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Abstract

The aim of this experimental work is to study the thermal and morphologi-

cal properties of carbon fiber reinforced polymer (CFRP) as polymeric composites

printed using additive manufacturing via material extrusion. The printed samples

were exposed to prolonged temperatures at 65◦C, 145◦C, 0◦C and -20◦C. Differen-

tial Scanning Calorimetry (DSC) was performed to analyze the thermal properties

of CFRP composites and the scanning electron microscope (SEM) was utilized to

study the morphological structure of the sample groups after thermal treatment.

The specimens subjected to cyclic heating at hot temperatures have higher glass

transition temperature (Tg) values than the prolonged groups. The visual exami-

nation of the morphological structure at the surface showed a slight deterioration in

the morphological surface before and after thermal treatment at above-zero degrees

Celcius. The higher the magnitude of the temperature treatment at above-zero de-

grees, the more damage is possessed in the polymer parts.

Keywords: CFRP composites; additive manufacturing; thermal characterization;
morphological characterization; thermal treatment

1 Introduction

Carbon fiber reinforced polymeric (CFRP) composites are widely used in aerospace
structures (tails, wings, fuselages), wind turbine blades, and marine engineering (boat con-
struction) applications where structures must be lightweight, have exceptional mechanical
strength, and withstand extreme environmental conditions. Rapid advancements in man-
ufacturing techniques and the design of new materials and structures in the engineering
sector have piqued the interest of industry and scientific research.

Additive manufacturing (AM) or three-dimensional (3D) printing, is a set of manu-
facturing techniques that allows for the layer-by-layer production of 3D components with
complex geometries. Complex composite structures that are difficult to fabricate using
traditional composite fabrication techniques can be easily manufactured with minimal
expense, material waste, and machine setup time using 3D printing. With the necessity
of building lightweight materials with high mechanical strength, AM can meet this de-
mand. Fiber-reinforced thermoplastics have emerged as emerging materials in additive
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manufacturing due to their strength and stiffness without the need for multiple processes
and special tools. For the matrix material, the advantage of employing thermoplastics
such as polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polyether ether ke-
tone (PEEK), etc in producing CFRP composites is their melt processability which can
improve the manufacturing speed, lower the cost, and eliminate the prolonged cure cycles
or complex curing chemistry. Another superiority of thermoplastics is that they can be
manufactured using widely developed and readily available polymer AM methods.

During their life-time, understanding the effects of long-term thermal ageing is crit-
ical for better live performances of CFRP composites in order to avoid unexpected fail-
ure. A thorough understanding of the behavior of printing parts under constant thermal
exposure can help predict their performance and serve to propose solutions for future
improvements emerging in the industrial sectors. Many researchers have studied pro-
longed thermal effects on the mechanical properties of polymeric composites by applying
thermal treatment at above zero degrees Celsius with most of the subjected parts manu-
factured using the traditional method [1–7]. Generally, the materials will undergo a lower
strength at the macroscale due to induced micro-cracking of the matrix caused by thermal
stress and chain-scission at the microscale. However, there is very little published data
on the thermal treatment of 3D-printed polymer-based composites at subzero tempera-
tures [8, 9]. So far, the researchers [10–14] have focused on sample parts printed with
the FDM technique which were subjected to prolonged thermal exposure at above-zero
temperatures. The aim of this paper is to characterize the morphological and thermal
properties of 3D-printed composite parts after prolonged thermal treatment at various
magnitudes. SEM micrographs reveal the porosity, defects, and damage within these
structures which will indicate future directions for process optimization needed to obtain
additively manufactured composite parts with desired properties.

2 Thermal analysis using DSC

2.1 DSC overview

The DSC method is a form of calorimetry, where the difference in heat flow between
a test sample and a reference sample is measured during constant heating or cooling of the
samples. Differential scanning calorimetry is a thermo-analytical technique that deter-
mines how much heat is required to raise a material’s temperature. Differential scanning
calorimetry (DSC) measures the energy absorbed (endotherm) or released (exotherm)
as a function of time or temperature. It is used to characterize melting, crystallization,
resin curing, loss of solvents, and other processes involving an energy change. Differen-
tial scanning calorimetry may also be applied to determine how much heat is required
to raise a material’s temperature processes (a change in heat capacity). Moreover, DSC
rheology measurements are also suitable for detecting the effects of thermal degradation
by observing the melting and crystallization process. Thermal degradation can also be
observed through the complex viscosity which is very sensitive to chain modifications such
as scission, branching, and cross-linking [15].

A DSC measuring cell consists of a furnace and an integrated sensor with designated
positions for the sample and reference pans. The sample is placed in an aluminium pan,
and the sample pan and an empty reference pan are placed on small platforms within
the DSC chamber. Thermocouple sensors lie below the pans and they are connected to
thermocouples. This allows for recording both the temperature difference between the
sample and reference side (DSC signal) and the absolute temperature of the sample or
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reference side. The functional principle of an interior chamber of DSC is shown in Fig.1.
DSC measurements can be made in two ways: by measuring the electrical energy

provided to heaters below the pans necessary to maintain the two pans at the same tem-
perature (power compensation), or by measuring the heat flow (differential temperature)
as a function of sample temperature (heat flux). The DSC ultimately outputs the differ-
ential heat flow (heat/time) between your material and the empty reference pan. Heat
capacity may be determined by taking the ratio of heat flow to the heating rate. There-
fore, Cp = q

∆T where Cp is the material’s heat capacity, q is the heat flow through the
material over a given time, and ∆T is the change in temperature over that same time.

Figure 1: Schematic diagram of DSC interior chamber

Due to the heat capacity (Cp) of the sample, the reference side (usually an empty pan)
generally heats faster than the sample side during the heating of the DSC measuring cell;
for instance, the reference temperature (Tr, green) increases a bit faster than the sample
temperature (Ts, green). The two curves exhibit parallel behavior during heating at
a constant heating rate until a sample reaction occurs. In the case shown here, the sample
starts to melt at t1. The temperature of the sample does not change during melting; the
temperature of the reference side, however, remains unaffected and continues exhibiting
a linear increase. When melting is completed, the sample temperature also begins to
increase again and, beginning with the point in time t2, again exhibits a linear increase.

The differential signal (∆T) of the two temperature curves is presented in the lower
part of the image. In the middle section of the curve, the calculation of the differences
generates a peak (blue) representing the endothermic melting process. Depending on
whether the reference temperature was subtracted from the sample temperature or vice
versa during this calculation, the generated peak may point upward or downward in the
graphs. The peak area is correlated with the heat content of the transition (enthalpy
in J/g). A typical DSC thermogram is shown in schematic Fig. 2 below.

2.2 DSC experimental procedure

Differential scanning calorimetry (DSC) was used to determine the glass transition
temperature (Tg) of the polymeric composite samples in accordance with ASTM E1356.
The melting temperature and crystallization temperature will also be analyzed according
to ASTM E794. The purpose of the test was to determine whether there was any change
in crosslinking of the PLA polymer, which could signify degradation as a result of the
conditioning process. A DSC equipment (TA Instruments Q2000) was used to perform
thermal analysis of the composite samples under controlled and isothermal conditions.
The sample for each thermally treated group was chopped into small pieces to fit inside
the pan due to the stiffness of the fiber-reinforced raw filament. There were 5 groups
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Figure 2: A schematic of a DSC thermogram

of printed CFRP samples for various thermal treatments as summarized in Tab. 1. The
prepared samples then were measured with a precision scale. About 10 mg of sample
from each treatment group was placed in an alumina hermetic pan and inserted into
the DSC cell. A nitrogen atmosphere was supplied to the test chamber at a flow rate
of 50 mL/min for the cooling process while an electrically heated furnace is used for
heating. The temperature was ramped from 20◦C to 200◦C and then cooled back to
20◦C at a heating and cooling rate of 10◦C/min. The measurement for each sample
consisted of two times of the heating process and one time of the cooling process. The
following program was used: hold equilibrium at 24◦C, ramp at 10◦C/min to 200◦C, hold
isotherm for 2 min, ramp at 10◦C/min to 40◦C, hold isotherm for 2 min, and ramp back
at 10◦C/min to 200◦C. The DSC equipment and DSC cell can be seen in Fig.3.

Table 1: Sample groups

Group name Value

Intact untreated samples

HS-A hot stable at 65◦C for 6 hours

HS-B hot stable at 145◦C for 6 hours

CS-A cold stable at 0◦C for 6 hours

CS-B cold stable at -20◦C, for 6 hours

Semicrystalline polymers are made up of two distinct phases: amorphous and crys-
talline. As a polymer becomes more crystalline, the fraction of the amorphous component
decreases, and thus the change in the sample’s Cp at Tg decreases. If the polymer be-
comes highly crystalline, the DSC instrument may eventually lose its sensitivity to detect
Tg. In general, as the crystalline content of the polymer increases, so will the Tg temper-
ature. The glass transition temperature is commonly abbreviated as Tg. Tg is the main
characteristic transformation temperature of the amorphous phase and is produced by all
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Figure 3: DSC equipment and DSC cell

amorphous (non-crystalline or semi-crystalline) materials during heating. When a hard,
solid, amorphous material or component changes to a soft, rubbery, liquid phase, the glass
transition phenomenon occurs. Tg is a valuable material characterization parameter that
can provide very useful information about a product’s end-use performance. The ’classic’
Tg is observed as a stepwise endothermic change in the DSC heat flow or heat capacity.

2.3 DSC result analysis

Analysis of DSC curves for the initial heating, cooling, and second heating cycles of in-
tact (untreated) and thermally treated CFRP specimens at stable and cyclic temperature
modes are shown in Fig. 4. The important thermal phases such as glass transition (Tg),
cold crystallization (Tcc), and melting point (Tm) temperature are studied to determine
the polymer crystallinity. Glass transition temperature is indicated by a shift of the base-
line from the initial DSC curves and reported glass transition temperature was based on
the observed midpoint temperature. An exothermic peak indicates a cold crystallization
where an exothermic reaction (heat release) has occurred, while an endothermic peak
(heat adsorption) refers to the melting temperature in which an endothermic reaction
takes place.

Figure 4: DSC graphs of 3D printed specimens: (a) First heating on thermally stable
treatment groups; (b) Cooling on thermally stable treatment groups; (c) Second heating on
thermally stable treatment groups

ISSN 0079–3205 Transactions IFFM No. 142 (2023) 3–12
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In the first heating process, the Tg of the untreated (intact) CFRP group falls at 65◦C
(midpoint) and is very much close to composites treated at a stable temperature at 0◦C
(CS-A). The specimens exposed to a stable subzero temperature at -20◦C (CS-B) have
slightly higher Tg compared to intact samples. The cold crystallization (Tcc) point of the
intact group is observed to be the highest among treated groups indicated by an exother-
mal effect at a peak temperature of 117◦C. Cold crystallization refers to the freezing of
polymer chains in their amorphous state as a result of rapidly cooling a crystalline plastic
from its liquid state. Crystallization is characterized by crystal nucleation and nucleus
growth [16]. The cold crystallization process is distinguished by two characteristics: the
promotion of nucleation as the supercooled glassy state gradually gains mobility with in-
creasing temperature, and the presence of a maximum temperature for nucleation above
which the cold crystallization process is diffusion limited [17]. The samples subjected
to 65◦C (HS-A group) have Tcc values of 98◦C which is lower than the intact group.
However, cold crystallization did not occur for the thermal group treated at 145◦C (HS-B
group) because the crystals do not have enough time to form. When reheating a material
in this state, the formation of crystals causes an endothermic peak between the glass
transition and the melting point.

In the first heating run, the double peak of melting temperatures was observed in
all sample groups. This is due to the super-positioning of melting and recrystallization
processes causing this behaviour. When the majority of the crystallization occurs during
the cool-down process, the remaining amorphous regions lack place and chain mobility,
resulting in imperfect crystals. These imperfect crystals begin to melt, but almost simul-
taneously, recrystallization occurs, resulting in the formation of a new crystal structure,
which begins to melt almost immediately, forming the second peak [10]. During phase
transitions, CFRP samples were observed to exhibit two distinct peaks (and onset points)
which may indicate more than one form or crystal structure. Polylactic acid (PLA) is
a polymer type used in the manufacturing process of CFRP composites and this thermo-
plastic has slow crystallization kinetics. In the case of PLA, three different crystallization
processes can be identified with adequate experimental conditions: the classical cold crys-
tallization and two processes associated with the non-reversing exotherms [18]. The DSC
graphs obtained in this experiment exhibit unexpected and extraneous results such as
non-reversing heat-flow curves with two exothermic processes and a larger endotherm
in the middle. The multi-exothermic processes result from the occurrence of multiple
crystalline states of PLA (α and β). The first peak at lower temperatures relates to
the melting of the α crystalline state and its recrystallization into the α form, while the
second peak at higher temperatures corresponds to the melting state β. The α - β phase
transition is the transition from β to form following melting and recrystallization.

In the second heating process, the DSC curve produced lower values than the first run.
The reason for this phenomenon is that the relaxation or molecular rearrangement already
occurred in the first heating run, therefore the cooling process imparts/equilibrates the
previously known history at a known rate from the first heating before heating again. As
a result, any changes detected in the second heating curve between identical materials
are due to actual internal differences in the materials (e.g., molecular weight) rather than
previous thermal history effects. The cooling cycle gives the melt crystallization peak
in each sample. The values of enthalpies obtained from the melting peak during the
heating cycle and the melt crystallization peak during the cooling cycle are almost equal
in each sample. This peak indicates the crystalline nature of the polymer. However,
there are some cases when the reinforcement materials would constrain the PLA chains
so much that the heat capacity jump becomes undetectable in DSC. Spatial confinement,
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nucleation on sample boundaries, temperature gradient, and melt flow are all important
factors in polymer crystallization. Similarly, the presence of foreign substances in the
pure PLA matrix influences PLA crystallization by assisting or hindering chain mobility.

3 Morphological analysis using scanning electron mi-
croscope (SEM)

Scanning electron microscopy (SEM) observation was carried out to evaluate the mi-
crostructure of specimens due to thermal treatment and the degradation of the poly-
mer matrix, fibers, and interface was qualitatively evaluated using this observation.
SEM device FE-SEM SU5000, Hitachi Co., Tokyo, Japan was utilized to investigate the
micro-structural damage that resulted from tensile testing on various specimen groups.
The largest specimen that the SEM could detect had dimensions of 200 mm in diameter
and 80 mm in height.

The SEM images after thermal treatment are shown in Fig. 5. According to the
SEM micrographs, the effect of prolonged thermal treatment on the 3D-printed CFRP
specimens caused different microstructural fracture damages after tensile testing in both
the polymers and carbon fibers when compared to the untreated (intact) specimens. The
polymer structure of the intact sample structure was morphologically unseparated, and
there was no breakage. The PLA polymers treated with prolonged temperature at 65◦C
exhibit smaller cracks compared to the sample group treated at 145◦C. In the cold thermal
treatment case, the prolonged temperature at -20◦C (CS-B) has created some noticeable
gaps in the fibers, and matrix crack was also presented with some fiber pull-out. For the
treatment at 0◦C (CS-A) fibers seemed to remain in their initial arrangement and the
gaps between fibers were not observed. However, the PLA matrix is slightly distorted
compared to the untreated (intact) group.

Figure 5: SEM photos of the untreated and treated specimen groups following destructive
tensile testing.

ISSN 0079–3205 Transactions IFFM No. 142 (2023) 3–12
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4 Conclusion

In this paper, thermal and morphological characterization of additively manufactured
CFRP composites under prolonged thermal loadings at above- and sub-zero temperatures
were presented and discussed. After the manufacturing process, the thermal treatments
at various magnitudes and modes were then subjected to the printed samples. Based on
the thermal analysis using DSC testing, glass transition temperature (Tg), cold crystal-
lization temperature (Tcc), and melting temperature (Tm) were studied. Cold crystal-
lization did not occur when the specimens were exposed to the prolonged temperature
at 145◦C (HS-B group) because crystals are not given enough time to form. Since the
cooling process equilibrates the previously known history at a known rate from the first
heating before heating again, the first heating produced higher thermal values than the
second heating run. As a result, any differences observed in the second heating curve
between identical materials are due to actual internal material differences (e.g., molecular
weight) rather than previous thermal history effects. During phase transitions, CFRP
samples were found to have two distinct peaks (and onset points), indicating that they
may have more than one form of crystal structure. The superpositioning of melting and
recrystallization processes resulted in a double peak of melting temperatures. The visual
inspection of the morphological surface shown in Fig. 5 revealed that the morphological
surface changed slightly before and after the thermal treatment at subzero temperatures.
The surface difference after the thermal treatment at above-zero temperatures is more
noticeable.

The DSC curve confirmed a dried polymer matrix in the case of a CFRP sample
exposed to continuous heating at 145◦C by a smaller area of melting peak. The fracture
interface of the 3D CFRP specimens, as well as changes in the matrix microstructure from
each group, were examined using the SEM microscope. To investigate such outcomes, one
specimen from each group that best reflected the failure mode was chosen. According to
the findings, the higher the temperature exposure for above-zero degrees, the worse the
damage in the polymer parts. The fibers had dried out during the heating process, making
them more brittle than the groups that had been handled at lower temperatures. In the
cold thermal treatment, a continuous temperature loading of -20◦C (CS-B) caused some
obvious gaps in the fibers, and a matrix break with some fiber pull-out was also seen.
Fibers appeared to maintain their initial configuration during the 0◦C (CS-A) treatment,
and gaps between fibers were not seen.
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[12] C. Pascual-González, P. San Mart́ın, I. Lizarralde, A. Fernández, A. León, C. Lopes,
and J. Fernández-Blázquez, “Post-processing effects on microstructure, interlaminar
and thermal properties of 3D printed continuous carbon fibre composites,” Compos-
ites Part B: Engineering, vol. 210, p. 108652, 2021.

ISSN 0079–3205 Transactions IFFM No. 142 (2023) 3–12



12 Isyna Izzal Muna

[13] K. Wang, H. Long, Y. Chen, M. Baniassadi, Y. Rao, and Y. Peng, “Heat-treatment
effects on dimensional stability and mechanical properties of 3D printed continu-
ous carbon fiber-reinforced composites,” Composites Part A: Applied Science and
Manufacturing, vol. 147, p. 106460, 2021.

[14] Y. Ma, S. Jin, M. Ueda, T. Yokozeki, Y. Yang, F. Kobayashi, H. Kobayashi, T. Sug-
ahara, and H. Hamada, “Higher performance carbon fiber reinforced thermoplastic
composites from thermoplastic prepreg technique: Heat and moisture effect,” Com-
posites Part B: Engineering, vol. 154, pp. 90–98, 2018.
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Abstract

In this work an in-house pseudo-spectral direct numerical simulations solver

for particle-laden forced isotropic turbulence is developed. The code has been

validated against the results of a decaying three-dimensional Taylor-Green vortex

field at moderate Reynolds number. The solver can be relatively easily adapted

for large-eddy simulations using the concept of spectral eddy-viscosity. The solver

is coupled with the Lagrangian particle tracking of a dispersed phase essentially

approximated by point-particles whose particle-to-fluid density ratio is O(103).

High order Lagrange interpolation and combined implicit-explicit time-integration

scheme are used to solve the particle equation of motion.

Keywords: pseudo-spectral; DNS; isotropic turbulence; inertial particles

1 Introduction

Turbulent dispersed multiphase flows are inherent part of many environmental and
industrial processes. Among many others, this includes sand and dust storms, rain forma-
tion, sedimentation processes, cyclone separation, pharmaceutical sprays, fuel atomiza-
tion and spray combustion. Obviously, an in-depth understanding of suspended particle
dynamics in turbulent flows is of significant importance for further developments in the
foregoing areas. Due to inevitable particle-turbulence and particle-particle interactions,
possibly coupled with the heat-transfer, evaporation, or even chemical reactions, particle-
laden turbulent flows are usually associated with multi-scale (or even multi-physics) com-
plex phenomena yet to be fully understood, accurately predicted, and most importantly,
controlled in order to obtain a desired change in the flow behavior. Due to a wide range
of spatial and temporal scales, experimental investigations of dispersed turbulent multi-
phase flows often become problematic (or even unfeasible). On the other hand, it should
be noted that both the continuous improvement of numerical methods and the rapid
growth of computing capabilities provide a unique opportunity to study these complex
flows. For a comprehensive review of recent advancements in the numerical simulation of
particle-laden turbulent flows, the reader can refer to [1, 2].

Insofar as the physics underlying particle-laden flows is concerned, one should confine
to the simplest examples of turbulent flows, usually associated with simple geometries.
This includes for example the flow through a channel, past a sphere or a flat plate.

*Corresponding Author. Email address: mrajek@imp.gda.pl
https://doi.org/10.58139/c82v-cy47
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Some assumptions can also be made regarding the dispersed phase. In the case of dilute
suspensions of small particles, when compared to the smallest length scales of a turbulent
flow, dispersed entities can usually be approximated by point-particles. The Lagrangian
tracking of such individual mass-points can be effectively coupled with the Eulerian direct
numerical simulations of the continuous carrier phase, essentially leading to the so-called
point-particle direct numerical simulations.

In this work, the author restricts his attention to homogeneous isotropic turbulence
which is considered as the most fundamental turbulent flow. In addition to that, isotropic
turbulence can be realized (to some extent) experimentally [3]. The reader is also briefly
acquainted with some key important elements of the pseudo-spectral solver developed
for the purpose of studying suspended particle dynamics in homogeneous and isotropic
turbulence.

2 The equations of fluid motion in Fourier space

In the case of an incompressible fluid, the continuity equation acquires the form of

∂Uα(x, t)

∂xα
= 0, (1)

where Uα(x, t) is the fluid velocity at position x and time t. The conservation of momen-
tum is governed by the Navier-Stokes equation in the form of

∂Uα
∂t

+ Uβ
∂Uα
∂xβ

= −1

ρ

∂P

∂xα
+ ν∇2Uα + Fα, (2)

where P is the pressure field, F is a body force, and ν is the kinematic viscosity of the
fluid. For the sake of simplicity, the explicit dependence on both the position and time
is dropped. According to the Reynolds decomposition [4], an arbitrary velocity field can
be decomposed into the ensemble mean and a fluctuation about that mean leading to

Uα = 〈Uα〉+ uα. (3)

The flow can only be isotropic in the absence of preferential directions. This essentially
implies the mean velocity is either zero or constant. In this work, the author confines his
attention to turbulent flows for which

〈Uα〉 = 0. (4)

In fact, the above condition is often referred to as the zero-mean-flow condition. With the
substitution of Eq. (3), and the use of Eq. (4), the equation governing the fluid motion,
Eq. (2), can be rewritten to obtain

∂uα
∂t

+ uβ
∂uα
∂xβ

= −1

ρ

∂p

∂xα
+ ν∇2uα + fα, (5)

which essentially describes the evolution of velocity fluctuations. In addition to Eq. (4),
the velocity field (or the computational box, strictly speaking) must also be infinite in
extent. In practice, the fluid is confined to a cubic box of side LB , with periodic boundary
conditions additionally imposed on its sides [5]. In this case, the velocity field can be
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expanded in a Fourier series according to

uα(x, t) =

(
2π

LB

)3∑
k

ûα(k, t)eik·x

=

(
2π

LB

)3∑
k

ûαe
ik·x, (6)

where (ˆ) is used to distinguish the Fourier-transformed variables from their physical space
counterparts; k = k0n = k0(n1e1 + n2e2 + n3e3) is the wavevector with k0 = 2πL−1

B

being the lowest non-zero wavenumber; ni are integers. In the case of LB → ∞, the
Fourier transform, Eq. (6), takes the following integral form

uα =

∫
d3k ûαe

ik·x, (7)

and

ûα = (2π)−3

∫
d3x uαe

−ik·x. (8)

In should noted that in the Fourier space the differential operator ∂/∂xα is reduced to
a simple complex multiplier ikα. Taking advantage of this property, the continuity equa-
tion in the Fourier space becomes

ikαûα = 0, (9)

whereas with some minor rearrangement, the Navier-Stokes equation, Eq. (5), takes the
form of

∂ûα
∂t

+ ikβF (uαuβ) = −ikα
p̂

ρ
− νk2ûα + f̂α, (10)

where F denotes the Fourier transform, and k2 = kαkα = |k|2. The pressure term on the
right-hand side can be eliminated with the use of Eq. (9), eventually leading to(

∂

∂t
+ νk2

)
ûα = −ikγPαβ(k)F (uβuγ) , (11)

where Pαβ(k) = δαβ − kαkβ/k2 is the projection tensor. Using the convolution theorem,
the non-linear term can be evaluated by summing the Fourier coefficients leading to

F(uβuγ) =

(
2π

LB

)3 ∑
p+q=k

ûβ(p)ûγ(q). (12)

However, this requires O(N2) operations where N is the number of nodes in each spatial
direction. Obviously, the computational cost associated with the evaluation of Eq. (12)
can become prohibitively large.

3 Pseudo-spectral approximation

Consider the velocity field uα(x) defined on points of the discrete N×N×N grid such
that xα = nLB/N for n = 0, 1, ..., N −1, and whose Fourier coefficients ûα(k) are defined
for any k essentially satisfying −N/2 + 1 ≤ kα ≤ N/2. The velocity field is confined to
a cubic box of side LB = 2π, where periodic boundary conditions are imposed so that

uα(x1 + 2πn1, x2 + 2πn2, x3 + 2πn3) = uα(x1, x2, x3, t), (13)
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−N/2 + 1 0 N/2

p q

p + qp + q − N
aliasing

Figure 1: Aliasing errors arising from the application of the discrete Fourier transform.

where n1, n2, n3 are integers. In this case, the velocity field (and the pressure field,
obviously) can be expanded in the Fourier series according to Eq. (6). For completeness,
the maximum resolved wavenumber in each spatial direction is kmax = k0N/2 = N/2.
Taking advantage of the convolution theorem, Eq. (12), Orszag [6] put forward the so-
called pseudo-spectral approximation in which the non-linear term is first evaluated in
the physical space, and then transformed back to the Fourier space. Using the Cooley
& Tukey algorithm [7], often referred to as the Fast Fourier Transform (FFT) algorithm,
the non-linear term can be evaluated in O(N logN) operations. However, this comes at
a price. The use of the discrete Fourier transform introduces the so-called aliasing errors,
see Fig. 1, which should be removed in order to obtain reliable and stable numerical
simulations. These errors are most often removed using the so-called “2/3” rule. In
this method, the discrete Fourier transform is evaluated using M rather N points, where
M ≥ 3/2N . To get a more detailed description of this approach, the reader can refer to [8].
Patterson & Orszag [9] indicated that if the Fourier coefficients are truncated according
to |k| ≤

√
2N/3, then the aliasing errors are significantly reduced. The very same authors

reported that the remaining part of the aliasing errors can be effectively removed if the
convolution sum, Eq. (12), is evaluated at two grids shifted by half a grid cell in each
direction, and subsequently averaged. In this work, the author removes the aliasing errors
using the combined approach proposed by Patterson & Orszag. This dealiasing scheme,
although being less efficient than the “2/3” rule, allows to retain more Fourier modes and
thus becomes a method of choice when memory is a concern.

Due to numerical stability [10], the Navier-Stokes equation, Eq. (5), is often expressed
in the rotation form which can be transformed to the Fourier space according to(

∂

∂t
+ νk2

)
ûα = PαβF(u× ω)β + f̂α, (14)

where ω is the vorticity field in the physical space, and f̂α is an artificial forcing used to
sustain turbulence.

In this work, the author uses a deterministic forcing similar to that introduced in [11]
and [12], i.e.,

f̂α(k) =

{
(εf/2Ef )uα(k) 0 < k < kf

0 otherwise,
(15)

where εf is the energy injection rate, Ef is the total kinetic energy contained in the forced
wavenumber band, and kf is the maximum forced wavenumber, usually not exceeding
2
√

2. The forcing has to be adjusted so that both the smallest, dissipative scales, and the
largest, energy containing scales are accurately resolved on a finite grid.
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4 Time integration of the Navier-Stokes equations

Stable and accurate integration of the equations governing the fluid motion requires
the spatial and temporal discretization errors to be kept at a relatively low level. Accord-
ing to the best of the author’s knowledge, the viscous term in the Navier-Stokes equation
is usually integrated implicitly using the integrating factor technique [13, 14], wheres
the explicit second-order (also third- and fourth-order) Runge-Kutta [15, 16] or second-
order Adams-Bashforth [17] methods are employed to advance the convective term in
time. Some authors also combined the implicit Crank-Nicolson and second-order Adams-
Bashforth methods for viscous and convective term, respectively [18].

Introducing a time step, such that tn = n∆t, the velocity field can be advanced in
time according to

ûn+1
α = ûnαe

−νk2∆t +
∆t

24

[
55Πne−νk

2∆t − 59Πn−1e−2νk2∆t+

37Πn−2e−3νk2∆t − 9Πn−3e−4νk2∆t
]
,

(16)

where
Πn = PαβN̂

n
β + f̂nα . (17)

It should be noted that the forcing term, f̂α, is in general designed to be solenoidal and
statistically isotropic, and thus can be safely added to the non-linear term before the
projection tensor is applied leading to

Πn = Pαβ(N̂n
β + f̂nβ ). (18)

In fact, this minor modification corrects the round-off errors resulting from the repeated
evaluation of the discrete Fourier transforms, thus allowing long-term time-integration of
the Navier-Stokes equation. The foregoing scheme, essentially composed of the integrating
factor technique and the fourth-order Adams-Bashforth methods, seems to constitute
a reasonable trade-off between accuracy and the computational cost of the simulation.

5 Preliminary results

In this section some results are compared against the reference data reported in [19]
for a three-dimensional, incompressible Taylor-Green vortex at Re = 1600. This vortex
field essentially develops from a single-mode initial condition defined according to

u1(x, t = 0) = sin(x1) cos(x2) cos(x3)

u2(x, t = 0) = −cos(x1) sin(x2) cos(x3)

u3(x, t = 0) = 0,

(19)

and was first considered by Taylor & Green [20] who studied the generation of small-scale
turbulence. It is readily apparent from Figs. 2 and 3 that the results are in good agreement
with the reference data. Some discrepancies are readily observed, however, these can
presumably be attributed to the insufficient spatial resolution. In should emphasized
that the results reported in this work were obtained on a 643 discrete grid, whereas the
reference simulations were carried on a much denser one, i.e. 5123. For completeness,
the author would to like to stress that with increasing spatial resolution, the foregoing
differences are significantly reduced (not shown).
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Figure 2: Time history of the normalized energy dissipation at Re = 1600. Reference data
obtained from [19].
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Figure 3: Time history of the normalized energy at Re = 1600. Reference data obtained
from [19].
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6 Lagrangian particle tracking

Consider a small rigid sphere of radius a whose mass is centered at Y (t), which is
essentially moving with velocity Vα(t) in an undisturbed velocity field uα(x, t). If the
particle-fluid density ratio is large, say > 103, than the well-known Maxey & Riley [21]
equation of particle motion takes the form of

dVα
dt

= −fD
Vα − uα[Y (t), t]

τp
+ gα

dYα
dt

= Vα, (20)

where τp = 2ρpa
2/9µ is the particle response time; µ is the dynamic viscosity of the fluid,

ρp is the particle density; uα[Y (t), t] denotes the fluid velocity at the particle location,
and g is the gravitational acceleration. The non-dimensional correction factor

fD = 1 + 0.15Re0.687
p Rep < 1000 (21)

was proposed by Schiller & Neumann [22] to account for the drag force beyond the Stokes
flow regime. In the equation above Rep is the so-called particle Reynolds number defined
as

Rep =

∣∣V − u [Y (t), t]
∣∣d

ν
, (22)

where d is the particle diameter.

7 Fluid velocity at the particle location

It is readily apparent from Eq. (20) that prior to solving the particle equation of
motion, one has to determine the fluid velocity at the particle location. As already
indicated, if the velocity field is expanded in the Fourier series, Eq. (6), then the fluid
velocity at the instantaneous particle location can be determined by summing the Fourier
coefficients. Obviously, the computational cost of this approach can quickly become
prohibitively large. In the pseudo-spectral approximation, however, the velocity field is
Fourier-transformed to the physical space at each time step, and thus can be relatively
easily interpolated to the instantaneous particle locations. For a comprehensive review of
various interpolation schemes, one can refer to [23].

Consider an example of a one-dimensional interpolation given in Fig. 4. In this case,
the value of an arbitrary function f(xp) is approximated by

f(xp) ≈
6∑
i=1

f(xi)Li(xp), (23)

xxp

∆x

h

1 2 3 4 5 6

Figure 4: Six-point, one-dimensional Lagrange interpolation; xp denotes the instantaneous
particle location.
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where Li(xp) are the standard Lagrange basis functions determined at three grid points
lying either side of xp according to

Li(xp) =

6∏
k=1,k 6=i

xp − xk
xi − xk

, (24)

and thus

L1(xp) =
xp − x2

x1 − x2

xp − x3

x1 − x3

xp − x4

x1 − x4

xp − x5

x1 − x5

xp − x6

x1 − x6
=

=
1

120

(
6p− 5p2 − 5p3 + 5p4 − p5

)
, (25)

where p = h/∆x with h being the distance between the particle and its closest left
neighbor. The full set of basis functions for a one-dimensional Lagrangian interpolation
is therefore given by

L1(xp) =
1

120
(6p− 5p2 − 5p3 + 5p4 − p5)

L2(xp) =
1

24
(−12p+ 16p2 − p3 − 4p4 + p5)

L3(xp) =
1

12
(12− 4p− 15p2 + 5p3 + 3p4 − p5)

L4(xp) =
1

12
(12p+ 8p2 − 7p3 − 2p4 + p5)

L5(xp) =
1

24
(−6p− p2 + 7p3 + p4 − p5)

L6(xp) =
1

120
(4p− 5p3 + p5) (26)

It can be readily noticed that for a set of Np particles the foregoing sixth-order Lagrangian
interpolation scheme requires 3×63×Np operations to determine the local fluid velocity at
the instantaneous particle location, and additionally 3× 62×Np operations to determine
the corresponding basis functions.

Using the sixth-order, three-dimensional Lagrangian interpolation scheme, the veloc-
ity field at the instantaneous particle location Y (t) = (xp, yp, zp) can be approximated
according to

uα(xp, yp, zp) ≈
6∑
i=1

6∑
j=1

6∑
l=1

uα(xi, yj , zl)Li(xp)Lj(yp)Ll(zp). (27)

8 Time integration of the particle equation of motion

In this work, the particle velocity is advanced in time using both the fifth-order im-
plicit Adams-Moulton and the fourth-order explicit Adams-Bashforth schemes essentially
leading to

V n+1
α = V nα − fnD

(
∆t′

720
ΠAM
α − ∆t′

24
ΠAB
α

)
(28)

where ∆t′ = ∆t/τp, and

ΠAM
α = 251V n+1

α + 646V n−1
α − 264V n−2

α + 106V n−3
α

− 19V n−4
α . (29)
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The remaining term on the right-hand side can be determined using

ΠAB
α = 55unα − 59un−1

α + 37un−2
α − 9un−3

α . (30)

With the use of Eq. (28), particle trajectories can be advanced in time according to

Y n+1
α = Y nα +

∆t′

720
ΠAM
α . (31)

9 Conclusions and outlook

In this work, the current stage of development of the pseudo-spectral direct numer-
ical simulations solver intended for studying suspended particle dynamics in homoge-
neous isotropic turbulence was presented. Preliminary validation indicates that the DNS
solver can be considered accurate and reliable. Next steps include the validation of the
particulate-phase solver, and the extension of the momentum conservation equation with
specific source terms in order to account for the particle-turbulence interaction. In addi-
tion to that, the LES solver is to be implemented. However, the last step is rather straight-
forward and essentially boils down to extending the Navier-Stokes equation, Eq. (14), with
the spectral eddy-viscosity νe according to(

∂

∂t
+ [ν + νe(k|kc)] k2

)
ûα = PαβF(u× ω)β + f̂α, (32)

where, following Chollet & Lesieur [24],

νe(k/kc) = C
−3/2
K

(
0.441 + 15.2e−3.03kc/k

)√E(kc)

kc
. (33)

In the equation above, CK is set to 1.4, kc is a prescribed cutoff wavenumber, and E(kc)
is the kinetic energy density at the cutoff.
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Abstract

Composite materials are prone to various kinds of defects in their service life,

among which delamination is a very hazardous type of damage. The traditional

visual inspection techniques often fail to detect delamination in composite struc-

tures. Guided Lamb waves are increasingly being applied for the identification of

delamination in these structures. Scanning laser Doppler vibrometry can measure

the full wavefield of guided Lamb waves, such full wavefield contains rich informa-

tion about defects. In this research work, a novel deep learning-based semantic

segmentation technique is applied for delamination identification on full wavefield

data. A big dataset of full wavefield images resulting from the interaction with

delamination of random shape, size, and location was utilised and fed into the pro-

posed deep learning model. The main motive of this research work is to investigate

the applicability of deep learning-based approach for delamination identification in

composite structures by using only the animations of guided Lamb waves. It is ver-

ified that the performance of the proposed deep learning model is good. Moreover,

it enables better automation of identification of delamination, which can further

produce damage maps without the intervention of the user. Furthermore, the de-

veloped deep learning model also indicates the capability of generalising well to the

experimental data.

Keywords: Lamb waves; Delamination identification; Semantic segmentation;
Deep learning; ConvLSTM

1 Introduction

These days, composite materials are extensively used for acquiring the desired per-
formance in a broad range of industries, such as aerospace, wind turbines, automotive,
marine, and many more. This extensive use of composite materials is due to their consid-
erable advantages, such as lightweight, low cost, high strength, higher stiffness-to-mass
ratio compared to metals, and effective corrosion resistance [1–3]. However, these mate-
rials are prone to different kinds of defects such as cracks, fiber breakage, debonding, and
delamination [3, 4]. Among these defects, delamination is one of the most hazardous forms
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of defects in composite materials. Delamination diminishes the life of these structures and
can lead to catastrophic failures if not detected at an early stage [4, 5]. Therefore, for the
safe operation of these structures, it is essential to identify the delamination effectively.

The detection of delamination in composite materials is very challenging for conven-
tional visual inspection techniques because it occurs between plies of composite laminate
and is invisible from external surfaces [6, 7]. Accordingly, different types of nondestructive
testing (NDT) and structural health monitoring (SHM) techniques have been proposed
for delamination identification in composite structures. Among various damage identifica-
tion techniques, ultrasonic guided waves are widely known as one of the most promising
techniques for the quantitative identification of defects in composite structures. The
widespread applications of these waves are due to their higher sensitivity to small defects,
propagation with low attenuation, and potential to monitor large areas and the need of
only a small number of sparsely distributed transducers [8–10].

However, utilising a smaller number of transducers is not appropriate for acquiring
high-quality resolution damage maps and the assessment of damage size. On the other
hand, the employment of a very dense array of transducers is also not feasible in most
situations. To alleviate such problems, a scanning laser Doppler vibrometer (SLDV) is
employed. SLDV is capable of measuring the propagation of guided waves in a highly
dense grid of points over the surface of a large specimen. This collection of signals is
known as full wavefield [11]. In recent years, full wavefield signals have been used for the
detection and localisation of defects in composite structures [11–14]. Damage identifica-
tion techniques employing full wavefield signals are capable of effectively estimating not
only the location but also the size of damage [12, 13]. Full wavefields provide valuable
information regarding the interaction of guided Lamb waves with potential defects. How-
ever, these full wavefields are very complex. Analysing such wavefields is very difficult for
conventional physics or classical machine learning-based models.

Conversely, deep learning, which is originated from the artificial neural network
(ANN), is capable of handling such complex and nonlinear data and has shown very
promising results in different domains such as computer vision, object detection, speech
recognition, remote sensing, medical sciences, and many more [15–17]. In recent years,
deep learning has also shown significant improvements in image segmentation due to the
advancement of deep convolutional neural networks (CNNs). Deep learning-based sys-
tems intend to derive hierarchical representations from the input data via constructing
deep neural networks with multiple layers of non-linear transformations. In deep learning
architectures, the output of one layer acts as the input to the next subsequent layer.
The stacking composition of many layers enables the model to learn complex patterns
from raw input data. Therefore, these systems do not need extensive human labour and
knowledge for hand-crafted feature design [18].

Different researchers have applied basic ANN and deep learning architectures for dam-
age identification in composite structures by employing thermography, vibration, and
frequency-based approaches [19–22]. Furthermore, many researchers have also applied
ANN and deep learning-based approaches for damage identification in composite struc-
tures by utilising guided Lamb waves [23–30].

In this work, the author applied a deep learning model on the full wavefield frames of
propagating Lamb waves. This means that there is no need of any signal post-processing
technique like for example RMS. Consequently, a many-to-one prediction scheme (many
input frames to damage map) was used in the proposed deep learning model. In sim-
ple words, a sequence of full wavefield frames (animation) is fed into the proposed deep
learning model. The proposed model is inspired by convolutional long short-term mem-
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ory (ConvLSTM) architecture and tailored to the particular problem of delamination
identification. Two classes (damaged and undamaged) were defined in the pixel-wise
segmentation problem.

To the best of the author knowledge, it is the first implementation of deep neural
networks utilising Lamb wave propagation animations for damage imaging with semantic
segmentation. The proposed model showed excellent capabilities to identify the delamina-
tion in the numerically generated dataset. Moreover, the developed model can generalise
well, therefore, the proposed model could be used for delamination identification in real-
world scenarios. This is confirmed through the experiments on CFRP plates with single
and multiple delaminations.

2 Image segmentation

It is not justified to process the entire image at the same time as there maybe re-
gions in the image which do not contain any useful information. By dividing the image
into segments, only the important segments can be used for processing the image. That,
in a nutshell, is how image segmentation works. Image segmentation is a fundamental
component in numerous visual recognition systems. In the last few years, image segmen-
tation has widely been employed in autonomous driving [31, 32], medical applications [33],
agriculture sciences [34], augmented reality [35] and many more. The purpose of image
segmentation is to partition images or video frames into multiple objects or segments [36].
It can be expressed as a pixel-level classification problem with semantic labels, which is
known as semantic segmentation, or partitioning the images into individual objects, which
is called instance segmentation [36, 37]. Semantic segmentation functions on pixel-wise
labeling with a set of object categories for an image. Therefore, it is generally a more
difficult task than image classification, which only predicts a single label for the entire
image [37]. Furthermore, semantic image segmentation not only depends on the semantics
in the question but also on the problem that needs to be addressed [38].

3 The dataset

In this work, a synthetic dataset of propagating waves in carbon fibre reinforced
composite plates was computed by using the parallel implementation of the time domain
spectral element method [39]. Essentially, the dataset resembles the particle velocity
measurements at the bottom surface of the plate acquired by the SLDV in the transverse
direction as a response to the piezoelectric (PZT) excitation at the centre of the plate.
The input signal was a five-cycle Hann window modulated sinusoidal tone burst. The
carrier frequency was assumed to be 50 kHz. The total wave propagation time was set
to 0.75 ms so that the guided wave could propagate to the plate edges and back to the
actuator twice. The number of time integration steps was 150000, which was selected for
the stability of the central difference scheme.

The material was a typical cross-ply CFRP laminate. The stacking sequence [0/90]4
was used in the model. The properties of a single ply were as follows [GPa]: C11 =
52.55, C12 = 6.51, C22 = 51.83, C44 = 2.93, C55 = 2.92, C66 = 3.81. The assumed mass
density was 1522.4 kg/m3. These properties were selected so that they simulated numer-
ically wave front patterns and wavelengths that are similar to the wavefields measured by
SLDV on CFRP specimens used later on for testing the developed approach for delami-
nation identification. The shortest wavelength of the propagating A0 Lamb wave mode
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was 21.2 mm for numerical simulations and 19.5 mm for experimental measurements.
475 cases were simulated, representing Lamb waves propagation and interaction with

single delamination for each case. The following random factors were used in simulated
delamination scenarios:

� delamination geometrical size 2b and 2a, namely ellipse minor and major axis ran-
domly selected from the interval
[10 mm, 40 mm],

� delamination angle α randomly selected from the interval [0◦, 180◦],

� coordinates of the centre of delamination (xc, yc) randomly selected from the inter-
val [0 mm, 250 mm− δ] and
[250 mm + δ, 500 mm], where δ = 10 mm).

These parameters are defined in Fig. 1 which illustrates exemplary possible locations,
sizes, and shapes of random delaminations used for Lamb wave propagation modeling. It
should be noted that the numerical cases include delaminations located at the edge and
corners of the plate.

Figure 1: Exemplary locations, sizes and shapes of random delaminations used for Lamb
wave propagation modeling.

The dataset contains frames of propagating waves (512 frames for each delamination
scenario) and is available online [40]. The synthetic dataset is used for training the
proposed neural network architecture with the aim of delamination identification directly
from SLDV measurements without the need for a baseline wavefield.

Fig. 2 shows selected frames at different time-steps of the propagating Lamb waves
before and after the interaction with the delamination. Frame f1 represents the initial
interactions with the delamination, which was calculated using the delamination location
and the velocity of the A0 Lamb wave mode. While frame fm represents the last frame in
the training sequence window, accordingly, m = 64 for the proposed model, which will be
discussed in the next section. The dataset contains 475 different cases, with 512 frames per
case, producing a total number of 243, 200 frames with a frame size of (500× 500) pixels
representing the geometry of the specimen of size (500× 500) mm2.
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Figure 2: Sample frames of full wave propagation.

For training and evaluation of the proposed deep learning model, the dataset was
divided into two sets: training and testing, with a ratio of 80% and 20% respectively.
Moreover, 10% of the training set was preserved as a validation set to validate the model
during the training process. Additionally, the dataset was normalised to a range of (0, 1)
to improve the convergence of the gradient descent algorithm. The author selected 64
consecutive frames in each delamination case as using all frames in each case has high
computational and memory costs. Additionally, frames displaying the propagation of
guided waves before interaction with the delamination has no features to be extracted.
Hence, only a certain number of frames were selected from the initial occurrence of the
interactions with the delamination (see Fig. 2 for details).

Figure 3: The procedure of calculating the RMS prediction image.

Fig. 3 illustrates the complete procedure of obtaining the intermediate predictions for
the testing cases and finally calculating the RMS image. Where f1 refers to the starting
frame and fn is the last frame, (n = 512) in the dataset. Further, m refers to the number
of frames in the window, which is 64 frames for the proposed model, and k represents the
total number of windows. Accordingly, the author slide the window over all input frames.
The shift of the window is one frame at a time.
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4 Introduction to RNN, LSTM and ConvLSTM

Feed-forward neural networks such as traditional ANNs and CNNs cannot learn tem-
poral features from the data and hence are not the best choice for sequential data pro-
cessing. To handle such problems, a recurrent neural network (RNN) was introduced,
which was specifically developed to address sequential data [41–43]. RNNs contain loops
among the different nodes in their architecture to retain information in the model for long
periods. RNNs employ the current input with the previous memory state. This ability
of memory-keeping enables RNNs to predict what comes next. Furthermore, RNNs were
designed to handle sequential data, which implies that updating the learnable weights
must consider the extent of the time dimension. Accordingly, the backpropagation [44]
algorithm responsible for updating the learnable weights needs some modification to work
along with the time dimension. To alleviate this problem, backpropagation through time
(BPTT) [41, 43] was introduced. Therefore, in basic RNNs, short-term memories are only
preserved, so it becomes unfeasible in the case of dealing with long sequences of data.
Therefore, basic RNNs usually suffer from issues like vanishing or exploding gradients
in such situations [45]. Therefore, the fine-tuning of the model parameters and train-
ing of RNNs becomes very hard. To overcome such issues, Hochreiter and Schmidhuber
developed the Long-Short Term Memory networks (LSTMs [46]).

(a) LSTM

(b) ConvLSTM

Figure 4: LSTM and ConvLSTM architectures.

LSTMs were developed to keep information related to long-term dependencies and to
solve the problem of vanishing and exploding gradients. Further, LSTMs handle inputs or
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outputs of any length, which makes LSTMs powerful for solving very complex sequential
problems. Basic LSTM architecture shown in Fig. 4a consists of four units: an input
gate, a cell state, a forget gate, and an output gate. These gates help regulate the flow of
information that is added to or removed from the cell state. The hidden states in LSTM
hold the short-term memory, while the cells state holds the long-term memory.

The purpose of the forget gate is to decide what information to keep and what to
neglect. The current input xt and the previous hidden state ht−1 are passed through a
sigmoid function (σ) which produce values between 0 and 1. Then the outputs of the
sigmoid are multiplied with the previous cell state ct − 1. Consequently, (0) outputs are
discarded. The mathematical calculation at the forget gate (ft) is depicted in Eq. (1):

ft = σ

(
Wf

[
ht−1

xt

]
+ bf

)
Wf =

[
Wht−1Wxt

] (1)

where Wf represent the learnable weights at the hidden and input states ht−1 and xt,
respectively, and bf represents the bias term.

The input gate it takes the current input xt with the previous hidden state ht−1,
then applies the sigmoid function to get values in a range between 0 (not important) and
1 (important). Then, the same current input xt, and the hidden state ht−1 are passed
through a tanh function at the cell state (c̃t) that regulate the network by transferring
the values into a range between −1 and 1. Then, the outputs from the sigmoid and
tanh functions are multiplied point-by-point to eliminate 0 values. Eq. (2) depicts the
calculation at the input gate:

it = σ

(
Wi

[
ht−1

xt

]
+ bi

)
c̃t = tanh

(
Wc

[
ht−1

xt

]
+ bc

) (2)

At this point, the network has sufficient information obtained from the input and
forget gates. Hence, the current cell state ct can be calculated by multiplying the previous
cell state ct−1 with the output of the forget gate. Then, the result is added to the
calculated input values as depicted in Eq. (3):

ct = ft · ct−1 + it · c̃t (3)

The output gate ot computes the next hidden state ht which holds information related
to the current inputs. Accordingly, the current input xt and the previous hidden state
ht−1 are passed through a third sigmoid function to produce values between 0 and 1.
The current cell state ct is passed through a tanh function and multiplied point-by-point
with ot to produce the new hidden state ht which is transferred to the next timestamp.
Equation (4) illustrates the calculations at the output gate:

ot = σ

(
Wo

[
ht−1

xt

]
+ bo

)
ht = ot · tanh (ct)

(4)

where Wf ,Wi,Wc and Wo have shared learnable weights.
Recently, LSTMs have been widely used for large-scale learning of language transla-

tion models, speech recognition systems, chatbots, forecasting stock markets, text data
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analysis, and many more [47, 48]. However, LSTMs are inefficient at capturing spatial
information by themselves when the time series inputs are consecutive images. Hence, the
ConvLSTM architecture, which is a combination of CNN and LSTM units, was introduced
by Shi et al. [49] to solve such kind of problems. In ConvLSTM, the convolution opera-
tions are applied both at the input-to-state transition and at the state-to-state transitions.
The ConvLSTM unit, shown in Fig. 4b is a variation of the LSTM cell as it performs a
convolution operation within the LSTM cell. ConvLSTM is a combination of a convo-
lution operation and an LSTM cell. Thus, ConvLSTM can capture the time-correlated
and spatial features in a series of consecutive images. Equation (5) depicts the ConvL-
STM operations as the inputs x1, . . . , xt, hidden states h1, . . . , ht, cell states c1, . . . , ct
and input, forget, and output gates are represented as it, ft, and ot, respectively:

it = σ
(
Wxt

∗ xt +Wht−1
∗ ht−1 +Wci · ct−1 + bi

)
ft = σ (Wxf ∗ xt +Whf ∗ ht−1 +Wcf · ct−1 + bf )

ct = ft · ct−1 + it · tanh (Wxc ∗ xt +Whc ∗ ht−1 + bc)

ot = σ (Wxo ∗ xt +Who ∗ ht−1 +Wco · ct + bo)

ht = ot · tanh (ct)

(5)

where (∗) indicates the convolution operation, which is an element-wise multiplication
operation.

Recently, ConvLSTM has become very popular and is increasingly being used in image
processing applications.

5 The proposed model

In this work, the author developed an end-to-end deep learning model utilising full
wavefield frames of Lamb wave propagation for delamination identification in CFRP ma-
terials. The developed model have a scheme of many-to-one sequence prediction, which
takes m number of frames representing the full wavefield propagation through time and
their interaction with the delamination to extract the damage features and finally predict
the delamination location, shape, and size in a single output image.

The proposed model, presented in Fig. 5 takes 64 frames as input, and it consists of
three ConvLSTM layers. The first ConvLSTM layer has 12 filters, the second layer has 6
filters, and the third layer has 12 filters. The kernel size of the ConvLSTM layers was set
to (3 × 3) with a stride of (1). Padding was set to ”same”, which makes the output the
same as the input in the case of stride 1. Furthermore, a tanh (the hyperbolic tangent)
activation function was used within the ConvLSTM layers that output values in a range
between (−1 and 1). Moreover, a batch normalization technique [50] was applied after
the first two ConvLSTM layers.

At the final output layer, a 2D convolutional layer followed by a sigmoid activation
function is applied that outputs values in a range from (0, 1) to indicate the delamination
probability. Consequently, a threshold value must be chosen to classify the output into
damaged (represented by 1) or undamaged (represented by 0). Hence, the author set the
threshold value to (0.5) to exclude all values below the threshold by considering them as
undamaged and taking only those values greater than the threshold to be considered as
damaged.

For evaluating the performance of the proposed model, the mean intersection over
union IoU (Jaccard index) was applied as the accuracy metric. IoU is estimated by
determining the intersection area between the ground truth and the predicted output.
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Figure 5: The architecture of the proposed deep learning model.

Further, there are two output classes (damaged and undamaged), the IoU was calculated
for the damaged class only. Equation (6) illustrates the IoU metric:

IoU =
Intersection

Union
=
Ŷ ∩ Y
Ŷ ∪ Y

(6)

where Ŷ is the predicted output, and Y is the ground truth. Additionally, the percentage
area error (ε) depicted in Eqn. 7 was utilised to evaluate the performance of the proposed
model:

ε =
|A− Â|
A

× 100% (7)

where A and Â refer to the area in mm2 of the damage class in the ground truth and the
predicted output, respectively. This metric can indicate how close the area of the predicted
delamination is to the ground truth. Accordingly, the lower the value of (ε), the higher
the accuracy of the identified damage. Furthermore, for all of the predicted outputs,
the delamination localisation error (the distance between the delamination centres of the
GT and the predicted output) was less than (0.001%), hence, it is not considered in the
discussion section.

6 Results and discussions

In this section, the author presents the evaluation of the proposed model based on
numerical data of 95 different cases representing the frames of the full wavefield prop-
agation. The proposed model was evaluated using numerical and experimental data to
demonstrate the capability to predict delamination location, shape, and size. Therefore,
three representative cases were selected from the numerical dataset to show the perfor-
mance of the developed model. For numerical cases, the predicted results were obtained
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by using only the first window of frames after the interaction with the damage, as the
delamination ground truths are provided, which is not the case for real-life scenarios as in
the experimental section. Consequently, the part of producing intermediate predictions
and further calculating the RMS image was skipped.

To evaluate the generalisation capability of the developed model, experimental data
of single and multiple delaminations were considered. The IoU metric was utilised to
examine the performance of the model. Furthermore, the proposed deep learning model
was implemented on Keras API [51] running on top of TensorFlow on a Tesla V100 GPU
from NVIDIA.

6.1 Numerical cases

In the first numerical case, the delamination is located at the upper left corner, as
shown in Fig. 6a, representing its ground truth (GT). This case is considered difficult due
to edge wave reflections that have similar patterns as delamination reflection.

(a) GT image of 1st case (b) IoU = 0.86

(c) GT image of 2nd case (d) IoU = 0.89

(e) GT image of 3rd case (f) IoU = 0.98

Figure 6: Delamination cases on numerical data (Figures: (a), (c), and (e) correspond to
the GT of each numerical case. Figures: (b), (d) and (f) correspond to the predictions of
the proposed model).

The predicted output of the first numerical case is shown in Fig. 6b. For the second
numerical case, the delamination is located at the upper centre of the plate, as shown in
Fig. 6c, representing the GT. This case is considered difficult due to the waves reflected
from the edge have similar patterns to those reflected from the delamination. Fig. 6d
shows the prediction of the second numerical case. In the third case, the delamination is
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located at the upper left corner but a little farther from the edges, as shown in Fig. 6e,
representing the GT. Fig. 6f shows the predicted output of the model. As can be seen in
all predicted outputs, the proposed model is able to identify the delamination with high
accuracy and without any noise.

Tab. 1 presents the evaluation metric of the proposed model, regarding the numerical
cases shown in Fig. 6. As shown in Tab. 1, the actual (A) and predicted areas (Â) of
delaminations were computed in mm2 with respect to each case. The percentage area
error (ε) was also calculated for the proposed model. The achieved mean IoU with respect
to all numerical data of 95 cases was (0.90). Furthermore, the mean percentage area error
(ε) was calculated for all numerical cases (95) was equal to 4.57%.

Table 1: Evaluation metric of the three numerical cases

Case number A [mm2] IoU Â [mm2] ε

1 272 0.86 318 16.9%

2 186 0.89 196 5.4%

3 842 0.98 871 3.4%

6.2 Experimental cases

In this section, the author investigated the proposed model using experimentally
acquired data. Similarly to the synthetic dataset, a frequency of 50 kHz is applied to
excite a signal in a transducer placed at the centre of the plate. A0 mode wavelength
for this particular CFRP material at such frequency is 19.5 mm. The measurements
were performed by using Polytec PSV-400 SLDV on the bottom surface of the plate with
dimensions of 500 × 500 mm. The measurements were conducted on a regular grid of
333× 333 points. The measurement area was aligned with the plate edges. The sampling
frequency was 512 kHz. To improve the signal-to-noise ratio, 10 averages were used. The
total scanning time for one specimen was about 1h 40’. Further, a median filter using
a window size of three was applied to each frame. Additionally, all frames were upsampled
by using cubic interpolation to 500× 500 points.

During the testing stage of the synthetic dataset, the model was fed with a consecutive
number of identified frames (window of frames) containing the interactions of the Lamb
waves with the delamination to identify it.

6.3 Single delamination

The first experimental case is for a CFRP specimen with single delamination created
artificially by a Teflon insert of a thickness 250 µm. The complete specifications of
this CFRP specimen is similar to the numerical investigations. A plain weave fabric
reinforcement was used. The Teflon of a square shape was inserted during specimen
manufacturing, so its shape and location are known. Based on that, the ground truth
was prepared manually. Fig. 7a shows the GT image which corresponds to the artificial
delamination location, shape and size. The number of the full wavefield frames is 256
frames in this case. Fig 7b shows the delamination prediction for the proposed model,
and the highest IoU is (0.53) achieved for a group of frames (35− 99).

Furthermore, the percentage area error metric (ε) was equal to 41.78%. Therefore,
delamination was detected, located but its size was unidentified properly with mentioned
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error. The predictions were highest for the group of frames corresponding to the first
interaction of the guided waves with the delamination. Accordingly, such frames contain
the most valuable feature patterns regarding delamination.

(a) GT of Teflon insert (b) IoU = 0.53

Figure 7: Experimental case: single delamination of Teflon insert. (Figure (a) correspond
to the GT of this experimental case. Figure (b) correspond to the predictions of the proposed
model).

Furthermore, this behaviour can be depicted in Fig. 8, which shows the IoU values
with respect to the predicted outputs as the author slide the window over all input
frames from the starting frame till the end. Since there are 256 frames of full wavefield in
this damage case, there are 192 frames of windows and has 192 consecutive predictions.
Furthermore, in Fig. 8a, three places for the sliding window was selected. The first place
depicted in a dark blue star shown in Fig. 8b represents a group of frames (72 − 136)
which correspond to the initial interaction of guided waves with the delamination. The
second place is depicted in the pink pentagon shape shown in Fig. 8b represents a group of
frames (129−193) that correspond to the guided waves reflected from the edges, in which
the drop in the IoU values can be noticed as these frames have fewer damage features.
The third place, depicted in the green circle shown in Fig. 8b represents a group of frames
(192− 256) corresponding to the interaction of the guided waves reflected from the edges
with the delamination. As it can be seen, the value of IoU increases again as the valuable
feature patterns regarding delamination start to appear again. The predicted outputs of
the proposed model regarding the dark blue star, pink pentagon, and the green circle are
shown in Fig. 9.

Additionally, for the experimental cases, the author applied the root mean square
(RMS) according to Eq. 8 for all N predicted outputs Ŷ regarding all windows of frames
in order to show the damage map.

RMS =

√√√√ 1

N

N∑
k=1

Ŷ 2 (8)

To separate damaged and undamaged classes from the RMS images, a binary thresh-
old with a value (threshold = 0.5) is applied as shown in Fig. 10a. The threshold level
was selected to limit the influence of noise and at the same time highlight the damage.
Fig. 10b shows the RMS image for the experimental case of single delamination predicted
by the proposed model. The calculated IoU value for the case of single delamination was
(0.46).
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(a) IoU for the sliding window centered at consecutive frames.

(b) Corresponding frames of guided waves.

Figure 8: IoU corresponding to a sliding window of frames (Teflon insert-single delamina-
tion).

Tab. 2 presents the evaluation metric for the proposed model, regarding the experi-
mental case of single delamination shown in Fig. 10. As shown in Tab. 2, the actual (A)
and predicted areas (Â) of delaminations were computed in [mm2] with respect to each
case and the percentage area error (ε) was calculated.

Table 2: Evaluation metric for experimental case of single delamination

Experimental case A [mm2] IoU Â [mm2] ε

Single delamination 255 0.46 319 41.78%
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Figure 9: Predictions of the proposed model at different window places (Teflon insert-single
delamination).

(a) (b)

Figure 10: RMS and thresholded RMS images of predicted outputs -Teflon insert (sin-
gle delamination): (a) RMS image of predicted output, (b) Thresholded RMS image of
predicted output (IoU = 0.46)

6.4 Multiple delaminations

In the second experimental case, the author investigated three specimens of car-
bon/epoxy laminate reinforced by stacking sequence of 16 layers of plain weave fabric as
shown in Fig. 11. Teflon inserts with a thickness of 250 µm) were used to simulate the
delaminations. The prepregs GG 205 P (fibres Toray FT 300–3K 200 tex) by G. Angeloni
and epoxy resin IMP503Z-HT by Impregnatex Compositi were used for the fabrication of
the specimen in the autoclave. The average thickness of the specimen was 3.9 mm.

In Specimen 2, three large artificial delaminations of elliptic shape were inserted in
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the upper thickness quarter of the plate between the 4th and the 5th layer. The de-
laminations were located at the same distance, equal to 150 mm from the centre of the
plate. For Specimen 3, delaminations were inserted in the middle thickness of the plate
between 8th layer and 9th layer. For Specimen 4, three small delaminations were inserted
in the middle of the thickness of the plate, and three large delaminations were inserted
at the lower quarter of the thickness of the plate between the 12th layer and 13th layer.
The details of Specimen 2, 3 and 4 are presented in Fig. 11.

Furthermore, the SLDV measurements were conducted from the bottom surface of
the plate. Consequently, Specimen 2 is the most difficult case, as the delaminations
are barely visible. For Specimens (2, 3, and 4), 512 consecutive frames were generated
representing the full wavefield measurements in the plate. The measurement parameters
were the same as in the experiment with single delamination. Since SLDV measurements

Figure 11: Experimental case of delamination arrangement.

were conducted from the bottom surface of the plate, the GT images and the output
predictions of the proposed model are flipped horizontally (mirrored). Fig. 12a shows
the GT image of Specimen 2. The predicted output of the proposed model is shown in
Fig. 12b in which the highest calculated IoU value is 0.15 achieved for the group of frames
(167 − 231). Figure 12c shows the GT image of Specimen 3. The predicted output is
shown in Fig. 12d in which the highest calculated IoU value is 0.18 achieved for group of
frames (279− 343).

Fig. 12e shows the GT image of Specimen 4. This is assumed to be the largest de-
laminations in the cross-sections because the full wavefield was acquired from the bottom
surface of the specimen. It is also to be noted that such a case with stacked delaminations
in cross-sections was not modeled numerically (see Specimen 4 in Fig. 11). Although the
model was not trained on such a scenario, the predictions were satisfactory. The predicted
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(a) GT of Specimen 2 (b) IoU = 0.15

(c) GT of Specimen 3 (d) IoU = 0.18

(e) GT of Specimen 4 (f) IoU = 0.18

Figure 12: Experimental cases of Specimens 2, 3, and 4. (Figures: (a), (c), and (e)
correspond to the GT of each Specimen. Figures: (b), (d) and (f) correspond to the
predictions of the proposed model).

output of the proposed system is shown in Fig. 12f in which the highest calculated IoU
value is 0.18 achieved for the group of frames (235− 299).

(a) (b)

Figure 13: RMS and Thresholded RMS images of predicted outputs - Specimen 4: (a)
RMS image of the predicted output, (b) Thresholded RMS image of predicted output (IoU
= 0.07).
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The RMS images depicting the damage maps of Specimen 4 are presented in Fig. 13a
for the proposed model. Fig. 13b shows the thresholded RMS image for the proposed
model, and the calculated value of IoU is (0.07). Furthermore, the mean percentage area
error (ε) with respect to the three delaminations (Specimen 4) for the proposed model
was equal to 79.41%.

7 Conclusions

In this work, the author presented a novel deep learning-based approach for delami-
nation identification in composite laminates. The developed approach introduces an end-
to-end scheme that performs a many-to-one sequence prediction to identify delamination
location, size, and shape. Accordingly, the proposed model is trained on a consecutive
number of frames depicting the full wavefield of Lamb waves propagation in a plate of
CFRP, and their interactions with the delamination, and the edges. Hence, the proposed
model learn how to extract the valuable features regarding the damage from such frames
in order to have a prediction.

To evaluate the performance of the developed model, the author examined them on a
numerical test-set that was unseen before. The results verified their ability to identify the
delaminations with high accuracy. Furthermore, to evaluate the generalisation capability
of the proposed model, the author tested it on several experimentally measured cases
of single and multiple delaminations simulated by Teflon inserts. The predicted results
are promising, considering the experimental case of multiple delaminations is difficult as
the model was trained only on cases of single delamination. Consequently, the currently
developed model showed its potential capability of identifying multiple delaminations at
once in real-life cases.

However, there are several limitations to the SLDV measurement technique, which
is used for full wavefield acquisition. The measurements constructed by using SLDV are
stationary and time-consuming. Therefore, the proposed technique is more appropriate
for NDT than SHM. However, it is probable that in the future, as laser technology pro-
gresses, the process of data acquisition will be possible at an array of points instead of a
single point, which will considerably decrease the measurement time. It is also possible
that the measurement time can be reduced by using fewer points in the spatial grid along
with the compressive sensing approach. Another issue with SLDV measurements is that
the laser needs access to the surface of the inspected structure, which may require partial
disassembly of the structure.

The limitation related to the developed deep learning model is that the material
properties of the inspected structure have to be approximately known in order to simulate
the dataset for training.
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Abstract

Lithium-ion batteries are one of the most cost effective portable energy con-

tainers. The fire incident involving such battery (often referred as ”thermal run-

away”), however, poses a great danger to the surrounding, particularly in the matter

of emitted substances and their toxicity for human body. The substances found

are carbon monoxide and dioxide, hydrogen and hydrogen fluoride. Filtration of

these substances may be achieved with dry sorbent injection method, which uses

calcium hydroxide. Dry injection filtering prototype is manufactured and tested

against thermal runaway of the NCM cells. Following parameters are analysed: air

flow, sorbet transport, air temperature of the flue gas and concentrations of the

substances. Estimated filtering performance of the dry sorbent injection and air

dilution at a flow rate of 1600 m3/h and dosage of 1.8 g/s of calcium hydroxide is

99% for HF and 89% for CO2. NMC cell gas production per Wh were respectively

1060.3 mg of CO2 and 11.8 mg of H2. Air speed of above 5 m/s was found sufficient

to transfer the sorbent power from the hopper’s inlet.

Keywords: lithium-ion, after-treatment, thermal runaway, emissions, LIB

1 Introduction

Lithium-ion batteries (LIB) are an enormous achievement in terms of technical and
commercial side. LIB allows a vast scale of applications ranging from the cellphones to
the large scale battery energy storage systems. Simultaneously, the fire caused by lithium-
ion batteries are of a great concern, due to intense heat production as well as emissions
of toxic gases [1–5]. Heat generated by the fire is a serious threat itself, however, toxic
fumes may be even of a greater consideration, especially in a confined spaces such as
closed rooms, underground parking spaces, spacecrafts, airplanes and other.

The fire incident of lithium-ion battery is caused by the event called ”thermal run-
away”. Thermal runaway is a process that is accelerated by increased temperature, in
turn releasing energy that further increases temperature [6]. In terms of lithium-ion bat-
tery (LIB), one or multiple cells start releasing internal energy in form of heat, which

*Corresponding Author. Email address: daniel.darnikowski@cto.gda.pl
https://doi.org/10.58139/v2q1-r455
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is then transferred to another cells and modules causing a cascading effect [7, 8]. The
initiation of the thermal runaway can have different causes - they are usually divided into
three sources - mechanical abuse - such as in a crash, thermal abuse - e.g. overheating of
the batteries or exposure to external source of heat or electrical abuse - e.g. overcharging.
Summary of thermal runway mechanism has been shown in Fig. 1.

Figure 1: Battery safety issues. First row represents potential causes for LIB abuse. Second
row divides given incident due to type of the abuse. Third row presents the examples of the
processes causing given abuse to which LIBs are subjected. Fourth row presents damage to
separator, which then results in internal short circuit [9]

.

Thermal runaway poses great challenge to the fire fighting brigades due to their self-
sustaining nature [10], enclosures of the batteries inhibiting an easy pass of the cooling
agent, toxic gaseous emissions [11] and heat generation [12]. The battery cannot be doused
with conventional methods, as the battery is able to produce the oxygen by itself [11].
Instead, a lithium-ion battery is extinguished usually with the combination of state-of-art
technology allowing to penetrate the enclosure battery with the cooling agents and then
to drop the temperature below the critical point [13].

Since lithium-ion batteries cause severe incidents, which are difficult to control, they
must undertake series of abuse tests before their introduction to the market [9, 14].
Type approval tests differ depending on geographical location of their the approving
body [15], however, tests concerning fire resistance or exposure to high temperature usu-
ally cause test specimen to undergo thermal runaway event, producing vast amount
of toxic compounds such as hydrogen fluoride, carbon monoxide, hydrogen, benzine
and other cancerous aromatic compounds [16] and greenhouse gases [1]. Testing pro-
cedures such as GTR 20:2018 [17] (China), UNECE R100.02:2013 [18] (Europe), UN-
ECE R100.03:2021 [19], ISO 12405-3:2014 [20] (global), ISO 6469-1:2019 [21] (global),
ISO 18243:2017 [22] (global), SAE J2464:2009 [23] (North America), GB/T 31467.3-
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2015 [24] (China), SAND2017-6925:2017 [25] (North America) and UL 2580:2020 [26]
(North America) either deliberately cause thermal runaway to test against any signs of
explosion of the cell, module or battery pack or use external heat source (petrol) to induce
it.

Due to the fact there is little provided data on the methods of cleaning the toxic
gases coming from the thermal runaway of the lithium-ion batteries, this paper describes
the development of such prototype device together with the review of the compounds
found in emitted gases, chemical and mechanical modelling of the device and test results
containing air flow measurements and chemical analysis.

2 Thermal runaway emissions of lithium-ion batteries

Thermal runaway is preceded by the increase of temperature of the lithium-ion cell.
First step is a breakdown of SEI layer (solid electrolyte interphase layer), layered on
the anode. SEI layer purpose is to protect the anode from further reacting with the
electrolyte [27]. The breakdown of the thin SEI layer occurs at 90-120◦C, producing
primarily CO2 [28]:

(CH2OCO2Li)2 −−→ Li2CO3 + C2H4 + CO2 + 1
2 O2

Subsequently, due to SEI layer decomposition anode and electrolyte start to interact.
Typical electrolytes found in lithium-ion batteries and their reaction with anode form
flammable hydrocarbons are shown below [29]:

2 Li + C3H4O3 (EC) −−→ Li2CO3 + C2H4

2 Li + C4H6O3 (PC) −−→ Li2CO3 + C3H6

2 Li + C3H6O3 (DMC) −−→ Li2CO3 + C2H6

Subsequently, polyethylene or polypropylene separator melts at 135◦C and 166◦C re-
spectively, and ceramic coated separator is found to maintain integrity even over 200◦C [30].
As the temperature increase the separator shrinks until cathode and anode come into con-
tact with each other to induce internal short circuit (ISC). ISC is a precursor for a thermal
runaway, electric energy stored in the cell is further released in the approximately same
amount [31].

Further reactions depend on the type of cathode used in the cell. These reaction
mainly produce metallic oxides such as Co3O4 for LCO [32], LixCOyAlzOp for NCA,
(Mn, Ni)O and Lix(Ni1/3Co1/3Mn1/3)O2 for NCM [33, 34] and other. Additionally, other
by-products include oxygen and solid state metals.

Together with the cathode decomposition, electrolyte used in battery cell emits par-
ticular amount and type of toxic compounds. It is flammable and usually contains lithium
hexafluorophosphate (LiPF6) or other Li-based salts containing fluorine [35]. Promoted
by the presence of water and humidity following reactions constitute to electrolyte de-
composition [16]:

LiPF6 −−→ LiF + PF6

PF5 + H2O −−→ POF3 + 2 HF

LiPF6 + H2O −−→ LiF + POF3 + 2 HF

The data has shown the production of HF and PO3 per Wh at 100% SOC can be
up to 193.3 mg and 22 mg respectively [16]. The production of other gaseous substances
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is dependent on the state of charge as well as type of chemistry used in the cell [36]
and Fig. 2. Total gas generation is largely varying on used cathode material, state of
charge of the cell and its shape. For the LCO/NCM 18650 type cell, it was found to be
265 mmol [37].

Figure 2: Composition of gases generated from thermal runaway of commercial LIBs.
Somendepalli et al. [36] results of gas generated from 7.7 Wh LCO cell at different SOC.

3 Cleaning methods of the gas emissions

Toxic and acid gases, such as HCl, SO2, CO2, CO and HF can be neutralized by the
designed agents, either supplied by the wet scrubbing equipment in absorbent solutions
or by dry injection systems such as powdered alkaline sorbents [38]. Dry sorbent injection
(DSI) systems characterise with low installed capital costs, relatively easy to retrofit to
a majority of facilities, the system ensures good flexibility for various sorbents and low
consumable requirements as well as parasitic power requirements to operate [39]. The two
compounds have been predominantly used in the DSI - sodium or calcium-based [38, 40]
- with the latter emerging as more accessible due to general availability of the limestone
(calcium hydroxide) [41]. As such, calcium hydroxide was chosen for the TREAS to
primarily clean hydrogen fluoride emissions.

After the calcium hydroxide is injected into gas emissions containing HF and CO2

the following reactions can occur:

Ca(OH)2 + 2 HF −−→ CaF2 + H2O

Ca(OH)2 + CO2 −−→ CaCO3 + H2O

Thermodynamic calculations show the CaCO3 and CaF2 can only be formed at the
temperatures below 600-800◦C [42]. The products of reaction of the dry sorbent injection
are then removed with mechanical filters (bag filters) and transposed to waste. The filter
is intermittently cleaned with the jet pulse of air aimed. The schematics for the Ther-
mal Runaway Emissions Aftertreatment System using dry sorbent injection are shown in
Fig. 3.
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Figure 3: TREAS schematics using dry sorbent injection and calcium hydroxide. From
right to left: flue gas is collected by the use of extraction hood, transported through the
ventilation pipes to the baghouse. In midway the calcium hydroxide hopper supplies a dry
sorbent in form of powder; dryer is optional. The bag house consists of mechanical filter
(bag filter), air pulse jet (a nozzle to release compressed air for bag filter cleaning) and
waste funnel (cone-shaped to limit the air leakage), below the baghouse a bin collects used
dry sorbent agent. Other devices were air compressor for the pulse jet and fan for air flow
with extraction of gases.

4 Development and test results of TREAS

Thermal Runaway Emissions Aftertreatment System was developed in stages with
the optimisation of the air flow with the use of 3D modelling (Siemens NX), CFD compu-
tations (SOLIDWORKS Flow Simulation) and measurements on prototype and testing of
thermal runaway NCM cells in various configurations. Next chapters present subsequent
steps in TREAS development process.

The prototype is shown in Fig. 4.

4.1 Air flow simulations and measurements of the TREAS

The air flow in TREAS was simulated with SOLIDWORKS Flow Simulation CFD
software. Nine TREAS 3D models were tested with various connectors and joints being
used at 50◦C and 300◦C and with the fan performance of 1500 m3/h. The model presumed
the bottom outlet for the sorbent waste was closed for the sake of simulation simplicity.
The overall pressure drops were respectively 300.9 Pa and 171.4 Pa for 50 and 300◦C.
The final model was shown in Fig. 5. The air flow before the filter bag were calculated
to be at about 13 m/s, which were deemed optimal for the filtration purposes.
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Figure 4: TREAS prototype testing site. P1, P2 and P3 probing points of the air flow.
T1, T2, T3 temperature measurement points.

The measurement of the air flow was made on the TREAS prototype with the use
of TESTO 480 anemometer and 0635 hot-wire probe. The probing was made in three
locations shown in Fig. 4 and two fan performances (at 80% and 90%) for 30 min. and
1 Hz sampling:

� P1 - probing point after the fan.

� P2 - probing point before the filter.

� P3 - probing point at the extraction hood inlet.

The results of the flow measurement are shown in Fig. 6. The wind speed at the
extraction hood inlet (P3) and before the filter (P2) is respectively 5 and 2-times lower
than the simulated. It was found this is caused attributable to air leakages of the dosing
system and waste removal. Simultaneously, the air flow was deemed sufficient to provide
the transport and mixing of the dry sorbent, allow for periodical waste removal (jet-pulse),
as well as limit the temperature of the thermal runaway gases, which may cause the filter
to disintegrate. The wind speed at the fan exhaust was found similar to the simulated
results.
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Figure 5: TREAS final model simulation at 50◦C and 1500 m3/h.

4.2 Thermal runaway tests

A series of tests were prepared to test the prototype performance in terms of gaseous
composition (carbon dioxide, hydrogen and hydrogen fluoride) and temperature distribu-
tion inside TREAS. For the gas analysis a IR carbon dioxide sensor (resolution 0-100%
v/v) and electrochemical sensors for hydrogen (resolution 0-40000 ppm v/v) and hydro-
gen fluoride (resolution 0-10 ppm v/v). Following configurations were tested two times
each:

� Test Set-up 1: Thermal runaway of one NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 80%, sorbent dosage 1.8 g/s, pulse jet
interval - 45 s break with 2 s air jet pulse.

� Test Set-up 2: Thermal runaway of two NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 90%, sorbent dosage 1.8 g/s, pulse jet
interval - 45 s break with 2 s air jet pulse.

� Test Set-up 3: Thermal runaway of one NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 80%, sorbent dosage 0 g/s, pulse jet
interval - off.
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Figure 6: Flow measurements of the TREAS prototype at an ambient temperature and
two fan performances. P1, P2 and P3 probing points of the air flow, see Fig. 4.

Table 1: Mean values of the emitted gases.

CO2, g H2, g HF, g

Set-up 1
Average 215,2 3,0 <0,1

Std.Dev. 3,0 0,0 —

Set-up 2
Average 543,8 5,4 <0,1

Std.Dev. 90,9 1,3 —

Set-up 3
Average 212,7 2,1 <0,1

Std.Dev. 4,7 0,1 —

The mean emission values were tabulated in Tab. 1. For the first and last set-up with
one pouch battery cell, the carbon dioxide values are consistent, together with hydrogen.
In second set-up, the amount of carbon dioxide is doubled corresponding to the two pouch
cells being burned. Hydrogen concentrations were at the level of 10,000-12,000 ppm v/v,
thus not exceeding lower flammability limit (4% v/v for H2). Carbon dioxide peak value
was 4,5% and for the hydrogen was approximately 11000 ppm CO2 concentration of above
5% may cause already serious effects on human health such as development of hypercapnia
and respiratory acidosis [43].

No hydrogen fluoride was recorded for all of the processes. This may be caused due to
dilution with high air volume flow (160 l/s). The sole efficiency of dry sorbent injection
(without dilution) could not be measured due to excessive temperature of the thermal
runaway gases exceeding sensor limits (50◦C). Instead the estimated performance of both
dry sorbent injection and dilution of the gases for the HF removal is about 99% based
on theoretical production of 193.6 mg/Wh [16], and for the CO2 removal is about 89%
based on the theoretical volume of carbon dioxide in pouch NMC cells of 36.6% [44].
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Table 2: Maximum temperature rises recorded in testing set-up 1-3 for thermocouple T1-3.

T1, ◦C T2, ◦C T3, ◦C

Set-up 1 - Tmax 545,3 158,3 100,4

Set-up 2 - Tmax 765,3 186,2 111,3

Set-up 3 - Tmax 756,4 220,7 135,1

Temperature measurement point were positioned above the cell (T1), before the filter
(T2) and behind the filter (T3), see Fig. 4. The maximum values recorded in each testing
set-up were shown in Tab. 2. The temperature recorded before the filter (158.3-220.7◦C)
exceeded the maximum temperature allowable for the bag filter (120◦C). Bag filter after
each testing series was replaced. Despite high volume flow (approx. 1600 m3/h) and
supply of the ambient air, the thermal runaway gas temperature was still relatively high
after the filtration.

5 Conclusion

The paper presents the development process of the thermal runaway emissions af-
tertreatment system. It discusses lithium-ion battery safety concerns in form of thermal
runaway, which may happen during the everyday service. During thermal runaway, a
plethora of toxic gases is produced, posing significant danger in confined space fire sce-
narios. Lithium-ion battery fire requires state of art technology to be doused due to its
chemical self-sustaining nature. The risk of such fire is minimised with the mandatory
testing, that often include causing thermal runaway on purpose. This, however, again is
bound to produce vast amounts of toxic substances, which should be filtered or purified.

Following sections characterise potential substances found in TR gas emissions and
discusses the compounds in respect to the part of the cell (SEI layer, cathode, anode
and electrolyte). The most dangerous compounds for a human found in TR emissions
are carbon monoxide and dioxide, hydrogen and hydrogen fluoride. Their toxicity as well
as effect on health vary, however all may be categorised as toxic at given concentration
levels. Subsequent review of the cleaning methods presents a dry sorbent injection based
on calcium hydroxide as a possible solution for the gaseous emissions. The TREAS
prototype is developed and subjected to simulation tests, and then a series empirical
tests.

Based on the foregoing results, the following conclusions were drawn.

1. Dry sorbent injection based on calcium hydroxide dosage of 1.8 g/s and volume
flow of approx. 1600 m3/h may be used for filtration of the thermal runaway gas
emissions with estimated performance of 99% for hydrogen fluoride and 89% for
carbon dioxide.

2. Air velocity of 5-7.5 m/s are sufficient to provide dry sorbent transfer and filtration
of the emitted gases. Large leakage losses are caused due to sorbent hopper and
waste funnel.

3. The average production per Wh for CO2 and H2 were 1060,3 mg and 11,8 mg
respectively. The peak recorded values were 4,5% (CO2) and 11000 ppm (H2).

4. Pouch NCM cell of 220 Wh production of hydrogen did not exceed a lower flamma-
bility limit of 40000 ppm v/v.
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5. Temperature of the TR gases with the flow level of approx. 1600 m3/h were at
minimum 100,4◦C. The temperature of the gas above the burning cells were at
maximum 765,3◦C.
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Abstract

In the paper, a description of the analysis of parameter variability in the studied

process is presented, with a focus on the selection of measurement instrument

class, using the example of a ventilation system where heat recovery takes place.

Additionally, a methodology for determining measurement errors in calculating the

heat transfer coefficient from the heat balance equations is provided.
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1 Introduction

In measurements of thermal-fluid parameters, after conducting experimental research,
the accuracy of the obtained measurements is determined. The class and range of selected
instruments have an impact on the quality and accuracy of the measurements. Know-
ing the instrument’s class and its range allows one to determine the limiting values of
measurement errors. However, the choice of a particular measurement instrument is of-
ten influenced by its price. In cases where the price is the sole determining criterion for
instrument purchase, the quality and accuracy of the measurements may not be satisfac-
tory.

During the design phase of a research setup, calculations of thermal-fluid parameters
should be performed. At this stage, the required accuracy of measurement equipment
relative to the conducted thermal-fluid process and the requirements for the entire mea-
surement setup can also be determined. Such an analysis enables the specification of
instrument ranges and classes and can reduce statistical errors that may arise during
data analysis of conducted experiments.

In the literature [1–3] the fundamentals of error analysis in measurement techniques
used in engineering are presented. According to [2], measurement uncertainty can be
expressed using the estimator of the standard deviation for the mean value [1]. In error
analysis, it is crucial to maintain the measurement paths in the appropriate condition,
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which can introduce measurement errors [3]. In the field of thermodynamic measurements,
there are numerous instances where experimental research is presented with specified
measurement errors [4–6] although the methodology for arriving at the values of these
errors for complex quantities is not precisely described mathematically. In this paper,
an attempt is made to analyze the variability of technological parameters with regard to
the precision of measurements of mathematically complex quantities already during the
design phase of the research setup. Mathematical relationships necessary for determining
the relative error of the heat transfer coefficient values were also specified.

2 Analysis of Variability in Measurement System
Parameters and Instrument Class Selection

This chapter discusses the impact of process variability on the feasibility of obtaining
accurate results in experimental research, which is contingent on the choice of measure-
ment equipment. In the conducted analysis, it was assumed that the research subject is
a ventilation unit with a heat recovery system. The experimental studies are intended
to ascertain heat exchange efficiency and heat transfer coefficient values. To select ap-
propriate measurement devices, a theoretical assessment of the influence of parameter
variations, such as dry bulb temperature, volumetric flow rate, relative humidity, and
static pressure, on the heat recovery system’s efficiency in the ventilation unit was con-
ducted. To effectively balance such a heat recovery system, measurements of these four
parameters must be made on both the exhaust and supply sides of the ventilation unit
(see Fig. 1). These measurements yield parameters such as mass flow rate, enthalpy of
humid air, and heat flow. By conducting an initial analysis of parameter variability, it
is possible to determine the type of measurement instrument required to ensure that the
measurement of heat recovery efficiency in the ventilation unit is carried out with the
necessary precision.

Fig. 1 depicts the reference conditions for the analysis conducted on the influence
of individual parameters on the accuracy of the obtained efficiency. Tab. 1 displays the
efficiency values obtained under the assumption that only the parameters at the outlet of
the ventilation unit on the supply side, which are a result of the heat recovery system’s
operation, undergo measurement changes.

Tab. 1 provides an example of changes in the calculations of energy efficiency due
to small variations in key parameters compared to the reference parameters in Fig. 1.
At measurement point number 2, changes were assumed in static pressure at a level of
100 Pa, relative humidity at a level of 0.1%, dry bulb temperature at 0.1◦C, and volumetric
flow rate at 100 m3/h. From the obtained calculations, it can be inferred that the accuracy
of heat recovery efficiency measurement in the ventilation unit at a 1% level can be
compromised if instruments with a wide measurement scale and small elementary division
are used. This is particularly noticeable for dry bulb temperature and relative humidity.
In this case, if high-precision measurements of energy efficiency are required, it would
be advisable to select a temperature sensor with an accuracy of 0.01◦C and a humidity
transducer with high resolution measuring relative humidity with an accuracy of 0.01 [-].
When setting such high expectations for measurement accuracy, it is also essential to pay
attention to the quality of the measurement path and its susceptibility to disturbances
(e.g., in the case of voltage measurement signals, cables should be shielded). Maintaining
the entire measurement path in the proper condition is crucial, not just the measurement
transducers, as a voltage drop of 0.1 V along the path can introduce measurement errors,
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Figure 1: Reference value for impact of variability in AHU efficiency calculations.

which depending on the sensor can significantly disrupt the measurement.

In the context of thermal energy, it is also crucial to ensure high measurement re-
peatability and precise calibration of individual sensors under uniform test conditions on
the ventilation plant.

3 Methodology of Measurement Error Calculations
Using the Example of Heat Transfer Coefficient
Determination

In this chapter, a methodology for determining measurement errors of the heat trans-
fer coefficient was presented for a ventilation unit operating in conjunction with a heat
pump in an intermediate system. The subject of the analysis was the condenser of the
heat pump, which served as a heat supply unit for the air supplied from the heat recovery
system of the exhaust air. The results of absolute error measurements were presented
with respect to the determined value of the heat transfer coefficient and the logarithmic
temperature difference. The condensation process involved a mixture of R404A, while
water was utilized in the intermediate circuit.

An analysis of errors in the conducted measurements was performed using:

� mathematical statistics methods based on the results of measurement series. This
uncertainty is quantified using the standard deviation estimator for the mean, which
serves as a numerical measure of the uncertainty referred to as standard uncertainty.
When having a series of measurement results, point estimation is used to determine:
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Table 1: Analysis of the Impact of Variability in Measured Parameters on the Accuracy
of Ventilation Unit Efficiency Measurement

Reference
Values

Change in
Static
Pressure

Change in
Dry Bulb
Temperature

Change in
Volumetric
Flow Rate

Change in
Relative
Humidity

Volumetric Flow
Rate [m3/h]

5000 5000 5000 5100 5000

Relative
Humidity [-] 23.5 23.5 23.5 23.5 23.6

Static
Pressure [Pa] 101110 101210 101110 101110 101110

Dry Bulb

Temperature [◦C]
30 30 30.1 30 30

Enthalpy of

Humid Air [J/kg]
46019 46003 46212 46019 46087

Density of Humid

Air [kg/m3]
1.157 1.158 1.157 1.157 1.157

Mass Flow
Rate [kg/s] 5788 5793 5786 5903 5788

Heat Flow
Rate [W] 1257 1233 1568 1282 1366

Efficiency 46% 46% 36% 44% 41%

– the mean value:

x̄ =
1

n

n∑
i=1

xi, (1)

– the standard uncertainty:

uA = S̄x̄ =

√√√√ 1

n (n− 1)

n∑
i=1

(xi − x̄)
2

(2)

� data originating from measurement instruments, with the consideration of all avail-
able information about factors that might impact the uncertainty of measurement
results, along with one’s own knowledge and skills acquired through practical mea-
surement experience. When evaluating such uncertainty, only a single measurement
value is employed. This value is treated as an estimator of the expected value, with

– the standard uncertainty:

uB =
∆g√

3
, (3)

where ∆g – the limit value of the error defined by the class indicator, most com-
monly expressed by the equation:

∆g =
Z ·K
100

. (4)
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In intermediate measurements used to assess the total uncertainty, both of the stan-
dard uncertainties mentioned above are employed by computing the combined standard
uncertainty:

u l =
√
u2
A + u2

B . (5)

The standard uncertainty for the mean value is then expressed as follows:

uȳ =

√√√√ N∑
j=1

(
∂y

∂xj
· u lj

)2

. (6)

Below, the methodology for determining errors in measuring the heat transfer coef-
ficient is presented. In the analysis, the overall uncertainties of the primary quantities
utilized in the measurement were taken into account at the following magnitudes:

– ∆mH2O=0.008872 kg/s – error in mass flow rate measurement,

– ∆t=0.05◦C – error in temperature measurement,

– ∆l=0.00002 m – error in the measurement of geometric dimensions of the heat
exchanger,

– ∆αH2O =

√
(0.05 · αH2O)

2
+
(

0.05·αH2O√
3

)2

– error in the measurement of the heat

transfer coefficient on the water side,

– ∆dpz=0.00002 m – error in the inner diameter measurement,

– ∆dpw=0.00002 m – error in the outer diameter measurement.

Subsequently, the error in the heat transfer coefficient of the condensation process,
which is described by the following equation

αx =
1

1
kx
−

dpw
2

λcu
ln

dpz
2

dpw
2

−
dpw
2

αH2O·
dpz
2

, (7)

was determined as

∆αx =

√√√√√√√√
(
∂αx
∂kx

∆kx

)2

+

(
∂αx
∂λcu

∆λcu

)2

+

(
∂αx
∂dpw

∆dpw

)2

+(
∂αx
∂dpz

∆dpz

)2

+

(
∂αx
∂αH2O

∆αH2O

)2

. (8)

The remaining relationships arise from the law of uncertainty propagation (based on
first-order derivatives of the Taylor series) [1]

∂αx
∂kx

=
1(

1
kx
−

dpwln
(

dpz
dpw

)
2λcu

− dpw
αH2O·dpz

)2

· k2
z

, (9)

∂αx
∂dpw

= −
−

ln
(

dpz
dpw

)
2λcu

+ 1
2λcu

− 1
αH2O·dpz(

1
kx
−

dpwln
(

dpz
dpw

)
2λcu

− dpw
αH2O·dpz

)2 , (10)
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∂αx
∂λcu

= −
dpwln

(
dpz
dpw

)
2 ·
(

1
kx
−

dpwln
(

dpz
dpw

)
2λcu

− dpw
αH2O·dpz

)2

· λcu2

, (11)

∂αx
∂dpz

= −
− dpw

2λcu·dpz +
dpw

αH2O·d2pz(
1
kx
−

dpwln
(

dpz
dpw

)
2λcu

− dpw
αH2O·dpz

)2 , (12)

∂αx
∂αH2O

= − dpw(
1
kx
−

dpwln
(

dpz
dpw

)
2λcu

− dpw
αH2O·dpz

)2

· α2
H2O
· dpz

. (13)

To determine the error of the composite variable kx

kx =
Qk

Ax∆t log
, (14)

partial derivatives were calculated for the relationship:

∆kx =

√(
∂kx
∂Qk

·∆Qk

)2

+

(
∂kx
∂tlog

·∆t log

)2

+

(
∂kx
∂Ax

·∆Ax

)2

, (15)

where
∂kx
∂Ax

= − Qk
A2
x ·∆t log

, (16)

∂kx
∂Qk

=
1

Ax ·∆t log
, (17)

∂kx
∂∆t log

= − Qk

Ax ·∆t2
log

, (18)

The error in the determination of the heat exchange surface area:

Ax = n · l · d · π (19)

can be found as

∆Ax =

√(
∂Ax
∂n

∆n

)2

+

(
∂Ax
∂l

∆l

)2

+

(
∂Ax
∂d

∆d

)2

, (20)

where

∂Ax
∂n

= l · d · π, (21)

∂Ax
∂l

= n · d · π, (22)

∂Ax
∂d

= l · n · π. (23)

The error in the determination of the logarithmic temperature difference ∆ tlog:
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∆tlog =
t1 − t2
ln t1

t2

(24)

can be found as

∆ (∆t log) =

√(
∂ (∆t log)

∂t1
∆t1

)2

+

(
∂ (∆t log)

∂t2
∆t2

)2

, (25)

where

∂ (∆tlog)

∂t1
=

1

ln t1
t2

− t1 − t2

ln
(
t1
t2

)2

t1

, (26)

∂ (∆tlog)

∂t2
=
−1

ln t1
t2

+
t1 − t2

ln
(
t1
t2

)2

t2

, (27)

t1 = twlR404A − t
wyl
H2O

, (28)

∆t1 =

√√√√( ∂t1
∂twlR404A

·∆twlR404A

)2

+

(
∂t1

∂twylH2O

·∆twylH2O

)2

, (29)

t2 = twylR404A − t
wl
H2O , (30)

∆t2 =

√√√√( ∂t2

∂twylR404A

·∆twylR404A

)2

+

(
∂t2
∂twlH2O

·∆twlH2O

)2

. (31)

The heat transfer rate error for the condenser:

Qk = mH2O ·
(
cwlp · twlH2O − c

wyl
p · twylH2O

)
, (32)

can be calculated as

∆Qk =

√√√√√√√√√√
(

∂Qk
∂mH2O

∆mH2O

)2

+

(
∂Qk
∂cwlp

∆cwlp

)2

+

(
∂Qk
∂twlH2O

∆twlH2O

)2

+

(
∂Qk

∂cwylp

∆cwylp

)2

+

(
∂Qk

∂twylH2O

∆twylH2O

)2

, (33)

where

∂Qk
∂mH2O

= cwlp · twlH2O − c
wyl
p · twylH2O

, (34)

∂Qk
∂cwlp

= mH2O · twlH2O (35)
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∂Qk
∂twlH2O

= mH2O · cwlp , (36)

∂Qk

∂cwylp

= −mH2O · t
wyl
H2O

, (37)

∂Qk

∂twylH2O

= mH2O · cwylp . (38)

Below in Tab. 2 and Tab. 3 maximum errors determined by the direct and indirect
methods are presented, respectively.

Table 2: Summary of Maximum Measurement Errors

Directly Measured Quantities Total Standard Uncertainty of Measurement

Mass Flow Rate ṁ ∆ṁ =

√
0.0082 ·

(
0.05·ṁ√

3

)2 [
kg
s

]
Temperature T ∆T =

√
0.052 ·

(
0.05√

3

)2

= 0.0577◦C

Inner Pipe Diameter dpw ∆dpw = 0.00002 m

Outer Pipe Diameter dpz ∆dpz = 0.00002 m

Heat Transfer Coefficient for Water ∆αH2O =

√
(0.05 · αH2O)2 +

(
0.05·αH2O√

3

)2 [
W
m2K

]

Table 3: Summary of Maximum Measurement Errors

Indirectly Measured Quantities Maximum Calculated Relative Error

Heat Transfer Coefficient αx δαx = 0.13

Overall Heat Transfer Rate kx δkx = 0.07

Heat flux Qk δQk = 0.06

The results of the measurements of the average heat transfer coefficient ᾱ in the ac-
tual condensation zone are presented in Tab. 4, which is an excerpt from the protocol
of experimental studies. The maximum deviation of the obtained results for the heat
transfer coefficient from the regression line is 29%. The measurement accuracy obtained
from experimental studies, which is shown in Fig. 2 and Fig. 3, is related to the measuring
apparatus used and the general methodology for determining measurement errors of phys-
ically complex quantities and directly results from the class and range of the instruments
used and is consistent with the methodology presented in the paper [1].
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Figure 2: Absolute Measurement Errors for the Measured Logarithmic Temperature Dif-
ference.

Figure 3: Absolute Measurement Errors for the Measured Heat Transfer Coefficient.
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Table 4: Measurement Errors

Measurement
number

q̇ wρ ts ps ᾱexp αreg
(ᾱexp−αreg)

ᾱexp[
W
m2

] [
kg
m2s

]
[◦C] [MPa]

[
W
m2K

] [
W
m2K

]
[−]

1 10357 154 26.1 1.31 2074 1983 0.04

2 10436 156 25.6 1.26 2115 1957 0.07

3 14513 161 29.1 1.38 2145 1703 0.21

4 12175 211 27.0 1.35 2652 2007 0.24

5 20367 366 29.5 1.40 4134 2933 0.29

6 18259 418 32.0 1.45 3943 2898 0.26

7 22301 209 35.5 1.65 2198 1722 0.22

8 15862 209 31.0 1.51 2202 1798 0.18

9 12822 198 29.8 1.40 2168 1647 0.24

10 10479 209 28.5 1.34 2287 1880 0.18

11 11870 111 34.6 1.50 1362 1408 -0.03

12 9487 104 29.1 1.40 1295 1378 -0.06

13 12272 215 29.5 1.41 2101 1493 0.29

14 9645 209 28.2 1.35 2073 1540 0.26

15 8717 209 27.0 1.31 2095 1613 0.23

16 13158 115 31.9 1.49 1249 1400 -0.12

17 11683 104 29.6 1.40 1188 1229 -0.03

18 8098 104 26.7 1.31 1196 1252 -0.05

19 7041 104 25.3 1.27 1201 1477 -0.23

where:
q̇ – heat flux density given off in the condensation process,
wρ – density of the mass flow rate of the refrigerant,
ts – condensation temperature of the refrigerant
ps – condensation pressure of the refrigerant,
ᾱexp – average value of the heat transfer coefficient determined based on the experiment,
αreg – average value of the heat transfer coefficient determined from trend line.

From the calculations, the maximum relative error in determining the heat conduction
coefficient was obtained δk=7%. Tab. 2 and Tab. 3 present the values of errors obtained
through direct and indirect measurement methods, respectively. The maximum relative
error in determining the heat transfer coefficient for water was calculated to be 13%.
This level of accuracy in determining the heat transfer coefficient for the condensation
process was adopted based on the maximum error value obtained from the calculations.
In Figs 2 and 3, you can observe the acquired values of errors in logarithmic temperature
and heat transfer coefficient (which was presented in Fig. 4). The spread of measurement
error results around the trendline is due to the fact that both the logarithmic temperature
and heat transfer coefficient are dependent on other measured parameters, which were
linked to the experimental research conducted.
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Figure 4: Results of experimental studies of the average value of the heat transfer coeffi-
cient.

4 Summary

The provided material presents an analysis of parameter variability in the examined
process, taking into account the selection of the measuring instrument class. Addition-
ally, it discusses the methodology for determining measurement errors in thermal-flow
measurements practice. The introduction to the work underscores the significance of
precise selection of measuring instruments when conducting thermal-flow measurements.
An example of a ventilation system with heat recovery is presented as the research ob-
ject, where measurement accuracy had an impact on determining heat recovery efficiency.
While analyzing the variability of parameters such as temperature, flow rate, humidity,
and pressure, the authors emphasized the necessity of choosing appropriate class mea-
suring instruments. During the analysis of measurement errors, mathematical statistics
methods and information from measuring instruments were utilized. Calculations of errors
for the local heat transfer coefficient were also presented as an example. It was pointed
out that maintaining measurement paths in the appropriate condition is crucial, as well
as ensuring measurement repeatability and precise sensor calibration. In conclusion, the
analysis of parameter variability and the precision of measuring instruments are crucial
for obtaining reliable results in thermal-flow measurements. Simultaneously, the method-
ology for assessing measurement errors plays a significant role in ensuring measurement
accuracy in practice.
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