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Impact of raw liquid natural gas composition
on combustion properties and
emission characteristic

PAWEL CZYZEWSKI"
RAFAL SLEFARSKI
JOANNA JOJKA

Poznan University of Technology, Institute of Thermal Energy,
Piotrowo 3a, 60-965, Poznan, Poland

Abstract The article presents the results of numerical and analytical
investigations of the influence of raw liquid natural gas (LNG) composition
on parameters characterizing the combustion process. The high content of
higher hydrocarbons influences the thermodynamic combustion process de-
scribed with parameters like the adiabatic flame temperature, laminar flame
speed and ignition delay time. A numerical study of the impact of LNG fuels
on emission characteristics using the Cantera code has been performed. Re-
sults have shown that the change of grid natural gas to some types of liquid
natural gas can result in an incomplete combustion process and an increase
of emission of toxic compounds such as carbon monoxide and unburned
hydrocarbons. For all investigated fuels the laminar flame speed rises by
about 10% compared to natural gas, while the adiabatic flame temperature
is nearly the same. The ignition delay time is decreased with an increase
of ethane share in the fuel. The analysis of chemical pathways has shown
that hydrogen cyanide and hydrogen formation is present, particularly in
the high temperature combustion regimes, which results in an increase of
nitric oxide molar fraction in flue gases by even 10% compared to natural
gas. To summarize, for some applications, liquid natural gases cannot be di-
rectly used as interchangeable fuels in an industry sector, even if they meet
the legal requirements.

Keywords: Toxic compounds; Fuel flexibility; Liquid natural gas; NO emission
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Nomenclature
d — relative density of fuel
HFL - higher lammability limit, %
HHV —  higher heating value, MJ/Nm?
LHV - lower heating value
LFL - lower flammability limit, %
MN — methane number
T — temperature, K
P —  pressure, Pa
X — mole fraction of fuel components
Ta — adiabatic flame temperature, K
St — laminar flame speed, m/s
Tr — ignition temperature, K
t —  time, s
ta — ignition delay time
Va —  volume of theoretical combustion air, Nm?
Vi —  volume of fuel, m*
Wb  — Wobbe index, MJ/Nm?

Greek symbols

A —  air excess ratio
p — density, kg/m?
Acronyms
AVL - Adelson—Velsky and Landis method
EU —  European Union
HC —  hydrocarbons
HCN - hydrogen cyanide
LNG - liquid natural gas
NCN — cyanonitrene
NG — natural gas

1 Introduction

The achievement of the energy transition objectives enforced by the EU
climate legislation [1] is based on the assumption of the use of natural gas
(NG) as a transfer fuel between fossil fuels and a system based on the use of
zero-emission sources. NG is approved as a carrier that allows the compen-
sation of energy shortages from unstable renewable energy sources [2,3]. In
view of the inadequacies of the available energy storage methods [2], natural
gas is a fuel that offers the possibility of being utilized in systems with the
possibility of high power generation with a rapid start-up time [5,6]. Until
recently, this development was accompanied by attractive natural gas prices
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that were not competitive with coal [7,8] while incurring lower carbon diox-
ide emission costs [3] making the use of natural gas for electricity generation
a favorable method to reduce carbon dioxide emissions [4]. The generation
of a unit of electricity in the combustion of natural gas contributes to two
times less emission of carbon dioxide compared to the combustion of coal.
These factors have resulted in a very dynamic process of increasing the share
of energy produced from natural gas in the energy mix of many countries.
A diametrical change in the NG market occurred in 2021, when, after a pe-
riod of low prices for imported natural gas, a drastic several-fold increase in
its price was observed. It was caused by an imbalance in the market result-
ing from the post-pandemic economic recovery and then the geopolitical
situation related to Russia’s military invasion of Ukraine. This has trig-
gered a trend of turning away from Russian NG and the need to revise the
existing energy policy towards seeking alternative solutions. One of them
involves drastically increasing the use of natural gas transported by ships in
the form of liquid natural gas (LNG) from countries distant from Europe.

Nowadays, LNG constitutes a large part of NG consumption and repre-
sents 36% [5] of the world natural gas market (for many countries covering
even total fuel consumption) and is forecasted to get the majority of the gas
market in 2035 (this trend can be accelerated by abandoning Russian NG).
This situation implies that obstacles related to LNG consumption will be
playing an important role, especially in the nearest future [6,7]. The diver-
sification of natural gas supplies by increasing the share of LNG and gas
from multiple geological deposits of different world regions requires analysis
of the impact of their physical and chemical parameters on the combustion
process and its emission.

In general imported liquefied gas contains more higher hydrocarbons [§]
and is characterized by a different level of impurities. It involves many sub-
sequent issues regarding their further utilization in energetic devices and
the resulting emissions of carbon dioxide and toxic substances to the atmo-
sphere. A great importance should be attached to the connection between
the properties of the flammable mixture and final maintenance/emission
outcomes. Many parameters describing the properties of natural gas and
its utilization are applied [7]. These determining the most important im-
pact are: lower heating value, energy content, combustion characteristics,
impurities content, the Wobbe index, methane number [9], European stan-
dards compatibility, sulfur compounds content, dioxygen (O2) and carbon
dioxide (COg2) shares, water and hydrocarbons dew points, damage risk,
safety, burner controls, billing and Joule-Thomson effect.
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Due to the fluctuations of nominal electricity production from renewable
energy sources such as wind power and photovoltaics as well as the inad-
equacies of existing energy storage methods [2, 3], the import of electricity
would not be able to replenish energy shortages in the absence of windy
and overcast days. Most available energy storage technologies [10] require
considerable financial, material and spatial efforts. For the time being, the
most favourable method to overcome these obstacles to ensure the stable
supply of electricity while reducing carbon emissions is the utilization of
natural gas.

Unlike coal-fired steam boilers [11] supplying steam turbines, natural gas
powered turbines [12] and engines have the ability to be quickly deployed
and in the case of gas-steam systems, generate amounts of electricity com-
parable even to those fired with coal [13].

The energy policy of most industrialized countries is impacted by under-
taking efforts to develop the potential of natural gas imports and to increase
the diversification of supply sources. These include the planning and con-
struction of many LNG terminals (14 units) [14] and pipelines connecting
them with existing natural gas infrastructure [15]. The former European
LNG market was focused on terminal operators in France, Spain, Italy,
Belgium and the Netherlands. Recently, the Baltic Sea basin countries like
Poland, Sweden, Lithuania and Finland have joined the group of European
importers with their own LNG terminals.

LNG composition is usually different from the composition of natural
gas supplied in onshore natural gas transmission networks (Table 1). This

Table 1: Example of liquid natural gas compositions at several LNG production
locations [16]

Source name LNG composition (%vol)

CH4 CyHs CsHg ‘ C4Hio ‘ No
Alaska 99.72 0.05 0.01 0.00 0.22
Algeria (Arzew) 86.98 9.35 2.33 0.63 0.71
Baltimore Gas&Electric 93.32 4.65 0.84 0.18 1.01
San Diego Gas&Electric 92.00 6.15 0.95 0.20 0.70
Qatar 90.90 6.43 1.66 0.74 0.27
Australia NWS 86.26 8.23 3.29 0.96 1.26
Malaysia 91.69 4.64 2.60 0.93 0.14
Russia — Sakhalin 92.54 4.47 1.97 0.95 0.07
Nigeria 91.60 5.64 2.15 0.58 0.03
Norway 92.03 5.75 1.31 0.45 0.46
Gas E (NG) 94.67 1.20 0.40 0.40 3.33
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situation implies that obstacles related to LNG consumption will play an
important role, especially in the nearest future.

This article deals with a comprehensive analysis of LNG mixed natural
gases utilization in EU public transmission systems.

2 Methods

The gaseous fuel introduced to the EU countries’ transmission and distri-
bution networks should meet the quality parameters described in differ-
ent legal regulations of individual Member States on special conditions for
the functioning of the gas system [17]. These document concern the min-
imum value of the higher heating value (HHV) for gaseous fuels with the
Wobbe index (Wb). For high-methane natural gas of group E, the Wobbe
index (Wb) is ranging from 45 MJ/m? to 56.9 MJ/m?. Further regulations
(ISO 13686:2013(en) [18]) define other quality parameters for gaseous fuels
such as:

« hydrogen sulfide content < 7 mg/m?,
« mercaptan sulfur content < 16 mg/m? (ISO 6326-3:1989(en) [19]),

o total sulfur content < 40 mg/m? (ISO 6326-1:2007)(en), ISO 6326-
5:1989(en)),

e content of mercury vapor < 30 pg/m?® (ISO 6978-1:2003(en) [20],
ISO 6978-2:2003(en) [21]),

o dew point temperature +3.7°C (since 1st of Apr. to 30th of Sept.) and
—5°C (since 1st of Oct. to 31st of March) (ISO 6327:1981(en) [22]).

One of the basic parameters determining the possibility of the various
gaseous fuels replacement is the Wobbe index, which refers to the amount
of chemical energy contained in the fuel stream. The values of basic quality
parameters of gaseous fuels are based on the molar composition of the fuel
obtained as a result of chromatographic analysis and standardized corre-
sponding with ISO procedure (ISO 6976:2016 [23]).

The Wobbe index is calculated as the ratio of heat of combustion related
to the unit of the volume of gaseous fuel to the square root of its relative
density:

_ HHV

Wb :
Vd

(1)
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The relative gas density d stands for the ratio of the natural gas density
and air density under the same reference conditions. The following calcula-
tions represent in general open systems placed inside manufacturing facil-
ities, operating at the ambient pressure of 101325 Pa and temperature of
298.15 K. For the standardized volumetric flow (ISO 13443:1996 [24]), the
reference values are corresponding to the normal gas state (p = 101325 Pa
and T' = 273.15 K).

The second group of physicochemical parameters characterizing the in-
terchangeability of gaseous fuels are the operating parameters associated
with the combustion process such as: the unitary amount of air needed to
completely combust the supplied fuel (V,/V7), the lower and upper flamma-
bility limit of the gas mixture (LFL, HFL) and the methane number (MN).

The quantity of air needed to completely burn the fuel unit is deter-
mined based on the stoichiometric equations of the fuel oxidation process.
Assuming a molar fraction of oxygen in the air at the level of 0.21, this
dependence takes the form:

V. 1
a —— |12Xcp4 + 0.5 (XCO + XHQ) + (m + Z) CmH, — X029

Ya _ 2
Vi 0.21 - (@

where X; is the molar ratio of individual fuel components.

Lower and upper flammability limits refer to the lower and upper limit of
the gaseous or vaporized fuel concentration in the air at a fixed temperature
and pressure respectively which can lead to flame propagation. The values
of LFL and HFL for fuel mixtures can be calculated based on the formulas:

1
LFL = 57—, (3)
>
£ TFL,
and 1
HFL = (1)
P
HFL;

where LFL; and HFL; are the lower and upper limits of individual compo-
nents of gaseous fuel, and n is the number of lammable components.

The next important parameter which can be used as an interchangeabil-
ity factor of gaseous fuels is methane number. The methane number de-
scribes resistance to auto-ignition of fuel and thus engine knock resistance
when operating with a given fuel. For gaseous fuels, the value of MN is in
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the range from 0 (for hydrogen) up to 100 (for methane). Knock resistance
is rising with the MN increase. The value of methane number can be calcu-
lated based on many numerical codes created mostly on data delivered by
Leiker et al. [25] or using the methodology presented by Kubesh [26]. For
the purpose of industrial applications, a simplified method based on the
ISO standard (ISO/TR 22302:2014) can be used. Other commonly used
methods are the linear correlation method, hydrogen/carbon (H/C) ratio
method or AVL method.

The last group of parameters which describe gaseous fuels are the ther-
modynamics properties of the combustion process such as the adiabatic
flame temperature (74) [28], laminar flame speed (S1) [29] and self-ignition
temperature (77) [30]. These parameters define the selection of appropriate
combustion technology and influence on the stability of the combustion pro-
cess. The adiabatic flame temperature is the maximum temperature that
can be obtained after the complete combustion process without heat losses
to the surroundings. The value of T'4 for different fuel blends can be calcu-
lated using numerical codes which take into account detailed combustion
kinetics such as Chemkin-PRO or Cantera [31]. T4 depends on the initial
parameters of substrates like temperature and pressure. Reaction mecha-
nisms are based on the experimental measurements and validated [32,33],
where T4, Sz, and T; are considered especially important parameters as
characteristic mixture properties. The second parameter which can be ob-
tained using numerical modelling of the combustion process is the laminar
flame speed Sz, [32]. The S is the velocity at which the flame front is
moving in relation to the fresh gases in one-dimensional geometry [29]. The
value of Sy, is influenced by the fuel composition, excess of air as well as
temperature and pressure of substrates (S decreases with the growth of
pressure and increases with the growth of temperature of reagents). For sto-
ichiometric flames at normal substrates conditions, Sy, values range from 5
(for carbon monoxide) to 280 cm/s (for hydrogen), being around 42 cm/s
for pure methane [33]).

A parameter characterizing gaseous fuels which can be delivered from
numerical modelling is the ignition temperature. According to the defini-
tion presented by Le Chaterier, T7 is the minimum temperature for which
the amount of heat delivered from the combustion process is higher than
the amount of heat lost to the preheating zone of reactants. For initial
substrates’ temperatures higher than the ignition temperature, a specific
time interval could be noticed with a temperature peak as well as with the
pressure rising. Proceeding further, autoignition is the spontaneous homo-
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geneous ignition of the fuel-air mixture. The time for a mixture to reach
autoignition is referred to as the ignition delay time, which is strongly de-
pendent on the reactivity of the mixture [36-38].

In this work, the thermodynamic properties of gaseous fuels (T4, Sp
and T7) were calculated using a 1D FreeFlame combustion model from the
Cantera software libraries [34]. The mechanism UC SanDiego was chosen
as a representation of C1-C4 combustion chemistry, which includes NOx
formation pathways [35]. The FreeFlame model represents a freely propa-
gating flat reaction front including the reacting mixture movement and its
transport properties. Calculations were conducted using a procedure, which
was developed and validated for an axisymmetric methane-air flame with
an approximate combustion chamber length of 0.5 m [36]. Estimation of
the combustion chamber length was introduced as a linear grid, which was
automatically refined with a slope and curvature control of 0.06 and 0.12, re-
spectively. The calculated flame front propagated initially with the laminar
burning velocity using mixture-averaged transport properties. The highest
value of the temperature achieved by the modelled gas was the adiabatic
flame temperature. This initial solution for each tested point was recalcu-
lated using a multicomponent transport in order to improve predictions of
emissions and Sy. For the adiabatic flame temperature and the laminar
flame speed, inlet mixture gas state parameters were kept at the constant
level for all investigated LNG gases (T' = 300 K and p = 101325 Pa), while
the air excess ratio was changed in the range from 0.8 up to 1.8. Nitric ox-
ide (NO) and carbon monoxide (CO) emission calculations were conducted
using FreeFlame model with a radiative heat loss and a burner-stabilized
BurnerFlame model. The BurnerFlame model was introduced to compare
the CO emission when a fuel change was performed without an adjustment
of the air stream. The air/fuel ratio of NG was a reference value. The per-
formed simulations of non-adiabatic flames were in a better correlation to
the mentioned NG burner tests [36] than those of perfectly insulated adi-
abatic flames, because of intensified heat exchange between the reacting
mixture and surroundings. All emission values were recalculated to the dry
reference base.

The ignition temperature and the ignition delay time (¢4) were calcu-
lated using a 0D model designed for the present investigations [37]. Each
T7 as well as tg value was obtained from a reactor filled with a perfectly
stirred combustible mixture and surrounded by a non-expanding adiabatic
wall. Rising the substrates’ initial temperature to the mixture ignition tem-
perature resulted in the initiation of the spontaneous exothermal reactions,
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which affected the pressure and temperature of the modelled closed vessel.
The calculated 17 was the lowest substrates’ initial temperature for which
the heat release was greater than the preheat zone consumption, and the
combustion process started. The ignition delay time for selected fuels could
be determined in two ways. First, as a relation between the reactor pressure
change and time dp/dt, and second, as a specified temperature change given
in absolute values AT In the divergent formulation, the dp/d¢ function is
examined and the simulation time corresponding to the maximum value of
the function corresponds to the ignition delay time. For selected LNG and
NG compositions, the initial temperature range from 800 K to 900 K was
tested for a stoichiometric mixture with a 1 K step and an overall simula-
tion time of 10 s with a 107%s time step. The mixture ignition temperature
was marked as an initial mixture temperature if the combustion process
occurred at a time below the total simulation time. Further investigations
with the ignition delay time were performed for the before mentioned con-
ditions. The initial temperature of the mixture was raised from 800 K to
1400 K with a 1 K step. The simulation time, where a significant temper-
ature rise was observed as a mixture ignition delay time was compared to
the value obtained by a divergent formulation approach. The temperature
change between the following time steps AT at the end of mixture preheat-
ing was estimated at 5 K. The marked calculation point corresponds to
the peak of the pressure function dp/d¢ and results in the gas temperature
value of approximately 50% of the adiabatic flame temperature.

3 Results and discussion

3.1 Physicochemical properties of LNG

As it was mentioned in the previous chapter, the composition of natural
gas obtained after the regasification process of LNG varies from that of
natural gas delivered by the transition system. The major difference is the
amount of high hydrocarbons that influence many physicochemical and
thermodynamic parameters of fuel. The natural gas parameters received
after the regasification process of LNG calculated based on Egs. (1)—(4)
are presented in Table 2. The methane number was found from the numer-
ical code MWN__MN delivered by the European Association of Internal
Combustion Engine Manufacturers [38].

As it is shown in Table 2, all investigated fuels fulfil the requirements of
most EU market legislation acts with respect to the high heating value and
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Table 2: Physico-chemical properties of LNG gases

LNG source name p d HHV Wb Va LFL | HFL | MN
(kg/m®)| () |(MJ/Nm?®) | (MJI/Nm?) | (Nm3;)| (%) | (%) | ()

Alaska 0.717 [0.555 39.66 53.24 9.5 5.3 | 15.0 {99.8
Algeria (Arzew) 0.819 [0.634 44.19 55.50 10.6 4.8 |14.5|71.0
Baltimore Gas & Electric | 0.764 |0.591 41.38 53.81 9.9 5.1 | 14.9 |82.8
San Diego Gas & Electric| 0.771 |0.597 41.72 54.01 10.0 5.0 | 14.9 |81.4
Qatar 0.792 ]0.613 43.19 55.16 10.4 4.9 | 14.6 |74.5
Australia NWS 0.833 ]0.645 44.50 55.41 10.7 4.7 | 14.5 | 68.6
Malaysia 0.796 |0.616 43.43 55.35 10.4 4.9 | 14.6 | 73.0
Russia — Sakhalin 0.787 [0.609 43.05 55.18 10.3 4.9 | 14.6 |74.6
Nigeria 0.792 [0.613 43.33 55.36 10.4 4.9 | 14.5|74.9
Norway 0.779 |0.603 42.45 54.67 10.2 5.0 | 14.7 | 77.8
Gas E (NG) 0.754 |0.583 39.36 51.54 9.4 5.4 | 15.4 |190.4

Wobbe index. For all LNG fuels, the HHV was higher than 34 M.J/Nm? and
Wb was lower than 56.9 MJ/Nm3. According to Barczynski and FLaciak [39],
the energetic devices for domestic solutions should be supplied with natural
gas with the Wobbe index changing within the range of +5%, which gives
the absolute margin value of 2.6 MJ/Nm? for gas E (natural gas — base
case). As it can be observed for LNG gases with a high content of high
hydrocarbons, the difference between the value of Wb for certain fuels and
gas E is even higher than 7% (LNG sources like: Qatar, Australia, Malesia
and Algeria). It means that these fuels can be used as interchangeable fuels
only for industrial devices where the easiest correction of the combustion
process parameters is possible. Another important parameter is the amount
of air delivered to the combustion process, which for the gas E group is
equal to about 9.4-9.5 m?3 of air per one Nm? of fuel. The calculated value
of V,, (air volume) has shown that for some LNG sources, this value is even
more than 10% higher than that for natural gas delivered by transition
networks, which introduces the risk of an incomplete oxidation process of
fuel components and intensified emission of toxic compounds such as carbon
monoxide (CO) or unburned hydrocarbons. The incomplete combustion
process results also in a decrease of the combustion efficiency [40]. The
higher content of hydrocarbons in the fuel causes a decrease of fuel knocking
combustion resistance in a great part of energetic devices — reciprocating gas
engines. For LNG fuels with the overall amount of high hydrocarbons above
7% (Qatar, Australia, Malesia and Algeria), the value of MN decreases
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by even 30% compared to that of gas E. Complete interchangeability of
the above-mentioned fuels requires modification of gas engine operating
parameters such as the ignition delay time, engine boost and composition
of combustion mixtures [41]. Even a slight shift of the range of engine
working parameters can introduce recurring instabilities into the cycle, in
some cases resulting in engine failure. In an extreme case, it can induce
the engine stop. For example, the gas engine provider Westport Company
require the usage of fuel with a minimum methane number of 75 for engines
ISL G and ISX12 G [42].

In the case of lower and upper flammability limits for natural gas from
the regasification process of LNG, the change is negligible. The higher
amount of hydrocarbons in the fuels shifts the LFL to the lower values,
which can result in an easier ignition of gas-fuel mixtures.

The influence of LNG composition on the laminar flame speed, the adia-
batic flame temperature as well as ignition parameters has been numerically
studied for five LNG gas compositions with Norway gas and grid natural
gas as base cases (Table 3).

Table 3: Numerical calculation input

Initial calculation parameters
LNG source name Fuel name
Tsub Psub Air excess ratio

Algeria (Arzew) LNG1
Qatar LNG2
Russia — Sakhalin LNG3 300 K 10° Pa 1-18
Baltimore Gas & Electric LNG4
Norway LNG5
Gas E NG

Results of numerical calculations of the laminar flame speed and adiabatic
flame temperature are shown in Fig. 1 [16] (the air excess ratio was calcu-
lated according to formula A = (20.9%)/(20.9%—02 m%), where Oy m% is
the measured volume value of oxygen in the dry exhaust gases). In both
cases, it can be observed that for all investigated LNG gases the influence
of fuel composition is negligible. For the calculation of T4, the maximum
difference was around 5 K (for LNG1) for the whole studied air excess ratio.
It results from the adiabatic flame temperature definition, where the maxi-
mum temperature depends mostly on the amount of energy delivered from
the fuel/air mixture and processes such as thermal dissociation and toxic
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compounds’ formation. For the investigated fuels, the amount of energy
delivered from 1 kg of the fuel/air mixture was almost constant (ranging
from 3.85 MJ/kg up to 4.04 MJ/kg).

0.40 2300
——LNG1 ——LNG1
2200 ——LNG2
\ LNG3
2100 4 \ ——LNG4
2000 1 \ ——LNG5
o NG
= 1900 {
o
1800
1700
1600
0.00 1500

0809 1 1112131415161718 0809 1 1112131415161718
Al Al

Figure 1: Laminar flame speed and adiabatic flame temperature versus air excess ratio.

In the case of laminar flame speed, the most significant change of Sy, value
was observed in rich and stoichiometric conditions. The increase of HC
share in the LNG fuels induced an increase of the Sy, value even by 10%
for LNG1 (the highest content of ethane). It has been established that
for combustible mixtures of a similar structure, the laminar flame speed is
directly correlated with the adiabatic flame temperature. In the analyzed
cases, where the calculated T4 and mass burning rate are very similar
for all investigated LNG fuels, there is a secondary effect which causes
a deviation in the laminar flame speed. Since liquid natural gas is a mixture
of simple alkanes (C1-C4), the Sy, deviation is caused mainly by the global
consumption rate and density-compensated diffusivity [43].

The next analyzed parameters for the selected fuels (Table 3) are the
ignition temperature and ignition delay time. For the estimation of 17 and
tq, the procedure described in Section 2 was used. The calculated value of
ignition temperature was at the same level in the range from 801 K to 806 K
for the 10 s ignition induction time. The influence of LNG composition on
the value of ignition delay time (Fig. 2) was observed.

For the whole investigated range of air excess ratio, the shorter ignition
delay time was observed for LNG1 while the ignition process of NG was
delayed by about 0.05 s. It was also noticed that the most significant impact
on the value of ignition time has the amount of ethane in the fuel. This is
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Figure 2: Ignition delay time for investigated fuels.

due to the character of the ethane oxidation process where a larger quantity
of ethylene is produced and consequently more vinyl radicals are formed.
They are more reactive than acryl radicals released from the combustion of
longer chain alkenes (e.g., propane, butane). Moreover, slight differences in
the maximum pressure value were observed for the combustion of provided
mixtures in the constant volume.

To conclude, it can be said that for all studied LNG compositions, a sig-
nificant influence on the combustion parameters such as T4, Sy, and T; was
not observed. It suggests that from this point of view, the LNG could be
used interchangeably without loss of flame stability.

3.2 Emission characteristics

A second important parameter describing the combustion process is the
emission of toxic compounds such as nitric oxides, carbon monoxide and
unburned hydrocarbons. In this work, the emission analysis was divided
into two parts. In the first, only the influence of fuel composition was taken
into account. The results of nitric oxides and carbon monoxide emission are
presented in Fig. 3.

Based on the results of numerical calculations of toxic compounds pre-
sented in this figure it can be noticed that the amount of air delivered to the
combustion process has the most significant impact on the emission value.
The impact of LNG composition (impact of the amount of high hydrocar-
bons) is most visible for rich and close to stoichiometric conditions. The
nitric oxide emission rises by about 10% (25 ppm) for LNG1 and LNG5
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Figure 3: Emission characteristic of NO and CO; 1D FreeFlame with
the radiative heat loss.

compared to NG. As it was presented before, T4 is almost constant for
all analyzed fuels. Therefore, it can be concluded that an increase of ni-
tric oxide (NO) emissions is determined by a pathway other than thermal,
probably by a prompt mechanism. The study on the combustion process
of alkanes [44] has shown an increased amount of hydrogen cyanide (HCN)
in the flame in the case of combustion of ethane, propane and butane in
rich conditions. HCN originating from NCN (cyanonitrene) reactions is then
the precursor of NO formation [45] according to the aforementioned prompt
mechanism. The influence of LNG composition on carbon monoxide is neg-
ligible in the whole range of considered air excess ratios.
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In the second case, constant amounts of air equal to 12.3, 12.9 and
13.5 kgair/ ng’uel corresponding to air excess ratio equal to 1.05, 1.1 and
1.15 (for NG combustion process) were taken as initial parameters of the
combustion process. Conditions of the atmospheric pressure and constant
temperature of substrate T' = 300 K were used. This scenario simulates the
real operating conditions of an energetic device for which the fuel type has
been changed without any regulation. As it can be seen in Fig. 4, the fuel
change from natural gas to LNG fuels resulted in a sharp increase of carbon
monoxide emissions, which indicates an incomplete combustion process.
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25000 1 =LNG2
LNG3
= 20000 1 FLNG4
e #LNG5
= NG
=, 15000 -
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9
© 10000 A
5000 -
0 -+

1 1.05 1.1
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Figure 4: Carbon monoxide emission for a constant amount of air delivered
to the combustion process; 1D BurnerFlame.

It can be noticed that even for the combustion process of NG taking place
with the air excess ratio A = 1.1 (2% of Oy in dry flue gases), the in-
troduction of LNG1 (instead NG) results in the emission of CO of about
4000 ppm. For the combustion processes with a lower air excess ratio, the
molar fraction of carbon monoxide reached even a few per cent. Next to
carbon monoxide, a significant amount of hydrogen (up to 1%) is observed.
Such combustion processes cause a decrease of the combustion efficiency (up
to 10%) [40] and can be dangerous for safety of the maintenance personnel.

4 Conclusions

The composition of LNG depends on the source location and varies mainly
by different amounts of high hydrocarbons. As it was shown, the amount
of high hydrocarbons in the fuel can reach even 10% of the molar fraction,
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which has an influence main parameters of the combustion process and
emission characteristics. The impact of LNG composition on parameters
like the lower and upper flammability limits, adiabatic flame temperature,
laminar flame speed or ignition temperature is negligible and does not in-
fluence the flame stability. The increased number of high hydrocarbons,
especially the amount of ethane, can even improve the fuel ignition process
and lead to a more stable combustion process. On the other side, an increase
of hydrocarbons in LNG indicates a significant decrease of fuel resistance
to knocking combustion processes, which disqualifies the utilization of raw
LNG as a potential fuel for reciprocating gas engines. It was presented that
replacing natural gas with LNG increased the nitric oxides emission even
by a few percent.

The results showed that in the case of raw liquid natural gas introduced
as a fuel to energy devices operating with a low air excess ratio, a significant
increase in emission of carbon monoxide (even by a few per cent) and
unburned hydrocarbons was noticed. It decreases the combustion efficiency
and leads to the introduction of a large amount of toxic compounds into
the environment.

Summarizing, it can be said that raw LNG can be used as interchange-
able fuel to natural gas. However, in some industrial applications additional
modifications are required, for example introduction of anti-knocking com-
bustion systems, control of operating parameters or introduction of addi-
tional toxic compounds reduction systems.

Received 8 August 2022
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Abstract In view of the high cost and difficulty of ensuring the accu-
racy in the measurement of fire smoke velocity, the measurement system
developed using platinum resistance temperature detectors and an 8-bit mi-
crocontroller, is used to realize the fast measurement of high-temperature
fire smoke velocity. The system is based on the thermodynamic method
and adopts the Kalman filter algorithm to process the measurement data,
so as to eliminate noise and interference, and reduce measurement error.
The experimental results show that the Kalman filter algorithm can effec-
tively improve the measurement accuracy of fire smoke velocity. It is also
shown that the system has high measurement accuracy, short reaction time,
low cost, and is characterized by high performance in the measurement of
high-temperature smoke velocity in experiments and practice.

Keywords: Thermodynamics; Smoke; Flow velocity; Measurement; Kalman filter algo-

rithm
Nomenclature
n —  Einstein coefficient
Cp, — specific heat capacity, J/kgK
l — distance between two temperature detectors, m
q —  heat flux density, J/m?
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— radius of the tube, m
— state variable
flow rate of the measured gas, m/s

T S 8 3
|

—  density, kg/m?

Greek symbols

n — Einstein coefficient

1 Introduction

The smoke spreading in fire buildings poses a fatal threat to indoor per-
sonnel. The research on smoke flow and control in buildings has attracted
extensive attention [1]. The smoke velocity as an important parameter of
smoke movement is commonly referred to in related studies and is worth
measuring. However, it is difficult to obtain the velocity of high-temperature
smoke due to the smoke heat and the blockage and erosion caused by nu-
merous carbon black particles and droplets [2]. Two types of smoke velocity
measurement are mainly adopted, one is based on the pressure difference
with a pitot tube, and the other is based on a leveraged hot-wire device [3].
The Pitot tube, is conducive to measuring high flow rates, and the error
will be greater at low flow rates [4]; the accuracy of the hot-wire device
is high, but the probe is prone to be blocked and damaged by the carbon
black particles in the smoke. The probe price is high, and the damage of the
probe will greatly increase the experimental cost. Hence, finding a low-cost,
applicable and reliable measurement method is necessary. Zhou et al. [5]
proposed an approach to measure the smoke velocity by using the tempera-
ture pulse information of smoke. This method used the polarity correlation
technology to process temperature data with a short response time and
high accuracy, but the measurement was limited by the distance from the
fire source and the severity of combustion. The error was even larger when
the fire source was far away or the combustion remained relatively stable.
Shen et al. [6] utilized thermodynamics to measure the coal flow rate in
coal-fired boiler pneumatic conveying. However, the measurement of smoke
velocity by the thermodynamic method has a large error. To improve the
accuracy, the data filtering technology can be used to eliminate the noise
and interference in measurement, so as to restore the real data and improve
the measurement accuracy.
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The principles of the thermodynamic method and Kalman filter algo-
rithm are introduced first; then the structure of the thermodynamics-based
velocity measurement system is presented, and the measurement results
with the hot wire equipment are compared. Finally, the conclusions are
given.

2 The measurement principle
of thermodynamics

The measurement principle is demonstrated in Fig. 1. The smoke flows
from the combustion chamber into the velocity measuring tube, the middle
of which is heated by a fixed heat source. The measurement system is
composed of two probes, a signal converter and a microcontroller. The
velocity probes are made of platinum resistance temperature detectors, one
of which measures the smoke temperature as 77, the other is heated to
a temperature higher than the smoke as T5.

Heat source

Air Combustion | - Flow rate

| —

chamber . T1 | Velocity measurement tbe | T2
Liquefied gas

Velocity measurement system

Figure 1: Measuring principle of smoke velocity based on thermodynamics.

According to the principle of heat transfer and energy conservation
Cppvrr? (Ty — Ty) = q27r, (1)

where (), is the specific heat capacity of the smoke, p is the smoke density,
v is the flow rate of the measured gas, r is the radius of the tube, ¢ is
the heat flux density of the heat source, and [ is the distance between two
platinum resistances temperature detectors.

From Eq. (1), we have

2ql 1

AT =T, -T, = .
2 b Cprpv
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Since the smoke density varies little in the actual measurement environ-
ment, the flow rate of the measured smoke can be calculated through
the measurement of the temperature difference (AT') from above relation-
ship [7].

3 The mechanism of the Kalman filter

The Kalman filter is an algorithm that uses the state equation of a linear
system to optimally estimate the system through the input and output
observation data [8]. To make the measurement result closer to the real
data, the Kalman filter algorithm introduces the state variable formula and
adds the changing noise to the formula to compensate for the unpredictable
error. The state variable in the Kalman filter algorithm can be expressed
as follows:

T = Arp_1 + Bup_g +wi_1, (3)

where z is the filtered state variable; A is the state matrix; u is the control
variable; B is the control matrix; w is the process noise, and k represents
the kth process.

The measurement results calculated by the thermodynamic method can
be expressed as follows:

2z, = Hxyp, + Yk (4)

where z is the result of thermodynamic measurement; H is the gain matrix,
x is the variable of state, and y is the measurement noise. Due to the error
of z, it cannot be directly used as a measurement result, and it needs to be
converted into a state variable through the gain matrix H.

The distribution of the process noise w and the measurement noise v in
the algorithm can be expressed by relations:

p(w) ~ N(0,Q), (5)
p(v) ~ N(07 R)a (6)

where p and N, representing the process noise and observation noise, are
independent, and follow normal distribution from 0 to @ and 0 to R, re-
spectively In a real system, the process noise covariance matrix Q and the
observation noise covariance matrix R change with each iteration [9].

The filtering process of the Kalman filter algorithm is shown in Fig. 2 [10].
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Updating variable
of state x;,

The end

Figure 2: Flow chart of the Kalman filter algorithm.

4 The velocity component measurement system

The hardware of the velocity measurement system mainly includes two plat-
inum resistance temperature detectors Pt100, a data acquisition module,
a velocity display screen and an 8-bit microcontroller (MCU) 8051, as shown
in Fig. 3. The temperature measurement range of the Pt100 resistance tem-

Constant temperature heating device

Test area
PT100 PT100
resistance resistance
temperature temperature
sensor sensor
- 8051 MCU -
Interface Interface

Figure 3: Structure of the velocity measurement system.
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perature sensor is 0-550°, which meets the experimental requirements. The
sensor also has the advantages of anti-vibration, corrosion resistance, opti-
mal stability and high accuracy. In addition, compared with the probe of
the hot wire device, the probe of the sensor is a closed structure, which will
not be blocked by smoke particles and is easy to clean. 8051 MCU is widely
used in data acquisition and processing.

The system software is written in 8051 MCU C language and consists
of two modules: real-time data acquisition and velocity calculation display.
The Kalman filter algorithm is adopted for data processing. The data ac-
quisition frequency is 1000 Hz; the measurement range is 0—20 m/s; the
accuracy is 0.1 m/s, and the error is +10%. The data acquisition time of
the system is 2 s; the calculation time is 3 s, and the total response time
is less than 5 s, which is in accordance with the response time required in
experiments and actual measurements.

5 Experimental results and analysis

The smoke velocity measurement experiments were carried out in a 1/3
scale simulated high-rise building, as shown in Figs. 4-6. The experimental
house has 10 storeys, each with a storey height of 1m. The mixture of lique-
fied petroleum gas (LPG) and the air was burned in the experimental room,
producing high-temperature smoke. Then the smoke entered the corridor
through the open door. The flow rate and temperature of the smoke were
adjusted by changing the flow rate of liquefied gas and air. Considering the
size of the fire source and the smoke velocity, the horizontal corridor directly
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Figure 4: 1/3 scale fire experiment house plan.
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connected with the experimental room on the third floor was selected as the
velocity measurement section of the experiment. The schematic diagram of
the chosen ‘room-corridor’ section is illustrated in Fig. 7.

Figure 6: The southern side of the experimental house.

To verify the accuracy of the measurement results, a handheld high-temper-
ature anemometer (model 6162) manufactured by Kanomax,was selected
for simultaneous measurement at the same measuring point. Then the re-
sults of the measurement system and the anemometer are compared. The
anemometer includes a host and a probe, which is suitable for two types
of probes, the medium-temperature model 0203 and the high-temperature
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Figure 7: The ‘room-corridor’ plan of the experiment.

model 0204. The experiment used the high-temperature model 0204 probe,
and the host response time was less than 4 s.

Before the experiment, the equipment was calibrated under normal tem-
perature and 0.5 m/s wind speed, and the results are shown in Fig. 8. It
shows that the measurement results are basically consistent at room tem-
perature and constant wind speed.

—#—The high-temperature anemometer

—&— The thermodynamics-based velocity measurement
system
the thermodynamies-based velocity measurement
051 5 : system with Kalman filter algorithm

Somke velocity(m/s)
-
O
s 8 G

L
|
I
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5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 8: Results of the calibration test.

Two comparative experiments were conducted in total. The measuring
point of the first experiment was located at a horizontal distance of 3.2 m
from the corridor to the experimental room (the room of fire origin), and
a vertical distance from the corridor floor of 0.85 m.The measuring point of
the second experiment was located at a horizontal distance of 4.2 m from
the corridor to the experimental room, and a vertical distance from the
corridor floor of 0.85 m. According to the similarity criterion of the physical
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model, the scale of the distance and height of the 1/3 scale simulated high-
rise building experiment house to the actual size is 1 to 3. To this end, the
actual location of the measuring points is 9.6 m and 12.6 m of horizontal
distance from the room, and the vertical height is 0.45 m under the ceiling.
The smoke velocity is relatively stable and is convenient for measurement.
The data collection cycle is 5s. The results of the first experiment are
shown in Figs. 9 and 10.

—&— The high-temperature anemometer

—a— The thermodynamics-based velocity measurement
system
16 —=— The thermodynamics-based velocity measurement
system with Kalman filter algorithm
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Figure 9: Results of the first experiment.
m The high-temperature anemometer
1.8
1.6 |
T;’\ 14 F
E l 2 -
2"
E 1
208
@«
.-‘é 0.6
204
02
0
5 10 15 20 25 30 35 40 45

Time(s)
Figure 10: Error analysis of the first experiment.

Figure 9 illustrates the comparison of the measurement results from the two
methods, and Fig. 10 displays the error diagram of the thermodynamics-
based velocity measurement system with the Kanomax model 6162 hand-
held anemometer as the standard. The upper end of the error line is the
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direct measurement result based on the thermodynamic method, and the
lower end is the measurement result of the software system obtained with
the Kalman filter algorithm. It can be seen that the measurement results
of the smoke velocity of the Kalman filter algorithm at the same location
are closer to those of the handheld high-temperature anemometer. At the
beginning of the experiment, the deviation between the two measurement
systems is relatively large, but the results tend to be consistent after 15 s.
This is because the Kalman filter algorithm needs to receive initial data for
iterative calculations to eliminate noise and interference at the beginning
of the measurement. After that, the change of the gain matrix tends to be
stable, and the measurement accuracy is significantly improved. Compared
with the handheld anemometer, the average deviation of the measurement
results of the thermodynamic method is 9.9%, and that processed by the
Kalman filter algorithm is 6.6%, improved by 33.3%.

The measurement results of the second experiment are shown in Figs. 11
and 12. Figure 11 shows the comparison of the measurement results of the
two methods. Figure 12 shows the error diagram of the thermodynamics-
based velocity measurement system based on the Kanomax model 6162
handheld anemometer. The upper end of the error line is the direct mea-
surement results based on the thermodynamic method, and the lower end
is the measurement results of the software system with the Kalman filter
algorithm. As shown in Figs. 11 and 12, the measurement results of smoke
velocity with the Kalmanfilter algorithm at the same location are closer
to those of the handheld high-temperature anemometer. At the beginning
of the experiment, the deviation between the two measurement systems is

—&— The high-temperature anemometer

—#&— The thermodynamics-based velocity measurement system

08 The thermodynamics-based velocity measurement system with
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Figure 11: Results of the second experiment.
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Figure 12: Error analysis of the second experiment.

relatively large, and the results tend to be consistent after 15 s. Compared
with the handheld anemometer, the average deviation of the measurement
results based on the thermodynamic method is 13.89%, and that based on
the Kalman filter algorithm is 9%, improved by 35.2%.

In the initial stage of the experiment, the temperature in the corridor
was low; the Pt100 resistance value was large, and the signal value gen-
erated in the circuit was too small, resulting in large errors [11,12]. As
the experiments progressed, the temperature in the corridor gradually in-
creased; the platinum resistance value decreased, and the signal value in
the circuit increased. The accuracy of the system was improved. Since the
Kalman filter algorithm needs initial data for iterative calculation in the
initial stage, it cannot effectively eliminate the error in this stage.

Due to the differentials in the algorithms and types of probes in the two
experiments, as well as the diversity of smoke particles and the complexity
of motions, the deviation between the thermodynamics-based measurement
results and the high-temperature anemometer measurement results is still
within the acceptable range in the actual gauge. Although the measurement
accuracy in the low temperature area is not satisfying, the thermodynamics-
based smoke velocity measurement system has relatively high accuracy from
the overall perspective.

In addition, the experiments show that the data sampling frequency
will affect the measurement accuracy [13]. The measurement accuracy can
be optimized by increasing the sampling frequency, and the sampling fre-



34 H. Wang

quency cannot be increased indefinitely due to the limitation of hardware
conditions [14]. When the sampling frequency is 1000 Hz, the measurement
accuracy can meet the measurement requirements under general experi-
mental conditions. The experiments show that the data acquisition time
will also affect the measurement accuracy. The longer is the data acquisi-
tion time, the higher is the measurement accuracy. Due to the limitations
of hardware conditions and response time requirements, the data acquisi-
tion time cannot be too long [15]. When the data acquisition time is 2 s,
higher measurement accuracy can be available, and the response time of
the system is also within an acceptable range.

6 Conclusions

The velocity of high-temperature smoke was measured by the thermody-
namic method, and the results demonstrate that the system has high ac-
curacy and measurement precision. The results show that:

1. The Kalman filtering algorithm effectively improves the accuracy of
measuring smoke velocity by the thermodynamic method.

2. Compared with the handheld high-temperature anemometer, the ac-
curacy of the thermodynamic smoke velocity measurement system
based on the Kalman filter algorithm can meet the requirements of
experimental measurement, and the system has lower cost and higher
equipment reliability.

3. At the beginning of the experiment, the results of the measurement
system based on the thermodynamic method have a larger deviation
than that of the handheld high-temperature anemometer. Due to the
characteristics of the algorithm, the Kalman filter algorithm has no
obvious effect at this stage. This error needs to be further corrected
by a neural network model with more test data.

4. When the data sampling frequency is 1000 Hz and the acquisition
time is 2 s, the accuracy of the smoke velocity measurement system
reaches 0.1 m/s.

It is worth noting that the error of the system at low temperatures is
larger than that at high temperatures. Although the response time can
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meet most experimental requirements, there is still room for further im-
provement. These problems needs to be further solved in the follow-up

study.
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Abstract A numerical model of the high-speed train carriage fire is
established in this study. The influence of ceilings, sidewalls, luggage racks,
seats, and floors on the heat release rate (HRR) of the high-speed train is
studied by numerical methods. The results indicate that the heat release
rate per unit area (HRRPUA) of ceiling and seat material dramatically
influences the peak HRR and the time to peak HRR of train carriage fire.
When the peak HRRPUA of interior ceiling material 1 decreases from 326 to
110 kW /m?, the peak HRR. of the high-speed train fire decreases from 36.4
to 16.5 MW, with a reduction ratio of 54.7%. When seat materials with low
HRRPUA are used, the peak HRR reduction ratio is 44.8%. The HRRPUA
of the sidewall, luggage rack, and floor materials has little effect on the peak
HRR of the carriage fire. However, the non-combustible luggage rack can
delay the time when the HRR reaches its peak.

Keywords: High-speed train; Carriage fire; Primary components; Heat release rate;
Numerical methods

Nomenclature
Cs — Smagorinsky constant
D; — component mass diffusion coefficient, m?/s
f —  force (except gravity), N
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—  gravitational acceleration, m/s?

g

hs — sensible enthalpy, J/kg

k — coefficient of heat conductivity, W/(mK)
my’ —  mass formation rate of the ith component in unit volume, kg/(m?s)
Q —  heat release rate of the fire, kW

ar — radiant heat flux vector

P —  pressure, Pa

Ry —  specific gas constant, J/(kgK)

Sij —  strain tensor

T —  thermodynamic temperature, K

t —  time, s

U —  velocity of airflow, m/s

U —  velocity vector

u;, u; — velocity components, m/s

T — distance along the train carriage centre line
zi, j — Cartesian coordinates

Y; —  volume fraction of the ith component

Greek symbols

I —  kinematic viscosity, m?/s
pLEs — turbulent viscosity coefficient
p —  density, kg/m?
Tij — residual stress tensor
Acronyms
HRR —  heat release rate
HRRPUA — heat release rate per unit area
LES — large eddy simulation

1 Introduction

The high-speed train has been favoured by the rail transportation indus-
try worldwide. In the past decade, China’s high-speed railway has devel-
oped rapidly. By the end of 2022, the mileage of the high-speed railway in
China has exceeded 42 000 km. High-speed railways and trains have become
an essential part of modern transportation and essential infrastructure for
economic development [1].

The flame and smoke will spread rapidly in the high-speed train car-
riage when a fire occurs. The safe evacuation of personnel is challenging,
often causing heavy casualties and property losses [2]. The heat release rate
(HRR) is the primary variable in high-speed train fire safety design and fire
hazard evaluation. How to accurately calculate the HRR of high-speed train
fire and analyze its influencing factors has become the focus of high-speed
train fire research [2]. However, the existing calculation methods for the
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fire HRR, such as the average heat release rate method [3] and Duggan
method [4], can not reflect the influence of primary train components on
the fire HRR, which makes the HRR calculated by the average heat release
rate method and Duggan method much higher than the actual value.

The high-speed train fire is a complex combustion process. Its fire devel-
opment process and HRR are mainly affected by the combustion charac-
teristics of train materials, structures, and environmental factors [5]. The
National Institute of Standards and Technology has conducted many com-
bustion tests to analyze materials’ flammability and smoke production char-
acteristics [6]. They measured the HRR of seats by cone calorimeter [7] and
studied the influence of seat combustion characteristics on fire spread. By
comparing the small-scale test with the full-scale test, they found that the
combustion characteristics of small-scale material can reflect the combus-
tion characteristics of full-scale material in the actual combustion, consis-
tent with the European Railway Research Institute [8].

With the extensive application of new composite materials in manufac-
turing train structures, the research on combustion tests of train material
has not stopped. Kim et al. [9] used a small-scale material combustion
test to study the fire-proof performance of train composite material. Lee
et al. [10] conducted a combustion test to analyze the fire performance
of train materials. Duggan [4] used a cone calorimeter to carry out many
combustion tests of train materials. The research results showed that dif-
ferent radiation intensities should be used for different structure surfaces
in the material combustion test. For example, the radiation intensity re-
ceived by the ceiling, sidewall, and floor material surface should be 50, 35,
and 25 kW /m?, respectively. This study provides a reference for selecting
radiation intensity in the high-speed train material combustion test.

From 2000 to 2003, the Commonwealth Scientific and Industrial Re-
search Organisation (CSIRO) conducted a series of full-scale train fire ex-
periments. The results showed that the fire spread characteristics in the
carriage are related to the layout of the train carriage [2]. The number
of combustibles and the relative position of combustibles has a significant
impact on the fire spread characteristics, which are the primary factors
in controlling the flame spread [11]. Although scholars have researched the
combustion characteristics of train materials and fire spread characteristics,
there is little research on the combustion characteristics of train structures.

Taking a high-speed train in China as the research object, this paper
studies the influence of the primary components of high-speed trains on the
fire HRR through numerical methods. The study results can provide a ref-
erence for establishing a calculation method for high-speed train fire HRR.
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2 Material and component combustion
experiments

The heat release rate per unit area (HRRPUA) and the ignition temper-
ature of materials are the main parameters of the high-speed train fire
numerical simulation, which can be obtained by cone calorimeter [7] and
ignition temperature tester [2] experiments, respectively. This section de-
scribes the high-speed train carriage’s material and component combustion
experiments in detail.

2.1 Material of train carriage

The structure of a high-speed train carriage is complex, and there are many
interior decoration materials. The sidewalls, ceilings, luggage racks, seats,
floors, and cables account for a large proportion and impact the fire spread
characteristics in the carriage, which is the primary component of the high-
speed train. Figure 1 shows the schematic diagram of the high-speed train
carriage structure. The length is 24.2 m, the width is 3.4 m, and the height
is 2.9 m.

b
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-fuggagc rack )
i Sidewall ——
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Seat 1 @ 2.9 m
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242 m Component combustion test

(b) Train carriage plan view

Figure 1: Schematics of the train structure.
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The surface areas and thickness of the main combustible structures in
the high-speed train carriage are given in Table 1. Figure 2 shows the
proportion of the surface area of the main structure of the carriage.

Table 1: The surface area of each combustible structure of a train carriage.

" Surface Thickness Radlat} on
Structure Composition 2 intensity
area (m?) (mm) (W /m2)
Cold-resistant material 127.9 20
Ceilin Interior ceiling material 1 63.8 50 50
& Interior ceiling material 2 74.5 50
Interior ceiling material 3 5.5 20
Cold-resistant material 92.6 20
Sidewall 76.1 30
End wall 15.3 20
Wall Electrical cabinet wall 47.1 20 35
Toilet wall 28.6 20
Window glass 22.4 35
Toughened glass 21.5 20
Cold-resistant material 78.7 25
Floor Floorcloth 76.8 15 25
Floor 78.7 20
Seat armrest 73.0 6
Seat Seat cushion 18.0 50 25
Seat back 72.0 50
Cable Cable 29.2 6 50
Luggage rack | Luggage rack 31.5 20 50
.059
83% S E 5
15.78% 26.29%
B Ceiling
B wan
Floor
Seat
B Cable
— Luggage rack

29.38%
22.67%

Figure 2: The proportion of the surface area of primary components
of a train carriage.
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Figure 1b also shows the component’s location in the combustion exper-
iment. This component includes two rows of seats and part of the end wall,
sidewall, ceiling, luggage rack, and floor material. Figure 3 shows the actual
view of the high-speed train component combustion experiment. During the
experiment, propane fuel was used as an ignition source, the power of the
ignition source was 15 kW, and the duration was 3 min.

' B\

Figure 3: Actual view of the high-speed train component combustion test.

2.2 Experimental setup and method

Figure 4 presents a schematic of the cone calorimeter and ignition tempera-
ture tester. The radiation intensity received by the material surface of each
component was determined according to the research results of Duggan [4].

Thermocouples Thermocouple

Hood

Soot collecting

Flowmeter filter

Smoke exhaust

| |

240 mm

Gas sampling

system i Conical heater T l'hcn.-.mnsuaa Sample = 20 mm
0. and CO/CO: |! t : =7
Analyzers E Igniter  Sample 0.1x0.1 m 5 Electis - T EIi
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Electronic balance [ 1 Furnace tube
(a) Schematic cone of calorimeter (b) Schematic of ignition temperature tester

Figure 4: Schematics of the cone calorimeter and ignition temperature tester.
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The cone calorimeter experiments in this study were performed follow-
ing the ISO 5660-1 standard [12,13]. Before the experiments, each material
sample was placed in a constant-climate room at a temperature of 23+2°C
and relative humidity of 50 + 5% for 48 h. Three combustion experiments
were performed for each material to ensure the reproducibility of the ex-
periment results, and the average of the three results was recorded.

The material ignition test was performed following the ASTM D1929
standard [2]. Before the experiment, each material sample was processed
according to the method mentioned above. During the experiment, the
sample was placed in the furnace tube. The temperature in the furnace
tube was continuously adjusted using the thermostat. As the temperature
in the furnace tube continued to rise to the point at which the material
sample was just ignited, the temperature in the furnace tube was taken to
be the ignition temperature of the material. The ignition temperature of
each material was measured three times, and then the average value of the
test data was taken.

2.3 Material heat release rate and ignition temperature

Figure 5 presents the HRRPUA of each combustible material of primary
componentsin a high-speed train carriage.When analyzing the influence of
the train’s primary components on the fire HRR, replacing the material in
the original carriage with different materials is necessary. The HRRPUA
of each replacement material is shown in Fig. 6. The ignition temperatures
of the combustible materials constituting the primary components of the
high-speed train carriage are presented in Table 2.
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Table 2: Ignition temperatures of combustible materials in high-speed trains.

Ignition
Structure Composition temperature

(°C)

Cold-resistant material 278

- Interior ceiling material 1 450
Ceiling . - .

Interior ceiling material 2 520

Interior ceiling material 3 526

Cold-resistant material 536

Sidewall 520

End wall 440

Wall Electrical cabinet wall 480

Toilet wall 470

Window glass 600

Toughened glass 530

Cold-resistant material 450

Floor Floorcloth 780

Floor 433

Seat armrest 350

Seat Seat cushion 460

Seat back 460

Cable Cable 350

Luggage rack Luggage rack 526

3 Numerical method

3.1 Governing equations

During a fire, the flow of smoke is a three-dimensional, unsteady, and
compressible turbulent flow. The Fire Dynamics Simulator (FDS, version
6.7.4) [14-17] program is used to simulate the train fire (a computational
fluid dynamics (CFD) model of fire-driven fluid flow), and the turbulent
flow of smoke is solved by the large eddy simulation (LES) [18-20]. The
governing equations are shown below [21-24]:

Mass conservation equation

dp B
E+V~Upf0, (1)

where t is the time, p and U are the density and velocity of airflow, respec-
tively.
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Component conservation equation

9(pYi)
ot
N

where 7i2;" is the mass formation rate of the ith component in unit volume,
D; is the component mass diffusion coefficient, and Yj is the volume fraction
of the ith component.

Momentum conservation equation

+ V- pY;U =V - pD;VY; +mj’, (2)

o(pU

(gt )—FV',OUU—FVP:,OQ—FJC—FV'T@'J', (3)

2
Tij = U {25’1] — géz](v . U)] 5 (4)

_ 1 Buz 8uj

Sz]_2<8xj+a$i>7 (5)
by=47 107 (©)

0, @# 7,

where g is the gravitational acceleration, f is the force (except gravity), ;;
is the viscous stress tensor, S;; is the strain tensor, and pis the kinematic
viscosity.

Energy conservation equation

I(phs D
(p )—i—V-Uphs — —p—v-qr—I—V'UP—I-V-kVT—FZ V-hsipDiVY;, (7)

ot Dt

where h is the sensible enthalpy, g, is the radiant heat flux vector, £ is the
coefficient of heat conductivity, and T is the thermodynamic temperature.
Meanwhile, the state equation of ideal gas was also needed. Its form is

shown below:
P = pR,T, (8)

where P is the pressure, and R, is the specific gas constant.

When LES is used to solve turbulent flow, the governing equations need
to be transformed:
ou; 4 8@-6@ _ _1 opP ny anij B 6(7@‘) ’ (9)
ot 8xj P 8@ al‘j aI‘j aa:j

. 1 ( odu; 5’ﬂj
i1 =3 <axj + em) ’ (10)

]
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where the the overbar indicates filtering, 7;; represents the effect of small
eddy on large eddy, and it needs to be calculated by establishing a subgrid
scale model, such as the Smagorinsky model:

1 _
Tij = 3Tk 0ij = —25ij * JILES (11)
1
_ _ 2 2
prgs = p (CA)? |25 - 85 — 3 (V-w)?| ", (12)

where prps is the turbulent viscosity coefficient at a subgrid scale, C; is
the Smagorinsky constant, u;, u; are the velocity components in  and y
direction, and z;, z; represent the Cartesian coordinates.

3.2 Numerical model

Figure 7a shows the numerical model of the high-speed train fire based
on the high-speed train carriage structure. The HRRPUAmethod is used

Sidewall

Luggage rack

Mesh 2

e

Downstream
tunnel

Upstream tunnel

(b) Computational domain of the numerical model

Figure 7: Numerical model of a train fire and the computational domain of the model.
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for fire simulation [25,26]. In this method, it is necessary to input the
curve of the HRRPUA and the ignition temperature of each structural
material (as shown in Section 2.3). Figure 7b shows the computational
domain of the numerical model for a high-speed train fire in a railway
tunnel. The width of the tunnel is 7 m, and the height is 6 m. The length
of the upstream tunnel is 20 m, and the length of the downstream tunnel
is 30 m. The ‘supply’ boundary condition is applied to the tunnel entrance,
and the velocity is 2 m/s [2]. The ‘open’ boundary condition is applied to
the tunnel exit, and the ‘inert’ boundary condition is applied to the tunnel
wall surface.

In this study, the window rupture temperature is 600°C [27]. The door
on one side of the train carriage is open before the fire simulation. The fire
source is at the end wall corner of the carriage (as shown in Fig. 7a). The
fire source power is 150 kW, and the duration is 8 min [2].

3.3 Numerical mesh

As shown in Fig. 7b, the computational domain is divided into three regions.
The mesh around and inside the train carriage is designated as ‘Mesh 1’,
and that in the upstream tunnel and downstream tunnel is designated as
‘Mesh 2’. The size of Mesh 1 is between 0.06 m and 0.10 m; Mesh 2 is
twice as large. Figure 8 presents the HRR of train fires (original carriage)

40
) Mesh 1,0.06m  ,mh
22 ===Mesh1,008m ¥y
30 =*==Mesh 1, 0.10m
o 25
=
2 20}
g 15
10 -
5L
0 I == = r 1 L 1 L 1 L
0 400 800 1200 1600 2000

Time (s)

Figure 8: HRR of the train fire with different mesh sizes.
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with different mesh sizes. As shown in Figure 8, when the size of Mesh 1
is reduced from 0.08 m to 0.06 m, the difference in the HRR curve of the
train carriage fire is minimal. Therefore, in this study, the size of Mesh 1 is
set as 0.08 m, the size of Mesh 2 is set as 0.16 m, and the total number of
meshes is 2.95 million.

3.4 Comparison with component combustionexperiment

Figure 9a shows the FDS model established according to the component
structure. The fire source is set on the seat surface. The fire source power
is 15 kW, and the duration is 3 min. The mesh size of the FDS model is
0.08 m. Figure 9b presents a comparison between the HRRs of the numer-
ical simulation and the component combustion experiment. The numerical
simulation is consistent with the experimental conditions, indicating that
the numerical method employed in this study can accurately simulate high-
speed train fires.

1200

Experiment
— = =Simulation
900
Z 600
[~
=
= 300
0
0 200 }400 600 800 1000 1200
Time (s)
(a) FDS model (b) HRR comparison results

Figure 9: The Fire Dynamics Simulator model and heat release rate comparison results.

4 Results and discussion

In this section, the influence of ceilings, sidewalls, luggage racks, seats, and
floors on the HRR of high-speed train fire is studied. The fire cases are
shown in Table 3. The peak HRRPUA of different materials with the same
structure is also given in Table 3.



50 Y. Zhou, H. Bi, and H. Wang

Table 3: Case for fire simulation.

Original material Replaced material
Case Material Peak HRRPUA Material Peak HRRPUA
(kW/m?) (kW/m?)

A The HRRPUA for all materials was shown in Fig. 5 (original carriage).

B Ceji%ing: inter-ior 396 C?i%ing: inter.ior 140
ceiling material 1 ceiling material 1-1

C Céi?ing: inter.ior 396 Ce‘i%ing: inter.ior 110
ceiling material 1 ceiling material 1-2

D Wall: sidewall 219 Wall: sidewall 1 123

E Luggage rack 150 Luggage rack 1 319

Luggage rack 2: non-

F Luggage rack 150 combustible 0
Seat: seat armrest 144 Seat: seat armrest 1 52

G Seat: seat cushion 218 Seat: seat cushion 1 2.5
Seat: seat back 114 Seat: seat back 1 36

H Floor: floor cloth 221 Floor: floor cloth 1 2923
Floor: floor 26 Floor: floor 1 88

4.1 Effects of ceilings

The interior ceiling material 1 is the primary material of the ceilings, located
on the inner surface of the carriage. Previous papers [1, 2] have studied
the fire spread characteristics in the train carriage. The results indicated
that when the fire occurs in the carriage, the flame spreads along with the
ceiling to both ends of the carriage, causing the materials at both ends
of the carriage to burn. The seat and floor then burn owing to the heat
radiation from the ceiling. Therefore, whether the fire can spread in the
carriage mainly depends on the combustion characteristics of the ceiling
materials.

Figure 10 shows the HRR of train carriage fire under different interior
ceiling materials 1. The peak HRRPUA of the material under the different
cases is shown in Table 3. It can be seen from Fig. 10 that the peak HRR
of Case A is 36.4 MW. However, the peak HRRs of Case B and Case C
are 19.4 MW and 16.5 MW, respectively. Compared with Case A, the peak
HRR of Case B and Case C decreased by 46.7% and 54.7%, respectively.
Therefore, the peak HRR of train carriage fire decreases with the decrease
of peak HRRPUA of interior ceiling material 1.
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Figure 10: HRR under different ceiling materials.

The time when the train fire reaches the peak HRR is an important param-
eter in the design fire for train carriages [19]. It can be found from Fig. 10
that the interior ceiling material 1 has a significant influence on the time
to peak HRR. The time to peak HRR of the train carriage fire in Case A is
approximately 1040 s, while that in Case B and Case C is 2140 s and 2018 s,
respectively. Therefore, the interior ceiling material with low HRRPUA can
delay the time to peak HRR of the train carriage fire.

Figure 11 shows the HRR growth rate of train carriage fire with different
interior ceiling materials 1. The HRR growth rate is calculated as follows:
dQ _ AQ

T AL (13)
where @ represents the HRR of the fire, ¢ represents time, d@/dt represents
the HRR growth rate of the fire, and At = 60 s. As shown in Fig. 11, the
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Figure 11: Increasing rate of the train fire HRR under different ceiling materials.
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maximum HRR growth rate of Case A is 140 kW /s, while that of Case B
and Case C is 41 kW /s and 53 kW/s, respectively. Before 580 s, the HRR
growth rate of carriage fire under three cases is relatively close, but after
580 s, the fire HRR of Case A increases rapidly. However, the HRR growth
rate of Case B and Case C is low in the whole fire development process.

Figure 12 shows the fire spreading process in the train carriage under
three cases. For Case A, when the fire HRR reached the peak, the whole
carriage was burning. For Case B and Case C, when the fire HRR reached
the peak, the combustion intensity in the train carriage was weak, and some
seat and floor materials were not burned. The reason for this phenomenon
is that the peak HRRPUA of interior ceiling material 1 in Case B and
Case C was low, which reduces the combustion intensity of ceiling material,
resulting in the heat radiation on the surface of the seat and floor material
being reduced, and some materials were not ignited.
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Figure 12: Fire spread in the train carriage.

Figure 13 shows the smoke temperature distribution at 0.1 m below the
carriage ceiling in Case A and Case C, respectively. The measuring points
are arranged along the train carriage centre line, and the coordinate origin
is located at the end wall (as shown in Fig. 7a). It can be seen from Fig. 13
that before the fire HRR reaches the peak, the temperature near the fire
source (x = 4.7 m) is the highest, and the temperature at both ends of the
train carriage is lower. After the fire HRR reaches the peak, the temperature
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at the end of the carriage on the right side of the fire source increases. The
main reason for this phenomenon is the fire flashover characteristics in the
carriage. The previous paper [1] studied the characteristics of fire flashover
in train carriages. The results showed that when the HRR reaches the peak,
the flashover intensity of the carriage end door area far away from the fire
source (as shown in Fig. 12) is the largest, which makes the temperature
of the end door area of the carriage increase.
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Figure 13: Distribution of smoke temperature below the ceiling at various times.

4.2 Effects of sidewalls

This section analyzes the influence of sidewall materials on the HRR of
train carriage fire. Figure 14 shows the HRR of train carriage fire under two

3 Case A
40? - wCage D

HRR (MW)

L 1 L Il l
0 500 1000 1500 2000

Time (s)

Figure 14: HRR under different sidewall materials.
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cases. The peak HRRs for Case A and Case D are 36.4 MW and 31.5 MW,
respectively. Compared with Case A, the decreased ratio of peak HRR of
Case D is 13.5%. Moreover, the time to peak HRR in Case D is 1140 s,
which is 100 s later than in Case A.

Figure 15 shows the temperature distribution on the surface of the side-
wall. The temperature measuring point is 1.2 m away from the floor. The
maximum temperature of the sidewall surface in Case A and Case D is
1100°C and 980°C, respectively, and the temperature difference is minimal.
From the simulation results of the peak HRR and the time to peak HRR
in Case A and Case D, it can be seen that reducing the HRRPUA of the
sidewall material can not significantly reduce the HRR of the train carriage
fire and delay the time to peak HRR. However, there are two reasons for
this phenomenon: the first one is that the surface area of sidewall materials
is 76.1 m?, which accounts for 7.4% of the total area of train materials. The
heat generated by the combustion of sidewall materials accounts for a small
proportion of the heat generated by whole train combustion, so it has little
impact on the peak HRR of the carriage fire; another reason is that the
temperature difference of sidewall surface under different sidewall materi-
als is small, which will not have a significant impact on the combustion of
the seat and floor materials.
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Figure 15: Temperature distribution on the sidewall surface in the carriage.

4.3 Effects of luggage racks

Figure 16 shows the HRR of the train carriage fire with different luggage
rack materials. The peak HRRs in Case A, Case E, and Case F are 36.4,
36.7, and 34.1 MW, respectively. The peak HRR increases with the increase
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of luggage rack material’s HRRPUA, but the difference is small. In the three
cases, the time to peak HRR is 1040, 1060, and 1240 s, respectively. From
the comparison results of the peak HRR of the train carriage fire, whether
the luggage rack is combustible or not, the impact of the luggage rack on
the peak HRR of the train carriage fire is small. The main reason is that
the area of the luggage rack accounts for a small proportion (3.05%) of the
train carriage area.
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Figure 16: HRR under different luggage rack materials.

As shown in Fig. 16, when the carriage is equipped with a combustible
luggage rack, the difference in the time to peak HRR of the train carriage
fire is minimal. However, when the non-combustible luggage rack is used,
the maximum delay time of the carriage fire HRR to the peak is 200 s.
Figure 17 shows the flame spread in the initial growth stage of the fire in
the train carriage. When a combustible luggage rack is used, the flame can
spread to the ceiling, while when using a non-combustible luggage rack, the
flame can not spread to the ceiling in the initial growth stage of fire.

Hl, Vi

l‘,ﬁ. ‘_JP”

(a) Combustible (b) Non-combustible

Figure 17: Influence of luggage rack on flame spread.
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4.4 Effects of seats

Figure 18 shows the HRR of the train carriage fire in Case A and Case G.
The peak HRR of Case A is 36.4 MW, and that of Case G is 20.1 MW.
Compared with Case A, the reduction ratio of peak HRR of Case G is
44.8%. In Case G, the time to peak HRR is 1480 s, which is 440 s later
than in Case A. Therefore, the seat material with low HRRPUA can signif-
icantly reduce the peak HRR of the train carriage fire and delay the time
to peak HRR.
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Figure 18: HRR under different seat materials.

Figure 19 shows the HRR growth rate of the carriage fire in Case A and
Case G. The maximum HRR growth rate is 140 kW /s and 73 kW /s, respec-
tively. For Case G, the fire HRR growth rate decreases significantly when
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Figure 19: Increasing rate of the train fire HRR under different seat materials.
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the fire develops from 780 s to 1020 s. After 1020 s, the fire HRR increases
rapidly. The reason for this phenomenon is that: in the initial growth stage
of fire development, combustion mainly occurs on the ceiling and the seat
surface near the fire source. However, the HRRPUAS of seat materials are
low, and the amount of heat generated by combustion is low. With the
mass consumption of ceiling material, the HRR of the whole carriage is
decreased. Then under the heat radiation of the ceiling, the rest of the seat
and floor materials are ignited, and the fire HRR increases rapidly.

4.5 Effects of floors

Figure 20 shows the comparison results of fire HRR of Case A and Case H.
As shown in Fig. 20, the peak HRR of Case H is 36.9 MW, which is 0.5 MW
larger than in Case A. Moreover, the difference in time to peak HRR be-
tween the two cases is minimal, and the time to peak HRR is approxi-
mately 1040 s.
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Figure 20: HRR under different floor materials.

Figure 21 shows the temperature distribution in the train carriage of Case A.
The temperature near the fire source is the highest in the initial growth
stage of the fire development in the carriage. With the development of the
fire, the temperature in the carriage increases, and the high-temperature
area gradually spreads to the right carriage of the fire source. At 1040 s, the
high-temperature area spreads to the whole carriage, and the temperature
of the whole ceiling material surface is about 1000°C. At this time, the fire
heat release rate reaches a peak.
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Figure 21: Temperature distribution in the train carriage.

Figure 22 shows the temperature distribution of the floor surface along the
length of the train carriage. At the same computing time, the difference in
temperature between Case A and Case H is very small. When the HRR of
the train carriage fire reaches the peak (at 1040 s), the maximum temper-
ature of the floor surface is approximately 740°C, and the temperature at
both ends of the carriage is higher than that in the middle (approximately
360-480°C). However, as shown in Table 2, the ignition temperatures of
floor cold-resistant, floor cloth, and floor materials are 450, 780, and 433°C,
respectively. Therefore, only a tiny amount of floor material is ignited be-
fore the carriage fire reaches its peak. In the late stage of fire development,
the temperature of the floor surface at the end of the carriage increases,
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Figure 22: Temperature distribution on the floor surface in the carriage.
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and the combustion intensity of the floor material at the end of the carriage
increases.

5 Conclusions

In this study, based on the HRRPUA and ignition temperature of the high-
speed train materials, a numerical model of the high-speed train fire is
established. The accuracy of the numerical method is verified by comparing
it with the component combustion experiments. Then, the effects of the
ceilings, sidewalls, luggage racks, seats, and floors on carriage fire HRR are
studied. The following conclusions are drawn:

e« The HRRPUA of ceiling material dramatically influences the peak
HRR and the time to peak HRR of high-speed train carriage fire.
When the peak HRRPUA of interior ceiling materialldecreases from
326 kW/m? to 110 kW/m?, the peak HRR of the train carriage fire
decreases from 36.4 MW to 16.5 MW, with a reduction ratio of 54.7%.
The time to peak HRR increased from 1040 s to 2018 s.

e The sidewall material has a certain influence on the HRR of high-
speed train carriage fire. When the peak HRRPUA of sidewall ma-
terial decreases from 219 kW/m? to 123 kW/m?, the peak HRR de-
creases from 36.4 MW to 31.5 MW, with a reduction ratio of 13.5%.
Moreover, the influence of sidewall material on the surface tempera-
ture of the sidewall is small.

e The combustible luggage rack has little effect on the HRR of high-
speed train carriage fire. However, the non-combustible luggage rack
can delay the time when the HRR reaches its peak.

e The HRRPUA of seat material greatly influences the HRR. of high-
speed train carriage fire. When seat materials with low HRRPUA are
used, the peak HRR of carriage fire is 20.1 MW, and the reduction
ratio is 44.8%. Moreover, the time to peak HRR is delayed by 440 s.

e The combustion intensity of the floor materials in the high-speed train
carriage is low. The HRRPUA of the floor materials has little effect
on the HRR of the high-speed train carriage fire.

Although the research in this paper was carried out for specific train types,
the research conclusions were also applicable to other high-speed train fires.
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Moreover, the research results can provide guidance for the design of the
high-speed train structure and fire protection, as well as the establishment
of the calculation method of the high-speed train fire HRR.
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Abstract The present paper describes the experimental analysis of heat
transfer and friction factor for glass protected three-side artificially rough-
ened rectangular duct solar air heaters (SAHs) having an arrangement of
multiple-v and transverse wires (top wall multi-v and two side walls trans-
verse) under the absorber plate, and compares their performance with that
of one-side roughened solar air heaters under similar operating conditions.
The investigated three-side solar air heaters are characterized by a larger
rate of heat transfer and friction factor as compared to one-side artificially
roughened SAHs by 24-76% and 4-36%, respectively, for the identical oper-
ating parameters. The air temperature below the three-side rugged duct is
by 34.6% higher than that of the one-side roughened duct. Three-side solar
air heaters are superior as compared to one-side artificially roughened solar
air heaters qualitatively and quantitatively both.

Keywords: Absorber plate; Fluid flow; Heat transfer; Solar air heater; Reynolds number;
Relative roughness height

Nomenclature
A, — area of orifice plate m?
A, — area of absorber plate, m?
H - depth of the duct, m
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Cy — specific heat of air at constant pressure, J/kgK
Dy, —  hydraulic diameter of solar air heater, = 4WH/2(W + H), m
d/w — relative gap position
e — artificial roughness height, m
fr — average friction factor
e/Dn — relative roughness height
g —  gravitational acceleration, m/s?
h —  convective heat transfer coefficient, W/m?K
Ahy — difference in height of U-tube manometer fluid column, m
Ahg — difference in height of micromanometer fluid column, m
1 — intensity of solar radiation, W/ m?
k — thermal conductivity of air, W/m K
L — length of test section, m
m — mass flow rate of air, kg/s
Nu, — average Nusselt number
P — roughness pitch, m
Qu —  heat gain, W
Ple — relative roughness pitch
APo - pressure difference in U-tube manometer, Pa
APy —  pressure difference in micromanometer, Pa
Re — Reynolds number
ta — ambient temperature, K
t; — inlet air temperature, K
to — outlet air temperature, K
tp — average plate temperature, K
ty — average air temperature, K
At — change in temperature, K
Vv —  velocity of air inside the duct, m/s
w —  width of duct, m
w — roughness width, m
W/H - duct aspect ratio
W/w — relative roughness width

Greek symbols

a — angle of attack, degree
B — ratio of orifice diameter to pipe diameter
p  — density of air, kg/m?
p1 — density of fluid used in U-tube manometer, kg/m?
p2  — density of fluid used in micromanometer, kg/m?>
@ — dynamic viscosity of the air, kg/ms
Subscripts
1r  — one side roughened duct
3r — three side roughened duct



Heat transfer and friction characteristics in three-side solar air heaters. .. 65

1 Introduction

The thermal performance of a traditional solar air heater (SAH) is generally
deficient due to a low rate of convective heat transfer between the absorber
plate and air flowing in the duct. The low convective heat transfer coefficient
is normally attributed to the occurrence of a viscous sub-layer, which can
be broken by providing synthetic roughness on the air flow side of the
absorber plate [1,5,6]. This creates turbulence in flow, so the effect of
thermal resistance reduces and the heat transfer rate becomes enhanced [7,
10]. Solar air collector is a device in which the air is delivered through a four-
sided cross-section duct underneath a metallic absorber plate with its sun-
facing side black coated to enable immersion of incoming solar radiation
and convert it into thermal energy. The glass shield is placed over the
rectangular duct to reduce the convective and radiative losses [11-15]. The
animated air is used for numerous applications such as space warming, crop
drying, seasoning of timber and industrial purpose [16-18]. A schematic
representation of a conventional SAH is illustrated in Fig. 1.

Figure 1: Schematic representation of traditional SAH.

The number of experimental and theoretical inquiries has been authorized
by many investigators with fabricated roughness geometries on the absorber
plate of the SAH duct [19-21]. The fabricated roughness was applied on
a single side, double sides or three-sides of the absorber plate walls. Karwa
and Chitoshiya made a tentative analysis of thermo-hydraulic performance
of SAH with 60° v-down discrete rib roughness on the air-flow side of the
absorber plate along with that of plain SAHs [22]. Kumar et al. [23] es-
tablished the results of investigations of the effect of multi v-shaped ribs
with gap roughness in one broad wall and found that an increase in the
Nusselt number and friction factor as compared to plain SAHs can be 6.74
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and 6.37 times, respectively. Maithani and Saini made attempts to increase
the heat transfer factor of a SAH duct roughened in the form of v-shaped
ribs through regular gaps as turbulence promoters [24]. Gupta et al. [25]
installed the inclined ribs as an inclined state which carried greater ther-
mal enactment as related to a transverse and flat plate SAH duct; they also
evaluated the thermohydraulic enactment analytically. Deo et al. [26] made
investigations using multi-gap v-down ribs joined through staggered ribs on
the major wall, i.e. on the absorber plate of SAH. Prasad et al. [27] ana-
lytically inspected the impact of transverse round wire ribs as a fabricated
roughness three-side rugged SAH duct, and reported that it is superior as
compared to one-sided transverse ribs. Using a mathematical model, the
thermal and effective efficiency aspect of discrete v-down rib roughness was
inspected by Singh et al. [28]. Behura et al. [21] experimentally explored
the characteristics of heat transfer, friction factor and thermal enactment of
an innovative type of three-side artificially roughened SAH with lead crys-
tal shield under completely developed turbulent flow circumstances and
stated that three-side artificially roughened SAHs are grander to those of
one-side roughened SAHs qualitatively and quantitatively both. Kumar et
al. [31] empirically inspected the influence of geometrical restrictions of
multi v-shaped ribs with a gap on heat transfer and fluid flow characteris-
tics of a four-sided duct SAH over an animated plate having rib roughness
on its underneath and found that the maximum increase in the Nusselt
number and friction factor are 6.32 and 6.12 times with respect to that of
a plain duct, respectively. Different types of rib arrangements are revealed
in Table 1.

In this exploration, innovative roughness geometry wviz. an alignment
of multiple-v and transverse wire roughness is recommended for tentative
inquiry in a SAH with parallel boundary conditions. The main intentions
of the present investigations are:

I. To review the effect of relative roughness pitch (P/e), and relative
roughness height (e/D},) at varying values of Reynolds number (Re)
on the heat transfer and friction factor of SAH roughened with three-
side (top wall multi-v and two side walls transverse) wire with the
existing roughness geometry and compare with the values acquired
applying the one-side roughened duct to estimate the improvement
in enactment of the solar air heaters.

II. To compare the heat transfer and friction factor for the offered rough-
ness outline of three-side roughened SAHs with other greatest per-
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forming outcomes of the multiple-v ribs roughness as stated by Hans
et al. [30].

III. To recommend the best performing configurations and inspect rough-

ness geometry limitations.

Table 1: Distinct types of rib arrangements

Arrangement | Roughness limitations | Roughness geometry | Reference |
,,,,,,,,,,,,,,,, S
Transverse P/e=10-20 I b Prasad
continuous e/Dy, = 0.020—0.033 Flow and
rios He — 5000-50000 (T | s s
k = |
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2 Experimental set-up and procedure

The experimental set-up has been elaborated to study the effect of rect-
angular duct SAH, adopting an alignment of multi-v and transverse wire
ribs as a roughness geometry, on heat transfer and fluid flow characteris-
tics. The three-side synthetically roughened SAH duct with a three-side
lead crystal cover was investigated. At the same time, a one-side synthet-
ically roughened SAH duct was also considered with only a top-side lead
crystal cover. Figure 2 illustrates the three-side synthetically rugged solar
air heater duct whereas Fig. 3 illustrates the one-side synthetically rough-
ened SAH. The SAH ducts have a 200 mm x 25 mm flow cross-section as
presented in Figs. 2 and 3.

Glass covers Roughened Absorber Plates

/

25mm

[T 11

[TT171

A}\f\ < AT AT AT A AT AYA A ATAYAYA
(\ T ATATATATAYAVAYY W VATAVAY WY
I\A:\I\I\I\I\I\IVVV\I\!\ \.r VAA AN

f\f\l\f\l\"\[\!\l\l\l YAYAYAVAYAVAVLY.Y.V1

200 mm

Figure 2: Three-side roughened solar air heater duct.
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Figure 3: One-side roughened solar air heater duct.
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Figures 4 and 5 demonstrate the roughened top and side absorber plates
for three-side rugged SAHs having a galvanised iron (GI) sheet of 0.6 mm
thickness. The photographic views are also shown in Figs. 6 and 7, respec-
tively. The inner face of the remaining side of the duct is plane wooden.
The duct was linked to a single blower to run accurately.

SB35 T
>>>>>>>>>> >>>>>>

20020
> 202
>>>>>>>\>>>>>>>>>/
PSRRI

L 1500 mm
I

Fluid flow
200 mm

P =

Figure 4: Top absorber plate for both 1-side and 3-side roughened SAH.
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= =
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Figure 6: Photograph of the absorber plate for both 1-side and 3-side rugged SAHs.
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Figure 7: Photograph of top absorber plate for 1-side roughened SAHs.

The schematic presentation of the experimental set-up is shown in Fig. 8. It
consists of an entry segment, test segment, a stream meter and a centrifugal
blower. The two ducts, both one-side and three-side, are parallel in the mea-
surement and are 2 m long, 0.2 m wide, and 0.025 m high. For both one-side
and three-side synthetically rugged SAH ducts, only 1.5 m of duct length
acts as the test segment and 0.5 m as the drift equalization bell-connected
entrance segment. The solar collector entry segment was prohibited from
solar emissions. Subsequently, the flow can be presumed to be absolutely
established turbulent flow in the whole test segment length. The mass flow

Poawer Source
Voltage
'I v I Stabilizer

source

"k

i % H

b
Alr out

Figure 8: Schematic presentation of the experimental set-up: 1 — unheated entry section,
2 — heated test section, 3 — exit section, 4 — transition section, 5 — flow pipe,
6 — orifice meter, 7 — U-tube manometer, 8 — flexible pipe, 9 — gate valve,
10 — blower, 11 — electric motor, 12 — absorber plate, 13 — bottom of the duct,
14 — selectors switch, 15 — temperature recorder, 16 — thermocouple, 17 — digital
thermometer, A — ammeter, MM — micromanometer, V — voltmeter.
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rate of air in the duct was measured by a flange-tap orifice meter adapted
in the stream channel; a blower using an auto-variac (variable transformer)
associated with a stream tube for regulating the mass flow rate.

Figure 9 shows a photograph of the experimental set-up where a duct P
is one-side rough, Q is the smooth duct and duct R is three-side roughened
duct. To measure the fluid temperature, differential thermometers with
a least count of 0.1 K were used, however, copper-constantan thermocouples
of 28 SWG (British, Standard Wire Gage) were used for plate temperature
measurements. Multi-tube manometers were linked to the pressure taps in
the test segment ducts for measuring the pressure gradient. A digital pyra-
nometer driven by a solar panel was used for distinguished measurements
of the intensity of solar radiation, as shown in the photograph presented
in Fig. 10.

Figure 9: Photographic representation of experimental set-up with three ducts.

Experimental data on heat transfer and friction factor was collected as per
the recommendation of ASHRAE standard 93-97 (1977) [29] for the analy-
sis of solar collector performance in an open loop flow mode. The data were
gathered from the fluid side of the absorber plate for several arrangements
of geometrical restrictions of the proposed synthetic rib roughness. Wood
was chosen between other materials to construct the duct as it is cheap,
easily obtainable and has also isolating properties. For the three-side rough-
ened SAH, the top wall was set at four values of angle of attack (o = 30°,
45°, 60°, and 75°) and side walls were perpendicular to the fluid stream
direction at variable values of relative roughness pitch, P/e, in the range
of 10-25, and relative roughness height, e/ Dy, in the range of 0.018-0.042.
The flow Reynolds number (Re) varied between 3000-12000. At the initial
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Figure 10: Photograph of digital pyranometer system.

stage of each measurement series, it was made sure that all measuring in-
struments work correctly and that there was no leakage at the joints. All
measurements were made under steady-state conditions. For each measure-
ment series, it takes 34 hours to reach the steady-state conditions from
the start. The steady-state was expected to have been accomplished when
no substantial deviation in the plate temperature and outlet air tempera-
ture was observed over a period of 15 minutes. The parameters recorded
for each set were the following: inlet and outlet air temperature, absorber
plate temperature at six points in the span-wise direction of the duct, trial
section pressure head and orifice plate pressure gradient. In order to com-
pare the performance of the three-side roughened SAH (top wall multi-v
and two side walls transverse) versus one-side rugged SAH duct and the
results of heat transfer and friction factor reported by Hans et al. [30], the
ducts were tested under identical conditions.

3 Data collection and reduction

The experimental data were gathered from 12 arrangements of the rough-
ened absorber plates and sixty tests for both one-side and three-side syn-
thetically roughened SAHs simultaneously. The flow constraints remained
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identical for both categories of roughened SAHs for an individual test series,
the records were made under the actual outdoor conditions. For a particular
day, data were collected for an assumed mass stream rate under fluctuating
values of intensity of solar radiation between 11:00 a.m. to 2:00 p.m. The
hydraulic diameter for both SAH ducts is equal to 0.04444 m and the ducts
are arranged in parallel. Some metrological data on a specific day are re-
vealed in Table 2. The range of roughness and flow limitations are exposed
in Table 3.

Table 2: Some metrological records

Metrological Time (hr)
parameters

11:00‘11:15‘11:30‘11:45‘12:00‘12:15‘12:30‘12:45‘13:00‘13:15‘13:30‘13:45‘14:00

Ambient temper- | o ¢ | a5 < 1957 1369 [37.5 | 38.3 | 38.6 | 38.9 | 39.4 | 39.7| 39.9 | 40.0 | 40.1

ature (°C)

Wind speed 06|17 |18 |25 |24|14|21|16|21 0044|1524
(m/s)

i%b?le;; Pressuregges 71985.5/985.5(985.3/985.1(985.0/984.8[984.0/984.0(983.0|983.4(983.3|981.5

Total radiation

2 878 | 892 | 903 | 903 | 898 | 879 | 868 | 844 | 821 | 808 | 790 | 761| 729
(W/m?)

Diffuse radiation

2 279 | 281 | 282 | 287 | 281 | 284 | 288 | 286 | 286 | 271 | 279 | 2264 | 262
(W/m?)

Direct radiation

2 607 | 611 | 617 | 611 | 612 | 595 | 587 | 580 | 578 | 574 | 574 | 559| 546
(W/m?)

Normal radiation

2 621 | 626 | 632 | 631 | 632 | 614 | 601 | 593 | 596 | 592 | 600 | 579| 567
(W/m?)

Relative humidity

(%) 43| 41| 41| 40| 40| 38| 39| 37| 35| 28| 27 29| 27

Table 3: Standards of roughness and flow restrictions

Parameter Symbol Values
Relative roughness pitch PJe 10-25 (4 levels)
Relative roughness height e/Dy, 0.018-0.042 (4 levels)
Angle of attack @ 30°-75° (4 levels)
Relative roughness width W/w 6 (1 level)
Reynolds number Re 3500-12000 (6 levels)
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The experimental records for plate and air temperatures at several posi-
tions in the conduit were collected under steady-state conditions for a spec-
ified heat flux and mass stream rate of air. The information was used to
compute the heat allocation rate to air streaming in the duct. In order
to estimate the Nusselt number (Nu,) and friction factor (f,) the effect
of roughness orientation and operating parameters on heat transfer and
friction factor was investigated.

The consequent equations have been used for the estimation of mass flow
rate (m), useful heat gain (@), heat transfer coefficient (h), Nusselt number
(Nu,), Reynolds number (Re) and friction factor (f.). These equations
were obtained by adopting experimental observations as described in the
subsequent steps.

The mass stream rates have been determined from the pressure gradient
measurement across the orifice plate:

2pAP,10?
1€m}' @)

The calibration of the orifice plate against a standard Pitot tube yielded
the value of the discharge coefficient Cy as 0.624, where P, = gp1Ah;.

The rate of heat gain by the air and heat transfer coefficient for one-side
and three-side synthetically roughened solar collectors can be determined
by adopting a relationship

Qu =G, (to — t;) = hA, (t, — tf). 2)

The average value of plate temperature (t,) was determined from the de-
tailed temperature profile of the absorber plate indicated by six thermo-
couples at several positions:

tp1 + tp2 +Tp3 + tpa + Etps + Ly
tp = : (3)
6
The average value of fluid temperature (t;) was determined from the de-
tailed temperature profile of air in the channel by six digital thermometers
at several positions in the test section of the duct:

:tf1+tf2+tf3+tf4+tf5+tf6 (4)
5 .

The Reynolds number for the one-side and three-side roughened solar col-

lector was calculated assuming an equation

pV Dy,

Re = o (5)

i = Cad |

ty
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The Nusselt number for the one-side and three-side rugged solar collector
was calculated assuming a relation

Nu, = "D (©)
k
The friction factor was determined from the flow velocity (v) and pressure
drop (AP;) through the test segment by applying the Darcy-Wiesbach
equation:
_ 2AF;Dy,

fr= ALVE (7)
AWH
where the hydraulic diameter D) = Q(T/TKV—I—PU’ and the pressure drop
across the duct is equal to
APy = gp2Ahs. (8)

The absorber plate area (A,) in Eq. (2) is different for the one-side and
three-side rugged SAHs. It is equivalent to the top absorber plate area for
the one-side rugged collector, whereas, it is the sum of the top collector area
and two-side collector area for the three-side roughened solar air heater.

On the basis of error exploration carried out for different instruments
used in measurement [13,34], the uncertainties in the determination of
several quantities are specified below:

1) the Reynolds number: £1.04%,
2) the Nusselt number: +2.57%,

3) the friction factor: £2.26%.

4 Validity test

For validation purposes, the Nusselt number (Nu,) and friction factor (f;)
were determined from testing on a multiple-v one-side rugged SAH duct
with a fixed value of relative roughness pitch, P/e = 10, relative roughness
height, e/D;, = 0.042, relative roughness width, W/w = 6, and angle of
attack, a = 60°. The respective results of the one-side roughened solar air
heater were compared with results obtained from the correlations developed
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by Hans et al. [30]. For the Nusselt number and friction factor the following
expressions were used:

Ni — 3.35 « 10_5Re0.92 <€>0.77 (W>0.43 ( a )—0.49
r = O.

Dh w %
8.54
X exp [—0.611112 (O‘)] exp [—0.11771n2 (Wﬂ <P>
90 w e
P
X exp {—2.0407 In? (eﬂ , (9)
0.73 0.22 —0.39
w «
4.4 10~4 0.3188( € ) <> ()
f 7 x 107 "Re D ” %0

X exXp {—0.52 In? (90(‘))] exp [—2.133 In? (5)] (5)8'9. (10)

The comparison of values of (Nu,) and (f,) obtained from the present ex-
perimental work and the work of Hans et al. [30] is illustrated in Figs. 11
and 12, respectively. The discrepancy of the obtained experimental values
for (Nu,) is +2.3% with respect to the theoretical values given in Eq. (9).
At the same time, the discrepancy of the obtained experimental values for
the friction factor is +2.27% from the theoretical values given by Eq. (10).
This illustrates a good agreement between experimental and theoretical
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Figure 11: Nusselt number validation.
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values, which certifies the correctness of performance of the composed ex-
perimental set-up.
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Figure 12: Friction factor validation.

5 Results and discussion

The heat transfer and friction characteristics of the three-side roughened
rectangular duct SAH with the combination of multiple-v and transverse
wire (top wall multi-v and two side walls transverse), computed on the basis
of experimental data gathered for several flow and roughness restrictions
are discussed below. These results are compared with those achieved for
the case of one-side rugged duct SAH having fixed values of relative rough-
ness pitch, P/e = 10, relative roughness height, e/D; = 0.042, angle of
attack, a = 60°, and relative roughness width, W/w = 6, working under
parallel circumstances. Figure 13 illustrates the intensity of solar emission
and ambient air temperature during a specific day. Figure 14 displays the
variation of the plate and air temperature in three-side and one-side rough-
ened SAHs, associated with the variation of the fluid inlet temperature and
solar emission. As might be realised from Fig. 13, the ambient temperature
changes slowly with time whereas the intensity of solar emission rises up
to 11:30 a.m., then decreases abruptly. Figure 14 indicates that both the
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plate and air temperature are greater in the three-side roughened collec-
tor as related to the one-side roughened collector. Figure 15 displays the
change of the mean plate and fluid temperature with the intensity of solar
emission. Again both parameters are greater in the three-side roughened
SAH as compared to the one-side roughened SAH.
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Figure 13: Intensity of solar emission and ambient air temperature
during a specific day.
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Figure 14: Plate and fluid temperature.
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Figure 15: Average plate and fluid temperature.

5.1 Comparison of heat transfer and friction factor data

Figure 16 exhibits the comparison of the relevant Nusselt numbers for the
one-side and three-side rugged duct SAHs obtained during the present ex-
perimental work and those of Hans et al. [30]. The evaluation of heat trans-
fer data made for given values of relative roughness pitch, P/e = 10, relative
roughness height, e/ Dy, = 0.042, angle of attack, a = 60°, and fixed value
of W/w = 6, for the stream Reynolds number Re = 3500-12000. The ex-
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Figure 16: Comparison of Nu, data for e/Dj = 0.042.
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perimental values of Nu, in the three-side rugged SAH are greater with
respect to the one-side rugged SAH. In the same way, Fig. 17 illustrates
the change of heat transfer characteristics for given values of P/e = 10
and e/Djy = 0.034, showing a similar trend with the increasing Reynolds
number.
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Figure 17: Comparison of Nu, data for e/Dj = 0.034.

Figures 18 and 19 show the assessment of the friction factor for the three-
side roughened solar air heater and one-side roughened solar air heater
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Figure 18: Comparison of f, data for e/D; = 0.042.
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obtained during the present experimental work and a comparison with the
results of Hans et al. [30]. As can be seen, the three-side solar air heater is
characterized by a greater value of friction factor as compared to the one-
side roughened solar air heater. The friction factor is also found to increase
with the increasing value of relative roughness height.
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Figure 19: Comparison of f, data for e/Djy = 0.034.

5.2 Other Nusselt number and friction factor data

Figures 20 and 21 are presented to realise the influence of roughness and
flow restrictions on heat transfer intensification in the three-side roughened
SAH as compared to the one-side roughened SAH. Figure 20 illustrates the
impact of relative roughness pitch, P/e, on the Nusselt number, Nus,, for
the three-side rugged collector and Nuy, for the one-side rugged collector,
for given values of relative roughness height, e/Dj, = 0.042, and angle of at-
tack, o = 60°, within a range of Reynolds numbers. Figure 21 exhibits the
effect of relative roughness height, e/ Dy, on Nug, for the three-side rough-
ened collector and Nuj, for the one-side roughened collector, for a given
value of relative roughness pitch, P/e = 10, and angle of attack, o = 60°,
within the investigated range of Reynolds numbers. The Nusselt number
Nus, for the three-side roughened collector is increased by an extent of
24-76% over that of Nuy, for the one-side roughened collector.

Figures 22 and 23 illustrate the effect of flow restrictions on friction
factor in the three-side roughened and one-side roughened SAHs. Figure 22
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Figure 20: Effect of P/e on Nuy, in three-side roughened SAHs.
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Figure 21: Effect of ¢/D}, on Nu, in three-side rugged SAHs.

exhibits the impact of relative roughness pitch, P/e, on the friction factor
f3r for the three-side roughened collector and fi, for the one-side roughened
collector, for given values of relative roughness height, e/Dy, = 0.042, and
angle of attack, a = 60°, for a given range of Reynolds numbers. Figure 23
illustrates the effect of relative roughness height, e/ D}, on the friction factor
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f3r for the three-side roughened collector and f7,- for the one-side roughened
collector, for given values of relative roughness pitch, P/e = 10, and angle
of attack, o = 60°, for a given range of Reynolds numbers. The values of
friction factor f3,. in the three-side roughened collector exceed by 4-36%
those of f1, for the one-side roughened collector.
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Figure 22: Effect of P/e on f, in three-side roughened SAHs.
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5.3 Heat transfer enhancement

The heat transfer coefficient in the three-side artificially roughened SAH is
greater as compared to the one-side roughened SAH. Figure 24 illustrates
the heat transfer enhancement ratio, (Qs,/Q1r), versus the intensity of solar
radiation, at varying values of Re, for a fixed angle of attack, a = 60°. The
following equations have been adopted for @3, and Q1,:

Q3r = h37"Ap37”At3 ) (11)
er = thApertl . (12)

It might be realised that the heat transfer enhancement ratio increases
with the rising value of Reynolds number and the increasing intensity of
solar emission. The three-side roughened SAHs are thermally superior over
the one-side roughened SAHs; their performance is also boosted at larger
Reynolds numbers and larger intensities of solar radiation.
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Figure 24: Heat transfer enhancement ratio.

6 Conclusions

Based on the experimental exploration of heat transfer and friction factor
in the three-side artificially roughened rectangular duct SAHs with an ar-
rangement of multiple-v (top wall multi-v and two side walls transverse),
the following conclusions can be drawn:
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The value of Nusselt number increases whereas the friction factor
drops as the Reynolds number increases.

The Nusselt number and friction factor increase with the increasing
value of relative roughness height (e/Dj,) and decreases with the in-
creasing value of relative roughness pitch (P/e).

The Nusselt number and friction factor in three-side artificially rough-
ened SAHs are increased by 24-76% and 4-36%, respectively, over
those of one-side roughened SAHs for similar operating conditions.

The maximum value of heat transfer enrichment ratio for the three-
side roughened SAH with respect to the one-side roughened SAH is
found to be 2.80.

Three-side artificially rugged SAHs are superior as compared to one-
side artificially roughened SAHs qualitatively and quantitatively.

Received 15 May 2022

References

7]

Bhatti M.S., Shah R.K.: Turbulent and Transition Flow Convective Heat Transfer
Handbook of Single Phase Convective Heat Transfer. Wiley, New York 1987.

Garg H.P., Prakash J.: Solar Energy Fundamentals and Applications (1st Edn.).
Tata McGraw-Hill, New Delhi 2000.

Kumar D., Prasad L.: Performance analysis of three side’s solar air heater hav-
ing roughness elements as a combination of multiple-v and transverse wire on the
absorber plate. Arch. Thermodyn. 41(2020), 3, 125-146.

Al-Joboory H.N.S.: Ezperimental and theoretical investigation of an evacuated tube
solar water heater incorporating wickless heat pipes. Arch. Thermodyn. 41 (2020),
3, 3-31.

Menni Y., Chamkha A.J., Zidani C., Benyoucef B.: Analysis of thermo-hydraulic
performance of a solar air heater tube with modern obstacles. Arch. Thermodyn.
41(2020), 3, 33-56.

Kumar V.: Augmentation in heat transfer and friction of three sides over one side
dimple roughened solar duct. Arch. Thermodyn. 41(2020), 3, 57-89.

Sahu M.K., Matheswaran M.M., Bishnoi P.: Ezperimental investigation of aug-
mented thermal and performance characteristics of solar air heater ducts due to
varied orientations of roughness geometry on the absorber plate. Arch. Thermodyn.
41(2020), 3, 147-182.



86 D. Kumar

[8] Ghritlahre H.K., Sahu P.K.: A comprehensive review on energy and exergy analysis
of solar air heaters. Arch. Thermodyn. 41(2020), 3, 183—222.

[9] Ghritlahre H.K., Chandrakar P., Ahmad A.: Solar air heater performance predic-
tion wusing artificial neural network technique with relevant input variables. Arch.
Thermodyn. 41(2020), 3, 255-282.

[10] Ghritlahre H.K.: An experimental study of solar air heater using arc shaped wire
rib roughness based on energy and exergy analysis. Arch. Thermodyn. 41(2021), 3,
115-1309.

[11] Kumar V., Prasad L.: Thermal performance investigation of three side’s concave
dimple roughened solar air heaters. Sol. Energy 188(2019), 361-379.

[12] Kumar D., Prasad L.: Analysis on optimal thermohydraulic performance of solar air
heater having multiple V-shaped wire rib roughness on absorber plate. Int. Energy J.
18(2018), 153-170.

[13] Holman J.P.: Ezperimental Method for Engineers. McGraw-Hill, New York 2007.

[14] Prasad B.N.: Thermal performance of artificially roughened solar air heaters. Sol.
Energy 91(2013), 59-67.

[15] Prasad B.N., Saini J.S.: Effect of artificial roughness on heat transfer and friction
factor in a solar air heater. Sol. Energy 41(1988), 6, 555-60.

[16] Kumar D., Prasad L.: Heat transfer augmentation of various roughness geometry
used in solar air heaters. Int. J. Mech. Eng. Technol. 12(2017), 8, 491-508.

[17] Zidani C., Benyoucef B., Didi F., Guendouz, N.: Simulation and numerical analysis
of a rectangular pipe with transversal baffle — comparison between zigzag and plane
baffles. Arch. Thermodyn. 41(2020), 4, 269-283.

[18] Kumar D., Prasad L.: Thermo-hydraulic performance of solar air heater having
multiple V-shape rib on absorber plates. Carbon-Sci. Tech. 10(2018), 1, 39-50.

[19] Daghsen K., Lounissi, D., Bouaziz, N.: A universal model for solar radiation exergy
accounting: Case study of Tunisia. Arch. Thermodyn. 43(2022), 2, 97-118.

[20] Kumar A., Layek A.: Energetic and exergetic performance evaluation of solar air
heater with twisted rib roughness on absorber plate. J. Clean. Prod. 232 (2019),
617-628.

[21] Behura A.K., Prasad B.N., Prasad L.: Heat transfer friction factor and thermal

performance of three sides artificially roughened solar air heaters. Sol. Energy
130(2016), 46-59.

Karwa R., Chitoshiya G.: Performance study of solar air heater having v-down dis-
crete ribs on absorber plate. Energy 55(2013), 939-955.

Kumar A., Saini R.P., Saini J.S.: Development of correlations for Nusselt number
and friction factor for solar air heater with roughened duct having multi v-shaped
with gap ribs as artificial roughness. Renew. Energ. 58(2013), 151-163.

Maithani R., Saini J.S.: Heat transfer and friction factor correlations for a solar air
heater duct artificially with v-ribs with symmetrical gaps. Exp. Therm. Fluid Sci.
70(2016), 220-227.

Gupta D., Solanki S.C., Saini J.S.: Thermohydraulic performance of solar air heaters
with roughened absorber plates. Sol. Energy 61(2000), 33-42.



Heat transfer and friction characteristics in three-side solar air heaters. .. 87

[26]

[27]

[28]

32]

[33]

Deo N.S., Chander S., Saini J.S.: Performance analysis of solar air heater duct
roughened with multigap V-down ribs combined with staggered ribs. Renew. Energ.
91(2016), 484-500.

Prasad B.N., Behura A.K., Prasad L.: Fluid flow and heat transfer analysis for
heat transfer enhancement in three sided artificially roughened solar air heater. Sol.
Energy 105(2014), 27-35.

Singh S., Chander S., Saini J.S.: Thermal and effective efficiency based analysis of
discrete V down rib roughened solar air heaters. J. Renew. Sust. Energ. 3(2011),
023107-023126.

American Society of Heating, Refrigerating and Air-Conditioning Engineers: Method
of Testing to Determine the thermal performance of solar collectors (ASHRAE Stan-
dard 93-97). New York 1977.

Hans V.S., Saini R.P., Saini J.S.: Heat transfer and friction factor correlations
for a solar air heater duct roughened artificially with multiple v-ribs. Sol. Energy
84(2010), 898-911.

Kumar A., Saini R.P., Saini J.S.: Ezperimental Investigation on heat transfer and
fluid flow characteristics of air flow in a rectangular duct with multi v-shaped Tib
with gap roughness on the heated plate. Sol. Energy 86(2012), 1733-1749.

Aharwal K.R., Gandhi B.K., Saini J.S.: Experimental investigation on heat transfer
enhancement due to a gap in an inclined continuous rib arrangement in a rectangular
duct of solar air heater. Renew. Energ. 33(2008), 585-596.

Momin A.M.E., Saini J.S., Solanki S.C.: Heat transfer and friction in solar air heater
duct with v-shaped rib roughness on absorber plate. Int. J. Heat Mass Tran. 45(2002),
3383-3396.

Kline S.J., Mcclintok F.A.: Describing uncertainties in single sample experiment.
Mech. Eng. 75(1953), 1, 3-8.






archives
of thermodynamics

Vol. 44(2023), No. 1, 89-104
DOI: 10.24425/ather.2023.145878

New environmentally friendly low-pressure
refrigerants mini-channel

MALGORZATA SIKORA*
TADEUSZ BOHDAL

Koszalin University of Technology, Sniadeckich 2, 75-453 Koszalin,
Poland

Abstract Nowadays, in addition to the thermodynamic properties of
refrigerants, their impact on the environment is of high significance. Hence,
it is important to use refrigerants with the lowest possible values of ozone
depletion potential and global warming potential indices in refrigeration,
organic Rankine cycle (ORC), air conditioning, and heat pump systems.
Natural refrigerants are the most environmentally friendly; unfortunately,
they have less favourable thermodynamic properties. Currently, low-pressure
refrigerants from the FC (fluorocarbons, fluorine liquids) and HFE (hy-
drofluoroether) groups are increasingly used. This paper presents the most
important properties and applications of selected refrigerants from these
groups and also reviews the literature on their use.

Keywords: Refrigerants; Global warming potential; Ozone depletion potential; Fluo-
rinert liquid; Hydrofluoroether

Nomenclature
Cp —  specific heat
D — diameter
G — mass flux density
GWP - global warming potential
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dn —  hydraulic diameter
L — length of the channel
me, my — mass flux of coolant and refrigerant
ODP — ozone depletion potential
q —  flux density
t — temperature
ts — saturation temperature
T — coordinate along the channel

Greek symbols

a — heat transfer coefficient
n — kinematic viscosity
# — dynamic viscosity
A — heat conductivity
o — surface tension
p — density
¢ — void fraction
Subscripts
[ — liquid phase
v — vapor phase
Acronyms
CFC —  chlorofluorocarbon
FC —  fluorocarbon
HCFC - hydrochlorofluorocarbon
HFE —  hydrofluoroether
ORC — organic Rankine cycle
PFC —  perfluorocarbons

1 Introduction

The current state of the environment causes increasing pressure on all in-
dustries to minimize the harmful effects of human activities. This includes
the refrigeration, air conditioning, and heat pump industries in the broad-
est sense. The primary indicators describing the environmental impact of
a refrigerant are ozone depletion potential (ODP) and global warming po-
tential (GWP). ODP is a measure of the destructive effect of a substance
on the ozone layer. This index was referred to as Freon R11, for which
ODP = 1. ODP values for individual substances are published in the Mon-
treal Protocol (Annex E of PN-EN 378-1). The GWP index, on the other
hand, is the greenhouse effect potential, i.e., it compares how much heat
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is retained by a certain mass of a gas in relation to the amount of heat
retained by the same mass of carbon dioxide (COg).

As of 2022 year, the GWP index for refrigerants used in new refriger-
ation/air conditioning systems should be below 150, except for first-stage
refrigeration circuits in cascade systems, where it can be up to 1500. Ac-
cordingly, work is underway on substances that meet these requirements
and are suitable for refrigeration applications. Research is also carried out
on the use of low-pressure substances from the fluorocarbons (FCs) and
hydrofluoroethers (HFEs) groups sold by 3M Company for this purpose.
These are primarily degreasing, foaming, or fire-extinguishing substances
with relatively good thermal properties. Some of them are already used
in the electronics industry. Table 1 shows the most important properties
of substances from the HFE group (liquids sold commercially by the 3M
Company as Novec-engineered fluid), and Table 2 shows those of substances
from the FC group.

Table 1: Thermodynamic properties of hydrofluoroether group substances at atmospheric
pressure and 20°C [1].

Novec Novec | Novec Novec Novec Novec Novec

Property Unit 7000 | 7100 | 7200 | 7300 | 7500 | 7600 649
Boiling point °C 34 61 76 98 128 131 49
Molar mass g/mol 200 250 264 350 414 346 316
Critical °C 165 195 210 243 261 260 169
temperature
Critical

MPa 2.48 2.93 2,01 1.88 1.55 1.67 1.88
pressure
Evaporation kJ/kg 142 112 119 102 89 116 88
heat
Liquid kg/m? 1400 | 1510 | 1420 | 1660 | 1614 | 1540 | 1600
density
Kinematic
viscosity mm? /s 0.32 0.38 0.41 0.71 0.77 1.1 0.4
coefficient

Specific heat J/(kgK) 1300 1183 1220 1140 1128 1319 1103

Heat . W/(mK) 0.075 0.069 0.068 0.063 0.065 0.071 0.059
conductivity

Surface mN/m 12.4 13.6 13.6 15 16.2 17.7 10,8
tension

GWP 420 297 59 210 100 700 1
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Table 2: Thermodynamic properties of FC group substances (fluorinert liquids)
at atmospheric pressure and 20°C [1].

Property ‘ Unit ‘ FC-3284 ‘ FC-72 ‘ FC-84 ‘ FC-770 ‘ FC-3283 ‘ FC-40 ‘ FC-43 ‘
Boiling point °C 50 56 80 95 128 155 174
Molar mass g/mol 299 338 388 399 521 650 670
Critical °C 161 176 | 202 238 235 270 | 294
temperature
Critical

MPa 1.94 1.83 1.75 2.47 1.22 1.18 1.13
pressure
Evaporation
heat kJ/kg 105 88 90 86 78 68 70
Liquid kg,/m?3 1710 1680 | 1730 | 1793 1820 1850 | 1860
density
Kinematic
viscosity mm? /s 0.42 0.38 0.53 0.79 0.75 1.8 2.5
coefficient
Specific heat J/(kgK) 1100 1100 1100 1038 1100 1100 1100
Heat
- W/(mK) 0.062 0.057 | 0.060 0.063 0.066 0.065 | 0.065
conductivity
Surface
. mN/m 13 10 12 15 15 16 16
tension

2 Properties of low-pressure refrigerants

HFE and FC group technical fluids are substances that can be used in
heat transfer issues with an emphasis on cooling. This is related to their
thermal properties. Since there is insufficient information on the thermo-
physical properties of HFE group refrigerants, many chemists investigate
them in relation to the saturation temperature. Munoz-Rujas et al. [2] con-
ducted a study of the thermophysical properties of the HFE7200 refrigerant
in the temperature range of 20-60°C. Zheng et al. [3] conducted similar
studies in the temperature range of —27.53-80.46°C for the HFE7200 and
HFET7500 refrigerants. Table 3 shows a comparison of the thermal proper-
ties of HFE7000, HFE7100, water, and R134a refrigerant.

Raush et al. [5] carried out tests of density, liquid kinematic viscos-
ity coefficient, and surface tension of HFEs, depending on the saturation
temperature. They performed density tests for different saturation tem-
peratures using a vibrating densimeter with a measurement error of about



New environmentally friendly low-pressure refrigerants mini-channel . .. 93

Table 3: Characteristic properties of HFE7100, HFE7000, water, and R134a refrigerants
at normal pressure [4].

Property Refrigerant

HFE7100 ‘ HFET7000 Water R134a
Flash-point - - non-flammable | non-flammable
Toxicity low low - -
ODP 0 0 0 0
GWP 320 530 0 1300
Freezing point, °C -135 -122.5 0 -96.7
Boiling point, °C 61 34 99.98 —26.074
Critical temperature, °C 195.3 165 373.94 101.06
Critical pressure, MPa 2.23 2.48 22.06 4.0593

0.02%. The liquid-phase kinematic viscosity and surface tension were deter-
mined by surface light scattering measurements in the temperature range
of 0-100°C with relative measurement uncertainties of 2% and 1.5%, re-
spectively [5]. Figure 1 shows the dependence of the quantities presented
in the aforementioned paper on the saturation temperature.

Awareness of the environmental impact of greenhouse gas emissions has
led to a search for alternatives to chlorofluorocarbons (CFCs), hydrochlo-
rofluorocarbons (HCFCs), and perfluorocarbons (PFCs) refrigerants that
will not exhibit undesirable environmental effects. Since HFE fluids have
become a good alternative to old refrigerants (including FC group fluids), it
is important to understand their thermophysical properties, which describe
their suitability for heat transfer, in both single-phase and two-phase pro-
cesses. Figure 2 shows the specific heat and thermal conductivity of the
liquid phase of selected HFE and FC group substances, while Fig. 3 shows
the same for the gas phase. As can be seen, the most favourable heat ca-
pacity is that of Novec 649, in terms of both liquid and gas phases, while
the lowest heat capacity is that of FC72.

In terms of thermal conductivity, the HFE7100 refrigerant shows the
most favourable properties, and FC72 has the lowest ones. As can be seen, in
addition to environmental aspects, HFE group refrigerants have an advan-
tage over FC group refrigerants in terms of thermal properties. Novec 649
(fluorinated ketone, CoF5C(O)CF(CF3)2) is currently being considered an
environmentally friendly alternative for cooling electronics due to its high
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Figure 1: Properties of hydrofluoroether group fluids studied by Rausch et al. [5].

dielectric strength and low GWP. It exhibits very low toxicity with long-
term stability. Forrest et al. [12] conducted a study of this refrigerant boiling
in volume in order to cool a nickel resistance wire at a saturation temper-
ature of 49°C. The heat transfer coefficient for Novec 649 is higher than
for FC72 under the same conditions. Thus, Novec 649 is considered an
alternative to FC72 refrigerant for immersion cooling of electronics.
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Figure 2: Thermal properties of the liquid phase of selected hydrofluoroether and FC
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Figure 3: Thermal properties of the gas phase of selected hydrofluoroether and FC
fluids [1,6-11].

3 Application of low-pressure refrigerants
in scientific research

In the literature, the use of low-pressure refrigerants in the heat exchange
process is increasingly observed, including the use of phase transformations.
Bonk et al. [13] described an organic Rankine cycle (ORC) microsystem
they designed for teaching and research purposes. The goal of this research
was to propose a safe and environmentally friendly microscale heat engine.

An organic fluid called 3M Novec 649 was used as the working medium
in this system. The tested system had an output of 1 kW, and the supply
temperature was 140°C. The authors studied the effect of the circuit pa-
rameters on its efficiency using the mentioned working medium [13]. Bruder
et al. [14,15], on the other hand, conducted a study of the boiling process
of this medium in a vertical copper channel. They conducted studies of the
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temperature distribution on the surface of the channel wall for different
flow rates of the medium and performed temperature and heat flux studies
using a fibre optic probe and thermocouples. The same authors also pre-
sented the results of a study of the boiling process in a 40 mm x 40 mm
rectangular channel at a mass flux density of 1000 kg/m?s [15]. The study
was conducted from single-phase convection to fully developed boiling. Fu
and Lin, on the other hand, conducted a study of the effects of mass flow
rate, system pressure, and vertical mini-channel diameter on the supercrit-
ical heat transfer characteristics of the Novec 649 medium. Experimental
results showed that the heat transfer coefficient increases significantly with
increasing mass flux, especially for small channel diameters. An increase in
mass flux can also result in a smaller decrease in the heat transfer coef-
ficient when the pseudocritical temperature is reached. The heat transfer
coefficient decreases sharply when the fluid temperature reaches the pseud-
ocritical temperature and then increases again when the fluid temperature
exceeds the pseudocritical temperature. The authors developed an empiri-
cal correlation for Novec 649 working fluid to describe the heat transfer

— 1\ 091
: C Gr \ 7086 /D216

Nu = 3.37 x 10°Re®7Pr!0° [ 2 () (> 1

u X e r Co 2 , (1)

where C),/Cly,, is the dimensionless specific heat capacity (Cp, — specific
heat in wall temperature), Nu is the Nusselt number, Re is the Reynolds
number, Pr is the Prandtl number, and Gr is the Grashof number, D and
L denotes the diameter and length, respectively. Equation (1) was devel-
oped based on the Jackson method. The deviation of the calculated results
according to the correlation from the experimental results is about 20%,
and the average absolute error is only 11.4% [16].

Cao et al. [17] conducted boiling studies in a volume of HFE7200 medium
using nanoparticles. They studied the effect of nanoparticle surface on heat
transfer and found that its shape could increase the heat transfer coefficient
and critical heat flux by up to 60%. In addition, mathematical modelling
was successfully carried out using Zuber’s hydrodynamic instability model.
Cao et al. conducted boiling investigations of a few HFE refrigerants [18,19].

Adebayo et al. [20] investigated the use of HFE7000 and HFE7100 re-
frigerants in cascade systems in combination with COy. The use of COs
in refrigeration and heat pump systems is also now widely discussed in
the literature. Mikielewicz and Andrzejczyk [21-23] conducted condensa-
tion studies of HFE7000 and HFE7100 refrigerants in mini-channels. They
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focused on issues of flow resistance in the condensation process in a pipe
channel with an internal diameter of 2.3 mm. They studied the effects of
heat flux, fluid flow rate, vapour quality, and saturation temperature on
flow resistance. The experimental results were compared with correlations
of other authors, and the best fit of the results with the model of Fronk and
Garimelli [24] was found [25]. Bohdal and Sikora [26-29] conducted similar
studies of the condensation process of Novec 649, HFE7000, and HFE7100
working fluids in single tubular mini-channels with diameters in the range
of 2.0-0.5 mm. In addition to heat transfer and flow resistance studies, the
authors conducted a flow structure study [27]. Figure 4 shows a compar-
ison of the results of the two teams. Figure 5 shows an example of the
results of flow structures during the condensation of the HFE7000 refriger-
ant in a mini-channel pipe with an internal diameter of 0.8 mm. Al-Zaidi
et al. [30] also studied the flow structures formed during the condensation
of the HFET7100 refrigerant; however, they used multiports made of rect-
angular mini-channels with hydraulic diameter dp = 0.57 mm, saturation
temperature t, = 60°C, and mass flux density G = 48—126 kg/m?s.
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Figure 4: Dependence of flow resistance in the condensation process of HFE7000 re-
frigerant in a mini-channel according to: a) Mikielewicz, Andrzejezyk [21]
for d, = 2.3mm and t; = 52°C; b) Sikora, Bohdal and Formela [27] for
dnp = 2.0 mm and t; = 46°C.

Pastuszko et al. [4] conducted a study on the effect of surface micro-
development on heat transfer. They investigated the boiling process of wa-
ter, ethanol, Novec 649, and FCT72 at atmospheric pressure to select such pa-
rameters of the developed surface to obtain the highest possible heat trans-
fer coefficient. Three types of structural surfaces were used: smooth micro-
ribs with a height of 1.0 mm (designated MF), reinforced surfaces made by
sintering micro-rib tips with perforated copper foil (MF+F), and structural
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a)

b)

c)

d)

U

Figure 5: Results of flow structures obtained by Sikora [31] during condensation of
HFET7T000 refrigerant in a pipe mini-channel with an inner diameter d =
0.8 mm: a) plug structure G = 197 kg/m?s, x = 0.004, ¢ = 0.44, t, = 31°C;
b) annular-wave structure G = 369 kg/m?s, z = 0.012, ¢ = 0.69, ts = 32.5°C;
c) annular structure G = 491 kg/m?s, x = 0.032, ¢ = 0.82, t; = 41°C; d) slug
structure G = 639 kg/m?s, x = 0.003, ¢ = 0.34, t, = 29°C.

surfaces formed by sintering braided copper wire mesh with micro-rib tips
(MF+M). They reported a simplified semi-analytical model to determine
the total heat flux for the studied surfaces.

Piasecka et al. [32] conducted extensive research on the boiling process
of refrigerants with low ODPs and GWPs. They presented the results of
a study of the heat transfer process during subcooled boiling in a multiport
constructed of three or five mini-channels 1 mm high. FC72 fluid was used
in the study. The mini-channel was lined with a thin film, the temperature
of which on the outer surface was measured by infrared thermography. Tem-
perature distributions obtained from the finite elements method (FEM) cal-
culations performed by ADINA software [33] were presented. Sample boil-
ing curves indicating nucleation hysteresis were presented and discussed.
Another paper focused on the study of heat transfer during the boiling
process in the flow of FC72, HFE649, HFE7000, and HFE7100 fluids in
a single 1.7-mm-high mini-channel, oriented vertically or horizontally [34].
Infrared thermography was used to measure the temperature. Observations
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of flow structures were also made. The results were presented as the change
in the heat transfer coefficient along the length of the channel (Fig. 6) and
as boiling curves. These authors compared their results with the results of
calculations according to the correlations of various authors, and the best
match was obtained for the correlation of Mikielewicz [35]. For saturated
boiling, their own correlation was proposed

Nu = 4.19We~412p0-71Bo=216, (2)

where We is the Weber number and Bo is the Bond number.
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Figure 6: Change in the heat transfer coefficient along the mini-channel during the
boiling process of the studied refrigerants at a heat input flux density of
q = 65 kW/m? [32].

Piasecka and Strak [34,36,37] presented the results of similar tests carried
out in a single rectangular channel of 180 mm in length and a bundle of five
parallel mini-channels of 32 mm in length. The effects of the slope angle of
the channels and the porosity of the heating surface on the boiling pro-
cess were analyzed, and the results of heat transfer during refrigerant flow
in rectangular mini-channels under stationary conditions were presented.
The influence of selected parameters on the boiling process was discussed,
including thermal flow parameters, dimensions, and orientation of the chan-
nels. The highest values of the heat transfer coefficient were obtained for
channel angles of 0 and 270°. The boiling process of refrigerant from the
HFE and FC groups is quite extensively reported in the literature. Cao et
al. [18] dealt with the process of heat transfer intensification during boiling
of HFE7200 and Novec 649.
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In order to intensify heat transfer, nanoparticles were used to coat the
heat transfer surface. This treatment improved the value of the heat transfer
coefficient during boiling of the HFE7200 medium by 190%. At the same
time, visualization studies of vapour bubble formation were carried out to
determine the diameter and velocity of bubbles detached from the heat
transfer surface [18,19]. A study of the boiling process of HFE refrigerants
was also published in the work of Eraghubi et al. [38].

Boiling and condensation are of great importance in the cooling pro-
cess because some of the HFE and FC group refrigerants are noncon-
ductive and can be used to cool electronic components. Since such com-
ponents are small in size, there is a trend toward the miniaturization
of heat exchangers while intensifying heat transfer. Kruzel, Bohdal and
Dutkowski [39] presented the results of a study of the condensation process
of HFE7000 and HFET7100 refrigerants in a shell-and-tube heat exchanger
built with 4- to 6-mm-diameter channels and a shell with an inner diameter
of 30 mm. The condensation process took place on the surface of the tube
bundle, and water was used as the cooling medium. The authors conducted
thermal flow tests under the following conditions: G = 20—700 kg/m?s,
q = 3000—60000 W/m?, ts = 40—80°C. The same authors conducted tests
using HFE7000 refrigerant and a mixture of water and phase-change mi-
crocapsules in a shell-and-tube heat exchanger. They showed that, partic-
ularly around the phase transition temperature of the phase-change ma-
terial, there is a sharp increase in the heat transfer coefficient on the side
of the mixture of water and microcapsules. This is due to an increase in
the heat capacity of this mixture. This results in an increase in the heat
exchanger’s thermal efficiency in this range of operating parameters. The
tests were carried out under the following conditions: mass flux of refrig-
erant m, = 0.0014-0.0015 kg/s, mass flux coolant m. = 0.014—0.016 kg/s,
refrigerant saturation temperature t; = 55—60°C, inlet coolant tempera-
ture tem = 20—32°C, and heat flux density ¢ = 7000—7450 W/mz. The
average increase in the heat transfer coefficient was 13% [40]. Woodoc
et al. [41], on the other hand, investigated the use of the HFE7000 re-
frigerant in an 800-pm-thick silicon mini-heat exchanger (MECH-X). The
exchanger was used to cool electronic components, which were heated to
90°C. What is more, Andrzejczyk and Muszynski [23] conducted studies
on the influence of refrigerant properties and geometry on the performance
of two-phase closed thermosiphon (TPCT). The tests were carried out on
HFET7100 refrigerant as well as water, R134a, SES36 and ethanol. The pre-
sented constructions of thermosyphons were to be used to recover heat from
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industrial wastewater, which is of great importance in terms of the energy
economy.

4 Conclusions

This article presented a review of available information on new working
fluids with low GWP and ODP wvalues. As discussed earlier, refrigerants
from the HFE group can be successfully used in a wide range of thermal
transformations. They can successfully replace refrigerants from the FC
group, which are less environmentally friendly but have similar application
ranges. The Novec 649 refrigerant has both a higher heat capacity and
thermal conductivity (at least to some extent) than the FC72 refrigerant.
Other refrigerants in the HFE group also show better thermal properties
than the FC72 refrigerant. Thus, these substances can be used in a wide
range of thermal processes as follows:

o for both single-phase and two-phase cooling electronics, also by im-
mersion,

e in ORC systems and other high-temperature refrigeration systems,
and

e in cascade heat pumps and refrigeration systems.

In order to intensify heat transfer, HFE group refrigerants can also be used
in combination with phase-change materials. Novec 649 and HFE7200 flu-
ids have the lowest environmental impact due to their low GWP, so they
are most often preferred over less environmentally friendly refrigerants with
similar operating parameters. HFE7500 and HFE7600 refrigerants have sat-
uration temperatures at normal pressure above 100°C, which limits their
use in phase transformation (boiling or condensing).
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Abstract This paper is concerned with the rotational motion of the
impeller and the thermal buoyancy within a mechanical mixer. The task was
investigated numerically using the ANSYS-CFX simulator. The programmer
is based on the finite volume method to solve the differential equations of
fluid motion and heat transfer. The impeller has hot surfaces while the vessel
has cold walls. The rotational movement of the impeller was controlled by
the Reynolds number, while the intensity of the thermal buoyancy effect was
controlled by the Richardson number. The equations were solved for a steady
flow. After analyzing the results of this research, we were able to conclude
that there is no effect of the values of Richardson number on the power
number. Also, with the presence of the thermal buoyancy effect, the quality
of the fluid mixing becomes more important. The increasing Richardson
number increases the value of the Nusselt number of the impeller.
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1 Introduction

The fluid mixing process is one of the important processes in the industry,
and we mention the following: pharmaceutical products, food products such
as chocolate, cosmetic products, milk products and so on. The fluid mixing
process is usually carried out in a container of a certain geometric shape
with a mechanical mixer inside it. The rotational motion of the impeller
mixes the fluid. The quality of the mixture of the fluid depends mainly on
the geometry of the impeller and the container (vessel), as well as the speed
of rotation of the mixer.

A group of investigations have been aligned for the purpose of under-
standing the mixing process of the mechanical agitator, in order to arrive
at the method that allows for increasing the mixing speed and decreasing
the mechanical energy of the impeller. Among these important works, we
mention the following. Hadjeb et al. [1] performed numerical research on
a two-bladed agitator; this work was addressed for highly viscous fluids.
Some geometrical changes of the mixer were made in order to increase the
blending efficiency of the mixing process. Ameur studied the effect of the
shape of the vessel on the mixing process. The impeller used in this work
was that ofa six-curved-blade [2]. The studied shapes of the container were:
a cylindrical vessel of flat bottom, cylindrical vessel of dished bottom and
closed spherical vessel. The Herschel-Bulkley model was used to define the
apparent viscosity of the fluid. The results showed that the last form of the
vessel generated a uniform flow in the vessel. Ameuret al. [3] examined the
hydrodynamic behaviour of highly viscous fluid in the mechanical agitator
with the presence of a maxblend impeller. The investigations showed the
effects of rotational speed, rheological characteristics and impeller clear-
ance on the power consumption. Ameur and Bouzit simulated the rotation
of a disc turbine impeller in the unbaffled vessel [4]. The working fluid was
shear-thinning. It is a complex fluid whose dynamic viscosity depends on the
shear rate. The results of this paper show the evolution of counter-rotating
zones in the vessel with respect to pertinent parameters. Also, Ameur et al.
investigated the mixing process for different shapes of impeller and vessel.
The principal purpose of works [5-10] was to determine the best design of
the impeller as well as of the vessel.

Cudak studied the agitation of a gas-liquid medium in a pseudophase
system. The impeller of the mixing process was a Rushton turbine. The re-
sults of simulation were presented as contours of velocity and vectors [11].
Laidoudi presented a numerical work on a two-bladed impeller placed in an
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unbaffled vessel [12]. Some new geometrical modifications were considered
to improve the performance of the impeller. The results showed that the
holed blades of the impeller are optimal. Foukrach et al. [13] simulated the
turbulent flow in a cylindrical and polygonal vessel. The vessel in this re-
search has vertical baffles. The k—e¢ closure was used to model the turbulent
flow. The results showed that the presence of vertical baffles in the vessel
acts to improve the mixing process. Mishra et al. [14] simulated turbulent
flow in a tank with a disc turbine. The work was to estimate rates of energy
dissipation. Youcefi et al. [15] presented 3D simulations of turbulent flow
in an unbaffled vessel. The purpose of the work was the estimation of the
flow structure in the vessel. Torré et al. [16] presented experimental and
numerical investigations of the impeller in an unbaffled vessel. Particle im-
age velocimetry (PIV) was the experimental technique used for measuring
the flow velocity. On the other hand, the standard k — ¢ closure was also
used to model the turbulent flow.

In addition to this, there are also some recently published papers [17-25],
which on aggregate are hydrodynamic studies of the mixing process. The
ultimate purpose of all these works is to reach a more efficient impeller that
allows for speeding up the mixing process while reducing the consumption
of mechanical energy. On other hand, thermal buoyancy can be defined as
a force that allows hot fluid layers to move upwards, because they become
less dense due to their high temperature. In fact, there is a group of papers
that exploited this thermal property in enhancing thermal activity and
controlling fluid movement such as [26-32].

In many industrial activities, we encounter the mixing process with the
presence of heat transfer. However, after reviewing previous research papers
in this field, it is clear that there is a lack of works that combine mechani-
cal mixing and heat transfer. Therefore, through this work, we decided to
support new findings in this area.

2 Geometrical description and mathematical
modeling

Figure 1 shows the physical domain. It is formed of a cylindrical vessel
(container) with a four-bladed impeller presented in Fig. la. Figure 1b
shows the cross-section of the studied domain. The diameter of the vessel
is given by D, while the diameter of the impeller is given d. The ratio
between the two diameters is given as d/D = 0.5. The vessel also contains
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four internal inflections. The radius of each cavity (e) is given by the ratio
e/D = 0.13. Figure lc shows the longitudinal view of the domain. The
ratio between the height of the vessel (H) and its diameter is H/D = 1.
The width of the blade of the impeller (a) is given by a/D = 0.17. The gap
(c) between the flatted bottom of the vessel and the impeller is ¢/D = 0.067.
The vessel is completely filled with a Newtonian fluid (water). However, the
impeller surfaces have a high temperature (7},) and the lateral walls of the
vessel have a cold temperature (7). The flatted bottom and the top of the
vessel have an adiabatic condition.

(a) (b) ()

Figure 1: The studied domain: a) general view, b) cross-section view, c) longitudinal
view.

We note that the rotation of the impeller creates a flow inside the vessel,
and these results generate the forced convection heat transfer. On the other
hand, the gradient temperature between the impeller and vessel surfaces
generates a natural convection heat transfer. Together we get the mixed
convection.

The Reynolds number controls the rotational speed of the impeller as

_ pND?

Re P (1)

where p, N, and p are the fluid density, rotational speed, and dynamic
viscosity, respectively.
The Prandtl number defines the thermophysical proprieties of the fluid:

dep
4 2
k ) ( )

where v, ¢p, and k are the kinematic viscosity, heat capacity of the fluid,
and thermal conductivity, respectively. Indeed, Pr = 6.01 in this paper.

Pr



A qualitative study of mixing a fluid inside a mechanical mixer. .. 109

The Richardson number defines the intensity of thermal buoyancy.

gBrATD?
T(ND)? (3)

where g and Sr are the gravitational acceleration and dilatation coefficient
of the fluid, and AT = (T}, — T.) is the difference in temperature between
the hot temperature of the impeller surfaces and a cold temperature of the
lateral walls of the vessel.

The power number characterizes the consumption power and is given as:

Ri =

P
Np= ——— 4
P= NS5 (4)
where P is the mechanical power and it is calculated as a volume integral:
P=pu / Qy dv, (5)

vessel volume

where @), denotes viscous dissipation. For the cylindrical coordinate system
(r,0,z) dv is expressed in the form

dv = rdrdfdz, (6)

and we have

1
Q, = E(QT + 270 4 272, + 212, + 272 + 272 ) (7)
where
ov,
ry — -2 y

rr =205 (®)

0 (UG/T) + 16UT:| (9)

Tre = —H {T or r 00
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The average Nusselt number of the impeller is calculated through the inte-
gration of the local Nusselt number (Nuy) over all impeller surfaces (A) as

(10)

Trz = — 1

1
Nu = Z/NuL dA, (11)

where

00
Nuy = 12
e ( 8ns ) wall ( )

and ng is the normal unit vector.
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3 Simulation steps

Gambit was used for the design and generation of the mesh grid. The
grid has unstructured elements with non-uniform distribution as shown in
Fig. 2. The concentration of elements is around the impeller. The number of
meshing elements was selected after the grid independence test. The results
of the grid independence test are presented in Table 1. It is clear that grid
G2 is sufficient for the present computation, because the difference between
this grid (G2) and the third one (G3) is very small (around 0.12%).

Figure 2: Grid quality for the studied domain.

Table 1: Results of grid independence test, for Re = 30, Ri = 0 and Pr = 6.01

Case Elements Np Variation, %
G1 231.500 0.006945 7.79
G2 463.000 0.007532 0.12

G 3 926.000 0.007541 -

The simulations were carried out using the finite volume method (ANSYS-
CFX simulator [33]). The SIMPLEC (semi-implicit method for pressure
linked equations-consistent) algorithm was used for coupling pressure and
velocity. Meanwhile, the high-resolution discretisation scheme was used for
solving the convective term. The relative errors of the computations are
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1078 for the continuity and momentum equations and 1076 for the energy
equation. Furthermore, the multi-reference frame (MRF) method was used
for this simulation [33]. The inner impeller was created in the rotating
domain, while the rest of the domain was selected fixed.

In this section, the validation test is described where the present numer-
ical methodology has been proofed. The results of the validation test are
shown in Fig. 3. Indeed, a good agreement is shown between our results and
the results of Ameur et al. [9]. The notable difference between the results
of our simulation (present data) and the previous work (Ameur et al. [9])
is due to the uncertainty involved in the method used in the calculation of
correlation of Ameur et al.

L] —a— Correlation of Ameur et al. [9]
\ ~—&— Present data
1000+ AN
NP 100
104
0.1 1 10

Re

Figure 3: Validation test.

4 Results and discussion

The results of this work include mechanical agitation and mixed convection
heat transfer for a fluid inside a cylindrical vessel. The vessel has four
cavities of a semi-circular shape and a flat base. However, the impeller has
also four blades. The purpose of this research is to predict the movement
of the fluid inside the vessel due to the rotation of the impeller.

Figure 4 presents the dimensionless velocity distribution over the cross-
section of height Z = 0.35 as defined in relation to the total height of the
vessel (Z = z/H). The flow velocity is made dimensionless with respect to
speed rotation of the impeller. Figure 4 shows the effect of the rotational
speed of the impeller on the movement of the fluid without the effect of
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thermal buoyancy (Ri= 0). It is clear that the maximum value of the
velocity is at the head of the blades while it gradually decreases as we
move towards the wall of the vessel from the centre of the impeller. It is
also noted that there is no noticeable influence of the studied values of the
Reynolds number on the fluid motion.

0

Re=10 Re=20

Re=30 Re=40

Figure 4: Contours of dimensionless velocity for different Re at Ri = 0.

Figure 5 shows the gradual effect of thermal buoyancy on the dynamic be-
haviour of the flow for a constant value of Reynolds number (Re = 40).
Increasing the value of Richardson number indicates an increase in the
thermal buoyancy effect. Figure 5 illustrates the variation in velocity dis-
tribution in the same section as in Fig. 4. We note that the higher the value
of Ri, the greater the flow velocity. It can be concluded that the fluid move-
ment is very important in this case, which makes the fluid mixing process
better and faster.

Figure 6 exhibits the dimensionless velocity distribution contours for dif-
ferent Richardson numbers in the longitudinal section of the vessel with the
impeller at Re = 40. Note that in the case Ri = 0, the velocity diffusion is
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Figure 5: Contours of dimensionless velocity for different Ri at Re = 40.

only at the bottom near the impeller blades. Whereas, the higher the value
of the Richardson number, the greater the velocity spread to the top. This
phenomenon is explained by the following: the fact that the mixer is hot is
what pushes the hot fluid particles upward, and this is what makes the fluid
velocity increasing with (increasing) Richardson number. It is also noted
from Fig. 6 that the mixing process of the fluid due to the thermal buoy-
ancy phenomenon is very significant compared to the mechanical mixing of
the impeller.

Figures 7 and 8 show the isotherms for different Ri and for Re = 40.
Figure 7 forms a cross-sectional view at the height Z = 0.35, whereas
Figure 8 is a longitudinal view of isotherms. It is clear that the dissipation
of gradient temperature around the impeller decreases with the increasing
Richardson number, which means that the temperature gradient becomes
important with the increasing Richardson number. So, we can predict that
the heat transfer between the impeller and the fluid increases gradually
with the increasing Richardson number. It appears clear from Fig. 7 that
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the lower side of the impeller experiences a larger rate of heat transfer as
compared to the upper side. In addition to this, it can be seen that the
fluid motion intensifies with increasing thermal buoyancy and this confirms
the previous results.

ARX l;
Py Py

Ri=10
Figure 8: Longitudinal view of isotherms (dimensionless temperature) for different Ri
for Re = 40.
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Figure 9 presents the variation of the dimensionless velocity component W
along the radius of the vessel at the height Z = 0.5. The first thing that
can be seen is that the velocity W increases with the increasing value of
Richardson number. Near the impeller, the velocity sign is positive, that is
the flow is directed upwards, while near the vessel wall, the velocity sign
is negative, meaning that the direction of the flow is downward. It is also
noted that the value of the maximum velocity of the upward flow is much
greater than the value of the maximum velocity of the downward flow.

Figure 10 shows the variation of power number with Reynolds number
and Richardson number. It is clear that increasing the Reynolds number
decreases the value of power number. On the other hand, there is no change
in the power number with respect to the Richardson number. This confirms
that there is no effect of thermal buoyancy on the mechanical energy of the
impeller.
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Figure 10: Variation of power number versus Re and Ri.

Figure 11 shows the evolution of the Nusselt number with the Richardson
and Reynolds numbers. Note that since the heat transfer is of the forced
convection type (Ri = 0), raising the Reynolds number does not effectively
influence the value of the Nusselt number. On the other hand, in the mixed-
type heat transfer (Ri # 0), raising the value of the Reynolds number
positively affects the value of the Nusselt number. It is noted that the
effect of Reynolds number on Nusselt number is large whenever the value
of Richardson number is significant.
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Figure 11: Variation of Nusselt number versus Re and Ri.

5 Summary

The research is concerned with 3D numerical simulation of a mechanical ag-
itator. The impeller is a four-bladed turbine. The impeller has an elevated
temperature while the vessel is cold. The impeller rotates at a constant
speed. The purpose of this research is to study the effect of the impeller
rotation speed and the thermal buoyancy factor on fluid motion in the ves-
sel. After studying and analyzing the results, we have reached the following
conclusions:

Fluid motion within the vessel is intensified after the thermal buoy-
ancy effect is added.

When Ri = 0, increasing the Reynolds number does not affect the
value of Nusselt number.

The higher the value of Richardson number, the greater the effect of
the value of Reynolds number on Nusselt number.

With the presence of the thermal buoyancy effect, the quality of the
fluid mixing is significantly increased.

There is no effect of Richardson number on the power number.

Through the results of this work, we can suggest some new conditions for
the intensification of the mixing process: such as the use of some complex
fluids or the change in the configuration of the hot spots inside the vessel.
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Abstract This paper presents the results of an experimental study and
mathematical modeling of the effect of dynamic instabilities on the con-
densation phase transformation of the refrigerants homogeneous R134a and
its replacement in the form of isomers R1234yf and R1234ze and R404A
or R507 and R448A in pipe mini-channels. In the case of homogeneous
chlorofluorocarbons (CFCs), it is the 1234 isomers that are envisioned as
substitutes for the withdrawn ones with high ozone depletion potential and
global warming potential. For zeotropic and azeotropic mixtures, for exam-
ple, these are R507 or R448A. The paper presents a dimensional analysis
procedure based on the Buckingham II theorem to develop a regression ve-
locity model of pressure dynamic instabilities. The experimental part of the
work was carried out with the use of tubular mini-channels with internal
diameter 1.40-3.3 mm.

Keywords: Refrigerants; Condensation; Mini-channels

1

Introduction

In the many papers, the possibility of using computational models devel-
oped to describe the impact of dynamic instabilities on the process of con-
densation of refrigerants in pipe mini-channels is demonstrated [1,4,9, 10,
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13, 18]. These methods refer to the computational determination of the
velocity of displacement of pressure instabilities, and the velocity of the
liquefaction front.

It should be noted that in the literature there is a lack of publications
describing dynamic instabilities with unitary characteristics and, in partic-
ular; a lack of computational models. Filling this information gap are the
author’s models presented in this paper. They concern the modeling of the
propagation of pressure instabilities and the movement of liquefaction front,
resulting from non-stable interactions of unitary nature [17]. The given so-
lution can be applied to the phase transformation of refrigerant liquefaction
implemented in mini-channels [3,16,20,26]. A regression function was used
to describe the velocity of the displacement of the pressure change signal
and the temperature change signal. It describes the dependence of the ex-
pected value of a variable (in this case, the magnitudes of the velocity of
displacement of pressure instabilities and the velocity of the liquefaction
front) on the explanatory variables Buckingham IT theorem, assuming that
the number of dimensionless modules is equal to the number of independent
physical parameters, minus the number of basic dimensions [5,6,8]. The pre-
sented method of determining dimensionless numbers, describing the speed
of propagation of instability and the unknowns occurring in the regression
equations, is included, as constant quantities and exponents of powers.

The magnitude of the velocity of the movement of the pressure change
signal caused by instabilities of a unitary dynamic nature (velocity of move-
ment of pressure instabilities) was functionally dependent on the following
parameters:

Up = f(Apa pm Ua da ’LU), (1)

where: Ap — amplitude of condensing pressure oscillations during distur-
bances, p, — average condensing pressure of the refrigerant, v — kinematic
viscosity coefficient of the two-phase mixture, d — internal diameter of the
mini-channel, w — average velocity of the two-phase refrigerant mixture.

Equation (1) shows that the speed of movement of unit dynamic insta-
bilities depends on the amplitude and frequency of their generation and
the physical properties of the refrigerant. The magnitude of the amplitude
of pressure oscillations (Ap) depends, in turn, on the step (unit) change in
this value. In the case under consideration, there is a sudden disappearance
or development of the condensation phase transformation process, caused
by the sudden closure (or opening) of the shut-off valve on the refrigerant
supply to the pipe mini-channel.
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The primary quantity affecting the generation of dynamic instabilities,
both pressure and temperature, is the mass flow rate of the refrigerant. In-
stabilities of this type are associated with mass flux density disturbances [7].

In the case of dynamic instabilities of the mass flow rate () of the
refrigerant, there is an impulsive (one-time) change in this quantity. The
velocity of the two-phase refrigerant mixture in this case is determined by
the relation "

dist
prrpA’ @)
where: A — cross-sectional area of the mini-channel, prpp — density of the
two-phase mixture is determined from the relation

Mmix = WPpTFPA = w =

pLPG
5 3
pc+x(pL — pc) 3)

where the subscripts G and L stand for gas and liquid, respectively. The
vapor quality (x) of the refrigerant in the sections of the mini-channel was
calculated according to publications on the subject [15,21].

Performing the procedures related to the application of dimensional anal-
ysis to relation (1) led to the dimensionless propagation velocity of unitary
pressure instabilities:

PTFP =

v} = CRefpr (2p")' (4)

where: a,b — exponents; C' — constant; Ap™ — dimensionless pressure drop,
Rerpr — Reynolds number for two-phase flow.

The dimensionless propagation velocity of pressure instabilities was de-
termined by the ratio of the propagation (v,) of the displacement of the
pressure change signal to the average velocity in the two-phase mixture

v
(w), (vp+ = p) and the dimensionless pressure drop was defined by the
w
ratio of the amplitude (Ap) of pressure to the pressure (p,) of condens-
A
ing refrigerant (A;‘ = p). The Reynolds number for two-phase flow in
(o}
a mini-channel can, with the internal diameter d, be expressed as

wpTprd
Rerpr = Ty

where 71 is the dynamic viscosity.
Equation (4) reduces to the following linear form:

log v;r =log C + alogRerpp + blog Ap™. (5)
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The value of the constant C' and the exponents a and b were calcu-
lated using a nonlinear regression model. The method used the procedure
of highest reliability, which is an alternative to the method of least squares.
The standard deviation of the observed value from the predicted value was
determined using the so-called loss function. Maximization of the credibil-
ity function (selection of appropriate parameters satisfying this condition)
was performed using the quasi-Newton and symplex methods, which are
standard calculation modules in the Statistica software package. Equilib-
rium calculus was carried out (for a given refrigerant) for an appropriate
number of equations built on the basis of experimental results for the range
of applied disturbances.

In an analogous way to the regression function for unit pressure insta-
bilities, the values of the dimensionless velocity of propagation of the lig-
uefaction front were determined relating to the movement of temperature
instabilities:

vp = f(AT, Ty, v, d, w), (6)

where AT is the temperature oscillation and T, is the refrigerant condensa-
tion temperature. The application of dimensional analysis procedures made
it possible to formulate the relationship for dimensionless velocity in the
form of

vf = CRefpy (AT, (7)

where AT is the dimensionless temperature drop determined by the ratio
of the amplitude of the temperature oscillation, to the magnitude of the
AT
)
Relationship (7) was also reduced to linear form:

refrigerant condensation temperature (AT+ =

log v}r =log C + alogRepp + blog AT™T. (8)

Calculation of the constant C' and the exponents a and b in Eq. (8) were
performed according to the same calculation procedures as for the nonlinear
regression model defined by relation (5).

The developed regression model was used to determine the propagation
velocity of pressure and temperature instabilities occurring during the gen-
eration of unitary instabilities. The occurrence of physical phenomena of
such instability character is associated with the process of rapid develop-
ment or disappearance of refrigerant condensation, for example, in heat
exchangers built of conventional channels, as well as mini-channels [14].
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2 Methodology of experimental research

The realization of experimental studies was carried in accordance with
for the identification of the effect of instabilities of a dynamic nature on
the condensation of R404A and R134a refrigerants in mini-channels of
pipes [12-14]. In the case of R507 and R448A refrigerants, the detailed
parameters under which the tests were carried out were as follows:

o refrigerants — R404A, R507 and R448A;

e internal diameters d = 3.3,2.3,1.9,1.44, and 1.40 mm;
« single channel configuration;

o refrigerant mass flux G' = 60-316 kg/(m?-s);

o refrigerant inlet pressure p;, = 1.09-7.5 MPa (saturation temperature
in the range of 42.6-45.5°C.

Figure 1 shows a general view of the experimental station, while Fig. 2
shows a view of the measurement section, the schematic of which is pre-
sented in Fig. 3.

Data Acquisition
System

k|

time controller
=

s — _'//
=)
- >
differential pressure gauge

Figure 1: View of the test site [12-14].

Using electromagnetic cut-off valves (Fig. 1), instabilities of a dynamic na-
ture were generated. The experiment was performed in a methodology that
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Figure 2: View of channels for studying heat transfer during refrigerant condensation in
mini-channels of pipes with pressure and temperature sensors installed [12-14].

Pressure signals Temperature signals
[a/01] LPC [a/D2

Water

Figure 3: Schematic diagram of the measurement section [12-14].

allows identification of the development and disappearance of the conden-
sation process of the studied refrigerants [2,12,19].

In order to achieve intensification of the liquefaction process, the method
of increasing the mass flux by means of opening the supply valve with
adjustable time () was used. On the other hand, the disappearance of the
liquefaction process was obtained by abruptly closing the shut-off valve [12—
14]. This allowed us to determine the minimum time at which the response
of the system to the induced dynamic was noticeable is ¢, = 0.3 s. Tests
were carried out in the range of valve opening and closing times ¢, = 0.3—
3.5 s, using an increase or decrease in this time every 0.05 s in successive
measurements. Figure 4 shows the results of the tests on the issue under
consideration [12].
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Figure 4: Distribution of pressure of the tested refrigerants depending on the time of
closure (t.) and opening (%) of the shut-off valve for the inner diameter of the
tested mini-channel d = 3.30 m.

The result of the rapid influx of refrigerant vapors into the mini-channel is
the displacement of the pressure change signal, which refers to the speed of
propagation of pressure instabilities (v,). Figure 5 illustrates the pressure
change signal identified for R404A, R507A, and R448A mixtures.
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Figure 5: Speed of propagation pressure instabilities depending on the frequency of gener-
ated unit disturbances during liquefaction of tested refrigerants in mini channels
of pipes.

The movement of pressure instabilities (v,) is accompanied by the propa-
gation of temperature instabilities (vr). These are referred to the so-called
the velocity of the condensation front (vpc). It was observed that in the
case of the development of the condensation process there is a decrease in
the velocity of propagation of the condensation front, which moved in ac-
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cordance with the direction of steam flow in the mini-channel. The decrease
in velocity is due to an increase in the frequency of generated disturbances,
which corresponds to a decrease in the opening time of the shut-off valve
(Fig. 6). On the other hand, when the condensation process disappeared,
the instability moved in the direction opposite to the incoming steam, re-
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Figure 6: Dependence of the velocity of propagation of temperature instabilities on the
frequency of generated unit instabilities for the studied refrigerants.
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sulting in a reduction in the most effective area of condensation proper in
terms of heat transfer [11,22,24,26]. Figure 7 shows example distributions
of pressure and temperature instability precipitates for R134A refrigerants
and R1234ze and R1234yf isomers.

Pressure propagation velocity v, Temperature propagation velocity vy
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Figure 7: Propagation velocities of pressure (v,) and temperature (vr) instabilities as
a function of the frequency of singular instabilities during condensation of tested
refrigerants inside tubular mini-channels
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3 Comparative comparison of computational
models describing dynamic instabilities
of unit liquefaction of pro-environmental
agents in pipe mini-channels

For the studied refrigerants, the application of regression functions for the
unit pressure and temperature instabilities occurring during the liquefac-
tion process, the values of the unknowns C, a, and b were determined
according to relations (4) and (7) with the corresponding variance from
population (02?) and r-Pearson significance coefficients. Example calcula-
tion results for the studied refrigerants R448A and R1234yf are presented
below.

In the case of the R448A refrigerant, for pressure instabilities occurring
during the development of the liquefaction process, the following values
were obtained: C' = 327.8, a = —0.52, b = —1.11 with a variance of 96% and
a significance factor R = 0.91. This allowed to, formulate the relationship
in the following form:

_ —1.11
vf = 327.8Repp Apt . (9)

The results of calculations according to Eq. (9) on the dimensionless ve-
locity vz‘f rog Were compared with the results of experimental studies v;,r exp?

obtaining satisfactory agreement in the 25% range, as shown in Fig. 8.

300

preg

150 e *

\‘. racG R
100 e
0 .

0 30 100 130 200 250

Figure 8: Dependence of dimensionless velocity (v; reg) from the value obtained in exper-

imental studies (v;
exp

condensation process.

) for R448A refrigerant during the development of the
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Figure 9 presents the correlations obtained by means of applied statistical
software for the parameters on which the regression model was based.

Model: v1=b1%(v24b2)*(v34b3)
2=(327,798)"(x~(-0,520319))(y"(-1,11438))

> 700
<620
Bl < 520
= < 420
I<320
[ <220
B <120
<20

Figure 9: Interdependence of quantities forming the regression model (VP+, ApT, Rerpr,
Eq. (9)) for R448A refrigerant during the development of the condensation
process.

Analogous to the regression model of pressure instabilities, the values of
the constants of the equation describing the dimensionless velocity speed of
propagation of temperature instabilities were determined v}' for the refrig-
erant R1234yf. The following values were obtained: C' = 0.00079; a = 0.34;
b = —1.43; with a variance of 98% and significance coefficient R = 0.99.
Consequently, the following form of the regression function was obtained:

_‘_71.43

vg = 0.00079Re}PLAT . (10)

Comparison of computational results obtained from relation (10) with ex-
perimental results showed a concordance of £25% (Fig. 10). Figure 11 shows
the correlations obtained by means of applied statistical software for the
parameters on which the regression relationship was formulated for speed
U; reg in condensing refrigerant R1234yf.

Table 1 presents a summary of the quantities that form correlations,
describing the dimensionless speed of propagation of pressure (vzj,F ) and
temperature (v; ) instabilities developed for refrigerants R134a, R1234yf,
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Figure 10: Dependence of dimensionless velocity U,}' reg from the value obtained in exper-

imental studies v; oxp for the refrigerant R1234yf, during the development of

the condensation process.
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Figure 11: Interdependence of quantities forming the regression model (V; , AT™", Rerpr,
Eq. (10)) for R1234yf refrigerant during the development of the condensation
process.

R1234ze, R404A, R507, and R448A. The tabular statement also indicates
the range of accuracy of comparison of calculation results (v} ) with

P reg
experimental (vl ). It was within the range of +25%.

exp
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4 Conclusions

The paper proposes proprietary computational models for determining the
propagation velocity of pressure and temperature instabilities during the
development or disappearance of the liquefaction process of existing and
new environmentally friendly refrigerants. The proposed calculation meth-
ods were based on a regression function in which the expected value of the
explained variable depends on the explanatory variables. In the case under
consideration, the explanatory variable was the value of the propagation
velocity of a given instability, while the explanatory variables were related
to the parameters of the system.

Simple dimensional analysis procedures were used, taking into account
the Buckingham II theorem. A general form of the regression function was
obtained with the help of the values of the dimensionless velocity of propa-
gation of pressure instabilities and the dimensionless velocity propagation
of temperature instabilities for different refrigerants. Calculations made ac-
cording to the developed models were compared with experimental studies.
Satisfactory agreement was shown, within +25%, for all analyzed factors.
This result should be considered satisfactory and testifies to the applicabil-
ity of the developed regression models for the computational determination
of the propagation speed of pressure and temperature instabilities originat-
ing from unitary dynamic interactions. The 25% accuracy interval value
for two-phase flows is a very good result in two-phase flow technology, as
indicated in the industry literature.

The methodology proposed by the author makes it possible to calcu-
late significant quantities (the dimensionless velocities of propagation of
pressure and temperature instabilities) in describing the dynamic unit in-
stabilities that occur in the liquefaction process in mini-channels. Using a
relatively simple method, important information was obtained that effec-
tively fills a gap in the literature.

It should be emphasized that the proposed methodology can be applied
to new agents that are replacements for phased-out F-gases.
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