic signal from a
defect under the action of a load on the structure.
In this case, it is not a question of determining the
location and magnitude of the defect, but only its
presence or absence.

Fig. 1. Acoustic signal stimulation, 1 — defect;
2 —stress wave; 3 — sensor; 4 — AE signal; 5 —
registration.

The most promising application of the
AE method is the control of the welding
process. Here, the deformed state of the
material is realized in a natural way by the
tensile stresses generated during the cool-
ing of the weld pool. At the same time, in
contrast to other NDT methods, which can
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only be performed fragmentarily during the
welding process, the AE method is able to
detect inadmissible defects during the weld-
ing process as the weld passes through. As
a result, it is possible to reduce the labour
intensity of the process of defect correc-
tion, as well as to reduce the negative con-
sequences for the strength properties of the
weld sections, which occur in the case of
deep scanning of the defect and subsequent
welding [2], [4], [5], [9], [10].

The disadvantage of the AE method is
the lack of information about the size of the
defect, about its geometrical parameters and
the depth of occurrence. However, other
acoustic testing methods are unable to mea-
sure the actual dimensions of the defect.
The shock pulse method makes it possible
to judge the presence of a defect from the
sound of the stimulated sound wave, but it
is impossible to determine the size of the
defect using this method. The ultrasonic
method allows determining the size of the
defect along the length, but this causes diffi-
culties in determining the size of the defect
in depth. At the same time, information
about the geometry of the defect they por-
tray allows for the establishment of over-
estimated exclusion criteria that provide a
margin of safety [2].

For a substantiated and reliable con-
clusion about the pre-hazardous condition
of a welded object, it is necessary to apply
various NDT methods, including the AE
method [4], [6], [8]. In this article, a practi-
cal example is used to study the possibility
of using the AE method as one of the main
methods of monitoring the presence of vari-
ous types of defects in the manufacture of
thick-walled welded structures. This will
make it possible to reasonably include this
control method in the technological pro-
cess of industrial control. All measurements
described in the article were performed by
using portable AE Pocket equipment.



2. CONTROL CONDITIONS AND USED EQUIPMENT

The assessment of the object condition
by the method of acoustic emission was car-
ried out with a portable two-channel device
Physical Acoustics Pocket AE (Fig. 2), a pie-
zoacoustic sensor and an external preampli-
fier Physical Acoustics Corporation IL -LP-
WS with a bandwidth of 100-1000 KHz.
The control used a channel with a discrimi-
nation level of +23 dB, at a speed of IMSPS.

The technical assessment of the object
was carried out at a temperature of +17 °C.
The temperature of the product was adjusted
to the ambient temperature to exclude the
occurrence of acoustic emissions due to
thermal deformation of the product. The
thermal state of the object was monitored
by an IR-891 thermal camera and confirmed
by a snapshot (see Fig. 3).

Pocket AE

Fig. 2. Pocket AE-2 Kit Inventory
No0.8520232001 made in the USA.

3. THE OBJECT AND TESTING PROGRAM

A multilayer weld of a cylindrical steel
bushing made of steel grade S355J2 was
considered as the object of investigation for
quality control and evaluation using the AE
method. The geometrical dimensions of the
cylindrical bushing were: Outer diameter
D = 800 mm, inner diameter d = 720 mm,
length / = 1000 mm. The tested object was
installed horizontally on the test bench at all
stages of the study. The position of the weld
during the study varied from top to side. A
hydraulic jack, located inside the object, pro-
vided a mechanical tensile load in the ver-
tical direction. When the jack was outside
the object, a compressive force was applied
to the side surface of the sleeve. The object
testing program was developed taking into
account the recommendations [6], [7] and
the maximum permissible elastic deforma-
tion of 1.7 mm at the point of force applica-
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tion under the load applied in the direction of
the bushing diameter (see Fig. 4).

Fig. 3. Thermal image of the object
during the AE test.



Testing program No. 1 (Fig. 4):

1. Vertical tensile load within the elastic
deformation of the object with a move-
ment of +1.0 mm from the original
dimension at the jack attachment point;

2. Exposure under load for 5 minutes;

3. Increasing the vertical tensile load

within the elastic deformation of the

object with the provision of the move-
ment of +1.5 mm from the original size
at the jack attachment point;

Exposure under load for 5 minutes;

5. Increasing the vertical tensile load
within the elastic deformation of the
object with the provision of movement
of +1.7 mm from the original size at the
jack attachment point;

6. Exposure under load for 5 minutes;

7. Unloading the object.

Fig. 4. Installation diagram of the tensile loading
device.

In the second test, the object was
rotated 900 about its axis so that the weld
was located in the horizontal plane on the
lateral surface of the cylinder.

A piezo-acoustic sensor, which detects
the acoustic emission signal, was placed near
the weld seam at a distance of 10 mm from
the centre of the weld seam during the test.
The acoustic contact between the object and
the sensor was established and mechanically
fixed by the grease CIATIM-221CF (Fig. 5).
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Fig. 5. AE sensor installation method.

Testing program No. 2 (Fig. 4):

1. Vertical tensile load within the elastic
deformation of the object with a move-
ment of +1.0 mm from the original
dimension at the jack attachment point;

2. Exposure under load for 5 minutes;

3. Increase in the vertical tensile load

within the elastic deformation of the

object with a movement of +1.5 mm

from the original dimension at the jack

attachment point;

Exposure under load for 5 minutes;

5. Increase in the vertical tensile load
within the elastic deformation of the
object with the provision of movement
of +1.7 mm from the original size at the
jack attachment point;

6. Exposure under load for 5 minutes;

7. Unloading the object.

In the third experiment, the tensile load
was replaced by a compressive load (see
Fig. 5). In this case, the weld was located on
the side, in the same way as in the second
experiment. The experiment did not consist
of three stages, as before, but of two.

Testing program No. 3 (see Fig. 6):

1. Vertical compressive load within the
elastic deformation of the object with
the provision of displacement —0.7 mm
from the original dimension at the jack
attachment point;



Exposure under load for 5 minutes;
Increase in the vertical compressive
load within the elastic deformation of
the object with the provision of dis-
placement —1.0 mm from the original
size at the jack attachment point;
Exposure under load for 5 minutes;

5. Unloading the object.

In this case, the hydraulic press pro-

vided a compressive load on the upper sur-
face of the sleeve in the vertical direction.

4. CONTROL RESULTS

Fig. 6. Installation diagram of the compressive
loading device.

TEST No. 1 contains a characteristic
acoustic emission pattern for a “defect-
free” object. An increase in emission inten-
sity with increasing load is a typical pattern
that corresponds to a normal structural pat-
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tern that is in line with normal structural
changes in microdislocations of the weld
material. There is an insignificant spontane-
ous emission at the stages of exposure (sec-
ond t, = 390, second t, = 650) (Fig. 7).
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Fig. 7. AE Intensity in the first test.

At the same time, the energy of the AE
events is predominantly low, 90 % of the
events have an amplitude below 60 dB and
most of the emission pulses are not indica-
tors of the presence of dangerous cracks
(Fig. 8).

Spectral analysis of the AE signals shows
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the presence of resonance in the 110-130
KHz zone, which corresponds to the spectral
character of dislocations of subcritical size in
steel. Based on the analysis of the spectrum,
it can be concluded that there is no signifi-
cant number of large-sized destructible cavi-
ties in the weld (Figs. 8 and 9).
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Fig. 8. Energy and intensity of AE in the first test.
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Fig. 9. Cumulative emission of AE during the first test.
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Fig. 10. Spectral analysis of AE of the first test.
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Fig. 13. Cumulative AE emission during the second test.
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In TEST No. 3 (compression) the pic-

ture is similar to the first two tests (Figs.
14-16) and its parameters are determined
by the following:

1.

Moderate emission at the time of
change; mechanical stress dominated
by low-amplitude events;

Absence of significant spontaneous

100+
90-
80~
70
60
50+
40+
30-
20+ ‘
10 l

NAE  (intensity of acoustic emission)

emission during the static part of the
experiment;

Spectral resonance corresponds to
microdislocations typical of a satisfac-
tory weld condition.

The results of the product compression

test are shown in Figs. 14-16.
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Fig. 14. Compressive loading. AE intensity.
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Fig. 15. Compressive loading. AE intensity and amplitude.

Hits ws Time(sec] & Ampliude{dE) <Al Channels>

Fig. 16. Spectral analysis of AE under compressive load.
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As the first example confirming the
effectiveness of the method AE, this paper
presents the results of quality control of
butt welding of rails under static load dur-
ing the test. In Fig. 17, the fractures of the

Nr. 1

rails at the welding point are shown. As can
be seen in Fig. 17, the defects were found in
samples No. 2 and No. 3, while in sample
No. 1, no defects were observed.

T
"
-? L4

Fig. 17. Samples of welded rail joints. No. 1 — no defects were found;
No. 2 — the defect is fixed (inclusions); No. 3 — the defect is fixed (pores).

Prior to the destruction of the rails at the
location of the weld, tests were conducted
to determine defects using the AE method.

The results of the study are presented in Fig.
18, which shows diagrams of the depen-
dence of the total amount AE on time.

Nr. 2

EMER

Fig. 18. Diagrams of dependence of the total amount AE in rail welding on time. No.1 — no defects were found;
No.2 and No.3 — the defect was fixed.
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As can be seen in Fig. 18, in the pres-
ence of defects in the weld, the total number
of AE increases, which makes it possible to
control the quality of welds in thick-walled
products.

The AE method is also effective in con-
trolling the welding process of thick-walled
products, which is confirmed in the second
example, which involves electrical resis-
tance welding of rails.

The welding process consists of four
main steps:

I — heating (the ends of the rails are
heated by an arc with a gap between
them);

II — resistance heating (the ends of the
rails are joined together and then inten-
sively heated due to the resistance of the
circuit between the rails);

III — the welding process itself (melting
the metal in the seam);

IV — the pressing together of the joints
and the spreading of the materials of the
parts to be joined (while the current is
switched off).

The AE signals recorded by the sensors
installed on the rail show that the intensity
of AE is different in each phase (Fig. 19).
Thus, significant sporadic emissions of AE
intensity are observed in the first phase; in
the next phase, the AE level is significantly
reduced; an increased intensity level is
observed during the welding process, which
decreases again in the last phase. Therefore,
if the welding technique is followed, it is
possible to clearly identify and highlight all
phases of welding [7], [8].
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Fig. 19. AE intensity N’ versus welding time.

When deviating from the standard
welding method, the type of change in AE

intensity differs significantly at one or more
stages (Fig. 20).
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Fig. 20. AE intensity N’ versus welding time.
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5. CONCLUSION

1. The welded seam of the tested object
is in a satisfactory condition and does
not contain defects with critical param-
eters that could be detected by the AE
method.

2. The welding condition of the controlled
object under cyclic loading is charac-
terised by a low level of signal sources
and does not contain defects with criti-
cal parameters.

3. Evaluation of the basic possibility of
detection of welding defects is possible
by the AE method in the manufacture of
welded joints.

4. The development of AE technologies for
quality control of welded joints and the
application of AE method will increase
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the operational safety of welded struc-
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The present paper provides the dependence of the temperature change on time and the

depth of the soil massif based on numerical calculations. Mathematical modelling of the one-
dimensional soil temperature field via an algorithm and a PC program is carried out without
taking into account the influence of the phase transition of moisture in the soil pores during
seasonal freezing and thawing using the finite difference method. The amplitude of fluctua-

tions in the temperature regime is obtained as that decreases with depth from the soil surface.

It is established that over time heat spreads from the pipeline to the surface of the soil, and over

time more intense heating occurs both near the pipeline and in the body of the soil massif.
Keywords: Heat transfer, mathematical modelling, soil, stress-strain state.

1. INTRODUCTION

The temperature field of the soil and the
influence of the thermal effect on its stressed
and deformed state are quite important fac-
tors that must be taken into account when
erecting structures and buildings on these
soils. If one of these factors is completely or
partially neglected in the designing of struc-
tures, unacceptable deformations occur,
which complicate their operation and lead
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to partial or complete destruction [1], [2].

If the sediments that occur during the
thawing of frozen soils around the founda-
tions of buildings are not foreseen by the
project, and their value is greater than the
limit values for this building, then unac-
ceptable deformations and destruction of
the foundations and super-foundation struc-
tures occur inevitably.



The simultaneous influence of static
load and thermal effect on the stress-strain
state of the soil massif is one of the key
issues in the design and operation of any
buildings or structures. Therefore, the defi-
nition and justification of this factor is rel-
evant.

In recent decades, interest in under-
standing the thermomechanical behaviour
of soil has increased significantly, which is
explained by many reasons, the main ones
of which are: 1) deep burial of waste, which
is a source of heat, in geological forma-
tions; 2) carrying out drilling operations; 3)
laying of high-voltage cables in the soil; 4)
seasonal and daily temperature fluctuations,
which significantly affect road surfaces and
building foundations [3]-[5].

Sources of heat release that heat ground-
water can be conventionally divided into
two types. The first includes natural under-
ground sources of heat release. The second
one — heat-releasing structures erected on
the surface of the earth or near it.

In [6], [7] it is stated that the influence
of temperature on the physical state of
porous sedimentary rocks is manifested in

the form of changes in the characteristics of
rock-forming minerals, as well as structural
changes of rocks due to thermal expansion
of minerals: additional compaction of rocks
under the action of mechanical stresses due
to an increase in the plasticity of some min-
erals (for example, calcite) with increasing
temperature; other minerals, on the con-
trary, lose plasticity and become brittle as
the temperature increases. At the same time,
the compressive strength of these minerals
decreases, which leads to the formation of
microcracks in the rock. Thermal stresses
lead to the fact that micro-destructions
occur in various parts of the rock, which are
reflected in the rock structure.

Thus, the physical properties of rocks
change as the temperature increases not
only due to the change in the characteris-
tics of individual rock phases, but also due
to the deformation of the skeleton and the
reduction of the pore volume [8].

The aim of the research is to predict
changes in the stress-strain state of the soil
as a result of the thermal effect of natural
and man-made factors.

2. THERMAL EFFECT ON THE STRESS-STRAIN

STATE OF THE SOIL SIMULATION

At the first stage, the problem of the
non-stationary annual thermal regime of the
soil is considered. The differential equation
of thermal conductivity through the soil has
the form

gt d
? g, =5l

Equation (1) of each homogeneous
layer of the soil can be rewritten as follows:
at 9%t
e = aﬁ, (2)

Jat

&]' 2> 0. 1)

z>0,

where ¢ — specific heat capacity of the soil,
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J/(kg °C); p — density of the soil, kg/m®; 2 —
coefficient of thermal conductivity of the
soil, W/(m °C); a — coefficient of thermal
conductivity of the soil, a = Ci , m?/c; x —
distance along the coordinate deep into the
soil, starting from its surface, m; t(x,z) —
temperature, °C, at any point x in the depth
of the soil and at any moment of time z from
the beginning of the countdown.

The initial temperature distribution
in the soil layer is known (for example, it
can be assumed to be constant in depth and
equal to the average multi-year, average



annual temperature of the surrounding air):

t(x,0) = t°(x) = idem, 0<x <H, z=0; (3)
t(x,z) =g(x,2z), 0<x<H, z=0, 4)

where H — depth of the considered soil massif, m.

As limit conditions on the surface of the from solar radiation falling on the horizon-
earth, the heat exchange of the outer sur- tal surface, and long-wave radiation into the
face with the outer air, absorption of heat Earth’s atmosphere are taken into account:

ot
Aa|x=0= ah(tc_ts|x=o)+Pqtr_€'qlr; x=0; z>0. (5)
The condition can be written more sim- i.e., on the Earth’s surface, heat exchange
ply by entering the conditional temperature takes place with the environment, which
of the environment: has a temperature equal to the conventional
P e q one:
tc=t0+Qtr'a_h_er (6)
ot
_Aa |x=0: ah(tc - ts|x=0): X = 0, z> 0. (7)

Since the heat flow from the centre of  the Earth’s atmosphere; € — degree of black-
the Earth [9]is 0.06-0.10 W/m? whichison  ness of the radiating body. For soil, accord-
average equal to 0.03 % of the flow of solar ing to recommendations [9], the value is
radiation absorbed by the Earth’s surface, taken as equal to 0.96.
then the condition of heat flow at the lower
boundary of the soil massif is assumed as

ot

According to ASHRAE recommen-
dations, the value of heat flux for hori-
lx=y=0, x=H, z>0, (8)  zontal surfaces should be taken as 63 W/

m?, Research on the transfer of long-wave
where t,, t. — known variable throughout the radiation in the atmosphere [10] indicates
year temperatures of outdoor air and con- the possibility of calculating the heat flow
ditional of environment, °C; t, — unknown using the sky temperature, which is equal to
variable throughout the year temperature of  the temperature of the surface of the clouds,
the soil surface, °C; an — known coefficient component — 12 °C. Calculating the heat
of heat exchange on the soil surface, W/(m? flow according to the Stefan-Boltzmann
°C), can be variable over time dependingon  law, we will get 80.4 W/m? for the condi-
the wind speed; q; — intensity of total solar ~ tions of Kyiv. The heat transfer coefficient

radiation falling on the soil surface, W/m?; of the Earth’s surface (ap, W/m? °C), is
P — coefficient of absorption of solar radia- calculated as follows:

tion by the soil surface; g, — heat flow of

long-wave radiation from the soil surfaceto  a;, = 1,16 (5 + Vv), )
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where v — wind speed at the moment of time
under consideration, m/s.

The solution of the problem is carried
out by the method of finite differences using
an implicit difference scheme with a lead,
which has an approximation error of the
order of O(Az + Ax?) [11], an algorithm and
a program for a PC in the Pascal are devel-
oped.

t'c

Figures 1-4 present the results of
numerical calculations for a soil massif
with a depth of 20 m with thermophysical
parameters ¢=840 J/(kg ‘K); p=1800 kg/
m?; A=1.2 W/(m'K) in the form of graphi-
cal dependences of temperature on time
(month) at different depths of the soil. Dif-
ferent colours indicate different distances
from the free surface of the soil.

9 11 month

+0m =05m-+Im=2m-~15m

Fig. 1. Distribution of temperature over time at a soil depth of up to 2 m.

11 month

9

+25m#3m-w35m-=4m=45m

Fig. 2. Distribution of temperature over time at a soil depth of 2.5 up to 4.5 m.

The obtained dependences indicate the
delay of the temperature maximum and
temperature minimum relative to the fluc-
tuation of the annual conditional tempera-
ture of the atmospheric air; the more the
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temperature, the deeper the calculated soil
mark. The resulting effect occurs due to the
thermal inertia of the soil and depends on its
type and properties.



3

g 11 month

+5m-=55m+6m=65m-=7m

Fig. 3. Distribution of temperature over time at a soil depth of 5 up to 7 m.

7

9 11 month

+75m#8 m-+8,5 M9 m=05m

Fig. 4. Distribution of temperature over time at a soil depth of 7.5 up to 9.5 m.

Based on the obtained data, a graph of
the range of values of the annual tempera-
ture amplitude in the depth of the soil mas-
sif is constructed (Fig. 5).

-12 -9 .6 -3

0 5 10 thC

Depth, m

Fig. 5. Range of the annual temperature amplitude
deep into the soil massif.
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From the analysis of this dependence,
it is worth noting that the nature of the at-
tenuation of the temperature amplitude
deep into the soil massif has a smaller scope
due to the fact that the processes of season-
al freezing and thawing of the soil and the
influence of snow cover are not taken into
account. However, it should be noted that
the influence of these factors decreases with
depth, and minor temperature fluctuations
remain at significant depths throughout the
year. This gives grounds for using the soil
massif as a working fluid in heat pumps.

At the second stage, the process of
interaction between the thermal fields of the
soil and the underground pipeline is consid-
ered.



The process of heat transfer in the soil
layer is analysed, on one boundary of which
there is heat exchange with the environ-
ment, and on the other — with the hot water
supply pipeline. Heat transfer is considered
based on the Stefan-Boltzmann law.

0<x<L

oT 9°T 0°T
T 0<y<H’

Pear = Mo toy2

The mathematical formulation of the
problem is based on the Fourier-Kirghoff
equation, which establishes the relationship
between temporal and spatial changes in
temperature at any point of the area under
consideration, and has the form

(10)

where p — soil density, kg/m?; ¢ — specific heat capacity of the soil, W/m °C; A — coefficient
of thermal conductivity, W/m °C; L — length of the soil open-cast, m; H — depth of the soil

open-cast, m.

The initial and limit conditions are written as follows:

t=0: T=T,, 0<x<IL, 0<y<H,

x=0 —Ag—zle(T“—T)+sa((Tel)4—T4), t>0, x,>0;

x = L: Ag—zzxz(T"Z—T)+sa((T32)4—T4), t>0, x,>0; (1)
y = 0: —AZ—Z::)(Z(T"Z—T)+sa((T32)4—T4), t>0, x,>0;

y=H: AZ—§=X3(T‘33 —T) +e0((T3)*=T%), t>0, x35>0;

where € — given degree of blackness; o = 5,669W/(m?* K*) — Stefan-Boltzmann constant.

To approximate the differential level (10),
a locally one-dimensional scheme [11] is
used, which is absolutely stable and has the
property of total approximation. To calculate
the temperature field, an algorithm and a PC
program in Pascal are developed.

The heat transfer process in the soil massif
is analysed, on one boundary of which there is

Table 1. Parameters of the Problem Solution Area

heat exchange with the environment, and on
the other — with the hot water supply pipeline.

To solve the problem, an open-cast of the
soil with a length L =30 m and a depth H=5
m is considered, on which the hot water pipe-
line is located. Thermophysical parameters of
the solution area of the problem and soil prop-
erties are given in Tables 1 and 2.

IParameter Designation Value Dimensionality
Coefficient of heat exchange at the soil-soil border X 25 W/m*°C
Coefficient of heat exchange at the soil-environment border %, 50 W/m?**C
Coefficient of heat exchange at the soil-pipe border xs 100 W/m2°C
Initial temperature of the junction area T, 3 °C
Temperature at the soil-soil boundary Tel 3 °C
Temperature at the soil-environment boundary Te2 5 °C
Temperature at the pipe boundary Te3 80 °C
Given degree of blackness £ 0.76 -




Table 2. Thermophysical Properties of the Soil

Properties Designation Value Dimensionality
Coefficient of thermal conductivity A 1.6735 W/m °C
Density p 1950 kg/m?
Heat capacity c 833.76 J/kg °C
As a result of numerical calculations, is obtained. The dependence of the distribu-
the distribution of temperatures and iso- tion of the soil temperature field on the spa-
therms of the soil under the thermal influ- tial coordinates is shown in Figs. 6 and 7.

ence of the pipe for different periods of time

-
4.5
45
40 4.6
35
30 4.7
g
25 i
jun}
15
4.9

20 30
L,m

Fig. 6. Dependence of temperature distribution on spatial coordinates
during the thermal influence of the pipe per hour.

Fig. 7. Dependence of temperature distribution on spatial coordinates
during the thermal influence of the pipe per 10 hours.

The analysis of the drawings demon- heating is observed both near the pipeline
strates that heat spreads from the pipeline to and in the body of the soil massif.
the soil surface over time, and more intense
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3. CONCLUSIONS

1.

An algorithm and a PC program for
calculating the one-dimensional soil
temperature field without taking into
account the influence of the phase tran-
sition of moisture in the soil pores dur-
ing seasonal freezing and thawing using
the finite difference method have been
developed.

On the basis of numerical calculations,
the dependence of the temperature
change on time and on the depth of the
soil massif has been obtained. It has
been established that the amplitude of
fluctuations in the temperature regime
decreases with depth from the soil sur-
face.

It has been established that the delay of
the temperature maximum and temper-
ature minimum relative to the fluctua-
tion of the annual conditional tempera-
ture of the atmospheric air is greater, the
deeper the calculated soil mark is. The
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Four-wave mixing optical frequency comb fibre-based setups (FWM-OFCs) have the
potential to improve the combined dense wavelength division multiplexed passive optical net-
work (DWDM-PON) and fibre Bragg grating (FBG) temperature sensors network providing
easier application, broader technological opportunities for network development, and energy
efficiency by substituting a power-demanding laser array.

In this research, OFCs are generated for the purpose of combined network application of
DWDM-PON and FBG optical sensors. The paper also investigates compatibility scenarios
with OFCs in such systems. The mathematical simulation model has been developed and the
performance of FWM-OFC based 8-channel 50 GHz spaced non-return-to-zero on-off keying
(NRZ-OOK) modulated DWDM-PON transmission system, operating at 50 km single-mode
fibre (SMF) with a bit rate of at least 10 Gbps embedded with 7 FBG optical temperature sen-
sors, has been studied. As it is shown, FWM application results in OFC source that has fluc-
tuations of the individual comb tones of less than 3 dB in power, and with an extinction ratio
of about 33 dB for operation range of 192.9-193.25 THz, acting as a unified light source for
all the data transmission channels. Embedded FBG optical sensors network causes negligible
0.3 dB power penalty.

Keywords: Dense wavelength division multiplexed passive optical network (DWDM-
PON), fibre Bragg grating (FBG) optical sensors, four-wave mixing (FWM), highly nonlinear
optical fibre (HNLF), optical frequency combs (OFC), non-return-to-zero on-off keying (NRZ-
OO0K).
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1. INTRODUCTION

Nowadays, multichannel fibre optical
data transmission systems have become
the standard of the Internet, e-commerce,
multimedia, and data operation. Systems of
this type encounter channel crosstalk and
their performance degrades by the effect
of four-wave mixing (FWM), where non-
linear interactions between channels are
observed [1]-[4]. FWM is an effect when
two or more different signals with different
frequencies propagate next to each other,
and due to this reason, new carriers are
generated. However, solutions for the use-
ful application of the FWM effect are being
studied, for instance, the generation of opti-
cal frequency combs [1], [5], [6].

OFC generators based on FWM have the
potential to improve the energy efficiency of
wavelength division multiplexed (WDM)
fibre optical transmission systems. One of
the main reasons for this is that one OFC light
source can provide multiple data transmis-
sion carriers substituting a power-demanding
laser array that also requires synchronization
among the lasers. OFC generators can also
be used in spectroscopy [7]-[9], radio-fre-
quency photonics [7], [10], quantum optics
[7], [11], optical clocks, and microwave
systems [12], [13]. Spatial microresonators
(crystalline, microsphere, microrod, micro-
bubble), microresonators on a chip (toroidal,
disk, ring, etc.) [14]-[16], and fibre-based
setups [17]-[19] might be used to generate
OFC. Even though spatial microresonators
and integrated microresonators have been
widely studied as WDM-PON light source,
fibre-based setups (e.g., our demonstrated
FWM-based OFC) have the advantage to
provide spectrally flat comb and narrow
channel spacings or so-called free spectral
range (FSR) [20] (based on 10—100 GHz cor-
responding to ITU-T G.694.1 dense WDM
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passive optical network (DWDM-PON) fre-
quency grid [21]), which is more difficult
to obtain, for example, with microspherical
resonators.

Fibre Bragg grating (FBG) sensors are
one of the most promising fibre optical sen-
sors for different environmental measure-
ments. FBG sensors have multiple advan-
tages that can be applied in different areas.
Some of these advantages are small size
and weight [22], corrosion resistance [23],
immunity to electromagnetic interference
(EMI) [23], [24], the possibility to with-
stand direct embedment into the composite
material, together with rein-forced fibres,
as well as the potential to multiplex sev-
eral optical sensors within the same opti-
cal fibre [23], [25], [26]. FBGs are applied
for vast solutions, for instance, in offshore
platforms — to monitor ship collisions and
ocean wave loads, while providing lasting
performance without significant reduction,
as do conventional strain gauges [27], [28].
Also, FBGs are highly topical for struc-
tural health monitoring (SHM) applica-
tions, such as civil engineering (e.g., roads
[29], bridges [30], dams, tunnels and roads
[31]), aerospace, energy applications [25],
[27], [32], [33], oil and gas industry [34],
biomedicine [35], [36], etc. Fibre optic sen-
sors can be used to measure, for example,
temperature [37]-[39], strain [37], [40],
[41], pressure [41], [42], vibration velocity
[43], and displacement [43]. Single-mode
fibre (SMF) and multimode fibre (MMF)
can be used for fibre optic sensor construc-
tion. Yet single-mode fibres have a smaller
core (approximately 10 pum in diameter)
and they are more strain sensitive than mul-
timode optical fibres [25].

FBG working principle can be described
with a mathematical equation:



A, =2xn XA, (1

where A, is Bragg wavelength, n_; is effec-
tive refractive index of the optical fibre in
the region of the Bragg grating and A is
grating period [28].

FBG optical sensors are typically used
when strain, pressure and temperature sens-
ing is necessary, for instance, in hostile
environments with temperatures exceeding
250 °C (thermal well applications). Bragg
grating-based sensing systems are typically
used in WDM transmission systems, when
wavelength multiplexing of various sensors
on single optical line might be required [34],
[36], [37]. All of the information mentioned
above shows the topicality of the FBG opti-
cal sensors and their integration with WDM
data transmission systems.

Considering that fibre optical data
transmission system like DWDM-PON
interconnection with optical sensor system
is topical [26], [44], [45] and the search for
new improvements and solutions contin-
ues, the authors propose the application of
FWM-OFC [1], [5], [6] as a light source to
provide power efficiency to such a system.
To the best of authors’ knowledge, studies
on FWM-OFC implementation as a light

source in collaboration with FBG optical
sensor network and DWDM-PON system
have not been performed. This article shows
that such realization can provide more
straightforward application, broader tech-
nological opportunities for network devel-
opment, and greater energy efficiency with
a reduced light source amount required.
The remainder of the manuscript is
structured as follows: Section II describes
the construction and analysis of the simula-
tion model where FWC-OFC is developed
and integrated into the DWDM-PON sys-
tem in collaboration with the FBG opti-
cal sensor network. Section III discusses
the simulation results of the OFC applica-
tion in fibre optical communication sys-
tems, showing received signal waveforms,
reflected signal of the FBG optical sensors,
eye diagrams and BER versus received
optical power chart. More specifically, this
section shows negligible power penalty at
the BER threshold level of 1x10'? (only 0.3
dB) between B2B and 50 km long transmis-
sion line on the received optical power and
BER comparison. Finally, section IV gives
a brief summary of the simulative results
and concludes the article, stating that the
BER of the worst-performing channel in the
8-channel DWDM-PON system is 9.4x10%,

2. CONSTRUCTION AND ANALYSIS OF THE SIMULATION MODEL

The simulation model aims to evaluate
the developed comb source and the perfor-
mance of the FWM-OFC based DWDM
transmission system with an integrated
FBG sensor network. The proposed system

includes the following main blocks — opti-
cal line terminal (OLT), optical distribu-
tion network (ODN), optical network units
(ONUEs).

2.1. FWM-OFC Generation for the Requirements of the DWDM-PON Data

Transmission Channels

We have created the simulation setup
of the combined system using Synopsys
OptSim optical system design tool. Appli-

cation framework allows generating coher-
ent optical communication systems (Polar-
ization multiplexed-quadrature phase shift



keying, Polarization multiplexed-binary
phase-shift keying, etc.), using advanced
modulation for-mats (Differential Quadra-
ture Phase-Shift Keying, Doubinary, etc.),
ensuring optical amplification (Erbium
Doped Fibre Amplifier, Raman, Semicon-
ductor Optical Amplifier, etc.), different
passive optical network configurations and
so on. Time and frequency domain split-step
configurations with an extensive library of
predefined as well as authors’ defined com-
ponents are necessary to develop and gen-
erate complex optical systems as described
in the following paragraphs [46]. From the
simulation perspective, the time domain
split-step (TDSS) algorithm was used to
simulate the signal propagation in optical
elements, especially fibre. The principle
of this algorithm has been already well
explained in our previous research [50].
Two continuous-wave (CW) pump
laser sources with +20 dBm output power

and 50 GHz channel spacing according to
the ITU-T G.694.1 recommendation [21],
optical power coupler (PC), and 2 km long
highly nonlinear optical fibre (HNLF) are
used to develop an OFC source (see Fig. 1).

v

“\X)) < \

(’,/ N )

Fig. 1. FWM-OFC generation setup.

We have set HNLF fibre parameters
like the attenuation coefficient, dispersion
coefficient, effective area, nonlinear index
and others based on the datasheet from
real commercial OFS HNLF Standard fibre
(please see Table 1).

Table 1. The Main Parameters of the Chosen Fibre Types at 1550 nm Reference Wavelength

Fibre types

Parameters :

OFS Standard HNLF Corning SMF-28 (ITU-T G.652D)
Attenuation (dB/km) 0.8 0.18
Dispersion (ps/(nm-km)) -0.027 16
Dispersion slope (ps/(nm?-km)) 0.019 0.092
PMD (ps/\km) 0.20 0.04
Effective area (um?) 11.6 85
Nonlinear index (Wxkm)! 11.5 1.27

The first and second pump laser source
(depicted in Fig. 1 as CW_1 and CW_2) are
anchored to central frequencies of 193.1
and 193.15 THz, respectively. Pump laser
parameters that can affect the generation of
OFC carriers are signal phase, which was
set to random, and realistic noise param-
eters as relaxation oscillation peak fre-
quency and peak overshoot. The number
of comb carriers and their peak power are
varying depending on the output power of
CW pump lasers and the length of HNLF
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fibre. For instance, as it was observed, if
the output power of pump CW lasers is too
low (e.g., 0 dBm) and HNLF fibre length
is too short (e.g., 0.5 km), the number of
newly generated optical carriers is limited.
However, if the output power of the CW
is too high (e.g., 25 dBm) and HNLF fibre
is too long (e.g., 2.5 km), the carriers are
not formed evenly. HNLF fibre length has
an important role in OFC generation based
on the FWM effect. The nonlinear length
of the fibre is smaller than the dispersion



length by orders of magnitude, and this fact
is important from the FWM point of view —
for smaller fibre lengths nonlinear effects
dominate over the dispersion effects, which
is an advantage for FWM. It is an advantage
in terms of dispersion — more dispersion
means less efficiency of the FWM effect.
Additionally, high CW pump power leads
to unwanted broadband noise via Raman
scattering and parametric vacuum noise
amplification [17]-[19]. Therefore, it is
vital to determine and evaluate the optimal
parameters for the FWM-based OFC comb
light source to ensure the stable operation
of the system. Optimal parameters (pump
laser output power and HNLF length) are
those, which provide the smallest power
variation range among peaks of OFC car-
riers. It is essential to have the lowest pos-
sible OFC fluctuation value for a couple
of reasons. The fluctuations of the OFC
source directly affect the performance of
separate data channels, for instance, if the

CW power 20 dBm and HNLF 1.6 km

CW power 21 dBman

peak power of a particular channel is lower,
then the resulting performance indicator as
BER can have higher values compared to
neighbouring channels and ultimately be
higher than the chosen BER threshold. On
the other hand, looking at the WDM-PON
network as a whole, then channels with
higher power may induce more crosstalk
into neighbouring channels. However, for
the data transmission, we have chosen eight
optical carriers in that frequency range,
where the average optical power of the
peaks is the highest, also having the small-
est fluctuations of optical peak power. It
is important to have a peak power of OFC
carriers as high as possible to achieve bet-
ter performance of individual channels and
the network as whole. As shown in Fig. 2,
optical power fluctuations between all OFC
peaks are observed, and extinction ratios
depend on the CWs laser output power as
well as the length of the HNLF.

d HNLF 1.6 km CW power 22 dBm and HNLF 1.6 km

T T T Y |
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Frequency (THz)

Fig. 2. Measured optical spectrum on the AWG MUX output
of FWM-based OFC for different CW pump powers and
HNLF fibre lengths.
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For HNLF fibre with a length of 1.6 km,
the fluctuations of optical frequency comb
peaks are in the range of -4.5 to 3 dBm,
-2 to 2 dBm, and -4 to 3 dBm, where CW
power is 20, 21, and 22 dBm, respectively.

For fibre length of 2 km, the fluctua-
tions of optical frequency comb peaks are
in the range of -1.5 to 2 dBm, -5 to 2 dBm,
and -8.5 to 1 dBm for CW power of 20, 21,
and 22 dBm, respectively. All OFCs have
the same extinction ratio of 33 dB, the same

number of optical carriers, and a free spec-
tral range (FSR) of 50 GHz.

By comparing the scale of fluctuations
and average comb peak power, the optimal
pumping lasers (CW1 and CW2) output
power was chosen as +20 dBm and HNLF
fibre length - 2 km, to generate the OFC
with the lowest fluctuations of 1.5 dBm and
highest average peak power of 2 dBm.

2.2. Development of DWDM-PON System with Integrated FBG Optical

Sensor Network

Output of the OFC source is connected
to the input of a 50 GHz spaced arrayed
waveguide grating multiplexer (depicted
in Fig. 3 as AWG MUX). AWG MUX and
AWG demultiplexer (DEMUX) with the

same optical parameters are used in this
setup to separate and combine 8 channels
in the frequency band from 192.9 THz to
193.25 THz. The 3-dB bandwidth of each
AWG channel is 50 GHz.

_______________________________________________________________

Optical line terminal
(oLT)

FWM based comb /— ..................

light source .

HEEE R = :

1 N .
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! RPN ¢ < [~ . coder

! 3

! — .

i MZM

|

' N

AWG DEMUX

AN

sensor_7

aull JNS

Optical distribution
network (ODN)

FBG

SMF_7
= sensor_1

SMF_1

FWM-OFC — Four-wave mixing optical frequency comb; AWG MUX/DEMUX — Arrayed waveguide grating
multiplexer/demultiplexer; Tx — Transmitter; NRZ — Non-return-to-zero; MZM — Mach-Zehnder Modulator;
OC - Optical circulator; OBPF — Optical band-pass filter; PC — Optical power coupler; ASE — Amplified
spontaneous emission source; DSP — Digital signal processor; SMF — Single mode fibre; FBG — Fibre Bragg
grating; VOA — Variable optical attenuator; 10/90 - Optical power splitter with ratio 10/90%; APD — Avalanche
photodiode; LPF— Low-pass filter; PM — Power meter; Rx — Receiver.

Fig. 3. The simulation model of 8-channel DWDM-PON system based on FWM OFC source, integrated 7 FBG
temperature sensor network and FWM multi-wavelength light source.
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OLT also includes transmitter blocks
(depicted in Fig. 2 as Tx 1 to Tx_8) where
each has data generator, non-return-to-zero
(NRZ) coder, and Mach-Zehnder modulator
(MZM) with 20 dB extinction ratio and inser-
tion loss of 4 dB. An optical power coupler
(PC) is used to combine all 8 data transmis-
sion channels and the signal for the FBG
sensor network. The interrogation unit block
transmission part of the optical sensor consists
of broadband amplified spontaneous emission
(ASE) light source, which has an optical out-
put power of +23 dBm and 20-dB bandwidth
of'48.1 nm (5.607 THz). From our test results,
this configuration for the ASE source enables
acceptable received optical power level from
the reflected signal of the FBG sensors net-
work where quasi-distributed optical sensor
scheme is applied in 50 km optical fibre line.

This is discussed in more detail in next
paragraphs of this article. 3-port optical cir-
culator (OC) is used to separate the optical
transmission directions — FBG reflected sig-
nal from the transmitted data and ASE signal.
The optical signal of the ASE broadband light
source is transmitted from the OC input port
(Port 1) to the common port (Port 2) and
then a tunable optical band-pass filter (OBPF)
with 800 GHz 3-dB bandwidth (in frequency
band of 193.50-194.30 THz). OBPF is used
to filter the necessary spectral band for the
operation of the FBG sensor network, where
such parameters for the OBPF were chosen
according to the spectral bandwidth of the
ASE light source and FBGs position within
the available optical spectrum.

The reflected optical signal from all FBG
sensors is sent back through the circulator’s
common port (Port 2) and forwarded to the
output port (Port 3). FBG sensor reflected
signal is received at the optical sensor interro-
gation unit, where optical spectrometer block
and digital signal processor (DSP) are used to
detect the central frequency of the reflected
signal and by knowing the temperature coeffi-
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cient (frequency or wavelength shift for 1 °C)
calculate the temperature variations.

PC coupled signal is transmitted to the 15
km SMF having an attenuation coefficient of
0.18 dB/km and dispersion coefficient of 16
ps/nm/km set based on the datasheet param-
eters from real commercial Corning SMF-
28 fibre corresponding to ITU-T G.652D
requirements. The next main part of the trans-
mission scheme is an optical distribution net-
work (ODN) with 7 optical FBG temperature
Sensors.

These FBG sensors contain the experi-
mentally measured optical and response
parameters. Amplitude-frequency response
(see Figs. 4 and 5) and technical parameters
(central frequency, full-width half-maximum
(FWHM)), etc.) of commercial FBG sensor
reflected and transmitted signals were mea-
sured in the laboratory and implemented
within simulation setup. SLED broadband
light source, 3-port optical circulator, spec-
trometer, and FBG sensor components were
used for laboratory measurements of these
parameters. As for reflected spectrum mea-
surements — the components are connected
the same as shown in Fig. 3 (in optical sensor
interrogator unit part), but for the transmitted
signal spectrum measurements — the spec-
trometer is connected with the FBG sensor
output. Central frequencies and FWHM val-
ues of FBG sensor were determined based on
the measured spectrum of the FBG reflected
signals.

Optical power (dBm)

-65 1 1 1 1 1 1 1 1
193.2 193.25 193.3 193.35 193.4 193.45 193.5 193.55 193.6 193.65

Frequency (THz)

Fig. 4. Reflected signal spectrum of the FBG optical
sensor (laboratory temperature 25 °C).



These spectral measurements of the
used FBG sensor are shown in Table 2.
All 7 implemented FBG sensors have the
same (except reference wavelength) optical
parameters.

-29 |

=31 L

Optical power (dBm)

-33 1 1 1 1 1 1 1 1
193.2 193.25 193.3 193.35 193.4 193.45 193.5 193.55 193.6 193.65

Frequency (THz)

Fig. 5. Transmitted signal spectrum of the FBG optical
sensor (laboratory temperature 25 °C).

The developed simulation model can
be widely used and particular FBG optical
temperature sensors can be substituted with

different ones (for example, strain, pres-
sure, displacement, etc. sensors) in a situ-
ation where it is necessary. However, the
maximum available number of optical sen-
sors available for implementation in such
a combined system is limited to the band-
width of the optical light source — its optical
power level, channel spacing between opti-
cal sensors as well as the optical bandwidth
for each and every sensor channel and the
distance from the optical sensor interroga-
tion unit. Also, the WDM-PON system and
its configuration — number of data channels,
their positioning in the optical spectrum,
etc. — limits the integration of the optical
sensors. All these parameters have to be cal-
culated and adjusted in order to sustain the
proper performance of both systems while
providing the necessary application of each
of them.

Table 2. The Main Parameters of the Used FBG Temperature Sensor

Parameters Value

Wavelength Frequency
Operation temperature range -40to +150°C
Reflectivity 88.73 %
FWHM 0.22 nm 27.448 GHz
e G | semae Liss G
Reference wavelength or frequency | 1548.52; 1547.72; 1546.92; 1546.12; 193.60; 193.70; 193.80; 193.90;
used in the simulation setup 1545.32; 1544.53; 1543.73 nm 194.00; 194.10; 194.20 THz

Figure 6 shows the relevance between
temperature and frequency curve for the
implemented FBG sensor in order to under-
stand the correlation between the tempera-
ture and frequency shift. The curve is based
on the commercial (Technica T840) FBG
sensor calibrated datasheet data. Then a
linear approximation method is used for
a more precise evaluation of the acquired
data. The authors developed the mathemati-
cal linear function for this optical FBG
temperature sensor, where the correlation
of the temperature and frequency can be
expressed as follows:

T=-764.57xF +1.4791-107, 2)

where T-measured temperature (°C) and
F — measured frequency of the FBG sensor
(THz).

)
2

Temperature ( °C;
S

20 L L L L L L L h
193275 1933 193,325 19335 193375 1934 193425 193.45 193475 1935
Frequency (THz)

Fig. 6. The correlation of the temperature and
frequency shift of the commercial FBG temperature
Sensor.



The length of 7 SMF spans between
each FBG optical sensor is 5 km, whereas
FBG sensors are located at 20th, 25th, 30th,
35th, 40th, 45th, and 50th km of the opti-
cal distribution network. Such positioning
provides quasi-distributed FBG optical
sensing applications, where optical sensors
are implemented with a certain distance or
evenly in the whole transmission media
[471-[49]. It is also important to note that
the optical signal necessary for the opera-
tion of FBG optical sensors is transmitted
twice through the ODN - firstly together
with dense WDM-PON data transmission
channels and then reflected back, being
received at the optical sensor interroga-
tion unit. All the related parameters for
the acceptable system setup development
can be adjusted and are mentioned in this
article. FBG temperature sensors were set
in the frequency band between 193.60 THz
and 194.20 THz having channel spacing
of 100 GHz between each and every one
of them. Such channel spacing was chosen
considering the measured spectral band-
width of each FBG (0.22 nm at FWHM)

3. RESULTS

and the potential temperature range varia-
tion to avoid spectral overlapping. The out-
put of FBG sensor 7 is connected with the
AWG demultiplexer.

The optical network units (ONUs) sec-
tion is realized as receiver blocks (Rx 1 to
Rx 8). The AWG demultiplexed signal is
transmitted to a variable optical attenuator
(VOA) and optical power splitter with a
10/90 splitting ratio for optical power level
monitoring, enabling data transmission sys-
tem BER curve measurements. The 10 %
port of the power splitter is connected with
an optical power meter, and 90 % port is
connected with an avalanche photodiode
(APD), which has a sensitivity of -20 dBm
at reference BER<10'2. On the output of
APD, the received electrical signal is fil-
tered by Bessel low-pass filter (LPF) hav-
ing a 7.5 GHz 3-dB bandwidth to reduce the
noise. The filtered signal is then sent to the
electrical scope to evaluate the waveform
quality, e.g., to show eye diagrams, electri-
cal spectrum, and estimate BER. Here the
BER of'the received signal is estimated ana-
lytically based on the eye quality.

The spectrum of the reflected signal of
the 7 FBG sensor network is measured with
an optical sensor interrogator unit spectrom-
eter, (see Fig. 7). As one can see in the mea-
sured spectrum, the central reflected fre-
quencies of the sensor network are 193.60,
193.70, 193.80, 193.90, 194.00, 194.10, and
194.20 THz. The central frequencies are the
same as previously mentioned, considering
that all sensors of the simulation model are
configured to the reference temperature +25
°C. The main reason for the slanted reflected
signal spectrum of the FBG sensor network
(Fig. 6) is the attenuation of optical fibre.
As we are measuring the reflected FBG sig-
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nal, it experiences double the attenuation of
optical fibre (100 km in total).

Optical power (dBm)
. s .

L L L L L
1936 193.7 1938 1939 194

Frequency (THz)

Fig. 7. The reflected signal spectrum
of the FBG sensor network.
The optical signal spectrum (measured
at the input of AWG DEMUX) of the simu-
lated model where 8 data channels of the



DWDM-PON transmission system (left side) We chose the worst-performing data
are collaborated with 7 FBG temperature sen- transmission channel (4th) in terms of
sor network transmitted signal (right side) is the BER of an 8-channel DWDM-PON
shown in Fig. 8. AWG DEMUX acts as afilter =~ transmission system to analyse the per-
and blocks the signal of the ASE; therefore, formance of the overall DWDM system.
it is not received by the ONUSs. There is no Figure 9 shows a signal waveform of the
visual interference, overlapping, and signal  received 10 Gbps signal after 50 km SMF
degradation between both systems (8channel ~ transmission. As one can see in Figs. 9
DWDM-PON and 7 FBG sensors), see Fig. 8. and 11, the bit pattern is clearly visible
: —_— with the impact of chromatic dispersion,
leading to a pulse broadening. The time
window of 10 ns is chosen to represent
the bit sequence in a way understandable
to the reader. This signal has passed not
only the 50 km of SMF fibre but also
B S S 8 FBG sensors, from which no signifi-
cant signal degradation effects can be

Fig. 8. The optical spectrum at A WG DEMUX input. observed.

Voltage (a.u.)

Fig. 9. The received signal 10 Gbps NRZ waveform of the 4" channel
after 50 km long SMF transmission.

As shown in Figs. 10 and 11, the eye SMF 1SMF 7 are set to 0 km.

diagrams of the 4th data transmission chan- For B2B transmission, the obtained BER
nel in the back-to-back (B2B) configura- for the worst-performing channel is 8% 107, and
tion (Fig. 10) and after 50 km long SMF after 50 km long SMF line the obtained BER is
transmission (Fig. 11) are widely open, and ~ 9.4x10?.

error-free transmission is calculated. The The eye diagrams are wide open and, there-
B2B configuration also includes the opti- fore, the transmission of 10 Gbps NRZ-OOK
cal sensor network, but the SMF line and signal can be considered as error-free.
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Fig. 11. The eye diagram of the worst-performing data channel after 50 km long transmission line.

We measured the BER versus received
optical signal power (see Fig. 12) to under-
stand the impact of a 50 km long SMF
transmission line on the created mathemati-
cal simulation model.

Typical BER values would vary between
the systems due to the differences in con-
figuration, components, parameters, and so
on. For such a collaborated system model,
where the optical sensor system and dense
WDM-PON system are merged, allowed
BER should be at least <10, which is typi-
cally to be considered as a BER threshold
for error-free transmission [51]-[53]. In
our research, this goal is accomplished and
even lower BER values are estimated (for
example, 1077) yet it is not an easy task to
calculate precisely such small BER values;
thus, the eye diagrams (which are wide
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open and even in our results) also have to
be inspected.

1o (BER)

log

—@— SMF=50km
—A—5T8

BER threshold A

23 22 21 20 19 -18 A7 -16 -5

Optical power (dBm)

Fig. 12. BER versus the received optical signal power

of 10 Gbps 8-channel DWDM PON data transmission

system and 7 FBG sensors network, in the case of B2B
and 50 km SMF configurations.

Here a strong correlation between
B2B and a 50 km long transmission line is
observed. The power penalty at the BER



threshold level of 1x10'2 is negligible (only
0.3 dB). This power penalty introduced is

4. CONCLUSIONS

mainly due to the fibre chromatic disper-
sion.

FWM-OFC can reduce the overall
expenses of the proposed combined fibre
optical DWDM transmission system and
FBG temperature sensor network. The
FWM-based OFC source provides an
energy-efficient solution due to the fewer
light sources required to ensure multiple
data transmission channels. Only two CW
pump light sources and one NHLF fibre are
necessary to power the 8-channel DWDM-
PON data transmission system. The OFC
generated through FWM exhibits fluctua-
tions of individual comb tones of less than
3 dB in power, the average peak power of
0 dBm, and an extinction ratio of about 33
dB for an operating range of 192.9-193.25
THz. The created shared light source pow-
ers all data transmission channels. A spec-
trally efficient configuration has been
applied and calculated, as the minimum
channel spacing between the DWDM chan-
nels, optical sensor channels, as well as
between both systems (DWDM-PON and
FBG sensors) has been presented. Thereby,
other critical applications (for example,
applications in Structural Health Monitor-
ing (SHM)) were positioned in the available
frequency spectrum. This research proved a
successful realization of the FWM-based
OFC source in the simulation model and
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Uranium is characteristic lithospheric component and is found nearly in all kinds of soils
and waters; in any case, its quantity changes from water-to-water contingent on their cause.
Subsequently, in the current investigation, the concentration of uranium in groundwater tests
was estimated utilizing LED fluorimeter and the related health hazards appraisal was checked.
The concentration of uranium ranges from 0.5 to 10.7 ug L with average value of 2.76 pug L.
The excess cancer hazard was seen in the scope of 1.416x107¢ — 30.309%10°° with an average
of 7.804 x107°. This mean estimation of the excess cancer risk in the Kanchipuram locale is
less than the greatest adequate degree of 1.67 x 10* as per AERB (2004). Consequently, there
is no hurtful impact to the neighbourhood individuals who are devouring the water in the
examination zone. The average cancer mortality and grimness chances were determined to
show that the probability of cancer-causing chances related to water test and significant health
was evaluated utilizing hazard quotient from chemical harmfulness of uranium. The values
watched for hazard quotient in all areas in the examination are beneath the edge estimation
of 1, as recommended by USEPA. This shows that there are no unsafe impacts on the nearby
individuals in the investigation zone.

Keywords: Health impact, ground water, LED fluorimeter, natural uranium.
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1. INTRODUCTION

In India, the primary source of drink-
ing water is ground water. Quick industri-
alization and urbanization taint the ground
water. Particularly, the modern exercises,
for example, mining and waste water depo-
sition may add to the gathering of radionu-
clides in ground water. At whatever point,
such a tainted ground is devoured by
individuals who are living in the region,
leading to different health impacts. Ura-
nium is a normally happening radioac-
tive synthetic component. The concentra-
tion of uranium further increases because
of anthropogenic exercises like arrival of
wastage from the atomic enterprises, igni-
tion of coal, bio-energizes and phosphate
manures. Uranium is mostly found in the
oxidation conditions of trivalent, tetrava-
lent, pentavalent and hexavalent. Specifi-
cally, tetravalent uranium is insoluble in
ground water and can shape buildings by
different inorganic legends, for example,
fluoride, chloride, sulfate, and phosphates.
As indicated by the United States Environ-

2. METHODOLOGY

mental Protection Agency (USEPA), ura-
nium as a cancer-causing component and
zero concentration of uranium in water,
just ought to be safe. Nowadays, the United
States Environmental Protection Agency
(USEPA) and the World Health Organi-
zation (WHO) have suggested a practical
guideline reference of 30 ppb. This refer-
ence is known as Maximum Contaminant
Level (MCL) [1], [2].

A significant wellbeing impacts of ura-
nium is because of its compound poison-
ousness, instead of its radiological risks
[3], [4]. The primary impacts are on kid-
neys [5]. Subsequently, the main goals of
the current study are to (i) determine the
concentration of uranium in ground water
tests of Kanchipuram district, Tamilnadu;
(i1) ascertain the radiation hazards related
to concentration of uranium in ground
water; (iii) survey the frequency distribu-
tion of uranium and related risks in ground
water tests by measurable examinations.

2.1. Collection and Preparation of Samples

A groundwater tests were gathered
from 20 areas in Kanchipuram region,
Tamilnadu, from physically worked
hand-siphons set up by city organisa-
tions in private regions. Before assort-
ment, the water tests were sifted utilizing
0.45 pm Whatman filter paper to elimi-
nate suspended issue/dregs, fermented
with supra unadulterated nitric corrosive
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(HNO,) for protection and afterward put
away in pre-cleaned corrosive washed
high thickness polyethylene (HDPE)
compartments until investigation. The
ground water examining areas are shown
in Fig. 1. Also, latitude and longitude
lines of each examining area are demon-
strated in Table 1.
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Fig. 1. The ground water sampling locations in the examination area.
Table 1. Geographical Information of Sampling Locations in Kanchipuram District, Tamilnadu
Sample No. | Sample ID Locations Latitude Longitude
1 WS-1 Thaiyur-I 12°46°22.6776”N 80°12°25.4988”E
2 WS-2 Thaiyur-1I 12°46°32.736”N 80°11°29.1084”E
3 WS-3 Koman Nagar-I 12°45°42.1452”N 80°11°5.7012”E
4 WS-4 Koman Nagar-I1 12°45°31.41"N 80°11°16.0944”E
5 WS-5 Kalavakkam-I 12°44°55.0356”N 80°12°6.5916”E
6 WS-6 Kalavakkam-II 12°44°54.924”N 80°11°56.4144”E
7 WS-7 Kannagapattu 12°44°8.9448”N 80°11°31.2144”E
8 WS-8 Tiruporur 12°43°7.7988”N 80°11°22.6392”E
9 WS-9 Paiyanoor 12°38°58.3656”N 80°10°18.3324”E
10 WS-10 Koothavakkam-I 12°37°57.0648”N 80°10°19.9524”E
11 WS-11 Koothavakkam-II 12°37°48.4176”N 80°10°20.2332”E
12 WS-12 Poonjeri-I 12°36°58.7772”N 80°9°55.2996”E
13 WS-13 Poonjeri-I1 12°36°59.9292”N 80°9°54.306”E
14 WS-14 Vadakadampadi 12°37°20.082”N 80°7°35.832”E
15 WS - 15 Kuzhipanthandalam 12°37°25.4064”N 80°6°52.3512”E
16 WS-16 Eitchur 12°37°28.1676”N 80°6°27.5328”E
17 WS-17 Azhagunattham-I 12°37°56.4996”N 80°6°41.4396”E
18 WS-18 Azhagunattham-II 12°37°39.376”N 80°6°43.6032”E
19 WS-19 Amayapattu 12°39°4.266”N 80°7°3.9576”E
20 WS-20 Siruthavoor 12°39°14.292”N 80°7°4.4184”E
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2.2, LED Florimeter Analysis

Ground water tests were tried for ura-
nium content using LED fluorimeter (Quan-
talase LF-2a). Quality affirmation of the
data was made by the assessment of IAEA
standard reference materials and by repro-
ducing examination and spike recovery.
Fluorescence yield varies in different struc-
tures of uranium. Subsequently, an inor-

3. RESULTS AND DISCUSSION

ganic reagent fluren was added to the exam-
ple to change all the structures in a solitary
structure having the same fluorescence
yield. Six millilitres of the sample with 10%
fluren was taken in a cuvette created utiliz-
ing overly low fluorescence merged silica
and a short time later they were researched
for uranium in the fluorimeter.

3.1. Uranium Activity Concentration in Ground Water

Deliberate tests of 20 areas in Kanchi-
puram region, Tamilnadu, are provided in
Table 2. As can be observed in Table 2,
the uranium content differs in the range of
0.50-10.7 ug L' with an average value of
2.76 pug L'. This shows that uranium con-
centration in all the tested areas and the
average value do not exceed the permissible

limit of 60 pg L' of uranium in groundwa-
ter suggested by AERB (2004), 30 ug L' by
US-EPA (2000), 15 pg L' by WHO (2011),
9 ug L' by UNSCEAR (1982), 1.9 ppb by
ICRP (1993) [2],[7]-[10]. This shows that
uranium concentration in water tests is not
sufficient to cause wellbeing impacts.

Table 2. Uranium Concentration and Some Radiation Health Impacts in Ground Water Tests

Sample | Sample Locations llj::lt:i:i:l g;‘rclii; LA]? Dl (;luaozt?:r(: " Effeltililslflel?iose

No. D (ng L) Risl; I(OE"’CR) F‘gay_’f HO) XIO_gAED)
pSv/Year

1 WS-1 Thaiyur-I 1.5 4.249 0.087 0.019 85.95

2 WS-2 Thaiyur-IT 0.8 2.266 0.046 0.010 45.84

3 WS-3 Koman Nagar-1 4.4 12.464 0.255 0.056 252.12

4 WS-4 Koman Nagar-II 10.7 30.310 0.619 0.137 613.11

5 WS-5 Kalavakkam-I 2 5.665 0.116 0.026 114.60

6 WS-6 Kalavakkam-II 1.1 3.116 0.064 0.014 63.03

7 WS-7 Kannagapattu 2.9 8.215 0.168 0.037 166.17

8 WS-8 Tiruporur 6 16.996 0.347 0.077 343.81

9 WS-9 Paiyanoor 7.3 20.679 0.422 0.093 418.30

10 WS-10 Koothavakkam-I 0.7 1.983 0.041 0.009 40.11

11 WS-11 | Koothavakkam-II 0.7 1.983 0.041 0.009 40.11

12 WS-12 Poonjeri-1 22 6.232 0.127 0.028 126.06

13 WS-13 Poonjeri-11 0.5 1.416 0.029 0.006 28.65

14 WS-14 Vadakadampadi 3 8.498 0.174 0.038 171.90
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15 ws-15 | Kuhipanthan- 3.7 10.481 0214 | 0.047 212.01
dalam
16 WS-16 Eitchur 0.8 2.266 0.046 | 0.010 45.84
17 WS-17 | Azhagunattham-I 1 2.833 0.058 | 0.013 57.30
18 WS-18 | Azhagunattham-IT 1.2 3.399 0.069 | 0.015 68.76
19 WS-19 Amayapattu 3.7 10.481 0214 | 0.047 212.01
20 WS-20 Siruthavoor 0.9 2.549 0.052 | 0.011 51.57
Average 276 7.804 0.159 | 0.035 157.86

The variety of uranium concentration of
ground water tests in Kanchipuram district,
Tamilnadu, is demonstrated in Fig. 2. Also,
a comparison of uranium content of the
present research with other studies carried

out in a variety of countries is presented in
Table 3. The distribution of uranium con-
tents with water sampling locations in this
study is illustrated in Fig. 2.

12

=, _

® 10 -

£

S 81

= _

o

€ 6 - =

(7]

o

< —

S 4. _ _

€ _ _

3 N

= _ = o = _
0 —|————|————I—l——'l———l—|—|——|7
- N MmO T N O N 0 OO O = N MO g N O N 0 OO O
22220 8dsa3FdI2 D283 8
=53333533322222222¢8¢8¢8

Water Sampling Locations

Fig. 2. Uranium concentration in ground water samples in the examination area.

3.2 Cancer-Causing Uranium Assessment

An admission of the uranium through
ground water brings about the both cancer-
causing and non-cancer-causing dangers.
Thus, to survey the health impacts through
ground water tests in Kanchipuram district,
Tamilnadu, the radiological and chemi-

3.2.1. Excess Cancer Risk (ECR)

An excess cancer risk has been utilized
to test the likelihood of radiogenic disease

81

cal hazard appraisal was performed. In the
current examination, the excess cancer risk
(ECR), lifetime average daily dose (LADD)
and hazard quotient were determined to
comprehend the health hazard impact.

mortality or dismalness per unit admission
for a given radionuclide internally or per



unit dose externally. Henceforth, excess
cancer hazards have been determined utiliz-
ing the equation given by the USEPA [1].

ECR=UAXRFXIW, (1)
where ECR stands for Excess Cancer Risk,

U, is uranium contents (Bq L") and R, is
Risk Factor. R, for uranium is 1.19x107

for mortality and I, is per capita action
consumption. Here, (1) for tested radionu-
clides is determined as multiply of average
life duration (63.7 years), and daily utili-
zation of water as 4.05 L day. The deter-
mined ECR estimations of ground water
tests of Kanchipuram region, Tamilnadu,
are provided in Table 2.

Table 3. Uranium Concentration in Other Studies Compared to the Present Researchg

Country Range of concentration of Uranium (ppb) References
Hungary 0.08-75.3 [8]
Germany 0.032-48.4 [8]
Switzerland 0.05-92.02 [9]
Aligarh, UP, India 38-471.27 [13]
Punjab, India 1.39-98.25 [14]
Kolar, Karnataka, India 0.3-1442.9 [14]
Hyderabad, India 0.6-82.0 [13]
Jaduguda, India 0.03-11.6 [13]
Kanchipuram, Tamilnadu, India 0.50-10.70 Present Study

The malignant growth hazard has been
seen to be in the scope of 1.416x10—6 —
30.309%10—6 with a normal of 7.804 x10—6.
This mean estimation of the excess cancer
risk in the Kanchipuram region is less than
the most extreme satisfactory degree of
1.67 x 10* as indicated by AERB (2004).
Consequently, there is no hurtful impact

on the neighbourhood individuals who are
expending the water in the examination zone
[7]. The measured values of ECR in each
location are shown in Table 2. Also, ECR
values of the present research compared to
other studies carried out in a variety of coun-
tries are demonstrated in Table 4.

3.3. Non-Cancer-Causing Uranium Assessment

Uranium has wellbeing effects on
account of its both radioactive and chemi-
cal behaviours. If we think about chemical
destructiveness of the uranium, the kidney
is the most critical target tissue of the human
body. The destructiveness of uranium rules

over its chemical poisonousness on the kid-
ney even at small amounts. Along these
lines, lifetime average daily dose (LADD)
and hazard quotient (HQ) were estimated to
examine the compound harmfulness [11].

3.3.1. Lifetime Average Daily Dose (LADD)

Lifetime average daily dose (LADD)
of a radioactive material in ground water
admission is characterised as the amount of
the radioactive material swallowed for one
kilogram of a person a day and it is deter-

mined using the accompanying expression
[12].

Uy X Ig X Ep X Ep
LADD = 2
Ay X B, X 365 @)




where U, is radioactive material contents
(ng L), I, is utilization rate (4.05 L day™),
E, is average exposure duration (63.7 years),
E, is average exposure time (365 days y ™),
B,, is average person weight (70kg), and A
is average age (63.7 years). The determined
estimations of LADD are provided in Table

3.3.2. Annual Effective Dose (AED)

Annual effective dose (AED) of the
uranium through ground water admission is
characterised as the amount of the uranium
dose ingested by human every year and it is
calculated by the next expression.

AED:UAXDFXIA, (3)

where U, is radioactive material concentra-
tion (Bq/L), D, is effective dose for each

2. In the current study, the LADD estima-
tions of all the locations vary from 0.029 to
0.619 ng Kg!' day! with mean estimation
of 0.159 ug Kg' day!. The measured val-
ues of LADD in each location are shown in
Table 2.

swallow (4.5 x 10® uSv/Year/Bq/L) and I,
is annual swallow quantity (503.7 L=1.38 x
365). As observed in Table 2, annual effec-
tive dose was found between 28.65x% 10® and
613.11 x 10* uSv/Year with the mean esti-
mation of 157.8 x 108 uSv/. The mean value
is underneath the suggested ones, reaching
0.1 mSv [2]. The measured values of AED in
each location are shown in Table 2.

Table 4. ELCR Comparison of the Present Study with Other Works

Country Range of ELCR ( X10) References
Vishakhapatnam, India 1.3-4.84 [13]
Bathinda District (S. Punjab), India 0.69-5.29 [14]
Tiruvannamalai, Tamilnadu 0.09-11.16 [14]
Kanchipuram, Tamilnadu, India 1.416-30.310 Present Study

3.3.3. Hazard Quotient (hq)

A danger of the compound poison might
be portrayed by risk quotient [12]. This is
the proportion of LADD of a substance to
a reference quantity (RfD). Hazard (risk)
quotient is underneath unity meaning that
antagonistic impacts are probably not going
to happen. The RfD of uranium (4.53 pg
Kg'! day') was considered from USEPA[1].

LADD

Q = RfD “4)

If HQ > 1.00, at that point the LADD

of a specific metal surpasses the RfD, dem-
onstrating that there is a potential dan-
ger related to that metal. The determined
ground water hazard quotient estimations
of tests are given in Table 2. As observed in
Table 2, values in all the examination areas
are beneath the limit estimation of 1, as rec-
ommended by USEPA [1]. This shows that
there is no harmful impact on the nearby
individuals in the examination zone. The
measured values of HQ in each location are
shown in Table 2.



4. CONCLUSIONS

Natural uranium concentration was
estimated in ground water tests of Kanchi-
puram district, Tamilnadu utilizing LED
Fluorimeter. The determined mean estima-
tion of radiological boundaries, for exam-
ple, excess cancer risk, lifetime average
daily dose (LADD), annual effective dose
and hazard quotient were contrasted with
the suggested limit given by WHO and
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